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Abstract

Title: Functionalization strategies of Luffa cylindrica for the adsorption of
pharmaceutical contaminants from water
Author: Julié Silveira da Costa

Supervisor: Prof. Dr. André Ricardo Fajardo

Luffa cylindrica (LF) is an abundant plant-based biomass with a highly porous
three-dimensional structure, offering great potential for environmental
applications. However, the low density and predominantly hydrophilic nature of
its active sites limit its adsorption capacity for pharmaceutical contaminants. This
thesis hypothesizes that chemical functionalization of LF fibers can enhance their
adsorption performance by introducing specific functional groups while
preserving the native 3D architecture. To test this hypothesis, three
complementary functionalization strategies were developed and systematically
evaluated. The grafting of polyethyleneimine (PEI) introduced nitrogen-rich
groups, significantly improving reactivity and enabling stable removal of
antibiotics and antivirals with confirmed reusability. The coating of LF with
polypyrrole and stearic acid increased fiber hydrophobicity, thereby enhancing
interactions with less polar pharmaceuticals such as diclofenac, and further
demonstrated feasibility under continuous-flow conditions relevant for scale-up.
Finally, grafting with B-cyclodextrin (B-CD) created selective host—guest
complexation sites, producing an efficient fixed-bed column adsorbent capable of
removing non-steroidal anti-inflammatory drugs (NSAIDs) from large volumes of
water. Collectively, these results demonstrate that distinct modifications routes
can be applied to LF without compromising its structural integrity, while tailoring
surface chemistry for adsorption of pharmaceuticals with diverse chemical
properties. By correlating functionalization strategies with adsorption outcomes,
this thesis advances the understanding of structure—function relationships in
lignocellulosic adsorbents, provides new insights into the sustainable valorization
of agricultural residues, and establishes a framework for designing scalable
biomass-based materials for water treatment technologies.

Keywords: Vegetal biomass; functionalization; bioadsorbents; adsorption;

pharmaceuticals.



Resumo
Titulo: Estratégias de funcionalizacdo da Luffa cylindrica para a adsor¢ao de
contaminantes farmacéuticos da agua
Autora: Julié Silveira da Costa
Orientador: Prof. Dr. André Ricardo Fajardo
Luffa cylindrica (LF) € uma biomassa vegetal abundante, com uma estrutura 3D
altamente porosa, com grande potencial para aplicagbes ambientais. No entanto,
a baixa densidade e a natureza hidrofilica de seus sitios ativos limitam sua
capacidade de adsorcdo de contaminantes farmacéuticos. Esta tese parte da
hipétese de que a funcionalizagdo quimica das fibras de LF pode aprimorar seu
desempenho adsortivo, por meio da introdug¢ao de grupos funcionais especificos,
preservando ao mesmo tempo a arquitetura 3D nativa. Para isso, trés estratégias
complementares de funcionalizagdo foram desenvolvidas e avaliadas
sistematicamente. A graftizacdo da polietilenimina (PEI) introduziu grupos ricos
em nitrogénio, melhorando significativamente a reatividade e permitindo a
remogao estavel de antibidticos e antivirais, com reutilizagdo confirmada. O
revestimento da LF com polipirrol e acido estearico aumentou a hidrofobicidade
das fibras, intensificando as interagdes com farmacos menos polares, como o
diclofenaco, além de demonstrar viabilidade em condi¢cbdes de fluxo continuo,
relevantes para escalonamento. Por fim, a graftizagdo com B-ciclodextrina ([3-
CD) criou sitios de complexagdo hospedeiro—hospede, resultando em um
adsorvente eficiente em coluna de leito fixo, capaz de remover anti-inflamatorios
nao esteroides (AINEs) de grandes volumes de agua. Coletivamente, esses
resultados demonstram que rotas de modificacido distintas podem ser aplicadas
a LF sem comprometer sua integridade estrutural, ao mesmo tempo em que
permitem ajustar a quimica superficial para a adsorcdo de farmacos com
propriedades quimicas diversas. Ao correlacionar estratégias de funcionalizagao
com os resultados de adsorcao, esta tese avanga na compreensao das relacées
estrutura—funcdo em adsorventes lignoceluldsicos, oferece novos insights sobre
a valorizagao de residuos agricolas e estabelece um referencial para o design
de materiais de biomassa escalonaveis voltados a tecnologias de tratamento de
agua.
Palavras-chave: Biomassa vegetal; funcionalizagéo; bioadsorventes; adsorgao;

farmacos.
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Chapter 1 — General introduction and objectives

1.1.Introduction

The disposal of untreated agricultural residues contributes significantly to
environmental contamination, yet their valorization offers a sustainable
alternative. Agricultural residues such as Luffa cylindrica (LF), a subtropical
Cucurbitaceae plant, have attracted increasing attention due to their abundance,
biodegradability, non-toxicity, and low cost (DA COSTA et al., 2024). Its
lignocellulosic composition, mainly made up of cellulose, hemicellulose, lignin,
and extractives, offers valuable structural characteristics such as high porosity,
mechanical strength, toughness, lightness, and rigidity (KHADIR et al., 2021). In
addition, the abundance of hydroxy groups enables diverse modifications, such
as ring-opening polymerization, esterification, grafting, and step-growth
polymerization, thereby expanding its potential applications (AKAY et al., 2021).

Despite these advantages, raw LF fibers contain relatively few active sites,
predominantly hydrophilic hydroxy groups, which limit interactions with
hydrophobic contaminants (AKAY et al., 2022; PREMALATHA et al., 2021).
Although LF has been tested as an adsorbent for dyes, metal ions, and certain
pharmaceuticals (IGHALO et al., 2020), its modification remains underexplored.
Tailoring LF fibers through functionalization can increase the density of active
sites and enhance affinity toward emerging contaminants (KHADIR;
NEGARESTANI; MOLLAHOSSEINI, 2020). Thus, the valorization of this
abundant natural resource for high-value environmental applications promotes
the sustainable use of biomass within the framework of green chemistry and

materials science.
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The development of adsorbents from natural residues directly aligns with
several United Nations Sustainable Development Goals (SDGs) (MOHANRASU
et al., 2025). Specifically, SDG 6 (Clean Water and Sanitation) is addressed by
contributing to affordable water treatment technologies; SDG 12 (Responsible
Consumption and Production) is advanced through the conversion of agricultural
waste into functional materials; and SDG 14 (Life Below Water) is supported by
mitigating pharmaceutical pollution in aquatic ecosystems. These connections
highlight the societal and environmental relevance of this research, situating it
within a global agenda of sustainable development.

The urgency of new treatment strategies is reinforced by growing concerns
over emerging contaminants (ECs), a heterogeneous group of micropollutants
that includes pharmaceuticals, personal care products, hormones, and
agrochemicals originating mainly from urban, industrial, agricultural, and
healthcare activities (BASHEER, 2018; SHAMSUDIN; AZHA; ISMAIL, 2022).
Pharmaceuticals (PhCs) are of particular concern due to their frequent detection
in aquatic systems, either as residues or metabolites, often at trace levels. Each
class of PhCs has a specific mode of action that complicates detection, analysis,
and removal in conventional treatment plants (SOPHIA A.; LIMA, 2018). Given
the risks associated with these compounds, their effective removal from water is
critical to protect both human health and biodiversity (FEIZI; SARMAH;
RANGSIVEK, 2021).

Various treatment methods have been investigated for PhCs removal,
including biodegradation, photodegradation, electrochemical processes,
ozonation, and adsorption (FINKBEINER et al., 2015; JANG et al., 2020;

PRASETYA et al., 2023). However, most are costly, non-selective, inefficient at
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trace concentrations, or generate harmful by-products (SHEARER; PAP; GIBB,
2022). By contrast, adsorption stands out for its high efficiency, operational
simplicity, cost-effectiveness, and the absence of toxic secondary products
(HUANG; SHEN; SHUAI, 2021; SHEARER; PAP; GIBB, 2022). Its efficiency
depends on the chemical properties of both contaminant and adsorbent, which
determine the underlying interactions and mechanisms (SHAMSUDIN et al.,
2022). Accordingly, the rational design of biomass-based adsorbents with
tailored surface properties emerges as an urgent scientific and technological
challenge.

Based on these considerations, the central hypothesis of this thesis is that
modification of LF fibers can significantly enhance their adsorption capacity for
pharmaceuticals by introducing additional functional groups and strengthening
interactions with diverse classes of contaminants. Although LF has recognized
potential as an adsorbent, the effects of specific modification strategies on its
structure, surface chemistry, and adsorption behavior remain poorly understood,
particularly under environmentally relevant conditions. This thesis seeks to
address these gaps by developing and systematically evaluating different
modification approaches for LF, with emphasis on the relationships between
functionalization, fiber structure, and adsorption efficiency. The original
contribution lies in advancing the sustainable design of biomass-based
adsorbents for water treatment, providing effective strategies to tailor LF fibers
for improved removal of pharmaceutical contaminants, and establishing a

framework to guide future developments in lignocellulosic adsorbent modification.
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1.2. Objective

1.2.1. General objective

To develop functionalized LF fibers with enhanced adsorption capacity for
pharmaceuticals in aqueous media, establishing relationships between fiber

functionalization, structural properties, and adsorption performance.

1.2.2. Specific objectives

¢ Develop efficient, reproducible, and robust methodologies for modification
of LF fibers;

e Characterize the physicochemical, structural, thermal, and morphological
properties of modified fibers to understand the effects of functionalization
on LF fibers;

e Evaluate the adsorption performance of modified fibers toward selected
pharmaceuticals under controlled aqueous conditions;

¢ Apply mathematical modeling to elucidate adsorption kinetics, isotherms,
and mechanistic pathways;

e Assess the stability, recyclability, and reusability of the developed

adsorbents for practical water treatment applications.
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Chapter 2 — Literature review

2.1.Luffa cylindrica (LF)

LF, also known as loofah sponge or sponge gourd, is an agricultural
biomass product (Figure 1). It is cultivated in several Asian and African countries,
and is also commonly found in India, Japan, China, as well as in Central and
South America (SANTOS et al., 2024). This subtropical plant belongs to the
Cucurbitaceae family, which comprises several species, including L. acutangula,
L. cylindrica (L. aegyptiaca), L. echinata, L. graveolens, L. hermaphrodita, L.
operculata, L. tuberosa, and L. umbelatta (AKINYEMI; DAI, 2022). Fresh L.
cylindrica is consumed as a vegetable and has applications in traditional
medicine. Its sponge form is widely used to produce packaging materials, bath
sponges, soundproof linings, and as a support matrix for immobilizing plants,
algae, bacteria, and yeasts. LF has a plant growth yield achieving 62,000 sponge
gourd fruits/ha (20-25 fruits/plant), that is, one mature sponge gourd produces
more than 30 seeds (ANASTOPOULOS; PASHALIDIS, 2020). Structurally, LF is
a lignocellulosic material whose fibers are microcellular and arranged with
macropores of approximately 10—20 ym in diameter, forming a fibrous vascular
network that results in a three-dimensional reticulated structure (SANTOS et al.,
2024). Chemically, its fibers are composed of approximately 60% cellulose, 30%
hemicellulose, and 10% lignin, although this composition may vary depending on
the geographical and environmental conditions at which the plant was cultivated

(ADEYANJU et al., 2021; KAMRAN et al., 2022).
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Figure 1: Photographic image of in natura LF highlighting its characteristic three-

dimensional fibrous network.

The fibers of LF are rich in hydroxy (—OH) groups, from the lignocellulosic
composition, which enable surface functionalization (Figure 2). This modification
can alter its chemical and physical properties, thereby enhancing its ability for
different applications (SANTOS et al.,, 2024). Based on Table 1, it can be
observed that LF has been widely used in the development of various materials
and across diverse application areas, such as solid-phase extraction, plastic and
biocomposites reinforcement, etc. However, the good structural properties, LF
have attracted increasing attention as a potential adsorbent (ANASTOPOULOS;

PASHALIDIS, 2020; KAMRAN et al., 2022).
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Figure 2: Components of lignocellulosic materials (CARAFA; FOUCHER,;
SACRIPANTE, 2023).
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Table 1. Examples of LF modifications and their applications.

Type of modification

Application

Main results

Ref.

Quaternization

Alkali treatment

Modification with silver

nanoparticles

Fibrillation and incorporation
into recycled polystyrene

matrix

Alkali treatment

Grafting of poly(e-
caprolactone) via ring-opening
polymerization

Hydrophobic modification

Incorporation of phase change
materials (PCM) into LF matrix
with styrene-isoprene-styrene

copolymer

Crosslinking with
polyethyleneimine and loading

with biochar

Carbonization followed by
modification with ZIF-67 and
KOH

Solid-phase extraction for
selective enrichment of

phosphopeptides

Prevention of postoperative

adhesion bands

Removal of ibuprofen from

aqueous solutions

Production of reinforced
plastic composites with LF

Reinforcement of
biocomposites based on
poly(butylene succinate-co-
lactate)/starch

Biodegradable bioplastics

Oil/water separation

Thermal protection and
wearable thermal

management

Ecological remediation of

oligotrophic water

Biodiesel production from

waste edible oil

Improved the removal of
phosphate ions (QA ~77% and
QB ~89%)

Reduction of inflammatory cells
and adhesions one week after
fiber implantation.

Increase adsorption capacity (71
mg/g) and removal efficiency
(92%)

Improved rigidity and impact
strength of composites

Increased rigidity and impact

strength of biocomposites

Degradation more pronounced

under enzymatic conditions

Demonstrated high oil
absorption capacity and

selectivity

Developed a flexible PCM
composite with high latent heat
storage capacity (up to 160 J/g)

Achieved high removal
efficiencies for COD, NH4*-N,
Ca?*, and PO4*-P

Developed a heterogeneous
catalyst (ACL/ZIF-67/KOH) that
achieved biodiesel yield of
98.31%.

(DAI; SUN; ZHOU, 2019)

(JAMSHIDI-ADEGAN| et al.,
2021)

(JOODAKI;

MOLLAHOSSEINI, 2023)

(ADENIYI et al., 2023)

(LAl et al., 2016)

(AKAY et al., 2022)

(ZHANG et al., 2024)

(HE et al., 2024)

(CAO et al., 2024)

(FOROUTAN et al., 2022)

2.2. Modification of agricultural residue

The presence of hydroxy groups in the chemical structure of agricultural

residues facilitates alterations in their chemical composition through various
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modification processes (YUAN; LI; PENG, 2023). Physicochemical properties,
like their hydrophilic/hydrophobic characteristics, surface area and porosity,
reactive functional groups, resistance to microbiological attack, and thermal
stability, are improving in the resulting material (TAN et al., 2024). These
modifications can be classified into physical, chemical, biological, mechanical,
etc. Among these approaches, chemical modification is noteworthy for producing
materials with enhanced physicochemical properties. Methods such as
alkalization,  acidification,  esterification,  etherification,  carbonization,
magnetization, and graft copolymerization are commonly employed chemical
techniques for modifying agricultural residues (LIU et al., 2022a).

The graft copolymerization method is highly versatile, allowing the grafting
not only of different functional groups but also of long functional chains. This
method, which involves grafting monomers, polymers, or other functional species
onto the surface of agricultural residues, is noteworthy because the resulting
material exhibits the characteristics of the polymer or species attached to the
residue structure (YUAN; LI; PENG, 2023). The grafting process can occur
through three approaches: grafting to, where the terminal functional group of the
species is attached to the residue structure; grafting from, in which monomers
polymerize directly on the residue surface; and grafting through, which involves
the preparation of macromolecular monomers (Figure 3) (LIU et al., 2022a).
Among these methodologies, grafting from is the most commonly employed
approach for attaching polymers onto the surface of agricultural residues. In this
context, the use of polymers or molecules with specific functional groups and
properties becomes important to obtain a material exhibiting desirable

characteristics for the intended application (YUAN; LI; PENG, 2023).
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Figure 3: Different routes of chemical modification through the grafting method
(THAKUR et al., 2020).

2.2.1. Polyethyleneimine (PEI)

PEI is a polymer that exists in both linear and branched forms (Figure 4).
It is a water-soluble polymer with a high density of amine groups in its structure.
PEI is biocompatible, cationic, commercially available, and environmentally

friendly (KANI et al., 2022).
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Figure 4: Chemical structure of PEI (linear and branched forms).

The high density of amine groups present in the structure of
polyethyleneimine (PEI) allows its grafting onto various materials (e.g. MOFs
(WANG et al., 2024), silica nanoparticles (AL-ARAJI; AL-ANI; ALSALHY, 2023),
polymers (HU et al., 2023; WU et al., 2021), etc.). In this context, PEI has been
reported to be grafted onto cellulose fibers to enhance the material’s performance
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in adsorption processes (BETTAIEB et al., 2025; WU; WANG, 2024). The main
rationale for incorporating PEI into the chemical matrix of an adsorbent is the
introduction of amine groups, which can significantly improve adsorption
efficiency (WANG et al., 2024). Furthermore, PEI modification offers additional
advantages, as it is a low cost approach that does not compromise the inherent
benefits of using natural agricultural residues, such as availability,
biodegradability, environmental friendliness, efficiency, renewability, and
reusability (KANI et al., 2022).

The modification of biomass with PEl can be carried out through
crosslinking or grafting processes. In these cases, the biomass is chemically
modified via the formation of irreversible covalent bonds (RIVA; FIORATI;
PUNTA, 2021). Most grafting and crosslinking processes used to produce PEI-
modified materials occur by chemical reactions (CHEN et al., 2021). Biomass
modification with PElI can be performed using linking agents (e.g.,
epichlorohydrin), organic solvents (e.g., N,N-dimethylformamide and thionyl
chloride, SOCIz2), or crosslinking agents (e.g., glutaraldehyde) (KANI et al., 2022).
When glutaraldehyde is used to crosslink PEI onto cellulose, the main constituent
of LF, a Schiff base and a hemiacetal are formed. This modification is
straightforward and can be conducted in a single vessel at room temperature (r.t.)

(RIVA; FIORATI; PUNTA, 2021).

2.2.2. Polypyrrole (PPy)
PPy is a conductive polymer formed through the oxidation of the pyrrole
monomer via a pseudo-polycondensation mechanism (SASSO et al., 2011). This

polymer has been widely investigated for various applications due to its redox
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properties, high electrical conductivity, strong environmental stability, and ease
of processing (MAITY; DUBEY; CHAKRABORTY, 2021). The presence of
nitrogen atoms in the PPy backbone endows the material with significant potential
as an adsorbent (MUHAMMAD EKRAMUL MAHMUD; HUQ; YAHYA, 2016).
The use of PPy to coat natural adsorbent materials has emerged as an
important strategy, as the resulting composite exhibits enhanced removal
capacity while maintaining low cost (WANG et al., 2022b). Coating natural fibers,
such as LF, with PPy can be achieved via in situ chemical polymerization in the
presence of an oxidant and a dopant. When FeCls is employed as the oxidant,
the initial stage of polymerization involves the oxidation of pyrrole monomers into
radical cations, which combine to form bipyrrole. Chain growth occurs during the
propagation stage, leading to the formation of PPy, which is insoluble in water
(Figure 5) (MAITY; DUBEY; CHAKRABORTY, 2021). Consequently, the polymer
precipitates and is adsorbed onto the fibers through hydrogen-bond interactions
between the amine groups of PPy and the hydroxy groups of the natural fibers

(SASSO et al., 2011).
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Initiation

Figure 5: Polymerization mechanism for the synthesis of PPy.

2.2.3. Stearic acid (SAc)

Stearic acid or octadecanoic acid is a saturated fatty acid consisting of an
18-carbon chain, widely found in both animal and vegetable fats (Figure 6)
(BANGAR et al., 2024). Due to its low cost and low chemical toxicity, SAc has
been increasingly employed in various fields of application (KHATTAB;
MOHAMED; HASSABO, 2020).

O

/\/\/\/\/\/\/\/\)LOH

Figure 6: Chemical structure of stearic acid.

Pharmaceutical compounds often exhibit a certain degree of
hydrophobicity or low water solubility in their neutral structural form, which can

influence the adsorption process (KAUR et al., 2018; SUNTISUKASEAM,;
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WESCHAYANWIWAT; SABATINI, 2007). HE; XU; ZHANG, (2013) used stearic
acid to create a moisture barrier, as this compound has a carboxyl group in its
molecular structure capable of reacting with the hydrophilic hydroxy groups of
cellulose fibers. Modifying the surface of the fibers resulted in increased

roughness and water resistance.

2.2.4. B-cyclodextrin (B-CD)

B-CD is a cyclic oligosaccharide composed of seven D-glucopyranoside
units linked by a(1—4) glycosidic bonds, Figure 7 (AHMADI et al., 2025; UROQOJ;
MISHRA; PANDEY, 2024). The external surface is formed by hydroxy groups,
which impart a hydrophilic character, whereas the internal cavity is lined with
ether-like oxygen atoms, providing a hydrophobic microenvironment. Despite this
hydrophobic nature, the cavity can accommodate a limited number of water
molecules without compromising its intrinsic characteristics or structural
arrangement (AHMADI et al., 2025). This phenomenon occurs because the
confined water molecules establish hydrogen bonds both among themselves and
with the inner walls of B-CD. Consequently, the internal cavity endows -CD with
the crucial ability to form inclusion complexes with hydrophobic guest molecules

(UROOJ; MISHRA; PANDEY, 2024).
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B-CD exhibits several advantageous characteristics, including an
intermediate cavity size, stable crystalline structure, low cost, and a strong ability
to establish hydrogen bonding (TIAN et al., 2021). Its internal cavity has an
average diameter ranging from 7 to 8 A, which is particularly suitable for host—
guest interactions (ABU RAHIM et al., 2023). This capability distinguishes B-CD
as an effective material for the adsorption of pollutants in aqueous systems.
Inclusion complexes can be formed through different mechanisms, such as
hydrogen bonding, electrostatic attraction, hydrophobic interactions, and van der
Waals forces (ABU RAHIM et al., 2023). Owing to these properties, the use of B-
CD has been extensively reported in the literature, both for the modification of
various materials and for the removal of different contaminants from water. For
example, LIU et al. (2022) made a rice husk modified by synergistic effects of -
CD grafting and FesOa4 loading for the removal of Pb(ll) and Bisphenol A.
BHATTACHARJEE et al. (2022) developed graphene oxide functionalized with
B-cyclodextrin (BCDGO) for an efficient and faster removal of atenolol from

water.
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2.3.Adsorption: Fundamentals and applications

Adsorption is a surface phenomenon that consists of separating one or
more substances from a gas or liquid phase and concentrating them onto the
surface of another phase (BHUYAN; AHMARUZZAMAN, 2023). The substances
present in the gas or liquid are referred to as the adsorbate, while the surface
onto which they accumulate is called the adsorbent. The efficiency of the transfer
process from the adsorbate to the adsorbent surface depends on the interactive
forces established between the two species (PEREZ-BOTELLA; VALENCIA;
REY, 2022). The type and strength of interaction occurring between the
contaminants (adsorbate) and the adsorbent are determined by the intrinsic
surface properties and the degree of functionalization of the adsorbent material
(ALOMAR et al., 2023).

The interaction between the adsorbent and the adsorbate can occur
through two main mechanisms: Chemical or physical interaction. When
adsorption takes place via chemical interactions, the process is referred to as
chemisorption. In this case, stronger electrostatic forces, such as covalent or ionic
bonding, dominate adsorption. Since these interactions are characterized by
shorter bond lengths and higher bond energies, chemisorption is generally
considered an irreversible process (PATEL, 2019). In contrast, when adsorption
occurs through weaker interactions, it is known as physisorption. This process is
governed by weaker electrostatic forces, including dipole-dipole interactions,
dispersion forces, and hydrogen bonding. Physisorption is reversible, as these
interactions are associated with relatively low enthalpy values (BHUYAN;
AHMARUZZAMAN, 2023; PEREZ-BOTELLA; VALENCIA; REY, 2022). It is

important to emphasize, however, that the nature of the adsorption process
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depends exclusively on the intrinsic properties of both the adsorbent and the
adsorbate (PATEL, 2019).

Several sources have been employed for the development of adsorbents.
Synthetic adsorbents are produced in laboratories and generally exhibit high
porosity, which results in a high adsorption capacity. However, their main
drawback is the elevated cost of production (COSTA et al., 2022; LETSOALO et
al., 2023). To illustrate, TEE et al. (2023) developed a 3D heteroatom-doped
graphene for adsorb dyes, heavy metals, pharmaceuticals, oils, and solvents;
DONG et al. (2021) developed a novel biochar-based iron oxide composite
(FeYBC) for simultaneous Cr(VI) and phenol adsorption. Natural adsorbents, on
the other hand, are derived from plant roots, leaves, and agricultural residues.
These materials undergo physical pretreatment without chemical interference
and are subsequently applied as adsorbents. Their major advantage is the low
cost, although they typically suffer from a relatively low adsorption capacity
(PATEL, 2019). Moringa oleifera seeds are an example of a natural adsorbent.
VIEIRA et al. (2010) utilize these seeds for dairy industry wastewater, and RAJI
et al. (2023) prepared activated carbon from these seeds to remove crystal violet.
Semi-synthetic adsorbents have been developed to combine the benefits of both
categories. These materials are based on a natural substrate that is chemically
or physically modified to enhance performance in the adsorption process. Semi-
synthetic adsorbents stand out due to their low cost, high efficiency, reduced
generation of chemical or biological sludge, and the possibility of adsorbent
regeneration (KRASNOPEEVA; PANOVA; YAKIMANSKY, 2022). Owing to these
advantages, the use and application of semi-synthetic adsorbents have grown

significantly in recent years. ARABKHANI and ASFARAM (2022) utilized a

33



combination of sugarcane bagasse ash, polyvinyl alcohol, and pine cone-derived
tannin to prepare a bio-based ceramic/organic xerogel for removing antibiotics
from water; in the same way, XIA et al. (2021) prepared an adsorbent by the
electrostatic-interaction-driven self-assembly of lignosulfonate, tannic acid, and
cationic polyacrylamide for efficient removal of boron.

The contact between the adsorbent and the adsorbate can be established
through different treatment configurations, including batch systems, continuous
fixed-bed systems (with upward or downward flow), continuous moving-bed
systems, continuous fluidized-bed systems, and pulsed-bed systems. Among
these approaches, batch and fixed-bed methods are the most widely applied, as
they avoid disadvantages such as the requirement of large operational areas,
high costs, excessive adsorbent consumption, feed channeling, the need for

adsorbent storage before use, and non-uniform residence times (PATEL, 2022).

2.3.1. Batch adsorption

Batch adsorption treatment is the most widely applied adsorption method
among researchers, as it is a traditional and effective approach for the removal
of contaminants from different types of water. In batch adsorption processes,
parameters such as agitation speed, solution pH, contaminant concentration,
adsorbent dosage, temperature, contact time, and particle size (in the case of
particulate materials) are evaluated regarding their influence on adsorption
performance (CHOUCHANE et al., 2023). This method is commonly employed
to assess the feasibility of the adsorbent—adsorbate interaction. Batch adsorption
offers advantages such as simplicity, ease of operation, and low cost. However,

its main drawback is that only small volumes of contaminants can be treated,
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which limits the applicability of this technique for large-scale industrial systems
(PATEL, 2022). ALKHATHAMI et al. (2023) employed the batch adsorption
process to evaluate the adsorption capacity of a zirconium-based metal-organic
framework (Zr-MOF) functionalized with tryptophan (Zr-MOF-NH2) for the
removal of ibuprofen, achieving an adsorption capacity of 371 mg/g. Similarly, XU
et al. (2023) utilized biochar synthesized from algal biomass for the efficient
removal of tetracycline through batch adsorption, where, under optimized

conditions, an adsorption capacity of 376.878 mg/g was obtained.

2.3.2. Fixed-bed column adsorption

Column treatment, also known as fixed-bed adsorption, is a process in
which the contaminated solution is continuously passed through a column packed
with the adsorbent material. Fixed-bed adsorption can be divided into two
operational modes: downflow, in which the contaminated solution flows through
the adsorbent in the same direction as gravity, and upflow, in which the solution
flows in the opposite direction to gravity (PATEL, 2019). Similar to batch
adsorption, several parameters are evaluated in fixed-bed systems to assess
their influence on adsorption performance, including flow rate, contaminant
concentration, bed height (adsorbent dosage), and pH. Fixed-bed adsorption is
particularly noteworthy due to its ability to treat large volumes of contaminated
water, making it highly suitable for industrial-scale applications. However, this
method also presents disadvantages such as adsorbent exhaustion, feed
channeling, and uncontrolled movement of adsorbent particles within the column
(RICHARD et al., 2025). PUGA et al. (2022) utilized the fixed-bed column for the

adsorption of a multicomponent mixture of Venlafaxine (VLX), Trazodone (TRZ)

35



and Fluoxetine (FLX), which was studied in a biochar, and obtained the maximum
experimental uptake of 2.07, 2.89, and 7.71 mg/g for VLX, FLX, and TRZ,
respectively. Magnetic tyre char, activated tyre char (ATC), and commercial
activated carbon were used as packing materials in a lab-scale column by FEIZI,
SARMAH, and RANGSIVEK, (2021) to investigate the adsorption of propranolol,
ciprofloxacin, and clomipramine from aqueous solution. The authors concluded
that the column packed with ATC exhibited a higher adsorption capacity (25.32

mg/g) compared to MTC.

2.4. Pharmaceuticals as emerging contaminants

Emerging contaminants (ECs) are substances that have been recently
detected in the environment and are not commonly monitored but have the
potential to pose risks to human health and ecosystems. Products such as
pesticides, PhCs, personal hygiene products, disinfectants, surfactants,
household materials, nanomaterials, and illicit drugs are considered ECs
because they are found in low concentrations in water bodies and are not
regulated by current environmental laws (MADDELA et al.,, 2022). The
persistence and bioaccumulation potential of ECs, combined with their complex
chemical structures, make them challenging to remove through conventional
water treatment processes. This has led to increased attention on developing
advanced treatment technologies and monitoring strategies to mitigate their
impact (KUMAR et al., 2022). Among these, PhCs and personal care products
(PPCPs) are among the main groups of emerging contaminants, due to their

increasing use in recent years (OSUOHA; ANYANWU; EJILEUGHA, 2023).
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PhCs are biologically active compounds used for the treatment or
prevention of diseases in humans and animals. These can be sold with or without
a prescription, which further increases the presence of this group of contaminants
in the environment, especially in aquatic environments (LETSOALO et al., 2023).
Drugs can be classified into different groups depending on their mechanism of
action, mode of action, chemical structures, and disease treatment. Considering
the use of the drug, it can be classified as analgesics and anti-inflammatories,
antidepressants, antibiotics, antivirals, anticoagulants, sedatives, cardiovascular
drugs, etc. (SAMAL; MAHAPATRA; HIBZUR ALI, 2022).

The main sources of PhCs pollution in the environment include hospital
effluents, industrial discharges from PhCs manufacturing, agricultural runoff
(pesticides and fertilizers), and human and animal excreta originating from
households and sewage systems (Figure 8) (LETSOALO et al., 2023). The
consumption of medicines results in the direct release of a portion of the active
PhC ingredient, since only part of the compound is metabolized by the body, while
the remainder is excreted either unchanged or in its metabolized form (SAMAL;

MAHAPATRA; HIBZUR ALI, 2022).
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Figure 8: Routes of PhCs contaminants (SAMAL; MAHAPATRA; HIBZUR ALI, 2022).

Although the concentrations of PhCs detected in the environment are
relatively low, typically in the range of ng to ug per litre, their structural diversity
and ability to interact with and be absorbed by living organisms allow them to
persist in the environment for long periods (HUSSAIN et al., 2023). For example,
nimesulide (NIM), which is a non-steroidal anti-inflammatory drug (NSAID) has
been quantified in surface waters in Brazil at concentrations up to 0.05 pg/L (50
ng/L), with additional detections of around 12 ng/L in other Brazilian rivers and up
to 3.581 ng/L in Greek wastewater treatment plant (WWTP) effluents (CALDAS
et al., 2018; KOLTSAKIDOU et al., 2019). Diclofenac (DCF) is another NSAID
that has been reported in Indian rivers at concentrations ranging from 100 to 2000

ng/L, with frequent occurrences above 0.1 ug/L in various regions worldwide
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(PLACOVA et al., 2023). The NSAIDs present chronic ecotoxic effects to aquatic
organisms and are a potential endocrine disruptor in human health (SAMAL;
MAHAPATRA; HIBZUR ALI, 2022). Given the stable chemical structure and
bioactive nature of these contaminants, even when found in small concentrations,
they can promote resistance to biodegradation, toxicity, persistence in food
chains and even lead to the disintegration of physiological processes in
vertebrates and invertebrates (LETSOALO et al., 2023).

Ampicillin (AMP) is an antibiotic, another group of pharmaceuticals of
concern, this is B-lactam antibiotic, being detected in spring and groundwater in
Tokyo at concentrations of 0.30-87 ng/L (KURODA; KOBAYASHI, 2021). Even
at low levels, the presence of antibiotics in water bodies intensifies antimicrobial
resistance, resulting in interference in the structure of the microbial community,
thus affecting the microbial population and the ecological function of the aquatic
ecosystem, increasing oxidative stress and blocking the electron chain of
photosynthesis Il (LETSOALO et al., 2023; SAMAL; MAHAPATRA; HIBZUR ALI,
2022). Nitazoxanide (NTZ) belongs to a different class of pharmaceuticals, the
antiparasitics. It is rapidly transformed into its metabolite tizoxanide (TZ) in
aquatic systems (SOKOLOWSKI et al., 2023). This class of pharmaceuticals is
suspected to be persistent and potentially toxic to aquatic organisms, highlighting
the need for more targeted monitoring (HAMMAD et al.,, 2022). The
physicochemical properties and chemical structures of the selected PhCs are

summarized in Table 2.
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Table 2: Physicochemical properties and molecular structures of the selected PhCs.

Molecular LogP
Molecular Solubility in .
PhC weight pKa (Octanol- Chemical Structure
formula water (25 °C)
(g/mol) Water)
o
! o
'o/
Nimesulide C13H12N,05S 308.3 0.002 g/mL 6.5 0.7 \Qi \©
o
Cl 'OH
Diclofenac C14H1:CI,NO, 296.1 0.002 g/mL 4.0 4.51 K
Cl
2.5 HO\g o
(carboxyl) "
Ampicillin C16H19N30,S 349.4 0.3 g/mL 73 -0.85 2
y 1. s '5 .
(amine) " Hm
"
Nitazoxanide  C;;HoN;OsS 307.3 0.005 g/mL 6.2 1.63
o

[¢]

In addition to direct discharge into water bodies, PhCs are also present in

the environments because conventional wastewater treatment plants are not

designed to efficiently remove them, enabling their penetration into soils and

subsequent contamination of groundwater (OSUOHA; ANYANWU; EJILEUGHA,

2023). Considering that even at low concentrations, PhCs can cause adverse

effects on aquatic life, the development and implementation of effective strategies

for their removal from the environment has become an urgent necessity

(AHAMMAD et al., 2022). Table 3 shows the application of different techniques

for the treatment of pharmaceutical-contaminated water, as well as their

efficiency. Among these techniques, adsorption has gained increasing attention
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from researchers, as it represents an efficient method for wastewater treatment
(AHAMMAD et al., 2022). This is mainly due to its advantages, including low cost,
wide variety of available adsorbent materials, ease of operation, regeneration and
reuse potential of the adsorbents, high efficiency, and the absence of sludge
formation as a secondary by-product (KHAN et al., 2022). In addition to these
advantages, FURLAN et al. (2010) and HUANG et al. (2019) reported the
combined use of adsorption with coagulation/flocculation, the most commonly
applied technique in water treatment. Both studies demonstrated that the
integration of these processes overcomes the individual limitations and enhances

the purification efficiency of treated water.
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Table 3: Summary of treatment processes applied for PhCs removal.

Treatment o o Efficiency for PhCs
Description Characteristics Ref.
process removal
. ) ) Low energy demand, .
Anaerobic Biodegradation of PhCs ) ] Moderate to high,
) . ) potential for biogas recovery, ) (WANG et al.,
biotechnological under anaerobic ) depending on PhC type
but slow degradation of 2022a)

treatment

Advanced
oxidation process
(AOPs)

Photodegradation

Electrochemical

removal

Constructed

wetlands

Membrane

treatment

Microalgae-based
treatment

Adsorption

microbial activity

Oxidation of pollutants
via reactive oxygen
species (e.g., *OH, O,
H,0,)
Decomposition of PhCs
under light irradiation
(UV/solar, often

photocatalysts)

Oxidation or reduction of

PhCs at electrodes

Use of plants, substrates,
and microbes for

pollutant removal

Separation based on
size/charge exclusion
(e.g., NF, RO, UF)

Uptake and
biodegradation of PhCs

by microalgae

Removal via
physical/chemical
interaction with adsorbent

surfaces

some PhCs

High degradation efficiency,

non-selective, can mineralize

pollutants

The green process relies on
renewable energy; efficiency

depends on the catalyst and

the light source

No chemical addition,
controllable, but energy-

intensive

Eco-friendly, low cost, large

area required, slower

treatment

High removal, compact
system, but membrane

fouling is a limitation

Sustainable, CO, capture
potential requires light and

nutrients

Low cost, wide range of
adsorbents, simple
operation, reusable, and no

sludge formation

and conditions

High efficiency, but costly
and may generate by-

products

Variable to high,
dependent on conditions

High efficiency for certain
PhCs

Moderate, depending on

design and climate

Very high

Moderate, species and
condition-dependent

High efficiency, cost-

effective, and versatile

(IQBAL et al., 2024)

(MOHAPATRA et
al., 2023)

(SOARES et al.,
2022)

(AL-MASHAQBEH
et al., 2024)

(FANG et al., 2023)

(MORILLAS-
ESPANA et al.,
2025)

(FRAIHA et al.,
2024)

Although a variety of techniques have been proposed for the removal of

pharmaceuticals, adsorption has emerged as one of the most effective

approaches. This is primarily because its performance can be tailored by the

appropriate selection of the adsorbent material, thereby enabling the efficient
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removal of a broad spectrum of pharmaceutical compounds. Moreover, the
versatility of adsorption allows the application of different adsorbent materials to

maximize removal efficiency.

43



Chapter 3 — Research developed

The results of this thesis are organized into three chapters, each presented
in the form of a scientific article. Each article contains the sections Introduction,
Materials and Methods, Results and Discussion, References, and Supporting

Information, structured in accordance with the standards of scientific journals.
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3.1.Article — Synthesis and characterization of polyethyleneimine grafted
lignocellulosic fibers for improved removal of nitazoxanide and

ampicillin from water

The results of this article of the thesis were published in Journal Colloids
and Surfaces A: Physicochemical and Engineering Aspects, v. 693, p. 134063,

jul. 2024.

Synthesis and characterization of polyethyleneimine grafted
lignocellulosic fibers for improved removal of nitazoxanide and

ampicillin from water

Julié S. da Costa? Débora R. S. dos Santos? Marcela B. Alvarezb, Marcio S.

Silvat, and André R. Fajardo®*

Abstract

The COVID-19 pandemic has led to increased usage of various drugs, impacting
both human and environmental health. Detecting these drugs and their
metabolites in water sources has become common, presenting challenges for
water treatment. Adsorption processes, particularly using vegetal biomass as an
adsorbent, offer an environmentally friendly solution. In this study, we chemically
grafted polyethyleneimine (PEI) onto Luffa cylindrica (LF) to enhance its
adsorption capacity, enabling effective removal of nitazoxanide (NTZ) and
ampicillin  (AMP), two drugs used in COVID-19 treatment, from water.

Characterization analyses confirmed that PEI grafting induced changes in the
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chemical, thermal, and morphological properties of LF. The resulting grafted
material (LF-g-PEI) exhibited improved adsorption capacity compared to
unmodified LF for both drugs. Specifically, the adsorption capacity of LF-g-PEI
increased by 59 % for NTZ and 43 % for AMP. Removal rates of these drugs from
water using LF-g-PEI reached 59 % for NTZ and 23 % for AMP within 60 min.
The adsorption of NTZ and AMP on LF-g-PEI demonstrated higher spontaneity
and a physisorption nature, primarily due to enhanced adsorbent-adsorbate
interactions facilitated by PEI. LF-g-PEI showed excellent potential for reuse,
enhancing its practical applicability for adsorption processes. Overall, this study
illustrates that grafting PEI onto LF is a dependable strategy to boost the
adsorption capacity of this vegetal biomass. The resulting adsorbent material
holds promise for efficiently removing drugs commonly used in COVID-19

treatment from water sources.

Keywords: Vegetable sponge; surface modification; emerging contaminants;

wastewater treatment; ampicillin; nitaxozanide.

1. Introduction

In March 2020, the World Health Organization (WHO) declared a global
pandemic in response to the potentially lethal effects of the new coronavirus
(COVID-19) [1]. As a result, there has been a surge in the production and
consumption of chemical compounds, particularly pharmaceuticals, aimed at
addressing the consequences of the pandemic and even preventing or mitigating
virus transmission [2]. The increased consumption, misuse, and abuse of drugs

during the COVID-19 outbreak have significantly amplified the release of these
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chemical compounds and their metabolites into various environments. This has
been substantiated by multiple surveillance studies [3-5].

The presence of pharmaceuticals is most perceptible in waterways, posing
a threat to diverse organisms and endangering both ecosystems and human
health [4]. Unfortunately, conventional wastewater treatment plants can not
eliminate these types of contaminants, leading to their continuous introduction
into aquatic systems and resulting in various adverse impacts. Consequently,
there is an urgent need to enhance existing processes or develop novel ones with
greater efficiency. In this sense, adsorption is a well-established method for water
and wastewater treatment, known for its advantageous characteristics [6]. The
effectiveness of this separation process is closely tied to the capacity of the
adsorbent material to interact with the targeted contaminants. Over time, the use
of bio-based adsorbents has gained traction due to their eco-friendly and cost-
effective attributes. Luffa cylindrica (LF), a vegetal biomass primarily composed
of cellulose, hemicellulose, and varying amounts of lignin [7,8], has been adopted
for the removal of diverse pollutants from water. LF shows attractive features
such as mechanical and chemical stability, a substantial surface area, and a
distinctive porous structure formed by interconnected hollow microchannels [9].
Besides, hydroxy groups are widely distributed across the surface of LF,
facilitating pretreatment or chemical modification of the fibers to enhance their
adsorption capabilities, particularly toward compounds with limited hydrophilicity
[10,11]. Overall, the chemical modification of lignocellulosic materials like LF
yields adsorbents with new functionalities, such as additional adsorption sites,

consequently amplifying their potential to adsorb target contaminants [10].

47



In this context, various chemical compounds and polymers can serve as
modifiers of LF [12,13]. Herein, we employed branched polyethyleneimine (PEI),
a cationic synthetic polymer featuring multiple primary, secondary, and tertiary
amine groups in its structure [14], to modify and enhance the adsorption capacity
of the LF fibers. Past research has applied this strategy to modify cellulose-based
materials with PEI to bolster their adsorption capabilities. For instance, Zhang et
al. [15] modified microcrystalline cellulose with PElI and Fe204, obtaining an
adsorbent with a high capacity to remove Congo red from water. Chen et al. [16]
combined cellulose and PEI to produce an aerogel capable of adsorbing sodium
diclofenac. However, the application of this polymer to modify LF fibers and
enhance their adsorption capacity towards water contaminants has not been
previously reported. We hypothesize that the chemical nature of PEI, combined
with the natural three-dimensional structure of LF, may result in a material with
superior adsorption performance for removing pharmaceuticals from aqueous
systems.

To evaluate this hypothesis, we grafted PEI onto LF, and the resulting
material was applied to the adsorption of two different drugs, nitazoxanide (NTZ)
and ampicillin (AMP). NTZ, primarily an anti-parasitic drug, exhibits potent
antiviral properties and is commonly used for treating protozoa, various
helminths, and viral infections [17,18]. Within the human body, NTZ undergoes
hydrolysis in plasma, resulting in the formation of its metabolite, tizoxanide [19].
It is important to highlight that approximately one-third of the oral dose is excreted
in urine, while two-thirds are excreted in feces [20]. Remarkably, in sources of
contamination, only the metabolite has been detected. In a study conducted by

Sanches-Neto et al. [21], the toxicity of NTZ and its metabolite in aquatic
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environments was evaluated. It was observed that, based on the criteria outlined
in European Union (EU) and Chinese regulations, tizoxanide is more toxic than
NTZ when assessing the impact on various organisms, including fish, daphnia,
and green algae. AMP, on the other hand, is a widely used antibiotic for the
treatment of bacterial infections affecting humans and animals, particularly those
involving the respiratory system [2]. Its chemical composition is inherently
unstable, with the [-lactam ring being highly susceptible to hydrolysis.
Consequently, detecting these molecules in water bodies poses a significant
challenge [22]. While AMP is not directly harmful to humans, its presence in water
can foster the development of antibiotic-resistant organisms, thus impeding the
growth of aquatic life and adversely affecting various human production activities
[23]. Given these considerations, it is imperative to prioritize the removal of these
two drugs from aquatic environments to safeguard and preserve the environment.
To the best of our knowledge, the utilization of LF grafted with PEl as an
adsorbent to remove NTZ and AMP from water has not been reported in the

literature.

2. Materials and methods
2.1 Materials

Luffa cylindrica (LF) was obtained from a plantation localized in Perola,
Parana, Brazil. Hydrochloric acid (HCI, 35%), sodium hydroxide (NaOH, P.A.),
and ethanol (EtOH, P.A.) were purchased from Synth (Brazil). Glutaraldehyde
(Glut) and branched polyethyleneimine (PEI, MW 25.000 g/mol) were purchased

from Sigma-Aldrich (USA). Nitazoxanide (NTZ, 99%) was purchased from
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Althaia® (Brazil), and ampicillin (AMP, 98%) was purchased from Prati® (Brazil).

All commercial chemicals of reagent grade were used as received.

2.2 Grafting of LF with PEI (LF-g-PEI)

The synthesis of LF-g-PEI was adapted from a methodology previously
reported by Batool and Valiyaveettil [24]. Firstly, the raw LF was cut into small
pieces (cubic shape, 1 cm?), cleaned three times with an EtOH/H20 solution
(70:30 v/v), and oven-dried at 50 °C for 24 h. Next, LF (1.30 g) was added to a
beaker filled with distilled water (200 mL) and stirred vigorously. PEI (0.65 g or
26.0 umol) was dissolved in distilled water (65 mL) and dripped into the aqueous
dispersion of LF. The mixture was stirred for 5 h at 50 °C and then cooled to r.t.
(approximately 20 °C). After that, Glut (0.33 g or 3.3 mmol) was added to the
mixture, which was stirred for 2 h. The LF-g-PEI sample was recovered, washed
abundantly with distilled water, oven-dried (50 °C for 24 h), and stored for later
characterization and use. Scheme 1 summarizes the experimental steps done to

synthesize LF-g-PEI and the proposed chemical structure.

NH, "NH,
/ NNH O H
N‘/\N’\’N‘/\N’\’N
H
NH; ("NH, [N
% NNH g N~—N~——NH,In
NN
NM\N’\/NM\N’\/N O/ \O /
H [ Glutaraldehyde
e
HoN——N~——NH, ta,2h

LF-g-PEI

Scheme 1. Grafting reaction of PEI on LF backbone.
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A similar reaction between LF and PEIl was carried out using the same
experimental conditions described before except for the addition of Glut. The
resulting material from this reaction was labeled as LF-PEI, respectively. Also, a
third reaction was performed in the absence of PEI keeping the other
experimental conditions, to examine the interaction between Glut and LF. Herein,

the obtained material was labeled as LF-Glut.

2.3 Materials characterization

FTIR analyses were performed from 4000 to 400 cm™" at a resolution of 4
cm™ (Shimadzu IR-Affinity-1 spectrometer, Japan). Before the spectra
acquisition, the samples were cut and held between two KBr pellets. Elemental
analyses were performed to determine the amount of carbon (C), hydrogen (H),
and nitrogen (N) on the samples (PerkinElmer, model PE 240, USA). TGA
analyses were run from 30 to 500 °C at a heat ramp of 10 °C/min and an N2(g)
flow rate of 20 mL/min (Shimadzu, DTG60 analyzer, Japan). Before the TGA
analysis, the samples were ground using a pestle and liquid N2. SEM was
conducted in an FEI Quanta 250 FEG-SEM microscope (USA). The samples
were sputter-coated with gold before SEM visualization. The pH of the point of
zero charges (pHpzc) values were determined as follows: The samples (30 mg)
were placed in falcon tubes filled with NaCl solution (0.1 mol/L, 30 mL), and then,
the initial pH value was adjusted (2—10) with HCI (0.1 mol/L) or NaOH (0.1 mol/L)
solutions using a pHmeter (Hannah Instruments, model HI2211, USA). All tubes
were orbitally stirred (100 rpm) for 24 h at 25 °C. Next, the final pH of each solution

was measured again. The variation between the final and initial pH values (ApH)
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was then plotted against the initial pH values. Therefore, pHpzc values were

estimated from the points where the initial pH at which ApH is zero [25].

2.4. Density and porosity measurement

The density of the LF samples was determined using the liquid pycnometer
method [79]. The densities of LF samples were determined by measuring the
weight of dry LF samples (m+), of the pycnometer empty (m>), of the pycnometer
with ethylene glycol (m3), and of the pycnometer with ethylene glycol and LF

sample (m4). The relative density (g/cm?3) can be calculated using Equation (1).

my/(mz—my)—(my—mp-m4) (1)

Density =
Y Pethylene glycol

Where the absolute density of ethylene glycol (pethyiene giycor) is about 1.11 g/cm3
at 18 °C.

The porosity of the LF samples was determined using a method previously
described for Singh and Jelinek [26]. To determine the porosity, an LF sample of
measured weight (m;) was immersed in a vial containing 30 mL of ethanol and
soaked for 24 h to allow the liquid to penetrate the pores of the sample. The final
weight of the wet sponge was noted as my. The total porosity (%) can be
calculated using Eq. (2), where pethanol is the ethanol density at 25 °C (0.789 g/

cm?3).

%Porosity = _ymm) 100 (2)

Pethanol X IWh

2.5. Adsorption experiments
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Batch experiments were performed to evaluate the capacity of LF and LF-
g-PEI to adsorb NTZ and AMP from the aqueous media. The effect of the initial
drug concentration (20-50 mg/L), adsorbent amount (30-50 mg), and initial pH
of the solution (4—10) on the adsorption capacity were evaluated first. For these
experiments, the following conditions were utilized: specific amounts of each
adsorbent (LF or LF-g- PEI) were placed in a 100 mL Erlenmeyer flask containing
30 mL of NTZ or AMP solutions at fixed initial concentrations (Co). Next, the flasks
were orbitally stirred (100 rpm) for 3 h at approximately 25 °C. After this while,
aliquots of the solutions were analyzed by UV-Vis spectrophotometer
(PerkinElmer Lambda 25, USA) to determine the residual concentrations of drugs
in the solution. Absorbance measurements were done at A = 345 nm for NTZ and
at 230 nm for AMP and the collected data were converted to concentration using
calibration curves (R? > 0.940). The adsorption capacity at equilibrium (qge¢) was

calculated using Eq. (3):

Co—Ce
ge =XV 3)

m

where Cp (mg/L) is the initial drug concentration, Ce (mg/L) is the residual
concentration at equilibrium, m (g) is the mass of the adsorbent, and V (L) is the
volume of the solution. For the kinetic analysis a similar experimental procedure
was conducted; however, aliquots were collected from the Erlenmeyers flaks at
pre-determined intervals. Eq. (4) was utilized to calculate the adsorption capacity

at each time (q:):

g = xv )
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2.6. Thermodynamics analysis

Batch adsorption experiments were conducted at different temperature
(293-323 K) to investigate the thermodynamics of the adsorption of NTZ and
AMP on the LF samples. The other experimental conditions were set to 30 mg of
adsorbent; initial drug concentration of 50 mg/L; 30 mL of solution volume; and
pH 7.0. The study on the effect of temperature on adsorption will extend the
knowledge of thermodynamic parameters, such as standard Gibbs free energy
of adsorption (AG°), the heat of the adsorption (AH®), and standard entropy
changes (AS°) [27]. Thermodynamic equations used for these calculations are

given in Egs. (5), (6), and (7):

_ %

K= o ()

Ink =2 _ 88 (6)
R RT

AG" = —RTInK (7)

where K is the equilibrium constant, R is the universal gas constant (8.314 J/mol
K), and T is the absolute temperature. AH®° and AS° can be determined from the
slope and intercept of the plot between In (qe/Ce) versus 1/T (not shown). AG°

can be calculated from Eq. (7).

2.7 Reuse experiments
After the adsorption experiments, the post-utilized LF-g-PEI samples (30
mg) were recovered and soaked in a NaOH solution (0,1 mol/L, 40 mL) for 2 h at
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25 °C for desorption. After the desorption process, the regenerated LF-g-PEI was
washed with distilled water, oven-dried (50 °C for 24 h), and then, reused in new
adsorption experiments. For the adsorption step, the following conditions were
utilized: initial drug concentration of 50 mg/L, 30 mL of solution, pH ~ 7, 25 °C,
and 3 h of contact. After each reuse run, the qe values were (re)calculated using
Eq. (3). The adsorption/desorption processes were repeated eight times
consecutively. Each reuse experiment was conducted in triplicate, and the results

are expressed as mean * standard deviation.

3. Results and discussion
3.1 Characterization of LF and LF-g-PEI|

The chemical nature of LF, PEIl, LF-Glut, LF-PEI, and LF-g-PEI was
investigated through FTIR analysis (Figure 1). The FTIR spectrum of LF closely
resembled that which had been previously reported and discussed by Costa and
Fajardo [28]. In the PEI spectrum, the broadband in the range of 3560-3100 cm-
' was observed, which corresponds to the N-H stretching of primary and
secondary amine groups. The bands associated with the C—H stretching of CH2
groups (ethylene portion), which are typically observed in the 2930-2800 cm’
range, were not clearly discernible. Hijazi et al. [29] have previously described
this trend. The bands at 1655 and 1601 cm™" were attributed to the N-H bending
of amine groups [30]. In the case of LF-g-PEl, the spectrum exhibited bands from
both LF and PEI with some shifts and the appearance of new bands attributable
to the grafting reaction. Notably, the broadband at 3447 cm-', attributed to the O—
H stretching of hydroxy groups in LF, shifted to 3349 cm', and its intensity was

lower compared to other bands in the same spectrum. This observation may be
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related to the partial consumption of these groups due to the grafting and the
increment of interactions via H-bonding with PEI. The band associated with the
N-H stretching of amine groups from PEI appeared to overlap with the O-H
stretching [31]. The bands associated with the C—H stretching of the CHx groups
(2925 and 2855 cm™") exhibited increased intensity, and a new band at 800 cm',
corresponding to C—H bending, was noticed [32]. According to Zhang et al. [33],
these findings confirm the success of the grafting process. Furthermore, the band
at 1050 cm', related to the C—O-C stretching of pyranose and furanose rings in
the LF, shifted to a higher wavenumber (1060 cm'). This shift can be attributed
to a new ether bond formed through aldolization between the aldehyde group of
Glut and the hydroxy groups of LF [32]. The presence of the Schiff base structure
(C=N bond) was confirmed by the appearance of a new band at 1642 cm-,
because of the grafting of the amine groups of PEI with the aldehyde group of
Glut [34,35]. Furthermore, the band related to the N—H bending of PEI shifted to
a lower wavenumber (1567 cm-') after grafting, and a band at 1163 cm,
corresponding to the C—N stretching of PEI, was observed [33]. Considering
these data, it can be inferred that the grafting of PEI onto LF using Glut as a
crosslinker was successful.

To gain a deeper understanding of the grafting reaction, we analyzed the
FTIR spectra of LF-Glut and LF-PEI. The LF-Glut spectrum displayed the
characteristic bands of LF with noticeable changes. For instance, the broadband
centered at 3447 cm', attributed to O—H stretching, exhibited a decrease in
intensity compared to other bands in the same spectrum after the reaction with
Glut. This decrease suggests that the hydroxy groups of LF were consumed in

the process. Additionally, the intensity of the bands at 2925 and 2855 cm™,
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associated with the C—H stretching of the CHx groups, increased due to the
binding of Glut to LF fibers. A new band around 1106 cm' appeared, which can
be related to the C-O stretching of the hemiacetal group formed following the
reaction. This observation provides evidence that the interaction between LF and
Glut occurs through chemical bonds [36]. The presence of this band had also
been reported by Hou et al. [37], who explored the significance of crosslinked
Glut and poly(vinyl alcohol) in cellulose membranes to optimize pore sizes and
stability.

The LF-PEI spectrum was examined to assess the interaction forces
between LF and PEI in the absence of Glut. In comparison to the LF and PEI
spectra, the LF-PEI spectrum did not reveal any new bands. However, it did show
changes and shifts in the characteristic bands of LF and PEIl. The broadband
related to the combined O-H and N-H stretching was centered at a lower
wavenumber region, around 3349 cm'. This shift suggests an increase in
interactions through H-bonding between the hydroxy groups of LF and the amine
groups of PEI. As a result of this interaction, the bands related to the N—H bending
of PEI shifted to lower wavenumbers (1649 and 1593 cm-'). Finally, the intensity
of the bands associated with C—H stretching (2930-2800 cm") increased due to
the aliphatic CHx groups of PEI. These findings demonstrate that the grafting of
PEI onto LF only requires the mediation of Glut. Without the crosslinker, only

physical interactions occur between them.
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Figure 3-1.1. FTIR spectra of LF, PEI, LF-Glut, LF-PEI, and LF-g-PEI.

The elemental analysis results are summarized in Table 1. After the
grafting process, the content of the N element in LF-g-PEI increased significantly
compared to LF (approximately 4.5 times). In raw LF, the presence of N can be
caused by the proteins present in the fibers. The increment of the N content in
LF-g-PEl is due to the amine groups proceeding from PEI. According to Guerra
et al. [38], materials based on PEI that show a high N content usually have a high

concentration of this polymer.

Table 3-1.1: Elemental analysis for LF and LF-g-PEI.

Element
Sample
C (%) H (%) N (%)
LF 43.64 £ 0.37 6.61 £ 0.07 0.29 + 0.01
LF-g-PEI 43.82 +0.14 6.66 £ 0.06 1.30 £ 0.02

TGA/DTG analyses revealed that LF and LF-g-PEI exhibited three weight
loss stages, while PEI exhibited only two within the temperature range of 30-500
°C (Figures S1a and S1b). For all samples, the first stage, occurring from 30 to

100 °C, resulted in less than a 5 % weight loss, attributed to the evaporation of
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water molecules and other volatile compounds. In the case of LF, the second
weight loss stage (from 230 to 300 °C) was associated with the thermal
depolymerization of its hemicellulose portion, while the third stage (from 320 to
400 °C) corresponds to the depolymerization of cellulose [39]. The combination
of these two stages contributed to the highest weight loss observed for LF,
approximately 65 %.

In the case of PEI, the second weight loss stage occurred between 290
and 410 °C, attributed to the thermal decomposition of its side chains and
backbone structure [40]. Conversely, the TGA/DTG curves of LF-g-PEI closely
resembled those of LF, with some variations. Notably, the grafting of PEI onto LF
resulted in a shift of the temperature ranges associated with the thermal
degradation of the LF structure to higher values. This shift indicates that the
grafting process conferred increased thermal stability to LF-g-PEI. The enhanced
thermal stability of LF fibers can be attributed to the formation of new chemical
bonds during the grafting reaction mediated by Glut [24]. Sehaqui et al. [41] also
observed an improvement in the thermal stability of oxidized nanofibrillated
cellulose foams after grafting with PEI. Furthermore, the H-bonding interactions
between LF and PEI, as revealed by the FTIR analysis, may have contributed to
the increment in thermal stability. It is worth noting that the absence of new weight
loss stages in comparison to LF may indicate that the grafting process occurred
primarily on the surface of the fibers, having a limited impact on their internal
structure [42].

The surface morphology and texture of the LF and LF-g-PEI fibers were
examined through SEM analysis. As depicted in Figure 2a and b, the raw LF

fibers exhibited incrustations and particle cluster-like structures, which could be
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attributed to residual waxy and gummy substances not completely removed
during the cleaning process [43]. Furthermore, the surface of the raw LF fibers
appeared rough, compacted, with aligned structures, and irregular micropores
that were unevenly distributed [44]. In contrast, the fibers grafted with PEI
displayed dendritic wrinkles on their surface and were notably devoid of pores.
However, the overall morphology of the fibers remained compact [45]. By
examining Figure 2c and d, it is evident that the grafting process occurred
uniformly across the entire surface of the LF fibers, as the described morphology

was consistently observed along the entire length of the analyzed fibers [34].

Figre 3-1.2: Images obtained by SEM images (at dfferentmanifications fo (a,b) LF
and (c,d) LF-g-PEL.

3.2. Density and total porosity
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The density and total porosity of the LF samples were assessed and are
outlined in Table 2. Following grafting with PEI, a decrease in the density of LF
was observed alongside an increase in total porosity. This phenomenon can be
attributed to the potential blocking of micro-mesopores during the grafting
process, leading to a decrease in density [46]. Conversely, the presence of
macropores in LF suggests that porosity remains unaffected. Additionally, the
observed increase in total porosity is likely attributed to the enhanced roughness

induced by PEI grafting, as evidenced in the SEM images [47].

Table 3-1.2: Density and porosity values for LF and LF-g-PEI.

Samples Density (g/cm?) Porosity (%)
LF 1.8442 + 0.041 2.269 + 0.351
LF-g-PEI 0.4453 + 0.002 2.613 £ 0.353

3.3 Adsorption of NTZ and AMP
3.3.1 Effect of amount of adsorbent, initial drug concentration, and solution pH
The investigation of the dependence on the amount of adsorbent is crucial
in understanding the cost-effectiveness of adsorption processes [48]. Herein,
adsorption experiments using different amounts of LF and LF-g-PEI (ranging from
30 to 50 mg) were conducted to assess the effect of this variable on the
adsorption capacity of NTZ and AMP. The qe values determined for these
experiments are shown in Figures S2a and S2b, respectively. As observed, the
ability of LF and LF-g-PEI to adsorb NTZ and AMP decreased as the amount of
adsorbent increased from 30 to 50 mg. The ge values for NTZ adsorption
decreased from 22.74 to 6.08 mg/g for LF-g-PEI and from 6.63 to 2.53 mg/g for

LF. Similarly, the ge values decreased from 19.41 to 5.91 mg/g for LF-g-PEI and
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from 3.05 to 0.24 mg/g for LF in AMP adsorption. The influence of increasing the
amount of adsorbent can be explained by the reduction in the available surface
area, which may occur due to aggregation of adsorbent molecules [49,50].
Furthermore, when comparing the qge values of both LF and LF-g-PEl, it was
observed that for LF-g-PEI the qe values were 70 % higher in NTZ adsorption and
84 % higher in NTZ adsorption when 30 mg of samples were evaluated. This
difference in adsorption capacity between the two adsorbents can be attributed
to the fact that LF has a smaller number of active sites compared to LF-g-PEl,
where the presence of PEI and Glut results in an increased number of active sites
available for the adsorption process. Based on these results, subsequent
adsorption tests were conducted using 30 mg of LF or LF-g-PEI.

In addition to the amount of adsorbent, the initial drug concentration in the
solution has a direct relationship with adsorption capacity [51]. To evaluate the
effect of this parameter, adsorption studies were conducted by varying the initial
concentration of the two drugs. According to the data presented in Figure S3a, it
is evident that an increase in NTZ concentration from 20 to 50 mg/L led to an
increase in adsorption capacity of 98 % for LF-g-PEI and 571 % for LF. A similar
trend can be observed in Figure S3b, where an increase in AMP concentration
from 20 to 50 mg/L resulted in an increase in adsorption capacity of 194 % for
LF-g-PEland 173 % for LF. This increase in adsorption capacity can be explained
by the greater driving force that exists when the concentration is higher, causing
the contaminants in the solution to overcome the resistance to mass transfer from
the aqueous phase to the surface of the adsorbent [46]. This effect can also be
justified by the presence of more drug molecules in the solution, which compete

with the active sites of the adsorbent [46,52]. The lower ge values at lower
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concentrations (20 mg/L) can be explained by the fact that the active sites of the
adsorbent are unsaturated, as there are not enough contaminant molecules to
compete with these sites [52]. Therefore, based on the results obtained at
medium concentrations, an initial concentration of 50 mg/L was chosen for the
subsequent experiments with both pharmaceuticals (NTZ and AMP).

The pH of the medium in which the adsorption process occurs can also
directly influence the process by affecting changes on the surface of the
adsorbent and/or adsorbate [46]. In this study, the pH of the NTZ and AMP
solutions was adjusted using HCI (0.1 mol/L) or NaOH (0.1 mol/L) before the
adsorption experiments. As shown in Figures S4a and S4b, increasing the pH
from 4 to 7 resulted in an increase in adsorption capacity for both drugs on LF
and LF-g-PEI adsorbents. However, when the pH is in alkaline conditions (pH
10), the adsorption capacity decreases for both drugs. To further understand
these results, the pHrzc values for LF and LF-g-PEI were determined. In general
terms, pHpzc defines the pH condition at which the components of the surface
charge on the solid (adsorbent) are equal to zero ([H*] = [OH]) [53]. At pH
conditions below these values (pH < pHrzc), the surface of the LF samples is
positively charged ([H*] > [OH7]), while pH conditions above pHpzc denote
surfaces negatively charged ([H*] < [OHT]). The pHpzc value (Figure S5)
computed for LF was 3.95 and 5.23 for LF-g-PEI. The increase in the pHpzc value
after the grafting process is associated with the amine groups from PEI that can
be protonated, leaving the surface of LF-g-PEIl more positively charged, thus
increasing this parameter [32].

Changes in solution pH can also affect the drugs. For instance, the

behavior of NTZ molecules at different pH levels can be explained by their pKa,
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which is approximately 6.18. At pH <7, the NTZ molecules are positively charged
and can interact favorably with the negatively charged surface of LF, leading to
adsorption. However, at pH 4, both LF-g-PEIl and NTZ have positively charged
surfaces, resulting in repulsion between them, and the need for other interaction
forces to promote the adsorption of this drug [32]. As the pH increases and gets
closer to a neutral pH, the adsorption is favored due to the electrostatic
interactions between the neutral NTZ and the negatively charged surface of LF
and LF-g-PEI. Consequently, the highest ge values for this drug are computed at
pH 7 (Figure S4a). On the other hand, at pH levels higher than 7, both the surface
of LF and LF-g-PEI and the NTZ molecules are negatively charged, leading to
electrostatic repulsion, which decreases the adsorption capacity [31].

For AMP, when the pH of the solution is less than 7, the drug molecules
are in their zwitterionic form (with pKa between 2.4 and 7.3). At pH < 7, there is
an attractive interaction between the negatively charged surface of LF, with an
excess of negative charge, and the positively charged portion of the zwitterionic
AMP molecule. However, there is a repulsion interaction with the negatively
charged portion of AMP. At pH 7, repulsion forces between the negatively
charged surface of the adsorbent and AMP dominate the interaction process [54].
The same principles apply to LF-g-PEl, albeit with a different pHpzc value. At pH
4 or 5, there is an attractive interaction between the negatively charged portion
of AMP and the surface of this adsorbent, which mostly has a positive charge. At
pH 6 or 7, repulsion forces between the negatively charged surface of LF-g-PEI
and AMP are likely to dominate the interaction. At pH > 7, both AMP molecules
and adsorbents present an excess of negative charges, leading to repulsion

between them and a decrease in adsorption capacity. The highest ge values
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observed for both adsorbents towards AMP were at pH 7, suggesting that the
AMP adsorption mechanism on LF and LF-g-PEl may involve electrostatic
interactions, as well as other interactions such as hydrogen bonds, -1
interactions, or hydrophobic interactions [2].

Considering that the highest adsorption capacity values for NTZ and AMP
on LF and LF-g-PEI were determined for solutions with a pH close to neutrality,
further adsorption experiments were conducted without adjusting this parameter.
It is important to note that the solutions of NTZ and AMP prepared at a
concentration of 50 mg/L in distilled water had initial pH values of approximately

7.8 and 7.3, respectively.

3.3.2 Kinetics analysis

Kinetic studies were carried out to evaluate the adsorption capacity of LF
and LF-g-PEl as a function of time considering both drugs (NTZ and AMP). Figure
3 shows that the adsorption kinetics of NTZ and AMP on the tested adsorbents
have similar behavior, where the g: values increased as the experiment time went
on. It is observed that the adsorption of the drugs occurs quickly in the first 10
min, and this may be associated with the fact that there is a greater number of
free active sites on the adsorbent. Over time, the activation sites are occupied,
and the adsorption rate decreases until equilibrium is reached (plateau). For the
NTZ and AMP adsorption on LF, the equilibrium was achieved at 60 min and 150
min, respectively. On the other hand, solutions treated with LF-g-PEI reached the
adsorption equilibrium at 60 min for both drugs. These results suggest that the
grafting process increased the number of adsorption sites in the LF-g-PEI

adsorbent and, consequently, this process reached equilibrium in a short period.
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Furthermore, it is important to consider that as the number of adsorbed molecules
increases, the repulsion energy between them in the solution decreases.
Consequently, the remaining molecules in the solution exhibit greater resistance
to adsorption, leading to a deceleration in the adsorption kinetics until equilibrium
is achieved.

The highest adsorption capacity for NTZ at equilibrium was 18.66 mg/g for
LF and 29.59 mg/g for LF-g-PEI. This indicates that the adsorption capacity was
improved by 59 % for LF-g-PEI compared to LF. In terms of removal efficiency,
LF was able to remove approximately 37.32 % of the total NTZ content in the
solution, while LF-g-PEI removed more than 59.18 % of this drug. For AMP, the
highest adsorption capacities were 8.00 mg/g for LF and 11.46 mg/g for LF-g-
PEI. Comparatively, the adsorption capacity for AMP was improved by 43 % for
the sample grafted with PEI. Additionally, the removal efficiency for AMP
increased from 16 % for LF to 23 % for LF-g-PEI. By analyzing these results, it
becomes clear that grafting PEI onto the LF structure not only altered the
chemical and morphological characteristics of the material but also led to an
increase in its adsorption capacity. This is consistent with findings reported by Lu
et al. [55], who grafted PEI onto chitosan beads to enhance sodium diclofenac
adsorption. The presence of amines in the PEI structure introduces new
adsorption sites on LF-g-PEI. Depending on the pH of the medium, these sites
can interact with the drugs through electrostatic or H-bonding interactions.
Additionally, the carbon aliphatic moieties of PEI provide additional options for
interaction, as weak forces such as van der Waals and hydrophobic interactions

can be established between LF-g-PEI and the drugs.
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Figure 3-1.3: Adsorption capacity of (a) NTZ and (b) AMP on LF and LF-g-PEIl as a
function of time (Other experimental conditions: Co 50 mg/L, amount of adsorbent 30 mg,

volume 30 mL, r.t., pH not adjusted, stirring 100 rpm).

The adsorption data summarized in Figure 3a and b were fitted using the
pseudo-first order (PFO), pseudo-second order (PSO), and Elovich kinetic
models, which are expressed in the Supporting Information (Table S1). The
kinetic parameters were determined from the non-linear regression of the data
depicted in the plot of g: versus t (Figure S6). To evaluate the best-fit model, the
values of the correlation coefficient (R?) and Chi-square (x?) values were used.

Table 3 also shows kinetic parameters including the R? and x? values.
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Table 3-1.3. Kinetic parameters calculated for NTZ and AMP adsorption on LF and LF-

g-PELl.
PFO
NTZ AMP
Sample k1 k1
Qe(exp)  Qefcalc) (x102) R? X2 Qe(exp)  Qe(calc) (x102) R? X2
LF 18.6 19.1 0.7 0.946 >>0.1 8.0 6.3 14.7 0.781 0.46
LF-g-PEI | 29.6 281 14.6 0979 >041 114 10.8 31.8 0976 >>0.1
PSO
NTZ AMP
Sample k2 k2
Qe(exp)  Qefcalc) (x10) R? X? Qe(exp)  Qe(calc) (x107) R? X2
LF 18.6 19.1 0.7 0.936 >>0.1 8.0 6.9 2.9 0.877 0.17
LF-g-PEIl | 29.6 26.2 5.9:1 o 0.766 0.44 114 11.2 6.0 0.992 >>0.1
Elovich
Sample NTZ AMP
a B R? a B R?
LF 15.6 0.35 0.968 15.6 1.1 0.950
LF-g-PEI 284.3 0.31 0.960 22.4 x 10* 15 0.995

Units: Co (Mg/L); Geexp) (MA/Q); Qe(carc) (MA/Q); k1 (1/min); and k2 (g mg/min).

The kinetic analysis indicates that the adsorption of NTZ onto LF and LF-
g-PEl is best described by the PFO model. This choice is supported by the
highest R? values and the lowest x? values obtained for this model. Indeed, the
low x? values indicate a good agreement between the experimental and
theoretical values of qe, Which strengthens the suitability of the PFO model for
describing the adsorption kinetics of NTZ on LF and LF-g-PEI. According to the
PFO model, the rate-limiting step is the diffusion process, and the reaction rate
depends solely on the concentration of the adsorbate in a single adsorbate
system. This indicates that the kinetic model is primarily controlled by

physisorption, where weak interaction forces are involved [52]. Finally, by
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comparing the ks constants, it is noticed that the adsorption of NTZ on LF-g-PEI
is faster than on LF, which aligns with the experimental observations.

It is worth noting that the Elovich model yielded high R? values, indicating
its adequacy for explaining the adsorption of NTZ on the evaluated adsorbents.
The Elovich model, although not providing specific insights into the adsorption
mechanism, is particularly suitable for processes occurring on heterogeneous
surfaces [56]. This model assumes that activation energy is distributed non-
uniformly across the adsorbent surface and may vary with surface coverage [57].
As seen in Table 3, the Elovich model was also the most suitable for explaining
the adsorption of AMP on LF and LF-g-PEl, as indicated by the highest R? values
obtained for this model. The kinetic parameters derived from the Elovich model
provide valuable insights into the adsorption process. The significantly higher a
value compared to the B value suggests a rapid AMP adsorption onto the
adsorbents. Moreover, the notably higher a value for LF-g-PEI, exceeding the 8
value, is consistent with the presence of a greater number of active sites on the
LF surface after the grafting process, in line with the findings of Geng et al. [58].
This implies that LF-g-PEI exhibits enhanced adsorption capacity and efficiency

for AMP removal compared to unmodified LF.

3.3.3 Adsorption isotherms

The experimental adsorption data were also subjected to fitting with
various isotherm models to provide insights into the mechanism of the adsorption
process. The non-linear forms of the Freundlich, Temkin, Dubinin-Radushkevich
(DR), and Sips isotherm models were employed. These models were used to

estimate the respective isotherm parameters and constants by performing non-
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linear regression on the data represented as ge versus Ce, as shown in Figure

S7. The summarized results are provided in Table 4.

Table 3-1.4: Isotherms parameters calculated for NTZ and AMP adsorption on LF and
LF-g-PEl at 25 °C.

Isotherm Parameter NT2 AMP
LF LF-g-PEI LF LF-g-PEI
1/n 1.625 2.118 1.312 0.763
Ereundiich n 0.615 0.472 0.762 1.309
Kr (mg/g(L/mg)"™) 0.008 0.006 0.066 0.615
R? 0.978 0.895 0.811 0.847
X2 0.035 1.731 1.460 0.822
Kr(L/mg) 0.071 0.076 0.078 0.205
Temkin br 778.765 223.343 340.506 540.309
R? 0.967 0.802 0.920 0.767
NG 0.052 3.290 0.615 1.252
qmpr (MQ/Q) 5.294 23.099 11.175 9.810
DR E (J/mol) 1.303 1.230 1.552 2.917
Kpr (mol?/J?) 0.294 0.330 0.207 0.058
R? 0.958 0.896 0.933 0.596
X2 0.065 1.726 0.517 2172
qms (mg/g) 15.910 82.713 21.076 5982.385
ns 5.280 9.157 133.939 0.763
Sips Ks(L/mg) 0.070 0.123 3.598 6'0225)(10_
R? 0.981 0.883 0.866 0.816
X2 0.030 1.938 1.035 0.986

The analysis of the calculated data suggests that the adsorption of AMP

and NTZ on LF occurs through different mechanisms. The adsorption of AMP on

LF was well-described by the DR isotherm since this model exhibited the highest

R? values and lowest x? values. The DR isotherm suggests a pore-filling

mechanism for the adsorption process, applicable to both homogeneous and
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heterogeneous surfaces [59]. By using the isothermal constant of the DR model
(Kpr), it is possible to estimate the free energy (E) and, through this parameter,
determine the type of adsorption process [60]. For AMP adsorption on LF, the
low value of E (1.5 x10-3 KJ/mol) confirms that the adsorption process occurs
through physisorption, which is consistent with the work of Al-Musawi et al. [2],
who described the adsorption of AMP on activated carbon derived from Azolla
filiculoides fern (ACAF) as a physisorption mechanism.

In contrast, the Sips isotherm provided the best description for the NTZ
adsorption mechanism on LF. The Sips model is a combination of the Langmuir
and Freundlich models, suitable for describing adsorption processes over a wide
concentration range, accounting for the heterogeneity of the adsorbent surface
[61]. The Sips equation can be reduced to the Freundlich isotherm at low
concentrations and to the Langmuir isotherm at high concentrations [62]. When
the value of the Sips exponent (ns) is close to or equal to 1, it indicates that the
adsorption process is homogeneous and follows a pattern like the Langmuir
model. However, in the current study, the value of ns was determined to be 5.28,
suggesting that the adsorption process occurred on a heterogeneous surface and
exhibited behavior similar to the Freundlich isotherm. This finding supports a
complex and heterogeneous adsorption process for NTZ on LF and agrees with
the kinetic analysis [63,64].

According to the data in Table 4, the adsorption of AMP and NTZ on LF-
g-PEI exhibited different mechanisms than LF, which can be ascribed to the
grafting process. For AMP adsorption on LF-g-PEI, the Freundlich isotherm
model provided the best fit to the experimental data, while the DR model was the

most suitable for describing the adsorption of NTZ on this adsorbent. The
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Freundlich model is used to characterize non-ideal, multilayer adsorption on
heterogeneous adsorbent surfaces. This isotherm model assumes that there is
an initial number of active sites available for adsorption, and over time, these sites
are consumed, leading to a decrease in activity [65]. The parameters of the
Freundlich isotherm provide insights into the adsorption process. In particular, the
value of n indicates how favorably the adsorption process occurred, and an n
value between 1 and 10 suggests favorable adsorption. For AMP adsorption onto
LF-g-PEI (n = 1.309), it can be inferred that the process occurred favorably [66].
Additionally, the 1/n value, which characterizes the heterogeneity of the
adsorption process, was between 0 and 1, indicating a more heterogeneous
adsorption process. As for NTZ adsorption on LF-g-PEI, the DR model was the
most adequate to fit the experimental data. The low value of E (1.2 x10-3 KJ/mol)
calculated from this isotherm indicates that the adsorption of the NTZ molecules

on LF-g-PEI occurred through physisorption, corroborating the kinetic analysis.

3.3.4 Thermodynamic analysis

The thermodynamic parameters, including AG®, AH®, and AS°®, for the
adsorption of NTZ and AMP on LF and LF-g-PEI were calculated and are
summarized in Table S2. The thermodynamics of NTZ adsorption on LF differed
slightly from that observed for LF-g-PEI. For NTZ adsorption on LF, the AG° value
at r.t. (approximately 293 K) was negative, indicating that the adsorption process
occurs spontaneously [67]. However, as the temperature increases, the
spontaneous nature of the NTZ adsorption process on LF diminishes. In contrast,
after PEI grafting (LF-g-PEI), the NTZ adsorption process occurs spontaneously

at all evaluated temperatures, as indicated by the negative values of AG°.
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Moreover, the AG° values increase with rising temperature, suggesting that the
NTZ adsorption process is more spontaneous at lower temperatures [68]. The
negative AH® values for both LF and LF-g-PEIl imply that the adsorption of NTZ
was an exothermic process [69]. These negative AH® values are lower than 40
kdJ/mol, indicating that the adsorption of this drug primarily occurs through
physisorption [70]. The negative AS® value reflects a decrease in randomness
during the NTZ adsorption process on LF samples [68].

In the case of AMP adsorption on LF samples, the process is not
spontaneous because the AG° values are positive at all temperatures [71]. The
negative AH® values (-54.26 kJ/mol for LF and -14.45 kJ/mol for LF-g-PEl)
indicate that the AMP adsorption on both adsorbents was exothermic and has a
physisorption nature. The negative AS° values in the AMP adsorption process
suggest a decrease in randomness. Overall, these thermodynamic results align
with the findings from the kinetic and isothermal models, supporting the
conclusion that the adsorption process occurs primarily through physisorption.
Furthermore, the AG® results explain why the adsorbents performed better in
removing NTZ compared to AMP, as the spontaneity of the NTZ adsorption
process contributes to higher removal efficiency, while the AMP adsorption is not

spontaneous.

3.3.5 Adsorption mechanism

Spectroscopic analysis was conducted to investigate the potential
interactions between the NTZ and AMP molecules and the surface of LF-g-PEI.
This analysis focused solely on LF-g-PEI due to its high adsorption capacity.

Upon comparing the FTIR spectra (Figure 4a), it is evident that following AMP
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adsorption, the broadband associated with the combination of O—H and N-H
stretching (3650-3050 cm' range) in LF-g-PEIl becomes broader and shifts to
higher wavenumber regions. These observations suggest an H-bonding
interaction between the adsorbent and AMP molecules. The absence of the band
at 1582 cm, related to the deformation of N-H in AMP, further indicates the
presence of H-bonding interactions [72]. Changes within the 1770-1600 cm™"
wavenumber range may be attributed to H-bonds formed with electronegative
atoms in the AMP structure (e.g., O, N, and S) [73]. Additionally, changes
observed between 1670-1550 cm™ range may be associated with -1
interactions involving the phenyl ring of AMP and electron donor groups (—NH2)
in LF-g-PEI. Indeed, the amino groups of PEI are suggested to engage in a -1
donor-acceptor interaction with the benzene ring of AMP [74]. As observed, the
band at 1567 cm-" attributable to the N—H bending of amino groups in LF-g-PEI
shifted to a lower wavenumber region, indicating the aforementioned interaction
[75].

As discussed previously, electrostatic interactions were ruled out as the
primary adsorption mechanism based on the pH results. However, under the
experimental conditions in this study, the pH of the AMP solution exhibited only
minimal variation (ApH = 0.25) after the adsorption process, suggesting a slight
influence of electrostatic interactions between AMP and LF-g-PEI. Nevertheless,
both the adsorbate and adsorbent were negatively charged under these
conditions, indicating a repulsive interaction between them. In this context, Oba
et al. [76] suggest that hydrophobic interactions become more pronounced.
Considering the observed repulsion energy between AMP and LF-g-PElI, along

with the broadening of the band between 2925 and 2855 cm-', associated with
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the stretching of C—H bonds from the CHx groups in LF-g-PEl, it is proposed that
hydrophobic interactions play a significant role in the adsorption of AMP on LF-
g-PEI. Additionally, the carbon backbone of Glut may contribute to this type of
interaction. Figure 4b illustrates the possible interactions between AMP and LF-

g-PEI.

(a) LF-g-PEI/AMP
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Figure 3-1.4: (a) FTIR spectra of AMP, LF-g-PEI, and LF-g-PEI loaded with AMP (LF-g-
PEI/AMP), and (b) Scheme of AMP adsorption on LF-g-PEI.

Following the adsorption of NTZ, the FTIR spectrum of LF-g-PEI/NTZ
(Figure 5a) exhibits changes similar to those previously observed in the LF-g-
PEI/AMP spectrum. Notably, the broadband in the 3650-3050 cm™ range,
associated with the combination of O—H and N-H stretching of LF-g-PEI, shifts
to a lower wavenumber after NTZ adsorption, indicating the formation of H-bonds

between the adsorbent and the adsorbate. Furthermore, the absence of the band
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at 3078 cm, associated with the stretching of aromatic C—H bonds in NTZ,
suggests evidence of hydrophobic interactions [17]. The broadening of the band
between 2925 and 2855 cm™' provides additional evidence of hydrophobic
interactions akin to what was observed in the LF-g-PEI/NTZ system. The
additional contribution of this kind of interaction aids in explaining the greater
affinity between NTZ and LF-g-PEI. Khalid et al. [77] note that the bands located
at 1775 and 1530 cm™' are associated with the C=0 and N=O stretching of
functional groups of NTZ. After the adsorption process, these characteristic
bands of NTZ shift to lower wavenumber regions (1737 and 1512 cm-'), indicating
the formation of H-bonds with LF-g-PEI. The decrease in intensity of the band at
1643 cm™' can be attributed to -1 interactions between the aromatic rings from
lignin in LF-g-PEI and the C=C group in the aromatic ring of NTZ [17]. Based on
these observed changes in the LF-g-PEI spectrum, it can be proposed that the
adsorption mechanism of NTZ involves H-bonds, hydrophobic interactions, and
-1 interactions. A schematic representation of the interaction forces between

NTZ and LF-g-PEl is provided in Figure 5b.
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Figure 3-1.5: (a) FTIR spectra of NTZ, LF-g-PEI, and LF-g-PEI loaded with NTZ (LF-g-
PEI/NTZ), and (b) Scheme of NTZ adsorption on LF-g-PEI.

3.3.6 Reuse experiments

It is essential to evaluate the reusability of the adsorbent to improve the

economic viability of the adsorption process. Fan et al. [78] emphasize the

significance of assessing the adsorbent’s reusability, as it directly impacts its

feasibility for practical water treatment applications. Given the superior adsorption

performance of LF-g-PEIl compared to LF, the regeneration and reuse potential

of this adsorbent was. In this context, the adsorption capacity at equilibrium (qe)

of LF-g-PEI was determined for eight consecutive adsorption/desorption cycles

and analyzed. The computed data are presented in Figure 6.
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Figure 3-1.6: Adsorption capacity at equilibrium (bars) and reduction in the adsorption
efficiency (line + symbol) for (a) NTZ and (b) AMP after consecutive reuse cycles using
LF-g-PEI as the adsorbent.

As shown in Figure 6a, the adsorption capacity for NTZ was significantly
impacted after consecutive reuse cycles. Overall, the ge values exhibited a 25%
decrease from the first to the last cycle. In contrast, for AMP adsorption (Figure
6b), the ge values showed a much smaller variation of 0.24 %, indicating that the
capacity of LF-g-PEI to adsorb this drug is minimally affected by reuse. The
decrease in ge values for NTZ adsorption can be attributed to the fact that NTZ
adsorption follows a pore-filling mechanism, as described by the DR isotherm.
Consequently, the desorption solution may only remove NTZ molecules
adsorbed on the surface of LF-g-PEI, leaving those within the pores of the
adsorbent unaffected. Future studies should investigate improved mediums and
conditions for regenerating LF-g-PEI after its utilization for NTZ adsorption.
Despite of this, it is noteworthy that in the last adsorption/ desorption cycle, more
than 30 % of NTZ was still removed from the water.

In the case of AMP adsorption on LF-g-PEI, the ge values remained
consistent between the first and last cycles. This observation aligns with the
isotherm results, as the adsorption process is better described by the Freundlich
isotherm, which indicates a heterogeneous surface. Therefore, the desorption
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process is believed to occur more efficiently in this case. In the last
adsorption/desorption cycle, more than 20 % of AMP was still removed from the
water. These findings suggest that LF-g-PEI, a chemically modified vegetal
biomass, can be regarded as a stable and recyclable adsorbent for the removal
of NTZ and AMP from aqueous solutions, with the potential to be employed in

practical processes.

4. Conclusions

In this study, polyethyleneimine (PEI) was successfully grafted onto the
fibers of LF to enhance its performance as an adsorbent. The presence of PEI
was confirmed through elemental analysis, which revealed an increased
percentage of the element nitrogen (N) after the grafting process. This
modification led to significant changes in the physicochemical and morphological
properties of LF, as evident from the FTIR, TGA, and SEM data. Importantly, this
grafting process resulted in an improved capacity of LF-g-PEI to remove drugs
like AMP and NTZ, from water. The increased number of active sites on LF-g-PEI
was a key factor in its superior performance compared to unmodified LF. The
adsorption of both drugs, NTZ and AMP, was driven by physical interactions,
including H-bonding, 1r-11 interactions, and hydrophobic forces. Given that the
adsorption of both AMP and NTZ on LF-g-PEl occurred through physical
interactions, the material could be efficiently regenerated and reused over at least
8 consecutive adsorption/desorption cycles. In summary, the results of this study
highlight that the modification of LF with PEI, through grafting with glutaraldehyde,
is viable, and that the modification does not damage the macroporous structure

of the LF and also results in a material with greater thermal stability and a greater
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number of active sites to promote drug removal. The data reported in this
investigation could be useful in approaching the modification of lignocellulosic

fibers, similar to LF.
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Table 3-1.S1: Kinetic and isotherm mathematical models and error-function.

Kinetic models

g:— Adsorption capacity at
time t (mg/g)

) x Ge(theo) — Theoretical
Pseudo-first order (PFO) qt = Ge(theo)e 1t _ _
adsorption capacity (mg/q)
ki — Pseudo-first-order
constant (1/min)
Ao(theoykat k. — Pseudo-second-order

Pseudo-second order (PSO)

q =
‘ 1+ Qe(theo)kzt

constant (mg/g)

Isotherm models

Langmuir

_ qmKiCe
=11 KCc,

gm — Maximum adsorption
capacity (theoretical)
(mg/g)

Ce -  Pharmaceutical
concentration  remaining
equilibrium (mg/L)

K. — Langmuir isotherm

constant (L/mg)

Freundlich

qe = KpCX'"

Kr — Freundlich isotherm
constant (mg/g(L/mg@"")
1/n — Heterogeneous

factor (dimensionless)
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e
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isotherm

R — Universal gas constant
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T — Absolute temperature
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Figure 3-1.S7: (a) Freundlich, (b) Temkin, (c) DR, and (d) Sips isotherm plots for the
adsorption of NTZ and AMP on LF and LF-g-PEI at 25 °C.

Table 3-1.S2: Thermodynamic parameters for NTZ and AMP adsorption on LF and LF-

g-PEl.
Temperature AG°® AH° AS°
Adsorbent
(K) (kJ/mol) (kd/mol) (kJ/K mol)
NTZ
293 -1.61
308 0.79
LF -48.49 -0.16
318 2.39
328 3.99
293 -4.24
308 -3.64
LF-g-PEI -15.96 -0.04
318 -3.24
328 -2.84
AMP
293 4.34
LF 308 7.34 -54.26 -0.20
318 9.34
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328 11.34
293 3.71
308 4.64
LF-g-PEI -14.45 -0.06
318 5.26
328 5.88
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3.2. Article — Polypyrrole/stearic acid-coated Luffa cylindrica for enhanced
removal of sodium diclofenac from water: Batch and continuous
adsorption studies

The results of this chapter of the thesis were published in the Journal of

Cleaner Production, v. 389, p. 136084, fev. 2023.

Polypyrrole/stearic acid-coated Luffa cylindrica for enhanced
removal of sodium diclofenac from water: Batch and

continuous adsorption studies

Julié S. da Costa and André R. Fajardo’

Abstract

Vegetal biomasses are prominent adsorbents; however, their hydrophilicity is a
limitation in removing some emerging contaminants from water. As an approach
to overcome this, in this study, Luffa cylindrica (LF), a 3D natural fiber array
biomass, was coated with polypyrrole/stearic acid (PPy/SAc) (LF-PPySAc) to
increase its adsorption capacity towards sodium diclofenac (DCF).
Characterization analyses demonstrated that the physicochemical,
morphological, and wettability properties of LF changed due to the PPy/SAc
coating. As a result, LF-PPySAc becomes hydrophobic (water contact angle
>124°) benefiting the interaction with DCF. Experimentally, it was verified that the
PPy/SAc coating enhances the adsorption of DCF by 234% (batch process) and
80% (continuous process) compared to raw LF. Kinetic, isothermal, and

thermodynamics analyses indicated that the DCF adsorption is mediated mainly
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by physical forces (H-bonding, -1 interaction, and hydrophobic forces), and
intraparticle diffusional processes are involved. The high stability of LF-PPySAc
allowed its reuse at least five times without losing adsorption performance in both
batch and continuous processes. Thus, the coating of LF with PPy/SAc is ranked
as a promising approach to obtaining an adsorbent material with an enhanced

capacity to remove hydrophobic contaminants from the aqueous media.

Keywords:  Adsorption; sponge  gourd; emerging contaminants;

pharmaceuticals; water treatment.

1. Introduction

As well-reported, many human activities (urban, industrial, agricultural,
and health-related) generate pollutants that are discharged into the aqueous
environment harming its quality (Araujo et al., 2021; Shamsudin et al., 2022a).
Recently, spread attention has been given to a particular group of pollutants
known as emerging contaminants (ECs) mainly due to the environmental risks
associated with them. Some examples of ECs that can be detected in the
aqueous environment are pesticides, hormones, flame retardants,
pharmaceuticals, and personal care products (Rigueto et al., 2021). Khadir et al.
(2020) warn that pharmaceuticals are the most dangerous ECs because these
compounds are metabolized by human or animal organisms partially. Hence,
unmetabolized fractions of pharmaceuticals are excreted into the environment
(Araujo et al., 2021). Moreover, some physicochemical properties of the
pharmaceuticals (such as polarity, high water-solubility, persistence, microbial
resistance, and bioaccumulation potential) increase the risk associated with

these pollutants (Khadir et al., 2020; Pap et al., 2021).
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Diclofenac sodium (DCF) is one of the non-steroidal anti-inflammatory
drugs (NSAIDs) most commonly used in the world (Huang et al., 2020; Li et al.,
2021). It is widely used in the treatment of human and animal conditions, including
inflammation and fever (Li et al., 2021). Rigueto et al. (2021) and Shamsudin et
al. (2022b) reported that the annual global consumption of this drug exceeds
hundred tons. This estimative increased with the pandemic coronavirus crisis
(Younes et al., 2022). The overconsumption of this DCF (with and without
prescription) has a straight relationship to the appearance of this drug and its
metabolites in water and wastewater (Acufia et al., 2015). Since DCF has a
hydrophobic nature, conventional treatment plants are unable to remove it from
aquatic environments (Shamsudin et al., 2022a).

To deal with this, different techniques and processes such as
sonophotocatalytic degradation (Meroni et al., 2020), photo and electro-Fenton
processes (Rehman et al., 2021), and advanced oxidative processes (Jang et al.,
2020) have been applied to promote the removal of DCF from wastewater.
Although these techniques have shown varying levels of success in this task, they
have disadvantages (e.g., high operating and maintenance costs, generation of
a toxic secondary pollutant, and complicated procedures involved in treatment)
(de Gisi et al., 2016). Alternatively, adsorption is exploited as a promising
methodology for removing ECs, including pharmaceuticals, from water. Unlike
other methods, the adsorption process has advantages such as high removal
efficiency, no toxic secondary pollutants, operational simplicity, and low-cost
(Huangetal., 2021; Rigueto et al., 2021). The efficiency of the adsorption process
depends on the chemical properties of the pollutant to be removed from the water

and on the properties of the adsorbent. These factors determine the adsorption
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mechanism and the interactions that occur between the adsorbent and the
pollutant (Shamsudin et al., 2022b). In this sense, several adsorbents have been
developed to adsorb DCF such as metal-organic frameworks or MOFs (Younes
et al., 2022), carbon-based materials (Larous and Meniai, 2016; Pedrosa et al.,
2022), aerogels (Lv et al., 2021), and modified magnetic cellulose nanocrystal
(Zhu et al., 2022). In contrast to these sophisticated and expensive materials,
agricultural biomass products raise as alternative adsorbents to remove
pharmaceuticals from water, including DCF (De Gisi et al., 2016; Shearer et al.,
2022). Among these alternative adsorbents, Luffa cylindrica (LF), a subtropical
plant that belongs to the Cucurbitaceae family, has attracted widespread
attention due to its eco-friendly, structural, and morphological properties (e.g.,
natural availability, biodegradability, non-toxic, low-cost, high porosity,
toughness, strength, lightness, and rigidity) (Khadir et al., 2021). LF is also known
as sponge gourd, loofah, vegetable sponge, bath sponge, or dishcloth gourd
(Akay et al., 2022). In terms of chemical composition, LF is composed of 60%
cellulose, 30% hemicellulose, and 10% lignin; however, this composition may
vary depending on the region, plant age, and also its nature (Khadir et al., 2020).
This lignocellulosic material has a microsponge structure with 200-500
microcellular fibers, which makes it a promising adsorbent material (Khadir et al.,
2021). Nevertheless, the applicability of LF in the adsorption of hydrophobic
pollutants, like DCF, is restricted due to its hydrophilic nature (Akay et al., 2022).

In this study, the fibers of LF were coated with polypyrrole and stearic acid
to increase the adsorption performance of this material towards DCF. Polypyrrole
(PPy) is a conductive polymer with unique characteristics, such as high

conductivity, good environmental and chemical stability, high porosity, easy
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synthesis, non-toxicity, and low-cost (Parit et al., 2020). This polymer is often
tested in adsorption studies because it can reversibly transform between its
charged and neutral forms, allowing it to adsorb different types of contaminants
(Pires et al., 2017). Together with PPy, stearic acid (SAc) was also utilized to coat
the fibers of LF. This fatty acid is formed by a monofunctional molecule with a
long hydrophobic chain and a large amount of -COOH groups (Chen et al., 2020).
Among the various uses of SAc, its ability to modify the surface of different
materials is highly appreciated since it significantly reduces the surface energy
and increases the hydrophobicity of the material (Zeng et al., 2022). Based on
the properties of PPy and mainly on the properties of SAc, it is expected that LF
coated by them shows an enhanced capacity to adsorb DCF from water. This
approach has not been exploited yet as a strategy to increase the physical-
chemical compatibility of LF with the DCF in the aqueous media and to improve
its removal efficiency. To investigate this, a series of batch and continuous
adsorption experiments were conducted. Furthermore, the experimental data
were rationalized using different kinetic and isothermal models. Also, the
reusability of the PPy/SAc-coated LF sponge was examined through consecutive
adsorption/desorption experiments and adsorption experiments using tap water

were done as proof of concept.

2. Materials and methods
2.1. Materials
The materials employed in this study are described in the Supporting

information file.
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2.2. Coating of LF with PPy and SAc

Firstly, the raw LF sponge was cut into small pieces (cubic shape, 1 cm3),
thoroughly washed with an ethanol/H20 solution (70:30 v/v) three times, and
oven-dried at 50 °C for 24 h. The coating process of LF was done in two steps.
For the first, clean LF (3 g) was added to a beaker filled with isopropyl alcohol
(300 mL) and FeCls solution (0.1 mol/L, 50 mL) and kept under vigorous stirring
for 30 min. Then, pyrrole (3 mL) was gently added to the reaction media, which
was cooled down to 4 °C using an ice bath (Dashairya et al., 2019). The reaction
mixture was kept under stirring overnight to ensure an adequate polymerization
of PPy on the LF fibers. Next, the PPy-coated LF (LF-PPy) was recovered and
washed with isopropyl alcohol and distilled water. The second step encompassed
the coating with SAc. Herein, LF-PPy (3.5 g) was added to a beaker filled with
SAc solution in isopropyl alcohol (0.1 mol/L, 300 mL) and kept under stirring at
r.t. for 2 h. Afterward, the SAc-coated sponge (LF-PPySAc) was recovered,
washed with isopropyl alcohol and distilled water, oven-dried at 50 °C for 24 h,
and stored for later characterization and use. Scheme S1 in the Supporting

information summarizes the experimental steps done to prepare LF-PPySAc.

2.3. Characterization
All characterization analyses and experiments are described in the

Supporting information.

2.4. Batch adsorption experiments
Batch experiments were performed to evaluate the ability of LF (coated or

not) to adsorb DCF from the aqueous media. For these adsorption experiments,
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the following general protocol was utilized: 40 mg of each sample (raw LF, LF-
PPy, or LF-PPySAc) were added to Erlenmeyer flasks filled with DCF aqueous
solutions (20 mL) at fixed initial concentrations (Co) (10-50 mg/L). The flasks
were kept under orbital stirring (100 rpm) at r.t. during the experiment. At pre-
determined time intervals, aliquots were withdrawn from the Erlenmeyer flasks
and immediately analyzed by UV-Vis spectroscopy (PerkinElmer Lambda 25
spectrometer, USA) at the wavelength (A) of 275 nm. After UV-Vis
measurements, the aliquots were returned to the flasks, and the absorption data
were converted to concentration using previously built calibration curves (R? >
0.998). The amount of DCF adsorbed per gram of sponge at equilibrium (qe) was

calculated per Equation (1):

Co—Ce
ge = xv (1)

m

where Co (mg/L) is the initial DCF concentration, Ce (mg/L) is the concentration
at equilibrium, m (g) is the mass of the sponge, and V (L) is the volume of the
solution. Equation (1) was also utilized to calculate the amount of DCF adsorbed
at different time intervals (q:). In this case, Ce was replaced by C: (i.e., the

concentration of DCF at time f).

2.5. Continuous adsorption experiments

Additional experiments were performed to evaluate the ability of the LF
samples to adsorb DCF from the aqueous media in continuous adsorption. To
simulate an adsorption column, a syringe pump (New Era NE-300 Pump

Systems, USA) was adapted vertically and a 20 mL syringe (inner diameter 19.13
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mm) was utilized (Scheme S2). Specific amounts of LF-PPySAc, LF-PPy, or LF
were put into the syringe and then, a DCF solution (100 mL, at fixed Co) flowed
through them. Aliquots of the solution passing through the sample were collected
in a beaker after different time intervals and were immediately analyzed by UV-
Vis spectroscopy (PerkinElmer, model Lambda 25, USA) in wavelengths (A) of
275 nm. After UV-Vis measurements, aliquots were discarded into a
pharmaceutical waste vial and absorption data were converted to concentration
using previously constructed calibration curves (R? > 0.998). The total amount
(qtotar) of DCF adsorbed in the continuous adsorption was calculated per Equation

(2) (Salman et al., 2011):

Q t=tiotal
Qtotal = 1000 Y£=0 fota Caddt (2)
q
g =1t 3)

where Q (mL/min) is the volumetric flow rate, and Cas (Mg/L) is the difference
between the initial and final concentrations of DCF at the end of the total flow
time. The amount of DCF adsorbed per gram of adsorbent at time t (q: (mg/g))
was computed per Equation (3). Under equilibrium conditions, q: was replaced by

ge in Equation (3). All these experiments were done in triplicate.

2.6. Reuse experiments

After the adsorption experiments, the post-utilized LF-PPySAc samples
were collected and immersed in an HCl/ethanol mixture (50:50 v/v %, 20 mL) for
1 h atr.t. for desorption. Next, the regenerated samples were oven-dried at 50 °C

for 24 h and then reused in new adsorption experiments. The following
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experimental conditions were utilized for adsorption: Co of DCF was set to 50
mg/L, the volume of solution was 20 mL, pH ~5.5, and the temperature at 25 °C.
Based on previous results, the maximum adsorption time was fixed at 1 h for the
batch experiments, and the maximum adsorption rate was fixed at 0.5 mL/min for
the continuous adsorption experiments. Just after batch and continuous
adsorption, qe values were calculated according to the previous sections. The
adsorption/desorption processes were repeated five times. Each reuse
experiment was conducted in duplicate, and the results are expressed as mean

+ standard deviation.

3. Results and discussion
3.1 Characterization of the coated LF

FTIR analyses were used to characterize the chemical nature of raw LF,
LF-PPy, and LF-PPySAc (Figure 1a). As seen, the spectrum of LF exhibited
characteristic bands ascribed to its major components (i.e., cellulose and lignin).
The broadband centered at 3447 cm-! is attributed to the O—H stretching (-OH
groups) of cellulose, hemicellulose, and lignin, while bands at 2925 and 2855 cm-~
' are attributed to the C—H stretching of CHx groups of cellulose, lignin, and
hemicellulose (Khadir et al., 2021). Bands in the range of 1650-1550 cm™' are
due to the combination of C=0 stretching and C=C aromatic stretching of the
lignin moiety (Ighalo et al., 2020). The lignocellulosic nature of LF is also
characterized by the presence of two bands at 1419 and 1254 cm', attributable
to the C—H stretching of —CHs groups and C-O stretching of —OCHs groups
present in the lignin structure. The band at 1050 cm™ is due to the C-O-C

stretching of pyranose rings, typically observed for polysaccharides like cellulose
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and hemicellulose (Mohana Krishnudu et al.,, 2019). All these bands are
consistent with previous studies (Kesraoui et al., 2019). After the PPy-coating,
the spectrum of LF-PPy exhibited the characteristic bands of LF combined with
new bands as observed. Due to the higher amount of LF compared to PPy, some
characteristic bands of this polymer were not observed. For example, the band
around 3447-3363 cm' referring to the N—H stretching of the PPy ring, and the
band around 1586 cm™' due to the C—C/C=C stretching of the five-membered
heterocyclic ring were not observed (Stejskal et al., 2021; Hamam et al., 2022).
However, bands attributable to PPy were observed at 1459, 924, and 672 cm-’
due to C-N stretching and C—H out-of-plane deformation vibrations of the PPy
ring. Other authors mention the appearance of these bands to confirm the
successful polymerization of PPy (Dey and Kar, 2019). The observance of the LF
bands in the spectrum of LF-PPy suggests that the coating process occurred by
the physical deposition of PPy on the surface of the LF fibers. Indeed, the PPy
chains may interact with the lignocellulose structure of LF through physical
interaction forces (H-bonding, hydrophobic forces, etc.) (Yang et al., 2022). The
spectrum of LF-PPySAc exhibited the same bands observed for LF-PPy.
However, can be seen an increase in the intensity of the bands at 2925 and 2855
cm-', which be caused by the contribution of the asymmetric and symmetrical C—
H stretching of CH2 groups of SAc (Al-Shirawi et al., 2021). Moreover, the band
observed at 1459 cm™ is due to C—H bending of CH2 groups confirming the
presence of this second coating on the LF fibers (Patti et al., 2021; Zeng et al.,
2022). The SAc-coating was expected to be deposited on LF-PPy fibers due to

intermolecular H-bond interaction between the —COOH groups of SAc and the
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N—-H groups of the PPy ring. According to Tsumura et al. (2022), hydrophobic

forces are also involved in this interaction.

(b}
22
o

LF-PPySAc LF-SAPPy

Intensity (a.u.)

Transmittance (a.u.)

! ]
1588 1048
920

'
3442

— T T T T T '+ T T T T T T : .
3600 3200 2800 2400 2000 1600 1200 800 10 20 30 40 50

Wavenumber (cm™) 20 {degree)

Figure 3-2.1: (a) FTIR spectra and (b) XRD pattern of raw LF, LF-PPy, and LF-PPySAc.

The XRD patterns of LF, LF-PPy, and LF-PPySAc (Figure 1b) are useful
to investigate the structure and crystallinity of these materials before and after
coating. The XRD pattern of LF exhibited two diffraction peaks at 26 = 16.0° and
22.2° corresponding to the reflection from the (101) and (200) planes of the
amorphous and crystalline moieties of cellulose Park et al. (2019). As seen, the
XRD patterns obtained for the coated samples (LF-PPy and LF-PPySAc) were
similar compared to the raw LF and among themselves. Both patterns exhibited
the diffraction peaks associated with the cellulosic nature of LF (at 26 = 16.0° and
22.2°) and a new peak at 26 = 22.7°, which indicates the presence of amorphous
PPy (Pirsa and Asadzadeh, 2021). By comparing the patterns of the coated-LF
samples, no changes were noticed after the PPy and SAc-coating, suggesting
that the deposition of PPy and SAc on the LF fibers did not generate ordered
structures on this material. The XRD data are consonant with FTIR analyses that

showed that only physical interactions occur between the LF fibers and the
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coating agents (PPy and SAc). Moreover, the coating process did not affect the
chemical and structural nature of LF.

TGA/DTGA analyses demonstrated that LF and LF-PPy exhibit three main
weight-loss stages, while LF-PPySAc exhibited four stages within the
temperature range of 25—600 °C (Figure S1). For all samples, the first stage (from
30 to 100 °C) refers to the evaporation of water molecules adsorbed on the LF
fibers. The second weight-loss stage of LF (from 230 to 300 °C) is attributed to
the thermal depolymerization of its hemicellulose moieties. The last weight-loss
stage (from 320 to 400 °C) of LF is related to the depolymerization of cellulose
(Premalatha et al., 2021). LF-PPy showed similar TGA/DTG curves compared to
LF; however, the PPy-coating decreased the temperature ranges associated with
the thermal degradation of the lignocellulose structure of LF. This data indicates
that the thermal stability of the LF fibers decreases due to the coating process.
PPy chains deposited on the fibers limit the ordered alignment of the cellulose
chains, weakening the thermal stability of LF-PPy (Akay et al., 2022). This limited
alignment can be assigned to a probable interaction between PPy and the
oxygen-rich groups on the surface of the fibers by H-bonding. Indeed, this
interaction altered the diffraction pattern of the amorphous component of LF as
demonstrated by XRD analyses. The TGA/DTG curves of LF-PPySAc exhibit an
additional weight-loss stage (from 148 to 225 °C) attributable to SAc volatilization
(Xianfeng et al., 2019). As seen, the SAc-coating impaired the thermal stability of
LF-PPy since the weight-loss stages associated with the decomposition of the LF
components were shifted to lower temperature ranges. According to Fan et al.

(2022), the physical interactions between SAc and PPy by H-bonding, can also
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affect the inter and intramolecular interactions of the lignocellulosic structure of
LF, decreasing its thermal stability.

Photographic images taken before and after the coating processes
revealed remarkable visual discrepancies among the LF samples. As observed,
raw LF exhibits a typical yellowish color (Figure 2a), while the LF-PPy sample is
dark black (Figure 2b), which results from the PPy polymerization (Fan et al.,
2022). The dark LF-PPy becomes grayish after the SAc coating (Figure 2c).
Images obtained by SEM show small embedded particles and some membranes
on the surface of the raw LF fibers, which may be due to waxy and gummy
substances that were not completely removed by the cleaning step (Martinez-
Pavetti et al., 2021). Moreover, it is noted that the surface of the raw LF fibers is
rough and dense without porosity, corroborating the previous description (Khadir
et al., 2020). After the PPy-coating, the roughness of the LF fibers decreased,
and a granular-like microstructure is observed (Mohd Tarmizi et al., 2018). Due
to the in situ polymerization, the PPy particles form an interconnected network
heterogeneously distributed on the surface of the fibers, which results in
agglomerates with high density (Velhal et al., 2018). The lower thermal stability
of the LF noticed from TGA/DTA analysis can also be related to the changes in
the microstructure of the fibers caused by the coating process. After the SAc-
coating, the surface of the fibers became markedly rough and uneven (Liu et al.,
2020). Lu et al. (2021) explain that this kind of structure behaves like the Cassie
model, where the contact area between water and sponge can be reduced.
Together, this morphology and the low surface energy properties of SAc endow

the LF-PPySAc with a hydrophobic property (Lu et al., 2021). Complementary to
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this discussion, the total porosity of the LF samples was determined and

discussed in the Supporting information.
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Figure 3-2.2: Photographic and SEM images (at different magnifications) obtained for
(a) raw LF, (b) LF-PPy, and (c) LF-PPySAc.

Beyond the color change, the coating process made the LF samples rigid
during handling. Compressive tests were done to verify this aspect. After
compression using a load, the height variation was computed for each sample.
As seen in Figure S2, raw LF presented the lowest mechanical compression
strength with a height variation of 4 mm (~33% strain) concerning its initial height.
The height variation for LF-PPy was determined to be 3 mm (~25% strain),
indicating that this sample is slightly more rigid than LF. These results contrast
with some studies that demonstrated that the mechanical compressive strength
of cellulose fibers decreases after coating by PPy. According to these studies,

this occurs due to the reduction of intramolecular H-bonding into the fibers (Parit
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et al., 2020). On the other hand, in this study, SEM analyses showed that PPy
was distributed over the entire surface of the LF fibers and its particles formed an
interconnected and dense network that might contribute to an increase in the
rigidity of LF-PPy. The LF-PPySAc sample exhibited the lowest height variation
(2 mm, ~13% strain), suggesting that it is the more rigid sample. As demonstrated
by the previous data, new physical interactions were formed on the surface of LF-

PPy after SAc-coating, which may explain this result.

3.2. WCA measurements

One of the limitations of the adsorptive processes for the removal of drugs
from water lies in the incompatibility (or low affinity) between the hydrophilic
adsorbents and hydrophobic adsorbates or vice-versa. As a strategy to enhance
the adsorption performance towards DCF, the fibers of LF were coated with PPy
and PPy/SAc to increase their hydrophobicity. To evaluate the efficiency of this
approach, the wettability of the coated LF samples was examined by WCA
measurements. Figure 3 depicts the values of the static contact angle between
the surface of the LF samples and water as well as photographic images taken
from the water droplets on these samples. The WCA value for LF was determined
as 76.9 £ 11.1°, indicating that the surface of this biomass is hydrophilic since
this value is lower than 90° (Derouich et al., 2020). Overall, natural fibers have a
hydrophilic nature, and some factors can increase this character, like the
environment in which it is grown, the number of polar hydroxy groups, surface
roughness, and the number and size of pores, among others (Akay et al., 2022).
Some of these characteristics were afore-discussed for LF. After the coating of

the fibers by the relatively hydrophobic PPy, the WCA value increased to 90.0 +
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3.4° suggesting a lower wettability of LF-PPy compared to raw LF. This slight
change in the hydrophilicity of the LF-PPy sample corroborates the morphological
change observed on its surface after the deposition of PPy (Parit et al., 2020).
Finally, the LF-PPySAc sample exhibited a WCA value of 124.2 + 8.3°
demonstrating that the SAc-coating endowed this sample with a high hydrophobic
character. The second coating consisting of SAc reduced the surface energy of
the fibers and increased their roughness (as observed by SEM) and, thereby,
hydrophobicity. This last aspect can be associated with the long carbon layer
formed by the SAc molecules (Lu et al., 2020). The results presented here
confirmed that the dual coating of LF-PPySAc fibers becomes this material
hydrophobic, which may potentize its adsorption towards hydrophobic

adsorbates, such as DCF.
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Figure 3-2.3: WCA measurements for raw LF, LF-PPy, and LF-PPySAc. Inset: Water
droplet photographs on each sample.

3.4. Batch adsorption of DCF
3.4.1. Kinetics analysis
Batch experiments were conducted to estimate the adsorption capacity of

the LF samples towards DCF concerning time. The data collected from these
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experiments allow for gaining insights into the kinetics of this process. Herein,
kinetic analysis was done for different DCF concentrations, since this parameter
is directly related to the driving force at the solid-liquid interface and affects the
adsorption capacity (Shamsudin et al., 2022b). Moreover, it is relevant informing
the reader that the adsorbent dosage (40 mg) and initial pH (~5.5) were selected
from a previous study detailed in the Supporting information (Figs. S3 and S4).
By comparing the data determined for the three LF samples (raw LF, LF-
PPy, and LF-PPySAc), it is observed from a kinetic viewpoint that the adsorption
of DCF behaves differently for each adsorbent (Figure 4). However, the increase
of DCF concentration to values higher than 30 mg/L accelerated the adsorption
kinetics for all adsorbents. This trend occurs because the concentration gradient
at high DCF concentrations acts as a driving force favoring the mass transfer of
drug molecules between the liquid and solid phases (Hiew et al., 2019). For the
LF sample (Figure 4a) exposed to high DCF concentrations (>30 mg/L), the q:
values increased fast at the beginning of the experiment, then slowed down
showing low variation with the increase of contact time. The higher adsorption
rates up to 10 min can be associated with the great availability of binding sites on
LF and the high concentration of DCF molecules in the liquid phase. After the
saturation of these sites, the kinetics of the adsorption process decreases. As
observed in Figure 4a, the equilibrium condition was not achieved at 60 min
independently of the DCF concentration, this probably occurred because the
contact time was not sufficient for the adsorption. This behavior may also indicate
that the adsorption/desorption rates of DCF on LF are equal (Khadir et al., 2020).
Compared to LF, the kinetic behavior of LF-PPy was quite different,

especially because for this adsorbent the adsorption equilibrium was achieved at
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around 30 min for DCF solutions with concentration 230 mg/L (Figure 4b). Before
this time, the qg: values increased fast up to 15 min, and then, the process slowed
down, likely due to the saturation of the binding sites on LF-PPy. In terms of
performance, at the highest DCF concentration, the maximum adsorption
capacity computed for LF-PPy showed to be 188% higher than that computed for
raw LF. Indeed, this enhancement trend for LF-PPy was also observed for the
DCF solutions with 10 and 30 mg/L, respectively. This finding suggests that the
PPy-coating increased the interaction affinity between DCF molecules and the
adsorbent, benefiting the adsorption process.

The enhancement tendency for the DCF adsorption was kept for the
experiments done with the LF-PPySAc sample; however, the process followed
completely different kinetics compared to the other adsorbents (Figure 4c). For
the experiments performed in high concentrations of DCF (>30 mg/L), the g
values increased up to 5 min, and, after this while, their variation was low.
However, as time goes on, the q: values increased again, which typically denotes
a multi-step adsorption process (Chang et al., 2021). Overall, multi-step
adsorption involves surface interaction and diffusion of the adsorbate into the
adsorbent. Considering the hydrophobic nature of the LF-PPySAc surface, the
liquid-adsorbent interface may be affected by altering the mass transfer, which
affects the whole process. Despite this, the adsorption performance computed
for LF-PPySAc in the solution with the highest concentration of DCF increased
by 16% compared to LF-PPy and 234% compared to raw LF. This data confirms
that the dual-coating of LF with PPy/SAc is an effective strategy to increase the
adsorption ability of LF towards this kind of contaminant. Beyond the morphology

and textural discrepancies between the three LF samples, the presence of PPy
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of PPy/SAc on the LF fibers also increased the hydrophobicity of the coated
materials. As explained in the literature, DCF has an high octanol-water partition
coefficient (log Kow = 4.75) and, therefore, it is considered a hydrophobic
molecule (Ahsaie et al., 2021). Therefore, endowing the fibers of LF with a

hydrophobic property allowed to increase in the affinity with DCF molecules.
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Figure 3-2.4: Batch adsorption kinetics of DCF on (a) raw LF, (b) LF-PPy, and (c) LF-
PPySAc (Experimental conditions: Co = 10-50 mg/L, adsorbent dosage 40 mg, pH ~5.5,

r.t., stirring 100 rpm, contact time 60 min).

The adsorption data summarized in Figure 4 were fitted using the pseudo-
first-order (PFO) and pseudo-second-order (PSO) kinetic models, which are
expressed in the Supporting information (Equations S5 and S6). The kinetic

parameters were determined from the non-linear regression of the data depicted
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in the plot of g: versus ¢ plot (Figs. S5 and S6). Beyond the correlation coefficient
(R2) values, an error function, the non-linear Chi-square (x2) distribution

(Equation S7), was employed to evaluate the best-fitting model.

Table 3-2.1: Kinetic parameters calculated for DCF adsorption on LF, LF-PPy, and LF-PPySAc.

PFO model
Samples Co ge? Qe(calc) ke R? X2
(x10-2)

10 1.36 1.55 2.94 0.941 0.03

LF 30 6.16 5.38 23.30 0.914 0.11

50 5.89 5.47 53.41 0.988 0.03

10 1.30 8.49 0.29 0.916 6.08

LF-PPy 30 11.19 10.74 17.90 0.988 0.01
50 17.03 17.30 12.00 0.976 <0.01

10 1.37 1.60 3.40 0.986 0.03

LF-PPySAc 30 10.40 15.21 1.81 0.862 1.51
50 23.29 24.71 6.60 0.955 0.08

PSO model
Sample Co Qe ? Qe(calc) ke R? X2
(x10)

10 1.37 2.19 106.70 0.949 0.30
LF 30 6.16 5.92 579.90 0.962 <0.01

50 5.89 5.61 3093.00 0.992 0.01
10 1.30 17.19 0.85 0.916 14.68

LF-PPy 30 11.19 11.91 226.60 0.991 0.04
50 17.03 20.14 73.60 0.945 0.48

10 1.37 2.36 105.40 0.982 0.41

LF-PPySAc 30 10.40 22.36 6.00 0.837 6.39
50 23.29 32.23 18.60 0.931 2.47

Units: Co (Mg/L); ge (Mg/Q); Qe(caic) (MG/Q); k1 (1/min); k2 (g mg/min).

2 Experimental data.
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The kinetic parameters determined from the tested models, including R?
and x?2 values, are summarized in Table 1. As seen, the adsorption data collected
for LF were well-fitted by the PSO model, which showed the highest R? and the
lowest x2? values compared to the PFO model. Theoretically, the low x? values
calculated for the PSO model indicate that there is a good correlation between
the experimental and theoretical qe data. The data summarized in Table 1 also
demonstrated that adsorption rate (k2 values) on LF increases as the initial DCF
concentration increases. Due to the high DCF concentration, more vacant sites
on LF will probably be occupied as a function of time.

The kinetic analysis for the coated LF samples showed that the DCF
adsorption on these adsorbents is well-fitted by the PFO model. For LF-PPy and
LF-PPySAc, the R? values were relatively higher, while the x? values were lower
compared to the PSO model. This finding suggests that the coating of LF fibers
with PPy or PPy/SAc alters the adsorption kinetics for DCF. Overall, the PFO
model is useful to describe adsorption processes in liquid-solid systems
considering the adsorption capacity of the solids (Wang et al., 2015). The coating
of LF fibers with PPy and PPy/SAc may alter the interaction forces between the
adsorbents and DCF, which explains this change in the kinetics. Regarding the
PFO model, our finds corroborate other studies that investigated the adsorption
of DCF on hydrophobic adsorbents (Suriyanon et al., 2013; De Oliveira et al.,
2017). Finally, the analysis of the ks values determined for LF-PPy and LF-
PPySAc indicates that the adsorption rate tends to decrease as the DCF
concentration increase. Yang and Al-Duri (2005) related that this occurs because

a longer time is required for a large initial solute concentration.
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According to the literature, adsorption processes that follows PFO kinetics
are preceded by the diffusion of the adsorbent molecules through a boundary
layer to the surface of the adsorbent (Wang et al., 2014). However, this kinetic
model is not able to provide information about the diffusion mechanism and the
rate-limiting step. To investigate these aspects, the intraparticle diffusion model
(Equation S8) was also utilized to fit the experimental data (Weber e Morris,
1963).

As seen in Figure S7, the intraparticle diffusion of DCF molecules into the
adsorbents occurs in three steps, and the increase of the drug concentration
increases the Kuir values determined for all tested LF samples. This behavior is
attributable to the higher drug concentration, which increases the driving force.
The first step (Region 1), which corresponds to the contact time between 5 and
15 min, represents the external mass transfer, that is, the transport of the DCF
molecules from the solution to the surface of the adsorbent (Tran et al., 2020).
The second step (Region 2), between 20 and 30 min, represents the intraparticle
diffusion process, which is when the adsorbate molecules on the surface enter
the adsorbent pores (Pires et al., 2017). The third and last step (Region 3) is the
final equilibrium at which intraparticle diffusion starts to slow down (Puga et al.,
2021). By analyzing the data summarized in Table S1, it can be suggested that
for each adsorbent (LF, LF-PPy, and LF-PPySAc) there is a dominant region for
intraparticle diffusion. For LF, Region 3 (the last step) seems to be the dominant
independent of the DCF concentration since. As determined, this region showed
the highest Kuir and the lowest C values. On the other hand, Region 1 was
dominant for LF-PPy since it showed low resistance and, hence, the highest

transport of the DCF molecules from the solution to the external surface of the
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adsorbent. Finally, it was observed for LF-PPySAc that the region dominant was
dependent on the DCF concentration. For instance, when the DCF concentration
was 10 mg/L, Region 2 dominates the adsorption process on this adsorbent. This
means that an intraparticle diffusion occurs quickly, and there is low resistance
to DCF transport from the surface to inside the adsorbent. In this case, the
adsorption kinetics is controlled by intraparticle diffusion, which is the rate-limiting
step. By increasing the DCF concentration to 30 mg/L, Region 3 dominates the
adsorption process. At the highest concentration of DCF (50 mg/L), Region 1 is
dominant; however, the other regions showed a good correlation considering the

value of R2.

3.4.2. Isothermal analysis

To understand the mechanism associated with the adsorption of DCF on
LF, LF-PPy, and LF-PPySAc, the experimental data depicted in Figure 4 were
fitted using isotherm models. For this, the non-linear forms of Langmuir (Equation
S9) (Langmuir, 1917), Freundlich (Equation S10) (Freundlich, 1906), Temkin
(Equation S11) (Temkin e Pyzhev, 1940), and Dubinin-Radushjevich (D-R)
(Equation S12) (Dubinin e Radushkevich, 1947) isotherm were employed.

The non-linear regression of the data arranged in the ge versus Ce plots
(Figure S8) was used to estimate all these isotherm parameters and constants.

Table 2 summarizes the computed data.
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Table 3-2.2: Isotherms parameters calculated for DCF adsorption LF, LF-PPy, and LF-PPySAc at

25 °C.
Isotherm Parameter LF LF-PPy LF-PPySAc
qm (Mg/g) 104791.988 93908.379 91335.641
K. (L/mg) 7.003 x 10® 9.586 x 10° 1.135x10°
Langmuir
R? 0.693 0.621 0.701
X2 12.194 17.357 26.231
1/n 2.016 1.623 5.291
n 0.496 0.616 0.189
Freundlich Kr (mg/g(L/mg)"n) 0.053 0.199 6.164 x 10-°
R? 0.895 0.732 0.937
X2 4.168 12.26 3.286
Kr (L/mg) 0.444 0.456 0.620
br (J/mol) 506.660 430.134 476.456
Temkin
R? 0.456 0.445 0.352
X? 21.597 25.447 33.779
qmor (Mg/g) 27.580 26.22 197.780
E (kJ/mol) 0.002 0.003 0.002
D-R Kbr (mol?/J?) 0.066 0.042 0.124
R? 0.963 0.827 0.952
X2 1.438 7.915 2.463

Based on the calculated R? values, it is suggested that the D-R isotherm

is the most suitable compared to the other isotherms to describe the adsorption

mechanism. The low x? values calculated for this isotherm corroborate this

statement. According to the D-R isotherm, adsorption processes occur through
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the formation of multilayers on the surface of the adsorbent (Cuccarese et al.,
2021). Furthermore, this model expresses how the adsorption process occurs on
homogeneous and heterogeneous surfaces and explains the average distribution
of the free energy of the adsorbate that will be adsorbed on a heterogeneous
surface (Rashid et al., 2021). Theoretically, the parameter E calculated from the
D-R isotherm describes whether the adsorption occurs via chemical or physical
processes (Khadir et al., 2020). As seen in Table 2, the estimated values of E
were noticeably low (<0.003 kJ/mol) for all LF samples, confirming that the
adsorption of DCF on these adsorbents is purely physical. Additionally, the gmpr
values calculated from this isotherm (27.58, 26.22, and 197.78 mg/g) are closer
to the qge values (16.16, 16.82, and 19.41 mg/g) experimentally determined for
LF, LF-PPy, and LF-PPySAc, which strengths the robustness of this isotherm to

explain the experimental data.

3.6. Continuous adsorption of DCF

The continuous adsorption process has the same physicochemical nature
as batch adsorption; however, it involves characteristics that will influence the
mass transfer process (Danish et al., 2022). Herein, continuous experiments
were done to verify the scalable potential of this process and to evaluate the
applicability of LF samples in practical uses. These experiments utilized the ideal
adsorbent dosage and solution flow rate conditions (i.e., 40 mg and 0.5 mL/min)
determined from previous experiments. Moreover, the concentration of DCF was
set to 50 mg/L based on the results from the batch experiments.

As observed in Figure 5, for all LF samples, the adsorption process occurs

faster in the first 60 min and reaches equilibrium at 122 min of continuous
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adsorption. By comparing the adsorption performance of the LF samples, the
highest q: value was computed to LF-PPySAc (0.40 mg/g), which showed to be
25% higher than that determined for LF-PPy and 80% higher than raw LF. Indeed,
the q: values determined for the dual-coated LF sample were higher than that
determined for the other adsorbents in all tested conditions. This finding highlights
the superior adsorption performance of LF-PPySAc, which can be attributed to
the PPy/SAc coating. The superiority of this sample corroborates the data
obtained from the batch adsorption experiments. On the other hand, it is worth
mentioning that the adsorption results in the continuous adsorption mode were
quite different from those obtained in the batch conditions, which corroborates
previous studies that also investigate these two operation modes (Wojnicki et al.,
2020). Together, these results suggest that the adsorbents tested in this study
(especially LF-PPySAc) exhibit the potential to be used in continuous adsorption

processes, which are close to real treatment processes.
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Figure 3-2.5: Continuous adsorption kinetics of DCF on (a) raw LF, (b) LF-PPy, and (c)
LF-PPySAc (Experimental conditions: Co = 50 mg/L, flow rate 0.5 mL/min, adsorbent
dosage 40 mg, pH ~5.5, r.t.).
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3.7. Adsorption mechanism

The complete description of the mechanism associated with DCF
adsorption can be a complex task due to the influence of several factors, such as
physicochemical properties, operational conditions, and surface chemistry of the
adsorbent, among others (Darryle et al., 2021). Based on the previous
discussion, it was suggested that the adsorption of DCF on the LF samples
depends mainly on physical interactions. FTIR analyses were conducted with the
LF-PPySAc sample before and after DCF adsorption to investigate the main
interactions and functional groups involved in this process. This investigation
effort was done only for LF-PPySAc, which showed the highest adsorption
performance towards DCF. Comparing the FTIR spectra shown in Figure 6, it is
noted that after adsorption of DCF, the broadband associated with the
combination of O-H and N-H stretching (3650-3050 cm') of LF-PPySAc is
broadened and shifted to lower wavenumber region, which suggests a probable
H-bonding interaction between the adsorbent and DCF. Changes were also
observed in the range of 1180-990 cm! due to the C-O stretching, the strength
of this suggestion. Indeed, oxygen-containing groups of LF and —_NH- groups of
the PPy ring may interact with DCF by H-bonding (Shamsudin et al., 2022b; Hu
et al., 2019). Moreover, some bands attributable to the elongation of C—C bonds
of aromatic rings (1600— 1400 cm-') were shifted compared to LF-PPySAc before
the adsorption. This change indicates the 11-11 interaction between the aromatic
rings of DCF and LF-PPySAc (Tomul et al., 2019). Finally, the band associated
with the rocking vibration of —(CH2)n— groups of long chains (around 720 cm™') in
the LF-PPySAc spectra disappears after DCF adsorption, probably because of

the hydrophobic interaction between the SAc moieties and the drug. The increase
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in the intensity of the bands observed in the range of 3000-2800 cm™ (C-H
stretching) and the broadening of the band in the range of 1700-1500 cm" (C=0
and C=C stretching) confirms the presence of DCF on LF-PPySAc. Also, the LF-
PPySAc/DCF spectrum exhibited a band centered at 2500 cm-! ascribed to the
primary H-bonding between —COO- and H-N (heterocycle) groups of DCF
(Aaker oy et al., 2011). The observance of this band suggests the interaction
among the DCF molecules after adsorption. Indeed, the multi-layer deposition of

DCF on the adsorbent may favor this kind of interaction.
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Figure 3-2.6: FTIR spectra of DCF, LF-PPySAc (before adsorption) and LF-PPySAc/
DCEF (after adsorption).

Figure 7 brings a schematic illustration of the possible interactions that
must occur between LF-PPySAc and DCF after adsorption. As illustrated, H-
bonding and Tr-11 interactions are the main forces involved here, which is coherent
with previous studies that investigated the adsorption of DCF (Tomul et al., 2019;
Wu et al., 2020). The absence of electrostatic interactions mediating the
adsorption process is strengthened based on the pH of the solution (~5.5), in
which both adsorbent and adsorbate are negatively charged. Indeed, after the

adsorption process, the pH of the DCF solution decreased to 4.7 + 0.1.
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Considering the initial pH (5.5), the adsorption of DCF became the medium more
acidic, which can be attributable to the release of H+ due to the ionization of DCF
molecules.

Czech et al. (2021) reported that a less hydrophilic surface enhances the
adsorption of DCF. Moreover, the carbon portions on the surface of the adsorbent
are pivotal for the adsorption process and its efficiency. Based on this, the
hydrophobic nature of the LF-PPySAc ascribed to the long carbon chain of SAc
on the surface of the adsorbent should influence the adsorption process. Thus,
beyond H-bonding and 11-11 interactions, hydrophobic forces are also involved in
the adsorption mechanism. Isothermal and thermodynamic data corroborate this
discussion since they have indicated that the adsorption of DCF on LF-PPySAc
is a physical process. A survey covering the recent literature was done to
compare the performance and the adsorption mechanism reported for different

materials tested in the adsorption of DCF from water (Table 3).

Figure 3-2.7: Schematic illustration of the adsorption mechanism of DCF on LF-PPySAc.
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Table 3-2.3: Comparison between adsorption capacities (qe) of some adsorbents tested in the removal of

DCF from aqueous media.

Dosage Co Equilibrium ge
Adsorbent . . Adsorption mechanism Ref.
(mg) (mg/L) time (min) (mg/g)

CNC-ED@CS-ED 20 100 50 444 .44 Electrostatic (HU et al., 2019)
G. ulmifolia Lam. H-bonding and -1 (ARAUJO et al.,
50 100 1440 27.80
fruits interactions 2021)
H-bonding, 1T-11
) ) (WU et al.,
LAC-2 10 35 30 224.00 interactions, and
2020)
electrostatic
) (CZECH et al.,
BCSLWN2700 50 10 1440 92.70 m-Stacking
2021)
CBWs0o™P0 Electrostatic, -1
) ] ] (MAGED et al.,
(continuous 50 10 455 53.84 interactions and 2021)
adsorption) hydrophobic forces
) . (ZHU et al.,
MCNC-PEI 10 200 90 299.93 H-bonding and electrostatic
2022)
H-bonding, -1
LF-PPySAc 40 50 40 23.29 interactions and this study
hydrophobic forces
LF-PPySAc H-bonding, -1
(continuous 40 50 122 0.40 interactions and this study
adsorption) hydrophobic forces

3.8. Reuse experiments

Among the characteristics that an adsorbent material must fulfill to assure
its practical application, the ability to be recyclable and reusable is one of the
most important (Azam et al., 2021). Herein, the regeneration/reuse capacity of
the dual-coated LF sponge (LF-PPySAc) was examined, since it exhibited the
best adsorption performance compared to the raw LF and LF-PPy. The maximum
adsorption capacity at equilibrium (qe) was determined for LF-PPySAc after
consecutive adsorption/desorption cycles and compared. Reuse experiments
were performed in batch and continuous adsorption processes, and the results

are depicted in Figure 8a and b.
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Figure 3-2.8: Adsorption capacity of LF-PPySAc as a function of the reuse cycles. (a)
Batch adsorption (Experimental conditions: Co = 50 mg/L, adsorbent dosage 40 mg, pH
~5.5, r.t., stirring 100 rpm, contact time 60 min) and (b) continuous adsorption
(Experimental conditions: Co = 50 mg/L, flow rate 0.5 mL/min, adsorbent dosage 40 mg,
pH ~5.5, r.t.).

As verified, the adsorption capacity of LF-PPySAc for DCF is minimally
affected even after five cycles of adsorption/desorption, both in batch and
continuous adsorption. In the batch mode (Figure 8a), the ge values exhibited a
variation below 0.1% between the first to the last cycle, and in the continuous
adsorption (Figure 8b), the ge values varied by 8.7%. Indeed, the qge values
determined in the continuous adsorption increased as the reuse cycles
increased, which may be due to the regeneration process. The acidic solution
used to regenerate the post-utilized LF-PPySAc adsorbent might protonate the
N-H groups of the PPy ring, facilitating the adsorption of the negatively charged
DCF (Khadir et al., 2020). The (re)characterization of the surface portion of LF-
PPySAc after the last cycle showed that this material has notorious stability,
which aids in explaining its great reuse potential. Images obtained by SEM
(Figure S11) confirmed that the texture and morphology of the post-used

adsorbent still show characteristics comparable to the as-prepared material.
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Besides, the WCA determined for the LF-PPySAc after the last cycle decreased
by 2.6% compared to the as-prepared sample, which confirms that the
hydrophobic character of this material remains after consecutive reuses. This
finding suggests the permanence of the SAc-coating on the LF-PPySAc fibers
and that the regeneration medium imparts low changes on this material.
Complementary, TGA/DTG analysis of the post-utilized LF-PPySAc (not shown)
suggested that the adsorption process does not affect the thermal stability of the
adsorbent, which confirms that the adsorption process was restricted to the
surface portion of the adsorbent. Besides, the maintenance of this property is an
additional indication that only physical interaction forces are established between
LF-PPySAc and DCF, corroborating the previous discussion. Given these
characterization and adsorption results, it can be said that LF-PPySAc is a stable
and recyclable adsorbent with a promising potential to treat DCF-contaminated
aqueous media. Indeed, this statement is corroborated by the results obtained
from adsorption experiments conducted in tap water as a proof of concept to
validate the potential application of LF-PPySAc in the practical adsorption of DCF.
As discussed in the Supporting information, this original adsorbent demonstrates
high adsorption capacity toward DCF even in tap water.
4. Conclusions

In the present work, the fibers of LF were coated with PPy and SAc. This
dual-coating process changed the physicochemical and morphological properties
of LF and decreased its hydrophilicity. As a result, the ability of LF-PPySAc to
adsorb DCF from water (using the bath or continuous processes) increased
considerably. The higher affinity between the PPy/SAc coating and the DCF

molecules mediated by weak physical interactions (H-bonding, -1 interactions,
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and hydrophobic forces) explains the enhanced adsorption performance
compared to raw LF or the sample coated only by PPy. This simple modification
(i.e., coating with PPy and SAc) can be useful to other researchers that use
vegetal biomasses in the adsorption of hydrophobic molecules from the aqueous
media. The nature of the physical interactions between the LF-PPySAc and DCF
allowed regenerating and reusing of the adsorbent in consecutive
adsorption/desorption cycles even. The appreciable chemical and mechanical
stability of LF-PPy/SAc is also a relevant characteristic of this original adsorbent.
Together, the results indicated that LF-PPySAc can serve as an efficient
adsorbent for DCF removal from aqueous solutions in scalable and practical

processes.
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Supporting information for: Polypyrrole/stearic acid-coated Luffa cylindrica
for enhanced removal of sodium diclofenac from water: Batch and

continuous adsorption studies

1. Experimental
1.1. Materials

Luffa cylindrica (LF) was obtained from a plantation localized in Perola,
Parana, Brazil. Hydrochloric acid (HCI, 35%), and ethanol (EtOH, P.A.) were
purchased from Synth (Sdo Paulo, Brazil). Isopropyl alcohol and iron chloride
(FeCI3) were purchased from Exodo Cientifica Quimica Fina (Brazil). Stearic acid
(SAc, 98.5%) and pyrrole (98%) were purchased from Sigma-Aldrich (USA).
Sodium diclofenac (DCF) (purity >99%) was purchased from Hebei Jiheng
Company (China). All commercial chemicals of reagent grade were used as

received.
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1.2. Coating of LF with PPy and SAc

Polypyrrole (PPy)
I\ R 7\ K

TZ
=
s
. -]
—
—,

Stearic acid (SAc)

FeCl; (1 mol/L)
4 °C, overnight

rt,2h

LF-PPy

LF-PSAc
Scheme 1. Experimental steps to prepare LF-PPy and LF-PPySAc samples.

1.3. Characterization

Fourier-transform infrared spectroscopy (FTIR) analyses (Shimadzu IR-
Affinity-1 spectrometer, Japan) were done in a wavenumber range of 4000-400
cm™ with 80 scans per sample and a resolution of 4 cm™'. Before the spectra
acquisition, the LF samples were cut and held between two KBr pellets. Powder
X-ray diffraction (XRD) analyses were performed in a diffractometer (Siemens
D500, Germany) equipped with a Cu-Ka source (A = 0.15418 nm). The XRD
patterns were recorded at a 26 angle varying from 10° to 50° (step of 1 °/min)
using a voltage generator of 40 kV and an electric current of 1.75 mA.
Thermogravimetry analyses (TGA) were performed in a Shimadzu DTG60
analyzer. (Japan). For this, the samples were heated at 10 °C/min under an N2(g)
flow rate of 20 mL/min. Before the XRD and TGA analysis, the samples were
ground using a pestle and liquid nitrogen. Scanning electron microscopy (SEM)
characterization was done in a JEOL JSM-6610LV microscope (USA). Before
SEM visualization, the sponge samples were washed with distilled water, dried in
an oven (50 °C for 24 h), and sputter-coated with gold. The sponge fibers were
only sputter-coated with gold before SEM visualization. The point of zero charge
(pHpzc) values for the prepared beads were examined in 0.1 mol/L NaCl solutions
at r.t.. For this, samples (30 mg) were put in vials filled with NaCl solution (30
mL), and, then, the initial pH value was adjusted (2—10) with 0.1 mol/L HCl or 0.1
mol/L NaOH solutions using a Hannah Instruments (model HI2211, USA)
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pHmeter. All vials were stirred using an orbital shaker (100 rpm) for 24 h. Later,
the final pH of each system was measured carefully. The differences between the
final and the initial pH values (ApH) were then plotted against the initial pH values.
The pHpzc values were estimated from the points where the initial pH at which
ApH is zero (Larous and Meniai, 2016). Finally, the compression resistance
property was determined using cubic samples (1 cm?3) compressed by a load of
200 g.

1.4. Water contact angle measurements

The water contact angle (WCA) formed on the sponge surface was
measured using an optical tensiometer (Theta Lite TL101, Biolin Scientific Inc.,
Finland) through the sessile drop method. Standardized drops of distilled water
(5 uL) were dispensed directly onto the surface of the samples. Immediately after
dispensing the drop, real-time dynamic reading of the right and left contact angles
formed with the material surface was performed using the One Attension software
(Biolin Scientific Inc.) used at 20 frames per second for 20 s. The WCA (°) was
recorded as the average between the right and left readings taken for 4 samples

of each sponge (n = 4).

1.5. Total porosity

The total porosity of the LF samples was determined using a liquid
displacement method (Anisha et al., 2013). Dimensions of each sample were
measured using a digital vernier caliper (Lee Tools, Brazil) and, then, their volume
(V) was calculated. Absolute ethanol was used as the displacing liquid. A sample
of measured weight (W) was immersed in a vial containing 20 mL of ethanol and
soaked for 24 h to allow the liquid to penetrate the pores of the sample. The final
weight of the wet sponge was noted as Ws The total porosity (%) can be
calculated using Equation (S1) (Anisha et al., 2013), where pethano is the ethanol
density at 25 °C (0.789 g/cm3).

Wg-wy)

%Porosity = x 100 (S1)

Pethanol X Vsample
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1.5. Thermodynamics analysis

Batch adsorption experiments were done at 293, 298, 308, 318, and 323
K to investigate the thermodynamics of the adsorption of DCF on the LF samples.
The other experimental conditions were set to 40 mg of adsorbent; DCF solution
at 50 mg/L; 20 mL of volume; and pH 7.0, respectively. The study on the effect of
temperature on adsorption will extend the knowledge of thermodynamic
parameters, such as standard Gibbs free energy of adsorption (AG®), the heat of
the adsorption (AH®), and standard entropy changes (AS°) (Avcu et al., 2021).
Thermodynamic equations used for these calculations are given in Equations
(S2), (S3), and (S4):

— Y
K= - (S2)
Ink =245 _ & (S3)
R RT
AG" = —RTInK (S4)

where K is the equilibrium constant, ge is the amount of DCF adsorbed per gram
of LF sample at equilibrium, Ce is the equilibrium concentration of DCF in the
solution, R is the universal gas constant (8.314 J/mol K) and T is the absolute
temperature. AH° and AS° can be determined from the slope and intercept of the
plot between In (qe/Ce) versus 1/T (not shown). AG° can be calculated from
Equation (S4).

1.6. Continuous adsorption experiments
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Scheme 2. Adapted setup for continuous adsorption experiments.

1.7. Adsorption experiment in tap water
To mimic real adsorption conditions, batch experiments were done using tap

water. Thus, 40 mg of the adsorbent was put in contact with a DCF solution (Co
50 mg/L, 20 mL) prepared in tap water (pH 8.6 and conductivity 54 mV at 25 °C).
The vial containing the adsorbent and solution was left on stirring at r.t. for 60
min. After that, the adsorption capacity (qe) was calculated using Equation (1).

These tests were performed in triplicate.

2. Results and Discussion

2.1. Characterization of sponges

100 @) 0.00
80 - —~ -0.01
=
3 £
e =
2 60 < 0.02
L]
[=)]
= =
é o
40 4 -0.03 4
1 —ur 1 —trF
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— LF-PPySAc —— LF-PPySAc 356 (b)
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100 200 300 400 500 600 100 200 300 400 500
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Figure 3-2.51: (a) TGA and (b) DTG curves of LF, LF-PPy, and LF-PPySAc.
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2.2. Total porosity

The total porosity of the LF samples was evaluated by the liquid
displacement method as afore detailed. The total porosity of LF, LF-PPY, and LF-
PPySAc was determined to be 0.09 + 0.01%, 0.03 £ 0.01%, and 0.16 + 0.02%.
These low values can be justified since the fibers of LF have ultra-micropores
(Khadir et al., 2021). After coating with PPy, total porosity decrease because the
polymerization process fills the pores previously available on the fibers with PPy.
Conversely, after the second coating process, the total porosity increases
compared to LF-PPy as a result of the increase in roughness caused by the SAc
molecules deposition. As verified in the SEM images, after SAc-coating the
surface of the fibers is rougher and irregular, which corroborates the porosity
data.

Figure 3-2.82: Compression of the (a) LF, (b) LF-PPy, and (c) LF-PPySAc samples with
a load.

2.3. Batch adsorption — Effect of adsorbent dosage
Investigating the effect of dosage adsorbent is crucial since this parameter
has a critical role in the cost-effectiveness of the adsorption process (Franga et

al., 2020). Herein, preliminary adsorption experiments were performed ranging
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the adsorbents dosage from 40 to 60 mg. Overall, for all tested samples, ge values
decreased as the dose of LF (12.01 to 0.13 mg/g), LF-PPy (14.19 to 0.99 mg/qg),
and LF-PPySAc (15.92 to 3.21 mg/g) increased from 40 to 60 mg (Figure S3).
Malhotra et al. (2018) cite two main reasons for this behavior; the first is because
when the adsorbent dosage increases, the number of binding sites that remain
unsaturated during adsorption increases too. Secondly, high adsorbent dosage
may cause agglomeration, reducing the surface area available for adsorption
(Malhotra et al., 2018). Additionally, the correlation between the adsorbent
dosage and adsorption capacity revealed that the coated-LF samples (LF-PPy
and LF-PPySAc) have enhanced performance for the removal of DCF from the
aqueous media. Indeed, the adsorption capacity of LF-PPySAc was around
32.5% higher that the raw LF when 40 mg of these materials were tested. Based
on these results, further adsorption experiments were done using the lowest
dosage of LF, LF-PPy, or LF-PPySAc (i.e., 40 mg).

[ L
16 1 _ILF-PPy
[ |LF-PPySAc
12 4
D
o
E 84 I
@O
o
4
o . . _ffﬂ
40 50 60

Adsorbent dosage (mg)

Figure 3-2.83: Effect of adsorbent dosage on the DCF adsorption capacity (Other
experimental conditions: Solution volume 20 mL, Co 50 mg/L, pH ~5.5, r.t., stirring 100

rpm, contact time 60 min).

2.4. Batch adsorption — Effect of pH

The initial pH of the adsorbate solution is another parameter that affects
the entire adsorption process because it influences the surface charge of the
adsorbent, but also the ionization of the adsorbate (leamviteevanich et al., 2022).
To verify this, the pH of the DCF solution was adjusted using HCI (0.1 mol/L) or
NaOH (0.1 mol/L) before the adsorption experiments. As seen in Figure S4a, the
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increase of solution pH from 4 to 7 caused a low effect on the adsorption capacity
of the coated samples, while the raw LF was drastically affected. When the pH is
moved to alkaline conditions (pH 10), the adsorption capacity of all LF samples
decreases considerably. To aid in explaining these results, the pHpzc values for
each LF sample were determined (Figure S4b). pHpezc defines the pH condition
at which the components of surface charge on the solid (adsorbent) are equal to
zero ([H+] =[OH-]). At pH conditions below these values (pH < pHpzc), the surface
of the LF samples is positively charged ([H+] > [OH-]), while pH conditions above
pHprzc denote surfaces negatively charged ([H+] < [OH-]). For LF, LF-PPy, and
LF-PPySAc the pHrzc values were determined to be 4.19, 3.40, and 3.54,
respectively. The decrease in the pHpzc values for LF-PPy and LF-PPySAc is
attributable to the reduction of oxygen-containing groups on the surface of the
fibers. At pH 4, only raw LF can show a positively charged surface, which may
explain its high adsorption capacity since in this condition, the DCF molecules
are partially ionized (pKa ~4) (Bi et al., 2021). Under pH > 7, both adsorbent and
adsorbate are negatively charged and the repulsive forces between them explain
the impairment of the adsorption process. However, close to neutral conditions
(pH 7), it is still observed a considerable adsorption performance for LF-PPy and
LF-PPySAc. This result suggests that other interaction forces instead of the
electrostatics are involved in the adsorption mechanism (H-bonding, Tr-11
interaction, or hydrophobic forces) (Shamsudin et al., 2022). Furthermore, LF-
PPySAc showed the lowest sensibility to the pH changes, which may suggest
that this adsorbent has the highest interaction capacity towards DCF molecules.
Based on these finds, further adsorption experiments were done at pH ~5.5,

which is the pH of the DCF solution prepared in distilled water.
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Figure 3-2.S4: (a) Effect of initial pH on the DCF adsorption capacity (Other
experimental conditions: Co 50 mg/L, adsorbent dosage 40 mg, volume 20 mL, r.t.,

stirring 100 rpm, contact time 60 min). (b) pHpzc values determined for LF, LF-PPy, and
LF-PPySAc.

2.5. Kinetic models

The non-linear forms of the PFO and PSO are expressed by Equations
(S5) and (S6) as follows:

Qt = Qecal) (1- €7%7) (S5)

2
g, = Ae(cankat
t 1+qe(cankat

(S6)

where gewa) (Mg/g) is the theoretical value of the amount of DCF adsorbed per
gram of adsorbate at equilibrium, k7 (1/min) and k2 (g/mg min) are the rate

constants for the PFO and PSO models (Lagergren, 1898; Ho e Mckay, 1999)..

¥2 = ZM (S7)

de(calc)
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Figure 3-2.S5: PFO plots for the adsorption of DCF onto (a) LF, (b) LF-PPy, and (c) LF-
PPySAc samples (Experimental conditions: Co = 10-50 mg/L, adsorbent dosage 40 mg,
pH ~5.5, r.t., stirring 100 rpm, contact time 60 min).

145



7 : ;g :g;t (a) 2049 10mgiL (b)
64 @ 50 mg/L

q: (mg/g)
-

(2]
q: (mg/g)

T T T T T T T T T T
0 10 20 30 40 50 60 6 1b 2|0 3|0 4ID 5‘0 éﬂ
t (min) t (min)

254 @ 10 mgiL
@ 30 mgiL
@ 50 mgiL

(c)

20

-
o
)

q¢ (mg/g)
&

o
1

t (min)

Figure 3-2.86: PSO plots for the adsorption of DCF on (a) LF, (b) LF-PPy, and (c) LF-
PPySAc samples (Experimental conditions: Co = 10-50 mg/L, adsorbent dosage 40 mg,
pH ~5.5, r.t., stirring 100 rpm, contact time 60 min).

2.6. Intraparticle diffusion model

qd: = Kdifftl/z +C (88)

In Equation (S8), the parameter Kair (mg/g min'/?) refers to the intraparticle
diffusion rate and can be calculated from the slope of the linear segments
(Regions 1 to 3) of the plot of g: versus t"2 (Figure S8). C is a constant related to
the thickness of the boundary layer and is determined by the intercept of the plot
(Pires et al., 2017). Overall, a high Kqirt value indicates a fast adsorption process,
and the lower the C value, the lower the effect of transport resistance on the
adsorbent (Pires et al., 2017).
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Figure 3-2.S7: Intraparticle diffusion plots for the adsorption of DCF on (a) LF, (b) LF-
PPy, and (c) LF-PPySAc samples (Experimental conditions: Co = 10-50 mg/L, adsorbent
dosage 40 mg, pH ~5.5, r.t.,, stirring 100 rpm, contact time 60 min).

Table 3-2.81: Intraparticle diffusion parameters calculated for DCF adsorption on LF,
LF-PPy, and LF-PPySAc.

Sample Co Region Kaife (o] R?
1 0.064 0.289 0.998
10 2 0.167 -0.072 0.798
3 0.245 -0.533 0.999
1 0.204 3.765 0.887
LF 30 2 0.523 2.502 0.993
3 0.478 2.450 0.998
1 0.140 4.813 0.944
50 2 0.024 5.253 0.948
3 0.381 3.414 0.965
1 0.093 -0.069 0.995
10 2 0.636 -2.584 0.621
LF-PPy 3 0.159 0.066 0.994
1 2.275 1.514 0.966
30 2 0.396 8.154 0.980
3 0.161 9.968 0.836
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1 6.121 -7.502 0.999
50 2 0.202 15.462 0.905
3 0.178 15.675 0.730
1 0.234 -0.302 0.689
10 2 0.337 -0.738 0.961
3 0.125 0.404 0.988
1 0.207 3.377 0.796
LF-PPySAc 30 2 0.461 2.328 0.608
3 1.950 -4.516 0.907
1 8.619 -16.575 0.999
50 2 2477 8.680 0.961
3 0.440 19.907 0.960
Units: Co (mg/g); Kair (Mg/g min'2); C (mg/g).
2.7. Isotherm models
qmKLC,
qe = LmiLte (89)
qe = K. C;'" (S10)
RT
e = Eln(KTCe) (S11)
_ 2
Qe = Gmpre <PR® (S12)
¢ = RTIn (1 + Ci) (S13) E=QKpy) 2 (S14)

The parameters gm and gmpr (mg/g) are the theoretical maximum
adsorption capacity of each adsorbent accordingly to the Langmuir and D-R
isotherm models, while the parameters K., Kr, K, and Kpr are the constants of
Langmuir, Freundlich, Temkin, and D-R isotherms. The parameter 1/n is the
heterogeneity factor in the Freundlich isotherm, and br refers to the adsorption
heat in the Temkin isotherm. In the D-R isotherm, the parameter ¢ is the
adsorption potential (calculated by Equation S13), R is the universal gas constant

(8.314 J/K mol), and T is the absolute temperature. The Kpr constant is related
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to the adsorption energy and can be employed to calculate the mean free energy

(E) involved in the adsorption process (calculated by Equation S14).
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Figure 3-2.S8: (a) Langmuir, (b) Freundlich, (c) Temkin, and (d) D-R isotherm plots for
the adsorption of DCF on LF, LF-PPy and LF-PPySAc at 25 °C (Experimental conditions:
Co = 1-50 mg/L, adsorbent dosage 40 mg, pH ~5.5, r.t., stirring 100 rpm, contact time
60 min).

2.8. Thermodynamic study

Thermodynamic parameters including standard Gibbs free energy
variation (AG°), enthalpy variation (AH°®), and entropy (AS°) for the DCF
adsorption on LF samples were computed and summarized in Table S2. The
adsorption of DCF on raw LF showed quite different thermodynamics than that
observed for LF-PPy and LF-PPySAc. From the data in Table S2, it can be seen
that the values of AG® for LF were positive, which indicates that the adsorption of
DCF on this sample does not occur spontaneously. These finds corroborate the
experimental data, which showed that raw LF has a low adsorption capacity
under the experimental conditions utilized (Lonappan et al., 2018). On the other

hand, after coating the fibers, the adsorption process occurs spontaneously,
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considering that the AG® value was negative at all tested temperatures. Also, with
the results obtained from AG°®, it is observed that the process is more
spontaneous at low temperatures, considering that there is an increase in AG®°
as the temperature increases. Taking into account that in a physical adsorption
process the AG® value must be within the range of -20 to 0 kJ/mol, it can be said
that the DCF molecules were physically adsorbed on LF-PPy and LF-PPySAc
since the variation of their AG°® was from -3.55 to -1.27 kJ/mol, and from -3.90 to
-1.41 kd/mol, respectively (Hiew et al., 2019a). The negative AH° value indicates
the adsorption of DCF in the LF samples was exothermic and based on the AH°
value < 40 kJ/mol, the adsorption of DCF occurs preferentially by physisorption
(Hiew et al., 2019b). The negative AS° value may be associated with a decrease
in randomness at the solid-solution interface during the adsorption of DCF on LF

samples (Avcu et al., 2021).

Table 3-2.82: Thermodynamic parameters for DCF adsorption on LF samples at various

temperatures.
Temperature AG® AH° AS?
Sample (kJ/K
(k) (kJ/mol) (kJ/mol)
mol)
293 8.00
298 8.96
LF 308 9.72 -39.08 -0.16
318 12.15
323 12.87
293 -3.55
298 -2.12
LF-PPy 308 -2.14 -22.23 -0.07
318 -1.34
323 -1.28
293 -3.91
298 -1.95
LF-PPySAc 308 -1.5 -22.85 -0.06
318 -1.43
323 -1.42

2.9. Continuous adsorption

150



2.9.1. Effect of adsorbent dosage and flow rate

The height of the adsorbent put into the column is one parameter that
influences the efficiency of the continuous adsorption process. Herein, the effect
of this parameter was not examined because a syringe was used as the
adsorption column. So, the height of the LF sample changed as the plunger was
pressed down, resulting in erroneous data. Therefore, we decided to investigate
the effect of the adsorbent dosage placed in the syringe on the adsorption
capacity of DCF. As seen in Figure S9a, the increase in the adsorbent dosage
(from 40 to 60 mg) decreased the qt values calculated for all tested adsorbents.
This behavior showed to be similar to that observed in the batch experiments.
High adsorbent dosages exposed to a fixed adsorbent concentration increase the
number of unsaturated sites impairing the adsorption capacity. Taking into
account these results, 40 mg was the optimal dosage for each adsorbent in the
continuous adsorption experiments.

The effect of DCF solution flow (0.5 to 2.0 mL/min) on the adsorption
capacity of LF, LF-PPy, and LF-PPySAc was also investigated (Figure S9b). As
observed, the increase in the solution flow caused a decrease in the adsorption
capacity of all tested adsorbents. This behavior occurs because the flow increase
causes a reduction in the residence time of the adsorbate into the column. Hence,
it leaves the column before the adsorption equilibrium, as explained by Gong et
al. (2015). Therefore, the flow rate was set at 0.5 mL/min for the continuous

adsorption experiments.
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Figure 3-2.S9: (a) Effect of adsorbent dosage on the DCF adsorption capacity (Other
experimental conditions: Flow rate 0.5 mL/min, Co 50 mg/L, pH ~5.5, r.t.). (b) Effect of
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flow rate on DCF adsorption capacity (Other experimental conditions: Adsorbent dosage

40 mg, Co 50 mg/L, pH ~5.5, room temperature).

2.10. Adsorption in tap water

Figure S10 shows the ge values determined for the adsorption of DCF on
the LF samples using tap water as the medium. As seen, the PPy/SAc-coated LF
showed the highest adsorption capacity followed by LF-PPy and LF. Overall, this
behavior was similar to that observed in the experiments using distilled water to
prepare the DCF solution. Of course, compared to that experiment, the ge values
computed in tap water showed to be slightly lower, which was expected since this
medium contains interferants (ions, compounds, etc.) that impair the adsorption
process. It is relevant to note that even at this non-standard condition, the sample
LF-PPySAc exhibited a noticeable adsorption capacity towards DCF (15.41
mg/g). Therefore, this dual-coated material is promising for the removal of this

contaminant from real water samples.
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Figure 3-2.S10: Adsorption capacity at equilibrium of DCF on LF, LF-PPy, and LF-
PPySAc using tap water as medium (Other experimental conditions: Co 50 mg/L,
adsorbent dosage 40 mg, volume 20 mL, room temperature, stirring 100 rpm, contact
time 60 min).
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(a) SEI 15kV  WD17mm SS29 Mag x100  100pM s— SEI 15kV  WD17mm SS29 Mag x1000  10pM s—

Figure 3-2.S11: Images obtained by SEM from LF-PPySAc after the 5"
adsorption/desorption cycle at different magnifications. (a) Mag x100 and (b) Mag x1000.
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3.3. Article — Efficient fixed-bed removal of the emerging contaminant

nimesulide using B-cyclodextrin-grafted Luffa biomass
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Efficient fixed-bed removal of the emerging contaminant nimesulide using

B-cyclodextrin-grafted Luffa biomass

Julié S. da Costa, Débora R. S. dos Santos, and André R. Fajardo*

Abstract

The widespread presence of pharmaceutical residues in water bodies,
particularly non-steroidal anti-inflammatory drugs (NSAIDs), has raised
significant environmental and public health concerns. Among them, nimesulide
(NIM) is frequently detected in surface and drinking water, yet conventional
treatments show limited efficiency in its removal. In this study, a novel
bioadsorbent was developed by chemically modifying Luffa cylindrica (LF) fibers
with B-cyclodextrin (3-CD) via citric acid-mediated esterification. The resulting
LFnaoH)-BCD material was characterized by FTIR, SEM, TGA, and porosity
analyses, confirming successful grafting and structural enhancement. Batch
adsorption experiments revealed that the process was pH-dependent,
endothermic, and spontaneous, with a maximum adsorption capacity of 5.37
mg/g at 25 °C. The Sips and Hill isotherm models provided the best fit to the

equilibrium data, indicating heterogeneous adsorption with possible negative
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cooperativity. Fixed-bed column studies under optimal conditions (C, = 35 mg/L,
Q = 1.0 mL/min, Z = 6 cm) demonstrated high removal efficiency (up to 84.4%)
and an adsorption capacity of 82.27 mg/g, surpassing many adsorbents reported
in the literature. FTIR analysis after adsorption suggested that the primary
mechanism involves inclusion complex formation between NIM and B-CD, along
with hydrogen bonding and m—1r interactions. Although methanol regeneration
showed limited efficiency, the material maintained partial reusability over three
cycles. This work presents an effective, low cost, and renewable alternative for
the continuous removal of NIM from water, offering valuable insights for the

design of bio-based fixed-bed adsorbents for emerging contaminants.

Keywords: Sponge gourd, emerging contaminants, bioadsorbent, breakthrough

curves, environmental remediation.

1. Introduction

Pharmaceutical compounds play a crucial role in maintaining and improving
human health [1]. Nevertheless, their unchecked consumption has led to
increased contamination of various water bodies, as highlighted by several
studies [2]. These compounds are classified as emerging pollutants due to their
presence in low concentrations in the environment, coupled with limited
information on their potential negative effects on both the environment and
human health [3,4]. Among the pharmaceuticals commonly detected in water
sources is nimesulide (NIM), a non-steroidal anti-inflammatory drug (NSAID)
widely used to treat pain, fever, and inflammation [3]. Yet, the overuse of NIM can

lead to a range of moderate to severe adverse effects, including nausea, gastric
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damage, bronchoconstriction, and kidney and liver failure [1]. These risks have
contributed to the drug ban in several countries, including the United States,
Germany, Canada, Japan, and Spain [2,5]. In contrast, NIM is commercialized in
Brazil and widely consumed due to its superior effectiveness compared to other
anti-inflammatory drugs. Recently, Caldas et al. [2] conducted a four-year study
monitoring the presence of pharmaceuticals and personal care products (PPCPs)
in surface and drinking water samples. Their findings revealed that NIM
concentrations ranged from 70 to 730 ng/L. Given the extensive use of this drug
and its potential adverse effects on environmental and human health, there is a
growing need for new, efficient, and straightforward methods to remove this drug
from water [5,6], ensuring the protection of ecosystems and supporting
sustainable development [4].

Considering the various approaches available to address NIM
contamination in water sources [1,5], adsorption processes appear to be
particularly attractive due to their operational simplicity, cost-effectiveness, and
the potential for adsorbent material recyclability [7]. The adsorption process can
be carried out using various adsorbent materials and techniques, including
continuous moving-bed columns [8](LEUDJO TAKA et al.,, 2021), batch
experiments [9], and fixed-bed continuous flow columns [10]. Among these, the
use of fixed-bed continuous flow columns is particularly appealing due to their
scalability, efficiency, and ability to minimize adsorbent consumption based on
collected experimental data [11]. In this technique, the adsorbate solution is
continuously passed through a column containing the adsorbent, allowing for
ongoing adsorption [9]. This process is suitable for industrial applications [12], as

it can handle large volumes of wastewater with high pollutant loads. Moreover,
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this adsorption process becomes even more advantageous when using low cost
adsorbents, such as vegetal biomass [7].

Among the various biomasses that can be effectively used for this purpose,
Luffa cylindrica (LF) stands out as a promising candidate due to its unique
macroporous three-dimensional structure, high tensile strength, and mechanical
resistance [13]. Additionally, the fibrous structure of LF, primarily composed of
cellulose, facilitates both chemical and physical modifications. These
modifications enhance its properties, including surface characteristics [14] and
adsorption capacity [15]. For example, Coutinho et al. [13] combined physical and
chemical modifications to enhance the adsorption capacity of Luffa cylindrica (LF)
for trimethoprim, an antibiotic. Abdullah et al. [16] employed a dual treatment
process, involving TEMPO oxidation followed by amination with
polyethyleneimine (PEI), to improve the adsorption capacity of LF for removing
Cr%* ions from water. Despite these and other promising examples in the
literature, most studies using this biomass as an adsorbent are limited to LF in its
natural or minimally processed form. Given the extensive literature on the
chemical modification of cellulose [17], the primary component of LF, there is
significant potential to develop adsorbent materials from this biomass with
enhanced properties.

Based on this opportunity and considering the wide range of chemical
compounds used to modify cellulose [18], this study explores the modification of
LF with B-cyclodextrin (B-CD) as a strategy to enhance its adsorption capacity for
NIM. Cyclodextrins, including B-CD, are promising molecules for modifying
cellulose structures due to their unique properties, which complement those of

cellulose-based materials [19]. B-CD is a cyclic oligosaccharide composed of
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seven D-glucopyranose units. It has a distinctive structure, with a hydrophilic
outer surface and a hydrophobic central cavity [20]. The hydrophobic cavity of 3-
CD enables the formation of inclusion complexes with a variety of molecules [21],
making it suitable for diverse applications [15]. For example, Guo et al. [22]
demonstrated that B-CD is an excellent adsorbent due to its ability to form host-
guest complexes with organic molecules, particularly hydrophobic ones. The
formation of these complexes involves multiple interactions, such as hydrogen
bonds, van der Waals forces, and hydrophobic interactions [20]. This feature was
exploited by Ares et al. [20], who functionalized cellulose filter paper with 3-CD to
enhance its capacity to remove diclofenac from water. Despite the success in
improving the adsorption properties of various cellulose-based materials [23-25],
the modification of LF with 3-CD has not been explored for this purpose.

To validate our hypothesis, LF was chemically functionalized with B-CD,
and the resulting material was tested as an adsorbent in both batch and fixed-
bed continuous flow experiments to remove NIM from aqueous solutions. In
addition to the experimental data, a series of theoretical investigations were
conducted to provide further insights into the evaluated processes. To the best of
our knowledge, this is the first study exploring this approach to address the NIM

contamination in water.

2. Materials and methods
2.1. Materials

Luffa cylindrica (LF) was obtained from a plantation in Pérola, Parana,
Brazil. Ethanol (EtOH, P.A.), methanol (MeOH, P.A.), and sodium hydroxide

(NaOH, = 98%, reagent grade) were purchased from Synth (Brazil). B-

160



Cyclodextrin (B-CD, = 97% reagent grade) was obtained from Sigma-Aldrich
(USA). Anhydrous citric acid (CA, P.A., = 99.5% analytical grade) and sodium
hypophosphite (SHP, P.A., = 97% reagent grade) were sourced from Exodo
Cientifica (Brazil). Anhydrous sodium carbonate (Na2COs, P.A., =2 98% reagent
grade) was obtained from Vetec (Brazil). Phenolphthalein was acquired from
Neon (Brazil). Nimesulide (NIM, = 99% analytical grade) was purchased from

EMS® (Brazil). All commercial reagents were used as received.

2.2. Modification of LF with B-CD

Raw LF was cut into 1 cm? cubes, washed three times with EtOH/H20
(70:30 v/v), and dried at 50 °C for 24 h. The cleaned LF (2.0 g) was then treated
with NaOH (5% w/v, 200 mL) at 50 °C for 2 h, washed to neutral pH, and dried at
50 °C for 48 h, yielding the LFaoH) sample. The alkaline treatment was applied
to partially remove hemicellulose and lignin, thereby exposing the cellulose-rich
fraction and increasing the availability of surface hydroxyl groups for subsequent
functionalization.

For B-CD grafting, a procedure adapted from Rehan et al. [26] was
followed (Scheme 1). Briefly, LFNaoH) (1.0 g) was immersed in an aqueous
solution containing B-CD (5% w/v, 10 mL), CA (2% w/v), and SHP (2% w/v) at
room temperature for 30 min. CA acted as a non-toxic, multifunctional crosslinker
capable of forming ester bonds between hydroxyl groups of LFnaoH) and B-CD,
while SHP was used as a catalyst to promote CA-mediated esterification [27].
The impregnated LF(naoH) was then placed in an oven at 80 °C for approximately
5 min before increasing the temperature to 150 °C to facilitate the esterification

reaction. The thermal curing process lasted 15 min. Afterward, the modified LF
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was washed with distilled water at 50 °C for 5 min, followed by a second wash at
room temperature. Finally, the LF(naoH)-BCD sample was dried at 50 °C for 24 h
and stored for later characterization and use.
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Scheme 1. General reaction for B-CD grafting onto LFnaoH).

2.3. Quantification of grafted B-CD on LFnaor)-BCD

The amount of B-CD grafted onto LFnNaoH)-BCD was quantified using a
colorimetric assay based on the phenolphthalein complexation method [28,29]. A
phenolphthalein solution was prepared by adding 0.05 mL of a 1% (w/w)
phenolphthalein solution in EtOH to 100 mL of an aqueous Na2COs3 solution (10
g/L), adjusting the pH to ~10 to produce the characteristic purple coloration of
phenolphthalein. The solution was divided into 5 mL aliquots, placed in three
vials, and mixed with increasing masses of LFnaon)-BCD (10, 20, and 30 mg).
The mixtures were stirred at 100 rpm at room temperature for 24 h. Afterward,
the samples were removed, and the absorbance of the remaining solution was
measured at 552 nm using a UV-Vis spectrophotometer (Perkin EImer Lambda
25, USA). The B-CD concentration was determined using a previously
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constructed calibration curve (Absorbance = 0.176[conc.] — 1.410x1074, R? >
0.997, where [conc.] is the B-CD concentration in mg/L), assuming a 1:1
molecular complex formation between 3-CD and phenolphthalein. All tests were
performed in triplicate. Finally, to evaluate the intrinsic phenolphthalein
absorption capacity of LFNaon)-BCD, a similar test was conducted with raw LF
and LFnaon). In this case, a fixed sample mass of 30 mg was used, and the

phenolphthalein solution volume was increased to 10 mL.

2.4. Characterization

Fourier-transform infrared spectrophotometry (FTIR) analyses were
performed using a Shimadzu [R-Affinity-1 spectrometer (Japan) in the
wavenumber range of 4000-400 cm™', with 80 scans per sample and a resolution
of 4 cm™'. Before spectral acquisition, the LF, LF(naoH), and LFnaoH)-BCD samples
were cut and placed between two KBr pellets. Thermogravimetric analysis (TGA)
was carried out using a Shimadzu DTG60 analyzer (Japan). Samples were
heated at 10 °C/min under a N2 (flow rate of 20 mL/min). Prior to TGA analysis,
the samples were ground using a pestle and liquid N2. Scanning electron
microscopy (SEM) was performed using an FEI Quanta FEG 250 microscope
(USA). Before SEM imaging, the dried samples were sputter-coated with gold.
The pH at the point of zero charge (pHrzc) was determined by placing 30 mg of
each sample in 30 mL of 0.1 mol/L NaCl solution, adjusting the pH between 2
and 10 with 0.1 mol/L HCI or NaOH, and stirring at 100 rpm for 24 h. The final pH
was measured, and the pHpzc was determined from the point where the

difference between initial and final pH (ApH) was zero [30].
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2.5. Density and porosity measurements

The density of the LF samples was determined using the liquid pycnometer
method [79]. The densities of LF samples were determined by measuring the
weight of dry LF samples (my), of the pycnometer empty (m>), of the pycnometer
with ethylene glycol (m3), and of the pycnometer with ethylene glycol and LF

sample (m4). The relative density (g/cm?) can be calculated using Equation (1).

Density = my/(mz—my)—(Mmy—my—m,4) (1)
Pethylene glycol

Where the absolute density of ethylene glycol (pethyiene giycor) is about 1.11 g/cm3
at 18 °C.

The porosity of the LF samples were determined using a method described
by Singh and Jelinek [31]. Total porosity (%) was calculated using Equation (2).
For this, a sample with a known weight (m;) was immersed in a vial containing 30
mL of EtOH and soaked for 24 h to allow the liquid to penetrate the sample pores.
The final weight of the wet sample (mr) was then recorded. The EtOH density

(peton) at 25 °C is 0.789 g/cm3. Again, the measurements were done in triplicate.

Porosity (%) = p(mf;mi)x 100 (2)

EtoH X IWh
Where I, w, and h correspond to length, width, and height, respectively. The
dimensions of each sample were measured using a digital vernier caliper (Lee
Tools, Brazil).

2.6. Batch adsorption experiments
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Batch adsorption experiments were performed to assess the influence of
solution pH on adsorption capacity and to investigate the kinetic, thermodynamic,
and equilibrium characteristics of the process. For pH evaluation, 0.3 g of
adsorbent was added to 30 mL of NIM solution (35 mg/L, prepared in tap water;
pH 7.6, conductivity 54 mV at 25 °C), with orbital stirring at 100 rpm for 3 h. The
pH was adjusted to 4, 7, or 10 using 0.1 mol/L HCI or NaOH solutions and
measured with a pH meter (Hannah Instruments, model HI2211, USA). The
adsorbent mass corresponded to that used in the most efficient fixed-bed column
configuration in this study, ensuring direct comparability between batch and
column results. The contact time of 3 h was selected based on previous reports
on B-CD-modified materials for pharmaceutical removal, providing sufficient
equilibration to reliably determine adsorption capacity under the experimental
conditions.

After adsorption, the amount of NIM removed was determined by UV-Vis
spectrophotometry using a PerkinElmer Lambda 25 spectrometer (USA) at a
wavelength of 390 nm. The absorbance data were converted to concentration
using previously constructed calibration curves (Absorbance = 0.00329[conc.] +
0.01159, R? > 0.969, where [conc.] is the NIM concentration in mg/L). The

adsorption capacity at equilibrium (qge) was then calculated using Equation (3):

Co—Ce
ge =2 xV 3)

m

where Cois the initial drug concentration, Ce is the drug concentration remaining
in the solution at equilibrium, m is the mass of the adsorbent, and V is the volume

of the solution. For the kinetic analysis a similar experimental procedure was
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conducted; however, aliquots were collected from the Erlenmeyers flaks at pre-
determined intervals. Eq. (4) was utilized to calculate the adsorption capacity at

each time interval (q:).

g =" xy (4)

In the thermodynamic analysis, the temperature of the NIM solution was
varied at 308, 318, and 328 K, while the other conditions were kept the same as
in the pH experiment. The effect of temperature on adsorption was evaluated
using thermodynamic parameters, including the standard Gibbs free energy of
adsorption (AG®), the heat of adsorption (AH®), and the standard entropy change
(AS°®) [30]. Equations (5), (6), and (7) were utilized to determine the

thermodynamic parameters:

= %

K=< (5)

Ink =2 _ 88 (6)
R RT

AG’ = —RTInK (7)

where K is the equilibrium constant, ge is the amount of NIM adsorbed per gram
of adsorbent at equilibrium, R is the universal gas constant (8.314 J/mol K) and
T is the absolute temperature. AH° and AS° can be determined from the slope
and intercept of the plot between In(qe/Ce) versus 1/T (not shown). AG° can be

calculated from Equation (7).
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For the isothermal analysis, similar experimental procedures were
followed; however, the temperature was fixed at 298 K (room temperature), and
the NIM solution concentration was varied from 5 to 35 mg/L. After 3 h, qe values
were calculated using Equation (3). The results were then fitted to three non-
linear isotherm models: Sips [32], Redlich-Peterson [33], and Hill [34], which are

detailed in the Supporting Information (Table S1).

2.7. Fixed bed column adsorption experiments: Optimization and operational
characteristics

A 15.00 cm long glass tube with a diameter of 1.39 cm and a volume of
22.76 cm?® was used as the column for the fixed-bed experiments. Silicone tubing
was connected to both ends of the column and to a peristaltic pump, which was
used to circulate the NIM solution in and out of the column (Scheme 2). The
LF(naoH)-BCD sample was placed inside the column, and the following operational
parameters were tested: volumetric flow rate (Q) at 0.5, 1.0, and 1.5 mL/min,
adsorbent height (Z) at 2, 4, and 6 cm, and initial NIM solution (C,) at 25, 30, and
35 mg/L. Effluent samples were collected at different time intervals until saturation
was reached and analyzed by UV-Vis spectrophotometry as detailed in the
previous section. In all experiments, the NIM solution was passed through the
packed bed only once in downflow mode, without recirculation. The effluent was
collected at the column outlet and analyzed immediately by UV-Vis

spectrophotometry to monitor NIM concentration over time.
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Scheme 2: Experimental setup for fixed-bed column adsorption experiments operated
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in downflow single-pass mode. The NIM solution flowed through the packed bed only
once, without recirculation, and the effluent was collected at the column outlet for UV-

Vis analysis.

2.7.1. Breakthrough analysis

The breakthrough curves, which relate the effluent/influent concentration
ratio (C/C,) to the time (f) and effluent volume (V), were used to assess the
performance of LFnNaoH)-BCD in the column adsorption experiment. The
breakthrough time (fv), also known as usable time, is defined as the time at which
the C: reaches 10% of Co, whereas saturation or exhaustion corresponds to the
point when the effluent concentration approaches that of the influent [10]. The
exhaustion time (fe) represents the time when the effluent reaches 95% of the
influent concentration (C/C, = 0.95), indicating the total capacity. The column
data were further evaluated by analyzing the parameters obtained from each
experimental breakthrough curve [10,11,35]. The adsorption capacity of LFNaoH)-
BCD in the fixed-bed column experiment was estimated by calculating the area

under the breakthrough curve, as defined in Equation (8):
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__ QA _ QCy rt=total (&)
total = To50 = 1000 Jt=0 Co dt (8)

where qiotar is the amount of adsorbed NIM, Co/C: are the influent/effluent
concentrations, Q is the flow rate, A is the area under the curve and t is the time.

The amount of NIM adsorbed in the column, mta, is calculated using Equation

9).

_ CoQltotal
Miotal = 1000 (9)

The geq of the column is calculated per Equation (10), while the removal

percentage (%) is calculated per Equation (11):

Goq = % (10) Removal (%) = % x100 (11)

2.8. Regeneration and reuse experiments

The regeneration and reuse performance of LFnaon)-BCD were
investigated under both batch and fixed-bed column configurations. For batch
experiments, desorption of NIM from the post-utilized adsorbent was carried out
using MeOH/HCI 0.15 mol/L (9:1 v/v) as the eluent. After each adsorption cycle,
the adsorbent was recovered and immersed in 30 mL of the eluent solution for 5
h at 25 °C under orbital stirring (100 rpm). The regenerated material was then
washed with distilled water, oven-dried at 50 °C for 24 h, and reused in a new
adsorption run under the same conditions (C, = 35 mg/L, adsorbent mass = 0.3

g, solution volume = 30 mL). This adsorption-desorption process was repeated
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for ten consecutive cycles. Desorption efficiency (%) was calculated according to

Equation (12) [36]:
Desorption (%) = % x 100 (12)

where Cq and C; represent the concentrations of NIM desorbed and adsorbed,
respectively (in mg/L). Additionally, ge and the removal efficiency after each reuse

cycle were calculated using Equations (3) and (13):

Removal (%) = (Ceg—c(’) x 100 (13)

0

For fixed-bed column experiments, desorption was performed using
MeOH as the eluent. After each column run, the exhausted adsorbent was
removed from the column and immersed in 50 mL of MeOH/HCI 0.15 mol/L (9:1
v/v) for 24 h at 25 °C under orbital stirring (100 rpm). The regenerated adsorbent
was washed with distilled water, oven-dried at 50 °C for 24 h, and reused under
identical conditions (C, = 30 mg/L, Q = 1.0 mL/min, Z = 6 cm). The adsorption-
desorption cycle was repeated for three consecutive runs. All reuse experiments

were performed in triplicate.

3. Results and discussion
3.1. Quantification of grafted 3-CD on LFnaoH)-BCD

The quantification of B-CD grafted onto the fibers of LFnNaoH)-BCD was
investigated using a spectrophotometric method based on changes in the
absorption of organic probes, such as phenolphthalein. This approach is a
convenient tool, as it provides insights into the shift of phenolphthalein
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characteristic absorption peak at 552 nm in a basic pH environment. This shift
occurs due to the formation of a complex between the hydrophobic cavities of 3-
CD and phenolphthalein [28]. Consequently, the decolorization of the solution is
directly related to a decrease in the concentration of free phenolphthalein, which
can be associated with the presence of inclusion sites, such as the cavities of 3-
CD [29].

As shown in Figure S1a, the characteristic absorption band of
phenolphthalein decreases in the solution containing LFNaon)-BCD, whereas no
significant change is observed in the presence of raw LF and LFnaow). This trend
confirms the interaction between phenolphthalein and LFnaon)-BCD, driven by
the B-CD moieties forming inclusion complexes with the dye [37]. Interestingly,
the alkaline-treated sample (LFnaoH)) also induced a reduction in the UV-Vis
absorption of phenolphthalein. The observed decrease (~8%) compared to the
neat phenolphthalein solution can be attributed to interactions between
phenolphthalein and LFnaoH), which contains functional exposed by the alkaline
treatment that are available for interaction. However, this reduction was not as
pronounced as that observed for LFnaoH)-BCD, emphasizing the crucial role of
the grafted B-CD in this material. The data presented in Figure S1b further reveal
that increasing the amount of LFnaoH)-BCD in solution (from 10 to 30 mg) results
in @ more pronounced decrease in the phenolphthalein absorption bands, likely
due to the higher availability of inclusion sites. Based on a calibration curve, it
was estimated that a 30 mg sample of LFnaoH)-BCD contained approximately
17.2 mg of B-CD (57% w/w). According to phenolphthalein experiments reported

by Hemine et al. [38], the B-CD content in banana peel extract (BAN) crosslinked
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with epichlorohydrin (EPI) and B-CD was determined to be 4.71 mmol/g,

corresponding to approximately 53% [-CD in that material.

3.2.  Characterization of LFnaor) and LFnaor)-BCD

The chemical composition of LF before and after alkaline treatment was
examined using FTIR analysis, and the recorded spectra are shown in Figure 1a.
Notably, the FTIR spectrum of LFnaoH) exhibits some differences compared to
that of raw LF. The LFnaoH) spectrum displays a broadband centered at 3447 cm-
1, attributed to the O-H stretching of hydroxyl groups present in cellulose,
hemicellulose, and lignin. However, this band appears slightly more intense and
broader, likely due to an increase in the number of hydroxyl groups on the LF (naoH)
surface. This change is attributed to the alkaline treatment, which exposed more
cellulose within the fibers [39]. The bands observed at 2925 and 2855 cm™'
correspond to the C—H stretching of CHx groups and show increased intensity
after alkaline treatment. Although the alkaline treatment aimed to remove lignin,
its characteristic bands remain visible in the FTIR spectrum of LFaon). For
instance, bands in the 1650-1550 cm™' range correspond to the combined
stretching of C=0 and C=C bonds within the aromatic ring of the lignin fraction.
After the alkaline treatment, these bands become more sharpened and slightly
more intense compared to others that did not show changes in the same
spectrum [39]. The sharpening of these bands indicates partial consumption of
these groups, suggesting that while some lignin was removed, complete
elimination did not occur. Additionally, Martinez-Pavetti et al. [40], reported that
an increase in band intensity around 1643 cm™' may be associated with water

molecules absorbed by cellulose fibers. The decrease in intensity of the band at
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1419 cm™, attributed to the C—H stretching of CHs groups in lignin, further
supports lignin modification. Moreover, after alkaline treatment, the band around
1050 cm-', associated with the C—O-C stretching of pyranose and furanose rings
in polysaccharides like cellulose and hemicellulose, becomes more intense. This
increase in intensity suggests that alkaline treatment enhances the cellulosic

fraction on the fiber surface [41].
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Figure 3-3.1: FTIR spectra of (a) raw LF and LFnaonyand (b) LFnaor), B-CD and LFnaoh)-
BCD.

FTIR analysis was performed to investigate the chemical nature of 3-CD
and confirm the modification of LFnaoH) with this macrocycle. As shown in Figure
1b, the FTIR spectrum of B-CD exhibits a broadband centered at 3405 cm™,
attributed to the O-H stretching of hydroxyl groups. The band at 2916 cm™'’
corresponds to the asymmetric stretching of C-H bonds in CH2 groups.
Additionally, the bending vibration of the O—H bond from hydroxyl groups is
observed at 1637 cm™'. The bands at 1156 and 1026 cm™' are assigned to the
stretching of C—OH and C-O-C bonds in the B-CD structure, respectively [42]. A
characteristic band around 937 cm-', corresponding to the a(1—4) bond of the

glucopyranose ring, is also present in the 3-CD spectrum [43].
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In the spectrum of LF®NaoH)-BCD, characteristic bands of the starting
materials are observed, along with some differences and the appearance of new
bands. A decrease in the intensity of the O-H stretching band at 3444 cm' is
noted, likely due to the consumption of hydroxyl groups from both the LF and -
CD during the grafting process with citric acid. Additionally, the C—H stretching
bands of the —CHx groups in cellulose shift to lower wavenumbers (2916 and
2847 cm"), which may be attributed to the overlapping vibrations of CH2 groups
from B-CD. The grafting of B-CD onto the LF structure using citric acid as a
crosslinking agent is confirmed by the emergence of new bands between 1740
and 1600 cm™', corresponding to the C=0 stretching of ester groups formed
during the grafting process. Furthermore, the increase in intensity of the C=0
ester band is accompanied by a decrease in the intensity of the C—O band of
cellulose (around 1300-1200 cm™), providing additional evidence that the
grafting process occurred and corroborating to previous studies [26]. Based on
these FTIR results, it can be concluded that B-CD was successfully grafted onto
LFnaoH) using CA as the binding agent.

To evaluate the thermal effects of alkaline treatment and 3-CD grafting,
thermogravimetric analysis (TGA/DTG) was performed on LF, LFnNaoH), and
LF(naoH)-BCD samples (Figures S2a and S2b). The TGA curves reveal an initial
mass loss of up to 6% in all samples, attributed to the evaporation of free water
molecules adsorbed on the sponge fibers. Following alkaline treatment, the
characteristic mass loss stage associated with hemicellulose depolymerization,
observed in raw LF between 230 and 300 °C, was no longer present in LFNaoH),
indicating its removal during treatment. The final stage of mass loss in LF (NaoH),

corresponding to the most significant thermal degradation, occurs at a lower
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temperature (260-380 °C) compared to the untreated LF [44]. This shift can be
attributed to the removal or reduction of hemicellulose and lignin in LFnaoH), which
normally cover the cellulose fibers. With increased cellulose exposure,
degradation occurs at lower temperatures. In this final degradation stage, LF (NaoH)
loses approximately 61% of its mass but retains a residual mass that is 9% higher
than that of raw LF.

TGA/DTG curves of LFnaoH)-BCD exhibited three distinct mass loss stages
(Figures S2a and S2b). The second stage (200—280 °C), with a peak at 248 °C,
corresponds to the decomposition of CA, accounting for a 5% mass loss. As
observed in the other samples, the most significant thermal degradation occurs
in the final stage (290-380 °C), where LFnaoH)-BCD loses 54% of its mass,
primarily due to cellulose depolymerization and B-CD degradation. When
comparing the final degradation stages of LFNaoH)-BCD and LFnaoH), a slight
increase of 5 °C in the maximum decomposition temperature is noted after
grafting. Barra et al. [45] described that the 5% weight loss (T5%) in the principal
thermal stage can be utilized to characterize the polymer thermal stability. Based
on that, the thermal stability of the samples LFnNaon)-BCD and LFnNaoH) was
determined based on the Tsy4 value on the thermal stage at 290-380 °C.
The Ts4 value for LFNaon)-BCD (307 °C) was higher than that computed for
LFnaoH) (300 °C), confirming that the presence of B-CD increases thermal
stability. Since B-CD undergoes complete degradation between 300 and 400 °C,
the residual mass of LFNaoH)-BCD at 500 °C is 11% lower than that of LFaoH),
further confirming the impact of B-CD grafting on the thermal stability of the

material [46].
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The morphological and microstructural evaluation of LFNaoH) and LF NaoH)-
BCD samples was performed using images obtained by SEM, which are shown
in Figure 2. As observed, the LFnaon) fibers exhibit a smoother surface
morphology with fewer striations and irregularities (Figures 2a and 2b). This
morphology results from the removal of hemicellulose and lignin from cellulose
fibers, corroborating the observations reported by FTIR analysis [14].
Additionally, the fiber surfaces appear to form a network of coalescing structures.
Although the LFnaoH) sample was subjected to a highly aggressive alkaline
treatment that could potentially cause fiber breakage, SEM images show that the
fibers maintained their structural integrity [40].

The morphology of the sample after the B-CD grafting process was
markedly different from that of the LF(naon) sample. SEM images (Figures 2c¢ and
2d) show that the LFnaoH)-BCD sample exhibits a rougher surface morphology,
although without apparent porosity. The images reveal that after modification with
B-CD, a thin film formed over the LFnaon) fibers, rendering the previously visible
pores less discernible [41]. Similar rough surfaces and fiber irregularities have

been reported for cellulose nanofibrils grafted with 3-CD [47].
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Figure 3-3.2: Images obtained by SEM from (a,b) LF(naonyand (c,d) LF(naoH)-BCD at two
different magnifications (x200 and x1000).

3.3.  Density and total porosity

The density and total porosity of the LF samples are summarized in Table
1. As observed, after B-CD grafting onto LFaon) fibers, the density decreases
while the total porosity increases. These results are in line with the results
obtained in the quantification of B-CD, where, after the graphitization process,
approximately half of the analyzed sponge mass is composed of 3-CD, which has
an inherent porous structure as a characteristic. The porosity values determined
by the liquid displacement method indicated an increase for LFnNaon)-BCD
compared to LFnaoH), consistent with the introduction of interconnected channels
and voids upon B-CD grafting. These microstructural features are not directly

resolved in SEM images at the magnifications used; however, the increased
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surface roughness observed suggests their presence, in agreement with the

porosity measurements [48].

Table 3-3.1: Density and porosity values for LFnaon) and LFnaon)-BCD.

Samples Density (g/cm?3) Porosity (%)
LF(Naoh) 0.809 + 0.002 0.328 + 0.121
LFNaor)-BCD 0.413 £ 0.004 2.348 £ 0.313

3.3. Batch adsorption experiments
3.3.1. Effect of pH

The pH of the medium is a critical parameter to evaluate, as changes in its
value can influence the surface charges of both the adsorbent and adsorbate,
thereby affecting adsorption capacity [15]. When the pH is higher than the pKa
the NIM molecules are negative charged based in the dissociation that occur in
the molecule in this condition, but when the pH is lower to pKa the molecule is
neutral, and these differences can affect the kind of mechanism involved in the
adsorption [1]. To better understand the effect of pH on the batch adsorption of
NIM, the pH of the drug solution was adjusted to a range of 4—10 prior to the
adsorption experiments using 0.1 mol/L HCI or NaOH. Additionally, to further
support the analysis of pH-dependent adsorption behavior, the point of zero
charge (pHpzc) of the LFNnaoH) and LFNaoH)-BCD samples was determined. The
pHpzc corresponds to the pH at which the total surface charge of the adsorbent
is neutral ([H*] = [OHT]) [49]. At pH values below the pHpzc (pH < pHpzc), the
surface of the LF samples is positively charged ([H*] > [OH™]), whereas at pH
values above the pHrzc (pH > pHrzc), the surface becomes negatively charged

([H*] < [OH7]) (Figure S3a). In this study, LFnaoH) exhibited a pHpzc of 7.18, while
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LFnaoH)-BCD presented a significantly lower pHpzc of 2.02. This shift suggests
that after grafting, the pH range in which LFnaon)-BCD carries an excess of
negative charges is substantially expanded compared to LFnaoH). The decrease
in the pHpzc value following the grafting process is attributed to the introduction
of additional hydroxyl groups from B-CD, which render the surface of LFNaoH)-
BCD more negatively charged [50]. Comparable pHpzc values were previously
reported by Qu et al. [19], who developed rice husk-based cellulose modified with
B-CD via epichlorohydrin crosslinking.

The adsorption capacity of LF(NaOH) was evaluated in batch mode using
0.3 g of adsorbent and 30 mL of a 35 mg/L NIM solution. Although environmental
NIM concentrations are typically 70-730 ng/L, higher concentrations were
employed due to the limited sensitivity of UV-Vis spectrophotometry. This
approach, commonly adopted in adsorption studies, allows reliable detection,
robust kinetic and isotherm modeling, as well as other relevant information under
controlled laboratory conditions, while still yielding mechanistic insights relevant
to real scenarios.

As determined, the adsorption capacity obtained by the material without -
CD was equal to 2.37 mg/g. Considering the low performance of the material, the
other adsorption analyses in the present work were carried out only with LF (NaoH)-
BCD. Overall, the adsorption capacity of LFnaoH)-BCD for NIM shows a slight
increase as the pH rises from 4 to 7 (Figure S3b). However, at pH 10, the
computed ge value decreases considerably. At pH 4, the solution has a pH lower
than the pKa of NIM (pKa = 6.7) [1], meaning that the drug is predominantly in its
positively charged form. This favors electrostatic interactions between the

negatively charged surface of the adsorbent and the positively charged drug
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molecules. At pH 7, which is close to the pKa of NIM, the drug exists primarily in
its neutral form, enhancing its interaction with the 3-CD cavities and consequently
increasing adsorption capacity [51]. However, at pH values above the pKa, NIM
molecules become negatively charged, leading to electrostatic repulsion with the
negatively charged LFnaoH)-BCD surface, significantly reducing adsorption
capacity. These results suggest that repulsive forces play a more dominant role
compared to the B-CD cavity-driven molecular capture, indicating a pH-
dependent adsorption process. Based on these findings, further adsorption

experiments were conducted with the solution pH 6.7 without adjustment.

3.3.2. Kinetics analysis

Batch experiments were conducted to evaluate the adsorption capacity of
LFnaoH)-BCD for NIM over time. The experimental data are presented in Figure
S4 and were fitted using the pseudo-first order (PFO) [52], pseudo-second order
(PSO) [53], and Elovich [54] kinetic models, as detailed in the Supporting
Information (Table S1). Kinetic parameters were determined via non-linear
regression of the q: versus t data. The best-fit model was identified based on the
correlation coefficient (R?) and chi-square (x?) values, which are summarized in

Table 2.

Table 3-3.2: Kinetic parameters calculated for NIM adsorption onto LFnaon)-BCD.

PFO
Qe(exp) (MQ/Q) Qe(caic) (Mg/g) k1 (min™) R? X2
5.433 5.251 0.53 0.991 0.016
PSO
Qe(exp) (Mg/Q) Qe(caic) (Mglg) k2 (g mg/min) R? X2
5.433 5.340 0.34 0.997 0.004
Elovich
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a B R?
2.61x 10" 7.46 0.999

Note: Information about the equation for each model, as well as the definitions of the parameters

and their units, is detailed in the Supporting Information.

The kinetic analysis indicates that NIM adsorption onto LFNaoH)-BCD is
best described by the Elovich model, which accounts for adsorption on
heterogeneous surfaces with a rate that decreases exponentially as surface
coverage increases [55]. Although commonly associated with chemisorption, the
model can also describe systems where physisorption predominates [56],
suggesting that the process involves a combination of both mechanisms. This
interpretation is supported by the model constants: the high a value reflects rapid
adsorption, while the lower 3 value relative to a indicates a progressive decrease

in available adsorption sites [55].

3.3.3. Thermodynamic analysis

The effect of temperature on the adsorption of NIM on LFNaoH)-BCD was
investigated. Based on the collected data, thermodynamic parameters, including
AG°, AH°, and AS°, were calculated and are summarized in Table S2 to assess
the feasibility and nature of the adsorption process. In general lines, the negative
AG® values at all tested temperatures indicate that the adsorption of NIM on
LFnaoH)-BCD occurs spontaneously. Furthermore, as the temperature increases,
AG°® becomes more negative, indicating that higher temperatures make the
adsorption process more energetically favorable [57]. The positive AH° value
confirms that the adsorption of NIM has an endothermic nature, meaning that
elevated temperatures enhance the adsorption capacity. Additionally, since the

AH° values are below 40 kJ/mol, the adsorption mechanism is likely physisorption
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[58]. Considering the structure of NIM and the adsorbent, it is expected that the
predominant interactions will be of the hydrophobic type, considering the
hydrophobic cavity of B-CD and the low water solubility of NIM, as well as
hydrogen interactions and p-p interactions, these possible interactions being
physical [1]. The positive AS° value indicates an increase in randomness at the
solid-liquid interface during adsorption [59]. Ravelet et al. [60] describe that water
molecules in contact with nonpolar species adopt an ordered organization, and
these water molecules are released when a solute is transferred from a polar
phase to a nonpolar phase, increasing entropy (AS° > 0). Similar findings were

reported by Pauletto et al. [58] on NIM adsorption onto activated carbon.

3.3.4. Isothermal analysis

The experimental and calculated equilibrium data for the adsorption of NIM
onto LFnaon)-BCD in batch experiments are presented in Figure S5. The Sips,
Redlich-Peterson, and Hill isotherm models (Table S1) were employed to fit the
experimental data. The mathematical parameters were estimated using the

nonlinear regression method, and the results are summarized in Table 3.

Table 3-3.3: Isotherms parameters calculated for NIM adsorption onto LFnaon)-BCD at
25 °C.

Sips
dms (Mg/g) ns Ks (L/mg) R? X2
5.368 0. 462 2.302 0.994 0.010
Hill
qmn (Mg/L) nu (J/mol) Ku (mol?/J?) R? x>
5.368 0.462 0.434 0.994 0.010
Redlich-Peterson
arp (1/mg) NRrp Kre (L/mg) R? x>
83.090 0.871 301.886 0.966 0.066
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Note: Information about the equation for each model, as well as the definitions of the parameters

and their units, is detailed in the Supporting Information.

The analysis of the calculated data indicates that the adsorption of NIM
onto LFNaoH)-BCD is well described by the Sips and Hill isotherms. Overall, these
models exhibited the highest R? values and lowest x? values [30]. The Sips model
is a combination of the Langmuir and Freundlich isotherm equations, used for
predicting heterogeneous adsorption systems while avoiding the drawback of
continuous adsorbate increase, as seen in the Freundlich model [61]. This
isotherm model becomes equivalent to the Freundlich model at low
concentrations and is equivalent to the Langmuir model at high concentrations
[62]. The Sips exponent (ns), also known as the heterogeneity factor, indicates
the nature of the adsorption process. A homogeneous adsorption process occurs
when ns is close to or exactly 1, while a heterogeneous adsorption process
occurs when ns is greater than 1. Herein, the value of ns (0.462) suggests that
the adsorption process occurred on a homogeneous surface and follows a pattern
similar to the Langmuir model [63].

Since the Sips isotherm combines Langmuir monolayer adsorption
(associated with chemisorption) and Freundlich heterogeneous surface
adsorption (associated with physisorption), the coexistence of these mechanisms
is consistent with the heterogeneous nature of the LFNaon)-BCD surface and the
molecular structure of NIM. The positive AH® value determined for the adsorption
of NIM onto LFnNaoH)-BCD (Table S2 indicates that the process is endothermic,
suggesting that higher temperatures enhance the interactions between the
adsorbent and the adsorbate. Although physisorption is typically favored at lower

temperatures, the observed temperature dependence implies that the process is
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not exclusively physical. Instead, the data support a mixed adsorption
mechanism, where physical interactions, such as inclusion complexation within
B-CD cavities [21,23], occur in parallel with chemical interactions, notably
hydrogen bonding and m—TT interactions, between NIM and functional groups on
the bioadsorbent surface. Overall, the thermodynamic parameters are in good
agreement with the adsorption behavior predicted by the Sips isotherm,
reinforcing the conclusion that both physical and chemical mechanisms
contribute to the overall adsorption process.

Apart from the Sips model, the Hill isotherm describes the binding of
different adsorbates on a homogeneous adsorbent surface. The isotherm
assumes that adsorption is a cooperative process, where the ligand binding
capability at one site on a macromolecule influences other binding sites on the
same macromolecule [64]. The cooperation in the adsorption process is
quantified by the Hill coefficient (nw). When ny =1, the binding is non-cooperative;
when ny > 1, binding exhibits positive cooperativity, and when ny < 1, negative
cooperativity is observed [65]. In this study, the ny parameter is determined to be
0.462, suggesting negative cooperativity. This means that due to the complex
formation between B-CD cavity and NIM, the ability of LFNaoH)-BCD to adsorb
more drug molecules decreases. This complex relationship between the 3-CD
cavity and drugs via adsorptive process has been previously described by various

other authors [63-65].

3.4.  Fixed-bed column experiments

3.4.1. Effect of flow rate
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The effect of flow rate on the adsorption of NIM on LFnNaon)-BCD is
presented in Figure S6a and summarized in Table 4. In this experiment, the initial
drug concentration (Co) was fixed at 35 mg/L, and the bed height was set at 4.0
cm. The breakthrough time (&) varies from 87 to 183 min, while the exhaustion
time (fe) ranges from 427 to 560 min as the flow rate increases from 0.5 to 1.5
mL/min. These increases in flow rate enhance the driving force for mass transfer
in the column, as well as the interaction between the NIM molecules and LF (naoH)-
BCD [66]. Due to the increased driving force and influent volume, the equilibrium
adsorption capacity (qe) of NIM on LFnaoH)-BCD shows a significant increase,
from 12.83 to 66.59 mg/g. However, as the flow rate rises from 1.0 to 1.5 mL/min,
both f» and te decrease. The higher flow rate reduces the contact time between
the influent and the adsorbent bed, leading to less time for adsorption compared
to lower flow rates [67]. This results in less drug capture by the adsorbent bed,
causing a higher amount of NIM to pass through the column without being
adsorbed. Based on that, the best flow rate for the adsorption process was 1.0

mL/min.

3.4.2. Effect of initial NIM concentration

The effect of the initial concentration (C,) on the adsorption of NIM by
LFNaoH)-BCD was studied at three concentrations (25, 30, and 35 mg/L), with a 4
cm bed height of the adsorbent and a flow rate adjusted to 0.5 mL/min. Figure
S6b shows the breakthrough curve of NIM adsorption onto the tested adsorbent
at different initial concentrations, and the analysis results are summarized in
Table 4. The t, decreases from 135 to 87 min, and fe varies from 341 to 427 min

as the initial NIM concentration increases from 25 to 35 mg/L. Overall, the qe
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increases from 8.71 to 12.83 mg/g with the increase in the initial NIM
concentration. This can be explained by the fact that at higher concentrations,
more adsorption sites become available and are occupied [10]. Additionally, the
larger driving force at higher concentrations, likely due to the higher initial drug
concentration, enhances the mass transfer process [68]. Conversely, lower
concentrations lead to a smaller driving force, resulting in a decrease in the
diffusion or mass transfer coefficient, which causes a less pronounced curve and

shorter breakthrough and exhaustion times [8].

3.4.3 Effect of the adsorbent (bed) height

The effect of bed height on the adsorption of NIM is shown in Figure S6¢
and summarized in Table 4. For this experiment, the adsorbent (i.e., the bed)
height was varied from 2 to 6 cm, the initial concentration was fixed at 35 mg/L,
and the flow rate was set at 0.5 mL/min. As estimated, the f, ranged from 42 to
439 min, while fe varied from 184 to 901 min as the bed height increased from 2
to 6 cm. These changes in bed height directly resulted in improved equilibrium
adsorption capacity (8.67 to 28.90 mg/g) and removal percentage (36.99% to
84.40%) as the bed height increased. The increase in bed height enhances the
number of available adsorption sites and the time required for the drug solution
to pass through the column, allowing the adsorption process to reach equilibrium
more effectively [53]. Furthermore, a larger bed height provides a greater surface
area, which increases the volume of solution that can be treated by the column
[11]. The best bed height is 6 cm, and this height was adopted for the reuse

experiments.
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Table 3-3.4: Parameters of the breakthrough curve for NIM adsorption onto LF naoH)-
BCD.

t
Parameters l_) te (Min)  Qeotal Miotal ge (Mmg/g) R (%)
(min)

0.5 87 427 4.01 7.72 12.83 52.05

Q
1.0 496 773 22.54 27.41 72.03 82.27

(mL/min)

1.5 183 560 20.89 29.77 66.59 70.01
25 135 341 2.72 450 8.71 60.61

C
° 30 92 517 448 7.7 13.35 52.47

(mglL)

35 87 427 4.01 7.72 12.83 52.05
Z 2 42 184 1.34 3.62 8.67 36.99
(cm) 4 87 427 4.02 7.72 12.83 52.05
6 439 901 13.37 15.84 28.90 84.40

Although a formal design of experiments was not applied, the effect of
each parameter (flow rate, inlet concentration, and bed height) was
systematically assessed. To better visualize their combined impact on the
adsorption of NIM, 3D contour plots were constructed and are presented in the

Supplementary information (Figure S7).

3.5. Breakthrough curve modeling

The evaluation of breakthrough curves for the adsorption of NIM onto
LFNaoH)-BCD was conducted using the Thomas [69], Adams-Bohart [70], and
Clark [71] models (Table S1). The parameters for these breakthrough models
were estimated using the nonlinear regression method, derived from fitting the

experimental data to the mathematical models, and are summarized in Table 5.
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Table 3-3.5: Breakthrough curve modellings calculated for NIM adsorption onto LFnaoH) -BCD at 25 °C.

. a c Thomas model Adams-Bohart model Clark model
o
(cm) (mL/min) (mg/L) Kn x 107 am R? 2 Kas No R? X2 r A R? x>
(ml/mg min) (mg/g) (mL/mg min) (mg/mL)

4 0.5 35 28.686 16.143 0.979 0.002 0.286 0.714 0.979 0.002 0.011 17.317 0.979 0.002
4 1.0 35 0.202 18570.672 0.965 0.007 0.002 822.195 0.965 0.007 0.010 2519.858 0.993 0.001
4 1.5 35 10.615 616.482 0.977 0.003 0.106 27.297 0977 0.003 0.029 5897.593 0.989 0.001
4 0.5 25 5.591 168.017  0.979 0.003 0.055 7.438 0.979 0.003 0.023 266.491 0.980 0.003
4 0.5 30 7.535 67.889 0.972 0.002 0.075 3.005 0.972 0.002 0.010 22.792 0.972 0.002
2 0.5 35 43.113 33.827 0.985 0.002 0.431 1.478 0.985 0.002 0.061 139.034 0.989 0.001
6 0.5 35 3.218 62.490 0.916 0.010 0.032 2.725 0.916 0.010 0.004 6.349  0.916 0.010

Note: Information about the equation for each model, as well as the definitions of the parameters and their units, is detailed in the Supporting Information.
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3.5.1. Thomas model

The Thomas model has two key characteristics: Langmuir adsorption-
desorption kinetics, and second-order kinetics for the driving force rate, with no
axial dispersion [72]. This model is widely used to evaluate column adsorption
processes as it predicts the relationship between effluent concentration and time,
fitting well in systems where the resistance to external and internal diffusion is
negligible [73]. As shown in Table 4, the Thomas model effectively fits the
experimental breakthrough curve data, as evidenced by the high correlation
values obtained (R?=0.916). Table 5 also presents the Thomas model constants,
Km and g, derived from the nonlinear fitting of the model to NIM removal by
LFnaon)-BCD under various experimental conditions. The data indicate that
increasing the flow rate from 0.5 to 1.0 mL/min, the initial NIM concentration from
25 to 35 mg/L, and the bed height from 2 to 6 cm result in a decrease in K, and
an increase in qrn [74]. The increase in bed height and NIM concentration
influences the mass transfer rate. Specifically, the increase in these two
parameters leads to a decrease in the mass transfer rate, prolonging the
residence time between NIM molecules and LFnaoH)-BCD [75]. Conversely, the
flow rate affects the mobility of NIM molecules, and a slight increase in flow rate

enhances mobility, thereby positively impacting the adsorbent performance [74].

3.5.2. Adams-Bohart model
The Adams-Bohart model was originally developed to describe adsorption
processes in the gas phase and is typically applied to characterize the initial part

of the breakthrough curve. This model is based on the principle that the
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adsorption rate is proportional to both the remaining adsorption capacity of the
adsorbent and the concentration of the adsorbate [75].

Table 4 presents the data obtained from the nonlinear fitting of the Adams-
Bohart model for NIM removal by LFNaon)-BCD under various operational
conditions. As observed, the Adams-Bohart model exhibited significant
correlation values (R? = 0.916), indicating that it also fits the experimental data
well. It can be seen that by increasing the flow rate from 0.5 to 1.5 mL/min and
the column height from 2 to 6 cm, the value of the Adams-Bohart kinetic constant
(Kag) decreases while the saturation concentration (Np) increases. The flow rate
is directly related to the mobility of the NIM molecules; thus, increasing the flow
rate results in greater mobility, reducing the retention time of the molecules and
lowering the value of Kag [75]. The enhanced mobility of NIM molecules also
leads to a rise in the saturation concentration value, as more molecules pass
through the column with the increased flow rate. Additionally, increasing the
column height increases the number of active sites, which boosts the transfer rate
because there are more sites available to interact with the NIM molecules, leading
to higher values of Np [74]. Moreover, increasing the NIM concentration raised
the value of Kag and decreased the value of No. This can be explained by the fact
that higher concentrations result in lower mass transfer resistance due to the
greater driving force at higher concentrations. Consequently, the reduced mass
transfer resistance leads to a smaller saturation concentration as the

concentration increases [76].
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3.5.2. Clark model

The Clark model is based on the concept of mass transfer combined with
the Freundlich isotherm, and it also accounts for adsorption equilibrium to predict
the nature of breakthrough curves. Additionally, this model assumes that the
effluent flow through the column follows a piston-flow behavior .

The data obtained from the nonlinear fitting of the Clark model for the
adsorption of NIM by LFnNaoH)-BCD under various operational conditions are
summarized in Table 5. The Clark model exhibited high correlation values (R? 2
0.916), indicating that this model is also effective in fitting the experimental data.
From the results, it can be observed that as the column size and NIM
concentration increase, the Clark constants, r and A, decrease. In contrast, as
the flow rate increases, the constants increase. The low values of the r constant
suggest that rapid and efficient mass transfer occurred during the adsorption
process. An increase in column size and initial NIM concentration leads to more
available active sites for interaction, thus accelerating the mass transfer.
However, as the flow rate increases, the contact time between the adsorbate and
adsorbent decreases, resulting in a reduction in mass transfer efficiency. Based
on the data present in Table 5, the Clark model is the one that presents the best

fit.

3.5. Adsorption mechanism

As demonstrated by other authors [77,78], FTIR spectrophotometry is a
valuable technique for investigating the chemical and physical alterations in the
adsorbent structure resulting from the adsorption process. By analyzing the

spectroscopic data obtained, adsorption mechanisms can be predicted at the
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molecular level. Herein, FTIR spectra were recorded for the LFnaoH)-BCD sample
before and after NIM flux adsorption, as well as for pure NIM (Figure 3), to gain
insights into the adsorption mechanism. Upon analyzing the FTIR spectrum of
the post-adsorption sample, several distinct changes were observed, confirming
the presence of NIM in the post-utilized adsorbent. A broadband at 3300 cm™"’
likely results from the overlap of N-H stretching from NIM and O-H stretching
from B-CD and LF. The band around 2900 cm-', attributed to C—H stretching,
exhibited increased intensity compared to other bands in the same spectrum,
reflecting a higher concentration of CHx groups in the sample. Additionally, a new
band appears at approximately 1586 cm', corresponding to the aromatic C=C
stretching vibrations in the NIM structure [79]. Another notable band, around 909
cm', is associated with the stretching of the S—N bond present in NIM structure
[80]. These newly emerging bands provide strong evidence for the adsorption of

NIM onto LFNaon)-BCD.

LF naowy-pCD

Nl

LFpuon-BCDINIM | Lo \/

Transmittance (a.u.)

" 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)
Figure 3-3.3: FTIR spectra of pure NIM, LFnaon-BCD, and LFnaon)-BCD after NIM
adsorption (denoted as LF naoH-BCD/NIM).

192



However, the absence of certain characteristic NIM bands provides
insights into which portions of the molecule interacted with the internal cavity of
B-CD. Specifically, the lack of bands around 1335 cm™ and 1150 cm,
corresponding to the asymmetric and symmetric stretching of S=O bonds in the
sulfonyl group, as well as the absence of bands around 1515 cm™' and 1315 cm-
', representing the asymmetric and symmetric stretching of N=0 bonds in the aryl
group, suggests that these functional groups are positioned within the internal
cavity of 3-CD [81,82]. A similar phenomenon was reported by Joudieh et al. [83],
who observed that the unsubstituted aromatic ring remains exposed on the
surface, whereas the substituted aromatic ring forms a complex within the f-CD
cavity. Based on the FTIR results obtained in this study, an adsorption

mechanism was proposed, as illustrated in Scheme 3.

Hydrogen bonds

n—1T interactions
Complexation

N
Y

04?N Qoo

Yoshida hydrogen interactions

Scheme 3. Schematic representation of the proposed adsorption mechanism of NIM
onto LFNaom)-BCD.
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The adsorption of NIM onto LFNaoH)-BCD is governed by a combination of
physical and chemical interactions. Host-guest inclusion complexation with 3-CD
cavities plays a central role in the capture of NIM molecules, while additional
interactions enhance the overall affinity. These include n—r interactions between
electron-donating oxygen-containing groups in LFnaoH)-BCD and the electron-
accepting 1 system of the aromatic rings in NIM, as well as two types of
hydrogen-related interactions: dipole—dipole hydrogen bonding, involving
hydrogen atoms in the adsorbent and electronegative atoms in NIM (e.g., N, O),
and Yoshida-type hydrogen bonding, which occurs between hydroxyl groups in
LF(naoH)-BCD and the aromatic rings of NIM [5]. The FTIR spectra after adsorption
corroborated the presence of these interactions through characteristic shifts.
Thermodynamic parameters further confirmed that the adsorption process is
endothermic and spontaneous, suggesting a significant contribution of
chemisorption. This conclusion is consistent with the best fit of the equilibrium
data to the Sips isotherm, which integrates features of Langmuir (monolayer,
chemisorption) and Freundlich (heterogeneous, physisorption) models. These
findings demonstrate that NIM removal by LFnaoH)-BCD arises from a synergistic
combination of inclusion complexation (physisorption) and specific interactions
(chemisorption), which collectively enhance the adsorption performance in fixed-
bed systems. Therefore, the proposed mechanism is supported not only by FTIR
spectroscopy but also by a robust dataset of adsorption experiments, providing a

comprehensive understanding of the interactions driving NIM removal.

3.6. Reuse experiments
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The regeneration ability of LFnaoH-BCD was investigated under both
batch and fixed-bed conditions. In batch mode, MeOH, a commonly reported
eluent for B-CD-based adsorbents, did not achieve full recovery. Alternative
eluents were evaluated, and while MeOH:NaOH (0.1 mol/L) promoted excessive
desorption, likely due to partial material degradation, MeOH:HCI (0.15 mol/L)
proved to be more effective, achieving ~73% desorption after 5 h. Jiang et al. [84]
have previously demonstrated that combining MeOH with acids enhances
regeneration efficiency in B-CD-containing adsorbents, supporting our findings.
Using MeOH:HCI, the material was subjected to ten consecutive
adsorption/desorption cycles (Figure 4a). The ge values remained remarkably
stable across all cycles, with variations below 10%, while desorption efficiencies
consistently exceeded 70% (Figure 4b). These results demonstrate that LF NaoH)-
BCD maintains its structural stability and adsorption ability after repeated use in
batch systems, confirming the suitability of acidified solvents for regeneration.

In contrast, regeneration performance under dynamic fixed-bed operation
was less efficient (Figure 4c). After the first cycle, the adsorbent did not reach
Ci/C, = 0.1 in subsequent reuses, preventing complete breakthrough analysis.
The te values varied across cycles, achieving 222, 264, and 173 min for the first,
second, and third reuse, respectively. The increase from the first to the second
cycle may be explained by cooperative adsorption effects as -CD cavities
became partially saturated, promoting adsorption in LF domains. However, by the
third cycle, incomplete desorption of NIM led to faster saturation and a sharp
decline in removal efficiency, which dropped from 95% to 32%. These results
indicate that although acidified MeOH was highly effective in batch regeneration,

its performance under flow conditions was limited. Similar decreases in

195



adsorption capacity due to incomplete regeneration have been reported in fixed-
bed systems by Gizaw et al. [11] and Kumari et al. [35].

Taken together, these findings reveal a clear contrast between the two
operational modes. While LFnNaoH-BCD demonstrates excellent reusability in
batch mode with MeOH:HCI, its performance in fixed-bed systems still requires
optimization, particularly in the choice of eluent and operational parameters. This
highlights the importance of tailoring regeneration strategies to the operational
context, especially when considering scale-up and continuous treatment

applications.

q, (mg/g)
Removal (%)

Removal (%)

B l
0
1 2 3
Cycles

Figure 3-3.4: (a) Adsorption capacity (ge) and removal efficiency of NIM by LFnaon)-BCD
during ten consecutive adsorption-desorption cycles in batch mode; (b) desorption
efficiency of LF(NaOH)-BCD in batch mode using MeOH:HCI (0.15 mol/L) as eluent; (c)
removal efficiency of NIM by LFnaon)-BCD over three consecutive adsorption—desorption

cycles in fixed-bed column experiments.
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Table 6 summarizes selected NIM adsorption studies. Compared to
previous work, it is evident that few studies have investigated NIM removal in
fixed-bed column systems, most focusing on batch experiments. This highlights
the relevance of the present study, as continuous-flow adsorption better
simulates practical applications of the material as a potential filter. Furthermore,
the results demonstrate that the developed adsorbent achieves a high ge value
even at a low initial adsorbent concentration, underscoring its efficiency in NIM
removal.

The adsorbent developed here represents a highly promising, cost-
effective, and sustainable solution for NIM removal in continuous-flow systems.
It exhibits excellent adsorption capacity and is synthesized from renewable raw
materials. The estimated production cost of LFnaoH)-BCD is approximately USD
1.77 per gram, which corresponds to the treatment of ~1 L of NIM-contaminated
water under the conditions tested. This estimate includes all relevant laboratory-
scale inputs, such as raw materials and chemicals, energy consumption for
heating and drying, and water usage during washing and processing (see Table
S3). This cost refers to bench-scale conditions and thus represents a
conservative estimate. In larger and optimized production setups, where
economies of scale reduce reagent and energy costs, the overall cost is expected
to decrease significantly. For comparison, Patel et al. [85] reported a cost of USD
6.93 per kilogram (~0.007 per gram) for walnut shell biochar in ibuprofen removal,
and other agro-waste-derived adsorbents for NSAIDs have consistently been
described as renewable and low cost alternatives [5,85]. These comparisons
reinforce the cost-effectiveness and practical scalability of LFNaon-BCD for the

continuous treatment of emerging contaminants in water.
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Table 3-3.6: Comparison between adsorption capacities (qe) of some adsorbents tested

in the removal of NIM from water.

Co Adsorption Jde
Adsorbent Ref.
(mgl/L) process (mg/g)
Sludge based activated carbons 50 Batch 66.45 [86]
Cactus waste aerogel with ionic liquid (Cac/IL) 50 Batch 42.10 [5]
Reduced graphene oxide (rGO) 70 Batch 82.40 [77]
Activated carbon 30 Batch 67.83 [1]
LF®Naon)- BCD 35 Fixed-bed 72.03 This work

4. Conclusion

In this work, a novel bioadsorbent based on B-CD grafted onto alkaline-
treated Luffa cylindrica fibers (namely, LFnaoH)-BCD) was successfully
synthesized, characterized, and evaluated for the removal of the emerging
contaminant nimesulide (NIM) from water. The central hypothesis - that 3-CD
grafting enhances adsorption performance through inclusion complexation and
secondary interactions - was confirmed by adsorption data (batch and fixed-bed),
isotherm and kinetic modeling, thermodynamic analysis, and FTIR
characterization. Importantly, this study addresses two critical gaps in the
literature: (i) the lack of bio-based adsorbents specifically designed for NIM
removal, and (ii) the scarcity of fixed-bed column studies for NSAID elimination,
which are more representative of real water treatment condition. As
demonstrated, the LFnaoH)-BCD bioadsorbent exhibited high adsorption capacity
(82.27 mg/g in fixed-bed systems), effective removal in tap water, and reusability
over multiple batch cycles, demonstrating robustness and cost-effectiveness.
Mechanistic insights revealed that adsorption is primarily governed by B-CD
inclusion complexation, supported by hydrogen bonding and -1 interactions.

While regeneration with methanol showed limited performance in column mode,
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acidified MeOH improved desorption efficiency in batch studies, indicating viable
optimization routes.

In summary, this work thus establishes LFNaon-BCD as a promising,
sustainable, and scalable adsorbent for emerging contaminant removal. Future
studies should optimize regeneration protocols, investigate competitive
adsorption in complex matrices, and scale the system for real wastewater
applications, advancing the transition of bio-based adsorbents from proof-of-

concept to practical deployment.
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Supporting information for: Efficient fixed-bed removal of the emerging

contaminant nimesulide using B-cyclodextrin-grafted Luffa biomass

1. Supporting tables

Table 3-3.51: Kinetic, isothermal, and breakthrough models, along with the associated

error function used for modeling the adsorption of NIM ions on LF naon)-BCD.
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Kinetic models

Pseudo-first
order (PFO)

qt = qe(theo)€ “hat

q:— Adsorption capacity at
time t (mg/g)
Qe(theo) — Theoretical
adsorption capacity (mg/qg)
ki — Pseudo-first order

constant (min™')

Pseudo-second Qo(eheoykat k2 — Pseudo-second-order
order (PSO) T T Genen kot constant (mg/g)
a - Elovich constant (mg/g
: 1 min)
Elovien 1= Eln(dﬁt t1) b - Elovich exponent
(9/mg)
Isotherm models
gm — Maximum adsorption
capacity (mg/g)
. qmKsCo'S Ks — Sips isotherm
Sips de = s
1 + KsC, constant (L/mg)

ns - Heterogeneity

parameter
gm — Maximum adsorption
capacity (mg/g)
Hill Qe = qm—Cen*; Ky — Hill isotherm constant

Ky +C"

Ny - Cooperativity

coefficient
Kre — RP  isotherm
constant (L/mg)
Redlich- _ KgpC, arp — Isotherm constant

Peterson (RP) Ty arpCy " (L/mg)

nrr — RP  exponent

(dimensionless)

Error function

Chi-square (x?)

XZ _ Z(Qe - CIe(theo))2

Ge(theo)

Breakthrough models
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Thomas

1

(%22) c@om - coo0

km -
constant (mL/mg s)

Q — Flowrate (mL/s)

go — Maximum bed
adsorption
(mg/g)
m -

(mg)

Thomas rate

capacity

Adsorbent mass

Adams-Bohart

Ce
Co

Z
— = exp(kapCot — kapNy A
0

kas — Adams-Bohart rate
constant (mL/mg s)

Z - active bed length (cm)
No -

concentration (mg/L)

saturation

Uo - linear velocity of the

inlet solution (cm/s)

Clark

= (v 7)
Co \1+Ae "t

1/(n-1)

n — Freundlich constant
A — Clark constant

r — Clark constant (min™)

Table 3-3.S2: Thermodynamic parameters for NIM adsorption on LFnaony-BCD at

various temperatures.

Temperature AG°® AH° AS°
Adsorbent
(K) (kJ/mol) (kd/mol) (kJ/K mol)
308 -1.362
LFnNaon)-BCD 318 -1.432 0.783 0.006
328 -1.502
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Table 3-3.83: Estimated production cost of LFnaon-BCD under laboratory-scale

conditions.

Approx. unit price

Approx. amount

Estimated cost

Input used per 1 g of
(USD) (USD)
adsorbent
i 0.01 /g (local
Raw LF fibers (washed, o 1 g (before
source, negligible 0.01
dried) treatment)
cost)
NaOH 0.05/g 06g 0.03
B-CD 23/g 05¢g 1.15
Citric acid 0.04/g 0.2g 0.008
Sodium hypophosphite 0.10/g 0.2g 0.02
EtOH/water washing 0.003/mL 30 mL 0.09
Energy (heating/drying) 0.12 / kWh 0.5 kWh 0.06
Water (distilled) 0.002 /L 2L 0.004
Laboratory overhead
(consumables, glassware, - lumped estimate 0.40
etc.)
Total estimated cost UsD1.772 /g

Note: All costs are approximate and based on commercial laboratory-scale reagent prices and
local energy/water tariffs. In large-scale production, both reagent costs and energy inputs are
expected to decrease substantially due to bulk purchasing, process optimization, and recovery
strategies.

2. Supporting figures

—— Phenolphthalein solution (a) —— Phenolphthalein solution (b)
—LF —10 mg
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Figure 3-3.S1: UV-Vis absorption spectra of phenolphthalein in aqueous solution: (a)
measured in the presence of LF, LFnaon), and LFnaon)-BCD; (b) measured with varying
amounts of LFNaon)-BCD.
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Figure 3-3.S2: (a) TGA and (b) DTG curves for raw LF, LFnaoH), and LFnaor)-BCD.
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Figure 3-3.83: (a) Variation of final pH as a function of initial pH (pHi) for the
determination of the point of zero charge (pHpzc) of LFnaon) and LFnaony-BCD. (b)
Equilibrium adsorption capacity (qe) of NIM onto LFnaon)-BCD as a function of solution
pH.

213



0.0 —a— NIM
71 ——PFO
——PSO
7.5 —— Elovich
6.0
5 | s s
g 45
o
3.0 4
1.5
L -? T g T T T T T
o 50 100 150 200

Time (min)

Figure 3-3.S4: Adsorption capacity (q:) of NIM onto LFnaon)-BCD as a function of time.

Experimental data (dots) are compared with nonlinear fits of the PFO, PSO, and Elovich

kinetic models.
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Figure 3-3.S5: Equilibrium adsorption capacity (ge) of NIM onto LFnaor)-BCD as a
function of initial NIM concentration. Experimental data (dots) are compared with

nonlinear fits of the Sips, Hill, and Redlich-Peterson (RP) isotherm models.
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Figure 3-3.S6: Breakthrough curves for NIM adsorption onto LFnaor)-BCD as a function

of time, varying (a) flow rate, (b) initial NIM concentration, and (c) column height.

Figure 3-3.S7: 3D contour plots of NIM adsorption onto LFnaon)-BCD (a) flow rate, (b)
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Chapter 4 — Final remarks

Luffa cylindrica (LF) is an abundant, plant-based biomass whose natural

three-dimensional structure provides a versatile scaffold for chemical
modification. However, strategies capable of preserving this architecture while
tailoring surface chemistry for adsorption applications have been scarcely
explored. This thesis addressed this gap by implementing three complementary
functionalization approaches, each designed to introduce distinct chemical
functionalities into the lignocellulosic network of LF without compromising its 3D
architecture. Table 4 presents a concise summary of the modifications

implemented in each stage of this work, highlighting their contributions to the

overall adsorption performance.

Table 4: Summary of LF modification strategies, characterization results, and adsorption

performances for each study.

cpr Adsorption
Study Modification strategy Property changes Target PChs
performance
An increased percentage of the ) o
o Adsorption capacity increased
] element nitrogen (N), significant
1 Grafted with PEI ) ) ) AMP and NTZ by 59 % for NTZ and 43 % for
changes in the physicochemical AMP
and morphological properties
Changed physicochemical and
morphological properties, Enhanced by 234% for the
2 Coated with PPy and SAc ~ decreased its hydrophilicity, and DCF batch process and 80% for the
enhanced the chemical and continuous process
mechanical stability
High removal efficiency >
Changed physicochemical and ]
3 Grafted with B-CD NIM 84.4% for fixed-bed column

morphological properties

adsorption

216



Collectively, the results show that each modification strategy contributed
to overcoming a specific limitation of raw LF while advancing the general
objective of enhancing pharmaceutical adsorption. The grafting of PEI introduced
nitrogen-rich groups that increased surface reactivity and enabled stable
adsorption of antibiotics (AMP) and antivirals (NTZ), with confirmed reusability.
The incorporation of PPy and SAc improved the hydrophobicity of LF fibers,
directly enhancing interactions with less polar pharmaceuticals such as
diclofenac, and further demonstrated the feasibility of adsorption under
continuous flow conditions, which is essential for practical application. Finally, the
grafting of 3-CD provided selective host-guest complexation sites for hydrophobic
drugs, resulting in a material with excellent performance in fixed-bed columns for
the removal NSAIDs from water.

By correlating these strategies with the adsorption performance
summarized in Table 4, it becomes evident that distinct modification routes can
be applied to LF to expand its adsorption versatility across different classes of
pharmaceuticals, while preserving its structural integrity. Beyond meeting the
initial objectives, this thesis advances the understanding of how functionalization
governs adsorption in lignocellulosic fibers, demonstrates the potential of LF as
a reusable and scalable adsorbent, and provides a framework to guide future
developments in sustainable biomass-based water treatment technologies.

As a future perspective, the developed adsorbent materials should be
evaluated in systems containing mixtures of pharmaceuticals or even mixtures of
different contaminants, in order to assess whether their adsorption capacity is
affected, or whether they exhibit the ability to simultaneously remove multiple

pollutants. Such studies may also help to identify which material modifications
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enhance the removal of diverse contaminants from water. Furthermore, it is
suggested that flow-through experiments be expanded and even combined with
other water treatment processes, such as coagulation—flocculation, to
demonstrate the feasibility of applying the developed materials in large-scale

industrial water treatment.
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