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Conventional water treatment methods often fail to remove pharmaceutical contaminants,
particularly antibiotics such as amoxicillin (AMOX), with sufficient efficiency, and this
shortcoming necessitates the exploration of more efficient and sustainable adsorbents.
The adsorption of AMOX onto Nano magnesium oxide-bentonite composite
(NMgO/bentonite) was investigated under different conditions. The NMgO/bentonite
sample was characterized by Fourier transform infrared spectroscopy, powdered
diffraction and surface area analysis, and electron microscopy. The assessment of the
composite's adsorption ability was bolstered by these investigations, which also disclosed
its morphological and surface features. The BET specific surface area increased from
37.13 for bentonite to 57.23 m?/g for NMgO/bentonite. Removal efficiency reached
94.96% at Co = 80 mg/L. With a maximal capacity of 263.143 mg/g, the Langmuir model
confirmed the synergistic activity of bentonite and Nano-MgO. The pseudo-second-order
model described the kinetics, with a rate constant of 0.0015 g mg™ min™ at 25°C and an
activation energy of 30.35 kJ/mol. A chemisorption-driven, spontaneous, exothermic
process was revealed by thermodynamic analysis. Under these conditions, the adsorption
behaviour of NMgO/bentonite verifies its applicability to the removal of pharmaceutical

pollutants from water systems.

1. INTRODUCTION

The most notable contaminants in wastewater, water on the
surface, and groundwater are pharmaceuticals, especially
antibiotics [1]. They are generally used post-diagnosis to treat
and mitigate illnesses in people, animals, and plants [2]. Both
surface and subsurface water include pharmaceutical
chemicals, such as antibiotics and their metabolites [3]. A
significant number of pharmaceutical chemicals exhibit
incomplete biodegradability and frequently display resistance
to traditional wastewater treatment techniques [4]. While these
compounds often linger in treated water in certain amounts,
some have even filtered into tap water supplies [5]. AMOX,
one of the most widely administered antibiotics and a major
drug contaminant detected, has become a regular presence in
aquatic settings near hospitals and pharmaceutical plants that
discharge [6]. At elevated concentrations, AMOX poses health
risks to both people and ecosystems. It could also foster
antibiotic resistance in bacteria, making future infections
harder to cure with standard drugs. The World Health
Organization (WHO) continues to classify it as a core
antibiotic; however, growing concerns about pharmaceutical
pollution have led to new global guidelines aimed at reducing
antibiotic emissions, particularly from manufacturing sources.
Ongoing monitoring, better waste treatment, and responsible
antibiotic use are key to minimizing these environmental risks.
AMOX is a widely used antibiotic. The WHO reports focus on
the broader issue of AMR and specifically concerning bacteria
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and resistance patterns. For these important reasons,
eliminating AMOX residues from water has become a focus
of research [7]. Waste generated by pharmaceutical
manufacturing must undergo treatment before being released
into natural ecosystems to avoid potential environmental harm.
Although several approaches have been developed to address
the presence of AMOX in effluents, many of these
technologies remain financially burdensome [8, 9].
Techniques such as electrocoagulation, electrochemical
oxidation, and advanced oxidative degradation have been
utilised for this purpose, alongside adsorption-based strategies
[10]. Adsorption, in particular, has emerged as a practical and
efficient alternative due to its operational ease and reliable
performance. Many adsorbents showed the capacity to
eliminate various organic substances from water, including
antibiotics, industrial dyes, toxic metals, and other hazardous
pollutants [11].

The volcanic clay bentonite has a high concentration of
montmorillonite and is organised as a 2:1 mineral with two
silica sheets in a tetrahedral shape and an octahedral alumina
sheet in the middle. Because Si*" is substituted for AI** in the
tetrahedral layer and Mg?*" or Fe*' is substituted in the
octahedral layer, the clay develops an overall negative surface
charge [12]. Bentonite has emerged as the most efficient
option due to its affordability, especially when compared to
activated carbon, which requires costly preparation processes
[13-15]. Study [16] reported that bentonite adsorbed 3.46 mg/g
of ciprofloxacin and 245.09 mg/g of ampicillin, which
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indicates its convincing adsorption capacity. In addition,
natural bentonite has been employed as a carrier for both nano
and non-nano materials in the treatment of such contaminants
[17]. The adsorption process involves both the bentonite
surface and its internal pores. Organic molecules pass through
the bentonite pores, where they become trapped [18].
Modified bentonite is capable of adsorbing weakly polar
organic compounds that are soluble in aqueous solutions [19].
When modified, bentonite gains a positive surface charge and
strong electrostatic attraction, which facilitates interactions
with quaternary amine groups. The modification replaces
inorganic cations with organic ones to shift its surface
properties from hydrophilic to hydrophobic and enhance its
effectiveness as an adsorbent [20]. Study [21] used modified
bentonite with hexadecyl trimethyl ammonium (DK1) to
remove AMOX. Study [22] reported a capacity of 283.5 mg/g
for tetracycline using organo-bentonite.

The use of magnesium oxide (MgO) in adsorption processes
offers several advantages. Its cost is significantly lower than
that of iron and manganese oxides; it has minimal
environmental impact, is non-polluting, and can be easily
recovered from aqueous media. For these reasons, MgO is
used as an antibiotic adsorbent for its high adsorption capacity,
especially under acidic conditions [23]. Treating natural
bentonite with MgO enhances its AMOX removability from
aqueous solutions. The improved performance results from the
modified bentonite surface becoming more attractive to
anionic pollutant molecules [24]. Recent studies have
highlighted the application of MgO and ZnO/MgO
nanocomposites in wastewater treatment. These materials
showed high potential in toxic metal ions removal from
contaminated water systems [25], as well as in the treatment
of dye-laden effluents (i.e., Congo red) [26]. Another study
looked at how well MgO nanoparticles absorbed some toxic
compounds from water, including arsenic, neutral red, and
bright cresyl blue [27].

As far as current literature indicates, there have been no
prior investigations focused on the removal of AMOX using
bentonite enhanced with nanoscale MgO. MgO nanoparticles
are recognised as promising basic oxides with wide-ranging
applications [28], including their use in adsorption processes,
catalytic reactions, and the fabrication of refractory ceramic
materials. MgO is a unique solid with a simple crystal structure,
simple stoichiometry, and strong ionic character. It can be
synthesized in various particle sizes and shapes. Nano
crystalline MgO particles have an elevated degree of specific
surface area and reactivity due to their size and shape, which
are caused by an elevated number of edge and corner sites and
surface imperfections, according to a previous study [29].

In order to create a novel nanocomposite adsorbent for the
removal of AMOX from wastewater, the current effort aims to
develop Nano-MgO (NMgO) loaded bentonite. A battery of
tests was carried out to ascertain the ideal circumstances for
attaining the maximum adsorption capacity. We examined
absorption kinetics, as equilibrium isotherms, and
thermodynamic factors to help us understand the process
further.

2. METHODS AND MATERIALS
2.1 Materials

AMOX, with a 99% purity, was supplied by the Samarra
Pharmaceutical Laboratory and used directly without any
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additional processing. Figure 1 shows its chemical structure,
which is CisHi1sNsOsS. It has a molecular mass of 365.404
g/mol and an absorption peak at 272 nm. Bentonite was
obtained from natural clay that was high in calcium (NB, State
Company of Geological Survey and Mining, Baghdad). The
synthesis process used analytical-grade hydrochloric acid
(36%) and sodium hydroxide (98%), along with distilled water.
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Figure 1. AMOX chemical structure [30]
2.2 Preparation of AMOX stuck solution

The AMOX stock solution was made in distilled water at a
concentration of 1000 mg/L. Working solutions ranging from
10 to 80 mg/L were prepared by dilution. Measurements were
taken using a UV-Vis spectrophotometer (UV-1100,
EMCLAB GmbH, Germany) at 25°C, with absorbance data
recorded at 272 nm [31].

2.3 Synthesis of NMgO

Initially, magnesium nitrate solution was created by
dissolving half a molar of the salt in 100 milliliters of purified
water while stirring continuously for a quarter of an hour to
guarantee full dissolution. Thereafter, pH was adjusted and
stabilized somewhere between 9 and 10. The amalgam was
then left untouched for two hours to permit the reaction to
progress suitably. The resultant precipitate was carefully
isolated using centrifugation at 4500 revolutions per minute
for a quarter of an hour [32]. To boost the purity of the material,
repeated washing was done with dH>O and EtOH. The refined
substance was then dried at 100 degrees Celsius for 6 hours.
Ultimately, calcination was done at 450°C for 4 h, adhering to
the methodology outlined by the twenty-ninth reference.

2.4 Synthesis of NMgO/bentonite

Iraqi bentonite from its natural state underwent processes to
prepare it for composites. Initially, it was purified with
distilled water, then dried and broken into small pieces ranging
from 250 to 500 micrometers. The granules were then exposed
to hydrogen peroxide and were placed in hydrochloric acid for
ten hours. Afterward, the now altered clay was rinsed until
neutral and dehydrated at a lower heat for half a day, after
which it was re-sorted to a smaller 425 micrometer size. The
multi-step treatment transformed the raw material into
structured components prepared for combination into novel
materials. A measured amount of NMgO was dispersed in
distilled water using ultrasonication, after which 25g of
bentonite was added and mixed for 60 seconds. Suspension
was then autoclaved and thermally treated at 160°C for 24 h
[33]. Filtering, thorough rinsing, and drying at 100°C for a
further 24 hours followed completion. Figure 2 shows the final
NMgO-bentonite composite that was made by calcining the
material at 450°C for 5 hours.



‘Washing with
Distilled water
Until pH=7

bentonite
after grinding

bentonite
washing (10h)

rocks

(0.5 M H,0,+HCI)

", |
P, “ E E
RS . |
Dispertion in
altrasonic Mixing MgO
in distilled

= <=0

Drying(5 h)
at 70°C

(bentonite+MgO)
water

- <=
and girnding
L

Autoclave Filteration Drying (24h) Calcination(5h) NMgO/bentonite

(24h) at 160°C and washing ,; 109°C at 450°C After
drying

after drying

Mixing

Figure 2. Illustration of the preparation steps of the
NMgO/bentonite composite

In order to determine the average size of the NMgO
crystallites, this equation [34] was used:
D=09ApcosH (1

The symbols D, 6, f, and A represent the average crystallite

size, Bragg angle, half maximum full width, and X-ray
wavelength, respectively.

2.5 Zero-charge pH (pHpzc) measurement

The surface charge behaviour of untreated bentonite was
assessed by preparing multiple flasks containing 0.1 M NaCl
solutions, each set to a distinct pH value ranging from 2 to 12.
Continuous swirling at room temperature for 48 hours was
used to supplement each solution with a 0.1 g NMgO-
bentonite composite. After the solid material had been
separated by filtration, each sample final pH is calculated. At
what pH does the adsorbent surface not have any net charge?
This is known as the pHp., or point of zero charge. The
starting pH is used to get the final pH by charting the
difference between the two (ApH). The pHy, line was the
same as the plot's x-axis intercept.

2.6 Adsorption process

AMOX removal was evaluated through a series of batch
adsorption experiments conducted under different conditions.
100 mL solutions containing 10-80 mg/L AMOX
concentrations were mixed with specific dosages of the
adsorbent and shaken using a temperature-controlled shaker.
Tests were performed at different contact times (10—180 min),
pH levels (3—12), agitation speeds (50-350 rpm), and sorbent
dosages (0.01-1.5 g/100 mL). At 272 nm, the residual AMOX
content was determined using a double-beam UV-V is
spectrophotometer (PG Instruments, Model UV T80, England)
after filtration through Whatman No.40 paper had been
completed to remove suspended particles. Equilibrium
adsorption capacity (q., mg/g) was measured via a mass
balance approach [35, 36]. The following equations were
applied:

(Co

—C)V
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(Co - Ce)
C

R(%) = x 100 (3)

o

The adsorbed quantity (mg/g), starting and equilibrium
concentrations (mg/L), solution volume (L), adsorbent mass
(g), and removal efficiency (R%) are all defined in this context.
These expressions provide a quantitative assessment of the
adsorption process’s efficiency.

There were three separate runs of each experiment, and the
standard deviation and the standard error were calculated from
the three sets of data to determine the margin of error.

2.7 Adsorption isotherms

Sorption isotherms describe the adsorption mechanism by
relating equilibrium concentration to the amount adsorbed at
constant temperature [37, 38]. The isotherm models are given
below:

qmklC,

de = A +kiC) 4
1
L=— 5
R 1+ KlCe ®)
1
9o = Kp C7 ©)
_ KRpCe ;
qe_1+aCe"[3 )

The Langmuir isotherm model, Eq. (4), which helps
describe how matter adheres to surfaces, suggests that
adsorption achieves an equilibrium state determined by the
interplay between the quantities of adsorbate bonding to the
adsorbent. Precisely, it portrays how much of a substance,
known as the adsorbate, can affix to a specific mass of material,
the adsorbent, quantified in milligrams per gram. This
archetype also underscores the maximum amount able to form
a solitary coating on the area and presents a constant, K/ that
demonstrates how strongly the adsorbate and adsorbent attract
one another. The separation factor, R in Eq. (5), which
indicates the ease of adsorption, is another crucial component:
if RF exceeds one, adsorption isn’t preferable; if it lies between
zero and one, adsorption is probable; if it equals one precisely,
the process is linear; and if RE is zero exactly, adsorption is
irreversible.

Subsequently, the Freundlich isotherm model, Eq. (6),
approaches adsorption from an alternative perspective. It relies
upon two constants: Kr which reflects the adsorbent’s
capacity, and ‘n’, which denotes how intense and diverse the
adsorption operation is across diverse surface regions.

Then, the Redlich—Peterson (RP) in Eq. (7) archetype,
which combines notions from both Langmuir and Freundlich
models, applies constants like KRP and a, with a factor
ranging from zero to one to depict uneven area.

Fundamentally, the Langmuir model applies best when
addressing smooth, uniform surfaces where substances form a
single layer. The Freundlich archetype fits more accurately for
rough, diverse surfaces. The RP model is adaptable, capturing
the intricacies of systems that don’t neatly fit into one group
or the other.



2.8 Absorption Kinetics

The comprehension of how substances adhere to surfaces, a
process known as adsorption, is considered fundamental
across various scientific disciplines. Kinetic analysis sheds
light on this process, especially when subjected to changing
circumstances like pressure and temperature. Such analysis is
utilized to evaluate the rate and efficiency with which
adsorption occurs under divergent circumstances.

Adsorption is not a vacuum process; rather, it is influenced
by the characteristics of both the absorbent (the part of the
surface that the compound adheres to) and the adsorbate (the
substance that is being absorbed). Two principal resistances
are identified as potential impediments to this process. The
first, external diffusion resistance, can be likened to the
difficulty encountered when navigating through a crowded
street to reach a specific shop, where the bulk fluid represents
the crowd and the shop symbolizes the adsorbent's surface.
The second, intraparticle diffusion resistance, resembles the
challenge of finding one's way through a large shopping
complex after entering the shop, necessitating movement
through various departments, analogous to navigating the
internal pores, to reach the ultimate destination.

In order to ascertain the primary sources of delay within this
process, a variety of models have been developed by scientists.
The pseudo-second-order Eq. (9) and the pseudo-first-order
Eq. (8) models serve as analytical tools, akin to maps, that
facilitate the prediction of the adsorption rate of substances
onto surfaces. These models have been extensively applied in
the investigation of pharmaceutical compounds, thereby
aiding researchers in the optimization of processes to enhance
efficiency.

qt = q. (1—e™"%) (8)
Ko q2t
at = o ©)
qt =K, t% + C (10)
1
qt =E In(1+ aft) (11

The amount of solute that the adsorbent is able to collect at
a certain moment is known as its adsorption capacity at that
time b. Egs. (8) and (9) show that two separate models were
used to study the process kinetics: the pseudo-first-order
model, which is characterized by a rate constant K; (min™),
and the pseudo-second-order model, which is defined by a rate
constant K, (g/mg-min). ge is the equilibrium adsorbed
quantity in milligrams per gram, and ¢ is the duration in
minutes utilized for kinetic analysis.

Eq. (10), which is part of the intraparticle diffusion model,
shows how fast solutes diffuse into adsorbent pores, with Kad
(mgg' min?) representing the diffusion rate and C
representing the thickness of the boundary layer.
Chemisorption on heterogeneous surfaces is described by the
Elovich model (Eq. (11)), where £ is the initial adsorption rate
and B is related to activation energy and surface coverage.
According to the Arrhenius formula given in Eq. (12) [39]. It
was found that the adsorption system's activation energy was
30.35 kJ/mol.

Ea

k=Ae rD (12)
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The formula includes the following variables: k for reaction
speed, R for gas constant (8.314 J/mol-K), T for system
absolute temperature, Ea for minimum energy necessary for
reaction (J/mol), and A4 is representative of the frequency of
successful collisions.

2.9 Thermodynamics study

The adsorption process's thermodynamic properties, such as
entropy (AS°), enthalpy (AH®), and Gibbs free energy (AG®),
were determined by using Eqs. (13) and (14). These
parameters offer a deeper understanding of the spontaneity,
thermal behavior, and molecular disorder involved in AMOX
adsorption. These parameters are typically derived from
temperature-dependent adsorption studies. The equations
applied in this analysis followed the approach outlined by the
study [40] as follows:

AG® = —RTlnkc (13)

AG®\  AS®  AHP
- == 2L 14
InKe (RT) R RT (14)

where, Kc is the adsorption equilibrium constant, defined as
the amount of AMOX adsorbed on the surface to its
concentration in solution. It is a measure of the NMgO-
bentonite’s affinity for the solute and the solute’s mobility in
the liquid phase [41].

3. RESULTS AND DISCUSSION
3.1 Characterization of the prepared adsorbent

3.1.1 XRD analysis

With 20 angles of 36.862°, 42.824°, 62.167°, 74.516°, and
78.443°, respectively, the synthesised NMgO displays six
different peaks in its XRD pattern, which correspond to the
(111), (200), (220), (311), and (222) crystallographic planes
(Figure 3). The XRD results undoubtedly validate the
preparation of NMgO [42], aligning with past work by
researchers in the field. Moreover, as noted by Ali and Saeideh,
the diffraction peaks precisely match the reference card from
the JCPDS archives. However, while the pattern agrees with
standard profiles, some peaks were broader than expected,
revealing minor structural fluctuations. Overall, the crystalline
character of the synthesized MgO is soundly established
through thorough diffraction analysis, though opportunities
remain to refine synthesis methods for increased homogeneity.
The sharpness and intensity of the peaks reflect a high degree
of crystallinity, which suggests a small particle size and
uniform structure.

Figure 4(a, b) displays the patterns created by XRD of the
NMgO-bentonite composites both before and during the
adsorption process. The sharp, distinct peaks observed suggest
a high level of crystallinity, which is probably due to the small
particle size of the synthesized Nano MgO. The newly made
NMgO-bentonite composite's XRD pattern is shown in Figure
4(a). The 110, 210, 124, and 144 planes of bentonite are
aligned with the distinct peaks seen for 20 values of 20.7°,
26.5°,36.3°, and 54.7°, which conform to JCPDS card No. 01-
088-0891 [43]. In addition, diffraction peaks characteristic of
NMgO appear in the composite pattern at the same 26
positions noted above. These observations confirm the



successful dispersion of MgO nanoparticles onto the bentonite
matrix. The synthesized NMgO and NMgO/bentonite samples
were found to have average crystallite diameters of 24 nm and
34 nm, respectively. Figure 4(b) presents the XRD pattern of
NMgO/bentonite after AMOX adsorption. No significant
change in peak intensity was observed. However, slight shifts
in peak positions occurred, indicating the interaction of
AMOX with the composite surface. This confirms earlier
results published by study [44] and indicates that the material
maintained its crystalline phase structure after adsorption.
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Figure 3. XRD for the prepared NMgO
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Figure 4. XRD for NMgO/bentonite (a) before and (b) after
the adsorption of AMOX

3.1.2 FTIR analysis

Figures 5 and 6 show FTIR spectra of NMgO and
NMgO/bentonite, where functional groups were identified
before and after AMOX interaction. Using a Bruker Tensor 27
spectrophotometer (USA), spectra were collected in the 400-
4000 cm™ range using samples generated using the KBr pellet
procedure. Figure 5 shows the FTIR spectrum of synthesized
NMgO. Absorption bands between 420 and 862.9cm™
correspond to metal-oxygen bending vibrations. The band
detected between 600 and 850 cm™, especially in the 700—
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850 cm™ range, indicates Mg-O and Mg-O-Mg stretching
vibrations. These features confirm the successful synthesis of
NMgO, in accordance with the intended preparation method.
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Figure 6. FTIR analysis for NMgO/bentonite before and
after adsorption of AMOX

The spectral profile of untreated NMgO/bentonite revealed
several characteristic absorption bands. A signal at 457 cm™
confirmed the presence of Si—O bonds, a typical feature of
bentonite. The 528 cm™ band corresponds to Mg—O stretching,
indicating the MgO phase, while the 646 cm™ band is linked
to Al-O bending. The signal recorded at 792cm™
corresponded to Si—O-Si bonding interactions. An intense
band near 1028 cm™ indicated Si—O stretching within the
bentonite framework. The 1633 cm™ peak is attributed to C=C
stretching and indicates unsaturated hydrocarbons.

Figure 6 also presents the FTIR spectrum of NMgO-
bentonite after AMOX adsorption. Several peaks appear
shifted or intensified in comparison with the fresh composite.
These changes indicate the attachment of AMOX to the
adsorbent surface. A wide absorption band noted in the Si—O
framework region persists, signifying that the bentonite
structure remains intact. The emergence of newer peaks at
1637 cm™' as well as 1654 cm™' indicates the presence of
carbonyl groups within the amide bonds, a characteristic sign
of AMOX [45]. These peaks' existence confirms possible
communications between AMOX molecules and the absorbent
surface by validating the existence of amide and carboxylate
functional groups. Additionally, the peak seen at 2922 cm™ is
actually recognized as corresponding to C-H stretching
vibrations, which provide signs of methylene (CH2) and
methyl (CH3) groups inside the AMOX arrangement. O-H
stretching vibrations are linked to the bands at 3433 cm™ and
3708 cm™, which suggests that hydroxyl groups on the



NMgO/bentonite surface area and the absorbed AMOX
molecules form hydrogen bonds. This peak's presence signals
potential interactions involving AMOX substances as well as
the adsorbent surface by confirming the actual existence of
amide and carboxylate functional groups.

3.1.3 FESEM imaging

The microstructure and surface morphology of bentonite
and the NMgO/bentonite composite are shown in Figures 7
and 8, respectively. These images illustrate particles of
varying sizes and structural features. Figure 7 displays the
morphology of raw bentonite, which appears as irregular
flakes marked by surface roughness, ridges, and grooves.
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Figure 8. FESEM images and EDX of NMgO-bentonite (A)
before and (B) after adsorption of AMOX

Figure 8(A) presents the FESEM image of the prepared
NMgO/bentonite composite. The image shows spherical
NM_gO nanoparticles uniformly distributed across the surface
of the bentonite. Micro- and mesoporous structures are visible
on the NMgO-bentonite surface, with the MgO coating
partially occupying some of the pores. These structural
characteristics suggest effective deposition of MgO on the
bentonite surface, which may contribute to improved surface
reactivity and adsorption performance [46].

Figure 8(B) reveals morphological changes in NMgO-
bentonite after the adsorption of AMOX. The composite
maintains an overall irregular shape, but a thin layer of
adsorbed AMOX is visible on the surface. The layer results in
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slightly larger particle sizes and a more granular, rough texture.
Increased agglomeration is observed, with particle clusters
likely forming as a consequence of AMOX adsorption [41].
Small granular deposits present on the NMgO/bentonite
surface further confirm the successful attachment of AMOX.
The FESEM analysis clearly demonstrates morphological
changes after adsorption, which supports the effectiveness of
the material as an AMOX adsorbent.

3.2 Evolution of NMgO/bentonite structural parameters

The effectiveness of an adsorbent is determined by a
number of parameters, such as specific surface area, total pore
volume, and average pore size. The textural features of
unmodified bentonite and the NMgO-enhanced composite
were assessed using the Brunauer—Emmett-Teller (BET)
technique before and after exposure to AMOX, as summarised
in Table 1. Results indicated that the NMgO/bentonite
composite exhibited a larger surface area than natural
bentonite. The increase likely results from the successful
dispersion of NMgO particles across the bentonite surface.
Pore volume and average pore diameter decreased noticeably
after incorporating NMgO into the bentonite. The reduction
likely stems from blockages in pores and interlayer channels
caused by the minuscule NMgO filling microscopic spaces.
Average pore sizes measured approximately eleven and three-
quarters nanometers for pure bentonite compared to roughly
nine and three-quarters nanometers for the NMgO/bentonite
composite, signifying a mesoporous makeup for both
materials according to several studies [47]. The decline in the
structural values confirms that AMOX molecules occupied the
external surface and internal pores (Table 1), as supported by
previous studies [48].

Table 1. Surface and structural properties of raw bentonite
compared with those of the NMgO-modified composite

BET Pore Average
Sample Surface Volume Pore D.
Area (m?% g) (cm’/g) (nm)
Bentonite 37.130 0.107 11.57
NMgO/bentonite 57.230 0.052 9.370
After adsorption
of AMOX 43.050 0.041 8.739

3.3 Parameters of adsorption

3.3.1 Effect of pH

The heterogeneous character of adsorbents along with the
ionization condition of adsorbates at specific pH values,
considerably impacts how efficiently a sorption process
removes contaminants. A 30 mg/L solution of AMOX was
assessed in this investigation across a pH range of 3 to 12. 0.05
g of NMgO/bentonite was utilized as the sorbent, and the
solution was gently agitated for two hours at ambient
temperature while regulated to move at 200 rpm.
Understanding the pHp., where the net surface charge
becomes zero, is essential for evaluating surface properties and
binding interactions.

To increase the adsorption capacity, the adsorbent and the
adsorbate must maximise their electrostatic attraction. The
surface is positively charged below pHp, and negatively
charged above it [49]. Figure 9(a) presents the experimental
determination of the pH,.. for NMgO/bentonite, which was
found to be 7.64. The extent of AMOX adsorption onto



NMgO/bentonite is influenced by the ionization state of
AMOX molecules, which is governed by the solution pH.
AMOX has three pKa values: 2.4 (carboxylic acid), 7.4
(amine), and 9.6 (phenol). These values determine the
dominant ionic species present at distinctive pH levels. The
protonation of AMOX is important in determining its
adsorption affinity, orientation, and mechanism on different
surfaces. The adsorption efficiency of AMOX on
NMgO/bentonite (pHp,. = 7.64) is pH-dependent. Adsorption
is enhanced by electrostatic interaction between anionic
AMOX and positively charged surfaces below pHp.. Near
pHpzc, neutral surfaces favour moderate uptake via hydrogen
bonding and van der Waals forces. Above pHy,., electrostatic
repulsion between negatively charged species reduces
efficiency.
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Figure 9. (a) pHy.. of NMgO/bentonite; (b) Effect of pH (Co
=30mg/L,t=2h,m=0.05g, V=100mL, 200 rpm); (c)
Effect of agitation speed (Co=30mg/L,t=2h,m=0.05g,
pH =6,V =100mL); (d) Effect of dose (t=2h,pH=6,V =
100 mL, 250 rpm); (e) Effect of contact time (Co = 80 mg/L,
m=0.2g,pH=6,V=100mL, 250 rpm); (f) Effect of initial
concentration (m=0.2g,t=2h,pH=6,V=100mL,
250 rpm); (g) Effect of temperature (Co=80mg/L,m=0.2 g,
t=2h,pH=6,V=100mL)

At a pH of 6, the removal efficiency peaked at 64.6%
(Figure 9(b)), and it continued to rise as the pH ranged from 3
to 6. However, further raising the pH beyond this level resulted
in decreased adsorption efficiency. Under acidic conditions,
AMOX predominantly carries a positive charge because of
protonation at its amino and phenolic functional groups.
During this condition, the surface of the adsorbent also tends
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to exhibit a positive charge, which leads to electrostatic
repulsion that reduces adsorption efficiency. Maximum
adsorption occurred at pH6, near the pHp,e of
NMgO/bentonite, where the surface was nearly neutral and
interacted more effectively with AMOX. Adsorption
effectiveness decreased as the surface became more negatively
charged at acidic pH due to electrostatic repulsion [50].

3.3.2 Effect of agitation speed

The agitation speed has a significant impact on the
efficiency of the adsorption process; in fact, there is an ideal
agitation speed for each adsorbent material. Figure 9(c)
presents the influence of agitation speeds on AMOX removal
using NMgO/bentonite. Initial studies demonstrated that as the
rate of stirring elevated, the amount of AMOX eliminated also
grew dramatically. While some sentences in the report were
rather brief, other portions went into more thorough
explanation [51]. For instance, it delved into how the improved
productivity might be due to amplified disturbance, which
trims the boundary layer thickness encircling the absorbent
bits and boosts the handoff of mass. The maximum removal
capacity was accomplished at two hundred fifty revolutions
per minute, determined as the most excellent agitation speed
for the NMgO/bentonite composite, given its ability to
propagate turbulence and facilitate transfer.

3.3.3 Effect of dosage

Removal capacity and effectiveness of adsorption are
significantly influenced by the quantity of adsorbent utilized.
The influence of various dosages on AMOX removal was
evaluated within the range of 0.01 to 1.5 g, as exhibited in
Figure 9(d). It was discerned that increasing the amount of
adsorbent resulted in enhanced removal proficiency, with
optimal output observed at a dosage of 0.2 g per 100 mL of
solution. The adsorption effectiveness dropped with
successive increments, indicating that the adsorbent surface's
active sites were saturated.

When concentrations are increased, overlapping or
diminution of the effective surface area of these locations may
transpire, thereby diminishing potency [52]. Conversely, when
lower amounts are used, the active sites remain more
accessible, thereby boosting the performance of the adsorbent.
An augmentation in the quantity of adsorbent also intensifies
particulate collisions, which can lead to the liberation of
formerly absorbed ions back into the solution, a process
termed desorption. Furthermore, excessive dosage can cause
particle aggregation and the development of overlapping
layers. Such structural modifications increase the distance
between adsorption sites and AMOX molecules in solution,
thereby decreasing overall adsorption capacity [53, 54].

3.3.4 Effect of initial concentration

Investigating how different initial concentrations of AMOX
affect the system offers valuable information about the
material’s adsorption capacity. Figure 9(e) presents the
percentage of AMOX removed at various starting
concentrations. Higher initial AMOX concentration resulted
in a greater removal percentage at equilibrium. Such a trend is
explained by the rise in mass transfer driving force, which
promotes greater molecular movement toward the adsorbent
surface until saturation of active sites occurs [55].

The increased availability of AMOX molecules enhances
binding at the adsorbent surface, particularly at active sites,
because of the forces of electrostatic attraction and van der



Waals. However, as the concentration continues to rise, the
ratio of removed AMOX decreases. The decline in AMOX
removal reflects the increasing gap between initial and final
concentrations and shows that available adsorption sites were
insufficient to accommodate the excess solute [56].

3.3.5 Effect of contact time

The  effectiveness of AMOX removal using
NMgO/bentonite as an adsorbent is significantly influenced by
the contact duration. The experimental data indicate a steady
increase in the removal percentage within the 5 to 180-minute
time frame (Figure 9(f)). The abundance of active sites
enabled rapid adsorption initially and maintained a high
AMOX removal rate up to 120 min. Nevertheless, the
adsorption rate decreases when these active sites are saturated.
Beyond this point, diffusion of AMOX into the adsorbent core
controlled the process [57, 58]. Maximum removal was
reached after 2h of agitation. Beyond this point, further
contact time offered no measurable improvement in

performance and confirmed that equilibrium had been reached.

3.3.6 Effect of temperature

The adsorption performance of NMgO/bentonite for
AMOX was evaluated at different temperatures. Figure 9(g)
presents the experimental results. A relationship was observed
between temperature and AMOX removal efficiency. At 30°C
and 35°C, the removal rate decreased, indicating a decline in
adsorption efficiency at elevated temperatures. A decrease in
the binding strength of AMOX molecules to the adsorbent
surface might be the cause of the performance drop. At higher
temperatures, adsorbed molecules were released into the
solution, which reduced adsorption capacity and removal
efficiency [59].

3.4 Adsorption isotherms

Adsorption isotherms clarified the interaction between
AMOX and the NMgO/bentonite surface at equilibrium. Table
2 shows that the fitted parameters, high R? values, and low SSE
confirmed the suitability of all three models. Figure 10 further
elucidates how adsorption capacity fluctuates across changing
equilibrium concentrations.

Table 2. Comparison between isotherm models

Langmuir Freundlich  Redlich—Peterson (R-P)
qmax 263.143  KF 1.2 Kr-p 0.620
KL 0.024 n 2.12 o 0.00034
RL 0.838 I/m 0471 B 0.65
SSE 1.111 SSE 1.111 SSE 1.116
R? 0.979 R?>  0.981 R? 0.979

The experimental findings correspond closely with all three
isotherm models, evidenced by the likeness in R? and SSE
values. This coherency implies that AMOX's adsorption onto
NMgO/bentonite likely involves a combination of consistent
and divergent surface interactions, denoting mono- and multi-
layer adsorption systems at work [50]. In particular, the
Freundlich model exhibited the highest R?, indicating that
heterogeneous, multi-layer interactions on the surface mainly
impact the process [51]. Meanwhile, the parameters Ki, Ry,
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and B all fall inside recognized scopes conducive to
adsorption—K; between 0 and 1, 1/n less than 0.5, and B
between 0 and 1—affirming NMgO/bentonite's effectiveness
as an AMOX adsorbent [60]. The results confirmed strong
binding between the surface and AMOX. As postulated by the
Langmuir model, maximum adsorption transpires once
AMOX forms a uniform monolayer, completely masking the
available surface sites. The theory assumes consistent
adsorption energy across these sites, precluding lateral
movement or interactions [53]. The BET surface area of
NMgO/bentonite measured 57.23 m?/g, which represents a
moderate increase over the 37.13 m?*/g recorded for raw
bentonite. Despite this modest difference in surface area, the
maximum adsorption capacity of the NMgO-modified
material reached 263.23 mg/g, significantly surpassing the
26 mg/g observed for bentonite alone. Calculated adsorption
site densities further support this discrepancy, with
NMgO/bentonite showing approximately 7.57 x 108 sites/m?,
while bentonite exhibits only 1.15 x 10'* sites/m2 This
significant difference suggests that adsorption performance is
governed primarily by the nature, density, and accessibility of
chemically active sites rather than total surface area measured
by physical adsorption of inert gases [60].

Table 3. Comparison of AMOX adsorption capacities across
different materials

Adsorbent qm Reference
(mg/g)
Magnetic Grapheng Oxide 9841 [61]
Nanocomposite
Chemically treated olive stone was used
as the precursor material for producing 67.7 [62]
activated carbon
Activated carbon was produced using
olive biomass as the precursor, with 237.02
ZnCl; applied as the activating agent. [63]
Thermal treatment was performed in a 166.96
conventional muffle furnace.
Acid-Activated Biochar 239.230 [64]
Breadfruit seed hull biochar 61.02
breadfruit seed hull biochar modified 49.82 [65]
using ZnO-NPs
Bentonite-chitosan composite 86.1 [66]
Modified bentonite using chemical and  21.8818 [67]
physical methods 13.7362
. This
Nano MgO/bentonite 263.143 Work

where g, is obtained using the Langmuir constant

A range of previously reported materials has been evaluated
against the NMgO/bentonite composite to contextualize its
AMOX uptake performance. The comparative adsorption
capacities are outlined in Table 3. The comparison highlights
the superior performance of NMgO/bentonite relative to other
synthetic adsorbents. The enhanced removal efficiency of
NMgO/bentonite suggests a synergistic interaction between its
components, contributing to its excellent adsorption
capabilities. These findings indicate that NMgO/bentonite
holds significant potential for water treatment applications and
may attract considerable attention in future research and
practical implementations.
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3.5 Absorption Kinetics

Figure 11 and Table 4 illustrate the kinetic modelling
outcomes for AMOX adsorption onto NMgO/bentonite.
Among the models assessed, Correlation values of 0.996 for
the Elovich equation and 0.989 for the pseudo-second-order
equation indicated the best match, respectively, for the
experimental data. The strong alignment between the
experimental adsorption capacity (q., exp = 68.55 mg/g) and
the pseudo-second-order model's predicted value (q., cal =
68.9 mg/g) further confirms its effectiveness in describing the

adsorption mechanism [68].
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Figure 11. Adsorption kinetic models for the adsorption of
AMOX onto NMgO/bentonite

Table 4. Kinetic model parameters for AMOX adsorption on

NMgO-bentonite

Model Parameter AMX
Qe (mg/gi) 65

Ki (min™) 0.898
Pseudo first order SSE 19.819
R2 0.960

Qe 68.9
Pseudo-second K2 (g mg! min) 0.0015
order SSE 10.29

R?2 0.989

Kip 2.813
Intra-particle C 34.822
diffusion SSE 14.044
R2 0.996
o 47.135

. B 0.096
Elovich SSE 14.044

R? 0.996
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In accordance with the intraparticle diffusion concept,
Figure 12 displays a linear relationship between q. and t°. The
slope and intercept gave Kj, and C. Since the line veered away
from the origin, it was determined that intraparticle diffusion
was a factor, but it was not the limiting one [69]. The initial
AMOX concentration and the related Kj, values show a
favorable connection in Table 4. The pattern suggests that
boundary layer diffusion controlled the rate-limiting step [70].
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Figure 12. Intra-particle model for adsorption of AMOX
onto NMgO/bentonite

3.6 Thermodynamics study

In order to determine AH® and AS®, the slope and intercept
were obtained from a linear plot of In Kc vs 1/T, Eq. (14), as
shown in Figure 13. These values were then used to determine
AG® (Table 5). Negative AS° and AG® values verified
spontaneity and decreased disorder at the solid-liquid interface,
respectively. The AH® value of —43 kJ/mol, consistent with
previous reports [71-74], suggested an exothermic process
driven by chemisorption.

19
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14
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11

1
0.00324 0.00326 0.00328 0.0033 0.00332 0.00334 0.00336 0.00338

1/T (1/min)

lnkc

Figure 13. Thermodynamics of AMOX onto

NMgO/bentonite
Table 5. Thermodynamic parameters for AMOX adsorption
onto NMgO/bentonite
Temp.(k) AG® AH® AS° R?
298 -4.441
303 -3.786 -43.850 -0.131 0.908
308 -3.131

3.7 Reusability of NMgO/bentonite

The reusability of NMgO/bentonite was evaluated under
controlled conditions across six consecutive adsorption—



regeneration cycles (Figure 12). Post each adsorption cycle,
the used adsorbent underwent regeneration through washing
with 1 M acetone, dried for 24 hours at 50°C after rinsing with
double-distilled water. Figure 14 demonstrates a steady
decrease in adsorption efficiency across multiple regeneration
cycles. The loss in performance may result from leaching of
active components into the washing solution, structural
alterations in the adsorbent, and a reduction in surface area and
pore availability. After six reuse cycles, the adsorption
capacity decreased by only 9.35%, which confirms that
NMgO/bentonite maintains its effectiveness for AMOX
removal even after multiple regeneration steps.

100

AMOX Removal (%)

3

Cycles of re-use

4

Figure 14. Reusability of NMgO/bentonite
3.8 Economic analysis

An economic evaluation was performed to determine the
practicality of applying bentonite and MgO as sorbents for
removing AMOX from water. The highest adsorption capacity
was measured at 263.143 mg/g, with a starting concentration
of 80 mg/L. Calculations indicated that approximately
0.3041 kg of the adsorbent would be needed to purify
1000 litres (1 ton) of contaminated solution. The treatment
cost was found to be highly economical: approximately $0.046
when using NMgO/bentonite. The findings show that
NMgO/bentonite is a cost-effective solution for treating
pharmaceutical pollutants in large-scale water treatment
systems. The analysis showed that NMgO/bentonite removed
emerging pollutants effectively and offered a low-cost,
practical solution.

4. CONCLUSIONS

Characterization analyses confirmed that the NMgO and
NMgO/bentonite composites were effectively synthesized in
this work, accomplishing the desired preparation goals. The
materials demonstrated an impressive 94% AMOX removal
effectiveness when optimized at pH 6, 425 um particle size,
250 rpm agitation speed, 2 g/L dose, 120 minutes contact time,
and temperature at 25°C. Variation in solution pH significantly
influenced the adsorption efficiency. Freundlich was the best-
fitting model, which indicated a non-uniform surface and
suggested multilayer adsorption. The Langmuir model
indicated that the maximal adsorption capacity was 263.143
mg/g. Kinetic analysis suggested that the dominant
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mechanism involved chemical interactions. The pseudo-
second-order model had the strongest correlation (R? = 0.989)
with the experimental data. The process's exothermic nature
was shown using thermodynamic analysis, which verified that
it happened spontanecously and released heat. After six
regeneration cycles with 1 M acetone, reusability tests showed
only a 9.35% reduction in performance, indicating the
NMgO/bentonite composite's continued effectiveness even
after repeated usage. The results confirmed that the composite
outperformed other adsorbents in AMOX removal and
reusability. It is advised that further research examine the
composite's effectiveness in actual wastewater conditions,
selectivity in complicated mixes, and performance in
continuous flow systems.
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