Open Access Article. Published on 02 April 2025. Downloaded on 5/7/2026 10:48:50 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

W) Check for updates ‘

Cite this: RSC Adv., 2025, 15, 10227

Received 17th January 2025
Accepted 14th March 2025

DOI: 10.1039/d5ra00414d

ROYAL SOCIETY
OF CHEMISTRY

(3

Design and fabrication of nano-composite ceramic
membranes for the adsorption of antibiotics from
pharmaceutical wastewatery
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Antibiotic contamination in pharmaceutical wastewater poses environmental and public health risks. This
study synthesized a nanocomposite ceramic adsorbent from clay, cow bone powder (hydroxyapatite
nanoparticles), and human hair for antibiotic removal. The adsorbent exhibited high mechanical strength
(3.6 bar), chemical stability, and a large surface area (171.32 m? g~%). Characterization (FTIR, XRD, FE-
SEM, BET) confirmed successful nanoparticle incorporation. In a vertical fixed-bed column, optimal
removal occurred at pH 7, 25 g adsorbent, 25 °C, and 40 min contact time. Adsorption was
endothermic, following pseudo-first-order and intraparticle diffusion models. The adsorbent retained
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1. Introduction

The widespread use of antibiotics in medicine, agriculture, and
animal husbandry has led to their release into the environment,
resulting in significant environmental pollution.' Antibiotics
are known as emerging pollutants due to their high stability and
easy transfer to surface and groundwater. They can have detri-
mental effects on aquatic ecosystems and human health.
Particularly, the emergence of antibiotic resistance in bacteria
poses a serious threat to public health, driven by the presence of
antibiotics in the environment.?

Various  antibiotics, including tetracyclines,
roquinolones, and sulfonamides, have been identified in water
sources across different countries. These pollutants enter the
environment not only through industrial and hospital waste-
water but also through agricultural activities. Therefore, devel-
oping effective materials and technologies to remove antibiotics
from contaminated waters is of paramount importance.**

Several methods exist for removing antibiotics from water,
but adsorption has garnered attention as an effective method
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>90% efficiency after 142 regeneration cycles, proving its durability and cost-effectiveness.

due to its high efficiency, low cost, and operational simplicity.>*
In this regard, diverse adsorbent materials such as activated
carbons, resins, metal oxides, and metal-organic frameworks
(MOFs) have been studied.”® These materials have high
adsorption capacities due to their large surface areas and
porous structures, although each has its limitations.**°
Various methods have been employed to remove antibiotics
from industrial and hospital wastewater, each with its own
advantages and limitations. Advanced oxidation processes
(AOPs), such as photocatalysis and ozonation, can degrade
resistant organic compounds into harmless substances;
however, their high operational costs and the generation of
toxic byproducts remain significant challenges. Membrane
processes, including reverse osmosis (RO) and nanofiltration
(NF), demonstrate high efficiency in removing pharmaceutical
pollutants, but issues such as membrane fouling, high-pressure
requirements, and expensive membrane replacement limit
their industrial applications. Biological methods, which rely on
microbial degradation of antibiotics, are considered environ-
mentally friendly, yet they are typically time-consuming and
ineffective for certain persistent compounds. Among these
approaches, adsorption has gained significant attention as an
efficient, cost-effective, and straightforward method, especially
with the development of nanostructured adsorbents that offer
high adsorption capacities. However, the primary challenge of
using nanoadsorbents is their separation from the medium
after the adsorption process, which can lead to environmental
concerns. Adsorption has garnered attention as an effective
method due to its high efficiency, low cost, and operational
simplicity. In this regard, diverse adsorbent materials such as
activated carbons, resins, metal oxides, and metal-organic
frameworks (MOFs) have been studied. These materials have
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high adsorption capacities due to their large surface areas and
porous structures, although each has its limitations.

Zhang et al.™ investigated the efficient adsorption of anti-
biotics from aqueous solutions using ZnCl,-activated biochar
derived from the invasive species Spartina alterniflora. The
biochar, optimized through high-temperature calcination and
ZnCl, activation, showed enhanced adsorption performance
due to increased surface area, pore structure, and surface
functional groups.

The development of new adsorbents and the enhancement of
their efficiency were presented in the study by Su et al™ They
fabricated an adsorbent with over 95% efficiency in removing
ciprofloxacin (CIP) within 60 min by embedding MIL-53(Fe) in
carbon spheres and employing a hydrothermal coupling and
calcination process at 800 °C. Additionally, this adsorbent exhibited
high stability across a wide pH range (3.0 to 10.5) and maintained
over 85% efficiency even in highly acidic or alkaline conditions.

One of the approaches to enhancing the efficiency of adsor-
bents is designing them in a porous structure, which increases
the contact surface, improves permeability, and accelerates the
adsorption process of pollutants. He et al,' using the sol-gel
method and dripping technique with konjac glucomannan as
a cross-linking agent, developed an aerogel with rapid adsorption
kinetics and high capacity for antibiotics such as tetracycline,
ofloxacin, and sulfadiazine. The porous structure, low bulk
density, and enhanced mechanical and thermal properties
strengthened the performance of this composite aerogel, and
diverse interaction mechanisms and pH-dependent surface
charge further improved its adsorption efficiency.

In the study by Lv et al.,** the specific surface area of soil and
soil particle size had a significant impact on the adsorption of
antibiotics. In this study, soil macroaggregates (with particle
sizes of 250-2000 um) showed the highest adsorption and the
lowest desorption. This means that with an increase in the
specific surface area in soils with larger particle sizes, the
adsorption capacity of antibiotics increases. These results
clearly demonstrate that the surface characteristics and struc-
ture of the soil can have a significant impact on increasing the
adsorption capacity of antibiotics.

Nano hydroxyapatite can be used as a potential adsorbent for
removing antibiotics from aqueous environments.">'® The
nanocrystalline structure and high surface area of nano
hydroxyapatite make it a suitable option for adsorbing antibiotic
molecules.” The surface chemical properties of nano hydroxy-
apatite, such as phosphate and calcium groups, can interact with
antibiotics through mechanisms like hydrogen bonding, ion
exchange, and electrostatic attraction.'®" Additionally, the ability
to adjust the size and specific surface area of hydroxyapatite

Table 1 Physicochemical characteristics of natural clay
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nanoparticles allows for improved and optimized adsorption
performance.” These characteristics make nano hydroxyapatite
an efficient adsorbent for water and wastewater treatment and for
removing antibiotics, thereby playing a significant role in
reducing environmental pollution. However, one of the main
challenges in using nanoparticles as adsorbents for antibiotic
removal from wastewater is the difficulty in separating nano-
particles from the wastewater after the adsorption process. Due
to the small size and high dispersion of nanoparticles, conven-
tional separation methods like filtration and sedimentation are
not efficient enough and may lead to the introduction of nano-
particles into the environment, creating new environmental
problems. The innovation of this study lies in the use of human
hair and bone nanoparticles to produce porous nanocomposite
ceramics with high mechanical properties and adsorption
capacity. Human hair, as a natural biopolymer, is incorporated
into the ceramic matrix, not only improving mechanical prop-
erties but also preventing cracking during the initial drying
phase. During the calcination phase, the hair disappears,
creating suitable porosity in the ceramic. This approach, in
addition to enhancing material performance, offers an eco-
friendly solution for recycling waste materials such as human
hair. Furthermore, the precise control of the hydroxyapatite
formation process provides desirable properties for applications
like bone tissue engineering and wastewater treatment.
Compared to previous studies that focused more on traditional
and synthetic materials, this study represents an innovative step
towards using natural and sustainable materials with high
performance in the production of nanocomposite ceramics.

The main objective of this study is to investigate the antibiotic
adsorption process in a semi-industrial method using a fixed bed
column. In this context, an experimental design will be developed
to study the impact of various factors on the adsorption process,
such as contact time, pH, antibiotic concentration, and the amount
of adsorbent in the fixed bed. Additionally, the physicochemical
properties of the adsorbents, such as surface area, porosity, and
chemical composition, will be examined to more accurately assess
the performance of the adsorbents in the antibiotic adsorption
process. Furthermore, the mechanical and chemical resistance of
the adsorbents under different operational conditions will also be
evaluated to determine their long-term usability and efficiency in
water and wastewater treatment systems.

2. Materials and methods
2.1. Materials

The clay was used as the main base material, sourced from the
city of Hamadan, Iran, with its physical and chemical properties

Properties of natural clay

CEC” (mMq/100 g) CE” (uS) pH Ca”" (mM,q/100 g)

Mg”>" (meq/100 g) Na' (meq/100 g) K" (mey/100 g)

29.37 765 8.2 18.25

@ CEC: cation exchange capacity. ? CE: electrical conductivity.
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outlined in Table 1. The cow leg used in this study was
purchased from a butcher named Mr Reza Naderi in the city of
Ben. Cow leg bones were used for the synthesis of hydroxyapa-
tite. First, the meat and fat tissue were removed from the bones,
and then, to ensure the removal of all surface and interstitial
fat, the bones were boiled for 1 h at 135 °C, repeated three
times. After boiling, the bones were fragmented into approxi-
mately 6 mm pieces by using a 5 kg hammer. The human hair
samples used in this study were collected from Mehdi Akbari,
a local barbershop named Javanan Barbershop in the city of
Ben; washed at 100 °C for 10 min, and dried at room temper-
ature under a chemical hood. The hair strands were then cut
into pieces approximately 10-15 mm in length. Ofloxacin,
tetracycline, and sulfadiazine were purchased from Iran Daru
Company. Nitric acid, hydrochloric acid, and sodium hydroxide
were obtained from Merck. Deionized water was used in all
experiments whenever water was required.

Three types of wastewater containing antibiotics ofloxacin
(125 mg L', pH: 6.52, turbidity: 112 NTU), tetracycline
(110 mg L', pH: 7, turbidity: 100 NTU), and sulfadiazine
(101 mg L', pH: 7, turbidity: 92 NTU) were collected from
a pharmaceutical company located in Alborz Province, Iran. The
required concentrations for the study were obtained by diluting
the wastewater samples received from the factory to the desired
levels.

2.2. Fabrication of porous nanocomposite ceramics

Bone nanoparticles were produced using a planetary mill at
a speed of 650 rpm for 120 min. A total of 250 g of clay was
selected as the ceramic base, and varying amounts of bone
nanoparticles ranging from 10 to 120 g, as well as human hair in
amounts from 10 to 50 g, were added to the clay base. Next,
200 g of water was added to this blend, which was then stirred
for 45 minutes with a high-powered mechanical stirrer (Tosan
09018 cordless). The resulting homogeneous mixture was sha-
ped into 4 mm diameter spheres. These spheres were air-dried
at room temperature over a period of 4 days. Subsequently, the
nano composite ceramics were subjected to calcination at 860 °©
C for 14 h. To form nano-hydroxyapatite within the ceramic
structure, a heating rate of 5 °C min~"' was chosen, in accor-
dance with previous studies.”

2.3. Experimental design

The wastewater containing antibiotics entered a horizontal
column containing the adsorbents and passed over the
ceramic adsorbents in a plug flow. In this process, the anti-
biotics were adsorbed onto the adsorbents. As depicted in
Fig. 1a, the column was constructed from plexiglass,
measuring 30 mm in diameter and 15 cm in length, with an
inlet at the top and an outlet at the bottom. A household
evaporative cooler pump was used to circulate the wastewater.
In each adsorption experiment, 10 L of antibiotic-
contaminated wastewater were introduced into a batch
process. The batch adsorption process is schematically shown
in Fig. 1b. The study evaluated variables including pH,
adsorbent amount, temperature, initial antibiotic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Nanocomposite ceramics in a fixed-bed column (a) schematic
diagram of the adsorption process (b).

concentration, and contact time. A Response Surface Meth-
odology (RSM) experimental design with 50 runs was con-
ducted by Central composite design (CCD). An experimental

RSC Adv, 2025, 15, 10227-10242 | 10229
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Table 2 Levels of independent variables in CCD

Levels
Independent variable Symbol -2 -1 0 +1 +2
pH X1 2 4.32 6 7.68 10
Temperature (°C) X, 25 33.69 40 46.31 55
Antibiotic initial concentration (mg L) X3 5 32.53 52.50 72.47 100
Adsorbent mass (g) Xy 4 10.09 14.50 18.91 25
Retention time (min) Xs 5 15.14 22.50 29.86 40
Response
Ofloxacin removal efficiency Ror (%)
Tetracycline removal efficiency Rrg (%)
Sulfadiazine removal efficiency Rsy (%)

design based on Response Surface Methodology (RSM) was
conducted using the Central Composite Design (CCD),
resulting in a total of 50 runs. Table 2 shows the minimum and
maximum values of the adjustment parameters.

In this study, it is assumed that environmental conditions
are constant, the adsorbents behave ideally, there are no
interfering compounds, the adsorbent is uniformly distributed,
and the data can be fitted to classical adsorption models. The
experiments were conducted in triplicate to enhance the accu-
racy of the results.

2.4. Analytical methods and measurements

Functional groups present in the adsorbent were identified
using FT-IR spectroscopy, with spectra obtained from a Perki-
nElmer C88731 spectrophotometer (Germany). The morphology
of the nanocomposite ceramics was provided by a field emission
scanning electron microscope (FE-SEM) TE-SCAN. X-ray
diffraction (XRD) analysis was conducted with a Philips
PW3040 to study the structure of the ceramic adsorbents. Since
pore structure plays a key role in antibiotic adsorption, BET
surface area and pore size distribution were determined
through BET analysis with a Costech Sorptometer 1042. Anti-
biotic concentrations were measured using UV-Vis spectro-
photometry (model UV1900, China), following the standard
peak wavelength curves for ofloxacin (289 nm), tetracycline (277
nm), and sulfadiazine (255 nm)."

2.5. Evaluation of mechanical and chemical durability

In order to evaluate the mechanical properties of the spherical
nanocomposite ceramics, they were positioned between two
parallel clamps and exposed to compressive force using
a hydraulic press from PerkinElmer, Germany.> The pressure
required to fracture the spherical adsorbent was recorded as
a measure of its mechanical strength. For chemical durability
evaluation, the mass loss in the nanocomposite materials
following immersion in HNO; at pH 1 or NaOH at pH 13 solu-
tions for a duration of 10 minutes was measured.?

10230 | RSC Adv, 2025, 15, 10227-10242

2.6. Formulation of regression model equation

Fifty trials were performed following the experimental plan,
with the results for each batch presented in Table S1.T The data
obtained from these trials were fitted to a quadratic model. Eqn
(1)-(3) were used to predict the interaction effects of key vari-
ables on the antibiotic adsorption process. A positive coefficient
in these equations indicates a synergistic effect on adsorption
efficiency.

Ror (%) = +8.68 + 0.1336X; — 0.1218X, — 0.5805X5

+0.1283X, + 0.2139Xs — 0.1036X,> (1)
Ryg (%) = +8.79 + 0.1339X, — 0.1203X, — 0.5685X;

+0.1263X, + 0.2105Xs — 0.1123X,> 2)
Rsu (%) = +8.12 + 0.1016X; — 0.1137X, — 0.5399X;

+0.1193X, + 0.1989Xs — 0.0125X,> (3)

3. Results

3.1. Physical strength properties

The incorporation of natural materials and nanoparticles into
ceramic composites is widely acknowledged as an efficient
approach for improving the mechanical properties and overall
performance of ceramics.** These combinations can create
complex and optimized structures within ceramics, signifi-
cantly improving their overall functionality. For instance,
research has demonstrated that hydroxyapatite nanoparticles,
when used as reinforcements in ceramic matrices, enhance
both the mechanical and biological properties of ceramics.
Similarly, incorporating natural fibers such as hemp and flax
into porous ceramics can reduce their weight and increase their
strength.>® The microchannels formed by these fibers improve
the permeability and moisture control of the ceramics, indi-
cating the potential of combining natural materials and nano-
particles as an innovative approach to strengthening ceramics.

Studies have shown that adding nano rubber to clay
ceramics can reduce fracture stress and increase flexibility.*
Moreover, the addition of hydroxyapatite nanoparticles to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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sponge-like ceramics with flat geometric shapes has been
shown to enhance their resistance to fracture pressures. This
indicates that nanoparticles are instrumental in improving the
mechanical properties and in effectively managing internal
stresses within the ceramics.

According to the results presented in Fig. 2a, the structural
durability of the ceramic samples composed of 450 g clay, 50 g
human hair, and 100 g cow bone powder (optimal ratio) was
significantly elevated at the highest level. These ceramics
exhibited a fracture stress that was 3.6 bar higher compared to
those reinforced with nano rubber or nano hydroxyapatite. This
improvement in mechanical strength is attributed to the
synergistic effects of bone powder's reinforcing properties and
the formation of microchannels created by the human hair.
These microchannels facilitate moisture removal during drying
and contribute to stress absorption and distribution, thereby
significantly boosting the overall mechanical resistance of the
ceramics.

3.2. Chemical resistance

Chemical resistance in ceramics refers to their ability to with-
stand degradation and decomposition in various chemical
environments without losing their core mechanical and phys-
ical properties.”® Oxide-based ceramics such as alumina,
zirconia, and silica exhibit high chemical resistance due to their
strong atomic bonds, making them highly resilient in acidic
and alkaline environments.”” The physical structure of ceramics
also plays a crucial role; dense ceramics typically offer better
chemical resistance compared to porous ones. The introduction
of nanoparticles in nanocomposites can further enhance this
resistance.”® Additionally, factors like temperature and pH
significantly impact the chemical resistance of ceramics; they
perform better in low temperatures and neutral pH but can
show reduced resistance under high temperatures or extreme
pH conditions.”®

A stable and porous nanocomposite ceramic was prepared
with an optimal ratio of components. As shown in Fig. 2b,
nanocomposite ceramic exhibited significant resistance when
exposed to NaOH at pH = 13 and HNO; at pH = 1. At a retention
time of 30 h, the weight loss in these solutions was under 0.19%
and 0.27%, respectively. Even after 280 h, the reduction in
weight stayed minimal, with values below 1.07% and 1.92% for
each case. These findings indicate that nanocomposite
ceramics containing hydroxyapatite nanoparticles exhibit
greater overall resistance in alkaline solutions compared to
acidic ones.

3.3. Analysis of nanocomposite ceramic properties

The FTIR spectrum shown in Fig. 2c of the ceramic nano-
composite confirms the presence of HA through these charac-
teristic bands. According to Fig. 2¢, the hydroxyl group (-OH) in
hydroxyapatite typically appears as a strong band in the range of
3000-3570 cm ™~ 1.3 In the FTIR spectrum of the hydroxyapatite-
containing ceramic nanocomposite, this band is observed at
3573 cm™ ', indicating the presence of OH stretching vibrations
and confirming the presence of hydroxyapatite. The phosphate

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Effect of bone powder mass (hydroxyapatite) on the mechan-
ical strength of the nanocomposite ceramic adsorbent (a), chemical
resistance of the nanocomposite ceramic in acid (pH 1) and base (pH
13) solutions (b), FT-IR spectra (c), X-ray diffraction patterns of
hydroxyapatite and nanocomposite ceramics (d), FE-SEM image (e),
BET analysis (f).
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group (PO,)* " generates stretching bands in the 900-1100 cm ™

region and bending bands in the 400-700 cm™" range, with
a prominent band at 1045 cm™ " attributed to the stretching
vibrations of phosphate.** Additionally, bands associated with
carbonate groups CO,>” are observed in the 1400-1600 cm ™"
range, and hydrogen phosphate groups HPO,>~ appear in the
2800-3000 cm ' range.* These bands may indicate substitution
or impurities within the hydroxyapatite structure.

Fig. 2d shows the X-ray diffraction (XRD) spectrum of
hydroxyapatite extracted from cow bone, which aligns closely
with the JCPDS reference hydroxyapatite card (file no. 96-900-
1234). The XRD spectrum of the prepared sample exhibits all
the characteristic peaks of standard hydroxyapatite clearly and
distinctly.*® The XRD analysis revealed that kaolinite (Al,Si,-
O5(OH),) is the primary mineral component in the clay
ceramics, with additional peaks indicating the presence of
quartz (SiO,), microcline (KAISi;Og), and halloysite (KAl,(AlSi3)
019(OH),). These minerals, particularly kaolinite, contribute to
the ceramics' thermal stability and mechanical strength.

In order to examine the morphology of hydroxyapatite nano-
particles and assess the porous structure of the nanocomposite
ceramics, Field Emission Scanning Electron Microscopy (FE-
SEM) was employed, as illustrated in Fig. 2e. The FE-SEM
images showed that hydroxyapatite nanoparticles, averaging
around 60 nm in size, were located within the porous regions of
the clay ceramics. These nanoparticles were uniformly distrib-
uted across the ceramic matrix, indicating a robust interaction
between the hydroxyapatite and ceramic components. Further-
more, as depicted in Fig. 2f, a specific surface area measuring 17
132 m” g~ and a total pore volume reaching 913.73 cm® g™,

3.4. Hydraulic conductivity of nanocomposite ceramics

The water permeability of ceramics was evaluated using a novel
method involving the passage of water over the ceramic surface.
In this procedure, a 3 mm open-ended hole was drilled from the
surface of the ceramic to the center of a ceramic nanocomposite
sphere using an electric drill.*® The drilled sphere was then
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Fig. 3 Correlation between the water level in the column and the
average mass flow rate through the nanocomposite ceramic.
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installed at the end of a vertical glass tube, measuring 4 cm in
diameter and 20 cm in length.”* The tube was filled with water,
which infiltrated the ceramic nanocomposite due to its porous
structure and drained through the drilled opening. Based on
Fig. 3, which illustrates the acceptable permeability of the
ceramic at various water pressures, the use of human hair to
create porosity was confirmed.

3.5. Process of adsorption

3.5.1. pH. The adsorption of antibiotics is strongly affected
by the pH of the environment. Under acidic conditions, adsor-
bents absorb protons and acquire a positive surface charge,
enhancing the uptake of negatively charged antibiotics due to
electrostatic attraction. Conversely, at high pH levels, adsor-
bents lose protons, resulting in a negative surface charge,
thereby favoring the uptake of positively charged antibiotics
while reducing the absorption of negatively charged ones due to
electrostatic repulsion.** In modified phosphoric acid biochar,
the absorption of sulfamethoxazole decreases at higher pH
levels due to electrostatic repulsion.” The optimal pH for the
absorption of tetracycline by graphene oxide and activated
carbon is around 6, where tetracycline exists in its zwitterionic
form, reducing electrostatic repulsion and increasing surface
absorption.** Moreover, in this pH range, the absorption of
tetracycline by phosphoric acid-modified biochar and nano-
particles (ZnBC-600 and SBC-600) is also optimal due to
stronger interactions between tetracycline's zwitterionic form
and the adsorbent surface.' Hydrogen bonding is also
enhanced in acidic environments, further facilitating absorp-
tion, while van der Waals interactions are less affected by pH
variations but can indirectly be influenced by changes in the
ionic form and molecular structure of antibiotics."

According to Fig. 4a-c, pH 7 acts as an equilibrium point
where the adsorption capacity of ceramic adsorbents containing
hydroxyapatite nanoparticles is improved for various types of
commonly found antibiotics in wastewater, ensuring efficient
removal. Hydroxyapatite, as a calcium phosphate mineral,
exhibits good stability within a neutral to slightly basic pH
range. At pH 7, hydroxyapatite nanoparticles are less prone to
dissolution or chemical alteration, ensuring their integrity
during the adsorption process. At pH 7, hydroxyapatite nano-
particles typically carry a net negative surface charge due to
deprotonation of surface hydroxyl groups and phosphate ions.
The presence of a negative surface charge can improve the
adsorption of positively charged antibiotics such as ofloxacin
and tetracycline. This is due to the electrostatic attraction
between the negatively charged surface of the adsorbent and the
positively charged antibiotic molecules, which boosts the
adsorption efficiency. Considering the solubility of antibiotics,
ofloxacin, tetracycline, and sulfadiazine are relatively stable and
soluble within a neutral pH range. Therefore, at pH 7, these
antibiotics are present in their molecular forms, allowing for
effective interaction and adsorption onto the hydroxyapatite-
containing ceramic adsorbents. pH 7 may provide an optimal
environment for the extensive removal of antibiotics, including
ofloxacin, tetracycline, and sulfadiazine, as it balances the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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chemical stability of the adsorbent, the solubility of antibiotics,
and the surface charge characteristics conducive to adsorption,
ensuring improved efficiency of wastewater treatment.
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3.5.2. Temperature. In the process of adsorbing antibiotics
from wastewater onto adsorbents, temperature plays a crucial
role in determining the efficiency of the adsorption process.*®
Generally, an increase in temperature leads to an increase in the
molecular motion and kinetic energy of the antibiotics, which
can result in more effective collisions between the antibiotic
molecules and the adsorbent surface.®” This enhanced collision
rate often leads to improved adsorption at higher temperatures,
particularly when the adsorption process is endothermic.
However, in some cases, it is observed that adsorption is more
efficient at lower temperatures.*® According to Fig. 4d-f, the
adsorption efficiency of antibiotics decreases as the tempera-
ture rises from 25 °C to 55 °C. This phenomenon may be
attributed to the exothermic nature of the adsorption process,
where the system tends to release heat, and as the temperature
rises, the propensity for adsorption decreases. Additionally,
increasing the temperature can lead to undesirable alterations
in the surface architecture of the material or decrease the
density of functional sites available for uptake, thereby reducing
the overall adsorption efficiency. At higher temperatures, the
solubility of the antibiotic molecules in the liquid phase may
also increase, and desorption processes from the adsorbent
surface can become more pronounced. Khanday et al®
synthesized activated carbon from chitosan using single-step
H;PO, activation and investigated the adsorption of amoxi-
cillin and doxycycline. Their results showed that increasing the
temperature (30-50 °C) enhanced the adsorption capacity,
indicating an endothermic process. In contrast, in the present
study, adsorption decreased with increasing temperature,
which may be attributed to differences in the nature of the
adsorbent and adsorption mechanism. Hu et al.*® investigated
the effect of temperature on the antibiotic adsorption process
using Fe;0,@mSiO,/NH,. Their results showed that the
adsorption capacity of ciprofloxacin and doxycycline decreased
with an increase in temperature, indicating a heat-releasing
adsorption process, while the removal efficiency of norfloxacin
increased, suggesting the endothermic nature of the process.
These results are in contrast to our study, where adsorption
efficiency continuously decreased with increasing temperature,
likely due to the exothermic nature of the process. This
discrepancy may arise from differences in the surface charac-
teristics of the adsorbent, antibiotic interactions, or the effect of
temperature on the adsorption-desorption equilibrium.

3.5.3. Antibiotic concentration and adsorbent mass. The
adsorbent mass has a direct impact on the availability of active
sites for antibiotic adsorption, and as it increases, the number
of active sites available for the adsorption process also rises. At
pH 7, temperature 40 °C, initial antibiotic concentration of
52.5 mg L', and a retention time of 22.5 min, Fig. 5a-c shows
the removal efficiency at different adsorbent masses (4-25 g).
According to the experimental results, removal efficiency of
antibiotics increased with increasing adsorbent
Increasing the adsorbent dose typically enhances the contact
surface area between the antibiotics and the adsorbent,
improving the adsorption of antibiotics onto the adsorbent
surface. This can lead to faster and more effective removal of

mass.
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antibiotics from the aqueous solution. However, at very high
adsorbent doses, a decrease in adsorption efficiency may be
observed due to the saturation of the adsorbent surface and the
reduction in adsorption capacity. Therefore, determining the
optimal adsorbent dose is essential to achieve maximum
removal efficiency of antibiotics with minimal material usage.
Fig. 5d-f illustrates that removal efficiency decreased with
increasing initial antibiotic concentration in the wastewater.
The synergistic effect of these two parameters (adsorbent mass
and initial antibiotic concentration) is depicted in Fig. 6a-c.
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Increasing the initial concentration of antibiotics in the
aqueous solution can lead to a higher initial adsorption rate
and enhance the adsorbent's ability to remove antibiotics. This
is because a greater concentration gradient exists between the
aqueous phase and the adsorbent surface, providing a stronger
driving force for the transfer of antibiotic molecules to the
adsorbent surface. However, at very high concentrations, the
adsorbent's capacity may quickly become saturated, resulting in
decreased adsorption efficiency since all the active sites on the
adsorbent become occupied and cannot accommodate more
molecules.

3.5.4. Time and Kkinetics. As illustrated in Fig. 7a, the
uptake of antibiotics from water by the adsorbent occurs
remarkably quickly within the initial 30 min, which is attributed
to the high availability of reactive sites on the nanocomposite
ceramic adsorbent surface. The equilibrium adsorption time for
antibiotics in pH 7, temperature 25 °C, initial concentration of
52.5 mg L', and 14.5 g of adsorbent, was monitored over
a period of 5 to 80 min. Between 30 and 40 min, the adsorption
rate begins to decrease, and from 40 to 60 min, the rate slows
even further. The shift in the slope of the adsorption curve
indicates that equilibrium is reached after 80 min.

According to Fig. 7b-d, under the same constant conditions
(pH, temperature, and adsorbent mass), increasing the initial
concentration of antibiotics did not alter the kinetic behavior of
adsorption. In other words, the adsorption rate exhibited the
same slope up to 40 minutes for all concentrations. However,
the adsorption efficiency decreased because the available active
sites for the antibiotics became limited. Additionally, with
higher initial concentrations of antibiotics, there is a greater
likelihood of antibiotic aggregation on the adsorbent surface,
leading to blockage of the porous adsorbent's microchannels.
This phenomenon is another critical factor contributing to the
reduction in adsorption efficiency.

The adsorption kinetics were evaluated using three different
models: the pseudo-first-order, pseudo-second-order, and
intraparticle diffusion models. The corresponding equations
for these kinetic models are as follows:**

— kl
log(ge — q.) = log qe — (m)l (6)
1 1
= bt 7
de — 4q: qe : ( )
de = k3l‘0‘5 +C (8)

In these equations, g. and g, (mg g~ ") denote the adsorption
capacities at equilibrium and at a given time ¢ (min ") respec-
tively. The rate constants k; (min’l) for pseudo-first-order, k,
(mg (g min)™") for pseudo-second-order and, k; (mg g '
min~%?) correspond to intraparticle diffusion models.

Table 3 presents the results of the data fitting based on the
kinetic models. The conformity with the pseudo-first-order
model (R> > 0.98) indicates that the adsorption process in the
initial stages depends on the amount of adsorbed material and
is controlled by the surface adsorption rate. In the pseudo-first-
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order model, the adsorption rate is higher at the beginning of
the process because more active surface sites are available for
adsorption, which gradually decreases over time. Furthermore,
high conformity with the intraparticle diffusion model (R* >
0.99) suggests that the adsorption process is limited by the
diffusion of the material within the adsorbent particles, espe-
cially in the later stages when the adsorbate is transferred to
internal active sites. In the intraparticle diffusion model, the
movement of adsorbate molecules within the adsorbent's
microchannels determines the rate of the process in the later
stages, as access to active surface sites decreases and the
molecules must migrate within the adsorbent particles.

4. Optimizing process and modeling
techniques

The optimal conditions were selected using Design Expert
software through a desirability analysis approach. In this
method, the software assesses the effects of various parameters
(such as pH, temperature, initial antibiotic concentration,
adsorbent amount, and contact time) by adjusting them within
a defined range, creating multiple combinations of experi-
mental conditions, and calculating the adsorption efficiency for
each combination. In the next step, the software assigns
a desirability score to each combination. This score is
a numerical value between 0 and 1, representing how close each
combination is to the optimal conditions; a score of 1 indicates
the highest alignment with the optimization goal. The combi-
nation with the highest desirability is then proposed as the
optimal condition. As shown in Fig. 9a, in this study, the
selected optimal combination had a desirability of 0.828 and
included a pH of 7.2, 25 g of ceramic nanocomposite,
a temperature of 25 °C, an initial concentration of 51.42 mg L™,
and a contact time of 40 min.

4.1. Thermodynamic analysis

The thermodynamic characteristics of the antibiotic adsorption
process from industrial wastewater were investigated, and the
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thermodynamic parameters including Gibbs free energy (AG),
enthalpy (AH), and entropy (AS) were calculated.”” These
parameters evaluate the energy characteristics and stability of the
adsorption process by determining the relationship between the
concentration of the adsorbed substance and temperature. They
are used to describe the spontaneity, exothermic or endothermic
nature, and order or disorder of the adsorption process.

AG = —RTIn K4 9)
Ky = limpme— o %: (10)
e (1)
R (12)

In this context, C,; and C.s (mg L") refer to the equilibrium
concentrations in the liquid and solid phases, respectively. The
gas constant R is valued at 8.314 ] mol ' K~ while T represents
the absolute temperature in Kelvin (K). The term Ky denotes the
distribution coefficient. As indicated in Table 4, this research
focused on analyzing the thermodynamic parameters related to
the adsorption of the antibiotics ofloxacin, tetracycline, and
sulfadiazine onto a nanocomposite ceramic adsorbent. The
analysis showed that the AH for all three antibiotics was posi-
tive, indicating an endothermic process. In other words, energy
in the form of heat is required for adsorption to occur. The AH
values for ofloxacin, tetracycline, and sulfadiazine were 12.33,
15.67, and 4 k] mol " respectively. On the other hand, the AS for
all three antibiotics was negative, indicating a decrease in the
system's disorder during the adsorption process. The AS values
for ofloxacin, tetracycline, and sulfadiazine were —0.138,
—0.182, and —0.036 k] mol ', respectively. The AG was negative
at various temperatures, indicating the spontaneity of the
adsorption process. However, the negative AG values decreased
with increasing temperature, suggesting a reduction in the
spontaneity of the adsorption process. For instance, for

Table 3 Overview of adsorption data analyzed with multiple kinetic models

Pseudo first-order model

Pseudo second-order model

Intra particle diffusion model

Wastewater sample gmax (mgg ') ge (mgg ') Ky (min~') R ge(mgg ") Ky (mgg 'min"") R* K;(mgg 'min®’) C R
Ofloxacin 149.76 51.04 0.0382 0.982 461.66 0.0022 0.880 4.23 58.97 0.996
Tetracycline 151.69 46.09 0.0382 0.978 526.32 0.0025 0.828 6.38 101.31 0.988
Sulfadiazine 137.68 43.40 0.0332 0.988 99.01 0.0019 0.914 6.05 88.14 0.995
Table 4 Thermodynamic analysis of antibiotic adsorption on hano-composite ceramic
K4 AG (k] mol ™)
AH AS

Wastewater sample 25 °C 40 °C 55 °C (kJ mol ™) (k] mol™) 25 °C 40 °C 55 °C R*
Ofloxacin 49 12.33 7.35 —50.275 —0.138 —-9.65 —6.54 —5.44 0.935
Tetracycline 99 15.67 9.01 —64.960 —0.182 —11.39 —7.16 —5.99 0.922
Sulfadiazine 5.67 4 3.26 —14.82 —0.036 —4.30 —3.61 —3.22 0.970
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ofloxacin, AG at 25 °C, 40 °C, and 55 °C were —9.65, —6.54, and
—5.44 k] mol™', respectively. These results indicated that
despite the endothermic nature of the adsorption process, the
decrease in system disorder and its negative impact on AG
cause the adsorption efficiency to decrease with increasing
temperature. Therefore, the adsorption of antibiotics onto the
nano-composite ceramic adsorbent is more optimal and effec-
tive at lower temperatures.

4.2. Models of adsorption in fixed bed column

The adsorption equilibrium model in fixed bed column
provides a critical framework for describing how substances
transfer from the aqueous phase to a solid adsorbent at
a constant temperature. This concept is vital for understanding
the equilibrium state in adsorption processes. Various isotherm
models are employed to interpret the equilibrium data,
including the Langmuir model, which assumes monolayer
adsorption on a uniform surface; the Freundlich model, which
addresses multilayer adsorption on diverse surfaces; and the
Dubinin-Radushkevich (D-R) model, which aids in identifying
the adsorption mechanism and energy properties of the
adsorbent. As shown in Table 5, both the Langmuir and
Freundlich models yielded high coefficients of determination
(R* > 0.99), indicating an excellent fit for the equilibrium
adsorption data. This suggests that both models effectively
capture the adsorption behavior of antibiotics on the

Table 5
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nanocomposite ceramic adsorbent. The Langmuir model is
based on the premise of monolayer adsorption on a uniform
surface, while the Freundlich model accommodates multilayer
adsorption on a non-uniform surface. The strong correlation
with both models implies that the adsorption system exhibits
characteristics of both monolayer and multilayer adsorption, as
well as surface heterogeneity of the adsorbent.

4.3. Mechanisms of adsorption

The components of this nanocomposite adsorbent are natural
clay and hydroxyapatite, which is added as an additive.** This
combination imparts unique surface and structural properties
to the adsorbent, enhancing its ability to adsorb antibiotics.™
Montmorillonite, classified as a clay mineral, has a consistent
electrical charge on its exterior that is neutralized through the
presence of swapable cations.** These cations can be replaced
by antibiotic molecules during the adsorption process, leading
to their attachment to the adsorbent surface. The FTIR spec-
trum suggests that an ion exchange takes place between the
antibiotic molecules and reactive sites, such as hydroxyl (-OH)
and phosphate (PO,) ®,* found in hydroxyapatite (Fig. 8).

The adsorption of antibiotic molecules onto the adsorbent
surface is due to the presence of weak attractive forces (van der
Waals) between the adsorbent surface and the molecules. In
physical adsorption, the antibiotic molecules are attached to
the adsorbent surface due to weak intermolecular forces.*® This

Isotherm parameters for the adsorption of antibiotics onto nano-composite ceramic

Langmuir Freundlich Dubinin-Radushkevich
Wastewater sample  gma (mgg™") b(Lmg ) R Ke(mgg™) n R gor (mmol g™ fpg (mol®’J ) E(kmol') R
Ofloxacin 19.92 2.202 0.994 7.488 2.315 0.996 115.446 0.000001 0.707 0.843
Tetracycline 22.47 1.926 0.995 8.946 2.059 0.995 116.478 0.0000005 1.000 0.857
Sulfadiazine 18.87 2.345 0.993 6.896 2.443 0.996 118.746 0.000002 0.500 0.878

H
OHOHOOO o)

F

ISReY

Ofloxacin /

Fig. 8 Schematic of the mechanism of binding of antibiotics to functional groups on the surface of hydroxyapatite.
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type of adsorption is reversible and usually more effective at
lower temperatures. In the process of chemical surface
adsorption, either strong or weak interactions are established
within the antibiotic molecules and the functional sites
attached to the adsorbent's surface.

These bonds are stronger than physical forces, resulting in
a more robust attachment of the antibiotics to the adsorbent
surface. This type of adsorption is typically irreversible and

View Article Online
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temperature. Due to its ordered crystalline framework and high
ion exchange potential, hydroxyapatite is capable of absorbing
calcium and phosphate ions. These properties enhance
hydroxyapatite's ability to effectively adsorb antibiotic mole-
cules. Hydroxyapatite, due to its biological compatibility and
environmental degradability, is a suitable material for envi-
ronmental applications. The Freundlich isotherm model high-
lights the importance of multilayer adsorption and the

more effective under specific conditions, such as pH and heterogeneous nature of the adsorbent surface in the
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Fig. 9 Desirability ramp for the numerical optimization of affecting factors on the process response (a). Antibiotics removal efficiency after
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adsorption process. This model implies that the adsorption
sites on the adsorbent have varying energy levels, facilitating
multilayer adsorption. Collectively, these mechanisms enhance
the effective adsorption of ofloxacin, tetracycline, and sulfadi-
azine by the nanocomposite ceramic adsorbent. These findings
suggest that this adsorbent could serve as an efficient solution
for treating water contaminated with antibiotics.

5. Regeneration of the adsorbent

Regeneration of the adsorbent in adsorption processes, espe-
cially for practical applications in wastewater treatment, is
a crucial aspect.”*® The ability to effectively regenerate the
adsorbent ensures its long-term usability and cost-effectiveness.
In this study, the performance of the adsorbent in removing
antibiotics was tested over 150 cycles, demonstrating its
stability and durability. The regeneration process involved
immersing the adsorbent in 37% hydrochloric acid and then
rinsing it with water to remove any remaining acid. This
method effectively restored the adsorbent's capacity, main-
taining a removal efficiency of over 90% up to the 142nd cycle
(Fig. 9b). The successful regeneration of the adsorbent high-
lights its potential for repeated use in treating antibiotic-
contaminated water, reducing the need for frequent replace-
ment, and minimizing operational costs. The ability to regen-
erate the adsorbent while maintaining high efficiency
underscores its practicality for large-scale and long-term
applications in environmental remediation.

6. Future research

Although the current study provides valuable insights into the
synthesis and application of ceramic nanocomposites for anti-
biotic removal, several areas can be explored in future research.
First, further studies should focus on optimizing the synthesis
process to enhance the efficiency and selectivity of the nano-
composites for different types of antibiotics and pollutants.
Additionally, it would be beneficial to explore the long-term
performance and stability of these nanocomposites in real-
world wastewater treatment applications, including their
interactions with various contaminants present in complex
water matrices.

Another important area of future research involves investi-
gating the recycling and regeneration processes of these nano-
composites to determine their feasibility in large-scale
applications. More efficient methods of regenerating the
adsorbent without compromising its performance should be
explored. Moreover, the environmental impact of using such
nanocomposites, including the life cycle analysis (LCA), should
be considered to assess their sustainability and economic
viability.

Finally, incorporating other naturally occurring materials,
such as plant-based biopolymers or marine-sourced substances,
could further enhance the performance and sustainability of
the nanocomposites. Investigating the synergistic effects of
multi-component nanocomposites could lead to even more
efficient solutions for environmental remediation.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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7. Conclusion

The synthesis of the ceramic nanocomposite successfully inte-
grated natural clay and hydroxyapatite, yielding an adsorbent
with distinct surface and structural properties. The incorpora-
tion of hydroxyapatite, characterized by its well-ordered crys-
talline form and substantial ion-exchange capacity, played
a pivotal role in enhancing the adsorption performance. Its
biocompatibility and degradability further underscore its
potential for environmental applications, particularly in the
treatment of antibiotic-contaminated wastewater.

The developed nanocomposite demonstrated a high density
of functional groups, contributing to its complex and effective
adsorption mechanisms. It exhibited strong adsorption capa-
bilities, efficiently removing antibiotics such as ofloxacin,
tetracycline, and sulfadiazine from aqueous solutions. The
mechanical robustness of the material was evident, with-
standing pressures up to 3.6 bar, ensuring structural integrity
under practical operating conditions. Moreover, the adsorbent
displayed exceptional chemical stability, with negligible weight
loss in both acidic and alkaline environments (0.19% in NaOH
and 0.27% in HNO; after 30 hours), making it a durable
candidate for long-term use.

The thermodynamic analysis provided deeper insights into
the adsorption process. The positive enthalpy values (AH =
12.33,15.67, and 4 k] mol ") confirmed the endothermic nature
of the adsorption, suggesting that increased temperature
enhances adsorption efficiency. The negative Gibbs free energy
values (AG) at various temperatures indicated the spontaneity
and feasibility of the process, emphasizing the strong affinity
between the nanocomposite and antibiotic molecules. The
adsorption mechanisms were further elucidated through FTIR
analysis, revealing contributions from ion exchange, physical
adsorption via van der Waals forces, and chemical adsorption
through covalent or ionic interactions. The adsorption behavior
conformed to both Langmuir and Freundlich isotherm models,
indicating the presence of both monolayer and multilayer
adsorption on a heterogeneous surface, which enhances the
adsorbent's versatility in real wastewater applications.

One of the most remarkable attributes of this nano-
composite is its outstanding regenerability. The adsorbent
maintained over 90% removal efficiency up to the 142nd
regeneration cycle, which involved immersion in 37% hydro-
chloric acid followed by water rinsing. This high level of reus-
ability significantly reduces operational costs and material
waste, making it a viable solution for large-scale wastewater
treatment. The long-term stability and efficiency of the adsor-
bent highlight its potential for industrial applications, partic-
ularly in pharmaceutical wastewater treatment plants where
persistent antibiotic contamination is a critical concern.

Beyond its adsorption performance, the development of this
nanocomposite aligns with the principles of environmental
sustainability. The utilization of clay, bone-derived hydroxyap-
atite, and human hair-derived biopolymers contributes to
a circular economy by repurposing natural and recycled mate-
rials, minimizing the reliance on synthetic raw materials. This
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not only reduces the environmental footprint but also offers
a cost-effective and eco-friendly alternative to conventional
adsorbents. Moreover, the non-toxic composition of these
nanocomposites ensures that no secondary pollution is intro-
duced into treated water, making them a safer alternative for
large-scale environmental remediation.

The broader implications of this study extend to improving
global wastewater treatment strategies. As antibiotic pollution
continues to rise due to excessive pharmaceutical discharge, the
need for efficient, sustainable, and regenerable adsorbents is
critical. The findings from this study provide a foundation for
further optimization of bio-based nanocomposites, paving the
way for the development of more advanced materials tailored
for targeted pollutant removal. Future research could explore
the scalability of this technology, its effectiveness in real
wastewater matrices, and its performance in removing other
emerging contaminants such as pesticides and personal care
products.

In this study presents a ceramic nanocomposite with
exceptional adsorption efficiency, high reusability, and envi-
ronmental sustainability. Its robust mechanical and chemical
stability, along with its cost-effective regeneration process,
makes it a promising candidate for large-scale wastewater
treatment. By integrating biodegradability, recyclability, and
high adsorption capacity, this nanocomposite not only
addresses pressing environmental challenges but also contrib-
utes to the advancement of sustainable water purification
technologies.
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