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Biosorption offers a sustainable approach for the removal of pharmaceutical contaminants from

wastewater. This study reports, for the first time, the use of activated carbon derived from Scolymus

hispanicus biomass as a low-cost, eco-friendly adsorbent for the removal of hydroxychloroquine sulfate

(HCQ) from aqueous solutions. Adsorption performance was evaluated through equilibrium and kinetic

studies, with data analyzed using Langmuir and Freundlich isotherm models, a pseudo-second-order

kinetic model, and intraparticle diffusion analysis to elucidate the underlying adsorption mechanism. The

biosorbent exhibited a maximum adsorption capacity of 23.17 mg g−1 under the investigated conditions.

Thermodynamic parameters (DG°, DH°, and DS°) were independently determined, revealing that the

adsorption process is spontaneous and endothermic, as inferred from negative DG° and positive DH°

values, rather than from adsorption capacity alone. The integrated analysis of isotherm, kinetic, and

thermodynamic results provides a comprehensive mechanistic interpretation. This work highlights the

novelty of using Scolymus hispanicus as a sustainable precursor and demonstrates its potential as a cost-

effective and environmentally friendly alternative to conventional activated carbons for pharmaceutical

wastewater treatment.
1 Introduction

The contamination of the environment by persistent organic
compounds, especially pharmaceutical residues, poses a signif-
icant threat to both human health and ecosystems. These
micropollutants, although found in extremely low concentra-
tions, primarily stem from hospital, industrial, and household
sources.1 Their durability in aquatic environments, resistance to
standard treatment methods, and potential toxicity have
become matters of growing concern.2 Pharmaceutical
compounds frequently identied in aquatic environments
include anti-inammatory agents, antibiotics, hormones, beta-
blockers, and antimalarials, such as hydroxychloroquine
(HCQ).3 HCQ, widely used in the treatment of diseases like
rheumatoid arthritis and systemic lupus erythematosus,4–8 is
commonly detected in discharges from the pharmaceutical
industry, hospital effluents, wastewater treatment facilities,
laboratory waste, and excreta from both humans and animals.9

The widespread discharge of hydroxychloroquine (HCQ) into
aquatic environments represents a critical emerging
partment of Environmental Engineering,
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the Royal Society of Chemistry
contaminant, capable of accelerating antimicrobial resistance
in pathogenic bacteria and inducing ecotoxicological effects in
aquatic organisms, with potential repercussions for human
health. As concentrations of such pharmaceutical residues
continue to rise in municipal wastewater and industrial efflu-
ents, there is an urgent need to develop and implement efficient
and sustainable removal strategies. Advancing such treatment
approaches is essential not only for safeguarding water quality
but also for mitigating the broader public health risks associ-
ated with the proliferation of drug-resistant microorganisms.

Several physicochemical approaches have been developed to
tackle this emerging form of pollution, with adsorption being
particularly favored for its effectiveness, straightforward appli-
cation, and affordability.10–12 Adsorption has emerged as
a promising approach for the removal of various emerging
organic and inorganic pollutants, such as heavy metals,13 toxic
gases,14 synthetic dyes,15 and pharmaceutical compounds.16,17

However, adsorption efficiency largely depends on the charac-
teristics of the adsorbent material used.18 Consequently, the use
of natural or plant-based adsorbents contributes to environ-
mental sustainability by reducing ecological impact and
promoting renewable resource utilization.19

In this study, Scolymus hispanicus, an abundant Mediterra-
nean plant, was investigated for the rst time as a sustainable
and low-cost precursor for the production of activated carbon
(SHAC). The primary objective was to evaluate the effectiveness
RSC Adv., 2026, 16, 849–860 | 849
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of SHAC as an adsorbent for the removal of hydroxychloroquine
(HCQ), an emerging pharmaceutical contaminant, from
aqueous solutions. To achieve this, the adsorbent was synthe-
sized using both physical and chemical activation techniques
and subsequently characterized to elucidate its textural prop-
erties and surface chemistry. A comprehensive examination of
the adsorption process was conducted, including systematic
studies of operational parameters, kinetic modeling, equilib-
rium isotherms, and thermodynamic behavior. These analyses
provide critical insights into the mechanisms governing HCQ
uptake and demonstrate the potential of S. hispanicus-derived
activated carbon as an eco-friendly alternative to conventional
adsorbents. Recent research20 has highlighted the growing
interest in biomass-derived activated carbons for removing
pharmaceutical pollutants from wastewater, with studies
reporting high adsorption capacities and favorable kinetics
when using agricultural waste.

2 Materials and methods
2.1 Solution preparation

Hydroxychloroquine sulfate (HCQ) is a water-soluble pharma-
ceutical compound characterized by two prominent absorption
peaks at 333 nm and 343 nm. A stock solution with a concen-
tration of 200 mg L−1 was prepared by accurately dissolving
a measured amount of anhydrous HCQ in deionized water. The
molecular structure and key physicochemical properties of HCQ
are presented in Table 1.

2.2 Preparation of Scolymus hispanicus activated carbon

The activated carbon used in this study was derived from Sco-
lymus hispanicus, an agricultural waste material collected in the
Ain Dea region of Algeria during the month of August. The raw
material was rst thoroughly washed several times with tap
water, followed by distilled water, to eliminate dust and surface
impurities. Washing continued until the rinse water appeared
clear. Aerward, the samples were air-dried at room tempera-
ture and subsequently dried in an oven at 105 °C for 24 hours.
The dried material was then ground and sieved to obtain
a powder with a particle size ranging from 1 to 1.25 mm.

In this research, Scolymus hispanicus was rst dried and then
mixed with zinc chloride (ZnCl2) in a 1 : 1 weight ratio.21 Water
was added to facilitate the formation of a homogeneous paste,22

which was then subjected to carbonization via physical activa-
tion in a furnace at 873 K for 4 hours. Following activation, the
material was repeatedly washed with distilled water to eliminate
Table 1 Chemical structure and geometric properties of HCQ

Structure Molecul formula Chemical name

C18H26ClN3O$H2SO4
2-[[4-[(7-Chloro-4-quinol
ethanol sulfate11

850 | RSC Adv., 2026, 16, 849–860
residual activating agents, then dried at 363 K for 24 hours, and
stored under appropriate conditions, as depicted in Fig. 1.

The surface morphology and structural features of the acti-
vated carbon were characterized using Scanning Electron
Microscopy (SEM, JEOL JSM-6830) and BET surface area anal-
ysis, conducted with a Micromeritics ASAP 2420 analyzer
employing liquid nitrogen at −196 °C.
2.3 Batch adsorption experiments

Adsorption experiments were performed in batch mode by
introducing 0.5 g of activated carbon Scolymus hispanicus
(SHAC) into 1 liter of a synthetic HCQ solution at a concentra-
tion of 10 mg L−1. The solution was agitated at 400 rpm for
predetermined time intervals. At specied times, samples were
withdrawn and ltered using a syringe lter. The ltrates were
analyzed with an OPTIZEN 2120 UV-vis spectrophotometer at
a wavelength of 333 nm (l = 333 nm).23

The HCQ removal rate was calculated using the following
equation:

% Removal ¼ C0 � Ct

C0

� 100 (1)

where R% is the HCQ percentage removal, C0 (mg L−1) is the
initial HCQ concentrations in the solution, Ct (mg L−1) is the
HCQ concentration at time t.

The amount of adsorbed HCQ per unit weight of SHAC, qt
(mg g−1), was determined using the following equation:

qt ¼ C0 � Ct

m
� V (2)

where qt (mg g−1) is the amounts of adsorbed HCQ aer time t
(min), C0 (mg L−1), is the initial HCQ concentrations in the
aqueous solution, Ct (mg L−1) is the HCQ concentration in the
aqueous solution at time t (min), V (L) is the volume of the
solution, and m is the SHAC weight, g.
3 Results and discussion
3.1 Characterization of SHAC

3.1.1 Isoelectric point pH. The point of zero charge (pHpzc)
is a critical parameter in adsorption studies, as it indicates the
pH at which the adsorbent surface carries a neutral net charge,
where the number of positive and negative surface charges is
equal.

In this study, the pHpzc was determined according to the
method described by Giles.24 A series of closed asks, each
MW
(g mol−1)

lmax

(nm) Purty Storage Stability

yl)amino]pentyl]ethylamino]
434 333 $95% 20 °C

$2
years

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Scolymus hispanicus plant, (b) Scolymus hispanicus powder, and (c) Scolymus hispanicus activated carbon.
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containing 50 mL of a 0.01 M KNO3 solution, was prepared. The
initial pH of each solution was adjusted within the range of 2 to
11 using 0.1 N NaOH or HCl. Aerward, 0.1 g of the adsorbent
was added to each ask. The mixtures were stirred for 48 hours,
aer which the nal pH was measured. The pHpzc was identi-
ed as the pH value at which the difference between the initial
and nal pH (DpH) equals zero, as observed from the inter-
section point on the curve plotting nal pH against initial pH
(Fig. 2).

3.1.2 Specic surface area analysis by BET. The Brunauer–
Emmett–Teller (BET) method is commonly employed to assess
the textural properties of solid materials, such as specic
surface area, pore volume, and average pore diameter. This
technique involves the physical adsorption of a gas, typically
nitrogen 77, onto the material's surface. The adsorption
isotherm obtained is then interpreted using the BET model to
calculate the specic surface area, while the pore size distri-
bution is determined via the BJH (Barrett–Joyner–Halenda)
method.

In this study, the analyses were conducted using a Micro-
meritics ASAP 2420 surface area and porosity analyzer under
liquid nitrogen conditions (−196 °C).

Fig. 3 illustrates that the isotherm corresponds to a type IV
prole according to the IUPAC classication,25 which is char-
acteristic of mesoporous materials. At low relative pressures,
nitrogen adsorption is relatively weak, followed by a progressive
Fig. 2 Isoelectric point pH of activated carbon.

© 2026 The Author(s). Published by the Royal Society of Chemistry
increase in the adsorbed volume. A well-dened hysteresis loop
is observed, indicating the presence of mesopores and sug-
gesting that nitrogen is retained within the pores during
desorption, a common behavior in materials with complex
porous networks.

The specic surface area, determined using the Brunauer–
Emmett–Teller (BET) method (eqn (3)), is 258.13 m2 g−1,
reecting a good adsorption capacity. The total pore volume,
estimated from the amount of nitrogen adsorbed at high rela-
tive pressure, is 0.202 cm3 g−1. Using the Barrett–Joyner–
Halenda (BJH) method applied to the desorption branch of the
isotherm, the average pore diameter is found to be approxi-
mately 37 Å, conrming the predominance of mesoporosity. All
proprieties are listed in Table 1.

These results indicate that the SHAC exhibits well-developed
porosity, making it a promising candidate for the adsorption of
organic molecules in solution, such as hydroxychloroquine
sulfate.

SBET ¼ ST

a
(3)

where SBET is the BET surface area (m2 g−1), ST is surface area
total (m2 g−1), and a is the masse of adsorbent (g)

ST ¼ Vm

V
�N � s (4)

where Vm is the monolayer adsorption amount, V is the molar
volume (22.414 L), N is the Avogadro number, and s is the
adsorption cross section of adsorbing species (0.162 nm2 for
N2).

The monolayer adsorption amount is calculated from the
equation of BET, represented in the following equation:

P

V
�
P0 � P

� ¼ 1

C � Vm

þ C � 1

C � Vm

� P

P0
(5)

where C is a constant, P is the pressure and P0 is the saturant
vapour pressure (atm).

3.1.3 Scanning electron microscope (SEM). Scanning
Electron Microscopy (SEM) is a powerful imaging technique
used to examine the surface morphology of solid materials at
high resolution. It generates detailed images of a material's
topography, offering insights into features such as shape,
texture, grain size, and agglomeration.
RSC Adv., 2026, 16, 849–860 | 851
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Fig. 3 Nitrogen (N2) adsorption–desorption isotherm at 77 K on activated carbon derived from Scolymus hispanicus (SHAC).
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In this study, the morphological characterization of the
SHAC was conducted using a Philips XL30 ESEM-EDS scanning
electron microscope. The SEM images revealed a highly porous
surface, along with information on the particle size distribution
and overall structural organization of the carbon material.

The SEM image of activated carbon before adsorption
(Fig. 4a) reveals a highly irregular and rough surface, charac-
teristic of a well-activated material. This morphology empha-
sizes the presence of well-developed macropores, identiable as
circular or oval shaped cavities that serve as access channels to
the internal microporous network. The overall porous and
fragmented structure, resulting from the physical or chemical
activation processes, contributes to a high specic surface area,
which is essential for efficient adsorption. Moreover, the
absence of surface deposits or clogging conrms that the
Fig. 4 SEM image of SHAC (a) before adsorption and (b) after adsorptio

852 | RSC Adv., 2026, 16, 849–860
material remains in its pristine state, free from interactions
with contaminants. This open and accessible structure
enhances the material's potential for adsorbing pollutants from
aqueous media. However, aer adsorption (Fig. 4b), SEM
analysis reveals notable changes in the surface morphology. A
partial to nearly complete coverage of the porous walls by dense,
irregular deposits is observed, indicating the successful
adsorption of molecules from solution.

These morphological transformations provide direct visual
evidence of the interaction between SHAC and hydroxychloro-
quine (HCQ) molecules, conrming that the active adsorption
sites have been effectively engaged.

3.1.4 Crystalline structure (XRD). X-ray Diffraction (XRD) is
an analytical technique used to examine the crystalline struc-
ture of materials. When applied to activated carbon, it helps
n.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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determine the presence of crystalline phases, estimate crystal-
lite size, and assess the degree of graphitization. While acti-
vated carbon is mainly amorphous, it can contain small
amounts of crystalline regions, which XRD is capable of
detecting. Thus, XRD analysis offers valuable structural infor-
mation that complements the morphological and textural
characterization of activated carbon.

The XRD analysis of activated carbon produced from Sco-
lymus hispanicus shows a broad peak in the 20°–30° (2q) range,
indicating the presence of an amorphous carbon structure
typical of well-carbonized biomass. However, several sharp
and distinct diffraction peaks are also observed, conrming
the presence of crystalline phases. These have been identied
as anorthite (CaAl2Si2O8), zincite (ZnO), simonkolleite [Zn5(-
OH)8Cl2$H2O], and anhydrite (CaSO4). Such compounds may
result from naturally occurring mineral content in the plant
or from chemical additives used during the activation
process. The detection of zinc-based phases suggests either
contamination or purposeful inclusion, which may affect the
material's surface functionality. Overall, the pattern reveals
a mixed composition: primarily amorphous carbon, with
residual crystalline mineral phases that could inuence the
adsorptive or catalytic properties of the activated carbon
(Fig. 5).
Fig. 6 Effect of initial concentration on the adsorption of HQC onto
SHAC (conditions: pH = 6, 0.5 g L−1 of 25 °C of adsorbent dose and
temperature).
3.2 Parametric study

3.2.1 Effect of contact time and initial concentration of
HCQ. The inuence of the initial HCQ concentration on the
adsorption process was examined under optimal conditions.

A clear trend is observed in which increasing the initial
concentration of HCQ results in a reduced removal efficiency
(Fig. 6). For example, at a concentration of 5 mg L−1, the
removal efficiency surpasses 60% aer 200 minutes, whereas at
Fig. 5 XRD image of the SHAC of the adsorption of HCQ.

© 2026 The Author(s). Published by the Royal Society of Chemistry
25 mg L−1, it falls below 30%. This indicates that the adsorption
process is more favorable at lower concentrations.23

The decline in performance at higher concentrations can be
explained by the slower adsorption kinetics, which are inu-
enced by several sequential steps: (1) migration of HCQ mole-
cules toward the surface of the adsorbent, (2) diffusion through
the external (boundary) layer, and (3) intraparticle diffusion into
the porous network of the activated carbon.24 At higher
concentrations, HCQ molecules have a greater tendency to
aggregate, which can impede their diffusion and limit their
ability to interact effectively with the available active sites on the
adsorbent surface. In addition, saturation of adsorption sites
and restricted accessibility to the porous surface further
RSC Adv., 2026, 16, 849–860 | 853
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contribute to the observed decline in adsorption efficiency
under these conditions.

3.2.2 Effect of the dose of SHAC. The amount of adsorbent
is a key parameter that can signicantly inuence the efficiency
of the adsorption process. To investigate its effect, equilibrium
experiments were carried out under the following conditions:
natural pH, room temperature (25 °C), and an initial HCQ
concentration of 10 mg L−1.

The results shown in Fig. 7 indicate that increasing the
adsorbent mass signicantly enhances the adsorption effi-
ciency. As the mass increases from 0.1 g to 0.25 g, the removal
rate rises from 43.21% to 50.41%, reaching a maximum effi-
ciency of 83.38% with 0.75 g of adsorbent. This improvement is
attributed to the greater availability of active sites, which facil-
itates more effective interaction and binding of HCQ molecules
present in the solution.23,26

3.2.3 Effect of pH. pH is an essential factor in adsorption
processes, as it inuences not only the surface charge and
structure of the adsorbent but also the ionization state of the
adsorbate and the nature of their interactions. In this study,
experiments were conducted using an initial HCQ concentra-
tion of 10 mg L−1, at room temperature, and with an activated
carbon dosage of 0.5 g L−1.

The results are shown in the gure Fig. 5 that the adsorption
performance exhibited a strong dependence on pH, with the
maximum removal efficiency (72.72%) achieved at pH 6. At pH
3, the removal efficiency decreased to 62.42%, while a signi-
cant decline was observed at pH 9, with only 40.16% of HCQ
removed. These variations can be attributed to the surface
charge properties of the SHAC and the speciation behavior of
HCQ in aqueous solution.

The point of zero charge (pHpzc) of the activated carbon was
determined to be 7.1, indicating that the surface is positively
charged at pH < 7.1 and negatively charged at pH > 7.1. Without
forgetting that HCQ possesses three pKa values (4.0, 8.3, and
9.7), which govern its ionization state across the pH range. At
Fig. 7 Effect of the dose of SHAC onto the adsorption of HCQ
(conditions: pH = 6, 10 mg L−1 of 25 °C of initial concentration and
temperature).

854 | RSC Adv., 2026, 16, 849–860
pH 6, HCQ exists primarily in a neutral or partially protonated
form, and the SHAC surface is still positively charged, leading to
favorable interactions such as p–p stacking or hydrogen
bonding, which enhance adsorption.27,28 At highly acidic pH
(pH 3), both HCQ and the SHAC surface are strongly proton-
ated, which may induce electrostatic repulsion and reduce
adsorption efficiency. Conversely, at alkaline pH (pH 9), HCQ is
predominantly deprotonated (negatively charged), while the
SHAC surface also carries a negative charge, resulting in elec-
trostatic repulsion that signicantly hinders adsorption (Fig. 8).

These ndings indicate that pH 6 offers the most favorable
conditions for HCQ adsorption onto activated carbon, due to an
optimal balance of surface charge and HCQ speciation, which
promotes effective interaction between adsorbate and
adsorbent.23,29,30

3.2.4 Effect of temperature. The inuence of temperature
on the adsorption process was investigated using a thermostatic
bath, which allowed precise control of the temperature at 25 °C,
35 °C, 45 °C, and 55 °C. The experiments were conducted by
adding 0.5 g of activated carbon to 1 L of HCQ solution, under
controlled conditions.

Fig. 9 demonstrates that adsorption efficiency increases
signicantly with temperature. At 25 °C, approximately 60% of
HCQ is removed aer 240 minutes, while at 55 °C, the efficiency
surpasses 80%. This behavior indicates that the adsorption
process is likely endothermic, meaning it is favored by heat.

The improved performance at higher temperatures can be
explained by the enhanced mobility of HCQ molecules, which
facilitates their diffusion to the adsorbent surface and interac-
tion with active sites. The thermal energy likely helps overcome
activation barriers, leading to a higher adsorption rate and
overall efficiency (Fig. 10).
3.3 Isotherms of adsorption

Adsorption isotherms are essential tools for understanding the
nature of interactions between adsorbent and adsorbate, as well
Fig. 8 Effect of pH onto the adsorption of HCQ (conditions:
10 mg L−1, 25 °C of initial concentration and temperature).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Effect of temperature on HCQ removal efficiency over time
(conditions: 10 mg L−1, pH = 6 and SHAC dose = 0.5 g).
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as for evaluating the adsorptive capacity of the material. In this
study, we applied two of the most commonly used isotherm
models, the Langmuir,31 the Freundlich32 and Temkin.33

isotherms, to identify the one that best ts our experimental
data.

qe ¼ qmax � KL � Ce

1þ KL � Ce

(6)

where qe is the amount of solute adsorbed per unit mass of the
adsorbent (capacity adsorption), KL is the Langmuir constant,
qmax is the maximum capacity adsorption. The KL and qmax are
deduced from the plot 1/qe plotted versus 1/Ce (Fig. 11) and Ce is
the concentration of the adsorbate in the bulk phase.

qe = KFCe
1/n (7)

where qe is the amount of solute adsorbed per unit mass of the
adsorbent (capacity adsorption), KF is the Freundlich constant
Fig. 10 Kinetic plots of non-linear equilibrium isotherm for the
removal of HCQ by SHAC (conditions; pH 6, 0.5 g L−1 of adsorbent
dose, 400 rpm of stirring speed, and temperature of 25 °C).

© 2026 The Author(s). Published by the Royal Society of Chemistry
related to adsorption capacity, n is the Freundlich constant
related to adsorption intensity. The KF and n are deduced from
the plot ln qe plotted versus ln Ce (Fig. 12).

qe ¼ RT

b
ln KTCe (8)

The linearized form is:

qe = B lnKT + B lnCe (9)

where B = RT/b, T is the absolute temperature. The tted
Temkin constants, b (kJ mol−1) and KT (L g−1), denote heat of
adsorption and maximum binding energy, respectively. The
Temkin constant obtained from the plot qe plotted versus ln Ce

(Fig. 13).
The adsorption isotherms of HCQ onto SHAC from aqueous

solutions are shown in Fig. 10. According to the Giles classi-
cation, the obtained curves exhibit an L-type isotherm, which
indicates a strong affinity between HCQ molecules and the
SHAC surface.34 This type of isotherm suggests that adsorption
sites are rapidly saturated, even at low solute concentrations,
highlighting the high effectiveness of SHAC in binding HCQ.

Based on the results presented in Table 2, the Langmuir
isotherm model provides a good t for the adsorption process,
with a maximum adsorption capacity (qmax) of 23.25 mg g−1,
indicating that the activated carbon can retain a substantial
amount of the pollutant. The Langmuir constant (KL) is 0.48 L
mg−1, suggesting a moderate affinity between the adsorbent
and the adsorbate. Additionally, the correlation coefficient (R2=

0.989) conrms a strong agreement between the experimental
data and the Langmuir model.

The Freundlich model also shows favorable adsorption
characteristics, with a KF value of 10.1 and an adsorption
intensity (n) of 3.8, suggesting favorable multilayer adsorption.
However, the lower R2 value (0.87) indicates a weaker correla-
tion with the experimental results compared to the Langmuir
Fig. 11 Langmuir isotherm model of HCQ onto SHAC (conditions; pH
6, 0.5 g L−1 of adsorbent dose, 400 rpm of stirring speed, and
temperature of 25 °C).
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Fig. 12 Freundlich isotherm model of HCQ onto SHAC (conditions;
pH 6, 0.5 g L−1 of adsorbent dose, 400 rpm of stirring speed, and
temperature of 25 °C).

Fig. 13 Temkin isothermmodel of HCQ onto SHAC (conditions; pH 6,
0.5 g L−1 of adsorbent dose, 400 rpm of stirring speed, and temper-
ature of 25 °C).

Table 2 Physical properties of SHAC

Value Units

SBET 258.13 m2 g−1

VTotal 0.202 cm3 g−1

Average pore diameter 37 Å

Table 3 Isotherm parameters for the adsorption of HQC on SHAC

Adsorbent

Langmuir Freundlich Temkin

R2 qm KL R2 n KF R2 BT KT
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model. Overall, the ndings show that monolayer adsorption on
a homogeneous surface, as described by Langmuir, is more
consistent with the observed behavior.

The Temkin isothermmodel also provided a reasonable t to
the experimental data, with a correlation coefficient (R2) of 0.90.
The positive KT value, which are associated with the heat of
856 | RSC Adv., 2026, 16, 849–860
sorption, indicate the presence of weak interactions between
the sorbent and the sorbate.
3.4 Adsorption kinetic modelling

The kinetic study of hydroxychloroquine (HCQ) adsorption onto
SHAC was carried out to better understand the mechanisms
involved in the adsorption process. Two kinetic models were
applied: the pseudo-second-order model35,36 and the intra-
particle diffusion model.37,38 The pseudo-second-order model
helps evaluate whether the adsorption process is governed by
chemical interactions between the activated carbon and HCQ
molecules, suggesting chemisorption. The intraparticle diffu-
sion model, on the other hand, is used to determine whether
the adsorption rate is limited by the diffusion of HCQmolecules
into the pores of the activated carbon. Analyzing the experi-
mental data using these two models will allow us to identify the
dominant mechanism, assess the adsorption capacity of the
material, and optimize the operating conditions for effective
removal of HCQ from aqueous solutions.

The pseudo-rst-order kinetic model was excluded from this
study due to its poor agreement with the experimental adsorp-
tion data.

The results, calculated using eqn (10) and (11), are summa-
rized in Table 3.

t

qt
¼ 1

K2 � qe2
þ t

qe
(10)

qe = kid × t0.5 + C (11)

where qe and qt (mg g−1) represent the amount of dye adsorbed
at equilibrium and at time t (min), respectively. k2 (g
mg−1 min−1) and kid (mg g−1 min−1/2) denote the adsorption
rate constants for pseudo-second order and the intra-particle
diffusion rate constant.

The plots of t/qt versus time (Fig. 14) show a strong linear
correlation across all tested initial concentrations, suggesting
that the pseudo-second-order kinetic model provides an excel-
lent t for the adsorption data. This is further supported by high
R2 values (above 0.96), indicating a strong agreement between
the model and the experimental results. Moreover, the theo-
retical qe values derived from the model are consistent with the
experimental values, conrming the reliability of this model in
describing the adsorption kinetics. These ndings point to
a chemically controlled process, likely involving strong adsor-
bate–adsorbent interactions.

Additionally, the qt versus t
0.5 plots (Fig. 15), constructed for

varying initial concentrations of HCQ, revealed a multi-linear
behavior, indicative of a multi-step adsorption process. The
SHAC 0.989 23.25 0.48 0.87 3.84 10.10 0.90 4.10 9.58

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 Kinetic plot of pseudo-second order model for HCQ onto
SHAC (conditions; pH 6, 0.5 g L−1 of adsorbent dose, 400 rpm of
stirring speed, and temperature of 25 °C).
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initial steep region corresponds to external surface diffusion,
characterized by rapid transport of molecules to the adsorbent
surface. This is followed by a gentler slope, representing intra-
particle diffusion into the porous structure of the activated
carbon. The nal plateau reects the establishment of adsorp-
tion equilibrium.

Since none of the lines intersect the origin, it can be inferred
that intraparticle diffusion is not the only rate-limiting step.
Instead, the process involves a combination of lm diffusion
and pore diffusion, underscoring the complexity of the
adsorption mechanism.
3.5 Thermodynamic parameters

Thermodynamic parameters, such as Gibbs free energy (DG),
enthalpy (DH), and entropy (DS), provide important information
Fig. 15 Kinetic plot of intraparticle diffusion model for HCQ onto
SHAC (conditions; pH 6, 0.5 g L−1 of adsorbent dose, 400 rpm of
stirring speed, and temperature of 25 °C).

© 2026 The Author(s). Published by the Royal Society of Chemistry
on the feasibility and mechanism of adsorption processes.
Adsorption is always associated with a thermal effect, which
may be exothermic (DH < 0) or endothermic (DH > 0).
Depending on the nature of the interaction.

Among these parameters,DH is particularly informative, as it
helps differentiate between physisorption and chemisorption,
offering insights into the interaction mechanisms between the
adsorbent and the adsorbate (Table 4).

These parameters are typically evaluated using the van't Hoff
equation, as shown below:

ln Kd ¼ �DH
�

RT
þ DS

�

T
(12)

Kd ¼ qe

Ce

(13)

DG˚ = DH˚ − TDS˚ (14)

where Kd is the distribution constant (L g−1), R is the universal
gas constant (8.314 J mol K−1) and T is the solution temperature
in K. The enthalpy (DH°) and entropy (DS°) were estimated from
the slope and intercept of the plot ln Kd versus 1/T, respectively
(Fig. 16).

Table 5 presents the thermodynamic parameters DH°, DS°,
andDG°along with the coefficient of determination (R2), derived
from the van't Hoff plot of ln Kd versus 1/T. The positive DH°
values indicate that HCQ adsorption onto SHAC is endo-
thermic, requiring energy input, while the positive DS° values
reect increased disorder at the solid–liquid interface, likely
due to the displacement of water molecules from the adsorbent
surface. The negative DG° values conrm that the adsorption
process is spontaneous and thermodynamically favorable.
Notably, the trend of DG° becoming less negative with rising
temperature suggests a slight decrease in spontaneity at higher
temperatures, indicating that, despite its endothermic nature,
increasing temperature does not signicantly enhance adsorp-
tion under the studied conditions.

4 Adsorption mechanisms

The adsorption mechanism of hydroxychloroquine sulfate onto
involves a combination of porosity-driven physisorption and
specic surface interactions. The activated carbon exhibits
a high specic surface area (258.13 m2 g−1), and predominantly
mesoporous structure, which facilitates the diffusion and
accessibility of hydroxychloroquine molecules into the porous
network, consistent with known structure-adsorption relation-
ships for organic micropollutants on mesoporous carbons.39,40

The point of zero charge (pHpzc = 7.1) of the carbon surface
indicates that at solution pH values above this point the surface
becomes increasingly negatively charged, enhancing electro-
static attractions with protonated forms of hydroxychloroquine,
a mechanism frequently invoked for basic pharmaceutical
compounds in aqueous adsorption studies.41,42

In addition, hydrogen bonding interactions between surface
oxygen-containing functional groups (–OH, –COOH) enriched
during ZnCl2 activation and the amine or hydroxyl moieties of
RSC Adv., 2026, 16, 849–860 | 857
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Table 4 Kinetic parameters for the adsorption of HCQ onto SHAC

Pseudo-second-ordre Intraparticule diffusion

[C] (mg L−1) R2 qe (mg g−1) k2 (g mg−1 min) R2 Ki (mg g−1 min0.5)

5 0.995 12.19 0.0069 0.913 0.526
10 0.988 27.54 0.00076 0.981 1.409
15 0.99 28.81 0.00036 0.960 1.439
20 0.991 27.77 0.00072 0.987 1.982
25 0.992 26.31 0.0014 0.970 1.728

Fig. 16 The plot of the Kd vs. 1/T for the HCQ adsorption onto SHAC
(conditions; pH 6, 10 mg L−1 HCQ concentration, 0.5 g L−1 of adsor-
bent dose and 400 rpm of stirring speed).

Table 5 Thermodynamic parameters for the adsorption of HCQ drug
onto SHAC

T (°C)
DG°
(kJ mol−1)

DH°
(kJ mol−1)

DS°
(kJ mol−1) R2

298 −3.32 27.04 0.1019 0.981
308 −4.34
318 −5.00
328 −6.38

Table 6 Comparison of the adsorption capacities of different adsor-
bents for the removal of HCQ

Adsorbents Adsorption capacities Reference

Cocoa shell AC 14.64 mg g−1 23
Koalin 66.22 mg g−1 29
Zeolith cliniptilolit 6.38 mg g−1 30
Carboxylated lignin spong 0,165 mmol g−1 41
Composite
(MgZnAl(CO3

2−)
84.40 mg g−1 44

Algal biodiesel biochar 353,5 mg g−1 45
SHAC 23.17 mg g−1 This study
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hydroxychloroquine contribute to adsorption, as demonstrated
for other pharmaceutical adsorbates on carbonaceous
matrices.42 Complementarily, p–p electron interactions
858 | RSC Adv., 2026, 16, 849–860
between the aromatic of hydroxychloroquine and the graphitic
domains of the activated carbon further stabilize adsorption,
a phenomenon widely reported in activated carbon systems for
organic compound uptake.43

Collectively, these mechanisms suggest that hydroxychloro-
quine adsorption is dominated by physisorption within meso-
pores, facilitated by surface chemistry and electrostatic/
hydrogen bonding interactions, which is in agreement with
mechanistic frameworks proposed for similar pharmaceutical
pollutant adsorption on mesoporous carbons.41
5 Comparative study

A comparative study of various adsorbents for HCQ removal
revealed signicant differences in adsorption capacities,
primarily due to variations in surface area, pore structure, and
functional groups on the adsorbent surfaces. Modied and
composite adsorbents generally show higher capacities, indi-
cating stronger interactions with HCQ molecules. As shown in
Table 6, our activated carbon demonstrates excellent HCQ
removal efficiency and is also environmentally friendly.
6 Conclusion

This study presents an environmentally friendly and cost-
effective adsorbent for the removal of recalcitrant pharmaceu-
ticals, such as hydroxychloroquine (HCQ), via adsorption.
Activated carbon was synthesized from Scolymus hispanicus, an
agricultural waste. BET, SEM, and XRD analyses indicated that
the resulting SHAC exhibits a high surface area (258.13 m2 g−1)
and mesoporous structure, promoting efficient adsorption of
HCQ molecules. This approach offers a sustainable solution for
reducing pharmaceutical contaminants in water, contributing
to environmental protection.

The experimental results demonstrated that acidic condi-
tions (pH 3.5) signicantly enhanced adsorption, achieving
a maximum removal efficiency of 83.45%. Increasing the
adsorbent dose to 0.75 g improved performance to 83.38%,
whereas higher initial HCQ concentrations (25 mg L−1) reduced
efficiency to below 30%, likely due to site saturation. Elevated
temperatures also improved adsorption, with efficiencies
exceeding 80% at 55 °C, conrming the endothermic nature of
the process.

Among the tested isotherm models, the Langmuir model
provided the best t, indicating monolayer adsorption and
© 2026 The Author(s). Published by the Royal Society of Chemistry
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yielding a maximum capacity of 23.15 mg g−1. Kinetic studies
revealed that the pseudo-second-order model best described the
adsorption process, suggesting that chemical interactions play
a signicant role. Thermodynamic analysis further supported
this, showing negative DG° values, along with positive DH° and
DS°, conrming a spontaneous, favorable, and endothermic
adsorption mechanism.

In conclusion, Scolymus hispanicus-based activated carbon
exhibits strong potential as a low-cost, bio-based, and environ-
mentally friendly adsorbent for HCQ removal, offering a viable
solution for advanced water treatment applications.
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