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Abstract

The occurrence of pharmaceutical residues in aquatic environments has become an impor-
tant environmental challenge, encouraging the development of sustainable and low-cost
treatment technologies. In this study, eggshell waste in the form of eggshell without mem-
brane (ES) and eggshell with membrane (ESM) was investigated as a biosorbent for the
removal of levomepromazine from aqueous solutions. The materials were characterized
by XRD, FTIR, SEM-EDS, TGA, and pHpzc analyses, confirming the predominance of
calcite and the presence of functional groups potentially involved in adsorption. Batch
adsorption experiments were conducted to evaluate the effects of pH, adsorbent dosage,
contact time, initial levomepromazine concentration, and temperature. The adsorption
capacity increased with increasing pH, reaching optimum performance under alkaline
conditions, while equilibrium was attained within approximately 60 min. Kinetic data
were best described by the pseudo-second-order model (R? > 0.99). Equilibrium studies
showed that the Freundlich model provided the best fit to the experimental data, suggest-
ing adsorption on heterogeneous surfaces. Regeneration experiments demonstrated that
both adsorbents retained a substantial fraction of their adsorption performance after five
adsorption—desorption cycles. FTIR analyses after adsorption and pHpzc measurements
suggest that electrostatic interactions and hydrogen bonding may contribute to levome-
promazine uptake. Response surface methodology identified adsorbent dosage and initial
concentration as the most influential operating parameters. Overall, the results demonstrate
the potential of eggshell-derived materials as low-cost biosorbents for levomepromazine
removal from aqueous media.

Keywords: eggshell waste; levomepromazine; adsorption isotherms; response surface
methodology; pharmaceutical wastewater treatment

1. Introduction

Untreated wastewater represents one of the most pressing environmental challenges
worldwide, largely due to pollutants originating from routine domestic activities such as
dishwashing, toilet use, sinks, and laundry. These everyday practices contribute substan-
tially to the degradation of surface water bodies, including rivers and lakes, which are
increasingly impacted by anthropogenic contamination. Among the diverse classes of pol-
lutants released into aquatic environments, micropollutants such as pesticides, plasticizers,
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hydrocarbons, perfluorinated compounds, and brominated flame retardants are of particu-
lar concern due to their persistence and biological activity, even at trace concentrations [1].

Within this group, pharmaceutical residues have emerged as a critical subset of haz-
ardous micropollutants, prompting growing scientific and regulatory attention [2]. These
contaminants include active pharmaceutical ingredients, their metabolites, and degradation
products, which enter aquatic systems through multiple pathways, including manufactur-
ing effluents, improper disposal, and incomplete removal during conventional wastewater
treatment. Levomepromazine, an aliphatic phenothiazine antipsychotic widely prescribed
for the management of acute psychosis and agitation in psychiatric emergencies, has gained
increasing environmental relevance [3]. Although environmental monitoring data for lev-
omepromazine remain limited compared with more extensively studied pharmaceuticals,
its continuous consumption, persistence in aquatic systems, and potential biological activ-
ity raise concerns regarding its release into the environment. Furthermore, information
regarding the removal of levomepromazine using low-cost bioadsorbents remains scarce.
Therefore, investigating the adsorption behavior of levomepromazine contributes to the
growing effort to develop sustainable treatment technologies for emerging pharmaceutical
contaminants. Owing to its extensive medical use and chemical stability, levomepromazine
has been detected in aquatic environments, where its persistence raises concerns regarding
ecotoxicological effects and potential risks to human health.

The continuous release and persistence of such pharmaceutical compounds highlight
the urgent need for efficient, cost-effective, and environmentally sustainable removal strate-
gies. Conventional wastewater treatment processes, including coagulation—flocculation,
sedimentation, filtration, and biological treatment [4], are often insufficient for the com-
plete removal of pharmaceutical micropollutants due to their complex molecular structures,
persistence, and occurrence at trace concentrations. Consequently, advanced treatment tech-
nologies such as membrane filtration, adsorption, advanced oxidation processes (AOPs),
and photocatalytic degradation have been increasingly investigated to enhance the elim-
ination of these emerging contaminants from aquatic environments [5]. Despite their
effectiveness, many of these technologies remain associated with high operational costs,
energy requirements, or the generation of secondary waste, highlighting the need for
sustainable and cost-effective alternatives [6]. In this context, adsorption has emerged
as a particularly attractive approach, offering operational simplicity, high removal effi-
ciency, and broad applicability to both organic and inorganic contaminants [7]. A wide
variety of adsorbent materials have been investigated for the removal of pharmaceutical
contaminants from water, including activated carbon, natural zeolites, clays, silica-based
materials, and bio-derived adsorbents [8-11]. Among these materials, activated carbon
is often regarded as one of the most effective adsorbents owing to its high surface area
and adsorption capacity. However, its widespread application may be constrained by
relatively high production and regeneration costs. Similarly, several engineered adsor-
bents require energy-intensive synthesis or modification procedures. In contrast, naturally
occurring minerals and waste-derived biosorbents have attracted increasing attention as
sustainable alternatives because of their low cost, abundance, and environmental com-
patibility. Consequently, the development of efficient bio-based adsorbents derived from
agricultural and food wastes has emerged as a promising strategy for the treatment of
pharmaceutical-contaminated wastewater [12].

To overcome these limitations, increasing attention has been directed toward waste-
derived and naturally abundant materials that combine low cost with environmental
sustainability [13]. Eggshell waste is a notable example, particularly in Morocco, where
annual egg production exceeds 6 billion units, generating substantial quantities of under-
utilized biowaste [14,15]. Typically discarded, eggshells both with membrane (ESM) and

https:/ /doi.org/10.3390/su18136744


https://doi.org/10.3390/su18136744

Sustainability 2026, 18, 6744

30f 38

without membrane (ES) represent a promising biosorbent matrix due to their high calcium
carbonate content, inherent porosity, and surface functional groups capable of interacting
with a variety of pollutants.

In this context, the present study proposes a sustainable valorization strategy for
Moroccan eggshell waste by investigating its application, in both membrane-containing
(ESM) and membrane-free (ES) forms, as low-cost biosorbents for the selective removal of
levomepromazine from aqueous solutions. Although eggshell-based materials have been
previously explored for the adsorption of dyes and heavy metals [16,17], no prior study has
addressed their performance toward levomepromazine or examined the influence of the
eggshell membrane on adsorption efficiency. This work therefore offers a dual contribution
by targeting an under-investigated pharmaceutical contaminant while simultaneously
promoting the reuse of an abundant agro-industrial waste. By combining comprehensive
material characterization with adsorption modeling and optimization, this study aims
to advance the development of affordable and environmentally responsible solutions for
pharmaceutical wastewater remediation within a circular economy framework.

2. Materials and Methods
2.1. Sampling and Preparation of Eggshell-Based Adsorbents

Approximately 1.2 kg of raw chicken eggshell waste was collected from the Yaakoub
El Mansour canteen (Rabat, Morocco) and used as the precursor material for adsorbent
preparation. The collected eggshells were manually sorted to remove visible impurities
and residual organic matter. Two distinct adsorbent materials were prepared: eggshells
without membrane (ES) and eggshells with membrane (ESM). For ES preparation, the
inner organic membrane was carefully and manually separated from the calcified shell to
minimize protein residues and ensure compositional consistency.

Both ES and ESM samples were initially washed thoroughly with tap water to re-
move surface-adhered contaminants, followed by repeated rinsing with distilled water to
eliminate soluble impurities and residual ions. The cleaned samples were air-dried under
natural sunlight for 6 h to reduce surface moisture and subsequently oven-dried at 70 °C
for 12 h using a laboratory drying oven (Memmert GmbH, Schwabach, Germany). This
drying temperature was selected to ensure complete moisture removal while preventing
thermal alteration of calcium carbonate phases or degradation of organic components in
the membrane-containing samples.

After drying, the eggshell materials were allowed to cool to ambient temperature
and then mechanically ground using a laboratory grinder (IKA Works GmbH & Co. KG,
Staufen, Germany) to obtain fine powders. The ground materials were sieved through
a 25-mesh stainless steel sieve (Endecotts Ltd., London, United Kingdom) to ensure a
uniform particle size distribution, thereby minimizing mass-transfer variability during
adsorption experiments and improving reproducibility. The resulting ES and ESM powders
were stored in airtight polyethylene containers at room temperature to protect them from
atmospheric moisture and contamination prior to physicochemical characterization and
adsorption studies.

2.2. Characterization
2.2.1. X-Ray Diffraction (XRD)

X-ray diffraction analyses were performed using a Philips PW131 diffractometer with
Cu-Ka radiation (A = 1.5406 A) to identify the crystalline phases and structural features
of the samples. Diffraction patterns were collected over a 26 range of 10-80°, using a step
size of 0.02° and a counting time of 2 s per step. The instrument was operated at 40 kV and

https:/ /doi.org/10.3390/su18136744


https://doi.org/10.3390/su18136744

Sustainability 2026, 18, 6744

4 0f 38

30 mA under ambient conditions. Prior to analysis, the samples were finely ground and
compacted into sample holders to ensure homogeneity.

2.2.2. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectra were recorded using a VERTEX 70 spectrometer (UATRS-CNRTS, Rabat)
to identify surface functional groups. Measurements were performed in the 500-4000 cm !
range with a resolution of 2 cm~! in transmission mode. For analysis, 2 mg of sample was
mixed with 300 mg of spectroscopic-grade KBr and pressed into pellets. All spectra were
collected at room temperature.

2.2.3. Scanning Electron Microscopy (SEM-EDS)

Surface morphology and elemental composition were examined using a JSM-IT500HR
scanning electron microscope equipped with an energy-dispersive X-ray spectroscopy (EDS)
detector. Images were acquired at an accelerating voltage of 10 kV. Prior to observation,
samples were sputter-coated with a thin gold layer to improve electrical conductivity and
minimize charging effects.

2.2.4. Thermogravimetric Analysis (TGA-DTA)

Thermal stability and decomposition behavior of ES and ESM were investigated using
TGA coupled with DTA (Thermo Scientific Themis One, Waltham, MA, USA). Approxi-
mately 10 mg of each sample was heated from room temperature to 1000 °C at a rate of
10 °C min~! under a continuous flow of synthetic air. TGA curves were used to quantify
mass loss as a function of temperature, while DTA signals enabled identification of en-
dothermic and exothermic transitions associated with moisture removal, organic matter
degradation, and carbonate decomposition.

2.2.5. Determination of the Point of Zero Charge (pHpzc)

The point of zero charge (pHpzc) of the eggshell (ES) and eggshell membrane (ESM)
adsorbents was determined using the pH drift method. A series of 50 mL NaCl solutions
(0.01 mol-L~!) were prepared in sealed Erlenmeyer flasks, and their initial pH values
were adjusted between 2 and 12 using either 0.1 mol-L~! HCl or 0.1 mol-L~! NaOH.
Subsequently, 0.05 g of adsorbent was added to each flask and the suspensions were
agitated at 150 rpm for 24 h at room temperature (25 £ 2 °C) to ensure equilibrium.

After equilibration, the final pH values were measured using a calibrated pH meter.
The variation in pH (ApH) was calculated according to the following equation:

ApH = pHgnat — PHinitial

The pHpzc value was determined graphically from the plot of ApH versus initial pH
as the point where ApH = 0. At this pH value, the net surface charge of the adsorbent is
considered neutral. Below the pHpzc, the adsorbent surface is predominantly positively
charged, whereas above the pHpyc, the surface becomes negatively charged.

2.3. Adsorption Study
2.3.1. Adsorption Experiments

A stock solution of levomepromazine (200 mg L~!) was prepared by dissolving 0.2 g
of the active pharmaceutical ingredient in 1 L of demineralized water. Working solutions
with concentrations ranging from 10 to 180 mg L~! were obtained by serial dilution.

Concentrations were verified using a UV-Vis spectrophotometer (VWR 3100PC,
Biochrom Limited, Cambridge, UK). Prior to the adsorption experiments, a calibration
curve was established using standard levomepromazine solutions of known concentrations
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prepared by successive dilution of the stock solution. The absorbance measurements were
performed at the maximum absorption wavelength (Amax = 302 nm) of levomepromazine,
determined experimentally from the UV-Vis absorption spectrum. The calibration curve
exhibited good linearity within the investigated concentration range, with the concentration
of residual levomepromazine calculated from the corresponding regression equation. All
absorbance measurements were performed using quartz cuvettes with an optical path
length of 1 cm, and distilled water was used as the reference blank. The concentration of
levomepromazine remaining after adsorption was determined from the calibration curve
and subsequently used to calculate the adsorption capacity and removal efficiency.

Batch adsorption experiments were conducted to evaluate the performance of eggshell-
based adsorbents with membrane (ESM) and without membrane (ES). Unless otherwise
specified, experiments were performed by adding 0.2 g of adsorbent to 100 mL of levome-
promazine solution (20 mg L~!) under continuous stirring (350 rpm) at 25 °C. The effects
of adsorbent dosage, solution pH, initial concentration, and contact time were systemat-
ically investigated. After the desired contact time, suspensions were separated and the
residual levomepromazine concentration in the supernatant was determined by UV-Vis
spectrophotometry.

All adsorption experiments were conducted in triplicate under identical experimental
conditions. The reported adsorption capacities and removal efficiencies correspond to the
mean values of three independent measurements. Standard deviations were calculated and
are presented as error bars where applicable to evaluate the reproducibility and reliability
of the experimental data.

2.3.2. Adsorption Capacity and Removal Efficiency

The adsorption capacity (qe, mg-g~!) was calculated from the initial (Cp) and equilib-
rium (C.) concentrations using Equation (1) [18]. The removal efficiency (%) was calculated
using Equation (2) [19], based on the relative decrease in solute concentration.

Co—Ce

9=, xV (1)
R(%) = C"C‘:‘f x @

where ge (mg-g~!) is the adsorption capacity at equilibrium, Cy and Ce (mg-L~!) are the
initial and equilibrium concentrations of levomepromazine, respectively, V (L) is the volume
of the solution, and m (g) is the mass of adsorbent used in the adsorption experiment.
2.3.3. Kinetic Models

Adsorption kinetics were analyzed using the pseudo-first-order and pseudo-second-
order models, which are widely applied to describe adsorption processes on solid sur-
faces [20]. The linearized forms of these models are given in Equations (3) and (4) [21],

v' Pseudo-First-Order Model

In(q,—q,) = Ing, — kit 3)
V' Pseudo-Second-Order Model

t 1 t

— = @)
q; k4 4,

where qe and q; (mg g~ !) represent the adsorption capacities at equilibrium and at time t,
respectively, and k; and k; are the corresponding rate constants.
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2.3.4. Adsorption Isotherm Studies

Equilibrium adsorption data for levomepromazine uptake onto ES and ESM were
analyzed using several adsorption isotherm models to describe the equilibrium behavior,
evaluate adsorption capacity, characterize surface heterogeneity, and assess the affinity
between the adsorbate and the adsorbent surface. The adsorption equilibrium data were
analyzed using the linearized forms of the Langmuir, Freundlich, Dubinin-Radushkevich
(D-R), Temkin isotherm models. The model parameters were determined by linear regres-
sion of the corresponding transformed equations.

The Langmuir isotherm model (Equation (5)) assumes monolayer adsorption on a
homogeneous surface with a finite number of identical adsorption sites [22]. In contrast, the
Freundlich isotherm model (Equation (6)) describes adsorption on heterogeneous surfaces
and allows for multilayer formation [23].

v' Langmuir Isotherm

C 1 C
== + = )
e Kifyox  Gmax
where
e  ge (mg-g~1): adsorption capacity at equilibrium
e  Ce(mg-L™1): equilibrium concentration
®  Qmax (mg-g~!): maximum monolayer adsorption capacity
e Ky (L-mg~!): Langmuir affinity constant
v" Freundlich Isotherm
1
Log(q,) = Log(Kg) + _Log(C,) (©)
where

e  Kg: Freundlich adsorption constant
e  n: heterogeneity factor

The Dubinin—-Radushkevich (D-R) isotherm was employed to evaluate the porosity
characteristics of the adsorbents and to estimate the mean free adsorption energy, which
provides information on the nature of the adsorption process (physical or chemical) [24].
The linear form of the D-R model is expressed by Equation (7).

v" Dubinin-Radushkevich (D-R) Isotherm

Ln(q,) = In(qy,) — B’ (7)

s—RTln(l—i—Cl,e) )

where
= (e amount of adsorbate at equilibrium (mg/g)

e Ce: equilibrium concentration (mg/L)

e gmax: theoretical saturation capacity (mg/g)

e  [3: activity coefficient related to mean adsorption energy
e & Polanyi potential

<%  Mean free energy:

©)

gl
=
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<  E <8XkJ/mol: physisorption
< 8 <E <16 KkJ/mol: ion exchange or chemisorption

The mean adsorption energy (E) provides useful information regarding the nature of
the adsorption process and can be calculated from the Dubinin-Radushkevich constant 3
according to Equation (9). Generally, E values lower than 8 k]-mol ! are associated with
physical adsorption processes governed by weak intermolecular interactions such as van
der Waals forces. Values ranging between 8 and 16 kJ-mol ! are commonly attributed
to ion-exchange mechanisms, while values exceeding 16 kJ-mol~! may indicate stronger
chemical interactions and chemisorption processes. Therefore, the calculated E values can
provide complementary information regarding the dominant adsorption mechanism.

The Temkin isotherm model was applied to account for adsorbent-adsorbate interac-
tions, assuming that the heat of adsorption decreases linearly with surface coverage due to
these interactions [25]. The Temkin equation is given in Equation (10).

V' Temkin Isotherm

g = BInAt + B InC, (10)
where
_ RT
B=%r

bt: Temkin constant related to heat of sorption (J/mol)
Ar: Temkin isotherm equilibrium binding constant (L/g)

2.3.5. Thermodynamic Studies

Thermodynamic parameters governing the adsorption of levomepromazine onto ES
and ESM were evaluated to elucidate the feasibility, spontaneity, and nature of the adsorp-
tion process. Batch adsorption experiments were conducted at different temperatures (e.g.,
25, 35, and 45 °C) under otherwise identical experimental conditions, including adsorbent
dosage, solution pH, contact time, and initial levomepromazine concentration.

The resulting equilibrium data were used to calculate the standard Gibbs free energy
change (AG°®), enthalpy change (AH®), and entropy change (AS°) using the Van’t Hoff
equation (Equation (11)):

AH  AS
“RT TR
where Kc is the equilibrium constant calculated from ge/Ce, R is the universal gas constant
(8.314J mol~! K=1), and T is the absolute temperature (K).

The values of AH® and AS°® were obtained from the slope and intercept of the Van't

InK, = (11)

Hoff plot, and AG® was calculated using (Equation (12)):
AG = AH —TAS’ (12)

2.3.6. Regeneration and Reusability Study

The regeneration and reusability of eggshell-derived adsorbents without membrane
(ES) and with membrane (ESM) were evaluated using two desorbing agents, 0.1 M hy-
drochloric acid (HCl) and 0.1 M sodium hydroxide (NaOH), in order to compare the
effectiveness of acidic and alkaline regeneration media. These experiments were con-
ducted to assess the stability of the adsorbents and their potential for repeated use in
levomepromazine removal from aqueous solutions.

After each adsorption experiment, the levomepromazine-loaded adsorbents were
separated from the solution by centrifugation at 4000 rpm for 10 min and washed several
times with distilled water to remove weakly bound drug molecules. The recovered solids
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were then subjected to desorption using either 0.1 M HCl or 0.1 M NaOH solutions. These
regenerating agents were selected for their ability to disrupt electrostatic interactions and
hydrogen bonding between levomepromazine molecules and the surface functional groups
of the eggshell-based adsorbents.

The desorption process was carried out by agitating the saturated adsorbents in
100 mL of the desorbing solution for 30 min at room temperature. Following desorption,
the suspensions were centrifuged, and the supernatants were analyzed by UV-Visible
spectrophotometry at the characteristic absorption wavelength of levomepromazine to
quantify the amount of desorbed drug. The regenerated adsorbents were subsequently
washed with distilled water until neutral pH, oven-dried at 70 °C, and reused in subsequent
adsorption cycles.

To evaluate reusability, five consecutive adsorption—desorption cycles were performed
under identical experimental conditions. After each cycle, the regenerated ES and ESM
samples were directly reused without additional treatment. The adsorption capacity after
each cycle was calculated using Equation (2), enabling assessment of any decrease in
adsorption performance over successive reuse cycles. A comparative analysis between
ES and ESM was carried out to determine the influence of the eggshell membrane on
regeneration efficiency and structural stability.

2.4. Box—Behnken Experimental Design and Response Surface Methodology

To optimize the adsorption performance of levomepromazine onto the prepared
eggshell-based biosorbents, a Box-Behnken Design (BBD) was employed within the frame-
work of response surface methodology (RSM). BBD was selected due to its efficiency in
evaluating the combined effects of multiple variables while requiring a reduced number
of experimental runs compared to full factorial designs. This approach enables reliable
modeling of nonlinear responses and interaction effects among process parameters.

A three-level, four-factor BBD was constructed using coded variables to investigate the
influence of adsorbent dosage (X1 ), solution pH (Xj), initial levomepromazine concentration
(X3), and contact time (X4) on the adsorption capacity (qe). The selected factor levels (low,
middle, and high) were defined based on preliminary adsorption experiments and are
summarized in Table 1. These ranges were chosen to ensure adequate coverage of the
experimental domain while maintaining operational relevance.

Table 1. Process factors and their levels.

Levels of Box-Behnken

Factors
Low (—1) Middle (0) High (+1)
Adsorbent amount (g) (A) 0.05 0.275 0.5
pH (B) 2 7 12
Initial Concentration (mg/L) (C) 10 95 180
Contact Time (min) (D) 2 91 180

The experimental design consisted of 25 independent runs, including replicated center
points, to allow estimation of pure experimental error and evaluation of model adequacy.
The complete design matrix along with the corresponding experimental responses is
presented in Table 2. All experiments were carried out under controlled conditions, and
the adsorption capacity (qe, mg-g ') was used as the response variable.
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Table 2. The Box-Behnken design matrix used in the present study.

Run Factor 1: A (g) Factor 2: B (pH)  Factor 3: C (mg/L) Factor 4: D (min) Response: q. (mg/g)

1 0.275 7 10 180 2.16

2 0.5 2 95 91 11.098
3 0.275 7 95 91 2443

4 0.275 2 10 91 1.411

5 0.275 2 95 180 20.076
6 0.275 12 95 2 26.024
7 0.05 7 95 2 116.156
8 0.5 12 95 91 14.84

9 0.275 7 180 2 29.264
10 0.275 12 95 180 29.768
11 0.5 7 95 2 10.125
12 0.05 2 95 91 102.507
13 0.275 12 180 91 33.946
14 0.275 2 180 91 25.183
15 0.05 7 10 91 14.264
16 0.5 7 10 91 1.108

17 0.275 7 10 2 1.84

18 0.05 12 95 91 130.829
19 0.5 7 95 180 12.875
20 0.275 2 95 2 19.0152
21 0.275 7 180 180 32.925
22 0.05 7 95 180 112.21
23 0.5 7 180 91 15.394
24 0.05 7 180 91 157.322
25 0.275 12 10 91 3.189

Statistical analysis and model development were performed using Design-Expert
software (Version 13.0.5.0). The experimental data were fitted to linear and quadratic
polynomial models, and analysis of variance (ANOVA) was applied to assess the statistical
significance of the model terms at a 95% confidence level (p < 0.05). The quadratic model
was selected as the most appropriate representation of the system based on its higher
coefficient of determination (R?) and adjusted R? values, indicating strong agreement
between predicted and experimental adsorption capacities. In addition, the absence of
significant lack-of-fit and the statistical significance of the model coefficients confirmed the
robustness and predictive capability of the selected model.

The final quadratic polynomial equation describing the relationship between levome-
promazine adsorption capacity and the independent variables is expressed as:

Y= Je (levomepromazine) = b() + b1X1 + b2X2 + b3X3 + b4X4 + b12X1X2 + b13X1X3 + b14X1X4 + b23X2X3 +
b24X2Xy + b3aX3Xg + b11Xq? + b2 Xa? + b3z X3? + bagXy?

where Y represents the predicted adsorption capacity of levomepromazine (mg-g 1), b is
the intercept term, b; are the coefficients of the linear effects, b;; represent the interaction
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effects between variables X; and X, and b;; correspond to the quadratic terms. The coded
independent variables X1, Xy, X3, and X4 correspond to adsorbent dosage, solution pH,
initial levomepromazine concentration, and contact time, respectively.

This model enables quantitative evaluation of both individual and interactive effects
of the operational parameters on adsorption performance and provides a reliable basis for
identifying optimal conditions for maximizing levomepromazine removal efficiency.

3. Results and Discussion
3.1. X-Ray Diffraction

Figure 1 presents the X-ray diffraction (XRD) patterns of eggshell without membrane
(ES) and eggshell with membrane (ESM). Phase identification was carried out by comparing
the experimental diffraction peaks with reference data from the Joint Committee on Powder
Diffraction Standards (JCPDS) database, enabling reliable identification of the crystalline
phases present in the samples.

(104) ES

Calcite — ESM

(113)
Calcite (202)  (018) (4

- ) (116) (122
T - )

Intensity (a.u.)

10 20 30 40 50 60 70 80 90 80
26 (°)
Figure 1. XRD patterns of eggshell without membrane (ES) and eggshell with membrane (ESM).

Both ES and ESM exhibit diffraction peaks at identical 20 positions, indicating that
the removal or retention of the organic membrane does not alter the fundamental crys-
talline structure of the eggshell matrix. The diffractograms are characterized by sharp and
well-defined peaks, which can be indexed to the rhombohedral calcite phase of calcium
carbonate (CaCOs3), confirming that calcite is the dominant crystalline component in both
materials. This observation is consistent with previous reports describing eggshells as a
highly crystalline CaCO3-based biowaste, with a purity exceeding 90% [17,26].

Although the phase composition is identical, differences in peak intensities are ob-
served between ES and ESM. These variations are attributed to the presence of the organic
membrane in the ESM sample, which may influence the relative crystallite orientation
and the distribution of calcite crystallites within the material rather than inducing any
phase transformation. The membrane, composed mainly of proteinaceous matter rich in
functional groups such as hydroxyl and amide moieties, can partially mask the mineral
surface or modify local surface environments, leading to changes in diffraction intensity
without altering peak positions. Importantly, the absence of additional diffraction peaks or
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broad amorphous features in both patterns indicates that the organic membrane does not
introduce an amorphous inorganic phase detectable by XRD.

From an adsorption perspective, the high crystallinity of calcite observed for both
ES and ESM is particularly relevant. Crystalline CaCOj3 provides a mechanically stable
framework and a chemically homogeneous surface, which favors reproducible adsorption
behavior and resistance to structural degradation during adsorption-desorption cycles. At
the same time, the retention of the organic membrane in ESM introduces additional surface
heterogeneity at the molecular level, which is not reflected in the bulk crystalline struc-
ture but can significantly influence adsorption performance. This structural combination
explains why both materials share the same mineral backbone while exhibiting different
adsorption capacities and affinities toward levomepromazine, as discussed in subsequent
adsorption and isotherm analyses.

The absence of secondary calcium carbonate polymorphs (such as aragonite or vaterite)
and the lack of amorphous phases further suggest that the adsorption of levomepromazine
occurs predominantly on well-defined calcite surfaces and membrane-associated functional
groups, rather than on structurally unstable sites. This structural stability supports the
suitability of both ES and ESM as low-cost, robust biosorbents for pharmaceutical removal

from aqueous environments, in agreement with previous studies on eggshell-derived
adsorbents [27].

3.2. Fourier Transform Infrared Spectroscopy (FTIR)

The FT-IR spectra of eggshell samples with membrane (ESM) and without membrane
(ES), presented in Figure 2, reveal several characteristic absorption bands that confirm the
chemical composition and surface functionalities of the materials.
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Figure 2. FT-IR spectra of eggshell without membrane (ES) and eggshell with membrane (ESM).

For ES, the spectrum is dominated by the characteristic vibrational modes of calcite
(CaCO;3), which constitutes the major mineral component of eggshells. The weak bands
observed at approximately 2515 and 1795 cm ™! are attributed to combination and over-
tone vibrations of carbonate groups. The intense absorption band centered within the
1410-1470 cm ! region corresponds to the v3 asymmetric stretching vibration of CO32~
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ions, while the band located around 10801090 cm ! is assigned to the v symmetric stretch-
ing mode of carbonate [28]. Additional characteristic carbonate vibrations are observed at
approximately 875 cm~! and 712 cm !, corresponding to the v, out-of-plane bending and
v, in-plane bending modes of CO3%~, respectively. These bands confirm the predominance
of crystalline calcite in the ES sample and are consistent with previously reported FTIR
spectra of natural eggshells [29].

In contrast, the ESM spectrum exhibits characteristic absorption bands associated
with proteinaceous materials. The broad band observed in the 3300-3400 cm ™! region
is assigned to overlapping N-H and O-H stretching vibrations originating from amino
acid residues, peptide groups, and adsorbed moisture. The absorption band located near
1650 cm ™! corresponds to the amide I vibration, primarily associated with C=0 stretching
of peptide bonds, whereas the band around 1540 cm ™! is attributed to amide II vibrations
arising from N-H bending and C-N stretching [30]. The band observed at approximately
12301240 cm ™! is assigned to amide III vibrations, confirming the presence of collagenous
and protein-rich components within the eggshell membrane [31]. The absorption feature
observed between 1400 and 1450 cm ! may result from contributions of carboxylate groups
and residual carbonate species [32].

The marked differences between the FTIR spectra of ES and ESM reflect their distinct
compositions. While ES is predominantly composed of mineral calcium carbonate, ESM
contains a complex network of fibrous proteins rich in amino, amide, hydroxyl, and
carboxyl groups [33] may participate in levomepromazine adsorption through hydrogen
bonding and electrostatic interactions. However, these interactions should be regarded as
proposed adsorption pathways inferred from the experimental results rather than directly
demonstrated mechanisms.

Consequently, the FTIR analysis confirms the coexistence of mineral and organic
adsorption sites within the investigated biosorbents and supports their potential application
in the removal of pharmaceutical contaminants from aqueous media.

3.3. Scanning Electron Microscopy with Energy Dispersive X-Ray Spectroscopy (SEM/EDX)

Scanning Electron Microscopy (SEM) analysis of the eggshell without membrane (ES)
and eggshell with membrane (ESM) samples reveals that both materials exhibit an irregular,
rough, morphology (Figure 3a,b).

A comparative examination of ES and ESM reveals that the membrane-containing
sample exhibits a more heterogeneous and textured surface morphology. This difference
can be attributed to the presence of the organic membrane, which introduces additional
microstructural complexity and surface irregularities. The heterogeneous morphology
observed for ESM suggests the existence of distinct surface environments that may influence
the accessibility and distribution of surface functional groups [34].

The elemental composition of ES and ESM was further investigated by Energy Disper-
sive X-ray Spectroscopy (EDS), and the corresponding spectra are presented in Figure 3a
(ES) and Figure 3b (ESM). Both samples are mainly composed of calcium (Ca), oxygen (O),
and carbon (C), confirming that calcium carbonate (CaCO3) is the predominant constituent
of the eggshell structure [35]. These findings are consistent with the XRD and FTIR analyses,
which identified calcite as the dominant crystalline phase and carbonate groups as the
principal chemical functionalities.

Differences in the relative elemental intensities between ES and ESM were also ob-
served. These variations are attributed to the presence of the eggshell membrane, which
contains an organic matrix mainly composed of fibrous proteins and other biomacro-
molecules [36]. The incorporation of this organic fraction modifies the surface composition
and contributes to the distinct morphology observed in the SEM micrographs.
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Figure 3. SEM images of eggshell (a) without membrane (ES) and (b) with membrane (ESM).

The SEM and EDS results demonstrate that both ES and ESM possess heterogeneous
surfaces and are primarily composed of calcium carbonate, with ESM additionally contain-
ing an organic membrane component. These structural and compositional differences may
contribute to variations in adsorption behavior, which are further evaluated through the
adsorption experiments presented in the following sections.

3.4. Thermogravimetric Analysis (TGA)

The thermogravimetric analysis (TGA) curves of eggshell (ES) and modified eggshell
(ESM) (Figure 4a) reveal two distinct weight loss stages during thermal decomposition.

The thermogravimetric analysis (TGA) curves of eggshell without membrane (ES) and
eggshell with membrane (ESM), presented in Figure 4a, exhibit two distinct mass loss stages
associated with characteristic thermal events of the materials. The first weight loss region,
occurring between 310 and 430 °C for ES and 324438 °C for ESM, is attributed to the
thermal degradation of organic matter present in the samples, in agreement with previous
reports [13]. This stage corresponds to the decomposition and volatilization of residual
organic compounds, mainly proteins and fibrous constituents originating from the eggshell
membrane. The higher mass loss observed for ESM in this temperature range confirms its
greater organic content, which is consistent with the FI-IR and SEM-EDS analyses.
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Figure 4. (a) TGA and (b) DTA of eggshell without membrane (ES) and eggshell with membrane
(ESM).

The second and most prominent mass loss stage, occurring between 680 and 810 °C for
both materials, is associated with the thermal decomposition of calcium carbonate (CaCO3)
into calcium oxide (CaO) and carbon dioxide (CO,). This transformation is characteristic
of calcite, the dominant crystalline phase of eggshells, and is well documented in the
literature [37,38]. The absence of significant mass loss beyond 810 °C indicates the complete
decarbonation and confirms the high thermal stability of the inorganic CaCO3; matrix.

The corresponding Differential Thermal Analysis (DTA) curves (Figure 4b) exhibit
strong endothermic peaks at approximately 805 °C for ES and 800 °C for ESM, which
are attributed to the energy absorption associated with CaCO3; decomposition. These
endothermic events are consistent with previously reported thermal behavior of calcite-
based materials [27] and further validate the structural integrity of the eggshell-derived
adsorbents.

The thermogravimetric analysis confirms the compositional differences between ES
and ESM and demonstrates that both materials remain thermally stable over a broad
temperature range before undergoing characteristic decomposition processes associated
with their mineral and organic constituents.

3.5. Point of Zero Charge (pHpzc)

The pHpyzc values of ES and ESM were determined using the pH drift method, and
the corresponding ApH versus initial pH curves are presented in Figure 5. The pHpzc
values were found to be approximately 8.7 and 6.8 for ES and ESM, respectively.

As shown in Figure 5, positive ApH values were observed at acidic and near-neutral
pH conditions, indicating that the final pH increased after equilibration due to proton
consumption by the adsorbent surface. Conversely, negative ApH values were obtained at
alkaline pH values, suggesting the release of protons and the progressive deprotonation of
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surface functional groups. The transition from positive to negative ApH values occurred
at pH 8.7 for ES and pH 6.8 for ESM, corresponding to the respective pHpzc values of the
two materials.
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Figure 5. Determination of the point of zero charge (pHpzc) of eggshell (ES) and eggshell membrane
(ESM) using the pH drift method.

The higher pHpzc value observed for ES is attributed to its mineral composition,
which is predominantly composed of calcium carbonate (CaCOj3). Carbonate-rich materials
generally exhibit alkaline surface properties and therefore possess relatively high pHpzc
values. In contrast, the lower pHpyzc value of ESM is associated with the presence of pro-
teinaceous components containing amino, carboxyl, and amide groups, which contribute
to a more acidic surface character [39].

The pHpyzc results provide valuable information regarding the electrostatic interac-
tions involved in levomepromazine adsorption. Under the optimum adsorption condi-
tions identified in this study (pH 10), the solution pH is higher than the pHpzc values
of both ES and ESM. Consequently, the surfaces of both adsorbents are expected to be
predominantly negatively charged due to the deprotonation of hydroxyl, carbonate, and
protein-related functional groups. This negatively charged surface promotes electrostatic
attraction with positively charged species of levomepromazine, thereby enhancing adsorp-
tion efficiency [40].

Furthermore, the higher pHpzc value of ES indicates a greater resistance to surface
deprotonation and a stronger alkaline character compared with ESM. This observation
is consistent with the slightly higher adsorption capacity exhibited by ES at elevated lev-
omepromazine concentrations. Overall, the pHpzc analysis confirms that surface charge
plays an important role in the adsorption process and supports the proposed mechanism
involving electrostatic attraction in combination with hydrogen bonding and surface com-
plexation interactions.

3.6. Adsorptive Removal of Levomepromazine from Aqueous Solutions
3.6.1. Effect of pH

The pH of the aqueous medium is a key parameter governing the adsorption of
levomepromazine, as it simultaneously influences the ionization state of the pharmaceutical
compound and the surface charge characteristics of the eggshell-derived adsorbents. To
investigate this effect, batch adsorption experiments were conducted over a pH range
of 2-12 at 25 °C, using an initial levomepromazine concentration of 20 mg-L~! and a
contact time of 3 h. This approach allowed identification of the optimal pH for adsorption
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and provided insight into the dominant interaction mechanisms involved in the process
(Figure 6).
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Figure 6. Effect of pH on levomepromazine adsorption capacity (qe) of eggshell without membrane
(ES) and eggshell with membrane (ESM) (m = 0.2 g, Cy = 20 ppm, t =3H, T =25 °C).

As shown in Figure 6, the adsorption capacity of levomepromazine increased progres-
sively with increasing solution pH for both eggshell without membrane (ES) and eggshell
with membrane (ESM). The lowest adsorption capacities were observed under acidic con-
ditions (pH 2—4), whereas the maximum adsorption capacities reached 8.94 mg-g~! and
7.63 mg-g~! for ES and ESM, respectively, at pH 10.

The influence of pH can be explained by considering both the surface charge properties
of the adsorbents and the acid-base behavior of levomepromazine. The pHpzc values
determined for ES and ESM were 8.7 and 6.8, respectively. Consequently, at pH values
above the pHpyzc, the adsorbent surfaces become predominantly negatively charged due to
the deprotonation of carbonate, hydroxyl, and membrane-related functional groups [39].
In contrast, at pH values below the pHpzc, protonation of surface sites results in a less
favorable surface charge environment for adsorption.

Levomepromazine is a weakly basic pharmaceutical compound with a reported pKa
of approximately 9.2. Therefore, it predominantly exists in its protonated form over most
of the investigated pH range and progressively converts to a neutral species as the pH
approaches and exceeds its pKa. Under alkaline conditions, particularly around pH 10,
the negatively charged adsorbent surface may favor interactions with levomepromazine
molecules, contributing to the enhanced adsorption observed experimentally.

The lower adsorption capacities recorded under acidic conditions may be attributed
to several factors. First, excess H* ions compete with levomepromazine molecules for
available adsorption sites. Second, partial dissolution of the calcium carbonate matrix may
occur at low pH according to [41]:

CaCO; + 2H* — Ca%* + CO, + H,O

This process can alter the surface properties of the adsorbent and reduce the number
of available adsorption sites. Similar behavior has been reported for carbonate-based
adsorbents under acidic conditions.
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The slight plateau observed at pH values above 10 may indicate that adsorption
equilibrium is approached and that the available adsorption sites become progressively
occupied. Overall, the results demonstrate that solution pH is a key parameter controlling
levomepromazine adsorption and that the highest adsorption performance is achieved
under mildly alkaline conditions. Consequently, pH 10 was selected as the optimum pH
for all subsequent adsorption experiments.

3.6.2. Effect of Adsorbent Mass

Figure 7 illustrates the influence of adsorbent dosage on the removal efficiency of lev-
omepromazine using eggshell without membrane (ES) and eggshell with membrane (ESM).
All experiments were conducted at 25 °C with an initial levomepromazine concentration of
20 mg-L~! and a contact time of 3 h. As expected, the adsorption efficiency increases with
increasing adsorbent dosage, reflecting the direct relationship between adsorbent mass and
the number of available active sites.
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Figure 7. Effect of adsorbent mass on levomepromazine adsorption of eggshell without membrane
(ES) and eggshell with membrane (ESM) (pH = 10, CO = 20 ppm, t =3H, T = 25 °C).

A pronounced enhancement in removal efficiency is observed when the adsorbent
dosage is increased from 0.5 to 2 g-L~!. Within this range, the removal efficiency reaches
89.85% for ES and 84.99% for ESM. The increase in adsorption efficiency may be associated
with differences in surface morphology and the accessibility of surface functional groups,
which enhances the probability of interactions between levomepromazine molecules and
the adsorbent surface. The higher number of accessible sites facilitates effective mass
transfer and promotes adsorption through electrostatic interactions and surface binding
mechanisms.

Beyond an adsorbent dosage of 2 g-L ™!, the removal efficiency exhibits a plateau
and remains nearly constant up to 5 g-L~!. The increase in adsorption capacity became
less pronounced at higher adsorbent dosages, suggesting that the available levomepro-
mazine molecules in solution became insulfficient to fully utilize the increasing number of
adsorption sites. Consequently, further increases in adsorbent dosage did not result in a
proportional enhancement of adsorption performance under the investigated conditions.
At this stage, the concentration of levomepromazine in solution becomes the limiting factor,
and the available adsorption sites exceed the number of adsorbate molecules. Consequently,
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further increases in adsorbent mass do not result in a significant improvement in removal
efficiency. Similar saturation behavior has been widely reported in adsorption systems and
is commonly associated with site saturation and equilibrium constraints [42].

The slightly higher removal efficiency observed for ES compared to ESM at equivalent
dosages may be related to differences in surface accessibility and site distribution. While
the membrane in ESM contributes additional functional groups, it may also partially hinder
access to mineral adsorption sites, leading to marginally lower removal efficiencies under
identical conditions.

The results demonstrate that eggshell-derived materials (ES and ESM) exhibit promis-
ing adsorption performance toward levomepromazine under the optimized experimental
conditions investigated in this study. The adsorption process was found to be spontaneous,
endothermic, and predominantly governed by physical interactions, resulting in appre-
ciable adsorption capacities and favorable equilibrium behavior. However, it should be
noted that the reported performance was obtained under controlled laboratory conditions,
including alkaline pH (pH 10), a relatively high adsorbent dosage (2 g-L~!), and synthetic
aqueous solutions containing a single contaminant.

3.6.3. Effect of Contact Time

The objective of this study was to determine the equilibrium contact time required for
the adsorption of levomepromazine onto eggshell without membrane (ES) and eggshell
with membrane (ESM). The influence of contact time on adsorption performance was
investigated under optimized conditions (T = 25 °C, pH = 10, adsorbent dosage =2 g-L !,
and initial levomepromazine concentration = 20 mg-L 1), previously identified as favorable
for maximum adsorption efficiency (Figure 8).
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Figure 8. Effect of contact time on levomepromazine adsorption by eggshell without membrane (ES)
and eggshell with membrane (ESM) (pH =10, C0 =20 ppm, m =0.2 g, T =25 °C).

As illustrated in Figure 8, the adsorption of levomepromazine onto both ES and ESM
follows a characteristic two-stage kinetic behavior. The first stage is marked by a rapid
increase in adsorption capacity within the initial 20 min of contact. This fast uptake can be
attributed to the high availability of vacant active sites on the adsorbent surfaces and the
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strong concentration gradient between the aqueous phase and the solid interface, which
collectively promote efficient external mass transfer and rapid surface adsorption.

Following this initial phase, the adsorption rate decreases progressively, indicating the
gradual occupation of active sites and an increase in mass transfer resistance as the system
approaches equilibrium. During this stage, adsorption is likely governed by slower diffu-
sion processes, including intraparticle diffusion and surface rearrangement of adsorbed
molecules. Equilibrium was reached after approximately 60 min for both ES and ESM,
beyond which no significant increase in adsorption capacity was observed. This behavior
confirms that a dynamic equilibrium between adsorption and desorption processes had
been established.

A comparative assessment of the two materials shows that ES consistently exhibits
slightly higher adsorption capacities than ESM throughout the adsorption period. This
difference may be attributed to the absence of the organic membrane in ES, which can result
in greater exposure of the mineral CaCOj3 surface and more accessible adsorption sites. In
contrast, although the membrane in ESM introduces additional functional groups, it may
partially hinder access to mineral adsorption sites, leading to marginally lower adsorption
capacities under identical conditions. Nevertheless, both adsorbents display stable and
reproducible adsorption behavior once equilibrium is achieved.

The relatively short equilibrium time observed in this study is in good agreement with
previously reported adsorption systems involving eggshell-derived and mineral-based
biosorbents [43,44]. This rapid attainment of equilibrium highlights the high affinity of
levomepromazine for the eggshell-based materials and underscores their potential for
practical wastewater treatment applications, where reduced contact time and high process
efficiency are critical considerations.

Kinetic Models

The adsorption kinetics of levomepromazine onto eggshell without membrane (ES)
and eggshell with membrane (ESM) were investigated using the pseudo-first-order (PFO)
and pseudo-second-order (PSO) kinetic models. The corresponding linearized plots are
presented in Figure 9, where Figure 9a illustrates the PFO model and Figure 9b represents
the PSO model. The kinetic parameters derived from these models, including rate constants,
theoretical adsorption capacities, and regression coefficients, are summarized in Table 3,
allowing a quantitative comparison of the suitability of each model in describing the
adsorption process.

Table 3. Kinetic parameters for the pseudo-first-order and pseudo-second-order models for lev-
omepromazine adsorption onto eggshell without membrane (ES) and eggshell with membrane
(ESM).

ES ESM
Maximum experimental capacity qmax (mg/g) 9.069 8.523
kq (min—1) 0.028557 0.026484
Pseudo First order qe,1 (mg/g) 0.66099 0.45919
R? 0.5648 0.537
k; (g/mg.min) 0.159973 0.04833
Pseudo Second order Je,2(g/mg) 9.099181 8.620689
R? 0.9993 0.9986
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Figure 9. Linear representations of the (a) pseudo-first-order and (b) pseudo-second-order kinetic
models for levomepromazine adsorption by eggshell without membrane (ES) and eggshell with
membrane (ESM).

The kinetic parameters obtained from the pseudo-first-order (PFO) and pseudo-second-
order (PSO) models are summarized in Table 3. Comparison of the correlation coefficients
and calculated adsorption capacities indicates that the PSO model describes the adsorption
kinetics of levomepromazine on both ES and ESM more accurately than the PFO model.
The PFO model exhibited relatively low correlation coefficients and substantially under-
estimated the equilibrium adsorption capacities, demonstrating poor agreement with the
experimental data [45].

In contrast, the PSO model provided an excellent fit for both adsorbents, with cor-
relation coefficients approaching unity and calculated adsorption capacities that closely
matched the experimental values. These results indicate that the PSO model adequately
describes the adsorption process under the investigated conditions and suggest that the
overall adsorption rate is strongly influenced by interactions occurring at the adsorbent
surface. A comparison between the two adsorbents shows that ES exhibited slightly higher
adsorption capacity and faster adsorption kinetics than ESM. This behavior may be related
to differences in surface accessibility and the distribution of active sites. The presence of the
membrane introduces additional organic components that may partially cover or hinder
access to the mineral surface of the eggshell, resulting in a slight reduction in adsorption
performance [44].

The kinetic analysis demonstrates that the pseudo-second-order model is the most
suitable model for describing levomepromazine adsorption onto both ES and ESM. The
results further indicate that unmodified eggshells exhibit slightly superior adsorption
performance compared with membrane-containing eggshells under the investigated exper-
imental conditions [46].

3.6.4. Effect of Initial Concentration

Adsorption isotherm experiments were carried out at different initial concentrations of
levomepromazine in order to investigate the equilibrium adsorption behavior of eggshell
without membrane (ES) and eggshell with membrane (ESM) (Figure 10).
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Figure 10. Effect of initial concentration on levomepromazine adsorption by eggshell without
membrane (ES) and eggshell with membrane (ESM) (pH =10,t=3H, m=0.2g, T =25 °C).

As shown in Figure 10, the adsorption capacity of both ES and ESM increases pro-
gressively with increasing initial levomepromazine concentration. This behavior can be
attributed to the enhanced driving force for mass transfer at higher solute concentrations,
which promotes the diffusion of levomepromazine molecules from the bulk solution to-
ward the available adsorption sites on the adsorbent surface. At low concentrations, the
abundance of vacant active sites allows efficient uptake of levomepromazine, resulting in a
sharp increase in ge.

With further increases in concentration, the adsorption capacity continues to rise but
at a slower rate, eventually approaching a plateau at concentrations above approximately
120 mg-L~!. This plateau indicates the progressive saturation of the available adsorption
sites and the establishment of adsorption equilibrium. Beyond this concentration, addi-
tional levomepromazine molecules remain in solution, as the adsorbent surface becomes
increasingly occupied and no longer able to accommodate further adsorption under the
given conditions.

A comparative analysis of the two adsorbents reveals that ES consistently exhibits a
slightly higher adsorption capacity than ESM, particularly at higher levomepromazine con-
centrations. This difference suggests that the removal of the organic membrane enhances
the accessibility of mineral CaCOj5 surfaces in ES, providing a greater number of effective
adsorption sites or facilitating stronger interactions with levomepromazine molecules [44].
In contrast, the presence of the membrane in ESM, although introducing additional func-
tional groups, may partially limit access to mineral adsorption sites, resulting in marginally
lower adsorption capacities at equilibrium [47].

Despite these differences, both ES and ESM demonstrate similar isotherm profiles and
high adsorption capacities, confirming their strong affinity for levomepromazine and their
effectiveness as low-cost biosorbents. The observed equilibrium behavior is consistent with
previously reported studies on eggshell-derived materials used for pharmaceutical adsorp-
tion [40,41]. Overall, these results highlight the suitability of eggshell-based adsorbents for
the removal of pharmaceutical contaminants from aqueous systems and provide a solid
basis for further isotherm modeling and mechanistic interpretation.
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Isotherm Models

The equilibrium adsorption behavior of levomepromazine onto eggshell without mem-
brane (ES) and eggshell with membrane (ESM) was systematically evaluated using multiple
adsorption isotherm models, including Langmuir, Freundlich, Dubinin—-Radushkevich (D-
R), Temkin. The linearized forms of the Langmuir, Freundlich, D-R, and Temkin models are
presented in Figure 11a—d, while the corresponding isotherm parameters derived from these
models are summarized in Table 4. This multi-model approach provides valuable insights
into adsorption capacity, surface heterogeneity, and the nature of adsorbent-adsorbate
interactions, thereby contributing to a better understanding of the adsorption behavior of
levomepromazine on the investigated materials.
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Figure 11. Langmuir (a), Freundlich (b), Dubinin-Radushkevich (c), and Temkin (d) isotherm plots
for levomepromazine adsorption onto eggshell without membrane (ES) and eggshell with membrane

(ESM).

Table 4. Isotherm parameters for levomepromazine adsorption onto ES and ESM.

Isotherm Model Parameters ES ESM
Ki (L-mg™) 0.0228 0.0186

Langmuir (max (mg-g~1) 20.92 21.15
R? 0.976 0.982

n 1.59 1.46

Freundlich Kr (mg-g—1) 1.08 1.45
(R?) 0.997 0.995

B (mol?-kJ~2) 7.22 x 107° 791 x 107
-1

Dubinin-Radushkevich (D-R) qén ?li](Tnilg_l)) 09 '23663 0%25521
R2 0.746 0.758

bt (J-mol™1) 597 625

Temkin ar (L-mg~1) 0.019 0.016

R? 0.961 0.960
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The equilibrium adsorption parameters obtained from the Langmuir, Freundlich,
Temkin, and Dubinin—-Radushkevich (D-R) isotherm models are summarized in Table 4,
while the corresponding linearized plots are presented in Figure 11. Comparison of the
correlation coefficients reveals that the Freundlich model provided the best statistical
description of the experimental equilibrium data for both ES and ESM, with correlation
coefficients of 0.997 and 0.995, respectively. These values were slightly higher than those
obtained with the Langmuir model (0.976 for ES and 0.982 for ESM), indicating that the Fre-
undlich equation more accurately represents the adsorption behavior of levomepromazine
under the investigated conditions.

The good agreement obtained with the Freundlich model suggests that the adsor-
bent surfaces are not perfectly homogeneous and may contain adsorption sites exhibiting
different energy distributions. This observation is consistent with the structural and com-
positional heterogeneity revealed by the SEM, EDS, FTIR, and pHpzc analyses, particularly
for ESM, which contains both mineral and organic components. In addition, the Freundlich
constants indicated favorable adsorption behavior over the investigated concentration
range [43].

Although the Freundlich model provided the highest correlation coefficients, the
Langmuir model also exhibited satisfactory agreement with the experimental data. The
relatively high Langmuir correlation coefficients suggest that a portion of the adsorption
process may occur on adsorption sites with similar energetic characteristics. Furthermore,
the maximum adsorption capacities predicted by the Langmuir model were consistent with
the experimentally observed adsorption capacities, supporting the internal consistency of
the equilibrium data. Therefore, the adsorption behavior appears to exhibit characteristics
that can be reasonably described by both Freundlich and Langmuir approaches, although
the Freundlich model provides the superior statistical fit [44].

The Temkin model also adequately represented the adsorption equilibrium, with
correlation coefficients exceeding 0.96 for both adsorbents. The applicability of the Temkin
model suggests that adsorbate-surface interactions may contribute to the adsorption pro-
cess and that the adsorption energy is not strictly constant over the entire surface coverage
range. However, the Temkin model provided a less accurate description of the equilibrium
data than the Freundlich model [43].

In contrast, the Dubinin—-Radushkevich model exhibited considerably lower correla-
tion coefficients (R? < 0.80) for both adsorbents. These results indicate that the D-R equation
is less suitable for describing the adsorption equilibrium of levomepromazine onto ES and
ESM. Consequently, the parameters derived from this model should be interpreted with
caution, and no definitive conclusions regarding the adsorption mechanism were drawn
from the D-R analysis alone [48].

A comparison between the two adsorbents reveals that ES consistently exhibited
slightly higher adsorption capacities than ESM. This difference may be attributed to vari-
ations in surface accessibility and the distribution of adsorption sites resulting from the
presence of the membrane. The organic membrane may partially cover mineral adsorption
sites, thereby reducing their accessibility to levomepromazine molecules [49].

Overall, the equilibrium analysis indicates that levomepromazine adsorption onto
ES and ESM is best described by the Freundlich isotherm model, suggesting adsorption
on energetically heterogeneous surfaces. The satisfactory performance of the Langmuir
and Temkin models further indicates that the adsorption process is influenced by multiple
surface characteristics. Nevertheless, the isotherm models should be regarded as tools for
describing adsorption behavior and surface properties rather than as definitive evidence of
the underlying adsorption mechanism.
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3.6.5. Thermodynamic Study

The thermodynamic behavior of levomepromazine onto eggshell without membrane
(ES) and eggshell with membrane (ESM) was evaluated using Van’t Hoff plots of In(Kc)
versus 1/T, as shown in Figure 12, with the corresponding apparent thermodynamic
parameters summarized in Table 5.
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Figure 12. Van't Hoff plots for the adsorption of levomepromazine onto eggshell without membrane
(ES) and eggshell with membrane (ESM).

Table 5. Apparent Thermodynamic parameters for levomepromazine adsorption onto ES and ESM.

Apparent Thermodynamic Parameters ES ESM
Enthalpy change (AH®) (KJ/mol) 18.72 15.94
Entropy change (AS°) (KJ/mol.K) 77.48 61.37
R? 0.994 0.992
' T1 =298 K -29 T; =298 K —2.31
Standard Glt(’%/ffliﬁrz‘j%f)hange (AG) T, =308 K ~363 T, =308 K 292
T3 =318K —4.35 T3 =318K —3.54

The Van’t Hoff plots of In Kc versus 1/T show a clear linear dependence for both
eggshell without membrane (ES) and eggshell with membrane (ESM), with high corre-
lation coefficients (R? = 0.994 for ES and 0.992 for ESM). This linearity confirms that the
adsorption equilibrium of levomepromazine is strongly temperature dependent and that
the thermodynamic parameters derived from the Van’t Hoff equation are reliable within
the investigated temperature range (298-318 K).

The positive values of the standard enthalpy change (AH® = 18.72 kJ-mol ! for ES and
15.94 k]-mol ! for ESM) indicate that the adsorption process is endothermic for both mate-
rials. These moderate enthalpy values, well below those typically associated with strong
chemical bonding (>40 kJ-mol 1), suggest that adsorption proceeds primarily through
physical interactions. The higher AH® value observed for ES reflects a slightly greater
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energy requirement for adsorption, which is consistent with its higher adsorption capacity
and stronger temperature sensitivity compared to ESM.

The positive entropy changes (AS° = 72.48 J-mol ~!-K~! for ES and 61.37 J-mol ~1.K~!
for ESM) indicate an increase in randomness at the solid—solution interface during ad-
sorption. This entropy gain is generally attributed to the release of water molecules from
the hydration shells of both levomepromazine molecules and surface functional groups
upon adsorption. The higher AS® value for ES suggests a more pronounced interfacial
reorganization, which correlates with its higher adsorption efficiency relative to ESM.

The standard Gibbs free energy changes (AG°) are negative for both adsorbents at
all studied temperatures, confirming that adsorption is thermodynamically spontaneous.
For ES, AG® decreases from —2.90 kJ-mol~! at 298 K to —4.35 kJ-mol ! at 318 K, while for
ESM it decreases from —2.31 kJ-mol~! to —3.54 k]-mol ! over the same temperature range.
The increasingly negative AG® values with rising temperature indicate that adsorption
spontaneity is enhanced at higher temperatures, in agreement with the positive AH® and
AS° values and the experimentally observed increase in adsorption capacity at elevated
temperatures [50].

The thermodynamic analysis demonstrates that levomepromazine adsorption onto
ES and ESM is spontaneous, endothermic, and entropy-driven, with adsorption governed
predominantly by physical interactions. The consistently higher AH®, AS°®, more nega-
tive AG®, values obtained for ES explain its superior adsorption performance compared
to ESM. These thermodynamic results are fully coherent with the kinetic and isotherm
analyses and confirm the suitability of eggshell-derived materials as efficient biosorbents
for pharmaceutical removal from aqueous solutions.

It should be noted that the thermodynamic parameters reported in this study were
estimated from equilibrium data obtained at a fixed initial levomepromazine concentration.
Consequently, they should be considered apparent thermodynamic parameters rather than
rigorous standard thermodynamic quantities. A more comprehensive thermodynamic eval-
uation would require complete adsorption isotherms determined at several temperatures
to establish temperature-dependent equilibrium constants and construct a more rigorous
Van’t Hoff analysis. This aspect will be addressed in future investigations [45].

3.6.6. Mechanism of Levomepromazine Adsorption onto ES and ESM

»  FTIR Analysis of ES and ESM after levomepromazine adsorption.

To gain further insight into the adsorption mechanism of levomepromazine onto
eggshell-derived adsorbents, the FTIR spectra of ES and ESM after adsorption were exam-
ined (Figure 13). Several modifications in the characteristic absorption bands were observed,
indicating the participation of surface functional groups in the adsorption process.

For ES, the broad band centered at approximately 3398 cm~! corresponds to O-H
stretching vibrations and suggests the involvement of hydroxyl groups in hydrogen-
bonding interactions with levomepromazine molecules. The carbonate-associated bands
located at 1403, 868, and 706 cm ! remained prominent after adsorption, confirming that
the calcium carbonate matrix constitutes the principal adsorption framework. However,
slight variations in the intensity and position of these bands indicate that carbonate groups
may contribute to the adsorption process through electrostatic interactions and surface com-
plexation. Furthermore, the appearance of new absorption bands at 1592 and 1328 cm ™!,
assigned to aromatic C=C and C-N vibrations originating from levomepromazine, confirms
the successful immobilization of the drug molecules on the eggshell surface [43].

For ESM, characteristic protein-related bands were observed at 1633 cm ™! (amide 1),
1527 cm~! (amide II), and 1224 cm ™! (amide III). The presence and slight displacement of
these bands suggest that amino, amide, and peptide functional groups contained within the
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membrane structure participate in the adsorption process. Similar to ES, additional bands
at 1592 and 1328 cm ™! were detected, providing further evidence of levomepromazine
adsorption onto the membrane surface [51].
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Figure 13. FTIR spectra of ES and ESM after levomepromazine adsorption.

The FTIR results therefore indicate that levomepromazine adsorption is governed
by multiple interaction mechanisms rather than a single adsorption pathway. The par-
ticipation of hydroxyl, carbonate, and amide functional groups suggests that hydrogen
bonding and electrostatic attraction play important roles in the adsorption process. These
findings are consistent with the pH-dependent adsorption behavior, which demonstrated
enhanced adsorption under alkaline conditions, as well as with the pseudo-second-order
kinetic model, which indicates strong adsorbent-adsorbate interactions. Consequently, the
adsorption of levomepromazine onto ES and ESM can be attributed to a combination of
hydrogen bonding, electrostatic interactions, —electron interactions involving the aromatic
rings of levomepromazine, and surface complexation with functional groups present on
the adsorbent surfaces.

s Proposed adsorption mechanism of levomepromazine on ES and ESM.

The adsorption of levomepromazine onto eggshell-derived adsorbents (ES and ESM)
was interpreted based on the combined analysis of pHpzc measurements, FTIR characteri-
zation before and after adsorption, and adsorption experiments. Although the available
data do not allow the adsorption mechanism to be established unequivocally, they provide
useful information regarding the interactions that may contribute to levomepromazine
uptake. Eggshell materials are mainly composed of crystalline calcium carbonate (CaCOs3),
whose surface chemistry is strongly influenced by solution pH. Under alkaline conditions,
particularly at pH 10 where the highest adsorption capacities were observed, surface hy-
droxyl and carbonate groups may undergo deprotonation, generating negatively charged
adsorption sites (Figure 14).
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Figure 14. Mechanism of levomepromazine adsorption onto ES and ESM.

The surface deprotonation reactions can be represented as:

=Ca-OH = =Ca-O~ + H*
=CO3H = =CO3;~ +H*

These reactions are consistent with the pHpyc results and may contribute to the
increase in negatively charged surface sites as the solution pH increases.
Levomepromazine contains protonatable amine groups and may exist in protonated
and neutral forms depending on the solution pH [44]. The protonation equilibrium can be
represented as:
LMP-NH + H* = LMP-NH,*

Under the investigated conditions, electrostatic interactions between negatively
charged surface sites and protonated levomepromazine species may contribute to the
adsorption process. A possible interaction can be represented schematically as:

=CO3;~ + LMP-NH,* = =CO3 "~ :--NH,"-LMP

In addition, FTIR spectra obtained after adsorption revealed slight changes in
carbonate-, hydroxyl-, and amide-related bands together with the appearance of char-
acteristic levomepromazine bands. These observations suggest that hydroxyl, carbonate,
and membrane-associated functional groups may participate in adsorbate-surface interac-
tions. Consequently, hydrogen bonding may also contribute to the stabilization of adsorbed
levomepromazine molecules, for example through interactions such as:

=Ca-OH:--N-LMP
or
=CO3™ ---H-N-LMP
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(a) Regeneration with NaOH (0.1 M)

Furthermore, weak van der Waals interactions may participate in the overall adsorp-
tion process and contribute to the stabilization of adsorbed molecules at the adsorbent
surface.

The slightly higher adsorption capacity observed for ES compared with ESM may
be related to differences in surface accessibility resulting from the presence of the organic
membrane. While the membrane introduces additional functional groups, it may also par-
tially cover mineral adsorption sites and modify the accessibility of the calcium carbonate
surface [14].

Overall, the combined interpretation of pHpzc measurements, FTIR analyses, adsorp-
tion equilibrium, and kinetic studies suggests that levomepromazine adsorption onto ES
and ESM may involve a combination of electrostatic attraction, hydrogen bonding, and
weak intermolecular interactions. However, additional characterization techniques such
as zeta potential measurements, XPS analysis, or advanced spectroscopic investigations
would be required to establish the adsorption mechanism conclusively.

3.6.7. Desorption and Reuse Study

The regeneration and reuse performance of eggshell without membrane (ES) and
eggshell with membrane (ESM) were evaluated over five consecutive adsorption—desorption
cycles using NaOH (0.1 M) and HCI (0.1 M) as regenerating agents. The results are pre-
sented in Figure 15.

(b) Regeneration with HCI (0.1 M)
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Figure 15. Desorption and reuse performance of eggshell without membrane (ES) and eggshell with
membrane (ESM) for levomepromazine adsorption over five consecutive cycles using (a) NaOH and
(b) HCL. (pH=10,Cyp =20 ppm, m=0.2g,t=3H, T=25°C).

For both adsorbents, regeneration with NaOH resulted in higher adsorption efficien-
cies and better retention of adsorption performance over successive cycles compared with
HCL

When NaOH was used as the desorbing agent, ES retained approximately 81.5%
of its initial adsorption efficiency after five cycles (92% to 75%), whereas ESM retained
approximately 80.9% of its initial performance (89% to 72%). In contrast, regeneration with
HCl led to a more pronounced decline in adsorption efficiency. The adsorption efficiency
of ES decreased from 80% in the first cycle to 48% after the fifth cycle, while ESM decreased
from 76% to 44% over the same period.
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The superior regeneration performance observed with NaOH may be attributed to
its greater ability to promote desorption of levomepromazine molecules from the adsor-
bent surface while preserving the adsorption capacity of the material. Conversely, acidic
regeneration may induce partial dissolution of the calcium carbonate matrix according to:

CaCO; + 2H* — Ca%* + CO, + H,O

Such dissolution may progressively reduce the number of available adsorption sites,
resulting in the more significant decrease in adsorption efficiency observed for HCl-treated
samples [52].

For both regenerating agents, ES consistently exhibited slightly higher adsorption
efficiencies than ESM throughout the regeneration cycles. This behavior may be associated
with differences in surface accessibility resulting from the presence of the organic mem-
brane. The membrane may partially hinder access to mineral adsorption sites and affect
regeneration efficiency during repeated adsorption-desorption operations [53].

The relatively small error bars observed throughout the experiments indicate good
reproducibility of the regeneration tests. Although a gradual decrease in adsorption effi-
ciency was observed with increasing cycle number, both materials maintained a substantial
fraction of their initial adsorption performance after repeated regeneration, particularly
when NaOH was employed.

Overall, the regeneration study demonstrates that eggshell-derived adsorbents can
be reused over multiple adsorption—desorption cycles and that NaOH is a more effective
regenerating agent than HCl for maintaining adsorption performance. These results sup-
port the potential applicability of ES and ESM as low-cost and reusable adsorbents for the
removal of pharmaceutical contaminants from aqueous media.

3.7. Optimization of the Adsorption Process
3.7.1. Final Regression Model in Terms of Coded Variables

Within the framework of response surface methodology, the relationship between
levomepromazine adsorption capacity and the selected operating parameters was described
using a second-order polynomial model expressed in coded variables. The coded form of
the model is particularly useful for evaluating the relative contribution of each factor and
their interactions, as it allows direct comparison of regression coefficients independent of
unit scales. Based on 25 experimental runs generated by the Box-Behnken design, the final
quadratic model for levomepromazine adsorption capacity (qa) is expressed as:

Quantity adsorbed = 24.43 — 47.32 X A +4.94 X B +22.51 X C+0.6325 X D — 6.14XA X B — 3219 X A x C +
1.67 X AD +1.75 X B X C +0.6708 X B X D+ 0.8353 x CD +36.65 X A% +1.54 X B2 — 10.94 x CZ + 0.8595 x D?

where A, B, C, and D represent the coded values of adsorbent amount, solution pH, ini-
tial levomepromazine concentration, and contact time, respectively. The intercept term
corresponds to the overall mean response of the experimental design, while the coeffi-
cients quantify the magnitude and direction of the individual, interaction, and quadratic
effects [54]. The sign and magnitude of the coefficients indicate that adsorbent dosage and
initial concentration exert the strongest influence on adsorption capacity.

3.7.2. Analysis of Variance (ANOVA)

The statistical significance and adequacy of the quadratic model were evaluated by
analysis of variance (ANOVA), and the results are summarized in Table 6. The model
exhibits a high coefficient of determination (R% = 0.9536), indicating that 95.36% of the
variability in adsorption capacity is explained by the model. The adjusted coefficient of
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determination (Rzad]- = 0.887) is in good agreement with R?, confirming that the model is
not over-parameterized and retains strong predictive capability.

Table 6. ANOVA for quadratic model.

Source Sum of Squares df Mean Square F-Value p-Value
Model 47,907 .46 14 3421.96 14.69 <0.0001
A-Adsorbent amount 26,870.76 1 26,870.76 115.33 <0.0001
B-pH 293.11 1 293.11 1.26 0.2882
C-Initial concentration 6077.75 1 6077.75 26.09 0.0005
D-Contact Time 4.80 1 4.80 0.0206 0.8887
AB 151.04 1 151.04 0.6483 0.4394
AC 4145.43 1 4145.43 17.79 0.0018
AD 11.21 1 11.21 0.0481 0.8308
BC 12.19 1 12.19 0.0523 0.8237 Significant
BD 1.80 1 1.80 0.0077 0.9317
CD 2.79 1 2.79 0.0120 0.9150
A? 3791.70 1 3791.70 16.27 0.0024
B2 6.70 1 6.70 0.0288 0.8687
C? 338.23 1 338.23 1.45 0.2560
D? 2.09 1 2.09 0.0090 0.9265
Residual 2329.82 10 232.98
Cor Total 50,237.29 24

The model F-value of 14.69 demonstrates that the regression is statistically significant,
with a probability of less than 0.01% that such a high F-value could arise from random noise.
This confirms that the model effectively captures the underlying relationships between
the process variables and the adsorption response. Furthermore, the Adequate Precision
value of 13.7716, which greatly exceeds the minimum desirable value of 4, indicates a high
signal-to-noise ratio and confirms that the model is suitable for navigating the design space.

Among the linear terms, adsorbent amount (A) is the most influential factor, with a
very high F-value (115.33) and a p-value below 0.0001, highlighting its dominant role in
levomepromazine adsorption. The initial concentration (C) is also statistically significant
(p = 0.0005), confirming the importance of the concentration gradient as a driving force for
adsorption. In addition, the interaction between adsorbent amount and initial concentra-
tion (AC) shows a significant synergistic effect (p = 0.0018), indicating that the impact of
adsorbent dosage depends strongly on the concentration level of levomepromazine. The
quadratic term A? is also significant (p = 0.0024), reflecting the non-linear effect of adsorbent
dosage on adsorption capacity.

In contrast, solution pH (B), contact time (D), and most interaction terms (AB, AD,
BC, BD, and CD) exhibit p-values greater than 0.10, suggesting that their effects are less
pronounced within the investigated experimental domain. Although these terms are
statistically non-significant, they were retained in the model to preserve hierarchy and
maintain model integrity, as recommended in response surface methodology studies [55].
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3.7.3. Diagnostic Analysis of the Model

The adequacy of the developed model was further evaluated by comparing predicted
adsorption capacities with experimentally observed values. As shown in Figure 16, the
data points closely follow the diagonal reference line, indicating excellent agreement
between predicted and actual responses. This strong correlation confirms the reliability
of the regression model and demonstrates its ability to accurately describe the adsorption
behavior of levomepromazine over the experimental domain.
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Figure 16. Predicted versus experimental values for levomepromazine adsorption capacity.

The narrow dispersion of data points around the ideal line indicates minimal sys-
tematic deviation and further supports the robustness of the model. These diagnostic
results confirm that the quadratic model provides an accurate and statistically reliable
representation of the adsorption system [56].

3.7.4. Response Surface and Desirability Analysis

Response surface plots were employed to visualize the combined effects of the studied
parameters on levomepromazine adsorption capacity and to identify optimal operating
conditions. Figure 17 illustrates the variation in adsorption capacity as a function of
adsorbent amount and pH, revealing a strong dependence on adsorbent dosage and a
comparatively weaker influence of pH within the studied range.

To determine the global optimum, the desirability function approach was applied. This
method converts the predicted response into a dimensionless desirability value ranging
from 0 to 1, where a value of 1 represents the most favorable operating conditions. As shown
in Figure 18, a desirability value close to unity was achieved, confirming the existence of a
well-defined optimum within the experimental domain.

The optimal conditions predicted by the model correspond to an initial levome-
promazine concentration of 180 mg-L~!, solution pH of 7, adsorbent dosage of 0.05 g,
and contact time of 91 min. Under these conditions, a maximum adsorption capacity of
152.149 mg-g~! was obtained using ES. These results demonstrate the effectiveness of the
Box-Behnken design and desirability function approach in optimizing levomepromazine
adsorption and highlight the strong adsorption potential of eggshell-based biosorbents.
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Response surface of levomepromazine adsorption capacity
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Figure 17. Optimized response surface for levomepromazine adsorption.
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Figure 18. Desirability function plot for levomepromazine adsorption by ES.

3.8. Comparative Performance of Eggshell-Based Adsorbents Toward Levomepromazine and
Other Pollutants

To contextualize the adsorption performance of eggshell-derived biosorbents, the
maximum adsorption capacity obtained for levomepromazine in this study was compared
with previously reported pollutants removed using eggshell-based materials. Table 7
summarizes representative studies, including pharmaceutical compounds, dyes, and heavy
metals, highlighting the operating conditions and corresponding adsorption efficiencies
or capacities.

Table 7 summarizes selected studies reporting the use of eggshell-derived adsorbents
for the removal of different pollutants from aqueous media. Direct comparison among
studies should be interpreted with caution because adsorption performance is influenced by
numerous factors, including pollutant properties, initial concentration, adsorbent dosage,
contact time, pH, and the performance metric used. Furthermore, some studies report
adsorption capacity (mg-g~!), whereas others report removal efficiency (%), making direct
quantitative comparisons difficult.
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Table 7. Comparison of eggshell adsorption capacities for levomepromazine and other pollutants.

Adsorbate Optimum Conditions Removal Efficiency/Adsorption Capacity References
Tadalafil pH5, 25 °C, 7.5 g adsorbent per 100 mL Removal: 72.9% [17]
Congo red 1000 mg-L’l, room temperature qm =49.5 rng-g’1 [57]
Methylene blue 1000 mg-L~!, room temperature qm =949 mg-g~! [57]
Copper (Cu?*) 25 mg-L~!, adsorbent dose 10 mg, 25 °C Removal: 90.5% [58]
Levomepromazine (this study) 180 mg-L~!, pH 7, 0.05 g adsorbent, 91 min qm = 152.149 mg-g~! Present study

Under the optimized conditions identified in the present study, ES exhibited a maxi-
mum adsorption capacity of 152.149 mg-g~! toward levomepromazine. This value falls
within the range reported for eggshell-based adsorbents applied to various organic con-
taminants and demonstrates the potential applicability of eggshell-derived materials for
pharmaceutical removal. However, because of the differences in experimental conditions
and evaluation criteria among studies, the results should be regarded as indicative rather
than as evidence of superior adsorption performance relative to other pollutants reported
in the literature.

The comparison highlights the versatility of eggshell-derived materials as low-cost
adsorbents for the treatment of contaminated water and supports their potential use for the
removal of pharmaceutical compounds such as levomepromazine.

3.9. Economic Considerations of the Proposed Adsorption Process

The use of eggshell-derived materials (ES and ESM) for levomepromazine removal
presents several potential economic advantages. Eggshells are abundant by-products of
the food and poultry industries and are generally discarded as waste, often generating
disposal and environmental management costs. Their utilization as adsorbents there-
fore contributes to waste valorization while providing a low-cost raw material for water
treatment applications.

The preparation of ES and ESM requires relatively simple processing steps, including
washing, drying, grinding, and sieving, without the need for sophisticated equipment,
costly reagents, or energy-intensive activation procedures. Compared with many engi-
neered adsorbents that require chemical modification or high-temperature treatments,
eggshell-derived materials may offer a more economical alternative from a preparation
standpoint.

The regeneration experiments conducted in this study demonstrated that both ES
and ESM retained a substantial fraction of their initial adsorption performance after five
adsorption—desorption cycles. These results indicate promising reusability and suggest the
possibility of reducing adsorbent replacement frequency during operation. However, the
present results should not be interpreted as evidence of long-term durability, as only five
regeneration cycles were evaluated. Additional studies involving a larger number of cycles
would be necessary to assess long-term operational performance.

From an environmental perspective, the use of naturally occurring waste materials may
reduce the dependence on synthetic adsorbents and supports circular economy principles
through the conversion of agro-industrial residues into value-added products. Furthermore,
the biodegradable nature and widespread availability of eggshell waste represent additional
practical advantages.

Nevertheless, the economic feasibility of large-scale implementation cannot be estab-
lished based solely on the present batch adsorption experiments. Important factors such as
adsorbent collection and processing costs, regeneration efficiency under extended opera-
tion, continuous-flow performance, adsorbent lifespan, and wastewater matrix complexity
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were not investigated in the current study. Therefore, comprehensive techno-economic anal-
yses, life-cycle assessments, and continuous-column adsorption studies are recommended
as future research directions.

The findings suggest that eggshell-derived materials represent promising low-cost
adsorbents for levomepromazine removal and provide a basis for further investigations
aimed at evaluating their practical applicability in water treatment systems.

3.10. Challenges and Recommendations for Future Research

Despite the promising results obtained in this study, several challenges must be
addressed before large-scale implementation of eggshell-based adsorbents can be realized.
One key limitation lies in the natural variability of eggshell composition, which may arise
from differences in animal diet, species, age, and processing conditions. Such variability can
influence calcium carbonate content, surface morphology, and functional group distribution,
potentially affecting adsorption performance and reproducibility at an industrial scale.

Another challenge concerns the regeneration and long-term stability of the adsorbents.
Although desorption experiments demonstrated satisfactory reusability over multiple
cycles, a gradual decline in adsorption capacity was observed, likely due to partial blockage
or degradation of active sites and structural fatigue. Further optimization of regeneration
strategies, including the selection of milder desorbing agents or alternative regeneration
techniques, is required to enhance durability over extended operational periods.

In addition, the adsorption experiments were conducted under controlled laboratory
conditions using single-solute systems. Real wastewater streams typically contain complex
mixtures of inorganic ions, natural organic matter, and competing pollutants, as well as
fluctuating pH and temperature conditions. These factors may adversely affect adsorption
efficiency and selectivity. Future studies should therefore evaluate the performance of
ES and ESM in real or simulated wastewater matrices to better assess their practical
applicability.

From a materials perspective, while unmodified ES and ESM already exhibit high
adsorption efficiency, targeted surface modification or functionalization could further
enhance their performance. Approaches such as chemical activation, incorporation of
specific functional groups, or hybridization with other biopolymers may improve selectivity
and broaden the range of contaminants that can be effectively removed.

Finally, future research should incorporate comprehensive life-cycle assessment (LCA)
and techno-economic analysis to quantify the environmental benefits and economic viability
of scaling up the adsorption process. Coupling these assessments with dynamic adsorption
studies under continuous flow conditions would provide a robust framework for transi-
tioning eggshell-based adsorbents from laboratory-scale investigations to real-world water
treatment applications.

4. Conclusions

In this study, eggshell without membrane (ES) and eggshell with membrane (ESM),
two abundant and low-cost biowaste materials, were investigated as biosorbents for the
removal of levomepromazine from aqueous solutions. Physicochemical characterization
using XRD, FTIR, SEM-EDS, TGA, and pHpzc analyses confirmed that both materi-
als are predominantly composed of calcite (CaCOj3), while ESM additionally contains
membrane-associated organic functional groups. The characterization results also re-
vealed heterogeneous surface features and functional groups potentially involved in the
adsorption process.

Batch adsorption experiments demonstrated that levomepromazine removal is influ-
enced by solution pH, adsorbent dosage, contact time, and initial pollutant concentration.
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The highest adsorption performance was obtained under alkaline conditions, with equilib-
rium reached within approximately 60 min. The adsorption capacity increased with increas-
ing levomepromazine concentration until adsorption sites became progressively occupied.

Kinetic studies showed that the pseudo-second-order model provided the best descrip-
tion of the experimental data (R? > 0.99). Equilibrium data were analyzed using Langmuir,
Freundlich, Temkin, and Dubinin—Radushkevich isotherm models. The Freundlich model
exhibited the highest correlation coefficients, suggesting adsorption on heterogeneous
surfaces, for ES under the investigated concentration range. FTIR analyses after adsorption
and pHPzc measurements suggest that electrostatic interactions and hydrogen bonding
may contribute to levomepromazine uptake, although the adsorption mechanism cannot
be established unequivocally based on the available data.

Regeneration experiments indicated that both adsorbents retained a substantial frac-
tion of their adsorption performance over five adsorption—desorption cycles, particu-
larly when regenerated using NaOH. Response surface methodology coupled with a Box—
Behnken design successfully identified the adsorbent dosage and initial levomepromazine
concentration as the most influential operating variables, and the developed quadratic
model showed satisfactory predictive capability (R? = 0.9536).

The results demonstrate that eggshell-derived materials can serve as promising low-
cost biosorbents for levomepromazine removal while contributing to the valorization of
an abundant agro-industrial waste. Nevertheless, the present study was conducted using
synthetic solutions and batch adsorption experiments.
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