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e pharmaceutical compounds in
Primalan and Diane using pumpkin biochar:
synthesis, characterization, and adsorption study

Boudoumi Barkahoum,ab Guergazi Saadia *ab and Nouioua Asmabc

This investigation aims to apply the adsorption process to eliminate mequitazine and ethinylestradiol, the

active molecules of Primalan and Diane, respectively, from aqueous solutions, utilizing biochar

synthesized from pumpkin fruits (PB-500). The results revealed that the obtained adsorbent possessed

a notable specific surface area, contributing to removal efficiencies of 66.61% and 62.37% for

mequitazine and ethinylestradiol, respectively. The sludge recovered under equilibrium conditions was

also characterized to facilitate comparison of biochar properties before and after adsorption. Several

models were employed to analyze the adsorption kinetics and isotherms, showing that the pseudo-

second-order model offers the optimal representation for the kinetic behavior. Both the Sips and

Freundlich models accurately described the isotherm data. On the other hand, the adsorption on PB-

500 was clearly affected by the variation in solution pH. The PB-500 variation test indicated that the

optimum adsorbent concentration was around 0.8 g L−1, where the removal yields were 67% for

mequitazine and 65.16% for ethinylestradiol. Thermodynamic studies indicated that the adsorption was

exothermic for both pollutants. Consequently, it can be inferred that pumpkin-biochar serves as an

effective adsorbent for eliminating mequitazine and ethinylestradiol from water.
1. Introduction

Over the recent decades, advancements in medicine have led to
a signicant increase in the production and consumption of
pharmaceutical products, with approximately 3000 distinct
products and annual production volumes surpassing hundreds
of tons.1 Among the widely consumed medications are mequi-
tazine and ethinylestradiol. The former is used to relieve various
allergy rhinitis symptoms, which affects 40% of the word pop-
ulation, presenting continuous increase over the last 20 years.2

The latter is a hormonal treatment, a derivative of progesterone,
used as a hormonal contraceptive and for acne treatment. The
oral contraceptive pill is the most popular method of contra-
ception, with the worldwide consumption surpassing 100
million.3 The extensive utilization of pharmaceuticals in health-
care has led to the release of signicant amounts of these
compounds into the environment, in both unutilized and
metabolized forms.4,5 These active compounds, such as antibi-
otics, antiepileptics, hormones, and analgesics, have been clas-
sied as emerging contaminants. They are characterized by their
nt, University of Biskra, PO Box 145 RP,
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of Science and Technology, University of

79
low concentrations (nanograms or micrograms per liter) but also
by their potential impact on aquatic ecosystems and human
health.6–8 Conventional wastewater treatment methods are the
common source of pharmaceutical compounds in discharged
effluents.9 Traditional treatment processes typically fail to ach-
ieve complete neutralization of the toxic compounds present in
wastewater10 due to factors such as their chemical structure,
concentrations, solubility, charge and their ability to escape
several purication steps.11,12 The accumulation and discharge of
effluents containing pharmaceuticals and personal care prod-
ucts into water bodies can induce genotoxic, mutagenic, and
ecotoxicological effects on plants, animals, and human health.
The continuous release of these contaminants into water bodies
and their subsequent exposure may potentially lead to chronic,
long-term consequences for aquatic plants and animals.13

Multiple treatment techniques are employed to confront the
challenge of removing pharmaceuticals and emerging organic
contaminants from water, including adsorption, reverse
osmosis, aerobic and anaerobic digestion, ozonation, Fenton
and other advanced oxidation processes.14 Adsorption technol-
ogies stand out as a popular method because of their adapt-
ability, simplicity, and effectiveness,15–17 as well as their ability to
avoid producing harmful by-products, unlike advanced oxidation
and membrane techniques.18 The effectiveness of adsorption
depends directly on the choice of material employed as the
adsorbent.19,20 A biochar-originated by-product of biomass
pyrolysis has been investigated as a promising cost-effective
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Physicochemical properties of the monitored substances

Properties Mequitazine Ethinylestradiol

Chemical structure

Molecular formula C20H22N2S C20H24O2

Molecular weight 322.47 g mol−1 296.4 g mol−1

pKa 10.43 10.4
Solubility 0.1 mg ml 4.8 mg L−1

Wave length 256 nm 280 nm
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adsorbent for eliminating pharmaceuticals from aqueous solu-
tions21,22 due to its abundance of functional groups,23 porous
structure, rich aromatic compounds, and environmentally
friendly characteristics.24,25 Biochars derived from agricultural or
plant residues at low cost have been demonstrated to exhibit an
effective adsorption performance.25,26

Pharmaceutical contamination in aquatic environments has
drawn increasing attention due to its ecological and health
impacts. Despite extensive studies on pharmaceutical adsorp-
tion, the specic pharmaceuticals investigated in this research
(mequitazine and ethinylestradiol) remain limited. This
research gap highlights the novelty and relevance of this study.

Therefore, the aim of this study was to apply the adsorption
process for the removal of mequitazine and ethinylestradiol
from aqueous solutions, using a biochar synthesized from
pumpkin peels. It is crucial to point out that the removal of
mequitazine and ethinylestradiol was investigated by studying
the case of the commercial pharmaceuticals Primalan and
Diane, respectively. The prepared biochar was characterized
using multiple analyses: Fourier transform infrared (FTIR)
spectroscopy, X-ray diffraction (XRD), scanning electron
microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX)
for the determination of elemental composition, Brunauer–
Emmett–Teller (BET) method and pH of zero charge point
(pHpzc), and PB-500 was also characterized aer adsorption to
completely understand the mechanism. It is worth mentioning
that the biochar used in this study has inherent limitations, as it
is typical for non-activated biochars. However, the research
primarily aimed to evaluate the potential of an unmodied, low-
cost adsorbent derived from agricultural residues. Although
activation could signicantly enhance the surface area and
adsorption efficiency, this aspect is beyond the scope of the
present work. Different parameters such as contact time, pH
medium, adsorption isotherm, adsorbent dosage and thermo-
dynamics were analysed in order to optimize the process effi-
ciency. Different linear and nonlinear models were investigated
to analyze the experimental results of kinetic and isotherm
studies. The obtained results show the alignment and the
accuracy of mequitazine and ethinylestradiol elimination
compared with those obtained from other compounds with
similar compositions, representing remarkable removal
efficiency.

2. Material and methods
2.1. Solution preparation

The employed pharmaceuticals, namely Primalan (5 mg of
mequitazine) and Diane (35 mg of ethinylestradiol), were
procured as tablets from Pierre Fabre and Bayer AG, respec-
tively. Mequitazine and ethinylestradiol exhibit distinct chem-
ical and physical properties, which are listed in Table 1. The
stock solutions were prepared at concentrations of 120 mg L−1

for mequitazine and 81.4 mg L−1 for ethinylestradiol. To ach-
ieve these concentrations, a known quantity of tablets was dis-
solved in distilled water. These stock solutions were periodically
prepared to ensure consistency throughout the study, providing
the requisite concentrations for subsequent experiments.
© 2025 The Author(s). Published by the Royal Society of Chemistry
2.2. Preparation of pumpkin biochars

Pumpkin peels were rinsed several times with deionized water,
crushed into small pieces and then dried in ambient air. Aer
that, pumpkin samples were placed in a DAIHAN scientic
furnace at 500 °C for 1 h under oxygen-limited conditions at
a heating rate of 10 °C min−1. Aer pyrolysis, the obtained
material was soaked in 0.05 M of HCl and then washed with
distilled water until achieving a pH in the range from 6.5 to 7.
The addition of a few drops of hydrochloric acid (HCl) aer
pyrolysis is generally used to neutralize ashes or basic
substances that may have formed during the pyrolysis process.
Finally, the PB-500 sample was air-dried in an oven at 80 °C for
24 hours and then crushed. The sample was separated using a 1
mm-mesh metal electronic sieve from KARP MACHINERY to
achieve a uniform particle size.
2.3. Characterization

Pumpkin biochar samples were characterized by ultimate
analysis. The functional groups on the surface were identied
by FTIR (Fourier transform infrared) spectroscopy using an
Agilent Cary 630 FTIR spectrometer, in the wavelength range of
400–4000 cm−1. The structure of the biochar was assessed by X-
ray diffraction (XRD) using a D8 Advance, while its chemical
composition was analyzed by energy-dispersive X-ray spectros-
copy (EDX). The EDX analysis was conducted over the entire
sample surface to obtain an average composition, ensuring
a representative understanding of the elemental distribution.
This combined approach provided comprehensive insights into
the biochar's structural and surface characteristics, with
a particular focus on the overall surface characterization for this
study. The morphology was examined using a Thermo Scientic
Prisma-E scanning electron microscope (SEM), and the sample
was scanned to generate high-resolution images, providing
insights into the pore structure and the elemental composition
(EDX). The textural characteristics were analyzed from nitrogen
adsorption desorption isotherms at 77 K by BET measurement
(ASAP 2020). For the pH of point zero charge, Chebbi et al.27

described the protocol used. First, 50 mg of PB-500 was mixed
with 50 ml of 0.1 M NaCl and stirred for 24 h at different initial
RSC Adv., 2025, 15, 3066–3079 | 3067
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pH values, which was adjusted using 0.1 M HCl and 0.1 M
NaOH. The pHpzc was acquired by achieving zero difference
between the initial and the nal pH values.

2.4. Adsorption experiments

All experiments were conducted in a batch system at 20 °C.
Adsorption tests were conducted in 100 ml beakers containing
50 ml of distilled water with determined doses of pollutants
mixed with 0.5 g L−1 of PB-500, under agitation of 1000 rpm for
a specic time using a magnetic agitator. The solutions were
ltered using a vacuum pump with lters of 0.45 mm diameter.
The residual concentration was assessed using a photo-
Lab*7600 UV-VIS spectrophotometer at a wavelength of 256 nm
for mequitazine and 281 for ethinylestradiol.28,29

Different parameters, such as stirring time (2–120 min) to
dene the equilibrium time and pH medium (2–12) to see the
efficiency of the adsorption process under normal conditions
and under other conditions, adsorption isotherm where the
initial concentration of pharmaceuticals was varied (2–
20 mg L−1), adsorbent dosage where the PB-500 concentration
was changed until it attained the optimal value (0.2–3 g L−1) and
the temperature effect (20, 40, 50 °C), were used in this study.
The adsorption capacity of PB-500 tested at time t (qt, mg g−1)
and at equilibrium (qe, mg g−1) was calculated using the
following equations:

qt ¼ ðC0 � CtÞ � V

m
(1)
Table 2 Kinetic and isotherm analysis models used

Model Equation Parameter de

Kinetic models
Pseudo-rst-order (PFO) qt = qe (1 − e−k1t) k1 (min−1) an
Pseudo-second-order (PSO)

qt ¼ qe
2k2t

1þ qek2t

Constants for

Intra-particle diffusion qt = Kintt
1/2 + C C (mg g−1) re

the boundary
Weber Morris

Elovich
qt ¼ 1

b
lnðabtþ 1Þ a (mg g−1 mi

b (g mg−1) is
Avrami qt ¼ qeð1� e�ðKAV$t

nAV ÞÞ KAV (min−1) i
is a fractiona

Isotherm models
Langmuir

qe ¼ QmaxKLCe

1þ KLCe

Qmax (mg g−1

is the Langm
Freundlich

qe ¼ KFCe
1
n

KF ((mg g−1)/
model consta

Temkin qe = A ln(KT$Ce) A (mg g−1) an
Redlich–Peterson

qe ¼ KRPCe

1þ aRPCe
b

KRP (mg L−1)
Redlich–Pete

Dubinin–Radushkevich qe = qm$e
−b32 qm (mg g−1) i

is a coefficien

Polanyi poten

Sips
qe ¼ qs � KS � Ce

1
nS

1þ K � Ce

1
nS

qs (mg g−1) is
the Sips mod
heterogeneity

3068 | RSC Adv., 2025, 15, 3066–3079
qe
ðC0 � CeÞ � V

m
(2)

The removal efficiency was estimated as follows:

%Removal ¼ C0 � Ce

C0

� 100 (3)

where C0, Ct, and Ce (mg L−1) are the concentrations of the
pollutant initially, at given time and at equilibrium, v (L) is
the solution volume and m (g) represents the amount of
PB-500 used.
2.5. Adsorption empirical models

Nonlinear tting models were employed to discuss the kinetic
adsorption experiments, including pseudo rst-order-order
(PFO), pseudo-second-order (PSO), Elovich, Avrami and intra-
particle diffusion (linear model). All isotherm adsorption
models tested were nonlinear, which were Langmuir, Freund-
lich, Temkin, Redlich–Peterson, Dubinin–Radushkevich and
Sips. Table 2 lists all the kinetic and isotherm models used.

The model performance was analyzed by determining
various statistical parameters30 such as adjusted coefficient (adj-
R2) (eqn (4)) and reduced chi-squared (red-c2) (eqn (5)), where
adj-R2 should be close to 1, indicating the t between the data
and the model, while red-c2 must approach zero, revealing the
discrepancies between the calculated and the experimental
values:31
nition References

d k2 (g mg−1 min−1) are the speed 32
PFO and PSO, respectively 33

presents the constant related to the thickness of
layer, Kint (mg g−1 min−1/2) is the rate constant of
model

34

n−1) is the initial adsorption rate constant and
the desorption rate constant

35

s the Avrami model constant and nAV (dimensionless)
l order of adsorption

36

) is the maximum adsorption capacity and KL (L mg−1)
uir model constant

37

(mg L−1)n) and n (dimensionless) are the Freundlich
nts

38

d KT (L mg−1) are the Temkin model constants 39
−g, aRP (L mg−1) and b (dimensionless) are the
rson model constants

40

s the theoretical saturation capacity, b (mol2 kJ−2)
t related to the adsorption energy and 3 is the

tial (kJ mol−1), where: 3 ¼ RT ln
�
1þ 1

Ce

�
41

the maximum adsorption capacity, KS is
el constant and nS (dimensionless) is the surface
of the adsorbent

42

© 2025 The Author(s). Published by the Royal Society of Chemistry
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adj-R2 ¼ 1�
PN
i¼1

�
qe; exp � qe; cal

�2
PN
i¼1

�
qe; exp � qe; mean

�2 (4)

red-c2 ¼
XN
i¼1

�
qe; exp � qe; cal

�2
qe; cal

(5)

qe,exp (mg g−1) and qe,cal (mg g−1) are the equilibrium adsorption
capacities dened by the experiment and calculated by the
model respectively, qe,mean is the average of qe,exp and N repre-
sents the number of experimental points.
3. Results and discussion
3.1. Characterization

The FTIR spectra of pharmaceuticals and biochars (native and
used adsorbent) are presented in Fig. 1. According to Pattnaik
et al.,43 the interval of weak peaks between 3500 and 3800 cm−1

(the recorded peak is around 3750 cm−1) is attributed to the
O–H stretching vibrations, which can be assigned to the reten-
tion of hydroxides and residual water in the biochar. The
Fig. 1 FTIR spectrum of the native and used biochar.

Fig. 2 SEM image of PB-500: (a) before adsorption tests, and (b) and (c

© 2025 The Author(s). Published by the Royal Society of Chemistry
vibration observed at 1691 cm−1 indicates the presence of C]O
groups, typically found in ketones, aldehydes, carboxylic acids,
and esters.44 The peak at 1572 cm−1 corresponds to C]C
stretching vibrations, commonly present in aromatic
compounds.45 The peaks in the range of 1150 to 1032 cm−1 (the
detected peak is about 1014 cm−1) are associated with C–O
stretching vibrations.46 The peaks observed at 874 cm−1 and
762 cm−1 reveal alkynes with the C–H bending vibration.47 The
FTIR spectrum aer adsorption shows a decrease in band
intensity. This reduction attributed to PRM and DIA removal
using the prepared PB-500 is probably driven by a physical
adsorption mechanism.45

The scanning electron microscopic (SEM) image results
recorded at 50 micrometer resolution before and aer adsorp-
tion onto PB-500 are presented in Fig. 2. Before adsorption, the
biochar exhibits a heterogeneous surface characterized by
irregular and high number of pores. Aer adsorption, the
sludge characterization shows changes in the morphology of
the biochar. This shi referred to the pore lling mechanism,
where implies that the adsorbate molecules have occupied the
adsorbent pores and reduced their size.48 The elemental
composition analysis (EDX) of the adsorbent reveals a signi-
cant weight percentage of carbon, accounting for 75.35% and
23.1% of oxygen. As depicted in Table 3, adsorption introduces
new elements with low concentrations (aluminum, potassium
and phosphorus) that were not initially in the prepared biochar.
These new elements may derive from the chemical structure of
the pharmaceutical compounds. The elements Al, K, and P
detected by the EDX analysis in the two active ingredients,
mequitazine and ethinylestradiol, could originate from other
additives used for encapsulating the medications. These addi-
tives are probably associated with the tablet formulation of the
drugs Diane and Primalan, respectively.

According to Amalina et al.,49 biochar pores are categorized
as micropores (<2 nm), mesopores (2–50 nm) or macropores
(>50 nm). In Fig. 3(a), it can be observed that the prepared
biochar is mesoporous and exhibits heterogeneous pore size
distribution, which was conrmed by nitrogen adsorption/
desorption isotherm curves, presented in Fig. 3(b). According
) after adsorption of mequitazine and ethinylestradiol, respectively.

RSC Adv., 2025, 15, 3066–3079 | 3069
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Table 3 Elemental composition of the native and used biochar

Pumpkin
adsorbent

Mequitazine
sludge

Ethinylestradiol
sludge

Weight% Atom% Weight% Atom% Weight% Atom%

C 75.25 80.97 76.60 81.90 72.43 79.67
O 23.10 18.63 21.68 17.40 21.70 17.92
Mg 0.41 0.22 0.39 0.20 0.96 0.52
Al — — 0.38 0.18 0.52 0.26
K — — 0.95 0.31 0.89 0.30
P — — — — 0.99 0.42

Table 4 Physical properties of PB-500

Unit Value

SBET m2 g−1 8.69
SMicropore m2 g−1 17.21
VTotal cm3 g−1 0.01
Average pore diameter nm 4.79
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to the IUPAC nomenclature, the isotherm was categorized as
type IV,50 suggesting that the biochar has mesoporous charac-
teristics. The results showed that the specic area and total
volume of pores were 8.69 m2 g−1 and 0.01 cm3 g−1 respectively,
where the average pore diameter (Lo) was around 4.79 nm. All
the properties are listed in Table 4.

The crystalline or amorphous phase composition of the
prepared biochar can be deduced through XRD analysis, and
the results are presented in Fig. 4(a). The appearance of a broad
peak around 2qz 23° indicates the amorphous structure of the
biochar, and this peak results from the randomly oriented
aromatic carbon structure present in the biochar,51 while the
second peak near 2q z 42° suggests the presence of some
graphitic structures or partially ordered carbon. This peak is
typically less intense than the rst peak, demonstrating the
lower degree of order in the graphitic structures.52

Fig. 4(b) shows that the pHpzc is around 6.84, which means
that the surface of prepared biochar was electrically neutral at
this value. The PB-500 was positively charged at pH values less
than 6.84 and negatively charged at pH values greater than 6.84.
3.2. Adsorption study

3.2.1. Adsorption kinetic. Fig. 5 illustrates the efficiency
removal of mequitazine and ethinylestradiol on PB-500 over
a contact time ranging from 0 to 120 min. It appears that the
Fig. 3 (a) Pore size distribution of PB-500. (b) Nitrogen adsorption/deso

3070 | RSC Adv., 2025, 15, 3066–3079
adsorption efficiency increases rapidly at the start until reach-
ing the plateau. The equilibrium time is observed at 30 min for
mequitazine and 10 min for ethinylestradiol, where the effi-
ciencies are stabilized at 66.61% and 62.37%, respectively.

Fig. 6(a) and (a0) represent the nonlinear models used, and
show the adsorbed quantity qt (mg g−1) of pharmaceuticals on
PB-500 over the same time range (0–120 min). As observed, the
adsorbed quantity increases with the increase in contact time
until reaching the equilibrium time. The results indicate that
the maximum adsorbed quantities are 13.23 mg g−1 for
mequitazine and 6.24 mg g−1 for ethinylestradiol.

Table 5 provides the summary results of both linear and
nonlinear models tested. According to the discrepancy between
the calculated (qe,cal) and the experimental (qe,exp) results
derived from each model, it can be seen that the PSO provided
an adequate description of the experimental data for both
mequitazine and ethinylestradiol, with an adj-R2 value of 0.92
and the lowest red-c2 of 0.103. The performance t of the PSO
model suggests that the adsorption of mequitazine and ethi-
nylestradiol onto PB-500 depends on both the adsorbate and
the adsorbent,53 where the rate limiting step is perhaps chem-
isorption, implicating valence forces through electron sharing
or exchange. Similar conclusions were reported in the
literature.54,55

The intra-particle diffusion model, based on the theory
advanced by Weber and Morris,34 has been widely used for the
assessment of adsorption kinetics. If the plot qt = f(t1/2) yields
a straight line passing through the origin (C = 0), the intra-
particle diffusion is considered as the rate-limiting step. When
rption isotherm of PB-500 at 77 K.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) XRD spectrum and (b) pH at the point of zero charge of PB-500.

Fig. 5 Adsorption efficiency of mequitazine and ethinylestradiol on
the pumpkin biochar as a function of contact time.
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C s 0, both the lm and intraparticle diffusion are viewed as
rate-limiting steps.56 The intercept C gives us information on
the thickness of the boundary layer, and the larger intercept
indicates the greater boundary layer effect.57 The plot exhibits
two distinct steps. The rst step corresponds to an external
surface adsorption, and the second one reects gradual
adsorption with intra-particle diffusion acting as the rate-
limiting step, where the intra-particle diffusion slows down
due to the extremely low solute concentration in the solution.
The strong correlation of rate data within this model can
provide validation for the underlying mechanism.58 According
to this study, the plot (qt versus t

1/2) presented in Fig. 6(b) and
(b0) is bi-linear. From the above-mentioned results, it is
observed that Kint,1 > Kint,2. The higher value of Kint,1 reveals that
the external diffusion of both mequitazine and ethinylestradiol
onto PB-500 was rapid, where the second step corresponds to
the internal diffusion and the adsorption attachment.

3.2.2. pH effect. pH effect is a crucial parameter in the
adsorption process. The pH of each solution was varied from 2
to 12, knowing that the solutions were modied using either
© 2025 The Author(s). Published by the Royal Society of Chemistry
0.1 M HCl or 0.1 M NaOH. At pH > pHpzc (6.84), the biochar
surface was negatively charged. While, at pH < pHpzc, the charge
of the PB-500 surface became positive. Fig. 7 shows the medium
pH effect, presented by histograms. The results show that the
pH change affects the adsorption of pharmaceuticals employed.
It is clear that the optimum pH for both pharmaceuticals was
around neutrality, what is in agreement with the pKa value of
each pharmaceutical (10.43 for mequitazine and 10.4 for
ethinylestradiol).

While studying ethinylestradiol adsorption, Ferandin Hon-
orio et al.59 found that the pH value of 7 notably enhanced the
removal, compared to acidic and alkaline media, observing that
the adsorbed amount exceeds 0.7 mg g−1. The authors
explained that there is an increase in the removal efficiency
under alkaline conditions with the increase in the concentra-
tion of hydroxyl ions in the solution, resulting in the formation
of aqueous complexes that inhibit the adsorption. There are no
published data for mequitazine.

3.2.3. Adsorption isotherm. Nonlinear models were
applied to well depict the interactions between adsorbate
molecules and the adsorbent surface, as shown in Fig. 8, and
Langmuir tting is unable to explain the adsorption mecha-
nism, but it gives us information about the adsorption capacity
and the equilibrium process behavior.60 This model suggests
homogeneous adsorption without transmigration or adsorbate
interactions on the surface plane.61 The Freundlich isotherm
model is widely used for heterogeneous systems featuring
interactions between the adsorbate and the adsorbent.62

Following the Freundlich theory, the heterogeneity factor n
serves as an indicator about the adsorption type. When n = 1,
the adsorption is linear, when n < 1, the adsorption is a favor-
able and chemical process, but it becomes an unfavorable and
physical process when n > 1.63 The Redlich–Peterson model
combines both Langmuir and Freundlich models into an inte-
grated equation. At high concentrations, the adsorption shows
Freundlich's multilayer behavior. While at lower concentra-
tions, it follows Langmuir's monolayer behavior.64 The Temkin
model explains the effect of indirect interactions between the
RSC Adv., 2025, 15, 3066–3079 | 3071
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Fig. 6 Kinetic adsorption analysis: (a) and (a0) nonlinear fitting (PFO, PSO, Elovich and Avrami) (b) and (b0) linear intra-particle diffusion fitting.
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adsorbent and the adsorbate in the adsorption process. It
supposes that as the adsorption capacity increases, the heat
energy decreases linearly.65 The Dubinin–Radushkevich model
explains the effect of the porous structure of the adsorbents. It
stated that the adsorption process correlated with the lling of
micropore volumes, instead of layer-by-layer adsorption on pore
walls.66 The Sips isotherm model is a combination between
Langmuir and Freundlich models. At lower concentrations of
adsorbate, the Sips isotherm transitions to the Freundlich
model and provides a monolayer adsorption capacity similar to
the Langmuir isotherm at higher concentrations.67 The selected
parameters of each model are summarized in Table 6. Consid-
ering the high (adj-R2) and lower (red-c2) values, the sequence of
adsorption isotherms for mequitazine followed the order of
Sips > Freundlich > Redlich–Peterson > Langmuir > Temkin >
Dubinin–Radushkevich, while the ethinylestradiol isotherm
tting order was Freundlich > Sips > Langmuir > Redlich–
Peterson > Temkin > Dubinin–Radushkevich. Regarding the
slight difference between the Sips and Freundlich models in
3072 | RSC Adv., 2025, 15, 3066–3079
terms of adj-R2 and red-c2, it is clear that both the models
perform well in describing the adsorption isotherm of mequi-
tazine and ethinylestradiol onto PB-500. The best tting of the
Freundlich model suggests a multilayer adsorption process. It is
noteworthy that the Langmuir model achieved the maximum
adsorption capacity with 35.6816 mg g−1 for mequitazine and
66.2637 mg g−1 for ethinylestradiol.

3.2.4. Effect of the PB-500 dosage. The adsorbent dosage
effect on mequitazine and ethinylestradiol removal is illus-
trated in Fig. 9. According to the obtained results, it can be seen
that the removal efficiency of both mequitazine and ethinyles-
tradiol was enhanced with the increase in PB-500 doses, until
reaching the optimum corresponding to 0.8 g L−1 of the
adsorbent, where the efficiency achieved 67% for mequitazine
and 65.16% for ethinylestradiol. This can be claried by the
increased adsorption active sites.68 The plateau in efficiency
beyond 0.8 g L−1 of PB-500 can be explained by multiple factors:
particle aggregation at higher dosages reduces the accessible
surface area, limits the availability of pharmaceutical molecules
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Kinetic model parameters for mequitazine and ethinylestra-
diol adsorption onto PB-500

Model Unit

Value

Mequitazine Ethinylestradiol

qe
(experiment)

mg g−1 13.23 6.24

PFO
qe mg g−1 12.6449 6.2366
K1 min−1 0.3344 0.2204
Adj-R2 — 0.9807 0.9740
Red-c2 — 0.2583 0.1014

PSO
qe mg g−1 12.9199 6.5198
K2 g (mg−1 min−1) 0.0573 0.0643
Adj-R2 — 0.9245 0.943
Red-c2 — 0.1032 0.0413

Intra-particle diffusion
Kint,1 First step

mg g−1 min−1/2
0.6598 2.0804

C1 mg g−1 9.2289 −0.7658
Adj-R2 — 0.9806 0.9656
Kint,2 Second step

mg g−1 min−1/2
−0.1287 −0.0542

C2 mg g−1 13.9861 6.4475
Adj-R2 — 0.8862 0.9782

Elovich
a mg g−1 min−1 8802.2263 45.4329
b g mg−1 1.0716 1.3125
Adj-R2 — 0.7626 0.8859
Red-c2 — 0.4339 0.1126

Avrami
qe mg g−1 12.3827 6.1830
KAV min−1 59.4954 0.1624
nAV — 0.01 1.1963
Adj-R2 — 0.9447 0.9774
Red-c2 — 0.7402 0.0882

Fig. 7 (a) and (b) pH effect on mequitazine and ethinylestradiol remova

© 2025 The Author(s). Published by the Royal Society of Chemistry
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to adsorb onto surplus sites, and restricts diffusion in micro-
pores or aggregated particles. These mechanisms provide
a clearer understanding beyond saturation alone and are
consistent with similar studies in the literature. Our ndings
align with those of D'Cruz et al.54 and Li et al.,69 which showed
that increasing the adsorbent dosage initially enhances pro-
mazine and ethinylestradiol removal up to 10 mg and
10 mg L−1, respectively, beyond which the adsorption sites
become saturated.

3.2.5. Thermodynamic study. The thermodynamic study
aids us to understand the mechanism process of mequitazine
and ethinylestradiol adsorption onto the prepared biochar. By
investigating the thermodynamic variables such as DG°, DH°
and DS°, which are given as follows:

DG˚ = DH˚ − TDS˚ (6)

DG° was calculated using the following equation:

DG˚ = −RT ln(KC) (7)

By replacing eqn (7) into eqn (6) and simplifying, we obtained
the following equation:

lnðKCÞ ¼ �DH+

R
� 1

T
þ DS+

T
(8)

where R is the universal gas constant which is equal to 8.314
(J mol−1 K−1), T is the absolute temperature and KC is the
thermodynamic equilibrium constant.

KC was obtained using the following equation:

qe = KC × Ce (9)

However, DH° and DS° were determined graphically from the
linear plot of ln(KC) against (1/T) presented in Fig. 10(b) and (b0),
as described by Amoo et al.70

The thermodynamic parameters DG° (kJ mol−1), DH° (kJ
mol−1), and DS° (kJ mol−1 K−1) represent the Gibbs free energy
change, the enthalpy and the entropy change, respectively. The
obtained parameter results are presented in Table 7.
l.

RSC Adv., 2025, 15, 3066–3079 | 3073
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Fig. 8 (a) and (b). Adsorption isotherms of mequitazine and ethinylestradiol onto PB-500.

Table 6 Isotherm modelling parameters for mequitazine and ethi-
nylestradiol adsorption onto PB-500

Model unit

Value

Mequitazine Ethinylestradiol

Langmuir
Qmax mg g−1 35.6816 66.2637
KL L mg−1 0.2114 0.0518
Adj-R2 — 0.9691 0.9887
Red-c2 — 1.9009 0.4886

Freundlich
KF (mg g−1)/(mg L−1)n 6.9586 3.6980
n — 1.7295 1.2620
Adj-R2 — 0.9877 0.9924
Red-c2 — 0.6144 0.2906

Temkin
A mg g−1 5.4863 5.3773
KT L g−1 4.9094 2.7062
Adj-R2 — 0.8776 0.8171
Red-c2 — 4.0851 6.2729

Redlich–Peterson
KRP (mg L−1)−g 5.4967 5.8272
aRP L mg−1 0.0124 0.1531
b — 2.2406 1.1948
Adj-R2 — 0.9776 0.9188
Red-c2 — 0.9364 2.2735

Dubinin–Radushkevich
qm mg g−1 20.9660 19.8452
b mol2 kJ−2 3.8581 7.4296
Adj-R2 — 0.8673 0.8368
Red-c2 — 4.4274 7.0656

Sips
qs mg g−1 26.2452 26.0941
KS L mg−1 1.7716 39.5311
nS — 3.4719 110.0841
Adj-R2 — 0.9881 0.9900
Red-c2 — 0.4020 0.3713

Fig. 9 Effect of the adsorbent dosage on mequitazine and ethiny-
lestradiol removal.

3074 | RSC Adv., 2025, 15, 3066–3079

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
Ja

nu
ar

y 
20

25
. D

ow
nl

oa
de

d 
on

 1
/1

6/
20

26
 4

:5
8:

55
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
For mequitazine adsorption onto PB-500, it is visible that the
free energy was negative at 293 and 313 K and then positive at
323 K. Therefore, the adsorption was favorable and sponta-
neous until reaching 323 K, signifying that the process becomes
non-spontaneous at high temperatures.71 However, ethinyles-
tradiol adsorption was non-spontaneous and then became
spontaneous and favorable at 323 K. The negative value of
enthalpy change DH° implied the exothermic nature of the
adsorption interaction for both pollutants.72,73 Khumalo et al.74

and Salehi75 pointed out that the negative values of entropy
change DS° indicate the decreased disorder in the reaction
system for mequitazine and ethinylestradiol. The ndings of
Ferandin Honorio et al.59 conrmed the same results.
4. Adsorption mechanisms

According to the literature, electrostatic attraction, hydrogen-
bonding formation, n–p and p–p interactions, and pore
lling are indeed major mechanisms involved in the removal of
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 (a) and (a0) represents the Sips isotherm fitting of mequitazine and ethinylestradiol experimental points at different temperatures (20, 40
and 50 °C). Nonlinear Sips fitting at different temperatures. (b) and (b0) Adsorption thermodynamics graphs at temperatures of 393, 313 and 323 K.
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pharmaceuticals from aqueous solutions using porous carbo-
naceous materials.27,76–78

As revealed through the characterization of the biochar
before and aer adsorption, SEM analysis shows the effect of
pore lling mechanism, which is typically associated with
physical adsorption.45 This is supported by FTIR results, which
reveal a decrease in the C]C bond intensity, indicating p–p

interactions between PB-500 and pollutants.45 The adsorption
kinetics t well with the pseudo-second-order model, suggest-
ing a contribution of chemical adsorption, where chemisorp-
tion involves valence forces or electron exchange.53 The pH
effect further supports the role of physical processes, as the
high adsorption efficiency near the pHpzc can be attributed to
pore lling or hydrogen bonding mechanisms.79 Lastly, the best
t with the Freundlich isotherm suggests multilayer adsorption
onto a heterogeneous surface dominated by van der Waals
forces, hydrogen bonding, and electrostatic interactions.78

Based on the obtained results, the adsorption mechanism of
mequitazine and ethinylestradiol may involve a combination of
physical and chemical processes, where surface interactions
© 2025 The Author(s). Published by the Royal Society of Chemistry
and pore lling play a signicant role, and possibly additional
mechanisms such as valence forces or electron exchange.80–82
5. A comparative study with research
reported in the literature

Due to the difficulties encountered in obtaining experimental
data on the removal of mequitazine and ethinylestradiol in
aqueous media through adsorption on biosorbents, we evalu-
ated the effectiveness of our biosorbent (PB-500) in removing
these two tested products. To do this, we compared its perfor-
mance with that of substances having a similar composition to
the studied pharmaceuticals, as well as with previous research
results on the adsorption of drugs in aqueous solutions using
biosorbents/activated adsorbents. Table 8 indicates that under
the optimal operating conditions of our bioadsorbent (PB-500),
it can serve as an efficient, environmentally friendly, and
effective adsorbent for removing pharmaceutical products from
aquatic waters.
RSC Adv., 2025, 15, 3066–3079 | 3075
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Table 7 Obtained thermodynamic parameters of mequitazine and ethinylestradiol adsorption onto the pumpkin biochar

T (K) Kd

van't Hoff
equation

Thermodynamic parameters

DG°
(kJ mol−1)

DH°
(kJ mol−1)

DS°
(J mol−1 K−1)

Mequitazine 293 3.9100 −3.3216 −39.7036 −123.8470
313 1.6258 ln(Kd) = 4475.5082 × (1/T) − 14.8962 −1.2647
323 0.8210 R2 = 0.96 0.5296

Ethinylestradiol 293 3.3148 2.9193 −36.1207 −113.5884
313 1.1196 ln(Kd) = 4344.5686 × (1/T) − 13.6623 0.2939
323 0.8700 R2 = 0.97 −0.3740

Table 8 Comparison of mequitazine and ethinylestradiol adsorption capacities in this study with different adsorbents

Adsorbate
Molecular
formula Adsorbent

Efficiency
(%)

Adsorption capacity
(mg g−1)

Qmax

(mg g−1) Ref

Mequitazine C20H22N2S Pumpkin-biochar 66.61 13.23 35.6816 Our study
Promethazine C17H20N2S Olive tree pruning biochar 95.87 38.16 346.95 55
Promazine C17H20N2S Olive tree pruning biochar 98.64 47.20 640.7 55
Promazine C17H20N2S Magnetic activated carbon

nanocomposite
99.97 Not given 101.01 54

Ethinylestradiol C20H24O2 Pumpkin-biochar 62.37 6.24 66.2637 Our study
17a-Ethinylestradiol C20H24O2 Activated carbon cloths 76 Not given 11.11 76
Ethinylestradiol C20H24O2 Activated carbon embedded

in alginate biopolymer
84 Not given 0.53 77

17a-Ethinylestradiol C20H24O2 Multi-walled CNTs carbon cryogel
carbonized hydrothermal carbon

>87.22 5.99 39.22 78
>87.22 5.49 52.90
50 0.95 30.75

Estrone C18H22O2 Rice husk biomass 86.3 1.82 2.698 59
17b-Estradiol estriol C18H24O2 94.9 0.69 1.649

C18H24O3 82.5 0.22 0.979
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6. Conclusion

Pumpkin peels were investigated to prepare an adsorbent for
the removal of mequitazine and ethinylestradiol, which are the
activated molecules of Primalan and Diane respectively, from
aqueous media. This biosorbent showed promising results for
the removal of this type of pollutant. The characterization
results indicated that PB-500 was a mesoporous adsorbent
characterized by an amorphous structure. Both Sips and
Freundlich models demonstrated their performance tting of
the experimental results. The maximum Langmuir adsorption
capacity was 35.68 mg g−1 for mequitazine and 66.26 mg g−1 for
ethinylestradiol. The thermodynamic study demonstrated that
the adsorption was exothermic with decreased disorder in the
reaction system. The ndings from the characterization and
adsorption experiments demonstrated that the adsorption
mechanism is a blend of physical and chemical adsorption.
These results indicate that the produced biochar has a remark-
able potential for the removal of pharmaceuticals tested.
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