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Abstract

The persistent pharmaceutical diclofenac (DCF) presents a significant environmental chal-
lenge due to its widespread presence and biological activity in water systems. This study
aimed to develop and characterize a novel, low-cost biosorbent by modifying waste guava
seeds (GS) with the cationic surfactant cetyltrimethylammonium bromide (CTAB) to en-
hance the removal of DCF from aqueous solutions. GS and seeds modified with CTAB at
2 mmol/L (MGS-2) and 10 mmol/L (MGS-10) were prepared and characterized using FTIR,
SEM-EDS, TGA, and Zeta Potential measurements. Batch adsorption experiments were
conducted to assess the effects of contact time, biosorbent dosage, and solution pH. CTAB
modification changed the biosorbent’s surface charge from negative to positive, thereby en-
hancing DCF removal. The MGS-10 biosorbent demonstrated the fastest kinetics. Critically,
an intermediate level of surfactant modification (MGS-2) proved optimal, achieving a maxi-
mum adsorption capacity of 38.0 mg/g at 45 °C. This capacity significantly surpassed both
the G5 (29.7 mg/g) and the MGS-10 (32.7 mg/g). This superior performance is attributed
to a favorable multi-stage adsorption mechanism, which combines electrostatic attraction
and hydrophobic interactions, and is determined to be an endothermic and entropy-driven
process. While highly effective, the biosorbents showed poor regenerability with NaOH,
indicating a need to explore alternative regeneration methods. This work demonstrates that
optimally modified guava seeds are a promising and sustainable material for remediating
pharmaceutical contaminants from water.

Keywords: diclofenac; biosorption; guava seeds; emerging contaminants; surfactant
modification

1. Introduction

The global proliferation of pharmaceutical compounds in aquatic environments has
emerged as one of the most pressing environmental challenges of the 21st century, fun-
damentally altering our understanding of water quality and ecosystem health. These
biologically active substances, collectively termed emerging contaminants (ECs), represent
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a diverse class of micropollutants that include antibiotics, analgesics, hormones, anti-
inflammatory drugs, and various therapeutic agents that enter environmental matrices
through multiple pathways [1]. Unlike conventional pollutants, pharmaceutical contami-
nants are characterized by their continuous introduction into water systems, resistance to
conventional treatment processes, and potential for causing adverse effects at environmen-
tally relevant concentrations ranging from ng/L to ug/L [1,2].

Pharmaceuticals, personal care products, endocrine disruptors, and per- and polyflu-
oroalkyl substances (PFAS) persist through conventional wastewater treatment processes,
entering aquatic ecosystems with documented ecological consequences [3]. Among ECs,
pharmaceutical residues are particularly concerning due to their inherent biological activity,
designed persistence, and continuous introduction into waterways via human excretion,
improper disposal, and effluents from pharmaceutical manufacturing [4]. The global con-
sumption of active pharmaceutical ingredients (APIs) exceeded 100,000 tonnes annually, with
projections indicating sustained growth driven by aging populations and expanding access
to healthcare, particularly in developing countries [5]. APIs are now detected as global con-
taminants in surface waters, groundwater, and treated drinking water, posing challenges
to existing water infrastructure and exposing over 200 drugs across 41 countries [6]. APIs
have been detected in remote regions, like Arctic fjords [7], highlighting a global challenge
in water management and waste disposal practices. The detection suggests long-distance
transportation, underscoring the scale of production and consumption, as well as the need
for global policies and regulatory frameworks to address these issues. This shift in chemical
waste management is crucial for international safety and environmental protection.

Among the pharmaceutical contaminants of highest concern, diclofenac sodium (DCF),
2-[(2,6-dichlorophenyl)amino]benzeneacetic acid sodium salt, a widely prescribed non-
steroidal anti-inflammatory drug (NSAID), has received particular attention due to its ubiq-
uitous presence in surface waters, groundwater, and wastewater effluents globally [8-10].
Diclofenac is widely used in human and veterinary medicine for its analgesic, anti-
inflammatory, and antipyretic properties, with global annual consumption exceeding
several hundred tons [10]. The compound’s environmental persistence is attributed to its
incomplete metabolism in humans and animals, with excretion rates ranging from 6% to
39% of the administered dose in unchanged form [11]. Conventional wastewater treatment
processes have limited efficacy in removing diclofenac, with removal efficiencies ranging
from less than 10% to 70%, depending on the treatment configuration and operational
conditions [2,12].

DCF poses environmental risks due to its entry into wastewater streams through
human urinary excretion and direct disposal, with an estimated annual global consumption
exceeding 2400 tonnes [13]. Conventional wastewater treatment plants (WWTPs), whose
processes are typically designed around a multi-stage process that is highly effective at
removing suspended solids and conventional organic pollutants, but not persistent microp-
ollutants like DCEF, exhibit notoriously poor DCF removal efficiencies (typically 20-40%),
attributable to their high solubility (2.4 g/L), moderate hydrophobicity (log Kow = 4.51),
and resistance to biological degradation [14]. Consequently, DCF is consistently detected
in effluents (50-10,000 ng/L) and receiving surface waters across Europe, Asia, and the
Americas [15]. The environmental persistence of DCF translates to significant ecotoxicolog-
ical hazards, and chronic exposure to DCF induces severe pathological effects in aquatic
organisms, including renal damage, gill alterations, oxidative stress, and genotoxicity in fish
at environmentally relevant concentrations (1-100 pg/L) [16]. DCF-contaminated livestock
carcasses contribute to catastrophic declines in vulture populations of the Gyps species
across India, highlighting their bioaccumulative potential and the risks of trophic trans-
fer [17]. Recognized as a priority substance, DCF now appears on the European Union’s
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Water Framework Directive Watch List (Decision (EU) 2018/840), signaling impending
regulatory thresholds and mandating enhanced removal strategies [18]. Moreover, human
health concerns include potential chronic effects from long-term exposure through drinking
water and the promotion of antibiotic resistance genes in microbiomes [19].

The urgency of addressing diclofenac contamination is highlighted by its status as a
priority substance and its inclusion in environmental quality standards, which recommend
groundwater limits of 5 ng/L [9,10]. Current methods for pharmaceutical removal from
water systems include physical, chemical, and biological treatments. Advanced oxidation
processes (AOPs), such as ozonation, UV photolysis, and Fenton-type reactions, have
shown high efficacy in pharmaceutical degradation [20,21]. However, the operational costs
of AOPs, membrane-based technologies, and membrane fouling pose significant challenges
in pharmaceutical removal due to high energy requirements and the potential for toxic
intermediate products [2,12].

Among the various treatment approaches, adsorption is a promising approach for
pharmaceutical removal due to its operational simplicity, cost-effectiveness, high removal
efficiency, and potential for adsorbent regeneration. Activated carbon is the gold standard
adsorbent, achieving maximum capacities of 385-577.4 mg/g for some APIs [22]. However,
the high cost of commercial activated carbon, challenges in regeneration, and sustainability
concerns have spurred extensive research into renewable adsorbent materials.

Waste valorization is a crucial aspect of sustainable water treatment technologies,
utilizing agricultural waste materials as precursors for biosorbent development. These
residues, including fruit seeds, crop stalks, and byproducts, possess inherent adsorption
properties due to their complex chemical composition [23,24]. The annual production of
agricultural waste surpasses 4 billion tons, offering a renewable feedstock for biosorbent
preparation and reducing disposal costs and environmental burdens [25]. While the use of
raw agricultural waste as low-cost biosorbents is a promising and sustainable approach,
many studies report relatively low adsorption capacities for DCFE. For instance, unmodified
materials such as citrus waste, olive mill residues, and artichoke agrowaste have demon-
strated limited capacities, often below 10 mg/g. Chemical modification with cationic
surfactants, such as CTAB, is a well-established strategy to enhance the removal of anionic
pollutants, like DCEF, by reversing the surface charge of the biosorbent [26-28]. However,
existing literature primarily focuses on increasing adsorption capacity, but knowledge gaps
exist regarding the long-term stability of surfactant coatings and understanding the impact
of surfactant loading on adsorption. Many studies do not explore optimal modification
levels or binding mechanisms beyond electrostatic attraction.

Guava seeds (Psidium guajava), a byproduct of guava juice and pulp processing indus-
tries, exemplify the potential of agricultural waste-derived biosorbents for water treatment
applications. These seeds are characterized by a high cellulose content (45-55%), lignin
(20-25%), and protein fractions that contribute to their natural biosorption capacity [29,30].
Previous investigations have demonstrated the effectiveness of guava seeds for removing
various contaminants, including fluoride ions (maximum adsorption capacity of 5.2 mg/g),
heavy metals such as lead (98% removal efficiency), cadmium, and nickel (maximum
Langmuir capacity of 77.48 mg/g), confirming their versatility as biosorbents [29,30]. How-
ever, native agricultural waste materials have limitations due to low surface area, limited
functional group availability, and reduced adsorption affinity for specific contaminants,
necessitating surface modification strategies [24,31]. Chemical modification approaches,
particularly surfactant treatment, have emerged as effective methods for improving the
adsorption capacity and selectivity of biosorbents toward organic contaminants [29,32].
Surfactants can be employed to modify adsorbent surface properties through various
mechanisms, including electrostatic adsorption, hydrophobic interactions, and formation
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of surface micelles [32,33]. Cationic surfactants, such as CTAB, are particularly effective
for modifying biosorbent surfaces. The modification process involves the adsorption of
surfactant molecules onto the biosorbent surface, creating a positively charged organic
layer that facilitates electrostatic interactions with negatively charged contaminants [33].
Studies have shown that modifying agricultural waste materials, such as coffee grounds,
tea waste, sawdust, and fruit peels, with CTAB can increase their adsorption capacities by
2-10 times [32].

Advances in biosorbent technologies have enhanced the understanding of pharmaceu-
tical adsorption processes; however, their practical implementation remains limited due to
existing knowledge gaps. Integrating sustainable materials with advanced surface modifica-
tion techniques offers a promising approach for addressing pharmaceutical contamination
and managing agricultural waste streams. Thus, the central hypothesis is that modifying
the surface of guava seeds with a cationic surfactant can transform them into an effective
biosorbent for diclofenac, replacing electrostatic repulsion and introducing new hydrophobic
interaction sites, thereby enhancing the rate and capacity of diclofenac removal.

Therefore, this study was designed to address the critical knowledge gap concerning
the effect of varying surfactant loading on biosorbent performance. The primary objective
was to investigate whether an optimal, sub-saturating level of modification enhances DCF
removal more effectively than high-level modification. To this end, this work systematically
prepares and compares three distinct materials: unmodified guava seeds (GS), an intermediate-
modified biosorbent (MGS-2), and a highly modified biosorbent (MGS-10). The specific
aims were to: (1) characterize the physicochemical differences between the three materials;
(2) evaluate their comparative adsorption performance through kinetic, equilibrium, and
thermodynamic analyses; and (3) elucidate the distinct adsorption mechanisms responsible
for their performance to test our central hypothesis. Finally, the regeneration potential was
assessed to evaluate the practical applicability of the developed materials.

2. Materials and Methods
2.1. Biosorbents Preparation

The guava seeds were sourced as a byproduct from a factory that produces traditional
sweets. The seeds were then ground and washed with deionized water to ensure that all
organic matter (such as pulp) was removed from the biosorbent material. The biosorbent
material was then oven-dried (Thermo Fisher Scientific, Waltham, MA, USA) at 60 °C for
24 h to remove any remaining moisture. Later, the dried seeds were sieved, and particles
with a diameter of 2 mm were selected for further processing. These seeds, denoted as (GS),
were used in this form in subsequent experiments without further modification. Conversely,
samples of GS were modified using a cationic surfactant (CTAB) (Sigma-Aldrich, St. Louis,
MO, USA). This procedure involved placing 5 g of seeds in contact with one liter of CTAB
solution at two different concentrations: 2 mmol/L (labeled MGS-2) and 10 mmol/L
(labeled MGS-10). The mixture was stirred in a Thermo Precision 2870 Reciprocal Shaking
Bath (Thermo Fisher Scientific, Waltham, MA, USA) at 30 °C and 100 rpm for 48 h. Finally,
a washing cycle was conducted using deionized water at 20 °C, followed by an oven drying
cycle at 40 °C, to ensure the removal of excess surfactant.

2.2. Biosorbent Characterization

The characterization was conducted to determine the surface morphology and func-
tional groups present in the biosorbent material’s structure, as well as to elucidate the
adsorption mechanisms of diclofenac. To carry out the above analysis, Scanning Electron
Microscopy (SEM), Fourier Transform Infrared Spectroscopy (FTIR), and Thermogravi-
metric Analysis (TGA) measurements were performed. SEM analysis of the biosorbent
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samples was carried out on a Scanning Electron Microscope JEOL JMS-6400 (JEOL Ltd.,
Peabody, MA, USA) coupled to an EDS probe (Bruker XFLASH 4010, Peabody, MA, USA).
SEM analysis of GS, MGS-2, and MGS-10 samples was carried out before and after the
removal of diclofenac (DCF) to determine the changes in their morphology and elemental
content. In addition, FTIR analysis of the same biosorbent samples was performed using a
Bruker Tensor 27 FTIR spectrophotometer (Bruker Corporation, Billerica, MA, USA) with
pellets prepared using KBr (Merck KGaA, Darmstadt, Germany) in the wavelength range
of 4004000 cm™~!; these analyses were conducted on samples of the three biosorbents
before and after DCF removal. Thermogravimetric analysis (TGA) was performed using a
PerkinElmer thermal analyzer, Model STA 6000 (PerkinElmer, Inc., Waltham, MA, USA),
with nitrogen gas flowing at a rate of 30 cm/min. The three materials, with particle sizes
smaller than 2 mm, were heated. The three materials with a particle size smaller than 2 mm
were heated from 25 to 850 °C at a rate of 10 °C/min.

2.3. Biosorption Kinetics

Batch adsorption experiments were carried out by contacting 0.05 g of GS, MGS-10,
and MGS-2 with 10 mL of diclofenac (DCF) (Sigma-Aldrich, St. Louis, MO, USA) aqueous
solution at a concentration of 50 mg/L, with defined time intervals ranging from 5 min to
8 h, in order to determine the time at which diclofenac adsorption equilibrium is reached.
The experiments were conducted at the natural pH of the prepared DCF solution (~pH 6),
without any subsequent pH adjustment. The biosorbent samples were placed separately
in 50 mL vials and agitated in the Thermo-bath at 25 °C, operating at 100 rpm. After
shaking, the supernatants were collected, and the concentration of DCF was measured
using a UV-Vis spectrophotometer UNICO 521000UV+ (UNICO, Dayton, NJ, USA) at a
wavelength of 275 nm. Further adsorption tests were analyzed for DCF using this method.
Additionally, all biosorption experiments were conducted in triplicate. Control experiments
were performed in parallel without the addition of any biosorbent, which confirmed that
no significant adsorption of DCF onto the walls of the plastic flasks occurred under the
experimental conditions.

2.4. Effect of Biosorbent Dosage

To identify the optimal biosorbent dosage for maximum removal efficiency of DCEF,
batch-type contact experiments were performed using varying dosages of GS, MGS-2, and
MGS-10, ranging from 0.01 g to 0.1 g. These masses were placed in contact with 10 mL of a
50 mg /L DCEF solution until biosorption equilibrium was reached. The experiments were
conducted in 50 mL vials for each biosorbent separately, with the samples placed in contact
with a thermobath that underwent reciprocal shaking at 25 °C and 100 rpm. Subsequently,
the supernatants were separated for later DCF analysis.

2.5. pH Effect on DCF Biosorption

Biosorption experiments were performed using DCF solutions at different pH levels
to identify the optimal pH for analgesic removal and to evaluate the effect of this parameter
on the biosorbent materials. The experiments were conducted according to the following
procedure: 0.05 g samples of GS, MGS-2, and MGS-10 were weighed and placed in individ-
ual plastic flasks, to which 10 mL of a DCF solution with a concentration of 50 mg/L was
added. The pH of each solution was modified using 0.1 M HCI (Sigma-Aldrich, St. Louis,
MO, USA) or NaOH (Merck KGaA, Darmstadt, Germany) to achieve values between 3.5
and 9. The flasks underwent shaking in a Thermo Precision 2870 Reciprocal Shaking Bath
(Thermo Fisher Scientific, Waltham, MA, USA) at a speed of 100 rpm and a temperature
of 25 °C until adsorption equilibrium was achieved (180, 300, and 240 min for GS, MGS-2,
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and MGS-10, respectively). After the contact time was completed, the solution was filtered,
and the DCF concentrations in the supernatant were measured.

2.6. DCF Biosorption Isotherms

DCF biosorption isotherms were obtained from batch contact assays using GS, MGS-2,
and MGS-10 with DCF solutions at varying concentrations ranging from 10 to 300 mg/L.
Experiments were conducted using plastic vials, into which different dosages of each
biosorbent were added separately, followed by the addition of 10 mL of the contaminant
solution under investigation. The vials were placed in a Thermo Precision 2870 Reciprocal
Shaking Bath (Thermo Fisher Scientific, Waltham, MA, USA) and shaken at 100 rpm at
25 °C. The contact time, pH, and dosage for each experiment were adjusted according to
the optimal levels for each biosorbent, as determined by the results of previous biosorption
experiments. The method was repeated to determine the isotherms at different tempera-
tures (35 °C and 45 °C). After completing the equilibration period, the solution was filtered,
and the supernatant was used to determine total DCF concentrations.

2.7. Biosorbent Regeneration Tests

Adsorption—desorption experiments were conducted using a biosorbent dosage of
1 g/L and an initial concentration of 300 mg/L of diclofenac at a temperature of 25 °C. The
samples were shaken in a Thermo Precision 2870 Reciprocal Shaking Bath (Thermo Fisher
Scientific, Waltham, MA, USA) at 100 rpm, with equilibration times of 300 min for GS and
240 min for MGS-10. This procedure was followed by biomass separation and subsequent
reading of the solution at 275 nm in order to observe the adsorption of the contaminant.
The GS and MGS-10 samples were lightly washed with distilled water and then dried in
an oven at 60 °C for 15 min. Desorption tests were subsequently performed by adding
10 mL of 0.01 N NaOH to 1 g of each biosorbent sample in plastic vials. These vials were
then shaken in the thermo-bath at 25 °C and 100 rpm until equilibrium was reached. After
this time, the supernatant content in the vials was read to measure the amount of DCF
desorbed. This procedure was performed for four consecutive cycles.

3. Results and Discussion
3.1. FTIR Analyses

Figure 1 presents the FTIR analyses of GS and MGS-10, respectively, before and after
diclofenac biosorption. In the case of unmodified guava seeds (GS in Figure 1), the main
functional groups contained in this biosorbent material can be observed. Firstly, it should
be considered that GS are a rich source of lignocellulosic material, which is why these
seeds have a high content of total dietary fiber, with cellulose, hemicellulose, and lignin
being the fundamental structural biopolymers of plant cell walls. Most of this fiber is
insoluble, with an approximate content of 63.5 g/100 g [34]. Guava seeds, rich in proteins,
lipids, and functional molecules like pectin and phenolic compounds, offer long-term
stability due to their chemically heterogeneous surface, which can serve as active sites
for contaminant adsorption. For instance, the absorption band from 3600 to 3000 cm ™!,
dominated by a single, composite band, is a hallmark of lignocellulosic materials, resulting
from the overlapping stretching vibrations of hydroxyl groups involved in a complex
hydrogen bond network. These OH groups are abundant in cellulose, hemicellulose, lignin,
and residual adsorbed water molecules. Furthermore, the stretching vibrations of amine
(N-H) groups from the seed’s protein fraction, particularly near 3300 cm~! (Figure 1), also
contribute to this band [35]. The broadness of this peak indicates the presence of hydroxyl
groups and the surface’s energetic heterogeneity, indicating a wide range of hydrogen
bond strengths and environments due to the different locations of OH groups. These facts
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suggest the existence of multiple types of adsorption sites with a spectrum of affinities
for hydrogen bonding, a factor with significant implications for the adsorption process.
Moreover, the sharp and well-defined bands observed at ~2925 cm ! and ~2855 cm ! are
characteristic of aliphatic carbon-hydrogen (C-H) stretching vibrations. The peak at approx-
imately 2925 cm ™! corresponds to the asymmetric stretching of methylene groups (-CH,),
while the peak near 2855 cm™! is attributed to the symmetric stretching of methylene and
methyl groups (-CHj3) [36]. These aliphatic groups are ubiquitous structural components of
cellulose, hemicellulose, lignin, and fatty acid chains within the lipid content of the seed.
The shoulder peak present at 1749 cm ™! is of critical diagnostic importance. It is assigned
to the C=O0 stretching vibration of carbonyl groups in ester linkages and non-ionized car-
boxylic acids [37]. These linkages are also significant in the context of lignin’s role in the
structural integrity and chemical reactivity of plant cell walls [38]. Guava seed contains a
band originating from acetyl and uronic ester groups in hemicellulose and galacturonic
acid units of pectin, distinguishing them from cellulose. The intensity of this band can
indicate the content of hemicellulose and pectin, revealing carboxyl and ester functional
groups on the biosorbent surface, which is crucial for pH-dependent adsorption. The
absorption band of 1639 cm ™! is attributed to the C=C stretching vibrations in the aromatic
rings of lignin, a compound composed of phenylpropane units. These aromatic rings
contribute to the absorption band and may also reflect C=C stretching in aliphatic chains,
as well as in lignin and hemicellulose structures, in lignocellulosic materials [39,40]. The
peak at 1554 cm ™! is also associated with the aromatic skeletal vibrations of lignin. The
region around 1460-1370 cm~! contains a series of overlapping peaks of medium inten-
sity. These are primarily due to various C-H bending (deformation) vibrations, including
scissoring and wagging modes of -CH; and -CHj3 groups within the lignocellulosic and
lipid structures [41] Vibrations of the polysaccharide framework dominate the fingerprint
region (1300-900 cm~!) and are thus crucial for characterizing lignocellulosic materials.
This region is characterized by strong C-O stretching vibrations from alcohols and ethers,
as well as C-C stretching vibrations along the pyranose ring structures of cellulose and
hemicellulose [41]. The most prominent feature is the intense, broad band centered around
1030-1050 cm ™!, which is a classic signature of C-O stretching in primary and secondary
alcohols, as well as C-O-C stretching of ether linkages, collectively representing the car-
bohydrate backbone [37]. The bands near 601-667 cm ™! are linked to the out-of-plane
bending vibrations of aromatic C-H bonds, which are common in lignin’s structure [42].
To analyze the changes in the spectrum following adsorption (Figure 1), it is essential
first to understand the molecular structure of the adsorbate, diclofenac. Diclofenac (molec-
ular formula C14H;1ClpNOy) is an organic compound distinguished by multiple significant
functional groups that exhibit activity in the infrared spectrum [43]. These include a car-
boxylic acid (-COOH) group attached to a phenylacetic acid core, a secondary amine (-NH-)
group that bridges the two aromatic rings, two aromatic (phenyl) rings, and two chlorine
atoms attached to one of the aromatic rings, creating a dichlorophenyl moiety. The acidity
of the carboxylic acid group, with a pKa value of approximately 4.15 [44], significantly
influences its speciation. At pH values below 4.15, the molecule is predominantly in its
neutral, protonated form (R-COOH), while at pH values above 4.15, it deprotonates to
become an anion, with the carboxyl group existing as a carboxylate (R-COO™). Accordingly,
the FTIR spectrum of the diclofenac-loaded guava seed (GSC), shown as the red line in
Figure 1, exhibits significant changes compared to the raw GS spectrum. These changes
include the appearance of new peaks characteristic of diclofenac and shifts in the bands
of the GS biosorbent. For instance, the C=C band in the GS spectra shifted to 1506 cm~!.
This shift suggests that the group associated with lignin content plays a significant role
in the adsorption of diclofenac (DCF) in GS. This finding indicates that lignin’s complex



Surfaces 2025, 8, 70

8 of 36

aromatic structure provides multiple sites for interaction with diclofenac, thereby facilitat-
ing its adsorption, in addition to the C=C stretching of the aromatic rings of the diclofenac
itself. Pure diclofenac sodium is known to exhibit a characteristic C=C ring stretching peak
at 1557 cm~! [45]. The intensity of these new diclofenac peaks completely overwhelms
and masks the original, weaker composite band from the guava seed’s protein and lignin
at ~1558 cm~!. This is why the original peak appears to “disappear.” In summary, the
phenomenon is best described not as a simple shift but as the masking of the original
biosorbent’s C=C (lignin) and Amide II (protein) bands by the new, strong C=C and COO~
bands of diclofenac, accompanied by the emergence of a second, distinct C=C band from
diclofenac at a lower wavenumber (~1506 cm~1). Moreover, after diclofenac was adsorbed
(as shown in the GSC spectra in Figure 1), the presence of C—Cl bonding was confirmed
in the 600-800 cm ™! region. This range is well-known for indicating carbon—chlorine
(C—Cl) stretching vibrations. Notable peaks were observed at approximately 774 cm !
and 730 cm~!. These bands are consistent with C-Cl functional groups as reported in the
literature across a range of chlorinated organic compounds [46,47]. Additionally, peaks in
the 1096-1089 cm ! range, typically associated with chlorobenzenes, were also observed,
further supporting the presence of aromatic C—Cl stretching [48]. The presence of these
bands in the FTIR spectrum indicates that the chlorinated aromatic structure of diclofenac
remains intact post-adsorption, making these bands reliable diagnostic markers for mon-
itoring such interactions. In the GSC spectrum, a small band at 1687 cm~! is also noted,
which is associated with the C=O group, as mentioned above. This new band indicates
that this group also plays a significant role in the adsorption of DCE, as these groups can
form hydrogen bonds and other interactions with diclofenac molecules, thereby stabilizing
the drug within the material matrix [49,50]. The presence of these functional groups is
fundamental for the effective loading and controlled release of diclofenac, as they provide
active sites for binding and interaction with the DCF [51].

—— MGSC-10
— MGS-10
—— GSC

Transmittance (%)

cC

}
C-H

T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™')

Figure 1. FTIR spectrograms of Guava seeds (GS, black line); guava seeds loaded with DCF (GSC,
red line); surfactant-modified guava seeds (MGS-10, blue line) and surfactant-modified guava seeds
loaded with DCF (MGSC-10, green line).
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Finally, regarding the changes in the band associated with OH and NH (from 3580 to
3250 cm 1), the disappearance of the band related to NH seems to be observed; however, it
appears to be rather a significant change in the shape and position of the entire broad ab-
sorption band that dominates this region. A composite signal, centered around 3400 cm ™!,
is observed in the spectrum of the diclofenac-loaded seed. After DCF adsorption, the entire
broadband shifts to a lower wavenumber and alters shape, indicating hydrogen bonding
as a primary adsorption mechanism, as evidenced by the modified wavenumber. The
N-H group of diclofenac (a secondary amino group -NH-), whose stretching vibration
is located in this same region, typically appears between 3325 cm ™! and 3387 cm ™! [52].
Therefore, when diclofenac adsorbs, its own N-H signal is added to this complex spectral
region. This key event involves the formation of new hydrogen bonds between diclofenac
molecules and functional groups on the surface of the guava seed. Diclofenac’s electroneg-
ative atoms, including oxygen and nitrogen, act as hydrogen bond acceptors by interacting
with hydroxyl and amide groups on the biosorbent surface. Conversely, the amine group’s
hydrogen atom can donate hydrogen bonds by interacting with oxygen atoms on the
biosorbent surface [44,53]. The formation of new hydrogen bonds between the adsorbate
and the biosorbent disrupts and reorganizes the original hydrogen bonding network of the
biosorbent. This alteration changes the vibrational energy of the O-H and N-H bonds in-
volved, causing the entire broad peak to shift and change shape. In summary, the observed
shift in the N-H region is not a disappearance but a perturbation caused by the formation
of hydrogen bonds between diclofenac and the guava seed surface. These facts confirm
that the amine groups of the native proteins in the biosorbent and the diclofenac molecule,
along with the abundant hydroxyl groups, are directly involved in the binding process,
providing substantial evidence in support of a multimodal adsorption mechanism.

On the other hand, Figure 1 shows MGS-10 spectra before (MGS-10) and after (MGSC-
10) DCF adsorption. The MGS-2 spectra exhibited similar spectral behavior to the MGS-10
sorbent, with characteristic peaks and shifts upon DCF binding; these spectra are presented
in Figure S1. New bands in the MGS-10 material, compared with the GS biosorbent, ap-
peared around 1490 to 1550 cm~!; this region contains a key diagnostic peak for CTAB.
It corresponds to the asymmetric and symmetric C-H bending (scissoring) vibrations of
the methyl groups directly bonded to the positively charged nitrogen atom (H3C-N*).
It has also been associated with N-H bending vibrations. The presence and intensity of
absorption in this specific region provide strong evidence of the surfactant’s headgroup
adsorbed onto the guava seeds’ surface [54,55]. The weaker bands in the MGS-10 spectrum
around 1026 cm~! and 1057 cm !, in the context of quaternary ammonium cationic head-
groups, are likely associated with specific molecular vibrations, particularly C-N stretching
vibrations within the headgroup. These bands correspond to symmetric and asymmetric
stretching vibrations of the C-IN bonds, which are sensitive to the conformation of the
O-C-C-N* backbone [56]. Also, a slight shift and a change in the shape of the band at
2924 cm~! were detected. This intense, sharp peak is a composite signal arising from the
asymmetric stretching of -CH; groups. It includes contributions from the aliphatic chains
in the seed’s native lipids and polysaccharides. Still, its higher intensity and sharpness are
characteristic of the long, well-ordered hexadecyl tail of the CTAB molecule, confirming
successful modification.

The CTAB modifier and the vibrational signatures of the guava seed matrix combine
to create the complex MGSC-10 spectrum (green line in Figure 1), which reveals the
chemical state of the biosorbent after it has contacted the DCF solution. This spectrum,
which highlights new peaks and shifts in existing ones, is crucial for understanding the
adsorption mechanism. For instance, a new shoulder or weak peak emerging around
1273 cm~! corresponds to the C-N stretching vibration of the secondary aromatic amine
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group in the diclofenac molecule [52]. Additionally, specific band shifts or changes are
also observed in the MGSC-10 spectrum after DCF adsorption (Figure 1). The most direct
evidence of the interaction between these two oppositely charged groups is the perturbation
of the vibrational band of the CTAB headgroup, since, when comparing the MGS-10 (blue
line) and MGSC-10 (green line) spectra, a notable shift is observed in the region around
1470 cm~!. Upon DFC adsorption, this peak, which contains the signature of the H3C-N*
group, appears to shift slightly and become part of a broader and more complex absorption
structure. This perturbation occurs because the short-range electrostatic pairing of the
positively charged CTAB headgroup with the negatively charged carboxylate group of
diclofenac alters the local chemical and electronic environment of the H3C-N* bond. The
electrostatic environment alters the vibrational frequency of MGSC-10, resulting in a shift
in the absorption band shape and subsequent alterations due to DCF adsorption into the
GS structural matrix, as previously discussed. Based on the above, the modification of the
GS biosorbent with CTAB leads to significant changes in the overall adsorption mechanism
of DCF.

3.2. SEM-EDS Analyses

Figures 2 and 3 show the SEM micrographs and EDS analyses, respectively, of the
biosorbents under study. In the case of SEM micrographs for GS material, images labeled
as Figure 3a—c provide a complete visual assessment of the surface morphology of the
GS biosorbent. These micrographs reveal a highly irregular, heterogeneous structure, a
characteristic trait of lignocellulosic biosorbents derived from agricultural residues. At
low magnification (Figure 2a), the GS surface appears coarse, rugged, and heterogeneous,
with notable fibrous and flaky structures. The fibrous structures in GS cell walls are due
to cellulose polymer chains, while the amorphous binding regions and ridges are due to
the complex lignin network. Similar structures have been observed in SEM studies of
biosorbents such as date pits, orange peels, and almond shells, all of which share a ligno-
cellulosic origin [57]. Besides, these rough surfaces suggest the presence of a substantial
number of potential sorption sites for interaction with adsorbates, particularly for DCFE.
Intermediate magnification (Figure 2b) reveals elongated voids, cracks, and longitudinal
channels traversing the surface. These characteristics are indicative of mesoporous and
macroporous features, which are beneficial for the transport and diffusion of larger organic
molecules, such as DCF. The random distribution of these channels suggests a hierarchical
pore network; such channeling features facilitate increased surface contact and accessi-
bility of adsorbates [58]. Moreover, in Figure 2¢, a highly porous, cavitated surface with
a distinct “honeycombed” or sponge-like architecture can be observed. The structure is
composed of a network of large, interconnected cavities. The SEM micrographs provide an
illustrative, qualitative view of the surface porosity. In Figure 2c, for example, macropores
with diameters in the approximate range of 1.0 to 9.0 um can be observed, which confirms
the material has a macroporous structure. This observation is consistent with literature
reports [59], which confirm that guava seeds possess a hierarchical pore structure, contain-
ing both macropores and a significant network of smaller, internal mesopores. The large
macropores observed here serve as the primary transport channels for DCF molecules,
while the underlying mesoporous network, though not resolvable by our SEM, provides
the high surface area necessary for the active adsorption sites. The presence of such “large”
pores is new evidence of the diverse pore size distribution of the GS biosorbent.

The pore architecture visible in the SEM micrographs plays a crucial role in determin-
ing the adsorption performance of GS. Although SEM does not quantify pore sizes with
high precision, the visible mesoporous and macroporous structures, combined with litera-
ture reports indicating the presence of some micropores in GS, suggest that this biosorbent
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contains interconnected porosity conducive to sorption phenomena. In this case, DCF has a
molecular size of approximately 0.6-1.2 nm and a log Kow of 4.51, indicating moderate hy-
drophobicity [60,61]. The adsorption of such molecules generally benefits from mesoporous
materials, where pore sizes exceed the molecular size of the adsorbate, allowing for efficient
transport and access to inner surfaces [62]. Furthermore, the rough and heterogeneous
morphology could improve adsorption via hydrogen bonding between hydroxyl/carboxyl
groups on GS and polar groups on DCF, 7-7 interactions due to aromatic rings present in
both lignin residues and the DCF molecule, and electrostatic interactions, particularly at
pH values near or above the pKa of diclofenac (4.15), when it exists predominantly in an
anionic form. This is in agreement with the facts discussed in the FTIR spectra. Therefore,
GS’s morphology, as evident in Figure 3a—c, positions it as a promising biosorbent for
removing diclofenac from aqueous systems.

EDS is a technique used to examine the elemental composition of a material’s surface,
providing a qualitative and semi-quantitative profile of elements present. In this study, EDS
was performed on the biosorbents before and after surfactant modification, as well as after
DCF sorption experiments, to verify the baseline composition of the guava seed biosorbent,
confirm the success of surfactant modification, and track pollutant adsorption. The results
are shown in Figure 3, displaying the EDS spectra of GS (Figure 3a), DCF-loaded GS (GSC,
Figure 3b), MGS-10 (Figure 3c), and the chlorine mapping of a DCF-loaded MGS-10 sample
(Figure 3d). In addition to the major C and O signals, smaller peaks corresponding to
mineral elements are observed (Figure 3a). The presence of elements such as Calcium
(Ca), Potassium (K), and Magnesium (Mg) is typical for plant-based materials, as these
are essential macronutrients accumulated during growth [63]. The detection of a distinct
Ca peak is particularly noteworthy, as it corroborates literature reports on the presence of
crystalline calcium carbonate within the guava seed matrix, which may influence surface
properties and reactivity [63]. This baseline spectrum serves as the essential control against
which all subsequent modifications and adsorption experiments are compared.

Figure 2. SEM micrographs of the unmodified guava seeds (GS) showing: (a) overview at 500 x;
(b) fibrous, channel-like structure at 1500; and (c) a different representative area highlighting the
highly porous, cavitated ‘honeycombed’ structure at 1500 .
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Figure 3. EDS analyses of (a) GS, (b) DCF-loaded GS, (c) MGS-10, and (d) chlorine mapping of a
DCF-loaded MGS-10 sample.
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Similarly, the EDS spectrum of the surfactant-modified guava seeds (MGS-10), shown
in Figure 3c, provides compelling evidence of a successful surface functionalization with
CTAB. The most significant change, compared to the GS spectrum, is an increase in the rela-
tive intensity of the carbon peak. This is the expected outcome of coating the lignocellulosic
substrate with the highly carbon-rich CTAB molecule (C19H4»BrN). The 19 carbon atoms
of the surfactant molecule add substantial carbon mass to the surface. Concurrently, the
relative intensity of the Oxygen peak is markedly reduced. This occurs because the dense
layer of surfactant molecules effectively masks the underlying oxygen-rich lignocellulosic
substrate from the probing electron beam. The addition of an oxygen-free, carbon-dense
CTAB layer significantly increased the surface C/O ratio of the raw lignocellulose in GS,
indicating a fundamental change in surface chemistry from an oxygen-rich biopolymer to a
carbon-rich organo-functionalized material, providing semi-quantitative proof. Further-
more, in the MGS-10 spectrum, it is important to note that a weak or absent Br peak does not
necessarily indicate failure of the modification. Instead, it could suggest an ion-exchange
mechanism where the bromide counter-ion is released into the solution as the cationic
CTAB headgroup forms a direct electrostatic bond with the negatively charged sites on the
biosorbent surface. A similar behavior has been previously reported [64].

Conversely, the EDS spectrum of the unmodified guava seeds after exposure to DCF
(designated as GSC), shown in Figure 3b, provides direct evidence of pollutant uptake.
When compared to the baseline spectrum of the native GS (Figure 3a), the GSC spectrum
exhibits a new, clearly distinguishable peak corresponding to Chlorine (Cl). The molecular
formula of DCF contains two chlorine atoms per molecule. Since chlorine is not an intrinsic
component of the guava seed biomass or the aqueous solution used, its appearance in the
EDS spectrum is an unambiguous elemental fingerprint confirming the presence of DCF
on the biosorbent surface. The Cl peak in the GSC spectrum, representing 17.4% of the
mass percentage, indicates DCF adsorption despite the expected electrostatic repulsion
between the biosorbent and DCF molecule at the experimental pH. This signal suggests that
non-electrostatic forces, such as hydrogen bonding, van der Waals forces, and hydrophobic
interactions, are responsible for the adsorption process, which overcomes the energy barrier
and drives the uptake of DCE.

On the other hand, the evidence of the efficacy of the modified biosorbent is provided
by the elemental mapping of chlorine on a DCF-loaded MGS-10 sample (Figure 3d). In this
map, the red spots correspond to regions of high chlorine concentration, which directly
correlate with areas of high diclofenac accumulation. Two critical observations emerge
from this map. First, the intensity of the chlorine signal in these bright spots appears
significantly higher than the general signal observed in the GSC spectrum, providing
strong qualitative support for the conclusion that the surfactant modification substantially
enhances the overall loading of DCF. This enhancement is visually confirmed by a direct
comparison of the EDS elemental maps for the DCF-loaded GSC and MGSC-10 (see Sup-
plementary Materials, Figure S2) and is quantitatively proven by the adsorption isotherm
data presented in Section 3.7. Second, and more importantly, the distribution of chlorine is
highly non-uniform. Rather than a homogeneous coating, DCF is concentrated in discrete,
localized “hotspots” across the biosorbent surface. This heterogeneous distribution is a
pivotal finding. It demonstrates that DCF adsorption does not occur evenly but is instead
directed to preferential sites. This fact directly implies that the underlying CTAB modifi-
cation is not uniform itself. The regions of high DCF concentration must correspond to
areas where the CTAB layer is most densely packed or most effectively organized, creating
localized zones of high positive charge density and hydrophobicity. This observation shifts
the focus from the total surface area of the biosorbent to the nature and distribution of these
highly active adsorption domains. Furthermore, the observation from the chlorine map
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(Figure 3d) that DCF is localized in specific “crystal-like” structures within the guava seed
provides a critical insight into the nature of the biosorbent. The term “crystal-like” in this
biological context can refer to two distinct types of structures. Guava seeds show inorganic
crystallinity, derived from crystalline forms of calcium carbonate or calcium oxalate [65,66],
which can act as preferential nucleation sites for CTAB admicelles. These mineral-anchored
surfactant islands become active hotspots for DCF adsorption, which explains the localized
signals. Guava seeds also contain sclereids, or “stone cells,” which are specialized cells with
thick, heavily lignified secondary walls [67]. These sclereids are micro-scale composites
of highly ordered, crystalline cellulose microfibrils embedded within a dense, amorphous
matrix of lignin and hemicellulose, responsible for the gritty texture of the guava fruit pulp.
Since no calcium is significantly present in such crystal-like forms in MGS-10, it can be
inferred that sclereids play a significant role in DCF removal using this biosorbent.

The study determined the BET surface area of all materials using water vapor adsorp-
tion, yielding values of 85 m?/g for GS, 47 m? /g for MGS-2, and 32 m? /g for MGS-10,
revealing an inverse relationship between the measured surface area and the surfactant
modification. This suggests that the adsorption mechanism is not controlled by the physical
surface area but is dominated by the engineered surface chemistry. However, these values
may underestimate the actual surface area of the hydrophobically modified materials. More
detailed N, physisorption studies are planned for future work to fully characterize the
pore structure.

3.3. Thermogravimetric Analyses (TGA)

The thermal stability of the biosorbents was assessed through Thermogravimetric
Analysis (TGA), which revealed distinct thermal degradation stages for guava seeds (GS)
and their surfactant-modified variants, MGSC-2 and MGSC-10. The results are shown in
Figure 4. The first significant mass loss, associated with the evaporation of moisture and
surface volatiles, occurred at temperatures below 120 °C for all samples, with initial losses
beginning around 60 °C. The decomposition of organic components, such as cellulose,
hemicellulose, and lignin, was observed between 200 °C and 450 °C. The maximum
degradation temperature, representing the peak of this decomposition, was found to be
365 °C for GS, 358 °C for MGSC-2, and 355 °C for MGSC-10, suggesting a slight decrease
in thermal stability with the modification of guava seeds by surfactants. Such temperatures
were determined from the Derivative Thermogravimetry (DTG) Spectra of each material, as
depicted in Figure 4 (DTG data were normalized for a better visualization). The final stage,
occurring above 500 °C, corresponded to the formation of mineral residues (ash) and carbon
structure of the guava seeds, where the residual mass stabilized, reflecting the inorganic
content of the biosorbents. These findings indicate that surfactant modification enhances
the thermal stability of guava seeds, as evidenced by the higher maximum degradation
temperatures observed in MGSC-2 and MGSC-10 compared to the unmodified GS.

The initial mass loss observed in the TGA curve is attributed to the release of physically
adsorbed water, as well as to a lesser extent, some highly volatile organic compounds [68].
For air-dried guava biomass, the initial mass loss is expected to be around 3-7%, as it falls
within the typical range for lignocellulosic air-dried biomass [68]. For the comparative
analysis of GS, MGSC-2, and MGSC-10, this stage provides an initial point of interest, as
slight differences in mass loss were noted in this stage for the modified samples, particularly
for MGSC-2 (Figure 4b), suggesting that the surfactant treatment has altered the material’s
surface hygroscopicity. For instance, the introduction of hydrophilic surfactant head-groups
could increase water retention, while the orientation of hydrophobic tails at the surface
could decrease it. This final reason may explain the slightly higher mass loss of MGS-10
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(Figure 4c), where a more effective surfactant layer (or multilayer) is predicted to be present
on the surface of the biosorbent.
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Figure 4. TGA analyses of (a) GS, (b) MGS-2, and (c) MGS-10.

Furthermore, as mentioned above, the reduction in thermal stability is CTAB dose-
dependent, suggesting a catalytic effect where the surfactant promotes the onset of pyrolytic
decomposition at lower temperatures. This interpretation is supported by the derived
thermogravimetric (DTG) curves, which show an increasingly prominent shoulder in the
220-315 °C range for the modified samples (Figure 4), indicating that surfactant decom-
position overlaps with that of the native hemicellulose component. Interestingly, despite
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initiating decomposition earlier, the sample with the highest modification level (MGS-10)
yielded a slightly greater final char residue at 800 °C (~24%) compared to both GS and
MGS-2 (both ~22%). This indicates a dual role for the surfactant: it reduces overall thermal
stability, but at higher concentrations, it may also change the pyrolysis pathway to enhance
the formation of a more stable carbonaceous residue.

The thermal stability of surfactant-modified lignocellulosic materials is enhanced
through two primary mechanisms. The adsorbed CTAB layer acts as a physical barrier,
insulating the biopolymer and slowing heat transfer, preventing pyrolytic degradation.
The surfactant’s interaction with the biosorbent surface passivates thermally labile func-
tional groups, creating a stable surface complex. This effect has been observed in other
CTAB-modified cellulosic materials, confirming the surfactant coating’s contribution to the
thermal integrity of the composite biosorbent [55,69].

While TGA can be used to quantify surface coatings, a quantitative estimation of the
adsorbed CTAB mass from this data is not feasible for this specific system. The literature
reports that pure CTAB undergoes a multi-stage thermal degradation, with an initial
decomposition occurring between 250 °C and 350 °C, followed by a final degradation
that is completed by approximately 500 °C [70]. This entire range significantly overlaps
with the main decomposition region of the lignocellulosic components in guava seeds
(200450 °C), as shown in Figure 4. Because these major mass loss events occur concurrently,
a deconvolution of the TGA curves cannot be used to accurately isolate the mass loss
attributable solely to the surfactant.

3.4. Biosorption Kinetics

Figure 5 shows the DCF biosorption as a function of time for GS, MGS-2, and MGS-
10. It is worth noting that the performance of GS is modest. The initial adsorption rate
is relatively slow, achieving approximately 30% DCF removal within the first 60 min of
contact time. The process proceeds to a distinct equilibrium plateau, which is reached
approximately 180 min later, with a maximum removal efficiency of 63%. This limited
capacity and slower rate are consistent with an adsorption mechanism hindered by electro-
static repulsion, likely relying on weaker, non-electrostatic forces such as van der Waals
interactions or 7-7 stacking between the DCF molecules and the GS biomass surface. For
the case of MGS-2, a considerable enhancement of adsorption performance was observed.
The initial rate is significantly faster than that of GS, with approximately 45% of the DCF
being removed within the first 60 min. The total removal capacity is also significantly
improved, reaching an equilibrium of approximately 70%. Interestingly, the time required
to achieve this final equilibrium is longer than for GS, extending to around 300 min. The
kinetic profile exhibits a rapid initial phase, followed by a much slower, prolonged ap-
proach to the final plateau. The MGS-10 biosorbent showed a superior performance in DCF
biosorption kinetics. The initial adsorption rate is significantly high, as evidenced by the
near-vertical slope of the curve at the beginning of the experiment. A 70% removal was
achieved in the first 60 min of contact time. The system reaches equilibrium at 240 min,
showcasing both the highest removal capacity and the fastest kinetics of the three materials
tested. Furthermore, this material achieves nearly complete removal of DCF, achieving
approximately 90% removal.

A direct comparison between the three materials reveals a concentration-dependent
effect of CTAB modification on key kinetic parameters. For instance, MGS-10, with a higher
CTAB concentration, exhibits a steep initial slope, indicating favorable surface chemistry
and rapid mass transfer kinetics, likely driven by strong electrostatic attractions. The
equilibrium removal percentage follows the same trend, with MGS-10 (~90%) > MGS-2
(~70%) > GS (~60%), indicating that increasing CTAB concentration directly increases the
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number of effective binding sites available for DCF. The time to reach equilibrium does not
follow a simple linear trend with performance, with MGS-10 being the fastest (~120 min),
followed by GS (~240 min), and MGS-2 being the slowest (~300 min). This suggests a
more complex adsorption process for MGS-2, with the initial rapid uptake driven by the
newly introduced positive sites and the subsequent slow, extended phase suggesting a
diffusion-limited process. This kinetic behavior hints at fundamental differences in the
surface chemistry between the MGS-2 and MGS-10 materials. This difference in kinetic
behavior is a direct reflection of their distinct surface structures: the bilayer on MGS-2
facilitates a complex, two-stage mechanism of electrostatic attraction followed by slower
hydrophobic partitioning, whereas the dense multilayer on MGS-10 promotes a more direct,
single-stage electrostatic adsorption.
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Figure 5. Diclofenac biosorption as a function of time using GS, MGS-2, and MGS-10 as biosorbents
([DCF]= 50 mg/L; dosage= 5 g/L; pH = 6; Temperature = 25 °C).

To quantify the impact of the modification on the biosorption kinetics of DCF and
to compare the removal rates of the biosorbents, the biosorption kinetic data were fitted
to established empirical models: the Lagergren model, pseudo-second-order model, and
the Elovich equation [71-73], utilizing non-linear regression to derive the global reaction
kinetic constants for each tested model. The equations for these empirical models are
provided in the Supplementary Materials (see Equations (S1)—(S3)). First, the kinetic data
for removal (% removal) were converted to the concentration of DCF in the sorbent (g;) to
enable fitting to these models using the following equation:

3 = <C_mcf)v )

where C, is the initial concentration of DCF in the solution (mg/L), C is the DCF concen-
tration in the solution at time f (mg/L), V is the volume of solution used in the batch tests
(L), m is the used mass of the biosorbent (g), and g; is the DCF adsorption capacity of the
biosorbent (mg/g). The results of these fittings are presented in Table 1 for all biosorbents,
including the resulting model parameters and their respective determination coefficients
(R?). Model plots are presented in Figure S3.
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Table 1. Kinetic parameters and correlation coefficients (R?) of DCF biosorption by GS, MGS-2,
and MGS-10.

Model Parameters

. Lagergren Pseudo-Second-Order Elovich
Biosorbent
KL qe RZ K2 qe RZ a b RZ
(min—1) (mg/g) (g/mg-min)  (mg/g) (mg/g-min)  (g/mg)
GS 0.0117 4.6581 0.9256 0.0026 5.4331 0.9180 0.1762 0.8961 0.9054
MGS-2 0.0142 4.6963 0.8632 0.0042 5.2015 0.8739 0.2908 1.0012 0.8765
MGS-10 0.0320 6.680 0.9452 0.0067 7.2264 0.9266 1.0862 0.8235 0.8595

Based on the results presented in Table 1, a comparative evaluation using the correla-
tion coefficients (R?) indicates the effectiveness of each model in describing the biosorption
process across different materials. For instance, in the cases of GS and MGS-10, the Lager-
gren model provided the best fit, with the highest R2. In contrast, for MGS-2, the Elovich
model yielded the highest correlation coefficient (R* = 0.8765), closely followed by the
pseudo-second-order model (R? = 0.8739). While the pseudo-second-order model is fre-
quently reported to describe biosorption processes best, particularly those governed by
chemisorption, its subordinate fit for GS and MGS-10 in this study is noteworthy. The supe-
rior fit of the Lagergren model for MGS-10 may suggest that, despite the strong electrostatic
driving force, the rate is primarily dependent on the concentration of DCF and the vast
number of homogenous, readily available binding sites created by the CTAB multilayer.
For MGS-2, the better fit of the Elovich model, which is characteristic of chemisorption on
heterogeneous surfaces, aligns perfectly with the previously hypothesized surface structure
of such material, leading to a more complex kinetic profile. The suitability of this model
supports the hypothesis of a chemically heterogeneous surface for MGS-2, characterized by
a mosaic of active sites with varying adsorption energies.

Additionally, when comparing the kinetic parameters, a clear and consistent trend
directly attributable to the CTAB modification is revealed. The rate constants from all
three models (K, K, and «) demonstrate a consistent and significant increase in the
order of MGS-10 > MGS-2 > GS. Specifically, the initial adsorption rate parameter o from
the Elovich model shows a more than six-fold increase from 0.1762 mg/g-min for GS to
1.0862 mg/g-min for MGS-10; this behavior provides robust quantitative evidence for
the acceleration of the biosorption process, confirming the visual interpretation of the
steep initial slopes in the kinetic plots, discussed above. This rate enhancement is a direct
consequence of the surface charge reversal induced by the cationic surfactant, which creates
a strong electrostatic attraction for the anionic DCF molecules, thereby overcoming the
inherent repulsive forces present in the GS biosorbent.

Moreover, the adsorption capacities predicted by models, including the Lagergren
model and pseudo-second-order model, demonstrate the efficacy of the modification. The
Lagergren model showed a clear progression in adsorption capacity, with values ranging
from 4.65 mg/g to 6.68 mg/g. This trend aligns with observed removal percentages from
kinetic curves, confirming that increasing the CTAB loading concentration from 2 mmol
to 10 mmol accelerates the biosorption process and increases the number of effective
binding sites for DCF capture. The proposed mechanism involves forming a partial bilayer
on MGS-2 and a densely packed surfactant bilayer (or multilayer) on MGS-10. Another
interesting piece of evidence emerges when analyzing the desorption constant (b) values,
which relate to surface coverage and activation energy for chemisorption [72]. The data
reveal notable trends: 0.8961 g/mg for GS, 1.0012 g/mg for MGS-2, and 0.8235 g/mg for
MGS-10. The slightly lower b value for MGS-10 suggests a reduced activation energy
for chemisorption at higher CTAB concentrations, potentially indicating more favorable
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adsorption thermodynamics due to the presence of additional heterogeneous sites with
favorable adsorption characteristics. This phenomenon can be attributed to the formation
of hemimicelles and admicelles on the surface. In summary, the kinetic modeling provides
a quantitative framework that corroborates the mechanistic hypotheses, confirming that
the CTAB modification engineers the guava seed surface to create a superior biosorbent
characterized by both rapid kinetics and enhanced capacity for diclofenac removal.

3.5. Effect of Biosorbent Dosage

Figure 6 shows the effect of biosorbent dosage on the removal efficiency of diclofenac
(DCF) using GS, MGS-2, and MGS-10. These biosorbents were tested at varying dosages
(ranging from 1 to 10 g/L) to identify the optimal dosage for maximum DCF removal
efficiency. For the removal of DCF using GS, it can be observed that, at lower dosages
(1-3 g/L), the DCF removal efficiency is relatively low, but it increases steadily as the dosage
increases. The maximum removal is achieved at around 8-9 g/L, where the removal rate
plateaus. This behavior suggests that higher biosorbent dosages lead to increased surface
area for adsorption, allowing more DCF molecules to bind to the available active sites
on GS. However, beyond this optimal dosage, no significant improvement in removal
efficiency is observed, indicating that the adsorption sites become saturated.
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Figure 6. Effect of biosorbent dosage on DCF removal using GS, MGS-2, and MGS-10 as biosorbents
([DCF]= 50 mg/L; pH = 6; Temperature = 25 °C).

On the other hand, the removal of DCF by MGS-2 increases in a slow and nearly linear
fashion across the entire dosage range tested. The removal efficiency begins at a negligible
level and only reaches a maximum of approximately 51% at a dosage of 9.0 g/L. A slight
decrease can be observed at higher dosages, probably due to MGS-2 particle aggregation,
which reduces the effective surface area available for the adsorption process (Tapia Quiroz).

The MGS-10 material displays a profoundly different and significantly more effective
dosage-response profile compared to the unmodified GS. The removal of DCF increases
significantly faster as the dosage is raised, achieving approximately 68% removal at a
low dosage of 3.0 g/L and continuing to climb to a maximum removal of 98.7% at a
dosage of 9.0 g/L (Figure 6). A particularly noteworthy feature of this curve is the slight
but distinct decrease in removal efficiency, which drops to approximately 85% when
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the dosage is increased from its peak at 9.0 g/L to 10.0 g/L. This well-defined peak
at 9.0 g/L unambiguously identifies it as the optimal dosage for MGS-10 under these
experimental conditions. The subsequent decline strongly suggests that at very high
particle concentrations, the effects of particle aggregation begin to dominate, overriding
the benefits of introducing additional biosorbent mass to the biosorption system.

The superior performance of MGS-10 is a direct consequence of the radical transfor-
mation of the biosorbent’s surface chemistry by the CTAB modification. As mentioned
above, the high surfactant concentration is well above its CMC, so the CTAB molecules are
expected to form aggregate structures known as admicelles, or bilayers, on the biosorbent
surface. This admicelle structure effectively inverts the surface charge of the biosorbent,
presenting a dense, uniform layer of positive charges to the surrounding aqueous solution.
Thus, the primary adsorption mechanism shifts to electrostatic attraction, resulting in
high removal efficiency. Hydrophobic interactions with the surfactant multilayer further
enhance this mechanism, with the non-polar phenyl rings and alkyl chain of the DCF
molecule partitioning into the dense environment created by the CTAB admicelle. The
dosage-effect curve for MGS-10 reflects this efficient process, with an initial steep increase in
removal efficiency due to the high density and strong affinity of the newly created binding
sites. However, at 10.0 g/L, excessive particle agglomeration occurs, which reduces the
effective surface area of the biosorbent and decreases the overall system efficiency. This
fact illustrates the limitations of particle-particle interactions in concentrated suspensions,
where increasing the biosorbent mass may not be beneficial. Besides, the biosorption pro-
cess involves multiple mass transfer steps, including external film diffusion, intraparticle
diffusion, and surface reaction. Thus, at higher biosorbent dosages, the increased particle
density can create mass transfer limitations through several mechanisms, particularly when
the biosorbent has been modified on its surface. First, the increased competition for DCF
molecules in the bulk solution can reduce the concentration gradient driving force for mass
transfer [74]. Second, particle crowding can impede bulk solution mixing and create stag-
nant zones around biosorbent particles, enhancing external mass transfer resistance [75].
These diffusion resistances can also lead to low removal at high dosages.

3.6. pH Effect on DCF Biosorption

Figure 7 illustrates the influence of pH on the DCF removal using GS, MGS-2, and
MGS-10as biosorbents. To understand these results, it is crucial to consider the charge
of both the biosorbent surface and the DCF molecule at a given pH. At pH values above
its pKa of ~4.15, DCF exists as an anion (DCF~), while the respective PZC values dictate
the surface charge of the biosorbents. The GS bar plot exhibits a clear trend in DCF
removal as a function of solution pH, with the highest adsorption efficiency occurring at
acidic pH values ranging from 3.5 to 4.0. In this acidic range, the GS surface is positively
charged due to protonation of amino and carboxyl functional groups [76]. At the same
time, DCF predominantly exists in its neutral or slightly anionic form near its pKa. This
condition facilitates favorable interactions, including hydrogen bonding, hydrophobic
interactions, and some non-electrostatic attraction [77]. As the pH increases above the
point of zero charge (PZC ~3.5 [29]), the GS surface progressively acquires a negative
charge through deprotonation of acidic groups (e.g., -COOH to -COO™). Simultaneously,
diclofenac predominantly ionizes to its anionic form. The resulting electrostatic repulsion
between the negatively charged biosorbent surface and anionic diclofenac leads to a slight
decrease in removal efficiency at near-neutral and alkaline pH values. However, it can
be established that the GS biosorbent performs relatively well over the entire pH range
studied, demonstrating the suitability of guava seeds for removing DCF from water.
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Figure 7. Effect of solution’s pH on DCF removal using GS, MGS-2, and MGS-10 as biosorbents
([DCF] = 50 mg/L; Temperature = 25 °C; Dosage =5 g/L).

MGS-10 exhibits similar behavior to GS, with even higher removal values across the
entire acidic range, including neutral and slightly alkaline pH levels. This is consistent with
its PZC value (6) [29], which is below the point at which the biosorbent surface is positively
charged. However, at higher pH values (8.5 to 9), a significant decrease in DCF removal is
observed on MGS-10. This phenomenon is primarily due to changes in the electrostatic
interactions between the biosorbent surface and the DCF molecules, which become less
favorable at higher pH levels; furthermore, competition with OH- ions for adsorption sites
on MGS-10 can also contribute to this decrease in removal. On the other hand, it has been
reported that while hydrophobic interactions within the surfactant multilayer can enhance
the adsorption capacity on MGS-10 compared to GS, the dominant mechanism for many
pharmaceuticals is electrostatic attraction, which weakens at higher pH levels due to the
factors mentioned above.

As shown in Figure 7, the performance of MGS-2 in removing DCF is significantly
influenced by the solution’s pH. In this case, the highest removal values are observed at
acidic values (3.5 and 4), while they decrease drastically and steadily as the pH increases.
As shown in the plot (MGS-2 in Figure 7), the removal efficiency reaches a maximum of
approximately 77% at a pH of around 3.5. It then gradually decreases to less than 10%
under highly alkaline conditions (pH 8.5-9). This trend suggests that the primary ad-
sorption mechanism is not electrostatic attraction, but rather non-electrostatic interactions,
specifically hydrophobic partitioning or interactions with functional groups present in the
guava seed structure. This further corroborates the different DCF removal mechanisms
of the different biosorbents under study. To explain this behavior, it is worth noting that
the removal efficiency of polar adsorbates on surfactant-modified adsorbents decreases
significantly with increasing solution pH due to several interrelated factors. These include
the nature of the surfactant-adsorbate interactions and the solubility of the adsorbate in
the surfactant. With increasing pH, the electrostatic interactions and hydrogen bonding
that facilitate adsorption weaken, reducing the adsorption capacity. Furthermore, at pH
values well below diclofenac’s pKa of ~4.15, the molecule exists predominantly in its pro-
tonated neutral form (DCFH). This neutral species exhibits limited water solubility and
a high affinity for nonpolar environments. The CTAB bilayer on the surface of MGS-2,
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with its dense layer of long hydrophobic alkyl tails, provides an ideal nonpolar domain
for the adsorption of neutral DCFH molecules. The high removal efficiency at low pH is
therefore attributed to the hydrophobic driving force that separates the neutral drug from
the aqueous phase and draws it into the surfactant layer. However, as the pH exceeds
4.15, DCF transforms into its deprotonated anionic form (DCF~). While this creates the
potential for electrostatic attraction to the positively charged MGS-2 surface, the anionic
form is also significantly more soluble in water [78]. The experimental data (Figure 7),
showing a marked decrease in adsorption in this pH range, suggest that the loss of the
potent hydrophobic partitioning mechanism (due to the higher solubility of the adsorbate)
far outweighs any gain from electrostatic attraction. Furthermore, as the pH approaches the
alkaline region, the concentration of hydroxide ions increases, introducing a competitive
effect in which these small anions compete with DCF~ for positive binding sites, thereby
further suppressing adsorption. Therefore, for MGS-2, the adsorption process is paradoxi-
cally most effective when the target molecule is neutral, highlighting the predominance
of hydrophobic interactions over electrostatic forces or chemical bonding in this specific
system. Finally, although higher removal was observed under acidic conditions, a pH
of 6 was selected for the subsequent isotherm and thermodynamic studies as it is more
representative of real wastewater conditions and ensures the evaluation of the biosorbents’
performance in a practical, environmentally relevant scenario.

3.7. DCF Biosorption Isotherms

Adsorption isotherms are crucial for understanding the molecular interactions be-
tween solid surfaces and adsorbates (contaminants) present in liquids or gases, as they
describe how a substance adsorbs to a solid material as a function of its concentration in the
fluid phase, at a constant temperature. They can also be used to predict the stability of the
adsorbate-adsorbent system, identify the maximum adsorption capacity, and aid in select-
ing suitable adsorbent materials. In this study, DCF biosorption isotherms at three different
temperatures are presented in Figures 8-10 for 25 °C, 35 °C, and 45 °C, respectively, using
GS, MGS-2, and MGS-10 as biosorbents. Generally, it can be observed from these plots that
the unmodified GS biosorbent demonstrates a limited affinity for DCEF, particularly at lower
equilibrium concentrations. In contrast, both MGS-2 and MGS-10 exhibit significantly
greater adsorption capacities, underscoring the important role of the CTAB modification
in transforming the surface properties of the biosorbent to favor the uptake of DCF. The
overall performance, in terms of the equilibrium adsorption capacity (Qe), follows the order
MGS-2 > MGS-10 > GS. This preliminary observation immediately highlights a non-linear
relationship between the degree of surfactant loading and the ultimate adsorption perfor-
mance, a central theme for subsequent mechanistic discussion. By analyzing the first part
of the isotherms (low concentrations), there are apparent differences in initial adsorption
affinity, which focuses on the low-concentration Henry regime: the steep, near-vertical
slope for MGS-2 confirms its exceptionally high affinity, followed by the moderately high
affinity of MGS-10, and the significantly lower affinity of the unmodified GS. Furthermore,
when performing a quantitative analysis of the experimental maximum adsorption capacity
(Qemax), defined throughout this study as the highest Qe value observed within the tested
concentration range, it provides a precise measure of the biosorbents’” performance. At
25 °C (Figure 8), it is evident that GS exhibits low DCF uptake across a wide range of equi-
librium concentrations (Ce), with a final observed capacity of approximately 26.5 mg/g.
This value is reached following a sharp increase in uptake at Ce values exceeding 30 mg/L,
suggesting a complex adsorption behavior. In the case of MGS-10 (Figure 8), the isotherm
exhibits a slightly improved performance, achieving an observed Qemax of approximately
29.8 mg/g. Most notably, the MGS-2 material, prepared with an intermediate level of
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surfactant, demonstrates the highest adsorption capacity. Its isotherm culminates in a
distinct and stable plateau, indicating surface saturation, with a Qemax of approximately
34.5 mg/g. This counterintuitive result, that an intermediate modification level (MGS-2)
yields superior performance to a higher one (MGS-10), is a critical finding. It suggests
that while surfactant modification is beneficial, an excessive concentration introduces in-
hibitory effects that diminish the overall capacity of the biosorbent. This study suggests an
optimal surfactant coverage threshold, with MGS-2 showing superior performance at or
near this level, resulting in a well-organized bilayer structure for multi-stage DCF uptake.
However, MGS-10’s capacity diminishes as the 10 mmol/L concentration surpasses this
threshold, resulting in a less efficient surface architecture due to inhibitory effects such as
steric hindrance, pore blockage, or excessive surfactant aggregation.
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Figure 8. DCF biosorption isotherms using GS, MGS-2, and MGS-10 at 25 °C (biosorbent dose =
9g/L;pH=6).
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Figure 9. DCF biosorption isotherms using GS, MGS-2, and MGS-10 at 35 °C (biosorbent dose =
9g/L; pH=6).
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Figure 10. DCF biosorption isotherms using GS, MGS-2, and MGS-10 at 45 °C (biosorbent dose =
9¢g/L;, pH=6).

Analyzing the shape of equilibrium isotherms enhances the understanding of ad-
sorption processes, functioning as a diagnostic tool for interpreting interactions between
adsorbents and adsorbates. The classification system proposed by Giles et al. [79] provides
a robust framework for correlating isotherm shapes to underlying molecular mechanisms.
The intricate forces governing the adsorption of DCF onto natural and modified guava
seed surfaces can be interpreted using this classification. For instance, the shape of the GS
isotherm at 25 °C, characterized by a shallow slope at low equilibrium concentrations, is
an L-type isotherm (subgroup 3) with relatively low affinity, suggesting adsorption occurs
on a finite number of sites. The initial curvature near the origin suggests a weak driving
force for adsorption, with minor adsorption occurring through weaker, non-electrostatic
interactions. A notable feature of the GS isotherm is the sharp, nearly vertical ascent in Qe
at a Ce value of approximately 31 mg/L. The observed behavior is not typical of standard
isotherm types. It is likely due to the surface-induced aggregation of DCF, a hydrophobic
molecule with a high octanol-water partition coefficient, which dominates electrostatic
forces. The MGS-10 isotherm shows a similar shape to the MGS-2 isotherm (Figure 8), and
can also be classified as an L-type isotherm. This behavior indicates that the adsorbate has
good affinity for the biosorbent surface, but the interaction is not as intense as observed in
H-type isotherms.

The MGS-2 isotherm is a complex, composite isotherm that demonstrates the trans-
formation of adsorption behavior. The initial phase of the curve is steep, indicating an
H-type (High-affinity) isotherm, driven by the powerful electrostatic attraction between the
positively charged surface of MGS-2 and the anionic DCF molecules in solution. However,
the isotherm is not a simple, single-step H-type curve but a more complex composite that
delineates two distinct adsorption mechanisms operating at different concentration regimes.
The first mechanism (Low Ce, H-type behavior) governs adsorption at low equilibrium
concentrations, resulting in the rapid filling of primary positive sites created by the CTAB
headgroups. This initial phase corresponds to the steep rise and subsequent “knee” of the
curve, transitioning into an intermediate plateau-like region between Ce values of approxi-
mately 8 and 12 mg/L. The second mechanism (High Ce, S- or C-type behavior) activates a
new, powerful adsorption mechanism, admicellar solubilization, a form of hydrophobic
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partitioning. This process could involve the formation of surface aggregates known as
hemimicelles or admicelles, which create a nonpolar, “oily” pseudo-phase on the biosorbent
surface. This cooperative process accounts for the significant additional uptake of DCF.
Thus, MGS-2 could be classified as an H-type (subgroup 4) isotherm. The role of increasing
the temperature from 25 °C to 35 °C extends beyond simply favoring an endothermic
process; it fundamentally alters the adsorption mechanisms for the modified biosorbents.
The added thermal energy appears to modulate the physical state of the surfactant layers,
thereby changing the balance of the dominant adsorption forces. For MGS-2, this enhance-
ment facilitates the secondary, diffusion-limited step of hydrophobic partitioning into the
CTAB bilayer, making the characteristic “step” of its H-type isotherm more pronounced.
For MGS-10, the temperature increase induces a more dramatic shift to cooperative adsorp-
tion (S-type isotherm), likely by increasing the mobility of the surfactant chains, which
allows adsorbed DCF molecules to create favorable sites for subsequent adsorption.

For 35 °C, the biosorption isotherms data of the three biosorbents (Figure 9) revealed
that their adsorption behavior was significantly altered compared to the data at 25 °C. The
MGS-10 isotherm exhibits a sigmoidal or “S” shape, with a low initial slope indicating
low adsorption at low concentrations. As the equilibrium concentration increases, the
slope steepens, passing through an inflection point (around Ce = 37 mg/L), indicating a
rapid uptake. At higher concentrations, the curve levels off, approaching a new saturation
plateau. This sigmoidal profile is a classic example of an S-type isotherm, a phenomenon
known as cooperative adsorption. The mechanistic implication is that the affinity of the
biosorbent for the adsorbate increases as the surface becomes more covered, facilitating the
adsorption of subsequent molecules from the solution.

The GS isotherm data at 35 °C (Figure 9) can be classified as type L, subgroup 3, based
on its shape. The initial portion of the curve displays a relatively steep slope that gradually
decreases as the concentration of DCF in the solution increases. This change results in
a plateau at intermediate concentrations, specifically around Ce = 11 mg/L. Then, DCF
adsorption increases again exponentially and reaches a slight plateau at the end of the
concentration range studied until a Qemax is reached at approximately Qe = 28.7 mg/g.
This type of isotherm is typically associated with systems where the adsorbate has a high
affinity for the biosorbent, leading to a steep initial rise in the adsorption curve. These facts
indicate that the DCF biosorption on GS was enhanced with the increase in temperature.
Furthermore, this system is defined by the interaction between a negatively charged
biosorbent surface (GS) and a negatively charged adsorbate molecule (DCF anion). Despite
classical electrostatic theory suggesting significant electrostatic repulsion, experimental
data demonstrate substantial uptake of DCF. This apparent contradiction indicates that
the adsorption process is not governed by electrostatics, but rather by other, more potent
non-electrostatic attractive forces that can overcome the repulsive energy barrier. Under
this context, the L-type isotherm shape is a net outcome of a competition between dominant
non-electrostatic attractions and persistent electrostatic repulsion. Adsorption is initially
favorable at lignin-rich regions, where attractive forces are most significant. As these sites
become saturated, subsequent DCF molecules must adsorb at less favorable locations or
approach negatively charged surfaces. These diminishing returns characteristic of the
L-type curve explain the small plateau at approximately 28 mg/g, where attractive forces
overcome the repulsive barrier.

The adsorption isotherm for MGS-2 at 35 °C is again markedly different from the other
two. This curve is characterized by a highly steep initial rise, where a substantial quantity
of DCF is adsorbed at low equilibrium concentrations. The initial portion of the isotherm is
nearly vertical on the plot. Following this high-affinity region, the curve exhibits a short,
distinct plateau, which is then followed by a second, less steep rise, creating a “step” in the
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isotherm. According to Giles et al.’s classification [79], the quite steep initial slope, which
indicates a strong affinity between the adsorbent and adsorbate, qualifies this as an H-type
(High-affinity) isotherm. The presence of a subsequent step after the initial plateau places
it into a more specific subgroup, likely H3 or H4, which are characterized by inflections
or steps. Such stepped isotherms are often associated with adsorption on highly uniform
surfaces, where each step can correspond to the formation of a complete molecular layer,
or they can indicate a surface phase transition or the activation of a secondary adsorption
mechanism. The Qemax shown on the plot, at the end of the second adsorption stage, is
approximately 36.5 mg/g. The stepped nature of the adsorption process is a key feature,
indicating a multi-stage process involving at least two distinct mechanisms. The first stage,
the initial plateau, corresponds to the saturation of the most accessible and energetically
favorable binding sites, likely due to the strong electrostatic binding of a monolayer of
anionic DCF molecules onto the cationic outer surface of the complete CTAB bilayer. The
second stage, characterized by a less steep rise in adsorption, represents the second step
due to a secondary, less favorable mechanism, which may include adsolubilization, surface
phase transition, or multilayer adsorption [80]. The two-stage mechanism involving initial
high-affinity electrostatic binding followed by secondary, lower-affinity adsolubilization
into the bilayer core provides the most coherent and physically sound explanation for the
observed stepped H-type isotherm (a schematic representation of this proposed mechanism
is provided in Figure S4, Supplementary Materials).

The isotherm plots presented in Figure 10 depict the DFC equilibrium biosorption onto
the three biosorbents at 45 °C. Both GS and MGS-10 biosorbents show a Type L (subgroup 3)
isotherm characterized by an initial concave curvature, indicating a relatively high affinity
between the DCF molecules and the GS surface. This L-type behavior suggests that the
adsorbate-adsorbent interactions are stronger than adsorbate-adsorbate interactions, with
adsorption occurring primarily through monolayer formation on relatively homogeneous
surface sites [81]. The resurgence of this isotherm pattern for GS at 45 °C can be ascribed
to a temperature-induced alteration in the prevailing adsorption process. The 35 °C
isotherm indicates an optimal binding process predominantly influenced by hydrogen
bonding; however, the elevated thermal energy at 45 °C may initiate the disruption of
these particular interactions. Concurrently, the hydrophobic effect is markedly enhanced at
elevated temperatures, facilitating a vigorous hydrophobic expulsion of DCF molecules
from the aqueous phase [82]. This transition results in the primary mechanism shifting from
individual site binding to a cooperative, aggregation-like process on the nonpolar domains
of the GS surface, hence elucidating the alteration in the isotherm shape. In contrast, the
MGS-2 isotherm shows an S-type behavior. S-type isotherms, especially subgroup three,
exhibit an initial convex shape, indicating cooperative adsorption where the interactions
between adsorbates become increasingly significant. This cooperative behavior suggests
that once initial DCF molecules are adsorbed, they facilitate the adsorption of additional
molecules through lateral interactions [83].

The maximum experimental adsorption capacities (Qemax) for all biosorbents were
estimated from the highest Qe value measured for each material within the tested concen-
tration range. At this experimental temperature (45 °C), for biosorbent GS, the isotherm
does not reach a defined plateau, indicating that saturation was not reached; Qemax is
approximately 29.7 mg/g. For MGS-10, although its steep trajectory suggests a potentially
high final capacity, this was reached at Qemax = 32.7 mg/g within the tested range. In
contrast, MGS-2 reached a maximum adsorption capacity (Qemax) of nearly 38.0 mg/g,
which is higher than that of the other biosorbents. It is also important to note that this
adsorbate-biosorbent system did not reach saturation, suggesting that it can still effectively
remove DCF even at higher concentrations under the operating temperature. Furthermore,
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a direct comparison between the three biosorbents highlights the success of the modification
strategy, particularly for MGS-2, which shows an improvement of approximately 28% in
observed capacity compared to the unmodified GS. On the other hand, while the final data
point for MGS-10 is numerically lower than that of MGS-2, the multistage nature of its
isotherm implies a different operating behavior, as its high-capacity mode is activated only
at higher concentrations.

The systematic investigation successfully determined that the optimal conditions for
the removal operation were achieved using the intermediately modified MGS-2 biosorbent
at a dosage of 9.0 g/L, a temperature of 45 °C, and an acidic to near-neutral pH.

To contextualize the performance of the developed biosorbents, their adsorption capac-
ities were compared with values reported in the literature for DCF removal using various
other biosorbents derived from agricultural waste. This comparison, presented in Table 2, is
crucial for assessing the relative efficacy and potential of the guava seed-based biosorbents.

Table 2. Adsorption capacities at 25 °C for DCF of various adsorbents.

Maximum
Adsorbent Modification Adsorption Temperature pH Reference
Capacity (mg/g)
MGS-2 CTAB (2 mmol) 38.0 45 °C 6 This study
MGS-10 CTAB (2 mmol) 32.7 45 °C 6 This study
GS None 29.7 45°C 6 This study
Citrus Waste None 9.0 30°C 6.6 [27]
Olive-mill o
Residues None 4.15 30°C 6.6 [27]
Artichoke None 415 30 °C 6.6 [27]
Agrowaste
Cuminum .
cyminum TTAB (cationic 93.65 Not specified Acidic [84]
. surfactant)
Agri-waste
Argan Nutshell Activated 126.16 30°C Not specified [85]
fot shells Carbon . ot specifie
Pine Bark Biochar 54.64 25°C 6.2 [86]
Activated o
Orange Peel Waste Carbon 91.31 25°C 6.0 [871]
Potassium
Rice Husk Ferrate Activated 123.45 25 °C 6.5 [88]
Biochar

The comparative analysis reveals several key points (Table 2). Firstly, unmodified
agricultural wastes, such as citrus, olive, and artichoke residues, generally exhibit low
adsorption capacities for DCF (from 4 to 9 mg/g). In this context, the natural guava
seeds (GS) with a capacity of 29.7 mg/g perform remarkably well. Secondly, the CTAB-
modified guava seed (MGS-2), at 38.0 mg/g, shows a capacity that is competitive with some
processed biosorbents such as pine bark biochar (54.64 mg/g). However, the performance
of the MGS materials is surpassed by biosorbents that have undergone more intensive
modification, such as activation to produce high-surface-area carbons (e.g., argan nutshell
AC, 126.16 mg/g) or modification with other surfactants (e.g., TTAB-modified Cuminum
cyminum, 93.65 mg/g); despite this fact, it can be established that the biosorbents evaluated
in this work could be considered competitive, economical, and sustainable, as they do not
require high-energy processes such as pyrolysis or carbonization.
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3.8. Thermodynamic Parameters

Thermodynamic parameters were calculated using biosorption data for DCF using
the three biosorbents across different temperatures. The variations in standard Gibbs
free energy (AG°), standard enthalpy (AH®), and standard entropy (AS°) were assessed
utilizing the Van’t Hoff equation. This technique involves plotting the natural logarithm
of the equilibrium constant (In Kc) against the inverse of temperature (1/T) to determine
the enthalpy change (AH®) and entropy change (AS°) from the slope and intercept of the
resulting graph, respectively [29]. Equilibrium constants (Kc) were determined at various
temperatures for the adsorption of DCF by biosorbent materials. The constants are essential
for utilizing the Van't Hoff equation to ascertain thermodynamic parameters. Our earlier
work documented the equations pertinent to this method [89].

Figures S5-57 present the plots of In Kc versus 1/T for DCF biosorption for all biosor-
bents. The plots exhibit high determination coefficients (ranging from 0.8085 to 0.9986)
for the data across all systems in linear regression, indicating a predictable pattern in the
adsorption process with respect to temperature variations. This predictability enhances the
method’s reliability and facilitates the accurate calculation of thermodynamic parameters
from the slope and intercept of the linear regression equations.

Table 3 shows the calculated parameters for the three evaluated biosorbents. These
results reveal that all three biosorbent systems exhibit endothermic adsorption processes, as
evidenced by the positive enthalpy values (AH®) shown in this Table. These positive AH®
values indicate that heat absorption occurs during the adsorption process. The magnitude
of these enthalpy values places all three systems within the physisorption regime, as
they are below or near the threshold of 40 k] /mol typically used to distinguish between
physical adsorption (AH® < 40 kJ/mol) and chemical adsorption (AH® > 80 kJ /mol). This
classification is further supported by the reversible nature of the adsorption process and
the relatively weak intermolecular interactions involved in the binding mechanism.

Table 3. Thermodynamic parameters for DCF biosorption by GS, MGS-2, and MGS-10.

GS MGS-2 MGS-10
T (K) AH® AS°® AG® AH® AS° AG® AH® AS°®
(kJ/mol) (kJ/mol) (J/mol-'K) (kJ/mol) (kJ/mol) (J/mol-K) (kJ/mol) (kJ/mol) (J/mol-K)
298.15 27.01 88.70 —1.026 46.985 161.03 1.20 27.913 89.60
308.15 —0.322 —2.636 0.304
318.15 —1.209 —4.247 —0.591

The spontaneity of the adsorption process varies significantly among the three systems
and is highly temperature-dependent. For the GS system, the Gibbs free energy values
transition from positive (0.564 kJ/mol at 298.15 K) to negative (—1.209 k] /mol at 318.15 K),
indicating that the process becomes spontaneous only at elevated temperatures. Similarly,
MGS-10 exhibits a transition from non-spontaneous (1.20 kJ /mol at 298.15 K) to sponta-
neous (—0.591 kJ /mol at 318.15 K) behavior with increasing temperature. Conversely, the
MGS-2 system demonstrates spontaneous behavior across all tested temperatures, with
increasingly negative AG® values (Table 3), indicating more favorable thermodynamic
conditions for diclofenac adsorption.

The entropy changes (AS°) for all three systems are positive, indicating an increase in
randomness and disorder at the solid-liquid interface during the adsorption process [90].
The significantly higher entropy change observed for MGS-2 suggests more extensive
structural reorganization during adsorption, likely related to the optimal surfactant loading
that creates favorable microenvironments for diclofenac molecules. The positive entropy
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changes serve as the primary driving force for these endothermic processes, with the —TAS®
term becoming increasingly favorable at higher temperatures and ultimately overcoming
the unfavorable enthalpy contribution to render the overall process spontaneous [91].

The CTAB modification demonstrates a profound impact on the thermodynamic behav-
ior of the biosorbent systems. The MGS-2 system exhibits the highest enthalpy requirement
(46.985 kJ /mol) and entropy increase (161.03 J/mol-K), suggesting that the 2 mmol CTAB
concentration creates an optimal surface environment that promotes significant molecular
reorganization during adsorption [92]. This enhanced thermodynamic activity translates to
superior adsorption performance, as evidenced by the consistently negative AG® values
across all temperatures. On the other hand, the MGS-10 system, despite having a higher
surfactant concentration, shows thermodynamic parameters similar to those of the unmod-
ified GS system, indicating that excessive surfactant loading may not provide additional
thermodynamic advantages and could potentially create steric hindrance or aggregation
effects that limit adsorption efficiency.

These thermodynamic findings align with previous works reporting that entropy-
driven endothermic processes are characteristic of many pharmaceutical compound ad-
sorption systems onto natural and modified adsorbents [93,94]. The results from Table 3
provide fundamental insights into the molecular-level interactions governing diclofenac
removal, confirming that CTAB modification at appropriate concentrations can significantly
enhance the thermodynamic favorability of the biosorption process while maintaining the
physically reversible nature of the adsorption mechanism.

3.9. Biosorbent Regeneration Tests

Figure 11 shows the desorption efficiency data for GS and MGS-10, which were cal-
culated according to Equation (54). Such data across four consecutive regeneration cycles
revealed critical insights into their reusability potential for DCF removal, with both ma-
terials exhibiting comparable initial adsorption capacities (Figure 8), yet demonstrating
different regeneration behaviors; specifically, GS displayed marginally higher initial des-
orption efficiency (3.47%) compared to MGS-10 (2.46%) in the first cycle, but experienced
a steep decline in subsequent cycles, descending to 0.42%, 0.14%, and 0.06% in cycles 2,
3, and 4, respectively. At the same time, MGS-10 maintained a relatively stable, though
still low, desorption efficiency, decreasing gradually to 1.03%, 0.43%, and 0.30% across the
same cycles. Both materials exhibited consistently low desorption percentages throughout
all regeneration attempts, suggesting that the 0.01 N NaOH regenerant was limited in its
effectiveness in reversing DCF binding under the experimental conditions used in these
tests. However, these desorption data provide critical validation of the adsorption mech-
anisms previously established for both biosorbent systems, with the near-complete loss
of desorption capacity in GS after the first regeneration cycle (and the subsequent decline
until cycle 4) strongly corroborate the proposed non-electrostatic adsorption mechanism
involving hydrogen bonding and hydrophobic interactions, as evidenced by the FTIR anal-
ysis (Figure 1) which revealed characteristic shifts in the N-H stretching region associated
with DCF binding. This high resistance to desorption is consistent with the fundamental
nature of these interactions. While individually reversible, their cumulative effect creates a
strong binding that is inherently resistant to pH-driven regeneration, a finding supported
by the pH-dependent adsorption studies (Figure 7), where GS performance was not signifi-
cantly influenced by solution pH. In these tests, data for GS and MGS-10 were presented
as representative examples of the overall trend, as the MGS-2 data were similar to those
of MGS-10.

In contrast, the unexpectedly low desorption efficiency observed for MGS-10 across
all cycles differs from the theoretical expectations for electrostatically driven systems.
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This indicates that while the CTAB modification successfully created a positively charged
surface, the structural integrity of the surfactant layer was insufficient to withstand repeated
alkaline treatments. The gradual decline in desorption efficiency suggests that there was
progressive degradation or displacement of CTAB, which compromised the electrostatic
binding mechanism. Additionally, this observation supports the alternative hypothesis that
admicellar solubilization—which was identified through isotherm analysis as a secondary
adsorption mechanism at higher DCF concentrations—may have dominated the binding
process. This created hydrophobic interactions that proved to be just as resistant to NaOH
regeneration as the non-electrostatic mechanisms governing the adsorption of GS.

5 GS
MGS-10

S
1

HH

w
1

Desorption Efficiency (%)
N
1

-
1
H

1 2 3 4
Cycles

Figure 11. DCF adsorption—desorption cycles for GS and MGS-10, using NaOH as regenerant.

Despite both biosorbents showing poor regeneration performance, a comparative
analysis reveals that MGS-10 consistently outperforms GS in later cycles, maintaining
2-3 times higher desorption efficiency by the fourth cycle. This suggests that while the
CTAB modification reduces initial desorption efficiency, it provides greater stability against
degradation induced by regeneration. Moreover, studies on CTAB-modified biosorbents
report better desorption efficiencies using mild organic solvents (e.g., ethanol) for hy-
drophobic contaminants [95]. The use of mixed regenerants may enhance desorption while
preserving surfactant integrity.

This study employs regeneration tests to evaluate the practical reusability of a biosor-
bent, serving also as a powerful form of mechanistic validation. The low desorption
efficiencies observed for both biosorbents provide critical insight into the strength and na-
ture of the DCF-biosorbent interactions. The study uses the regeneration test as a diagnostic
tool, transforming a practical limitation into a powerful, independent line of evidence.

The limited success with NaOH highlights that strong non-electrostatic forces, such
as hydrophobic interactions, play a key role in the binding mechanism. More promising
regeneration strategies could involve mild organic solvents, such as ethanol, which can
effectively disrupt these hydrophobic bonds; however, potential surfactant leaching over
repeated cycles must be considered. Another viable alternative is a controlled pH swing
using a mild acid, such as acetic acid, to neutralize the adsorbed DCF and weaken its
bond to the surface. Further investigation into these pathways is essential to improve the
biosorbent’s reusability and overall sustainability.
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4. Conclusions

This study successfully developed an effective biosorbent for diclofenac (DCF) by
modifying agricultural waste guava seeds (GS) with the cationic surfactant CTAB. The
characterization of the biosorbents confirmed successful surfactant modification through
FTIR, SEM-EDS, and zeta potential analyses, reversing the GS’s native negative surface
charge and shifting the DCF removal mechanism from weaker non-electrostatic interactions
to a multimodal adsorption mechanism involving hydrogen bonding and hydrophobic
interactions. Kinetic studies revealed that MGS-10 exhibited the fastest removal rates,
despite having a lower maximum adsorption capacity compared to MGS-2. Meanwhile,
thermodynamic analysis revealed endothermic, entropy-driven processes with MGS-2
demonstrating spontaneous behavior across all tested temperatures. Unmodified guava
seeds (GS) and highly modified MGS-10 performed best under acidic to neutral and
slightly alkaline conditions, with electrostatic attraction being favorable; however, MGS-2
biosorbent’s performance decreased as pH increased, indicating that its primary removal
mechanism is hydrophobic partitioning of neutral DCF molecules into the surfactant bi-
layer, which diminishes as DCF ionizes and becomes more soluble at higher pH values.
Critically, this work revealed that an intermediate surfactant loading (MGS-2) yielded
the highest maximum adsorption capacity, surpassing both the unmodified GS and the
highly modified MGS-10. The primary novelty of this work lies in this counterintuitive
discovery that an intermediate level of surfactant modification is optimal, a finding that
challenges the common assumption that higher surfactant loading invariably leads to
better performance. This superior performance is attributed to a multi-stage adsorption
process and more favorable thermodynamics, as evidenced by its unique stepped isotherm
and spontaneous nature across all tested temperatures. Despite the high adsorption ef-
ficiency, the biosorbents exhibited poor regenerability using NaOH, indicating that the
strong binding forces present a challenge for practical, multi-cycle applications. While
the results confirm previous findings that cationic surfactant modification is an effective
strategy for enhancing the removal of anionic pollutants, our work significantly refines
this understanding by demonstrating a non-linear relationship between surfactant load-
ing and adsorption capacity, highlighting the critical importance of optimizing surface
chemistry. Ultimately, this research establishes that optimally modified guava seeds are a
competitive, low-cost material for remediating pharmaceutical contaminants, warranting
future investigation into refining surfactant loading and exploring alternative regeneration
pathways to enhance their sustainability. As this study provides the essential foundational
understanding of the single-solute system, future work will build upon these findings
to evaluate the biosorbent’s performance in multi-component systems with competing
contaminants, a critical step toward practical application. Furthermore, the potential for sec-
ondary pollution due to CTAB leaching presents a critical trade-off that must be addressed
in future studies to ensure the technology’s long-term environmental sustainability. Also,
future efforts should focus on techno-economic analysis and pilot-scale studies to evaluate
the feasibility of scaling this technology for industrial wastewater treatment applications.
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//www.mdpi.com/article/10.3390/surfaces8040070/s1, Figure S1: FTIR spectrograms of surfactant-
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EDS mapping of: (a) GSC and (b) MGSC-10; Figure S3: DCF biosorption as a function of time fitted
to the different empirical models for: (a) GS; (b) MGS-2; and (c) MGS-10; Figure S4: Proposed multi-
stage adsorption mechanism for diclofenac (DCF) on the MGS-2 biosorbent; Figure S5: Plot of In Kc
vs. 1/T for DCF biosorption on GS; Figure S6: Plot of In Kc vs. 1/T for DCF biosorption on MGS-2;
Figure S7: Plot of In Kc vs. 1/T for DCF biosorption on MGS-10.
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PFAS Per- and Polyfluoroalkyl Substances
PzC Point of Zero Charge

SEM Scanning Electron Microscopy

TGA Thermogravimetric Analysis
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