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The rise of pharmaceutical residues poses a serious threat to ecological and aquatic environments,
necessitating the development of cost-effective, convenient, and recyclable adsorbents. Given the high
global consumption of eggs, a significant amount of waste eggshell is produced. The techniques
outlined here aim to manage eggshell waste by transforming it into highly valuable products, addressing
the issue of eggshell waste in communities and industries. This approach supports the concept of zero-
waste operations to create value-added goods, contributing to sustainable development. In the future,
this method of waste management and material recycling may be adopted as an alternative. CaO-based
ZnFe-layered double hydroxide (LDH) is identified as an efficient adsorbent for caffeine (COF) residues
due to its biodegradability and biocompatibility. We extensively analyzed the synthesized CaO, ZnFe-
LDH, and CaO/ZnFe-LDH composites before the adsorption processes using FT-IR, XRD, SEM, EDX, BET
surface area, PZC, TGA/DTG, and after the adsorption processes using FT-IR. We investigated factors
affecting the adsorption process, such as pH, adsorbent dose, COF concentrations, and time. Six non-
linear adsorption isotherm models were studied at pH 7 for the composite and pH 9 for LDH, showing
maximum adsorption capacities (gmax) of 152.35 mg g~* for LDH and 194.87 mg g~* for CaO/ZnFe-LDH.
Kinetic studies were also conducted. Interestingly, the MTT assay conducted on WI-38 cells revealed

minimal toxicity, with most tests indicating cell viability above 60%. The synthesized CaO, ZnFe-LDH, and
Received 21st June 2024

Accepted 18th September 2024 CaO/ZnFe-LDH composite exhibit robust antimicrobial properties against two pathogens, including

Gram-negative bacteria (Escherichia coli) and Gram-positive bacteria (MRSA). The MIC values for the
DOI: 10.1035/d4ra04558k synthesized materials range from 0.87 to 7 ug mL™%, varying with the microbial species. Two green

rsc.li/rsc-advances metrics were applied: the analytical Eco-scale and the Analytical GREEnness Calculator (AGREE).

1 Introduction

Among the most exciting emerging pollutants are pharmaceu-
tical compounds, which have been found in aquatic media at
concentrations ranging from nanograms per liter to milligrams
per liter.
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The primary causes of these pollutants' presence in the
environment are anthropogenic activities, which primarily
involve animal activity, municipal wastewater treatment facili-
ties, and hospital effluents. COF is one of the weak alkaloids in
the methylxanthine family, specifically 1,3,7-trimethylxanthine.
Since this substance boosts the nervous system and causes
momentary variations in heart rate, it is regarded as a drug.
While excessive COF intake can lead to adverse effects—such as
difficulty sleeping, an increased risk of cardiovascular disor-
ders, decreased fertility, and an increased risk of miscarriages.
It is commonly used as a diuretic drug.> COF acts as an adjuvant
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Scheme 1 Diagram eggshell-modified LDH composite for COF adsorption and antimicrobial activity.

to increase the analgesic effects of many pharmacological
formulations. It can be found in many foods, such as chocolate,
coffee, tea, and soft drinks. Since this substance is excreted in
small amounts (1-10%) due to its rapid metabolism. Many
pharmaceutical chemicals, including COF, are classified as
water contaminants and are considered emerging pollutants.
Since the presence of this set of toxins in the environment was
only recently found, there is considerable concern for the
environment. Certain academics consider COF to be an indi-
cator of human contamination because it resists conventional
water and wastewater purification methods. Consequently, it
has been common to find this material in both surface and
groundwater.’

Adsorption, complex oxidative processes, bioremediation,
and membrane separation are some of the methods used to
treat contaminated water. Various impurities, including COF,
can be effectively removed from aqueous solutions using these
techniques.”

33282 | RSC Adv,, 2024, 14, 33281-33300

Adsorption is economical, flexible, efficient, and ecologically
safe. One of the many contaminants in water that can be
eliminated by adsorption is COF. This is particularly useful for
non-biodegradable pollutants including heavy metals and
emerging contaminants (ECs). COF removal by batch and fixed
bed adsorption techniques has recently been reported. Granular
activated carbon (GAC) and powdered activated carbon (PAC)
are commonly used adsorbents due to their favorable chemical
surface properties and significant specific surface area.*

Various types of adsorbents can remove COF from aqueous
solutions, such as raw or modified biosorbents, biochar, acti-
vated carbons, graphene nanoplatelets (GNPs), multi-walled
carbon nanotubes (MWCNTS), natural clay, carbon xerogels,
metal-organic frameworks (MOFs), molecularly imprinted
polymers (MIPs), hydrogel beads, and chitosan and its deriva-
tives." Research aimed at eliminating COF and demonstrating
encouraging results in the literature, as illustrated in Table 1,
highlights the primary challenge in current adsorption

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Previous studies in the open literature reporting adsorbents for COF removal

Adsorbent pH Adsorbent mass (g L") Equilibrium time Gmax (mg g~ 1) for COF Ref.
ZnFe-LDH 9 0.05 50 min 152.35 This work
CaO/ZnFe-LDH 7 0.05 40 min 194.87 This work
Bimetallic zero-valent iron/copper 5 0.2 45 min 34.34 1
nanoparticles

Activated carbon prepared from coconut 7.9 — 30 min 73.83 2

leaf

Sepiolite clay 6 1.6 10 days 48.7 3
Oxidized carbon derived from Luffa 4 0.05 80 min 59.9 4
cylindrica

MgAI-LDH/biochar 12 4 20 min 26.2 5

Fique bagasse biochar 12 0.03 16 h 40.2 6
Activated pineapple leaf biochar 7 — 4h 155.5 7
Synthetic xerogel coals 6.9 0.06 48 h 182.5 8

research: the development of new adsorbent materials. Double
lamellar hydroxides (LDHs) possess various characteristics—
such as composition, thermal stability, and other physico-
chemical qualities—that contribute to their diverse applica-
tions. Common applications for LDHs include their use as
adsorbents, catalysts, anion exchangers, and in pharmaceuti-
cals. LDHs exhibit promising properties as adsorbents due to
their extensive surface area, high porosity, and layered
structure.®

The preparation of LDH materials utilizing novel
approaches, cutting-edge alterations, eco-friendly practices, and
simple operation presents a challenge. Because of its low solu-
bility product reach of 62.51 (ref. 9) and high stability constant
of approximately 25.27, ZnFe-LDH was chosen as our model for
the study over other LDHs. New recycling techniques must also
be developed due to the growing volume of solid adsorbent
wastes. Globally, this is an essential requirement.

Utilizing natural resources, kitchen waste, and agricultural
byproducts as fillers in the production of polymer green
composites is gaining popularity due to increasing environ-
mental awareness. Improper disposal of eggshell powder (ESP),
a poultry waste product, can have detrimental effects on the
environment. Adding value to this poultry and kitchen waste
was the goal of some studies.

Because calcium carbonate (CaCO;) sources and their
precursors are readily available in nature, these catalysts are
inexpensive, environmentally friendly, and effective at low
temperatures and pressures. Additionally, they are easy to
handle, exhibit low solubility, high basicity (which allows for
recycling), and can be regenerated. These factors have sparked
recent interest in calcium oxide (CaO)-based catalysts. Typically,
the thermal decomposition of CaCO; yields CaO-based cata-
lysts. Examples of natural calcium sources used as feedstocks to
produce CaO-based catalysts include eggs and Turbo jourdani
(Gastropoda: Turbinidae)."*

Calcium carbonate, typically extracted from limestone sedi-
mentary rock, is one of the most abundant biominerals on
Earth, prized for its biocompatibility and cost-effectiveness in
various applications. A more sustainable approach involves

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

utilizing biogenic waste shells, such as those from poultry
eggshells and seashells, as sources of calcium carbonate.”
These waste shell biomaterials, rich in CaCOj;, present oppor-
tunities for producing renewable heterogeneous catalysts.
Additionally, they may serve as cost-effective fillers or ingredi-
ents in the production of hydroxyapatite (HA) powder, which is
commonly used as a biofilter medium in wastewater treatment.
Compared to conventional materials used in wastewater treat-
ment, cement production, and catalyst manufacturing, these
biogenic materials are more sustainable, affordable, and envi-
ronmentally friendly.”* The objective of this work is to synthe-
size the CaO/ZnFe-LDH composite using eggshell-derived
calcium oxide (CaO) as a scaffold and to evaluate its effective-
ness in removing COF from aqueous solutions. To achieve this,
the substance was synthesized using the co-precipitation
method and analyzed through various techniques. A thorough
discussion of the equilibrium and kinetics studies is provided.®
This study synthesized and characterized CaO/ZnFe-LDH.
Additionally, we investigated the capacity of the produced
catalysts to remove COF from aqueous solutions at different
concentrations and pH levels. Furthermore, we assessed the
antibacterial activity of LDH, CaO, and CaO/ZnFe-LDH against
various bacteria (Scheme 1).**

Green analytical chemistry aims to reduce costs for analysts,
minimize hazards, and enhance environmental sustainability.

Key components of green analytical chemistry include
reduced solvent usage, the utilization of low-toxic and envi-
ronmentally friendly compounds, shorter analysis times, lower
energy consumption, and improved integration, disassembly,
and user-friendliness of instruments and protocols.”” Green
chemistry metrics elucidate chemical reactions that adhere to
green chemistry principles. These metrics serve to monitor
performance improvements and evaluate chemical process
efficiency and environmental impact.*

Recently, several green metrics have been developed to
assess the alignment of analytical procedures with the princi-
ples of green analytical chemistry. The National Environmental
Metric Index (NEMI) serves as a qualitative tool. Although the
analytical method known as AGREE (Analytical GREEnness

RSC Adv, 2024, 14, 33281-33300 | 33283
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Metric Approach and Software)'” is quantitative, the green
analytical procedure index GAPI'** is semi-quantitative.

2 Experimental

2.1. Chemicals

[C16H15N50,S,, 98.5%] COF anhydrous (1,3,7-trimethylxan-
thine) (purity 98.5%) was bought from Arshine Pharmaceutical
Co., Limited in China. The ferric nitrate (Fe(NOs)s;-9H,0)
(purity 98%) and zinc nitrate (Zn (NOj3),-6H,0) (purity 98%),
which were bought from Alpha Chemika, were utilised to make
an adsorbent LDH. Hydrochloric acid (HCI) (ACS BASIC Schar-
lau) (purity 37%, Piochem), sodium hydroxide (NaOH) (purity
99.8%, Sigma-Aldrich) and ethanol (CH;CH,OH) (purity 99.9%,
bought from Piochem) were utilized.

2.2. Preparations of the adsorbents

2.2.1. Preparation of CaO. Eggshell waste was obtained
from cake shops, bakeries, and commercial food facilities in
Beni Suef, Egypt. High-purity calcium oxide was produced by
processing the eggshells using the following procedure: they
were cleaned with dish soap, then crushed. After several rounds
of washing with bi-distilled water, the eggshells were dried in an
oven set at 100 °C for a whole day. The leftover eggshell material
was ground into a powder and sieved through a 50 mesh screen
using a grinder machine and a 0.08 mm sieve wire. Following
that, they were calcined at 900 °C for five hours in a furnace™
(Fig. 1(a)).

2.2.2. Preparation of ZnFe-LDH adsorbent. An aqueous
solution was prepared by co-precipitation with continuous
stirring, containing 0.4 M Zn>" and 0.1 M Fe®*'. Next, using
a titration device and constant stirring, a 0.5 M NaOH solution
was added at a rate of 1 mL min~" until the pH reached 10.0.
After a 24 hour aging period at 70 °C, the precipitate formed.
The solution was then centrifuged to extract the precipitate, and
the pH was adjusted to 7 by repeatedly washing it with distilled
water. Finally, after a 24 hour oven drying period at 50 °C, the
precipitate was mixed with ethanol (Fig. 1(b)).

2.2.3. Preparation of CaO/ZnFe-LDH adsorbent. Using the
co-precipitation approach, which has been explained in detail
in the previous section, one gram of CaO was suspended in
a 250 mL beaker containing 100 mL of an aqueous solution with
0.4 M Zn”" and 0.1 M Fe’*" (Fig. 1(c)).

2.3. Materials characterization

A variety of instruments were used to characterize the prepared
substance. Utilizing Cu-Ka radiation, a Panalytical (Empyrean)
X-ray diffractometer was employed to determine the crystallinity
and structural makeup of the generated materials. Operating at
a voltage of 40 kV and a current of 35 mA, the diffractometer
scanned at a rate of 8° per minute from 5° to 80° (26). The
infrared spectra of the produced substance were captured in the
4000-400 cm ™' wave number region using a Bruker-Vertex 70
spectrometer. This was done after homogenizing 0.50 mg of
each material with 300 mg of optically high-purity KBr and

applying a 15 minute pressure to the mixture under 10 t cm™>.
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The microstructure and morphology of the synthesized adsor-
bents were examined using a scanning electron microscope
(SEM). Energy dispersive spectroscopy (EDX) (performed with
a Quanta FEG250 Instrument from Germany) was used to
evaluate the elemental composition of the nanocomposite N,
adsorption was employed to determine the BET specific pore
volume, specific surface area, and pore size distribution of the
nano-adsorbents. This analysis was conducted using an auto-
mated surface analyzer (TriStar II 3020) from Micromeritics in
the USA. Thermogravimetric Analysis (TGA) was carried out
using a Shimadzu DTG-60H instrument from Japan. The
material (approximately 8 mg) was heated from 0 to 500 °C at
a rate of 10 °C min~' under a nitrogen flow of 40 mL min~".

2.4. Adsorption study

The ZnFe-LDH and CaO/ZnFe-LDH solutions were shaken with
a 20 mL water sample containing 20 mg L™" of COF. Adsorption
tests were conducted at room temperature (200 rpm) using an
orbital shaker. The ideal adsorption conditions were investi-
gated by varying solution pH (ranging from 3 to 9), initial COF
concentration (ranging from 5 to 100 mg L~ '), adsorbent dose
(0.01 to 0.10 g), and contact period (1 to 24 hours). After each
experiment, the solution was filtered to remove the adsorbents.
COF concentration was measured at 273 nm using a UV-visible
spectrophotometer (UV-2600, Shimadzu, Tokyo, Japan).'* The
COF adsorption efficiency for both ZnFe-LDH and CaO/ZnFe-
LDH can be calculated using an appropriate equation:
0/ Co - Ct
R% = —

o

x 100 (1)

The variables Q, C,, and C, represent the adsorptivity (%),
initial concentration (%), and concentration (mg L) of COF
following adsorption at time ¢ (minutes). The amount of COF
adsorption at equilibrium (g, in mg g~ ) can be determined
using the equation:

(Co—C)xV
m

0. = [2)

The equilibrium adsorption capacity of the adsorbent,
expressed in mg (pollutant)/g (adsorbent), is denoted by g.. The
starting concentration of COF before adsorption is given by C,
in mg L', C. represents the COF equilibrium concentration,
measured in milligrams per liter. m stands for the adsorbent's
weight in grams, and V is the COF solution's volume in liters.

To determine the adsorption isotherms of LDH, various
initial concentrations of COF were applied to optimized ZnFe-
LDH and CaO/ZnFe-LDH. To evaluate the adsorption rate and
the time required for ZnFe-LDH and CaO/ZnFe-LDH to reach
equilibrium, adsorption kinetics experiments were conducted.
Specifically, 0.05 g of each adsorbent, ZnFe-LDH and CaO/ZnFe-
LDH, were added to 20 mL of COF solution with an initial
concentration of 50 ppm. The solution was agitated at 300 rpm
at room temperature for 200 minutes, and samples were
collected at predetermined intervals for analysis.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 EDX of (a) CaO, (b) ZnFe-LDH, (c) CaO/ZnF-LDH.

In the regeneration tests, DMF, isopropanol, and methanol
were used as adsorbent reagents. Twenty milliliters of each
adsorbent reagent were mixed with 0.05 grams of waste

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

adsorbent. The samples were then shaken for 24 hours at 25 °C
and 120 rpm. Desorption equilibrium capacity was determined
by measuring the amounts of COF using ultraviolet-visible

RSC Adv, 2024, 14, 33281-33300 | 33285
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spectrophotometry. The regenerated adsorbent was subse-
quently used in adsorption tests to assess the adsorption effi-
ciency of each adsorbate during each repeated use.

Real sample treatment was conducted on three different
water samples: tap water, River Nile water, and wastewater.
Each sample was initially spiked with 5 ppm of COF, and the pH
was adjusted as needed. The removal process was then per-
formed using an optimal dose of 0.05 g of either ZnFe-LDH or
CaO/ZnFe-LDH, with the process running for three hours.

2.5. In vitro cytotoxicity study

2.5.1. Cell culture. The Holding Company for Biological
Products and Vaccines (VACSERA) in Egypt produced the
normal human lung fibroblast cell line WI-38. We cultivated WI-
38 cells in DMEM medium. Both were kept in an incubator with
5% CO, at 37 °C and supplemented with 10% fetal bovine
serum. Trypsin-EDTA, Trypan blue dye, MTT reagent, and
DMSO were used to separate the cell once it reached confluency.

2.5.2. MTT assay. The cell line WI-38 was seeded at
a density of 2 x 10° cells per well onto 96 well plates. The cells
were treated with different quantities of ZnFe-LDH, CaO, and
CaO/ZnFe-LDH nanoparticles, ranging from 500 to 1 pg mL ™",
after being given a day to attach. The only treatment given to
control cells was the DMSO vehicle. The prepared samples were
allowed to sit for 48 hours before the MTT reagent was added
and each well was incubated for a further two hours. A TECAN
Sunrise microplate reader was used to measure the optical
density at 590 nm after the formazan crystals were dissolved in
DMSO. Eqn (3) was used to determine the cell viability
percentage:

Viability (%) = [1 — (OD/OD,)] x 100 3)

where OD, is the mean OD of the untreated control wells and
OD; is the mean OD of the wells treated with LDH.

2.6. Bacterial strains and culture conditions

Two pathogenic bacterial strains were obtained for evaluating
antibacterial activity, including clinical isolates of methicillin-
resistant Staphylococcus aureus (MRSA), as well as reference
strains Escherichia coli (E.coli) ATCC 25922 from Al Salam
Hospital, Cairo, Egypt. Fresh bacterial cultures were grown to
a concentration of 104 CFU mL™" (0.5 McFarland) in Luria-
Bertani (LB) broth by incubating at 37 °C for 24 hours. For the
antibacterial assays, 50 pL of each culture was gently spread on
LB agar plates to create bacterial lawns. Four 8 mm wells were
then punched in the agar using a cork borer for testing the
antibacterial agents.

2.6.1. Antibacterial potentials of CaO, ZnFe-LDH and CaO/
ZnFe-LDH. The antibacterial activity of CaO, ZnFe-LDH and
CaO/ZnFe-LDH against MRSA and E.coli was evaluated using the
agar well diffusion assay. Briefly, 100 pL of CaO, 10 mg per mL
ZnFe-LDH, 1 mg per mL CaO/ZnFe-LDH, DMSO (negative
control), or 1.5 mg per mL ampicillin (positive control) were
added into the wells punched in agar plates pre-seeded with the
bacterial cultures. After incubating the plates for 24 hours at

33286 | RSC Adv, 2024, 14, 33281-33300
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37 °C, the diameters of the zones of inhibition surrounding
each well were measured in mm using a ruler.

2.6.2. Minimal inhibitory concentration (MIC) measure-
ment. The antibacterial activity was measured using the
minimum inhibitory concentration (MIC) technique. To create
serial two-fold dilutions, stock solutions of the test chemicals
were made in DMSO and then further diluted in Mueller-Hin-
ton broth for bacteria. For the bacterial and fungal strains
under test, final cell concentrations of roughly 106 CFU mL ™"
were attained by adding these dilutions to each well of a 96-well
microtiter plate. After being sealed, the plates were incubated
for 24 hours at 37 °C. The lowest concentration of test agent that
prevented turbidity from being visible during incubation was
determined to be the MIC values. For reproducibility, each
experiment was run in triplicate.

2.7. Greenness profile determination

Numerous factors influence the environmental friendliness of
an analytical methodology, including the quantity and toxicity
of chemicals used, waste production, power consumption,
process complexity, miniaturization, and automation. To assess
the greenness of a method, two green measures were employed:
the Analytical Eco-scale and the Analytical GREEnness Calcu-
lator (AGREE). The first method, the Eco-scale score, is calcu-
lated by subtracting the total number of penalty points, based
on waste, toxicity, reagents, and power, from one hundred. This
score allows researchers to gauge the method's environmental
efficiency. AGREE, another metric, is a quantitative tool that
generates a score reflecting how well a method adheres to the
twelve main principles of green analytical chemistry.

3 Results and discussion

3.1. Characterization of prepared materials

X-ray diffraction patterns of synthesized materials are presented
in Fig. 2(a)-(c). The XRD pattern of ZnFe-LDH seemed to be
highly crystalline structure (Fig. 2(a)), as evidenced with much
sharper diffraction peaks. The typical diffraction peaks of ZnFe-
LDH were observed at the 26 values = 9.3°, 18.4°, 33.1°, and
58.3° corresponding respectively to crystals (003), (006), (009)
and (110) planes.?*?* In (Fig. 2(b)) the CaO exhibited prominent
peaks at 26 values of 34.3°, 47.41°, 51.17°, and 62.62°, corre-
sponding to the (111), (200), (220), and (311) planes of Ca0,*
respectively. The presence of Ca(OH), is also observed in
(Fig. 2(b)) as indicated by diffraction peaks at 18.0 °and 28.9°.
Because of the oxygen anion that is produced on its surface,
calcium oxide has high basic properties. When this compound
is exposed to ambient air, H,O from the air reacts with its strong
basic surface to form Ca(OH),.>* The peaks of all composites
were mainly superimposed on CaO and ZnFe-LDH, and the
main peaks of were observed. By comparing the XRD diffraction
spectra, it can be found that for the composite materials, CaO
and ZnFe-LDH recombination occurred. From (Fig. 2(c)), in the
composite chart, the peak at (003) became narrow and of low
intense, the peaks at (006) decreased, the peak at (009) became
more sharp and increase in intense, the peak at (111) became of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The XRD pattern of the synthesized (a) ZnFe-LDH, (b) CaO and
(c) CaO/ZnFe-LDH.

low intense, the intensity of the peak at 59.93° (110) increased
and became broader, and the intensity of the peak at (311)
decreased, indicating interaction between LDH and CaO. These
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changes suggest the successful formation of the CaO/ZnFe-LDH
nanocomposite.

As observed in Fig. 2(c) that there are shifts of this (003) and
(006) peaks are attributed to the replacement of Zn>* by other
Ca”* metal ions.??° The replacement of the Zn>" (ionic radius =
74 A) by the larger Ca*' (ionic radius ~ 1.00 A) results the
increase of interlayer distance space from 1.29014 A nm of LDH
to 1.394527 A of the composite one. Also, the iterance of Ca**
ion in the LDH lattice showed a deviation in main peaks, with
reduced intensities and broadening of the peaks, which
confirms the successfully prepared composite samples.*® The
formation of LDH phases in the present of calcined eggshell
and trivalent metal and divalent metal ions solution can be
explained as follows.**

Ca(OH), is formed by the reaction of calcined eggshells and
water. Ca®>", NO;~, and OH~ were deposited on the surface of
LDH particles to form doped LDHs with Ca metal ions. The
process that LDH starts from nucleation to growth can be given
by the following reactions (4) and (5):

CaCO; — CaO + CO,, 900 °C (4)
CaO + H,0 — Ca(OH), — Ca®" + 20H" (5)

Crystallite calculated using the Scherrer equation the
Scherrer equation CZ= (0.942)/(6 cos #), where 6 is the incident
X-ray wavelength (Cu-Ka = 0.154 nm), £ is the full width at half
maximum, and 6 is the Bragg's angle Scherrer equation (D = KA/
B cos ).> The crystal sizes were 10.79 nm for ZnFe-LDH,
2.15 nm for CaO/ZnFe-LDH, and 8.53 nm for CaO. The
changes in crystallite size values confirm the formation of the
composite material.

Fig. 3 illustrates that the FTIR spectrum of the synthesized
ZnFe-LDH displays multiple peaks consistent with those re-
ported in previous studies. The broad band at 3401 cm ™' is
associated with the stretching vibration of hydroxyl groups in
the LDH, as well as interlayer and adsorbed water molecules.
The band at 1630 cm ™" corresponds to the bending vibration of
water (vH-O-H). The strong band at 1391 cm™ ' matches the
vibration mode of nitrate ions (NO; ). Bands below 1000 cm ™!
are likely related to the stretching vibrations of M-O and
M-O-M bonds in the LDH.?***** The carbonate group's out-of-
plane vibration modes are attributed to the spectrum peak at
872 cm™ ! in the CaO support, while the C-O stretching vibra-
tions are observed as a strong peak at 1053 cm™ ' and a weak
peak at 1093 cm~'. The asymmetric stretching of the C=0
group in CO;>~ anions is clearly seen near 1455 cm™'. The
prominent peak at 3640 cm ™" corresponds to the OH group in
Ca(OH),, which formed when CaO adsorbed water. Addition-
ally, a broader band around 3425 cm ™" is associated with the
bending mode of OH groups from physically adsorbed moisture
on the surface.”®**

In the CaO/ZnFe-LDH spectrum, the absorbance band at
3413 cm ™! shows a noticeable increase in intensity, likely due to
O-H stretching of absorbed water. Peaks around 1517 cm ™' and
1391 cm ! were displaced, with the former attributed to the
C=C stretching band and the latter to the NO,;~ group

RSC Adv, 2024, 14, 33281-33300 | 33287
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stretching vibration, resulting in a reduced intensity at
1391 cm ™. Additional bands below 1000 cm ™" were identified
as M-O vibration modes of layered double hydroxide
complexes. The O-M-O vibration in the brucite-like LDH layers
was observed between 400 and 500 cm ', and a peak at
835 cm ™' indicated the M-O vibration mode, confirming the
interaction between LDH and CaO.

To obtain detailed information about the specific surface
area and porosity of the catalyst, a nitrogen adsorption
measurement was conducted. Fig. 4 shows the N, adsorption-
desorption isotherms and the corresponding pore-size distri-
bution curves for CaO, ZnFe-LDH, and CaO/ZnFe-LDH. The
isotherm for ZnFe-LDH is classified as a type IV isotherm with
a type H3 hysteresis loop according to IUPAC standards, con-
firming the mesoporous nature of these samples. When ZnFe-
LDH is combined with CaO, its physicochemical characteris-
tics, as detailed in Table 2, decrease. This change is likely due to
a shift in the microstructure caused by the presence of different
cations within the structure.?**** The CaO is classified as a type
III isotherm and exhibits an H4 hysteresis loop. It has the
largest pore size among the three materials and the lowest
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Fig. 4 Nitrogen adsorption—desorption isotherms curves for the
prepared adsorbents.

surface area, which indicates an irregular shape and a broad
size distribution.*® The synthesized CaO/ZnFe-LDH nano-
composite exhibits a type III isotherm with an H3 hysteresis
loop, indicating the presence of aggregates of plate-like
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Table 2 The physico-chemical properties of the materials catalyst

Pore size Pore volume Surface area
Catalyst (nm) (em® g™ (m*g™)
Cao 18.38 0.03 5.62
ZnFe-LDH 10.89 0.19 69.23
CaO/ZnFe-LDH 12.98 0.28 84.78

EHT = 10.00 kV

Signal A= SE2
Mag= 62.00 KX

WD= 40mm

EHT = 10.00 kV Signal A= SE2

Wh= 40 mm Mag= 229KX

EHT = 10.00 kV Signal A= SE2

Bsu &
WD= 4.1mm Mag= 6200KX

Fig. 5 SEM images for the ZnFe-LDH (a), CaO (b), and CaO/ZnFe-
LDH (c).
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particles that constitute mesoporous materials, as demon-
strated by the SEM images in Fig. 5. It also shows the highest
surface area, pore volume, and pore size, as detailed in Table 2,
reflecting the material's high absorptivity characteristics. The
pore size range of 2-50 nm confirms its classification as
a mesoporous material. The pore size distribution curves for the
prepared adsorbents are presented in Fig. 6.

SEM images for CaO, ZnFe-LDH and CaO/ZnFe-LDH are
presented in Fig. 5(a)-(c). The ZnFe-LDH, produced by co-
precipitation, exhibits stacked plates with a clear layered
structure. It shows specific aggregation between layers and
a distinct lamellar structure, along with a disordered state.
Additionally, it reveals a distinctive hexagonal-like morphology,
high porosity, and layered sheets typical of LDH
materials®*2** Fig. 5(a). The CaO structure in Fig. 5(b)
resembles a beehive and exhibits an agglomerated particle
catalyst texture, with a morphology akin to clusters of grapes.
This demonstrates a heterogeneous distribution of structural
clusters, often composed of irregularly shaped particles. The
irregular micro-morphology and the range of sizes and shapes
may contribute to its greater catalytic activity.***® The CaO/
ZnFe-LDH shown in Fig. 5(c) displays increased porosity in
the composite material and a fibrous, agglomerated structure.
Following preparation, the composite layer facilitates the
incorporation of CaO. EDX analysis confirmed the presence of
Zn, Fe, O, and Ca in the prepared materials (Fig. 1(a)-(c)).

To study the thermal stability of the fabricated adsorbents,
the thermal behavior of ZnFe-LDH, CaO, and CaO/ZnFe-LDH
was investigated using TGA/DTG. As shown in Fig. 7, the TGA
thermogram reveals two main weight loss events, characteristic
of LDH materials, at distinct temperature ranges. The first
weight loss, occurring between 50 and 200 °C, is associated with
the loss of surface water molecules that have been physisorbed.
The second weight loss, occurring in the temperature range of
250-500 °C, is linked to the decarboxylation of nitrate anions,
which leads to the collapse of the layered structure and the
removal of interlayer anions.*** The approximately 8.80%
weight loss in CaO, observed between 50 and 450 °C, is attrib-
uted to the evaporation of free moisture and the decomposition
of calcium hydroxide (Ca(OH),) to produce CaO and H,0.>® The
weight loss continued to decrease until 800 °C. The thermal
stability of CaO/ZnFe-LDH was higher than that of ZnFe-LDH.
Therefore, the addition of CaO to ZnFe-LDH enhanced the
thermal stability of CaO/ZnFe-LDH (Fig. 7(a)-(c)).

3.2. COF uptake investigation

Pollutant removal from wastewater is greatly influenced by pH,
which alters the ionization states of COF molecules and leads to
the creation of distinct binding sites, while also affecting the
adsorbent's surface charge. The impact of pH (ranging from 3 to
9) on COF adsorption onto ZnFe-LDH and CaO/ZnFe-LDH
nanomaterial samples is shown in Fig. 8(a) (with an initial
concentration of 20 mg per L COF, an adsorbent dosage of
0.01 g, and a temperature of 25 + 1 °C). The results demonstrate
that the pH of the solution significantly impacts the effective-
ness of the materials for COF removal, with ZnFe-LDH showing
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Fig. 6 The pore size distribution curves for the prepared adsorbents.

maximum effectiveness at pH 9 and CaO/ZnFe-LDH at pH 7. At
pH 9, the surface charge of ZnFe-LDH may be more favorable for
attracting and binding COF molecules, thus facilitating the
adsorption process. Conversely, COF is more soluble at lower
pH values, so maintaining a pH of 7 helps control COF solu-
bility, preventing it from staying in solution and allowing better
adsorption onto CaO/ZnFe-LDH. The PZC values recorded were
ZnFe-LDH = 7.6 and CaO/ZnFe-LDH = 8.2, as shown in
Fig. 8(b). COF has a pkK, of 10.4, meaning that at pH values
below 10.4, the molecule is fully protonated.*® The choice of pH
7 for the adsorption of COF using CaO/ZnFe-LDH is related to
the pK, (acid dissociation constant) of COF, which represents
the pH at which the compound is half-dissociated into its
ionized and non-ionized forms. For ZnFe-LDH, pH 9 is chosen
to maximize interaction with the ionized form of COF, as the
COF molecules are predominantly ionized at this pH,
enhancing their affinity for the adsorbent surface. Conversely,
at pH 7, COF molecules are less likely to be ionized, which can

33290 | RSC Adv, 2024, 14, 33281-33300

Pore Width (nm)

Pore Width (nm)

increase their affinity for the CaO/ZnFe-LDH adsorbent. Addi-
tionally, pH 7 may be selected to ensure the stability and activity
of the CaO/ZnFe-LDH adsorbent during the adsorption process,
as some adsorbents perform optimally within a specific pH
range. Overall, pH 7 is likely chosen to maintain COF in its non-
ionized form, promoting favorable interactions with the CaO/
ZnFe-LDH adsorbent and ensuring the stability of the adsor-
bent throughout the process.

Using ZnFe-LDH and CaO/ZnFe-LDH in amounts ranging
from 0.01 to 0.1 g per 20 mL COF solution at pH 7 and a starting
concentration of 25 ppm for 24 hours, the COF elimination
efficiency is demonstrated in Fig. 8(c). The data show that the
COF removal rate increases with the adsorbent dosage, reaching
a maximum at 0.05 g. Consequently, as the adsorbent dose
increases, the number of active sites available for adsorption
also increases.**

Adsorption isotherm studies reveal the distribution of
molecules between the solid and liquid phases at equilibrium

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 TGA/DTG thermograms of (a) ZnFe-LDH, (b) CaO and (c) Cao/ZnFe-LDH.

during the adsorption process.*® Adsorption isotherm studies
provide crucial insights into the mechanisms by which an
adsorbent removes an adsorbate. COF concentrations ranging
from 10 to 1000 mg L' were investigated in relation to the
equilibrium adsorption of COF onto ZnFe-LDH and CaO/ZnFe-
LDH. The non-linear fitting method was used to analyze COF
adsorption on the surfaces of ZnFe-LDH and CaO/ZnFe-LDH.
Equilibrium data were evaluated using Langmuir, Freundlich,
Sips, Baudu, Langmuir-Freundlich, and Fritz-Schlunder
isotherm models. The correlation coefficient values for the
adsorption isotherm constants are summarized in Table 3, and
their plots are shown in Fig. 9. For COF sorption, the Langmuir
model yielded R* values of 0.9922 for ZnFe-LDH and 0.9977 for
CaO/ZnFe-LDH. The Freundlich isotherm provided lower R*
values of 0.964 for ZnFe-LDH and 0.98 for CaO/ZnFe-LDH. This
indicates that the Langmuir isotherm fits the data better for
both ZnFe-LDH and CaO/ZnFe-LDH, accurately representing
the sorption characteristics of COF. According to the Langmuir
isotherm calculations, the highest COF adsorption capacities
were 152.35 mg ¢ for ZnFe-LDH and 194.87 mg g~ for CaO/
ZnFe-LDH, suggesting that COF is uniformly distributed in
a monolayer on the adsorbent surfaces, reaching a dynamic
equilibrium state.

3.3. Adsorption kinetics

The study of adsorption kinetics is crucial for understanding
the effectiveness of adsorbents, as it provides essential infor-
mation about the processes and the rate at which pollutants are
adsorbed. Adsorption kinetics involves four key processes: bulk
diffusion, film diffusion, intra-particle diffusion, and adsorp-
tion onto the adsorbent's surface.*® Table 4 presents the rele-
vant constants and variables, along with the nonlinear
relationships of the kinetics models for COF adsorption using

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

ZnFe-LDH and CaO/ZnFe-LDH. The equilibrium COF adsorp-
tion increased over time, reaching a plateau between 0 and 250
minutes. Initially, the adsorption rate was rapid; it then stabi-
lized after 50 minutes for ZnFe-LDH and 20 minutes for CaO/
ZnFe-LDH. This rapid adsorption can be attributed to the
swift diffusion of drug residues onto the adsorbent's surface in
aqueous environments.” The significant presence of active sites
on the adsorbent may have contributed to the initial increase in
sorption efficiency.*® The value of R* and g ¢, for COF adsorp-
tion is higher for the 1,2-mixed order and Avrami kinetic models
compared to other kinetic models, as shown in Table 4. The
corresponding R” values are detailed in Table 4. Fig. 10(a) and
(b) demonstrate that COF adsorption by ZnFe-LDH is more
accurately described by the 1,2-mixed order and Avrami kinetic
models (R> = 0.98) than by the first order and second order
kinetic models (R*> = 0.97 and R> = 0.9622, respectively). The
mixed order kinetic model indicates that adsorption occurs
through both electron sharing or covalent interactions and
physical bond formation, such as hydrogen bonds, suggesting
that the reaction kinetics are governed by both chemical and
physical adsorption. Additionally, the composite material
exhibits different adsorption modes towards COF due to phys-
ical adsorption, as it fits well with the pseudo-first order model.
As adsorption time progresses, the adsorption sites on the
adsorbent become occupied by COF, leading to a decrease in the
adsorption rate.

3.4. Real water samples analysis

The removal of COF using 5 ppm concentration, pH 7, and
0.05 g of CaO/ZnFe-LDH was evaluated with real water sources,
including tap water, River Nile water, and wastewater samples.
The corresponding removal efficiencies of the nanocomposites

RSC Adv, 2024, 14, 33281-33300 | 33291
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were 17.22% for tap water, 10.38% for River Nile water, and
30.41% for wastewater.

3.5. Desorption study

To assess the applicability of a particular adsorbent, desorption
and regeneration procedures must be conducted. Ineffective
desorption or regeneration can lead to decreased adsorbent
efficacy and potential secondary environmental degradation. As
shown in Fig. 11(a), the desorption efficiencies achieved were
95.81% with DMF, 91.83% with methanol, and 94.82% with
isopropanol after 48 hours.

3.6. Recyclability of the nano-adsorbent

One of the most critical factors in evaluating the economic
viability of used adsorbents is their reusability. As shown in
Fig. 11(b), after four cycles, there was no significant change in
the adsorption capacity of CaO/ZnFe-LDH, indicating that the

33292 | RSC Adv, 2024, 14, 33281-33300

decrease in active sites was minimal. This suggests that the
material exhibits excellent recovery behavior.

3.7. Mechanism of the adsorption

CaO/ZnFe-LDH showed promising maximum adsorption
capacity for COF. As shown in Table 3, CaO/ZnFe-LDH shows
very promising values of maximum adsorption capacity for COF
to other similar materials in the literature (Table 1). Even for
materials that show higher performance, the cost of CaO/ZnFe-
LDH is competitive compared to that of such materials. For
such promising adsorbents, insights into the adsorption
mechanism are necessary to aid in further development of their
performance for real-life adsorption applications. The results
from the FTIR spectra after adsorption can be very useful for
obtaining insights into the possible interactions between COF
with CaO/ZnFe-LDH. The FTIR characteristic bands after the
adsorption of COF on composite material are also shown in
Fig. 3. CaO/ZnFe-LDH/COF showed the same characteristic

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Summarizes the model equations and correlation coefficient values for the adsorption isotherm constant
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Model Parameter ZnFe-LDH CaO/ZnFe-LDH
. Ky Ce Gmax 152.35 194.87
Langmuir = —_—
SMUIL Je = Gmax 17" K, 0.06 0.05
R? 0.99 0.99
Freundlich g. = KzC.''" 1/n 0.55 0.64
K 14.84 13.85
R? 0.96 0.98
‘ GmanKs (Ce) /™ Gimax 123.72 154.41
Sips ge = ——— —7 K. 0.05 0.04
1+ Ko(Ce)'/™ s : :
1/n 1.35 1.24
R? 0.99 0.99
MLF
) )  Gma(KieCe) Guir 123.72 154.40
Langmuir — Freundlich ¢, = 1+ (Koo COMIF + (Kur Ce)MLF Kip 0.10 0.08
M 1.35 1.24
R? 0.99 0.99
Baudu g, — Grmax bo Ce T Gm 123.7192 154.3979
T T b bo 0.05 0.04
X 0 0
Y 0.35 0.24
R? 0.99 0.99
)  qmax K1 C™ Gimpss 33.99 29.63
Fritz — Schlunder g. = 1+ Ko G K 0.54 0.47
K, 0.23 0.01
my 0.55 0.64
m, 0.30 x 10* 0
R? 0.96 0.98
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Fig. 9 Best fit isotherm model for COF adsorption onto (a—c) ZnFe-LDH and (d—f) CaO/ZnFe-LDH.
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Table 4 A summary of nonlinear kinetic models for COF on ZnFe-LDH and CaO/ZnFe-LDH
Kinetic models Equation Parameters ZnFe-LDH CaO/ZnFe-LDH
Pseudo first order g = qe(1 — e Ky 0.08 0.14
Q. 5.14 6.25
R’ 0.97 0.98
Pseudo second order g2 Kot K, 0.02 0.03
&= T gkt Qe 5.62 6.76
R 0.96 0.96
Mixed 1,2 order 1 —e X K 0.08 9.99 x 10°°
U= ey ek Qe 5.14 6.77
F, 0.00 0.99
R 0.98 0.96
Avrami g = qe(1 — [e71™) Qe 5.14 6.25
Koy 0.29 2.07
Nay 0.28 0.07
R 0.98 0.98

qt (mg/g)

2 —#— Experimental data

B —e— Pseudo first order model
—&— Pseudo second order model
~¥— Mixed 1,2 order model
1F =&~ Avrami model

50 100 150 200 250
t (min)

—=— Experimental data

—e— Pseudo first order model
—a— Pseudo second order model
—v— Mixed 1,2 order model

~&— Avrami model

qt (mg/g)

0 20 40 60 80 100 120 140 160 180 200
t (min)

Fig. 10 Kinetic models fitting for the COF adsorption onto (a) ZnFe-LDH and (b) CaO/ZnFe-LDH.
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Fig. 11 Desorption of COF using different eluents (a) and the reusability performance of CaO/ZnFe-LDH (b).

bands as CaO/ZnFe-LDH, with some changes. The 3413 ¢cm ™"
band shifted to 3464 cm ™! for CaO/ZnFe-LDH/COF, and become
more a broader pattern. The C-O peak at 1403, 834, and
695 cm™ ' was more intense and broader than that of CaO/ZnFe-
LDH, suggesting the existence of an adsorption interaction due
to the between COF and composite material. As shown in Fig. 3,

33294 | RSC Adv, 2024, 14, 33281-33300

possible hydrogen bonding between hydrogen atoms in COF
and oxygen in CaO, ZnFe-LDH in composite material CaO/ZnFe-
LDH could represent one of the main mechanisms for COF
adsorption over CaO/ZnFe-LDH. The mechanism of the inter-
action between COF and the composite material was shown in
Scheme 2.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Cell viability (%) after incubation 48 h with CaO, ZnFe-LDH,
and CaO/ZnFe-LDH, (n = 3) + SD.

Table 5 The antimicrobial efficacy of CaO, ZnFe-LDH, and CaO/
ZnFe-LDH and the average zone of inhibition in mm, + standard
deviation beyond well diameter (6 mm)

Gram (+) Gram (-)
Compounds bacteria MRSA bacteria Escherichia coli
Standard 21.5 + 1.1 mm 23.7 £ 0.19 mm
ZnFe-LDH 16.2 + 0.31 mm 19.8 £ 0.16 mm
CaO NPs 8.1 £ 0.21 mm 13.4 £ 0.15 mm

CaO/ZnFe-LDH 19.8 £ 0.45 mm 21.4 £ 0.21 mm

3.8. Cost analysis of detecting for caffeine residues during
adsorption study

A key aspect of performance analysis is the cost estimation of
the prepared adsorbents, as cost-effective adsorbents offer
significant advantages for real-life applications. For this study,
the cost estimation of CaO support was conducted first. As
detailed in Table S1 of the ESI,{ eggshells can be considered as

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 The mean + SD of triplicates was used to determine the
antibacterial activity of CaO, ZnFe-LDH, and CaO/ZnFe-LDH against
standard antibiotics of E.coli and MRSA. The zone of inhibition diam-
eters in mm were measured.

having a zero-acquisition cost. The equipment used, including
crushers, dryers, and a calcination furnace, incurred energy
costs of 1.28, 1.60, and 0.32 USD, respectively. With a yield of
25 g per batch, the total cost of CaO is approximately 0.13 USD
per g. Next, the cost of LDH was estimated, as shown in Table S2
of the ESIL{ Including both material and energy costs, with
ayield of 4 g per batch, the overall cost is estimated to be 8.14
USD per g. For the composite material, the cost was estimated to
be approximately 5.47 USD per g, as detailed in Table S3 of the
ESL+

3.9. Invitro cytotoxicity of CaO, ZnFe-LDH and CaO/ZnFe-
LDH against WI-38 cell line

As illustrated in Fig. 12, the MTT assay was employed to evaluate
the potential cytotoxicity of CaO, ZnFe-LDH, and CaO/ZnFe-
LDH on the WI-38 cell line. These substances were adminis-
tered to the cell lines at varying concentrations 12.5, 25, 50, 100,
and 200 pg mL ™" and incubated for 48 hours. Following this,
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Scheme 3 Mechanism for the antibacterial activity of the ZnFe-LDH.

the MTT assay was performed to assess cell viability. Control
cells were treated only with diluent. After 48 hours of exposure
to 200 ug mL~" of Ca0, ZnFe-LDH, and CaO/ZnFe-LDH, the cell
viability was found to be 70 £ 1.5%, 63 + 1.8%, and 68 £ 1%,
respectively. These results suggest that the prepared samples
exhibited minimal cytotoxic effects on the cells under the tested
conditions.

3.10. Antibacterial activity

Given their bioremediation and biocompatibility properties,
ZnFe-LDH, CaO and CaO/ZnFe-LDH have potential for use in
biomedical applications. The antimicrobial activity of these
compounds was explored against a variety of microorganisms,

surface activation
pH modification and ionization
structural support

View Article Online
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Table 6 Antimicrobial activity as MIC (ug mL™) of CaO, ZnFe-LDH,
and CaO/ZnFe-LDH against methicillin-resistant Staphylococcus
aureus (MRSA) and Escherichia coli

Gram (+) Gram (—) bacteria
Compounds bacteria MRSA E.coli
Standard 0.87 £+ 0.08 0.44 £ 0.02
ZnFe-LDH 3.5+ 0.6 1.75 £ 0.3
CaO NPs 7 £0.21 3.5+ 0.15
CaO/ZnFe-LDH 0.87 + 0.45 0.87 £ 0.21

including Gram-positive bacteria, MRSA, Gram-negative
bacteria, E. coli, using the agar disk diffusion method. Ampi-
cillin, a reference antibiotic, was used for comparison. ZnFe-
LDH, CaO, and CaO/ZnFe-LDH demonstrated significant in
vitro antimicrobial activity against all tested microorganisms
(Table 5 and Fig. 13). This activity is likely due to the release of
hydroxyl ion radicals in aqueous environments (Scheme 3),
which are highly reactive oxidant radicals that interact with
various biomolecules. These findings are consistent with those
reported by previous studies.” The underlying mechanism for
this antibacterial activity is linked to the emission of hydroxyl
ion radicals from ZnFe-LDH, CaO, and CaO/ZnFe-LDH (Scheme
4). These ions form highly reactive free radicals known to
damage various critical biomolecules, including disrupting
DNA, bacterial cytoplasmic membranes, and denaturing
proteins.>® Another contributing factor could be the positive
charge of ZnFe-LDH, CaO, and CaO/ZnFe-LDH, which plays
a significant role in their antibacterial effect. This positive
charge can damage cells and lead to growth inhibition, partic-
ularly effective against the cell walls of Gram-positive bacteria.
These walls are composed of peptide polyglycogen with
numerous pores that allow easy entry of foreign molecules,
facilitating rapid ion absorption. It is suggested that the smaller
sizes of these LDH layers facilitate a more straightforward
release of these damaging free radicals.>

Table 5 presents the antimicrobial efficacy of CaO, ZnFe-
LDH, and CaO/ZnFe-LDH, showing the average zone of

« Generation of Reactive Oxygen Species (ROS) Zn# interact with the
bacterial cell membrane, disrupting its integrity Fe% ions, in
particular are involved in tne Fenton reaction, which produces
highly reactive hydroxyl radicals from hydrogen peroxide (H;02). This:
oxidative stress is particularly lethal to bacteria

the role of Anions

<4

« AlkalineEnvironment:CaO contributes by creatingan alkaline w
environment (higher pH) when it reactswithwater.Many bacteria
cannot thrive in such alkalineconditions,further enhancing the
antimicrobial effectivenessofthe composite

Scheme 4 Mechanism for the antibacterial activity of the CaO/ZnFe-LDH.
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Fig. 14 Antimicrobial activity as MIC (ug mL™?) of CaO, ZnFe-LDH and
CaO/ZnFe-LDH against MRSA and E. coli.

Table 7 The penalty points (PPs) of the proposed method per the
analytical Eco-scale

Analytical Eco-scale

Ethanol

Sodium hydroxide
Oven

UV-vis spectrometry
X-ray diffractometry
Waste

Total pp 12
Eco-scale 88

Reagents

Instruments

inhibition in millimeters (mm) + standard deviation, beyond
the well diameter of 6 mm. This was observed across clinically
relevant pathogenic microorganisms, namely MRSA and E. coli.
The experiments were conducted at a concentration of 10 mg
mL " for the samples tested. The results are summarized in
the table below.

3.10.1. MIC values of ZnFe-LDH, CaO and CaO/ZnFe-LDH
nanocomposites. The MIC values of ZnFe-LDH, CaO, and
CaO/ZnFe-LDH nanocomposites against both MRSA and E. coli
microorganisms are detailed in Table 6. It is evident that the
MIC values range from 0.87 to 7.00 pg mL ', depending on the
type of microorganism. The results demonstrate strong anti-
bacterial activity for these nanosized LDHs, as shown in
Fig. 14.

3.11. Greenness profile of the created method

The concept of “green analytical chemistry” (GAC) encourages
analytical chemists to address environmental, health, and
safety considerations in their work. A method is deemed to
exhibit superior green analysis if its Eco-scale score exceeds 75,
with a higher score approaching 100 indicating greater envi-
ronmental friendliness. A new method with an Eco-scale score
of 88 represents a significant advancement in green analytical
techniques. The Eco-scale score is detailed in Table 7. Addi-
tionally, AGREE is a green assessment tool that provides
a quantitative score reflecting how well a methodology aligns

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 The score of the green metric AGREE for the new method.

with the twelve key principles of green analytical chemistry.
Methods that receive higher scores are considered more envi-
ronmentally friendly; the total score is illustrated in the center
of the circle pictogram, as shown in Fig. 15.

4 Conclusion

The three adsorbents—CaO, ZnFe-LDH, and CaO/ZnFe-LDH—
are easy to prepare and environmentally friendly materials that
effectively remove COF from water. In this study, the adsorbents
were synthesized by modifying the chemical environment of
metal salt solutions, and their effects on COF adsorption were
assessed using single-factor analysis. During the experimental
phase of wastewater treatment, the impact of initial concen-
tration, adsorption time, material dosage, and pH on the COF
adsorption rate was investigated. The maximum adsorption
capacities obtained were 152.35 mg g ' for ZnFe-LDH and
194.87 mg g~ ' for CaO/ZnFe-LDH. The study highlights the
potential of these synthesized materials as effective agents for
water treatment. The MTT assay results indicated minimal
toxicity, with cell viability consistently above 60%, suggesting
that these materials are biocompatible and safe for various
applications. Additionally, the robust antimicrobial properties
of these compounds against both E. coli and MRSA were
demonstrated, with MIC values ranging from 0.87 to 7 ug mL ™,
indicating effective microbial growth inhibition at relatively low
concentrations. These findings support the potential use of
CaO, ZnFe-LDH, and CaO/ZnFe-LDH composites in enhancing
water treatment technologies, offering both safety and efficacy
in microbial control. The results also open avenues for the
application of these materials, either alone or in combination
with other nanomaterials, to develop inorganic or synthetic
nanocomposites that valorize natural waste. Such valorization
supports a transition toward sustainable production and
consumption, in line with circular economy principles. The
study utilized the Analytical Eco-scale and the Analytical
GREEnness Calculator (AGREE) as green metrics.
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