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The increasing use of antibiotics worldwide and their presence in wastewater pose a risk to human health
and the environment, even in minute amounts, making them potentially new and dangerous pollutants of
the ecosystem. Drug resistance and changes in the biological cycle are two of the negative consequences
of chemical pollution. The development of affordable, practical, and recyclable adsorbents is imperative
because of the significant threat that the rise in antibiotic residues poses to aquatic and ecological settings.
The accumulation of pharmaceutical compounds in aqueous solutions has been lessened by a number of
strategies, including adsorption onto the surface of agricultural wastes. Bioactive substances such as
vitamins, carotenoids, and polyphenols are abundant in pomace, including minerals, proteins, cellulose,
lignin, and pectin. All of these substances exhibit sorption characteristics with respect to pharmaceutical
compounds in addition to their many other positive health effects. X-Ray diffraction (XRD), Fourier transform
infrared (FTIR) spectroscopy, scanning electron microscopy (SEM), Brunauer—Emmett—Teller (BET) analysis
and particle size analysis were used to thoroughly examine olive pomace (O-Pom), layered double
hydroxide (LDH), polyurethane (PU) and LDH/PU/O-Pom composites. FTIR spectroscopy of O-Pom and
LDH/PU/O-Pom before and after the adsorption of cefotaxime was performed and the results were
discussed. Next, the effects of several parameters, including pH, adsorbent amount, concentration, and
contact time, on wastewater treatment efficiency were investigated. We studied nonlinear adsorption
isotherm models at pH 5 using O-Pom and O-Pom-LDH/PU, which showed maximum adsorption
capacities (Gmay of 163.23 mg g~ for O-Pom and 250 mg g~* for LDH/PU/O-Pom. By identifying the most
suitable isotherm, error functions are used to assess the validity of the adsorption mathematical models
against experimental data, as precise adsorption equilibrium information is essential for adsorption analysis
and design. Additionally, we compared the investigated models with the corrected Akaike information
criterion (AIC) to confirm that more fitting models were used in the isotherm study. The model that best
fitted according to the AIC calculated for O-Pom was the Freundlich model, and the AIC values were 69.23
and 63.91 for O-Pom and LDH/PU/O-Pom, respectively. In addition, ethanol was used as a regeneration
agent for the tested adsorbent loaded with cefotaxime. It retained a high removal percentage up to the
fourth cycle. Additionally, kinetic experiments were carried out. The MTT assay results of normal Vero cells
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indicate that at the highest concentration of 1000 ug mL™%, LDH/PU, O-Pom, and LDH/PU/O-Pom resulted
in cell viabilities of 66.7 + 1.1%, 61 £+ 1%, and 61.8 £+ 1.3%, respectively, suggesting their low cytotoxicity and
potential suitability for water treatment applications without significant health risks. LDH/PU/O-Pom
demonstrated the highest antibacterial activity against both Gram-positive and Gram-negative bacteria, with
E. coli being the most sensitive (MIC, 60 pg mL™Y and B. cereus being the least susceptible (MIC, 250 pg
mL™Y), which was attributed to differences in bacterial cell surface structures, indicating its potential as an
effective water treatment agent. According to the cost analysis, the synthesis of LDH/PU/O-Pom involves a
cost of 0.927 USD per g of the adsorbent, which is reasonable for large-scale industrial use. Greenness
profile calculations of proposed chemical methods have become more popular worldwide. Many green
chemistry calculation methods are now known to be used to evaluate the greenness of a method where
many parameters, including quantity, toxicity, power, waste, miniaturization, and automation, are considered
to determine how environmentally friendly an analytical methodology is. The analytical eco-scale (AES)
method, the analytical method volume intensity (AMVI) method and the analytical GREENness (AGREE)

calculator method were used for this assessment.

1. Introduction

One of the greatest problems of the twenty-first century is the
lack of water, which has become a multifaceted crisis in recent
decades." Another associated concern is the contamination
of current water sources. Water pollution has an impact on
aquatic vegetation and other life forms.> Pharmaceutical com-
pounds such as antibiotics are among the most harmful
pollutants with nonbiodegradable structures. Prolonged expo-
sure may alter the hormonal and genetic systems of humans,
causing disease. Therefore, uncontrolled direct exposure to
antibiotics in contaminated water presents a potential risk for
both human health and the environment.> The presence of
antibiotics in water has increased due to the increasing
population.* Antibiotic contamination can arise from various
sources, such as pharmaceutical industries, domestic sewage
water, cattle, poultry, etc. These various resources lead to the
presence of many antibiotics in a variety of aquatic environ-
ments, including urban, animal, and industrial wastewater.’
Despite the therapeutic benefits of antibiotics, some antibiotics
have a wide range of adverse effects because they are not fully
metabolized by people or animals when consumed. Consequently,
releasing high levels of these antibiotics in aqueous environments
(such as lakes and rivers) without sufficient treatment results in
permanent harm to human health by enabling the appearance
of antibiotic-resistant strains.>” Antibiotics may eventually
become ineffective if this process is allowed to continue since
organisms may eventually develop resistance.” One of the most
important types of cephalosporin antibiotics for treating infec-
tions caused by Gram-negative and Gram-positive bacteria is
cefotaxime, which has an aromatic-ring structure and a lengthy
half-life.® It usually exists in wastewater and drinking water and
is difficult to completely remove.’ Traditional wastewater treat-
ment procedures cannot eliminate or significantly lower the
amount of undesired antibiotics to the specified control
standards.'® Many efficient treatment techniques based on
oxidation, photocatalytic degradation, electrodegradation,

© 2024 The Author(s). Published by the Royal Society of Chemistry

biodegradation, and adsorption have been introduced. Some
of these methods suffer some restrictions due to their complex-
ity, time consumption, and uneconomical challenges."’

Among these techniques, adsorption is considered the most
effective method because it is a cheap, simple, promising
method for removing antibiotics and organic and inorganic
contaminants from water, as well as because of its insensitivity
to toxic contaminants and lack of generation of toxic
materials.>'"™™* Adsorption efficiency highly depends on the
ability of the adsorbent to adsorb the pollutant effectively.

In Egypt, olive cultivation has significantly expanded over
the past twenty years. This growth is attributed to substantial
efforts aimed at increasing the acreage of olive groves using
new cultivars in reclaimed lands. The key regions for olive
production include the Nile Delta (El-Nubaria and Ismailia), El
Arish, Al-Fayoum, and Marsa-Matruh, reflecting the strategic
placement of these facilities as key agricultural regions.'®
Owing to its fertile soil and ample water supply, the Nile Delta
supports a dense network of olive mills, which are crucial for
processing many olive harvests.'® El Arish, known for its ideal
climatic conditions, also hosts numerous mills, capitalizing on
its high-quality olive production.'” Al-Fayoum, an established
agricultural center, has a significant concentration of olive mills
that bolster the local farming economy.'® Marsa-Matruh, with its
advantageous Mediterranean climate, further enhances the
country’s olive oil production capabilities with its well-placed
mills.'® This distribution underscores the importance of lever-
aging diverse geographic and environmental conditions to opti-
mize olive cultivation and oil production in Egypt.

Many studies have been conducted on different adsorbents,
such as agricultural wastes and biomass materials, olive stones
that have been used as an eco-friendly bioadsorbent for the
elimination of methylene,?*?" silica,>* metal-organic frameworks
(MOFs),>® and layered double hydroxides,**”* to remove contami-
nants from wastewater. The scientific community’s current focus
is on finding adsorbents made from wastes, such as soil, mining
materials, sludge, industrial byproducts, agricultural wastes, and
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sea materials, to replace synthetic adsorbents. In the context of
the recent desire for environmental preservation and sustainabil-
ity, interest in sorbents generated from agricultural wastes (stone
fruits, nuts and husks, peels, forest residues, and plants) having
potential for the remediation of contaminated effluents has
increased.”® One of the most important biowastes is O-Pom. After
olive oil is extracted from olives, they become solid wastes with a
high cellulose content. They are typically regarded as waste
products and are frequently disposed of or burned, which can
cause environmental issues.*®

Recently, it has been found that the products obtained from
O-Pom, such as raw materials and biochar, might be useful for
the adsorption of pollutants. Activated carbon made from
O-Pom has been used in different studies to extract both
organic and inorganic materials from wastewater.>®>” This
substance can be used as an adsorbent for pharmaceuticals
that can be harmful to the environment and human health, as
well as for water purification.>”*®

Owing to their high porosity, large surface area, and superior
ion exchange capacity, layered double hydroxides (LDHs) have
been explored as a potentially useful class of adsorbents.
Although they are not widely distributed in the environment,
LDHs are anionic clays that are simple to make in the laboratory.
LDHs are composed of positively charged stacked layers that are
separated by interlayers that are made of water and anions.>*"
Their general formula is [M;_,> "M, **(OH),]" [Ay,]"-mH,0, where
A" is a valent anion, M*" is a trivalent metal, and M?" is a divalent
metal.’> To further enhance the performance of O-Pom raw
material as a model adsorbent for the removal of cefotaxime,
the incorporation of LDH/PU within the O-Pom matrix to form a
nanocomposite can be regarded as a vital strategy that has been
followed by numerous researchers using different nanomaterials
(Table S1, ESIf).**>° The main objective of this research is
not only to transform pomace waste into a resource, but also
to use it as an antimicrobial agent against Gram-positive and
Gram-negative bacteria, which can be highly practical. The anti-
microbial properties of materials are crucial for ensuring the
safety and quality of treated water.

2. Materials and methods

2.1. Chemicals

Cefotaxime (C;6H;,N50S,; assay 96-110%) was purchased from
Arshine Pharmaceutical Co., Limited, China. O-Pom was
obtained from an olive manufacturing facility in Fayoum, Egypt,
and aluminum chloride (AICl;, 99% purity) and zinc chloride
(znCl,, 98% purity) were acquired from Loba Chemie (India).
Sodium hydroxide (NaOH, 99.5% purity) was obtained from
Piochem for Laboratory Chemicals in Egypt. The PU discs were
supplied by the National Institute of Standards (NIS), which is
located in Giza, Egypt. Double-deionized water was used to
prepare all the experimental solutions. Furthermore, all the
materials used were of reagent-grade purity and were used
exactly as received.
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2.2. Materials preparation

2.2.1. Preparation of O-Pom. A sample of O-Pom was
collected (Fig. S1, ESIf), subsequently washed with deionized
water, boiled for ten minutes, and then dried at 100 °C for 12 h.
The powder was created by grinding the O-Pom in a ball mill
(photon ball mill). Then, we performed pyrolysis in a nitrogen
atmosphere for five hours at 900 °C. After pyrolysis, the furnace
was left to cool to room temperature. Before analytical char-
acterization, the samples were stored in a desiccator.

2.2.2. Preparation of the Zn-Al LDH/PU composite. Zn-Al
LDH was supported on PU via the coprecipitation technique®*
with a molar ratio of 4:1. ZnCl, and AICl; were mixed in 200
mL of distilled water, and the mixture was used to submerge
the PU discs. Next, NaOH (2 M) was added dropwise until the
pH reached 10. This suspension was allowed to digest over-
night. The PU discs began to create polymer powder under
these alkaline conditions, which then covered the LDH phase.
After the remaining discs were removed, the resulting powder
was collected by centrifugation and rinsed with distilled water
many times. Finally, the powder was dried at 80 °C overnight.

2.2.3 Synthesis of the LDH/PU/O-Pom nanocomposite.
Two grams of O-Pom powder were suspended in 20 mL of
ethanol for 24 h under sonication. A suspension of 0.25 g of Zn
Al LDH/PU in 50 mL of ethanol was sonicated for 24 h, added
dropwise to O-Pom powder and left under stirring for 24 h. The
formed nanocomposite was separated, washed several times
with distilled water, and dried at 60 °C for 12 hours (Scheme 1).

2.3. Characterization

The crystallinity of the prepared material composite was deter-
mined using a PANalytical (Empyrean) X-ray diffractometer
equipped with a Cu-Ka radiation source (wavelength 0.154 nm,
I=35mA, V=40 kV, and a scanning rate of 8° min~'). Fourier
transform infrared (FTIR) spectroscopy (Bruker-Vertex 70, KBr
pellet technique, Germany) was used to determine the functional
groups between 400 and 4000 cm™ ' wavenumbers. A field
emission scanning electron microscope (Gemini Zeiss-Sigma
500 VP) was used to examine the morphology of the prepared
adsorbents. The elemental composition of the prepared material
was investigated via energy dispersive X-ray (EDX) spectroscopy.

2.4. Adsorption study

This study was carried out via the batch adsorption technique;
stock standard solutions of cefotaxime were prepared for adsor-
bates at a concentration of 500 ug mL ™, and serial dilutions were
prepared for cefotaxime to construct an ideal calibration curve.
In this study, we investigated different factors that significantly
influence the adsorption process, including the amount of adsor-
bent beads, pH, concentration of cefotaxime, and contact time
between the adsorbent and the pollutant. To study the effect of
PH, 0.01 g of prepared adsorbent powder was placed at the same
amount in five Falcon tubes (50 mL), and then 50 pg mL ™’
adsorbate solution was added followed by the addition of distilled
water. The pH of each solution was then adjusted to 3, 5, 7 and 9
using 0.1 N NaOH or 0.1 N HCL The Falcon tubes were left

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic illustration of the applied material preparation.

overnight on an orbital shaker at 200 rpm. The effect of adsorbent
amount was subsequently examined by adding different amounts
of adsorbent in another five Falcon tubes adjusted to the opti-
mum pH previously identified. The adsorbent at each amount was
administered in triplicate, and the average results were recorded
for each amount. The investigated amounts were 0.01-0.1 g. The
effects of the concentrations of the drug were investigated at
concentrations ranging from 5 to 1000 pg mL ™', applying the
optimum conditions resulting from the previous steps. The point
of zero charge (PZC) of the prepared materials was determined by
adding 0.05 g of the synthesized adsorbent to 25 mL of aqueous
solution at various pH values (5, 6, 7, 8, 9, and 10). The solutions
were allowed to equilibrate for 24 hours to reach the final pH. The
difference between the final and initial pH values was plotted
against the initial pH. The PZC is the initial pH at which the ApH
is zero. Cefotaxime was measured via a UV-vis spectrophotometer
with Ame = 286 nm.*® Additionally, the adsorption process was
elucidated via adsorption isotherm and kinetic investigations. The
error function was used to select the appropriate model for
adsorption, which was calculated.””

In our study, the regeneration of adsorbents was investi-
gated via the use of 20.0 pg mL~ " cefotaxime-loaded adsorbents
with different regeneration materials, including ethanol,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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acetone, and acetic acid. Each material was prepared at a
concentration of 50% v/v in a 20 mL solution. Desorption
studies were conducted using batch adsorbers operated for
1 h at 200 rpm and 30 °C. Multiple adsorption-desorption
cycles were carried out to assess the cefotaxime removal effi-
ciency of the regenerated prepared materials. The performance
of the adsorbents was determined using eqn (1):

Percentage removal (%) = (Cy — C¢/C¢) x 100 (1)

C, = initial concentration of cefotaxime (g mL ") and C; = final
concentration of cefotaxime (ug mL ™).

2.5. Cytotoxicity assessment

2.5.1. Cell lines. The cell line used in this study was
sourced from the Tissue Culture Unit of the Holding Company
for Biological Products and Vaccines (VACSERA), Giza, Egypt.
Vero cells (derived from the kidney of the green African Monkey
ATCC CCL-81) were cultured in the RPMI-1640 medium
supplemented with 10% fetal bovine serum (FBS), 2 mM
glutamine, 100 units per mL penicillin, and 100 pg mL™'
streptomycin. The cells were maintained at 37 °C in a humidi-
fied incubator with 5% CO,.

Mater. Adv., 2024, 5, 9092-9106 | 9095
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2.5.2. MITT assay. The cytotoxicity of synthesized Zn, Al
LDH/PU, O-Pom and LDH/PU/O-Pom was evaluated via the
MTT assay in Vero cells. This colorimetric method assesses cell
viability by measuring the conversion of MTT to colored for-
mazan by metabolically active cells. The cells were seeded at
1 x 10" cells per well in 96-well plates and allowed to adhere for
24 h. After washing and media replacement, the cells were exposed
to various nanoparticle concentrations (7.8-1000 pg mL™") in
triplicate for 24 h. Following incubation, the cells were washed
with PBS and treated with 20 pL of MTT solution (5 mg mL ") for
4 h. The medium and excess dye were then removed, and 100 pL of
DMSO was added to dissolve the formazan crystals. After 15 min of
mixing, the optical density was measured at 570 nm using a
microplate spectrophotometer.

2.5.3. Bacterial strains and their cultivation. Two different
types of Gram-positive bacteria, namely, Staphylococcus aureus
(S. aureus) and Bacillus cereus (B. cereus), along with two types
of Gram-negative bacteria, namely, Pseudomonas aeruginosa
(P. aeruginosa) and Escherichia coli (E. coli), were selected as
representative bacterial strains to evaluate the antimicrobial
activity of LDH/PU, O-Pom and LDH/PU/O-Pom. The microor-
ganisms were isolated and stored on nutrient agar slants at
4 °C. Inoculations were prepared from stock cultures in 5 mL of
nutrient broth media (Hi-Media, India) and incubated at 37 °C
for 24 h with continuous shaking at 120 rpm. The uninoculated
sterile medium served as the control. Bacterial growth was
assessed using a UV2300 Techcomp UV-vis spectrophotometer
by measuring the absorbance of the culture at 600 nm against
that of the control.

2.5.4. Minimum inhibitory concentration (MIC) determi-
nation. To determine the minimum inhibitory concentration
(MIC), 1 mL of an overnight culture (A600 ~ 1) was inoculated
into 100 mL of sterilized nutrient broth in various conical flasks
containing nanoparticle concentrations of 20, 40, 60, 80, 100,
125, 150, 200, 250, and 300 pg mL ™. The optical density (OD) at
600 nm was measured after 24 h of incubation.

3. Results and discussion

3.1. Characterization of adsorbents

Fig. 1 shows the FTIR spectrum of O-Pom. A broad peak at
3431 cm™' is observed, indicating the presence of hydroxyl
groups. In contrast, the LDH/PU spectrum shows an OH peak at
3247 cm™ ', suggesting the presence of OH groups integrated
within the LDH structure.*®*° When O-Pom and LDH/PU
interact or bind together to form LDH/PU/O-Pom, the change
in the environment could result in a shift in the OH peak to a
slightly higher wavenumber, as observed at 3452 cm™ ' in the
LDH/PU/O-Pom spectrum. The change in the OH peak suggests
the formation of hydrogen bonds between the hydroxyl groups
in O-Pom and those within the LDH structure. The observed
shift in the OH peak provides evidence of interaction or
binding between O-Pom and LDH in the LDH/PU/O-Pom com-
posite. In the FTIR spectrum of O-Pom, the C—C peak observed
at 1643 cm~ ' suggests the existence of a conjugated system
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Fig.1 FTIR spectra of O-Pom, LDH/PU and LDH/PU/O-Pom.

commonly found in aromatic compounds or unsaturated fatty
acids, and the peak observed at 1629 cm™ ' is possibly due to
the stretching vibration of water molecules or hydroxide ions in
the interlayer region of the LDHs.*® When O-Pom and LDH/PU
interact or bind together to form LDH/PU/O-Pom, the environ-
ment surrounding the C—C bonds may change. This change in
the environment could result in a slight change in the C=C
peak, which may be attributed to electronic effects caused by
interactions such as m-m interactions between the aromatic
compounds present in O-Pom and LDH/PU.>*

In the FTIR spectrum of O-Pom, a C-O peak is observed at
1029 cm ™', whereas in the LDH/PU spectrum, a C-O peak is
detected at 1103 cm ™ *, possibly due to the presence of metal-
oxygen (M-O) bonds within the LDH structure.>* When O-Pom
and LDH/PU interact or bind together to form LDH/PU/O-Pom,
new peaks at 1143 cm ™" and 1035 cm™ " in the LDH/PU/O-Pom
spectrum appear. This shift and appearance of new peaks in the
C-O stretching region may also be attributed to the hydroxyl
groups present in both O-Pom and LDH/PU, which may parti-
cipate in hydrogen bonding interactions, leading to shifts in
the C-O stretching peaks or electrostatic interactions between
O-Pom and LDH/PU.**

The M-O stretching peak is observed at 603 cm " for O-Pom,
whereas in the LDH/PU spectrum, the M-O stretching peak is
observed at 686 cm ™', reflecting the characteristic M~O bonds
within the LDH/PU structure. When O-Pom and LDH/PU inter-
act or bind together to form LDH/PU/O-Pom, new chemical
bonds may form (Table S2, ESIf).

The XRD pattern of Zn Al LDH/PU corresponds to the Zn Al
layered double hydroxide (LDH) incorporated into polyur-
ethane, as represented in Fig. 2. The peaks in this pattern
represent specific crystallographic planes within the material.>*
The strong basal reflection patterns of the samples suggest that
they are very crystalline. The generated LDH was in the stan-
dard hexagonal phase.’ The observed characteristic peaks at 20
values of 11.589°, 23.329°, 26.603°, 33.837°, 34.508°, 37.233°,
39.117°, 42.465°, 43.805°, 46.560°, 52.749°, 56.103°, 60.021°,
61.377°, and 65.299° corresponded to crystallographic plane

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 XRD patterns of LDH/PU (a) and LDH/PU/O-Pom (b).

indices (003), (006), (002), (101), (012), (104), (015), (100), (107),
(108), (1010), (0111), (110), (113), and (116), respectively, The
LDH/PU exhibited distinct diffraction peaks compared with
those of pure LDH,*' suggesting that PU was incorporated into
the LDH layers through both chemical and physical interactions.

The XRD patterns of the Zn Al LDH/PU/O-Pom powder
nanocomposites also provided valuable insights into the crys-
talline structure of these materials. Both the Zn Al LDH/PU and
O-Pom samples exhibited similar peaks with varying intensities,
suggesting the presence of LDH, PU, and O-Pom particles in the
composite. The observed diffraction pattern was compared to
that of LDH/PU, and the detected peaks were attributed to
specific plane families. The peaks detected for the composite
sample were consistent with the presence of diverse organic
compounds within the matrix of the O-Pom powder, further
confirming the organic nature of the material. Fig. 2 shows that
20 values of 26.603° and 42.465° correspond to the (002) and
(100) graphite crystal planes, respectively. Another distinctive
peak observed at 20 = 22.782° indicates the amorphous phase of
cellulose extracted from O-Pom.**

Additionally, LDH/PU/O-Pom exhibited diffraction peaks
identical to those of the LDH/PU composite but with varying
intensities, suggesting the incorporation of O-Pom into LDH/
PU layers through physical and chemical interactions. The (006)
peak intensity of LDH/PU/O-Pom was lower than that of pure
LDH/PU, indicating an interaction between O-Pom and LDH/
PU. The crystallite diameters of pure LDH/PU and LDH/PU/
O-Pom were 18.587 and 16.234 nm, respectively. Furthermore,
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d-spacing values of the (006) difference peaks were calculated
using Bragg’s law, resulting in 0.4 nm for O-Pom LDH-PU and
0.38 nm for pure LDH-PU.

As shown in Fig. 3(a), the SEM image of O-Pom reveals a
nonsmooth surface with different morphologies*® and a hetero-
geneous structure with various surface textures, reflecting
components such as layers and flower-like shapes with pore
distribution. Additionally, irregular fibrous structures and
granular pieces indicate its complex composition. The presence
of fibrous networks, irregular cell wall fragments, pits and
pores further highlights its intricate plant tissue origin, offering
valuable insights for various industrial applications.**

The SEM image of LDH/PU illustrates the complex structure,
which appeared as platelets arranged in a way that resembled
hexagonal plates. These plates aggregate, forming flower-like
structures with high porosity. In the LDH/PU samples, polyur-
ethane foam formed layers with an open-cell structure, con-
necting individual cells to create a network of voids or holes.**

In the composite sample, we can see a heterogeneous
structure due to the different nature of its components.
O-Pom particles exhibit irregular shapes and sizes with fibrous
structures and rough textures and are embedded within the PU
matrix and LDH particles. Typically, they appear as plate-like or
sheet-like structures with spherical shapes and are distributed
uniformly or as agglomerates, influencing the composite’s
properties. Effective adhesion between components, reflected
by minimal voids and smooth transitions, is crucial for
mechanical properties. The surface morphology, which reflects
the roughness of the O-Pom and LDH layers, potentially
enhances the composite surface area for adsorption. SEM
highlights the porosity of the composite, which is vital for
tailored mechanical or adsorption capabilities, offering critical
insights into its complex interplay for optimizing properties
across various applications.

3.2. Adsorption study

3.2.1. Effect of pH and adsorbent amount. Generally, one
of the most important factors influencing the adsorption of
adsorbates onto a material’s surface is pH. When the pH of the
solution increased, the removal efficiency of O-Pom decreased
(Fig. 4(a)). Similarly, the removal efficiency of the composite
sample peaked at pH = 5. The maximum removal efficiencies of
O-Pom and LDH/PI/O-Pom were 76.30% and 91.09%, respec-
tively, for cefotaxime. The structure of cefotaxime has three pK,
values (2.01, 3.4 and 10.9).*> Cefotaxime and the prepared
materials are positively charged at low pH values. For cefotax-
ime, increasing the pH above the pK, enables the structure to
develop negative charges. The main explanation for the low
removal percentage at pH = 3 is the electrostatic repulsion
between cefotaxime and O-Pom or the LDH/PI/O-Pom complex.
These two materials have a positive charge at pH 5, and
cefotaxime has a negative charge. Therefore, a major factor
contributing to the observed elimination percentage increase is
electrostatic attraction. Fig. 4(b) shows the effect of adsorbent
amount on the removal of cefotaxime from the prepared
materials. As shown, the maximum removal percentages were
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recorded at amounts of 0.07 and 0.09 g for O-Pom and the LDH/
PI/O-Pom composite, respectively. The aggregation of particles
is likely the cause of the decrease in removal efficiency beyond
these adsorbent amounts.

3.2.2 Adsorption isotherms. Adsorption isotherms are cru-
cial for investigating the mechanism and adsorption affinity of
O-pom and LDH/PU/Pom for cefotaxime. Adsorption is defined
as a mass transfer process that is controlled by adsorption
equilibrium and adsorption speed, as determined by mathe-
matical equations. Evaluating adsorption isotherm data is key

9098 | Mater. Adv., 2024, 5, 9092-9106
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to creating formulas that reflect the outcomes obtained and
utilized in system design. Adsorption isotherms are practical
numerical formulas that indicate the efficiency with which an
adsorbent may take up a given material.*® Several two-, three-,
four-, and five-parameter isotherm models were examined in
this work (Table S3, ESIt). The results of nonlinear regression
analysis of these models are presented in Fig. 5 and Table 3.
According to the Langmuir model for the two-parameter
models, adsorption takes place at specific, comparable adsorp-
tion sites that are localized on the adsorbent surface, covering it

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Nonlinearized fitting of different isotherm models for the adsorption of the cefotaxime drug by (a)-(c) O-Pom and (d)-(f) LDH/PU/O-Pom.

in an adsorbate monolayer.”” The Freundlich isotherm model
describes the multilayer adsorption of adsorbed molecules onto a
heterogeneous adsorbent surface. The Toth, Langmuir-Freun-
dlich, and Sips tree parameter models were also applied. In
general, these models are useful for illustrating heterogeneous
adsorption frameworks with both low and extremely good adsor-
bate quality limits.*® The Langmuir-Freundlich isotherm model
provides a signal concerning heterogeneous surfaces and their
adsorption energy circulation.”” The Sips isotherm model is a
combination of the Langmuir and Freundlich isotherm models.
This model minimizes the Freundlich model at low adsorbate
concentrations but predicts the Langmuir model at high adsor-
bate concentrations.”® By comparing other multicomponent
adsorption isotherms, the Khan isotherm model has been utilized
to describe the experimental data for the adsorption of various
contaminants from aqueous solutions with the lowest average
percentage error.”® The components of the Freundlich and Lang-
muir isotherms are combined to form the Redlich-Peterson
isotherm model.>> Owing to the large number of coefficients of
the Fritz-Schlunder three-parameter isotherm, it was designed to

© 2024 The Author(s). Published by the Royal Society of Chemistry

accommodate a wide range of experimental results.>® The highest
determination coefficient R* is used to compare which isotherm
equations most closely match the data. The R* values and all other
characteristics for each isotherm are compared in Table S3 (ESIY)
for cefotaxime adsorption. With respect to the sorption of cefotax-
ime, the R* value of 0.997 was obtained using the Langmuir model
for O-Pom, and the R* value of 0.997 was obtained using the
Langmuir model for the O-Pom complex. The calculations using
the Langmuir isotherm revealed that the highest cefotaxime
surface adsorption capacity was 163.23 mg g ' for O-Pom and
250 mg g~ * for the O-Pom complex.

The statistical analysis revealed that throughout the concen-
tration range, the two-parameter isotherms, Freundlich and
Langmuir, fitted best with the experimental results. This is
because the error functions determined via statistical analysis
had the lowest values and the highest coefficient of determination
(R%), which was nearly equal to one. The universal indicators that
provided the best fit to the experimental data were HYBRID and
the chi-square test (%), which were used to forecast isotherm
modeling in sets of eight adsorption systems. The remaining
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statistical criteria produced a variety of outcomes, and the type of
results may have been influenced by the pressure range, model
parameters, and number of experimental points. Tables S4 and S5
(ESIt) display the statistical error validity data for the isotherm
models. The values of these statistical techniques decrease with
model quality and increase the degree of agreement between the
computed quantity adsorbed (qe, cal) and the experimental
quantity adsorbed (qe, exp). The best model was compared and
supported by the coefficient of regression (R*). Higher R* values,
closer ge, exp and qe, cal values, and smaller statistical error
values fitted to the Redlich-Peterson isotherm for O-Pom and
Toth for LDH/PU/O-Pom, enhancing the isotherm models’ capa-
city to describe the sorption process.

3.2.3. Adsorption kinetics investigation. Kinetic modeling
of the adsorption process provides valuable information for the
design of the adsorption process and the creation of continuous
systems.>® The equilibrium adsorption of cefotaxime using the
prepared adsorbent increased with increasing time from 0 to 180
minutes. The Avrami model and mixed 1st-, 2nd-order, intra-
particle diffusion, pseudo-first-order, and pseudo-second-order
kinetic models were investigated. The parameters for each
model were determined and are summarized in Table S6 (ESIt)
for cefotaxime adsorption. It is possible to explain the process of
pollutant removal from an aqueous phase by an adsorbent by
using kinetic models and researching rate-controlling mechan-
isms such as mass transfer, diffusion control, and chemical
reactions.”® The most popular rate equation for liquid-phase
sorption is the pseudo-first-order model. The difference between
the amount of solid uptake with time and the saturation
concentration is assumed to be directly correlated with the rate
of change in sorbate uptake with time. Assuming that actual
solid surfaces are energetically heterogeneous, the pseudo-
second-order model, which represents a second-order rate of
sorption, can be successfully applied to describe the second-
order kinetics of the chemisorption process.”® The results
revealed that by changing the contact time from 0 to 180 min,
cefotaxime could be quickly removed in an early stage. Fig. 6(a)
and (b) show that O-Pom and LDH/PU/O-Pom had the greatest fit
with the 1st and 2nd-order mixed model, as shown by R? in Table
S6 (ESIf). This is considered the most suitable model for the
kinetics data.

3.3. Adsorption mechanism

The effective adsorption of cefotaxime onto the Zn Al LDH/PU/
O-Pom composite is facilitated by several crucial interactions,
such as hydrogen bonding, n-n interactions, n-n interactions,
and electrostatic interactions, as evidenced by the changes
observed in the FTIR spectra in Fig. 7. LDH consists of a layered
structure composed of octahedra centered around Zn and Al
ions surrounded by OH- groups, and a PU polymer is inte-
grated between LDH particles.”” O-Pom is rich in compounds
such as cellulose, hemicellulose, lignin, and olive residue,
which contribute to the adsorption process in several ways,
as shown in Fig. 7. Hydrogen bonds play a crucial role in
this process, with the composite containing hydroxyl groups
(-OH) from both the Zn Al LDH/PU and O-Pom components.
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Fig. 6 Kinetic study plots using different nonlinear kinetic models for (a)
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These hydroxyl groups have the ability to form hydrogen bonds
with the functional groups of cefotaxime, such as its carboxyl
(-COOH) and amino (-NH,) groups, thereby enhancing the
stability and retention of cefotaxime on the composite surface.>®

n-w interactions occur between the aromatic rings present in
cefotaxime and those in the composite material, particularly
from the polyphenolic compounds in O-Pom. These interactions
involve the stacking of aromatic rings, thereby increasing the
adsorption capacity of the composite by offering additional binding
sites for cefotaxime. Additionally, n-n interactions involve interac-
tions between the lone pairs of electrons on heteroatoms (such as
oxygen and nitrogen) in cefotaxime and the n-electrons of aromatic
systems in the composite.** O-Pom contains compounds such as
cellulose, hemicellulose, and lignin, which have oxygen atoms
with lone pairs that can participate in n-n interactions with the
n-electrons of the aromatic rings of cefotaxime. Electrostatic inter-
actions arise from the charged nature of both the composite and
cefotaxime. Zn Al LDH provides positively charged sites (Zn** and
AI*"), which can attract the negatively charged groups in cefotaxime,
such as carboxylate anions (-COO™). These interactions further
increase the adsorption efficiency by creating strong ionic attrac-
tions between the adsorbent and the adsorbate.**

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma00910j

Open Access Article. Published on 21 October 2024. Downloaded on 3/14/2026 1:11:14 AM.

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

(cc)

Paper

a | Adsorption process

1T

| LpH/Pu/O-POM |

W il

)

View Article Online

Materials Advances

Pi-Pi Bond

Fig. 7 Possible adsorption mechanisms of cefotaxime on Zn Al LDH/PU/O-Pom (a) and (b).

The FTIR spectra revealed changes in peaks associated with
charged groups, such as a change in the peak at 1562 cm™ " to
1490 cm ™! (Fig. 8), reflecting strong ionic attractions between
the positively charged sites (Zn®>" and AI**) in Zn-Al-LDH and
the negatively charged groups in cefotaxime (such as carbox-
ylate anions). Lignin present in O-Pom, with its aromatic
structure, contributes to m-n interactions with cefotaxime,
while its functional groups can also participate in hydrogen
bonding and other interactions. The residual organic com-
pounds in olive pomace contribute to the composite’s adsorp-
tion ability by providing additional functional groups and
aromatic sites for interaction with cefotaxime.

Additionally, from the isotherm investigation, it was found
that the mechanism involved chemical interaction according to
the fitting parameters, such as the AIC values, which were low
in the case of two prepared materials.

In conclusion, the adsorption process of cefotaxime onto the
Zn Al LDH/PU and O-Pom composites is facilitated by multiple
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Fig. 8 FT-IR spectra of Zn Al LDH/PU/O-Pom and cefotaxime (a) before
adsorption and (b) after adsorption.
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interactions, including hydrogen bonding, n-r interactions, n—-
m interactions, and electrostatic interactions, as confirmed by
the significant shifts and changes in the FTIR spectra. The
presence of cellulose, hemicellulose, lignin, and olive residue
in olive pomace enhances these interactions, leading to a
successful adsorption process. These combined effects indicate
the composite’s effectiveness in removing cefotaxime from
aqueous solutions.

After four cycles of adsorption, desorption, and regeneration
with ethanol, the LDH/PU/O-Pom material exhibited good adsorp-
tion efficiency, retaining more than 92% of its initial adsorption
capacity. Ethanol aids in the effective desorption of cefotaxime by
breaking bonds between molecules and the composite surface.
Ethanol is used for the regeneration of our composite, demon-
strating its chemical stability, preserving its functional properties
and adsorption capacity over multiple cycles® and lowering
operational costs and environmental impacts of cefotaxime
removal processes. Owing to its economic feasibility, ethanol, a
cost-effective and widely available chemical, is a viable option for
regenerating LDH/PU/O-Pom in large-scale or long-term applica-
tions. Ethanol consistently retained high removal rates of approxi-
mately 94% up to the fourth cycle, which slightly decreased to
92% by the 4th cycle. Successful regeneration of the adsorbent can
extend its lifespan, restore its adsorption capacity, and result in
cost savings (Fig. 9).

3.4. Invitro cytotoxicity of Zn Al LDH-PU, O-Pom and Zn Al
LDH/PU/O-Pom against the Vero cell line

As illustrated in Fig. 10, the MTT assay was utilized to evaluate the
potential cytotoxicity of LDH/PU, O-Pom and LDH/PU/O-Pom
towards the Vero cell line. The cells were exposed to different
concentrations of these compounds and incubated for 24 h. The
control cells were treated with only the diluent. The results indicate
that at the highest tested concentration of 1000 pg mL™*, the cell
viability was 66.7 £ 1.1%, 61 £ 1%, and 61.8 £ 1.3%, respectively.
The low cytotoxicity observed in Vero cells suggests that LDH/PU/
O-Pom can be used in water treatment without posing significant
risks to human health. This is particularly important, as water
treatment materials must be nontoxic to ensure the safety of
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Fig. 9 Performance of various regenerated Zn—Al LDH/PU/O-Pom mix-
tures with cefotaxime.

treated water for human consumption and environmental
discharge.

3.5. Antimicrobial study

The antimicrobial properties of LDH/PU, O-Pom and LDH/PU/
O-Pom were evaluated via the agar dilution method. This
assessment was conducted against four bacterial strains,
Staphylococcus aureus (S. aureus), Bacillus cereus (B. cereus),
Pseudomonas aeruginosa (P. aeruginosa) and Escherichia coli
(E. coli), which served as test pathogens. As shown in Fig. 11,
the synthesized LDH/PU/O-Pom demonstrated the highest anti-
bacterial activity against the tested microorganisms, with the
effectiveness increasing in proportion to the concentration
used. The LDH/PU/O-Pom sample showed antimicrobial activ-
ity against both Gram-positive and Gram-negative bacteria.
Among the tested bacteria, the Gram-negative species E. coli
(MIC, 60 ug mL~") presented the highest sensitivity to LDH/PU/
O-Pom, followed by P. aeruginosa (MIC, 80 ug mL '), which is
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Fig. 10 Cell viability (%) of different concentrations of Zn, Al LDH/PU,
O-Pom and LDH/PU/O-Pom after 24 h (n = 3) £+ SD.
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also a Gram-negative bacterium. In contrast, the Gram-positive
bacterium B. cereus (MIC, 250 pg mL ™~ ") was least susceptible to
the antibacterial effects of LDH/PU/O-Pom.

The varying antibacterial effectiveness observed between
Gram-negative and Gram-positive bacteria can likely be attrib-
uted to the distinct structural and chemical compositions of
their cell surfaces. Gram-negative bacteria possess a unique
outer membrane that envelops their peptidoglycan layer, which
is absent in Gram-positive bacteria. This outer membrane in
Gram-negative bacteria appears to be particularly susceptible to
damage when exposed to LDH/PU/O-Pom.®*%!

The bactericidal effect of LDH/PU/O-Pom on bacterial
cells can be attributed to multiple antibacterial mechanisms.
The antimicrobial activity of LDH/PU/O-Pom is due primarily
to specific interactions between the microorganism and the
LDH/PU/O-Pom surface. The polar nature and high surface
area of LDH/PU/O-Pom facilitate electrostatic interactions
between the positively charged LDH surface and the negatively
charged bacterial cells. This interaction reduces the charge
density on the bacterial surface, leading to decreased cell
viability. Additionally, the bactericidal activity of LDH/PU/
O-Pom is linked to the formation of basic OH species
within the LDH layers. The generation of reactive oxygen
species (ROS) from LDH further enhances its antimicrobial
properties.
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Fig. 12 Pictogram of the AGREE method score for the proposed method.

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma00910j

Open Access Article. Published on 21 October 2024. Downloaded on 3/14/2026 1:11:14 AM.

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

(cc)

Paper

Table 1 The eco-scale score of the proposed method

Parameters Factors AES PP
Toxicity Ethanol and reagents 25 —12
Power FTIR <1.5 kWh™! 25 0
Waste Mass (g) and volume (mL) 25 —-10
Safety Persons and instruments 25 -10
Total points 100 —32

Eco-scale score 68

AES: analytical eco-scale; PP: penalty point

Table 2 AMVI parameters for the proposed method

Parameters Value

Method (volume in mL) 30.00

Volume solvent consumption method (mL) 10

No. of analyses 3

No. of analytes 1

Sample preparation (volume in mL) 60.00

Standard prep. volume (mL) 10

No. of preps. 3

Solvent sample prep. (mL) 10

Sample prep. 3

Method solvent consumption (mL) 90.00

Method volume intensity 90.00/1 = 90.00%
Consumption method % 33.70%
Consumption preparation % 67.5%

3.6. Greenness profile determination for the proposed
method

Greenness profile determination is very important for analyti-
cal chemists to consider safety, health, and environmental
issues. Green profile calculations have become important
worldwide. It is important to exclude or reduce hazardous,
corrosive, toxic, bioaccumulative solvents, wastes and other
substances while doing work. Many methods are used here to
evaluate the greenness of our proposed method. The eco-scale
(AES) method, GREENness calculator (AGREE) method, and
volume intensity (AMVI) method were used for the assessment.
Many parameters must be considered when determining how
environmentally friendly an analytical methodology is, which
include the quantity and toxicity of used chemicals, used
power, produced waste, steps in processes, miniaturization,
and automation.

The analytical GREENness (AGREE) calculator, analytical
eco-scale (AES), and analytical method volume intensity (AMVI)
methods are selected for this study.

Table 3 Cost estimation details of the prepared composite

View Article Online
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Table 4 Comparison of the cost of the prepared adsorbent (LDH/PU/O-
Pom) with those reported in the literature

Material used Cost (USD per g) Reference

Zn-Fe LDH/PANI 12.48 USD per g 64
Zn-Fe LDH 3.12 USD per g 64
Activated carbon 0.9 USD per kg 65
Magnesium ferrite nanoparticles  50.88 USD per kg 66
Cellulose-based Co-Fe LDH 2.55 USD perg 67
ZnO/PPy composite 115.347 USD per kg 68
LDH/PU/O-Pom 0.927 USD per g  This work
3.6.1 The analytical GREENness (AGREE) calculator

method. AGREE is a rapid quantitative technique derived from
readily available and accessible software.®> The score of this
method indicates how closely a technique is to the 12 essential
rules of green analytical chemistry. Greener approaches have
higher scores for the method. Our proposed method’s total score
is shown in Fig. 12. On the basis of our proposed method’s total
score, the method can be considered a greener approach.

3.6.2 Analytical eco-scale (AES) method. The penalty points
(PPs) for reagents, power, toxicity and waste were subtracted
from 100.°® Penalty points were given to parameters that did not
coincide with the green calculations. The penalty points for the
instruments and reagents are calculated. The penalty points are
subtracted from 100. The eco-scale score is ideal if it is 100, and
the method is completely environmentally friendly. This value
will be excellent if it exceeds 75, and the method is considered a
superior green analysis method. Finally, the method is accepta-
ble if its score is greater than 50 and inappropriate if it is less
than 50. Our proposed method’s eco-scale score is shown in
Table 1. The score of the proposed method is 68 out of 100. This
new method can be seen as a green method.

3.6.3 Analytical method volume intensity (AMVI) method.
The AMVI method is based on measuring the consumed
volume of solvent and waste created from a proposed method.
The AMVI calculations for our method are shown in Table 2.
On the basis of our method’s measurements (AMVI = 90.00),
the method has a less negative impact on both the environment
and human health.

3.7. Cost estimation of the adsorption process

An essential factor of an adsorbent’s actual field application
in wastewater treatment is its preparation cost. The cost of
energy and chemicals is part of the total cost of preparing an

Purchased Total purchase Purchasing cost Used quantity  Cost of used
Material quantity (g)  cost (USD) (USD per g) (g or mL) quantity (USD)
ZnCly 100 25.20 0.252 54.52 13.739
AlCl; 500 380 0.76 13.33 10.13
NaOH 25 21.90 0.876 8 7.008
Equipment  Time (h) Max. power (kW) Unit cost of power Cost
Drying 24 1 0.24 5.76
Stirrer 2 1 0.24 0.48

Total yield cost = 37.117 USD for 40 g

© 2024 The Author(s). Published by the Royal Society of Chemistry

Total yield cost = 0.927 USD per g
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adsorbent. Table 3 shows the total cost associated with the
preparation of LDH/PU/O-Pom. The production of 1.0 g of
the LDH/PU/O-Pom adsorbent costs 0.927 USD in total. As
indicated in Table 4, the cost analysis conducted for this study
revealed that LDH/PU/O-Pom was very cost-effective compared
with other water treatment adsorbents published elsewhere.

4. Conclusions

This work focused on the synthesis of a novel composite.
Wastewater effluents contaminated with antibiotics and other
medications pose a serious risk, necessitating the development
of novel adsorbents with high adsorption capabilities and that are
also easily and affordably synthesized. In this work, we focused on
the synthesis of a novel O-Pom and Zn-Al LDH/PU composite.
Cefotaxime was efficiently removed using the prepared nanoma-
terial; hence, the Zn-Al LDH/PU/O-Pom composite could be
applied as a low-cost adsorbent for cefotaxime removal. The
results show that the average value of the maximum adsorption
capacity is (gmax) 163.23 mg g ' for O-Pom and 250 mg g * for
Zn-Al LDH/PU/O-Pom. The experimental adsorption data were
best fitted with Langmuir, Langmuir-Freundlich, Sips, Redlich-
Peterson, and Baudu isotherm models. The model that best fitted
according to the AIC calculated for O-Pom was the Freundlich
model, and the AIC values were 69.23 and 63.91 for O-Pom and
LDH/PU/O-Pom, respectively. The pseudo-first-order and Avrami
kinetic models best fit the experimental kinetic data. Conse-
quently, more research efforts can lead to the development of
an effective adsorbent for a variety of organic and inorganic
applications. These findings suggest that Zn, Al LDH, PU, and
O-Pom could be valuable components of water treatment systems,
potentially contributing to reducing microbial contamination,
improving overall water quality, and being suitable for water
treatment applications without posing significant risks to human
health. This is a critical consideration, as water treatment materi-
als must be nontoxic to ensure the safety of treated water for both
human consumption and environmental discharge. According to
cost analysis, the use of 1 g of Zn Al LDH-PU/O-Pom for cefotaxime
removal costs USD 0.927, which is relatively cheap compared with
other water treatment methods. Based on our proposed method’s
total score, it can be considered an excellent greener approach.
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Abbreviations

O-Pom Olive pomace

LDH Layered double hydroxide

PU Polyurethane

XRD X-ray diffraction

FTIR Fourier transform infrared spectroscopy

SEM Scanning electron microscopy analysis

BET Brunauer-Emmett-Teller

EDX Energy dispersive spectroscopy

PZC Point of zero charge

pH Potential of hydrogen

UV-vis Ultraviolet visible

VACSERA  Holding company for biological products and
vaccines

FBS Fetal bovine serum

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-2H-
tetrazolium bromide

MIC Minimum inhibitory concentration

M-O Metal-oxygen

pK, Acid dissociation constant

AES The eco-scale score

PPs Penalty points

AMVI The volume intensity method

Gmax The maximum adsorption capacity
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