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Abstract:  This study examines the adsorption characteristics of ibuprofen (IBP) and ciprofloxacin (CIP) onto
bentonite (BT) in aqueous medium. To investigate surface properties, SEM, FTIR and XRD
techniques were used to characterize the bentonite applied as adsorbent. The results confirmed the
properties of typical bentonite clay as acceptable. Batch adsorption studies were conducted under
different adsorption experimental conditions. The outcome indicated that pH, initial I1BP/CIP
concentration, adsorbent dosage, contact time and temperature greatly influenced IBP/CIP removal
by BT in agueous medium. Adsorption equilibrium was attained after 240 minutes of contact time for
both IBP and CIP with a percentage removal of 87.7% and 59.5% respectively. The pseudo first order,
pseudo second order, and intraparticle diffusion kinetic models were utilized to describe the Kinetic
data, while the Langmuir, Freundlich, and Temkin isotherm models were fitted to the equilibrium
data. Results obtained from kinetic and isotherm studies showed that both the kinetic and equilibrium
data were efficiently described by the pseudo second order kinetic model and Freundlich isotherm
model for both pharmaceuticals respectively, as evidenced by correlation coefficients (R?) exceeding
0.98 and lower chi-square () values observed. Comparatively, thermodynamic analysis indicated
that the removal of IBP/CIP from aqueous solution by BT is spontaneous, endothermic, and
characterized by increased disorder. Analysis from density functional theory (DFT) was incorporated
into experimental findings in other to gain clarity on distinctive characteristics of IBP/CIP adsorption.
CIP (4.19 eV) was found to be more reactive than IBP (5.88 eV), due to a lower HOMO-LUMO
energy gap (AH-L). Generally, greater chemical molecular reactivity, lower water solubility,
decreased steric hindrance effects, as well as greater hydrophobicity, were factors mostly responsible
for the improved ibuprofen and ciprofloxacin adsorption by bentonite.
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Researchers have recently started to focus on

l. INTRODUCTION emerging contaminants (another category of

) ) pollutants), such as pharmaceuticals, flame

Water is an essential resource that humans and retardants, endocrine disruptors and artificial
other living things can easily access to maintain life, sweeteners, among others, just to mention very few
yet industrial and anthropogenic activities has [1, 2]. Emerging contaminants (ECs) continue to
resulted to persistent water pollution. Most of these enter the marine environment through both treated
contaminants—which include pesticides, heavy and untreated water, leading to pollution [3].
metals, plastics, hydrocarbons, dyes, paint, and Because emerging contaminants were not
pigments—endanger the health of living things by considered during design of wastewater treatment
contaminating surface and underground water. plants, however, they are not entirely eliminated
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from the plants. This results to frequent aquatic
environmental pollution by emerging contaminants,
which causes bioaccumulation, negatively affecting
both living things and the environment as a whole

[4].

The risk of continuously exposing aquatic life to
emerging pollutants extends beyond their apparent
acute toxicity; aquatic life may become resistant to
infections, which could lead to endocrine disruption
[5]. Because of these observed negative health
effects linked to emerging pollutants, their increased
environmental presence has become a major global
problem seeking immediate attention
[4]. Frequently, Active non-steroidal anti-
inflammatory drug (NSAID), mostly, ibuprofen
(IBP) has been identified in both underground and
surface water at concentrations higher than 1pg/L
[6]. Its accumulated presence in the environment
becomes a worry due to its high availability and
consumption, as well as the restricted ability of
traditional wastewater treatment plants to fully treat
it during wastewater treatment [7]. Conversely,
ciprofloxacin (CIP) is a broad-spectrum antibiotic
used to treat a variety of infections caused by gram-
negative bacteria, including gastrointestinal, skin,
and bone infections, respiratory tract infections, and
sexually transmitted infections [8]. Some of these
infections are sometimes introduced mechanically
into our surrounding directly or indirectly via
architectural designs and urban planning [9]. CIP
shares a structure with nalidixic acid and is derived
from quinolones [10]. It can be taken orally or
intravenously, and following oral intake, it has a
bioavailability of roughly 70-80%, which spreads
throughout bodily fluids and tissues [8]. Within 3 to
5 hours, 20 to 35% of the unmetabolized
ciprofloxacin is eliminated as faeces, and 40 to 50%
of the drug is left unmetabolized in the system and
eliminated as urine [9]. These previously mentioned
emerging contaminants end up in the ecosystem,
causing issues that are extremely concerning for the
environment.

Although, CIP and IBP are both commonly used
pharmaceuticals that frequently appear in
wastewater, raising significant concerns regarding
their potential impacts on human health and the
environment, CIP is primarily utilized for treating
bacterial infections, while IBP serves as a pain
reliever. The distinct structural characteristics of
these two drugs present an opportunity to investigate
how these differences influence their adsorption onto
materials like clay. CIP's more intricate structure,
featuring multiple functional groups, may interact
with clay in ways that differ from the simpler
structure of IBP. This variation can result in differing
adsorption capacities and mechanisms, which are
essential for formulating effective strategies for
wastewater treatment.
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Pharmaceuticals in aqueous media have been
mitigated by applying various methods, including
but not limited to: photodegradation [11],
coagulation-flocculation and chlorination [12],
biodegradation [13], and advanced oxidation
processes (AOPs) [14]. Nevertheless, the majority of
these methods are costly and constrained by their
poor effectiveness and detrimental effects on the
environment [15]. As a matter of fact, it is pertinent
to consider other alternative techniques to enable
cover up this gap. For this purpose, adsorption
technology can be very suitable, since it exhibits the
potential of overcoming the drawbacks associated
with other aforementioned techniques [15].
Numerous adsorbents have been studied for the
purpose of sorbing emerging contaminants like
pharmaceuticals.  For  industrial  suitability,
acceptability and applicability, an adsorbent must be
less toxic (eco-friendly), cheap and readily available.
In addition, natural clay and clay-based materials
exhibit some reasonable level of porosity and display
unique geometries, although sometimes may be
incredibly elaborate [16]; they are in compliance
with most of these criteria and hence, they have
found wide application as suitable adsorbents for the
mitigation of numerous organic and inorganic
pollutants from aqueous systems.

Owing to their significant hydration potential for
inorganic cations found in their interlayer spacings,
bentonites (BT) are highly expandable clay minerals
that exhibit hydrophobicity [6]. Using quaternary
alkyl ammonium cations (QACSs) to organophilize
clays through the cation exchange mechanism may
make them ideal for hydrophobic sorption [6]. Both
cationic and anionic surfactants have been used as
clay modifiers in many studies to remove organic
contaminants from water [17]. Despite their apparent
effectiveness, these modification techniques are
expensive, only suitable for small-scale applications,
and may eventually lose their usefulness for larger-
scale ones [1]. Clays are widely accessible in Nigeria
and other West African nations, and the ceramics
industry frequently uses them to produce goods
based on ceramics. They can, however, be used
successfully for different purposes. Materials made
of clay have been effectively employed to reduce
environmental micropollutants [1, 18-20].

Since information about distinctive molecular
chemical reactivity and electronic structures of
molecules can be helpful in understanding their
individual ~ adsorption  mechanisms, many
researchers have recently explored the use of
quantum chemical molecular descriptors for further
elucidation of adsorption mechanisms [21]. Any
organic compound's chemical reactivity can be
determined by DFT calculations [22]. Quantum
chemical descriptors, mostly E. LUMO- lowest
unoccupied molecular orbital energy and Ey
HOMO- highest occupied molecular orbital energy
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were being used in this investigation to glean insight
into the complete mechanism underlying the entire
adsorption process.

This study investigates the use of bentonite clay as
an effective sorbent for the removal of IBP and CIP
from simulated pharmaceutical wastewater. The
research focuses on various experimental conditions,
including temperature, initial drug concentration,
adsorbent dosage, contact time, and pH, to assess
their impact on drug adsorption behaviour. Kinetic
and equilibrium studies are conducted to elucidate
the underlying adsorption mechanisms, while
density functional theory calculations are employed
to provide insights into the molecular interactions
between the drugs and the BT. The findings aim to
enhance the understanding of BT's potential in
wastewater treatment applications, particularly for
pharmaceutical contaminants.

1. EXPERIMENTAL

1. Preparation of adsorbent

In this research, BT utilized as an adsorbent was
obtained from Umuahia North Local Government
area of Abia State, Nigeria. BT beneficiation
processes for this study have been fully described in
our previous work [23] Approximately 30 grams of
BT was subjected to agitation in 1000 mL of
deionized water utilizing a mechanical stirrer at 600
rpm for 24 hours at 28 + 2 °C to enable swelling, and
the mixture was further centrifuged at 600 rpm for
15 minutes to eradicate precipitated impurities.
According to Amare and Tompai, [24], the presence
of moisture in soil and clay particles can influence
their structural properties. Therefore, purified BT
was then dried in an oven at a temperature of 110 °C
for a period of 24 hours and the dried caked clay was
further crushed and fine particles sieved through a
125 pm mesh sieve [23]. The Sear’s procedure [23]
was applied in other to determine the surface area of
BT, which was found as 327 m?/g, and the cation
exchange capacity (CEC) was also ascertained as
30.94 meq/100g by utilizing the ammonium acetate
procedure [25]. Afterward, the adsorbent was
preserved in a desiccator for further use.

2. Adsorbent characterization by surface
analytical methods

X-ray diffraction (XRD), scanning electron
microscopy (SEM), and Fourier transform infrared
spectroscopy (FTIR) were used to characterize the
adsorbent. A brief description of these techniques as
contained in our previously published work [23], are
presented below:

The composition of the adsorbent was analyzed
using a Bruker D8 ADVANCE X-ray diffractometer
from Germany. A sample of 20 mg of the adsorbent
was ultrasonically dispersed in 1 mL of 95% ethanol
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and then dried as oriented aggregates on separate
circular glass slides with a diameter of 2.5 cm.
Additionally, 20 mg of BT was dispersed in 1 mL of
water and dried on glass slides. The basal X-ray
diffraction spacing was recorded using Ni-filtered
Cu Ka radiation (1.5406 A) with a diffractometer
equipped with a graphite monochromator, a solid-
state detector, and an autosampler. Digital intensity
and 20 values from scans ranging from 2° to 20°
were recorded on disk and subsequently processed
with a graphics program to generate X-ray
diffraction patterns.

Surface topographical data were acquired through
a morphological analysis conducted with a Scanning
Electron Microscope (SEM) model AIS-2100 from
Seron Technologies, South Korea. The adsorbent
sample was affixed to a stub using a graphite
conductive adhesive paste and then securely
mounted on a cylindrical rod that acts as the sample
holder. This rod was subsequently inserted into the
SEM's analysis chamber, which maintained a
vacuum throughout the analysis. When the primary
electron beam from the light source interacts with the
sample, it causes the emission of various secondary
electrons from the surface, each unique to the
specific sample. These emitted electrons are
captured by different secondary electron detectors,
and the resulting signals are utilized to create images
of the specimen.

The variations in the functional groups of the
adsorbent was analyzed using the Buck Scientific
M530 FTIR instrument (USA). This device consists
of a deuterated triglycinesulfate detector and a
potassium bromide beam splitter, with spectra
obtained and processed using Gram Al software.
Approximately 1.0 g of the adsorbent was placed on
a salt pellet, and FTIR spectra were recorded in the
frequency range of 4,000 to 400 cm™!, with 32 scans
at a resolution of 4 cm™, with results presented as
transmittance values.

3. Preparation and physicochemical properties
of the target adsorbates

The emerging pharmaceutical contaminants: I1BP
(purity >99%) — a product of Sigma Aldrich
(Switzerland) and CIP (purity >99%) procured from
EMS pharmaceuticals (Brazil) were applied as
adsorbate, and ultrapure water was used for
preparing all working standards, except otherwise
stated. No adjustment in any way was carried out on
the pH of each pharmaceutical solution. Table 1
summarizes the physicochemical properties of the
studied pharmaceuticals.

To prepare individual drug samples, about 100 mg
of each of IBP or CIP was separately mixed with
ultrapure water containing 1% methanol as a stock
solution and then made up to 1000 ml. At 222 nm
and 274 nm of absorption wavelength, the
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concentrations of both IBP and CIP were quantified
respectively by molecular spectroscopy, using a UV-
Vis spectrophotometer (Agilent Cary 3500, USA),
from which other working standards were prepared.

4. Batch adsorption procedure

Batch adsorption studies were performed to
examine the influence of contact time, initial drug
concentration, solution pH, adsorbent dosage, and
temperature on removal of IBP and CIP by BT.
Initially, 0.125 g of BT in 50 mL of 10 mg/L IBP/CIP
solution was agitated for 24 hours on a magnetic
stirrer at room temperature of 28+2°C and at pH of
7.

Each mixture was subjected to centrifugation for
20 minutes at 600 rpm, filtered after being agitated,
and the resulting filtrates were analyzed for IBP and
CIP concentrations using UV-Vis
spectrophotometer (Agilent Cary 3500, USA) at
wavelengths of 222 nm and 274 nm, respectively.
From equations (1) and (2), adsorption capacity and
removal efficiency of BT for IBP/CIP uptake were
estimated.

4= (C~C) 1)

Ci—Ce
Ci
where adsorption capacity of BT is denoted as Qe
(mg/g) while C; and Ce (mg/L) represents initial and
equilibrium concentrations of IBP/CIP, respectively.
V (mL) denotes the volume of the solution, and m
(9) indicates adsorbent’s mass.

x 100 2)

%Removal =

Kinetic investigation was performed by varying
adsorbent-adsorbate interaction time (contact time)
from 10 to 240 minutes at aforementioned
experimental conditions above. The effect of initial
IBP/CIP concentrations ranging from 10 to 100
mg/L was evaluated by agitating 0.125 g of BT in 50
ml of IBP/CIP solution for 24 hours at a temperature
of 28+2°C and pH 7. Additionally, the effect of
solution pH was tested within the range of 2 to 10,
using the same agitation conditions, while the
influence of adsorbent dosage was tested by varying
it between 0.1 g/L and 0.2 g/L in a 10 mg/L IBP/CIP
solution under the same conditions.

Individual adsorption tests were performed in
triplicates, with the mean values adopted.

5. Adsorption kinetics and isotherm models

Linear forms of both kinetic (pseudo first order,
pseudo second order, and intraparticle diffusion) and
isotherm (Langmuir, Freundlich and Temkin) [31]
models were applied to describe the kinetic and
equilibrium data respectively, for IBP/CIP removal
by BT. Details of equations applied to describe both
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kinetic and equilibrium data are contained in Table
2.

To verify suitability and applicability, both kinetic
and equilibrium data were subjected to chi-square
test (x2) analysis, using equation (3):

n
XZ - Z [(qe expn — Qe model.n)2 (3)

e expn

n—-1

where, adsorption capacity of BT at equilibrium is
represented as qeexp (MY/Q), Je model (MQY/Q) represents
predictions from isotherm and kinetic models which
depend on the equilibrium concentration C. (mg/L),
and the total number of observations denoted as n.

6. Thermodynamic Studies

Evaluating thermodynamic parameters is vital for
understanding any adsorption process. Gibbs free
energy AG® (kJmol?), enthalpy change AH® (Jmol™)
and entropy change AS° (Jmol'K?) were all
evaluated within 293 K - 323 K for IBP/ CIP removal
by BT in aqueous solutions at similar experimental
conditions  described for other adsorption
experiments above, and according to equations (4) to

(6) [33].

CO_Ce
K=—— 4)
Ce
AS®  AHO
Ink, = — — 2 5
NKy=— = o= ®)
AG® = AH® —TAS® (6)

where initial and equilibrium drug concentrations
are represented as C, and Ce, respectively the
universal gas constant (8.314 J/mol K) denoted as R
and absolute temperature (K) represented as T.

7. Molecular simulation methods

Molecular modelling was carried out on IBP/CIP
with the sole aim of gaining insight into possible
interactions between the absorbent and the drug
molecules and also to comprehend IBP/CIP
molecular chemical reactivity during the adsorption
process. Three-dimensional (3D) structures of IBP
and CIP were separately obtained and visualized on
Gauss View 6.0. Density function theory (DFT)
calculations were performed on the individual drug
molecules by applying the Gaussian 09W package
for the aim of optimizing molecular structure and
calculating the quantum chemical molecular
descriptors in addition to the orbital energy (highest
occupied molecular orbital energy, E4y -HOMO and
lowest unoccupied molecular orbital energy, E.-
LUMO). Geometrical optimization was aimed at
attaining most stable configurations of IBP/CIP
molecules, as well as to also achieve a minimum
energy configuration of the drug molecules. The
Becke, three -parameter, Lee-Yang-Parr (B3LYP)
level of theory with a base set of 6-31G (d) was
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employed to execute the calculations. Values
obtained for the HOMO and LUMO energies (En
and E) were utilized for calculating other chemical
indices such as energy gap (Aw.L), electronic
chemical potential(pt), Global chemical hardness (1)
and overall electrophilicity index (w), by applying
equations (7) — (10) [34, 35] respectively.

Ay =Ey —E, (7)

p= 1 ®)
By —E)
- CE 2B ©)
12

Table 1. Physicochemical properties of IBP and CIP used in this study

Parameters IBP CIP Ref
Molecular C13H170oNa C,7H18FN303 [26, 27]
formula
CAS 31121-93-4 85721-33-1 [26, 27]
number
Molecular 228.27 g/mol 331.34 g/mol [26, 27]
weight
Log Kow 3.5-3.97 0.28 [28]
pKa 4.91 Acidic (6.16), basic (8.62) [29]
Water 0.021 mg/ml ~ 36 mg/ml [30]
solubility
(25°C)
LogP 0.94-1.70 [28]
Structure [26, 27]

CHs

HN\)

2.48
(0] Q
9 1

111. RESULTS AND DISCUSSIONS

The morphology of BT is displayed in the SEM
micrograph (Fig. 1a). Obviously, BT is characterized by
a flaky and irregular porous structure- this uncovers some
interesting characteristics that could make it a valuable
material for removing certain  pharmaceuticals,
specifically CIP and IBP, from water. This clay has a
unique porous structure and a large surface area, both of
which are essential for effective adsorption of IBP/CIP.

The XRD pattern of BT is displayed in Fig. 1b.
Obviously, basal spacing of BT was found to be 10.006
A, with a reflectance intensity of 5.34%. A closer value
was reported by Nourmoradi et al. [36], for
montmorillonite clay. The XRD analysis of BT sourced
from Umuahia North Local Government area of Abia
State, Nigeria, highlights its promising characteristics as
an adsorbent for IBP and CIP. The analysis shows a
significant peak at 28.8898° with a relative intensity of
100%, indicating a well-structured crystalline form, likely
montmorillonite, which is known for its high surface area
and cation exchange capacity. The d-spacing of 10.006 A
suggests a layered structure that can effectively
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accommodate organic molecules. These features enhance
the clay's ability to adsorb pharmaceuticals through
various mechanisms, such as electrostatic interactions and
hydrogen bonding, positioning it as a viable option for
removing these drugs from water.

The FTIR analysis of BT in this study provides valuable
insights into its functional groups and their interactions
with IBP/CIP, which are necessary for evaluating its
effectiveness as an adsorbent. Notably, from Fig. 1c the
peaks observed around 3854 cm™ and 3445 cm™ indicate
the presence of hydroxyl (-OH) groups, which are known
to enhance the adsorption capacity of BT by promoting
hydrogen bonding with the target pharmaceuticals [37].
Furthermore, the peaks in the range of 1645 cm™ and
1402 cm™ may suggest the presence of structural water
and various functional groups, such as carbonyl (C=0)
and aromatic compounds, which can interact with drug
molecules through =m-m stacking and electrostatic
interactions [38]. Additionally, the notable peak at 811
cm™ is often associated with the bending vibrations of Si-
O bonds, further confirming the silicate nature of BT and
its potential to effectively adsorb organic contaminants
[39].
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Table 2. Equations of isotherm and kinetic models with definitions

SIN

Kinetic/lsotherm Model

Pseudo first order

k
log(qe — q:) = log q. — (ﬁ) t
Where ge denotes the amount IBP/CIP adsorbed at equilibrium, measured in mg/g, while gt represents

the amount adsorbed at any given time, t (sec), also in mg/g. The variable k signifies the rate constant for
the pseudo-first-order model.

Pseudo second order
1 1 t

_— =4 —

o q k2qZ g -
Where k; signifies the rate constant for the pseudo second order model, and other quantities same as the
pseudo first order kinetic model

Intraparticle diffusion

1
qr = kigtz+ C
Where the rate of intraparticle diffusion kinetic model is denoted as kiq (g/mg-h)

Langmuir
Ce_Le, 1
de OQm bQn
Where Ce (mg/L) represents IBP/CIP concentration, ge (mg/g) indicates equilibrium adsorption capacity
of BT, b (L/mg) is the Langmuir constant and Qm (mg/g) denotes the maximum capacity of the adsorbent.

Freundlich
1
Ing, =Inks +; InC,

Where ge represents the adsorption capacity of BT measured in mg/g, and Ce denotes the concentration
of the adsorbate at equilibrium, expressed in mg/L.

Temkin

RT RT
qe = TlnA +TlnCe
Where A (L-mg™) and b represent the constants of the Temkin isotherm, with R equal to 0.0083

kJ-mol™-K™! and T indicating the temperature in Kelvin (K).
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Figure 1. SEM micrograph (a), XRD diffractogram (b) and FTIR spectra (c) of BT
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1. Effect of various parameters on adsorption
A. Contact time

The adsorption of IBP/CIP on BT was examined within
10 to 240 minute intervals of adsorbent-adsorbate
interaction time. Fig. 2(a) presents the effect of contact
time on adsorption capacity and percentage removal
efficiency of BT for IBP/CIP. Adsorption of the
pharmaceuticals were extremely swift within 90 minutes
of interaction time, resulting in 78.6% and 47.7%; and
3.14 mg/g and 1.91 mg/g, removal efficiency and
adsorption capacities for IBP and CIP, respectively.
Observed rapid adsorption of pharmaceuticals by BT may
be due to more available vacant binding sites present on
BT surface. Adsorption of the pharmaceuticals continued
slowly thereafter, until equilibrium was attained at 240
minutes maximum contact time, corresponding to 87.7%
and 59.5% removal efficiency and 3.51 mg/g and 2.38
mg/g adsorption capacities for IBP and CIP respectively.
Similar adsorption trends have been previously reported
for adsorption of CIP and IBP employing natural clay as
well as other adsorbents [1, 15, 40, 41].

B. Initial drug concentration

Fig. 2(b) represent the influence of initial IBP/CIP
concentration (10 - 100 mg/L) on IBP/CIP adsorption
onto BT. Obviously, as initial drug concentration
increase, the adsorption capacity also increased as well for
both IBP and CIP. When the initial IBP/CIP concentration
was observed as 100 mg/L, about 89.9% and 80.9%
removal efficiency, corresponding to 35.98 mg/g and
32.37 mg/g adsorption capacities for IBP and CIP
respectively were recorded. Although the percentage
removal efficiency varied at different initial drug
concentrations, 93.1% and 88.1% maximum removal
efficiency was recorded at the initial IBP/CIP
concentration of 60 mg/L. There may be attributed to
more available vacant sites on adsorbent’s surface for
effective binding of drug molecules at decreased initial
drug concentrations, and as the concentration rises, the
number of available active sites reduces, resulting to a
high adsorption capacity and, ultimately, the observed
discrepancy in the percentage removal efficiency [42]. At
initial CIP concentration of 50 mg/L, about 99.3%
removal of CIP by Aleppo bentonite was reported by
Hicham et al. [42].

C. Solution pH

The effect of variation of pH from 2-10 on IBP/CIP
removal by BT is presented in Fig. 2(c). Various studies
[8, 43] have documented the impact of pH on
pharmaceuticals adsorption. Mostly, pharmaceutical
adsorption is affected by solution pH. As seen in Fig. 2(c),
ibuprofen was best removed within pH range of 2 and 4,
resulting in high adsorption capacity and removal
efficiency. The pKa of IBP is 4.91, and as the pH value
becomes basic, the dissociation degree of the surface
groups of both IBP and BT turns negative [43]. IBP

removal by BT could result in electrostatic repulsion
which in turn brings about decreased adsorption capacity
as pH exceeds 4. Therefore, IBP was better sorbed at pH
of 4, resulting in a removal percentage of 86.6% (Fig. 2c).
A comparable outcome was documented by Khazri and
co-workers [43], who applied natural clay for ibuprofen,
naproxen, and carbamazepine removal in aqueous
solutions. On the other hand, CIP was better adsorbed by
the BT between the pH range of 4 to 6. At pH of 6, CIP
displays a positive charge, promoting electrostatic
attraction between the adsorbent and the drug molecule,
thereby resulting in increased adsorption. However, it is
also worth noting that electrostatic repulsion between
adsorbent and drug molecules becomes eminent at pH less
than pKa of 6.16 and pKa value found to be higher than
8.62, which leads to decreased adsorption capacity [44].
In addition, CIP displayed higher solubility at acidic pH,
and this in turn accounts for lower adsorption at decreased
pH. At pH of 6, increased adsorption capacity of 2.72
mg/g and removal efficiency of 67.9% indicates that the
porosity of BT was in charge of the highest adsorption of
CIP, and slso, potential electrostatic interaction via Van
der Waals forces that took place on the active sites of the
BT surface. Similar to the case of IBP, protonation of the
amino group results in positively charged species and
deprotonation of the carboxylic group results to a negative
charge species at pH of 6 for CIP. Electrostatic repulsion
reduces adsorption efficiency at pH less than 6 and higher
than 6 [8, 44]. This information is important for IBP and
CIP removal from wastewater, since pH of 6 to 8 have
been mostly reported for wastewater [44].

D. Adsorbent dosage

Different pollutants require different kinds of
adsorbents, and most times, the type and quantity of
adsorbent required for adsorption of a particular adsorbate
depends on the adsorbents' physicochemical properties.
BT’s specific surface area and CEC value were calculated
in this study to be 327 m?g and 30.94 meq/100 g,
respectively.

The influence of adsorbent dosage (0.1 g/L to 0.2 g/L)
on IBP/CIP removal by BT under optimum experimental
conditions is illustrated in Fig. 2 (d-e). Obviously,
removal of IBP and CIP by BT followed a similar trend.
Adsorption capacity increased proportionally with
adsorbent dosage. This increment in adsorption capacity
suggests availability of sufficient active binding sites on
BT surface consequent upon adsorbent increment, which
in-turn resulted in an increment in percentage removal of
IBP and CIP by BT. Up to 90.2% and 66.9% removal was
recorded for IBP and CIP respectively at maximum
adsorbent dosage of 0.2 g/L. Jara-Cobos et al. [8],
reported 62.7% and 90.5% removal of ciprofloxacin by
pillar calcium bentonite (BCP) and pillared sodium
bentonite (BSP) respectively. Ghemit et al. [15] also
reported similar trend (although with greater adsorption
capacity) for diclofenac and ibuprofen removal by
organobentonite.
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Figure 2. Effect of (a) contact time (m =0.125 g, V=50 ml,Co = 10 mg/L, t = 24h, T = 28+2°C, pH =7); (b) initial IBP/CIP
concentration (m =0.125 g, V=50 ml, t = 24h, T = 28+2°C, pH =7); () pH (m=0.125g, V=50 ml,Co = 10 mg/L, t = 24h, T =
28+2°C); (d) adsorbent dosage- |1BP (V =50 ml,Co = 10 mg/L, t = 24h, T = 28+2°C, pH =7) and (e) adsorbent dosage CIP (V =50
ml,Co =10 mg/L, t = 24h, T = 28+2°C, pH =7) on IBP/CIP removal by BT (CEC=30.94 meq/100 g).
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Figure 3. Linear plots of (a) Pseudo first order model, (b) Pseudo second order model and (c) Intraparticle
diffusion model for IBP/CIP removal onto BT

2. Adsorption kinetics

The Kinetic data were tested by pseudo first order,
pseudo second order, and intraparticle diffusion
kinetic models, with individual kinetic plots and
parameters presented in Fig. 3(a-c) and Table 3
respectively. Comparatively, higher R? values were
recorded for the pseudo second order kinetic model,
in the removal of both pharmaceuticals by BT,
implying that chemical adsorption may be the rate-
limiting step for the sorption process [15]. Similarly,
diclofenac and Ibuprofen has been efficiently sorbed
by organobentonite from aqueous solution [15]. The
kinetic data involving ciprofloxacin removal by
natural and hydrolyzed bentonite in aqueous medium
was shown to be better fitted to a pseudo second
order Kkinetic model in another investigation
[1]. Additionally, 2.15 mg/g and 3.33 mg/g; and
3.51 mg/g and 2.38 mg/g; calculated (Qeca) and
experimental (Qeexp) ge Values obtained for CIP and
IBP respectively for the pseudo second order model
were quite close (Table 3), compared to values
obtained for other kinetic models, suggesting that the
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pseudo second order kinetic model gave a better fit
to the kinetic data.

3. Adsorption isotherm

Frequently applied isotherm models (Langmuir,
Freundlich, and Temkin) were used to test the
equilibrium data. The equations for these isotherm
models, as well as other information, are presented
in the previous section. Linear plots of these
isotherms are presented in Fig. 4(a-c), and different
isotherm parameters evaluated presented in Table 4.
At concentration range of 10 - 100 mg/L and at
28+2°C, adsorption isotherm experiment was
conducted. The Freundlich isotherm model fitted
better to the equilibrium data, following highest
recorded values for correlation coefficient, R? for
both pharmaceuticals, compared to the Langmuir
and Temkin isotherms. This implies multi-layer
adsorption of IBP/CIP onto the BT surface.
Comparatively, Langmuir and Temkin models also
produced high R? values of 0.985 (IBP) and 0.902
(CIP) respectively, but Chi-square test analysis y2
displayed much lower values for Freundlich
isotherm compare to other tested isotherm models



K.E. Onwuka et al. — Acta Technica Jaurinensis, Vol. 18, No. 3, pp. 138-155, 2025

for both pharmaceuticals. A strong interaction bond 1.42 for both IBP and CIP respectively, imply
between absorbent and absorbate molecules is maximum adsorption of these drug molecules onto
indicated by n larger than 1, as per the Freundlich BT surface.

isotherm. Therefore, n values obtained as 1.37 and

Table 3. Kinetic parameters for IBP and CIP adsorption onto BT

Kinetic Models Parameters Adsorbate
IBP CIP
Pseudo first Order Constant of pseudo first order (ki) 0.013 0.009
Calculated adsorption capacity for the pseudo first order (qge) 1.07 1.27
Correlation coefficient of pseudo first order (R?) 0.118 0.080
Pseudo second Order Constant of pseudo first order (kz) 0.009 0.011
Calculated adsorption capacity for the pseudo second order (Qe cal) 3.33 2.15
Experimental adsorption capacity (de exp) 3.51 2.38
Correlation coefficient of pseudo second order (R?) 0.986 0.980
Intra-particle diffusion  Rate of intraparticle diffusion kinetic model (Kiq) 0.22 0.17
Constant for intraparticle diffusion kinetic model (C) 0.53 0.15
Correlation coefficient for intraparticle diffusion kinetic model (R?) 0.864 0.899
Table 4. Isotherm Parameters Evaluated for IBP/CIP Adsorption onto BT
Isotherm models Parameters IBP CIP
Langmuir Langmuir adsorption capacity, Qm (mg/g) 14.71 33.33
Langmuir constant, b (L/mg) 0.069 0.039
Corelation coefficient (R?) 0.985 0.779
Chi-square (x?) 12.31 6.124
Freundlich Freundlich constant K 15.64 4.18
Freundlich constant (n) 1.37 1.43
Correlation coefficient (R?) 0.979 0.975
Chi-square (y?) 0.441 1.061
Temkin Temkin’s constant (A) 1.08 3.30
Temkin’s constant (B) (L/mg) 0.186 0.123
Correlation coefficient R? 0.672 0.902
Chi-square (y?) 4.162 1.994
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50ml, t =24h, T = 28°C, pH =2), and (d) Plots of In kq against 1/T for IBP/CIP removal by BT

4. Thermodynamic assessment

Table 5 lists the thermodynamic parameter values
that were determined for this investigation, and Fig.
2(d) shows the graph of In Ky against 1/T for
IBP/CIP uptake by BT in an aqueous medium. It is
noticeable that adsorption capacities for IBP and CIP
decreased continuously as temperature increased
(Table 5.). In other words, adsorption of IBP and
CIP is favourable at low temperatures. At 293 K,
3.47 mg/g and 2.32 mg/g were recorded as maximum
adsorption capacities for IBP and CIP respectively.

Thermodynamically, negative values were
obtained for Gibbs free energy (AG® for both
pharmaceuticals and these values increased
negatively as temperature increased- an indication of
a spontaneous process [44]. Positive values of

148

enthalpy change (AH®) which were < 40 KJ/mol
suggest that IBP/CIP adsorption onto BT was an
endothermic process involving physisorption [33,
42]. Previously, data from kinetic studies revealed
that BT's absorption of IBP and CIP followed a
pseudo second order kinetic model, suggesting
primary rate-controlling step to be chemical
adsorption. However, this is in contrast to data from
thermodynamic analysis. Typically, adsorption
process involves numerous steps, and while kinetic
studies can furnish vital information regarding
reaction mechanisms, categorizing this intricate
process as chemisorption is insufficient. However,
adsorption isotherm and thermodynamic
investigation is required to gain more insight into the
adsorption mechanism. Studies have also shown that
both physical and chemical processes may occur
together in adsorption systems [43]. It is important
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to note that numerous researchers have previously
reported similar results but with no explanation, until
it was proposed and reported by Baraka [45], that
physisorption and chemisorption are both valid for
the pseudo second order kinetic model. For IBP and
CIP, the entropy change (AS®) was 1.72 and 0.77,

respectively. These observed positive values suggest
the existence of increased randomness during the
adsorption of IBP and CIP onto BT, confirming that
the adsorption of both pharmaceuticals onto BT was
favourable [42].

Table 5. Thermodynamic parameters for IBP/CIP removal by BT

BT/ AS? AH® AG® (kd/mol) ge (mg/g)

Adsorbate  (J/molk)  (I/mol) g3k 303K 313K 323K 203K 303K 313K 323K
BT/IBP 1.72 8.56 -1.12 -2.22 -2.99 -3.02 3.47 3.45 3.42 3.39
BT/CIP 0.77 18.34 -2.78 -2.98 -3.76 -3.99 2.32 2.31 2.28 2.26

capacity of BT recorded for IBP, with less
5. DFT study adsorption efficiency observed for CIP. Table 6

In this study, the molecular and electronic
properties of IBP and CIP were the focus of the DFT
calculations performed, to obtain greater insight into
their distinct adsorption behaviour on BT.
Geometrical optimization of IBP/CIP was carried
out using B3LYP with a base set of 6-31G(d), from
which different conformations of the drug molecules
were obtained (Figure Al and A2 of Appendix),
and more stable conformers with lower molecular
energies for both IBP and CIP (Fig. 5 (a-b)) were
adopted. Antonelli et al. [21] and Wazzan, [46]
verified similar results for ciprofloxacin (CIP) and
ibuprofen  (IBP) respectively. Obviously, the
optimized structure of CIP is characterized by
twisting of the aromatic rings due to repulsive
interactions between the aromatic rings. Again, the
optimized IBP molecule indicates a planer geometry
due to a situated single aromatic ring, which gives
room for a large part of the molecules' skeleton to lie
on the same plane thereby accounting for a very
lower electrostatic repulsion within the molecule. It
is important to mention that the obtained optimized
structure  of  IBP/CIP  corresponding  to
configurations of minimum energy was confirmed
by vibrational analysis and stability calculation and
details of values obtained for bond lengths and
angles for individual pharmaceuticals are contained
in Table Al and A2 (Appendix).

Significantly, an organic pollutant’s size and shape
can impair accessibility to the absorbent surface's
active site, leading to subpar adsorptive performance
[35, 47]. When large sized molecules block
adsorption sites on adsorbent surfaces, hindering
effective binding, steric hindrance occurs [35, 47-
50]. CIP is significantly longer (13.319 A) and has a
larger molecular weight (228.6 g/mol) than IBP
(12.527 A), as shown in Table 1 and Fig. 5(a-
b). Comparatively, CIP may display a greater steric
hindrance than IBP, making some of the active site
on BT surface unable to sorb CIP molecules
effectively. This accounts for the greater adsorption
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shows the DFT-based reactivity descriptors that
were acquired for IBP and CIP.

The frontier molecular orbital energies are crucial
for understanding the molecular reactivity of distinct
drug species and can be obtained more easily
through geometrical optimization [46]. The primary
components of these frontier molecular orbital
energies are the lowest unoccupied molecular orbital
energy (EL — LUMO) and the highest occupied
molecular orbital energy (En — HOMO). Fig. 5(c-d)
shows the three-dimensional (3D) contour plots of
the HOMO and LUMO for IBP and CIP. The
propensity of a molecule to give electrons is
measured by the HOMO energy levels (En). A
molecule can give electrons more readily as its value
destabilizes, or becomes less negative. Conversely, a
molecule's propensity to receive electrons is
measured by the LUMO energy levels (EL) [45, 51].
According to Table 6, IBP presented a higher value
for Ex and EL compared to CIP, which was 0.96 eV
and 0.33eV lower. Thus, the IBP is more capable of
releasing electrons, but it is more resistant to gaining
electrons [46]. The HOMO-LUMO energy gap (An-
L) serves as a measure of the kinetic stability and
reactivity of molecules, defined as the difference
between the HOMO and LUMO orbital energies.
Generally, a low value of An.L implies that such a
molecule is reactive and vice versa [52]. Therefore,
both pharmaceuticals presented lower values of An.
L. Although CIP was less than IBP by 1.69 eV,
suggesting that it could be a more reactive
pharmaceutical than IBP. The values of An.. found
as 5.88 eV and 4.19 eV for IBP and CIP correspond
to those reported in other studies [21, 46]. Generally,
electrochemical potential (p) is the degree to which
an electron has a tendency to escape from a molecule
[21]. IBP has a lower tendency to retain electrons
than CIP, as evidenced by their respective
electrochemical potentials of 3.45 eV and 3.34
eV. Global chemical hardness (1), which measures
resistance to changing electronic density, is used to
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quantify molecule stability and reactivity [21, 46,
51]. When a molecule is "soft", its electronic density
can be easily altered and vice versa. In this study, 1
values of 2.94 eV for IBP and 2.09 eV for CIP were
calculated (Table 6.). IBP is expected to showcase a
higher difficulty in altering electronic density
compared to CIP, judging by the differences in their
n values. However, CIP is a softer molecule
compared to IBP. The overall electrophilicity index
() defines the electron retention capacity. A low
value of ® for a molecule signifies that it has a low
capacity to retain electrons [51, 53]. IBP displayed a
lower value of ® compared to CIP, indicating that the
former possesses a lower electron retention capacity.

HOMO: -6.39 eV

d)

HOMO: -5.43 eV

5.88 eV

Analysis involving DFT-based quantum chemical
descriptors indicates that IBP exhibits a marginally
greater electrophilic character and demonstrates a
more significant alteration in electronic density
compared to CIP. This is consistent with

experimental data from the batch adsorption of
IBP/CIP onto BT, which reveal that IBP is more
readily eliminated from the solution than CIP.
Consequently, this behaviour may account for the
observed higher adsorption capacity of IBP relative
to CIP under the different experimental conditions
examined.

LUMO: -0.51 eV

419 eV

LUMO: -1.24 eV

Figure 5. Optimized molecular structures of IBP (a) and CIP (b) calculated at B3LYP/6-31G(d) level of theory; 3-D

plots of HOMO and LUMO of IBP (c) and CIP (d) (Red colour: positive phase; Green colour: negative phase)

150



K.E. Onwuka et al. — Acta Technica Jaurinensis, Vol. 18, No. 3, pp. 138-155, 2025

Table 6. Calculated quantum chemical parameters of IBP and CIP by B3LYP/631G(d) approach.

Quantum chemical parameter

HOMO energy (En, eV)
LUMO energy (EL, eV)
Energy gap (Au-L, eV)
Chemical potential (p, eV)
Chemical hardness (1, eV)

Electrophilicity index (o, eV)

IBP CIP
-6.39 -5.43
-0.51 -1.24
5.88 4.19
3.45 3.34
2.94 2.09
2.02 2.67

IV. CONCLUSIONS

In current study, bentonite clay has been
successfully applied as suitable adsorbent for
comparative adsorption of IBP/CIP from aqueous
media. Obviously, the porous structure of the clay
accounted for the observed high removal efficiency
of both pharmaceuticals, even though the clay was
not modified with any form of
surfactant. Experimental conditions like variations
in adsorbent dosage, contact time, temperature, pH,
and initial IBP/CIP concentration greatly influenced
adsorption capacity and removal efficiency of both
pharmaceuticals by BT. Thermodynamic analyses
suggest that the adsorption of both pharmaceuticals
onto BT is feasible, spontaneous, endothermic, and
characterized by randomness, indicating a
physisorption mechanism. The Freundlich isotherm
and the pseudo-second-order kinetic model are the
most effective for representing the isotherm and
kinetic data, respectively. In contrast to CIP, density
functional theory (DFT) studies indicate that IBP
demonstrates greater electrophilicity, enhancing its
ability to modify its electronic density. This
observation is supported by experimental findings
that shows that IBP is adsorbed more effectively
from aqueous solutions onto BT.

In sum, BT have been known to be less toxic (eco-
friendly), cheap and readily available and this makes
it a potential adsorbent for removal of emerging
contaminants in large scale scenarios as seen in this
study.
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NOMENCLATURE

Symbol/Abbreviation Definition Units
A Temkin isotherm constant related to adsorption energy L-mg™
AOPs Advanced Oxidation Processes -
BT Bentonite clay -
b Langmuir constant related to adsorption energy L-mg™
C Intraparticle diffusion constant mg-g™!
Ce Equilibrium concentration of adsorbate in solution mg-L™!
Co Initial concentration of adsorbate in solution mg-L™!
CEC Cation Exchange Capacity meq-100g™!
CIP Ciprofloxacin -
DFT Density Functional Theory -
AG Gibbs free energy change kJ-mol™!
AH Enthalpy change J-mol™!
AS Entropy change J-mol™-K™!
En- HOMO Highest Occupied Molecular Orbital energy eV
EL-LUMO Lowest Unoccupied Molecular Orbital energy eV
Dt | HOMO-LUMO energy gap eV
EC Emerging Contaminants -
FTIR Fourier Transform Infrared Spectroscopy -
IBP Ibuprofen -
K Thermodynamic equilibrium constant -
K Distribution coefficient -
Kr Freundlich constant related to adsorption capacity mg-g!
K1 Pseudo-first-order rate constant min~!
K2 Pseudo-second-order rate constant g'mg~'-min”!
Kid Intraparticle diffusion rate constant mg-g !-min~!/?
Log Kow Octanol-water partition coefficient -
m Mass of adsorbent g
n Freundlich constant related to adsorption intensity -
PPCPs Pharmaceuticals and Personal Care Products -
Qm Maximum monolayer adsorption capacity (Langmuir) mg-g™!
Oe Equilibrium adsorption capacity mg-g™!
Qe Adsorption capacity at time t mg-g™!
R Universal gas constant 8.314

J-mol~-K™!
R? Coefficient of determination -
SEM Scanning Electron Microscopy -
T Absolute temperature K
t Contact time min
\Y/ Volume of solution mL
XRD X-ray Diffraction -
X? Chi-square statistic -
R Electronic chemical potential eV
n Global chemical hardness eV
® Electrophilicity index eV
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