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The contamination of water with pharmaceuticals like ciprofloxacin (CFX) presents serious environmental
challenges, necessitating efficient and sustainable treatment methods. This study introduces a novel
green adsorbent based on zinc—iron layered double hydroxides (Zn—Fe LDH) encapsulated with chia
seed mucilage for effective CFX removal. The synthesized Zn-Fe LDH/chia seed composite
demonstrated exceptional efficacy, achieving 98.5% removal of CFX from water at pH 8. The adsorption
process was best described by the Langmuir model, revealing a remarkably high maximum capacity of
850.05 mg g~*. Thermodynamic studies confirmed the process was spontaneous and exothermic. The
composite exhibited excellent regenerability, retaining 85.2% of its initial adsorption capacity after five
consecutive cycles using a simple 0.1 M NaOH eluent. The composite proved to be cost-effective, with
a synthesis cost of $2.033 per gram. Quantum chemical modeling revealed strong interactions (AE;, =
—32.5 kcal mol™) between CFX and the chia-modified LDH surface, validating the experimental results.
Furthermore, the material exhibited excellent potential for waste valorization, showing current densities
of 18.71 mA cm~2 and 15.45 mA cm™2 for methanol electro-oxidation before and after adsorption,
respectively. A semi-pilot filtration system successfully demonstrated practical scalability, achieving >80%
CFX removal from raw wastewater within 20 minutes. Greenness assessment tools (AGREEprep, BAGI,
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interfering with genetic expression, hormonal balance, and
enzymatic processes.”” The extensive use of pharmaceuticals,

1. Introduction

Rapid population growth and expanded industrial and house-
hold activities have led to a decline in water quality, with
emerging pollutants such as pharmaceuticals, dyes, pesticides,
cosmetics, and persistent chemicals posing health risks by
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industrial dyes, cosmetics, pesticides, and non-biodegradable
materials in daily life has led to increased water pollution.
Growing concerns exist about their harmful impacts on human
health and ecosystems. Pharmaceuticals and personal care
products (PPCPs), widely used in human and veterinary medi-
cine, are now recognized as emerging pollutants accumulating
in aquatic environments. The widespread and poorly controlled
use of antibiotics in a variety of human and animal sectors is
the root cause of the increasing prevalence of pharmaceutical
contaminants, particularly in aquatic ecosystems." Many
scientists are concerned about the widespread identification of
antibiotics such as ciprofloxacin in drinking and surface waters
worldwide.®* Ciprofloxacin is a second-generation fluoro-
quinolone antibiotic known for its genotoxic effects. Chemically
named 1-cyclopropyl-6-fluoro-4-oxo-7-piperazin-1-ylquinoline-
3-carboxylic acid (C;,H;3FN30;), it was developed in 1987 and
is recognized by the World Health Organization as essential for
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treating various bacterial infections. Studies report ciprofloxa-
cin concentrations in surface waters ranging from 2.5 to
6.5 mg L', with pharmaceutical wastewater from drug
manufacturing reaching up to 31 mg L™".2 A variety of treatment
techniques, including adsorption, membrane-based separation
technologies, sophisticated oxidation processes, biodegrada-
tion, ozonation, electrocoagulation, reverse osmosis, and ion
exchange methods, are used to remove CFX from water."*

Adsorption is a successful process because of its main
advantages, which include a high removal yield, ease of
handling, fast reaction, low instrumentation and operating
costs, the possibility of using a variety of adsorbents, the lack of
sludge, and the absence of hazardous byproduct formation.®
Various types of adsorbents have been studied for the removal
of CFX, including carbon-based materials, metal-organic
frameworks, silica-based compounds, clays, polymers, biomass,
agricultural waste, layered double hydroxides (LDHs), and
metal oxides. Many studies have focused on removing CFX and
have reported promising outcomes, as shown in Table 1.
However, many of these materials face challenges related to
complex synthesis, high cost, lack of environmental sustain-
ability, or generation of spent adsorbent waste. The main
challenge thus extends beyond creating efficient adsorbents to
designing sustainable, low-cost, and multifunctional materials
that address the entire lifecycle of the adsorption process. LDHs
have gained attention due to their high adsorption capacity, low
cost, and non-toxicity. Structurally, LDHs consist of positively
charged bimetal hydroxide layers intercalated with water,
hydroxide ions, and various anions (e.g., carbonate, nitrate,
organic molecules). However, LDH particles are prone to exfo-
liation and agglomeration, making them mechanically weak
and difficult to reuse over time. Combining LDHs with more
stable, larger particles like chia seeds can help overcome these
limitations and improve their durability and performance.®

Preparing LDH materials through innovative, eco-friendly,
and simple methods remains challenging. In this study, Zn-
Fe LDH was chosen due to its high stability constant (~25.27)
and low solubility product (62.51). The novelty of this work lies
in the development of a novel biocomposite that uniquely
addresses several research gaps simultaneously where it utilizes
chia seed mucilage, a natural, renewable, and low-cost
biopolymer, to enhance the stability and functionality of Zn-
Fe LDH, aligning with green chemistry principles. Also, it moves
beyond mere adsorption performance by integrating a compre-
hensive “waste-to-energy” valorization strategy, demonstrating
the direct application of the spent adsorbent as an electro-
catalyst for methanol oxidation. It validates the technology's
practicality through semi-pilot scale testing with real waste-
water. Finally, it provides a quantitative assessment of the
method's greenness using modern tools (AGREEprep, BAGI,
RGB12). This holistic approach aims not only to remove
contaminants effectively but also to offer a sustainable and
economically viable solution from synthesis to disposal, sup-
porting circular economy goals. As used solid adsorbents
accumulate, developing effective recycling strategies is essential
worldwide to ensure sustainable material use.®
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Salvia hispanica, or chia seeds, is an annual herb known for
its medicinal, nutritional, antioxidant, and antimicrobial
properties, gaining popularity in recent years."

When soaked, chia seeds develop a mucilage layer that forms
a gel-like texture. This mucilage is a heteropolysaccharide
composed of p-xylose, p-glucose, and glucuronic acid, providing
abundant functional groups (-OH, -COOH) that are highly
effective for binding pollutants via hydrogen bonding, electro-
static interactions, and polymer bridging. This makes it a more
effective natural coagulant and adsorbent compared to other
plant-based mucilages like okra or cactus, offering superior
adsorption capacity and kinetics. These small, oval seeds (1-2
mm, ~1 mg) are highly hydrophilic, absorbing up to 12 times
their weight in water. Their hydrocolloids contain 5-6% muci-
lage, which acts as dietary fiber and provides thickening and
gelling properties, helping to trap contaminants in water.
Furthermore, unlike some biowastes or synthetic modifiers,
chia mucilage is non-toxic, biodegradable, and requires no
complex purification, contributing to a low overall synthesis
cost and a minimal environmental footprint. Its performance
surpasses that of other common natural polymers; for instance,
it demonstrates >95% turbidity removal compared to Moringa
oleifera (90-92%) and avoids the aquatic toxicity concerns
associated with chitosan-based solutions.

Direct methanol fuel cells (DMFCs) are gaining attention as
promising portable energy sources due to their low cost, long
operational life, high energy efficiency, ease of use, and
sustainability. They convert energy from commonly available
fuels such as petrol, ethanol, methanol, and hydrogen,
including renewable resources.”*> To improve methanol
oxidation, various catalysts have been explored, with increasing
interest in developing reliable, cost-effective, and efficient non-
platinum catalysts. Carbon-based electrocatalysts stand out due
to their enhanced conductivity, larger active surface area, and
superior mechanical strength at a lower cost.*® Bridging the gap
between laboratory experiments and practical application,
a semi-pilot scale system was constructed and evaluated. This
system integrates simple, low-cost materials like sand with
advanced adsorbents such as activated carbon and metal-
organic frameworks (Zn-Fe LDH/CA) to effectively treat raw
wastewater. This approach provides valuable insights into the
feasibility, scalability, and operational performance of water
filtration under real-world conditions. Building on this, the
current study focuses on synthesizing a novel Zn-Fe LDH/chia
seed composite via coprecipitation, leveraging the unique
properties of chia seeds to encapsulate LDH and enhance the
removal of CFX from aqueous solutions. The adsorption
behavior, including equilibrium and kinetics, was extensively
examined. Additionally, the structural integrity, stability, and
recyclability of the composite were evaluated to ensure its
suitability for sustainable water treatment applications. The
environmental friendliness of the method was assessed using
AGREEprep, BAGI, and RGB12 tools to highlight the greenness
of the analytical process. To further support and deepen the
understanding of the adsorption mechanism, this study incor-
porates quantum chemical modeling. Furthermore, having

established the composite’s adsorption efficacy, we
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subsequently explored its potential for circular economy
application by evaluating the spent adsorbent as an electro-
catalyst for methanol oxidation, thereby addressing its end-of-
life cycle. This integrative approach provides insights into the
experimentally observed enhancement in adsorption and offers
a complete solution from pollutant removal to waste

valorization.*”*#

2. Experimental section
2.1 Materials

Hydroxyethyl cellulose (HEC, product number 434965; average
molecular weight: 90000), zinc nitrate hexahydrate (Zn
(NO3),-6H,0), and iron nitrate nonahydrate (Fe (NOs);-9H,0)
were obtained from Sigma-Aldrich. Sodium hydroxide and 37%
hydrochloric acid were purchased from Scharlau (Barcelona,
Spain). Both sterile and distilled water used in the experiments
were of HPLC analytical grade. Ciprofloxacin (CFX, 99.92%
purity) was sourced from Aarti Drugs Ltd, while chia seeds were
procured from Elbana for Trade, Damanhur, El Beheira, Egypt.

2.2. Preparation of chia seed powder

Chia seeds were soaked in deionized water at a 1:10 (w v ')
ratio and stirred at room temperature for 4 hours to allow
mucilage formation. The resulting mucilage was separated by
filtration and then freeze-dried using a Tofflon FDU-1100 freeze
dryer (1.2 m” shelf capacity; Tofflon Science and Technology
Co., Ltd, Shanghai, China) to obtain a dry powder.

2.3. Synthesis of Zn-Fe LDH encapsulated with ground chia
seeds (Zn-Fe LDH/CA)

Zinc-iron layered double hydroxide (Zn-Fe LDH) was synthe-
sized via the coprecipitation method at a constant pH. The Zn>":
Fe*' molar ratio was maintained at 4 : 1; this ratio was selected
based on its documented high stability constant and low solu-
bility product, which promotes the formation of a stable LDH
structure.® Furthermore, preliminary experiments comparing
ratiosof 2:1,3:1, and 4: 1 indicated that the 4 : 1 ratio yielded
the highest adsorption capacity for CFX (see SI, Table S1) and
was therefore chosen for all subsequent syntheses. Briefly, one
gram of powdered chia seeds was mixed with aqueous solutions
of Zn** and Fe*" salts and stirred for 12 hours at 25 °C to
facilitate pre-adsorption and interaction. A 0.5 M NaOH solu-
tion was then gradually added using a titration system under
continuous vigorous stirring until the pH reached 10.0. The
mixture was aged for 24 hours at 70 °C to enhance crystallinity,
then centrifuged to collect the precipitate. The solid product
was washed repeatedly with distilled water and absolute ethanol
until a neutral pH (~7) of the supernatant was achieved, fol-
lowed by drying in an oven at 50 °C for 24 hours.

2.4. Characterization of Zn-Fe LDH encapsulated with
ground chia seeds (Zn-Fe LDH/CA)

Adsorption efficiency was evaluated using a Thermo Evolution
350 UV-Vis spectrophotometer (Thermo Fisher Scientific,

Massachusetts, USA). The synthesized materials were

RSC Adv, 2025, 15, 37705-37726 | 37707
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characterized using several techniques. X-ray diffraction (XRD)
was performed with a Panalytical Empyrean diffractometer
equipped with Cu-Ka radiation (A = 0.154 nm), operating at 40
kV and 35 mA, with a scanning rate of 8° min~" over a 26 range
of 5°-80°. Fourier-transform infrared (FT-IR) spectroscopy was
carried out using a Bruker Vertex 70 spectrometer (Germany),
covering a wavenumber range of 4000-400 cm™'. The particle
size, dimensions, polydispersity index (PDI), and zeta potential
of the Zn-Fe LDH/CA hybrid were measured using a Zetasizer
Ultra (Malvern, USA).

The crystallite size (D) of the synthesized materials was
calculated using the Debye-Scherrer equation as follows:

K2

D:EE@ (1)

where D is the average crystallite size, K is the shape factor
(typically 0.9), A is the X-ray wavelength (0.154 nm for Cu-Ka
radiation), g is the full width at half maximum (FWHM) of the
diffraction peak (in radians), and 6 is the Bragg angle. Bragg's
law was applied to determine the interplanar spacing (d) using
the following equation

2dsin (6) = na (2)

where 7 is the reflection order (typically 1 in XRD analysis), A is
the X-ray wavelength (1.5406 A for Cu Ka. radiation), and 6 is the
diffraction angle (half of the measured 26 angle). To assess the
impact of chia mucilage incorporation on the crystalline
structure of the host matrix, the degree of crystallinity (X.) of
each synthesized sample was calculated using eqn (3):*°

Area of the crysralline peaks(A4.)
Area of all peaks(crysralline(A4.) + amorphous(4,))

X = (3)
where A is the area under the crystalline peaks and 4, is the
area under the amorphous regions. These values were extracted
through peak deconvolution using Fityk software.*

The microstructural features of the samples were observed
using a scanning electron microscope (EVO MA10, ZEISS, Ger-
many), and elemental distribution was evaluated via energy-
dispersive X-ray mapping using a Quanta FEG250 SEM (FEI,
USA). Nitrogen adsorption-desorption analysis was performed
using a TriStar II 3020 BET analyzer (Micromeritics) to deter-
mine specific surface area, pore size distribution, and pore
volume. Thermal stability was assessed via thermogravimetric
analysis (TGA) using a Netzsch STA 409 PC/PG system under
a nitrogen atmosphere at a heating rate of 10 °C min~". Finally,
an Evolution 350 UV-Vis spectrophotometer (Thermo Fisher
Scientific, Massachusetts, USA) was employed to quantify
residual concentrations of CFX in solution.

2.5. Adsorption study

The adsorption study was conducted using a standard (CFX)
stock solution of 1000 ug mL ", prepared and diluted to obtain
calibration concentrations ranging from 5 to 500 ug mL™". For
the adsorption experiments, 50 pg mL ™" of CFX solution was
added to five Falcon tubes, each containing 0.05 grams of the
synthesized Zn-Fe LDH/CA catalyst. The pH of each solution

37708 | RSC Adv, 2025, 15, 37705-37726
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was adjusted to values between 3 and 10 using 0.1 N NaOH or
0.1 N HCI, and monitored with a Metrohm 751 Titrino pH
meter. A parallel set of five tubes, containing only the CFX
solution without the catalyst, served as controls.

All tubes were placed on an orbital shaker (SK-0330-Pro) at
250 rpm for approximately 20 hours in the dark to reach
adsorption equilibrium. After incubation, the solutions were
filtered using Millipore nylon syringe filters (0.22 um pore size).
The residual concentration of CFX was then measured at
270 nm using a UV-Vis spectrophotometer (UV-2600, Shi-
madzu). All subsequent experiments (kinetics, isotherms,
thermodynamics) were performed at the identified optimal pH
of 8.0.

The following equations were applied to calculate the
removal efficiency and the amount of CFX adsorbed per gram of
Zn-Fe LDH/CA(Q):

0 =(Co—C) x vW (4)
Removal percentage = (C, — C,) x 100/C, (5)

Where C, represents the initial concentration of (CFX)
in mg L™, C, is the concentration of CFX at time ¢ (mg L™ "), Q
denotes the quantity of CFX adsorbed per gram of catalyst (mg
g~ "), Vis the volume of the CFX solution in liters (L), and W is
the mass of the Zn-Fe LDH/CA catalyst in grams (g).

2.6. Waste volarization section

2.6.1. Working electrode preparation. The preparation
process involved dispersing 5.0 mg of the synthesized materials
before and after adsorption in 485.00 uL of isopropanol con-
taining 15.00 pL of a 5.0 wt% Nafion solution, followed by 20
minutes of sonication. A 100 pL aliquot of the prepared
suspension was then drop-cast onto graphite paper (1.5 mm
thick, 1 x 1 cm?) and allowed to dry at ambient temperature.

2.6.2. Electrochemical examination. AUTO LAB PGSTAT
302 N potentiostat/galvanostat (Metrohm, Switzerland) and
NOVA 1.11 software were used to record the electrochemical
measurements. The reference electrode was Ag/AgCl, the
counter electrode was Pt, and the working electrode was
graphite in a typical three-electrode electrochemical cell oper-
ating at room temperature. To examine the electrocatalytic
effectiveness of the produced electrodes, tests were conducted
in a 1 M NaOH electrolyte, both with and without methanol
concentration adjustment. Within the potential range of 0-
0.60 V, CV studies were conducted at scan speeds ranging from
10 to 100 mV s~ '. Additionally, chronoamperometry (CA)
measurements were recorded for one hour at 0.6 V.

2.7. Semi-pilot filtration system

A small-scale filtration system was designed to evaluate the
practical scalability of the Zn-Fe LDH/CA composite. A glass
column (6 cm diameter, 40 cm height) with a total empty bed
volume of 500 mL was packed with sequential layers of filtration
media: a supporting gravel layer, followed by graded sand
(approximately 150 g per layer, ranging from fine to coarse),

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a primary composite layer of activated carbon (AC) mixed with
Zn-Fe LDH/CA at a weight ratio of 2 : 25 w/w (totaling 50 g), and
a final top layer of coarse sand.

Raw wastewater, collected from the Tezmant wastewater
treatment station (Beni Suef, Egypt), was used as the feed. A
peristaltic pump (Masterflex L/S, Cole-Parmer) was used to
control the inflow at two specified rates: 50 mL min ™' and 100
mL min~". The hydraulic retention time (HRT) for the
composite layer, calculated based on the empty bed volume,
was approximately 6 minutes at 50 mL min~ ' and 3 minutes at
100 mL min .

For the initial performance evaluation, a total volume of 3 L
was processed for each flow rate condition. The drug removal
efficiency was evaluated by collecting effluent samples at
regular intervals and analyzing them via UV-Vis spectropho-
tometry at 270 nm for CFX. Additionally, a spike test was

View Article Online
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conducted by adding 5 ug mL~" of CFX to raw wastewater. To
assess the long-term adsorption capacity and saturation point,
a separate experiment was conducted at a flow rate of 50
mL min ", processing over 30 L of spiked wastewater (5 ug
mL~" CFX). The system maintained a removal efficiency >80%
for the first 20 L of treated volume, as shown in the break-
through curve provided in SI Fig. S1.

2.8 Adsorbent regeneration and reusability study

After the adsorption experiment, the CFX-loaded Zn-Fe LDH/CA
composite was recovered via centrifugation. Based on the
adsorption mechanism and the amphoteric nature of CFX,
a simple chemical regeneration method was employed.*"** The
spent adsorbent was stirred with 50 mL of a 0.1 M sodium
hydroxide (NaOH) solution for 2 hours at room temperature to
desorb the CFX molecules. The regenerated adsorbent was then

o <, (i)

0K~

40K+

30K+

20K+

10K+

T T T T T
H 6 7 8 ] 10
p

Y

Fig. 1 FESEM images at different magnifications for (a) Zn—Fe LDH, (b) Zn—-Fe LDH/CA, and 7 (c—i) EDX mapping analysis of Zn—-Fe LDH/CA.
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separated by centrifugation, washed thoroughly with distilled
water until the supernatant reached a neutral pH, and dried
overnight at 60 °C. This regeneration process was designed to
be simple and low-cost.

The regenerated adsorbent was then used in subsequent
adsorption cycles under the same optimal conditions (pH 8, 0.1
2/50 mL dose, 50 pg mL™ ' initial CFX concentration). The
removal efficiency was measured after each cycle to assess the
reusability and stability of the Zn-Fe LDH/CA composite. The
concentration of CFX in the desorption solution was also
measured to calculate the desorption efficiency.

2.9. The greenness of the method

The greenness assessment tools AGREEprep, BAGI, and RGB12
were tested to evaluate how our analytical approach may impact
the environment and ecosystems.

3. Results and discussion
3.1. Characterization of Zn-Fe LDH/CA

3.1.1 Morphology and surface study of Zn-Fe LDH/CA
(FESEM and surface area) (energy dispersive X-ray (EDX)
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mapping). Upon closer inspection of the SEM image (Fig. 1(a)),
the Zn-Fe LDH structure is depicted as a series of stacked
plates, collectively resembling a flower-like configuration with
notably high porosity. These results are in strong agreement
with those previously reported by Haba A et al.,'** reinforcing
the consistency and validity of the structural characteristics
identified in the SEM analysis of the Zn-Fe LDH composite. As
shown in Fig. 1(b), the SEM image of the synthesized Zn-Fe
LDH/CA composite displays details of the surface morphology
of the LDH. The image shows a surface characterized by
numerous pores and a consistently rough texture. Each LDH
structure appears to be agglomerated, forming layers with
a distinct plate-like morphology stacked atop one another.>* The
SEM images provide valuable insights into the morphology and
microstructure of the Zn-Fe LDH/CA and Zn-Fe LDH compos-
ites, shedding light on their unique surface features and
underlying structural arrangements. Additionally, EDX-map
measurements were carried out for Zn-Fe LDH/CA to verify
the potential impurity elements from the synthesis processes.
The results of the EDX mapping microanalysis are displayed in
Fig. 1(c-i). The effective synthesis of Zn-Fe LDH/CA without any
further impurities was confirmed by the presence of Zn, Fe,

(b)
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C, N, and O in its spectra. The elemental mapping images
revealed that Zn, Fe, N, C, and O were evenly distributed
throughout the material in parallel with the amounts employed
in the synthesis since Zn-Fe LDH/CA was synthesized at a ratio
of 4.°

3.1.2 Fourier transform infrared spectroscopy (FTIR). The
FTIR technique allows for verification of the chemical structure
of the components before and after adsorption (Fig. 2(a-d)).
Fig. 2(a) shows the FTIR transmittance spectra of the as-received
Zn-Fe LDH measured at 25 °C. Next, we examine the impact of
chia addition on Zn-Fe LDH and their interactions. Compared
to the characteristic vibrational frequencies of the material's
constituent bonds, the transmittance spectra of the samples
reveal shifts in peak positions at various wavenumbers. The
broad band at 3405 cm ™ is caused by the stretching vibration of
the interlayer water molecules and the layers' hydroxyl groups.*®
The bending vibration of water (vy_o_y) is responsible for the
band at 1517 cm™'>* The vibration mode of the nitrate ion (NO3)
is visible in the prominent band at 1393 cm™"'. Stretching
modes with D3h symmetry are responsible for the bands at
approximately 846 c¢cm ™', confirming the presence of NO;
groups in the LDH interlayer. The band at 608 cm ™" is caused by
the lattice vibration modes that correspond to the translation
vibration of Zn-OH. Fig. 2(b) displays the FTIR spectra of the
powdered chia seeds. The distinctive bands in the 1743-
1396 cm " range for C=0 bonds and the N-H and/or O-H
stretching vibration of protein content are linked to the breadth
of the band at 3400 cm™'. The C-H stretching frequency of the
methyl and methylene backbones of lipids is displayed by the
bands at 2923-2854 cm . The C=C bands can be found at
1635 cm ' and 3006 cm . The bending vibrations of methylene
groups in cis-disubstituted olefins are the cause of the band at
611 cm ™ '.%” (Fig. 2(c)). The synthesis of the LDH-chia hybrid led
to the elimination and displacement of certain absorption
bands associated with the chia seed powder, accompanied by
the appearance of a novel absorption peak at 1396.38 cm™ .
This newly observed band is attributed to the stretching vibra-
tions of NO; ™~ groups, which are integrated within the structural
framework of the fabricated chia-LDH hybrid.** The typical
oscillations of the metal-oxygen lattice, including M-O, M-OH,
and M-O-M bonding interactions, are responsible for all
vibrational bands detected below 850 cm ™.

3.1.3 XRD. The Zn-Fe LDH exhibited sharp and intense
diffraction peaks across the 26 range of 6° to 80°. The basal
spacing, corresponding to the combined thickness of the
brucite-like layers, was measured at 0.414 nm (Fig. 3, inset),
aligning well with the standard reference for nitrate LDH
materials (04-018-3495). The layered structure of Zn-Fe LDH
was confirmed by prominent peaks at 26 values of 9.14°, 25.34°,
31.86°, 39.01°, 47.70°, and 56.90°. The absence of peaks indi-
cating free hydroxide formation in the XRD pattern may be
attributed to the delayed addition of sodium hydroxide during
synthesis. The observed narrow peaks further indicate
successful incorporation of Zn and Fe into the crystalline Zn-Fe
LDH framework.* The plane indices were included in the XRD
profile and compared with the JCPDS reference file. The XRD
analysis of the LDH/CA hybrid composites, as illustrated in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 XRD patterns for Zn—Fe LDH/CA and the best figure for Zn—Fe
LDH.

Fig. 3, revealed the presence of various mineralogical phases
within the created materials. The synthesized Zn-Fe LDH/CA
material displayed distinct diffraction peaks at (003), (006),
(009), (012), (015), (018), (110), (113), (112) and (201) of Zn-Fe
LDH [JCPDS No. 38-0486],*° which were attributed to the crys-
tallographic structure of the material (JCPDS Card No. 38-0486).
The XRD pattern shows a peak for chia seed powder at
approximately 2 § = 12.37° in the two prepared samples, but
another weak peak was observed only at approximately 26 =
19.50° in the Zn-Fe LDH/CA sample. The basal plane of (003)
decreased from 9.78 A for LDH to 9.40 A for LDH/CA.>* This may
indicate that the chia covered the surface and interacted with
the surface because the d spacing decreased after loading.
3.1.4 BET and TGA/DTG analyses. Assessments of nitrogen
sorption have been used to determine the mesoporous nature of
Zn-Fe LDH/CA. Adsorption-desorption isotherms of type IV
with an H; hysteresis loop, a mesoporous property linked to
hysteresis loops at relative pressures P/P, between 0.4 and 1.0,
as shown in Fig. 4(a), are classified by the IUPAC with a meso-
pore surface of approximately 12.7 nm, a pore width of
12.666 nm, and a surface area of 41.0 m> g~ *. The Zn-Fe LDH
isotherm, which has a surface area of 69.23 m> g ' and is
categorized as a type IV isotherm with a type H; hysteresis loop,
indicates that the sample is mesoporous, as illustrated in
Fig. 4(b). An interaction between the material surface and
electrolyte would be encouraged by the mesoporous material
structure's somewhat larger surface area laterally. Additionally,
the H; hysteresis loop implies that nonuniform slit-shaped pore
formation is due to plate-like particle aggregation.** The
observed decrease in specific surface area for the LDH/CA
composite is a direct result of the encapsulation of the LDH
particles within the chia seed mucilage biopolymer, which coats
the surface and occupies some mesopores.'**> However, this
physical reduction is decisively counterbalanced by the intro-
duction of a high density of oxygen-containing functional
groups (e.g., -OH, -COOH) from the mucilage. These groups
facilitate stronger and more specific adsorptive interactions
(such as hydrogen bonding, electrostatic forces, and n-w
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Fig. 4
thermograms of (c) Zn—Fe LDH and (d) Zn—-Fe LDH/CA.

electron donor-acceptor interactions) with the ciprofloxacin
molecules.**** This compensatory mechanism is confirmed by
the composite's superior experimental adsorption capacity
(850.05 mg g~ ") and the enhanced interaction energy calculated
via quantum chemical modeling (AE;, = —32.5 keal mol ™~ for
LDH/CA vs. —25.0 kcal mol " for pristine LDH). Consequently,
the Barrett-Joyner-Halenda (BJH) model revealed that the
average pore area was 12.67 nm for the powder LDH/CA hybrid
composite, which may reflect how this composite could act as
a good adsorbent.

The thermal stability of the produced adsorbents was
investigated by analyzing the thermal behavior of Zn-Fe LDH
and Zn-Fe LDH/CA via TGA/DTG. Two weight loss events that
are typical of LDH materials are depicted in the TGA and DTG
thermograms of Zn-Fe LDH in various temperature ranges, as
illustrated in Fig. 4(c and d). The initial weight loss occurs
between 50 and 200 °C and is associated with the loss of
physiosorbed surface water molecules. The second weight loss
occurs between 250 and 550 °C and is caused by the decar-
boxylation of nitrate anions, which collapses the layered struc-
ture and removes interlayer anions.

37712 | RSC Adv, 2025, 15, 37705-37726

(a) Adsorption—desorption isotherms of Ny; (b) pore diameter distribution curves for the various samples under study and TGA/DTG

The serial decomposition technique over three steps is
demonstrated by the TGA and DTA results for Zn-Fe LDH/CA
(Fig. 4(d)). The loss of adsorbed and interlayer water causes
the first stage to occur between 40 and 150 °C. Amine groups
such as NH; cause the second stage to occur between 150 and
300 °C, whereas the third stage occurs between 300 and 550 °C
breakdown of carbonates. Changing the processing parameters,
maximizing the production of valuable composites, and
ensuring the stability and quality of Zn-Fe LDH/CA in a variety
of applications depend on the phases of thermal breakdown.**

3.2 Adsorption analysis study

3.2.1 Effect of pH. The adsorption of CFX onto Zn-Fe LDH/
CA is highly dependent on the pH of the solution (Fig. 5(a)). At
pH 8, the charge of Zn-Fe LDH/CA was +30.24 mv, and the
adsorbent surface carried a positive charge. This positive charge
attracts CFX (Fig. 5(a)), which, at this pH, exists mainly in its
zwitterionic form because of its two pK, values of approximately
6.10 and 8.70. At pH 8, CFX is partially deprotonated, making it
more favorable for interaction with the positively charged
surface of the adsorbent.** This optimal pH enhances the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Adsorption of CFX at different pH values for the 50 ng mL™* solution of CFX by Zn—Fe LDH/CA (0.075 g/50 mL) at 25 °C; the inset
structure of CFX; (b) species distribution curve of CFX at different pH values; and (c) effect of adsorbent dose on CFX adsorption at a concen-

tration of 50 ug mL~* and a volume of 50 mL at pH 8.

electrostatic interactions that facilitate effective adsorption. In
contrast, at pH 10, both the CFX and the adsorbent carry
negative charges, resulting in repulsive forces that weaken
adsorption. Consequently, pH 8, falling between the pK, values
of CFX, which appear from the species distribution curve
(Fig. 5(b)), is ideal for maximizing adsorption (Fig. 5(a)). Addi-
tionally, the adsorption of CFX on the applied nanoadsorbent
was not enhanced by the alkaline environment because nega-
tively charged CFX molecules are competed with OH™ groups.
Although the adsorbent demonstrated stability within the
tested range for the duration of the experiment, it is important
to note that prolonged exposure to highly acidic conditions (pH
< 4) is not recommended for LDH-based materials due to
potential structural dissolution over time.*”** The low pH range
(down to pH 3) was investigated primarily for mechanistic
understanding of adsorption behavior under varying electro-
static conditions. For practical applications, operation near
neutral to slightly basic pH conditions (e.g., pH 8) is recom-
mended to ensure long-term adsorbent stability and optimal
performance.

3.2.2 Effect of dose of adsorbent. The effect of adsorbent
dosage on CFX removal was investigated at pH 8.0. As shown in

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

Fig. 5(c), the Zn-Fe LDH/CA dose was varied from 0.025 g to
0.20 g per 50 mL of solution to examine the impact of the
adsorbent dose on the effectiveness of (CFX) removal. Up to
0.1 g per 50 mL, the adsorption rate dramatically increased with
increasing adsorbent dose. This occurred because additional
active sites for CFX adsorption are provided by a greater dose of
Zn-Fe LDH/CA, increasing the overall adsorption percentage.
The increase in adsorption, however, becomes negligible and
stabilizes at 0.10 g per 50 mL. The saturation of the adsorbent's
accessible adsorption sites is the cause of this pattern. A higher
density of active sites may result from the extra adsorbent
particles as the dose increases, but once these sites are fully
utilized, additional adsorbent dose increases have no discern-
ible effect on the amount of CFX eliminated. Furthermore, the
particles do not clump together or become less evenly distrib-
uted in the solution at greater dosages, which may not lower the
adsorbent-pollutant interaction efficiency. With a small
hydrodynamic size (106.44 (+3.46) nm), a greater dose of Zn-Fe
LDH/CA first increases adsorption by increasing the number of
active sites and providing excellent stability in the solution.
3.2.3 Effect of temperature. This study examined the
effects of temperature on adsorption efficiency at pH 8.0 by

RSC Adv, 2025, 15, 37705-37726 | 37713
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can be estimated by examining Ln K4 changes with temperature (K).

examining the adsorption process at a range of temperatures:
25, 30, 35, 40, and 50 °C. The removal efficiency and tempera-
ture have an inverse relationship, as shown in Fig. 6(a), which is
consistent with the behavior predicted for an exothermic
physical adsorption process. The system adapts to offset
temperature variations according to Le Chatelier's principle,
which is supported by this relationship. It appears that the
adsorption is exothermic, which means that it produces heat
and becomes less advantageous at higher temperatures, on the
basis of the observed reduction in efficiency with increasing
temperature. The weak binding interactions between CFX and
the adsorbent may be the cause of the temperature-dependent
decrease in adsorption efficiency. To measure these thermody-
namic parameters, the results of initial experiments that
computed the Gibbs free energy change (AG°), enthalpy (AH®),
and entropy (AS°) at various temperatures are shown in Fig. 6(b)
and Table 2. The Van't Hoff equation was used to carry out these
computations:*®

InKy = AS°/R — AH'IRT (6)
In the van't Hoff equation, the equilibrium constant Ky is
expressed in units of L mg™" and represents the ratio of the
adsorbate concentration in the adsorbent to its concentration

Table 2 The thermodynamic parameters of the adsorption process of
CFX on LDH/CA

Material T (K) AG (kfmol™) AH’ (kfmol ') AS°(J mol . K)
LDH/CA 298 —6387.80 —-96.71 —302.56

303 —4717.78

308 —3242.21

313 —1636.46

323 1175.26

37714 | RSC Adv, 2025, 15, 37705-37726
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in the solution at equilibrium. R is the gas constant at 8.314 ]
mol~" K. The term AHP refers to the change in adsorption
enthalpy (in k] mol '), which is a measure of the heat absorbed
or released during the adsorption process. The change in
entropy, or AS°, is determined by taking the slope of the plot of
In K4 vs. 1/T, where T is the temperature in Kelvin. This entropy
change reveals the disorder or unpredictability associated with
adsorption. The Gibbs free energy change (AG°), which helps
determine the spontaneity of the adsorption process, can be
calculated via the following formulas. Taken together, these
characteristics provide a thorough understanding of the ther-
modynamic components of the adsorption process:

AG = —RTInKq = AH" — TAS" (7)

The plot of In K4 vs. 1/T (K~ ') shows a linear relationship, as
shown in Fig. 6(b). Eqn (6) was utilized to determine the change
in entropy (AS°) and the change in enthalpy (AH®) on the basis
of the slope and intercept of this figure. Eqn (7) was also used to
calculate the Gibbs free energy change (AG°). The fact that the
values of AG°, AH°, and AS° are all negative suggests that the
adsorption of CFX onto LDH/CA is an exothermic, spontaneous
event.*>*® This suggests that the process not only releases heat
but also occurs naturally under the studied conditions.

3.2.4 Adsorption isotherms. Adsorption isotherm experi-
ments were conducted at pH 8.0. Adsorption isotherm models
provide essential information on the maximum sorption
capacity and the interactions between adsorbates and adsor-
bents, making them crucial for designing effective sorption
systems. This study employed zinc-iron layered double
hydroxide functionalized with chia seed mucilage (LDH/CA) as
the adsorbent and evaluated nine nonlinear equilibrium
isotherm models to analyze the experimental data. These

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Nonlinear adsorption isotherm models using LDH/CA as the adsorbent
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Isotherm models Expression Adjustable model parameters* Values R?
Two-parameters isotherm
Langmuir KLC, Grmax 850.05 0.99
e = dmax "1 0, Ky, 0.003
Freundlich g = K¢ Ci/ng K; 10.83 0.99
1/n¢ 0.64
Dubinin-Radushkevich (D-R) de = (qm) exp(—Kpge®) Gm 649.03 0.97
Kaa 0.02
Three-parameters isotherm
Langmuir-Freundlich max (Kip CB)B"F Gmax 848.10 0.99
e = T B Kip 0.003
I (KirCe) Bur 1.046
Sips . max (K Ce)]/" Grmax 848.24 0.99
e = T o\ Kg 0.0028
T+ (&G n 1.05
Redlich-Peterson _ KreC, 2.67 0.99
b ae P 0.001
Toth o K. C, 3.09 0.99
e = 1+ (KTC(J)”T}I/”T 0.001
1.15
Four-parameters isotherm
Baudu Gmbo C1H Omax 847.97 0.99
1= T by bo 0.0028
X 0.0001
Y 0.046
Five-parameters isotherm
Fritz-Schlunder _ Gmrssk1 C)" qmrss 26.19 0.99
e = 1+ kCo] K, 0.41
K, 0
m 0.64
m, 0

included three two-parameter models which are Langmuir,*
Freundlich,* and Dubinin-Radushkevich (D-R); four three-
parameter models including: Langmuir-Freundlich, Sips, Red-
lich-Peterson,”® and Toth; one four-parameter model was
Baudu; and one five-parameter model was Fritz-Schlunder.
Although the correlation coefficients (R*) for several models
were high and nearly identical (Table 3), the choice of the most
appropriate model requires deeper statistical and mechanistic
analysis beyond R*. Among these, the Langmuir and Langmuir-
Freundlich models provided the best fit, each achieving an R’
value of 0.999 and indicating the highest adsorption capacity
(¢max) Of 850.05 mg g~ ', as shown in Table 3 and Fig. 7(a and b).
This model's superiority, confirmed by the lowest error values
across multiple statistical metrics (Table 4), indicates that the
adsorption process is best described as monolayer adsorption (a
Langmuir characteristic) onto a surface with heterogeneous
energy distribution (a Freundlich characteristic). This hybrid
behavior is a direct consequence of the composite's structure,
which combines the defined layered lattice of Zn-Fe LDH with
the diverse functional groups (-OH, -COOH) of the chia seed
mucilage.

The superior adsorption capacity of the synthesized mate-
rials is likely due to their pore structure and surface area,

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

combined with their low-cost and environmentally sustainable
synthesis, making them promising candidates for large-scale
removal of (CFX) from contaminated water. Statistical analysis
further revealed that the Redlich-Peterson isotherm model best
described the adsorption behavior across the entire concen-
tration range, supported by high coefficients of determination
(R* close to unity) and low error values. Additionally, the chi-
square test (x*) and HYBRID model results demonstrated
strong agreement with experimental data over eight removal
trials. It is worth noting that other statistical criteria may be
influenced by factors such as the number of data points, model
parameters, and the applied pressure range. All validity statis-
tics for classical isotherm assumptions are summarized and
thoroughly verified in Table 4.

3.2.5 Adsorption kinetics. A comprehensive understanding
of adsorption equilibrium is essential to elucidate how adsor-
bate molecules adhere to a solid surface at equilibrium,
involving both the physical and chemical properties of the
adsorbent and the mass transfer kinetics. This understanding is
crucial for optimizing adsorbent design by clarifying the
mechanism and rate of pollutant removal. In this study, five
kinetic models were applied to fit the experimental data of
(CFX) adsorption on LDH/CA, as summarized in Table 5 and

RSC Adv, 2025, 15, 37705-37726 | 37715
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Fig.7 (a and b) Nonlinearized fitting of different isotherm models at pH 8 for the adsorption of LDH/CA as adsorbents for CFX. (c and d) Kinetic
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Table 4 Presents a comprehensive overview of the error corrections identified for the CFX nonlinear classical equations that incorporate Zn—Fe

LDH/CA

Function Lang Fran Temkin Dubinin Lan. -Fran Sips Redlich Toth
SSE/ERRSQ 206.67 2753.93 6263.32 35.04 16.11 35.04 11.21 35.04
x> 1.24 43.51 102.49 0.57 0.33 0.56 0.25 0.57
R* 1.00 0.99 0.98 1.00 1.00 1.00 1.00 1.00
Adjusted R? 1.00 0.97 0.93 1.00 1.00 1.00 1.00 1.00
MAE 4.55 17.75 27.57 1.87 1.29 1.86 1.07 1.86
MAPE/ARE 3.70 34.33 48.84 3.74 2.90 3.73 2.49 3.74
RMSE 5.43 19.83 29.91 2.24 1.52 2.24 1.27 2.24
RMSE_2 6.43 23.47 35.39 2.96 2.01 2.96 1.67 3.42
NRMSE 0.05 0.20 0.30 0.02 0.02 0.02 0.01 0.02
HYBRID 5.18 48.07 68.38 6.55 5.08 6.53 4.36 8.74
HYBRID_2 24.74 870.11 2049.90 14.19 8.20 14.12 6.13 18.95
HYBRID_3 1.24 43.51 102.49 0.57 0.33 0.56 0.25 0.57
MPSD 5.19 59.75 76.79 7.89 5.98 7.87 5.21 9.12
MPSD_2 0.01 1.79 2.95 0.02 0.01 0.02 0.01 0.02
SAE/EABS 31.83 124.23 192.98 13.06 9.06 13.05 7.47 13.05
RMS 4.39 50.50 64.90 5.97 4.52 5.95 3.94 5.97
NSD 0.04 0.50 0.65 0.06 0.05 0.06 0.04 0.06
ARE_2 0.19 25.50 42.12 0.36 0.20 0.35 0.16 0.36
ARE_3 1.66 19.09 24.53 2.25 1.71 2.25 1.49 2.26

depicted in Fig. 7(c and d). Results indicate that the adsorption
efficiency rapidly increases during the initial phase (up to 240
minutes) due to the availability of active sites, with equilibrium

37716 | RSC Adv, 2025, 15, 37705-37726

reached at approximately 1600 minutes. Among the models
tested, the pseudo-second-order model best described the
adsorption kinetics, showing the highest correlation with

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Kinetic nonlinear model parameters for the adsorption process of CFX using Zn—Fe LDH/CA

Kinetic models Equation Parameters Values
Pseudo-first-order g =q.(1—e™ K 0.016
Q. 70.53
R 0.99
Pseudo-second-order qr = qezkzt 1+ gyt K, 0.0003
Q. 75.50
R 0.99
Mixed 1,2 order qr = g (1 — exp(—k,) 1—frexp(—k;) K 0.08
Q. 71.33
F, 0.64
R 0.99
Avrami Ge = qe[1 — exp(—kayt)"™] Q. 70.53
Koy 0.26
Ny 0.061
R 0.99
Intraparticle diffusion qi = kip\/t + Gip Kip 1.80
Cip 23.75
R 0.67

experimental data, whereas the intraparticle diffusion model
provided a moderate fit. Key parameters such as adsorption
capacities at time ¢ (Q,) and equilibrium (Q,), rate constants for
pseudo-first (k;) and pseudo-second-order (k,), as well as coef-
ficients related to mixed-order kinetics, intraparticle diffusion,
and the Avrami model, were analyzed to provide a detailed
insight into the adsorption and diffusion processes governing
the system.

3.3. Adsorption mechanisms

The adsorption of CFX onto Zn-Fe LDH encapsulated with
ground chia seeds involves several mechanisms. First, ion
exchange occurs as CFX, a negatively charged molecule in its
replaces anions

ionized form, in the LDH structure.*

Fig. 8

Electrostatic attraction also plays a role, with the negative
charge of CFX interacting with positively charged sites on the
LDH surface.* Hydrogen bonding between the carboxyl and
hydroxyl groups of CFX and the LDH surface can enhance
adsorption.*® van der Waals forces contribute weakly but
significantly to the overall interaction.” Additionally, ground
chia seeds, which contain polysaccharides, proteins, and lipids,
may influence adsorption by altering the surface area and
interaction properties. Polysaccharides can increase surface
area and binding sites*® proteins can facilitate interactions
through hydrogen bonding, and lipids can affect hydropho-
bicity and surface charge. More information about potential
interactions between CFX and Zn-Fe LDH/CA can be greatly
aided by the FTIR spectra obtained upon adsorption. Fig. 2(d)

b)
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(a) Top and (b) side views of DFT-optimized structure of the studied system. In the side view (panel b): the CFX ligand is highlighted by

a red circle and caffeic acid by a blue circle, both located on top of the Zn—Fe LDH surface. Gray and golden spheres represent Zn®* and
Fe2* ions, respectively, whereas green, red, brown, and pale blue spheres represent F, O, C, and N atoms, respectively. Hydrogen bonds are

shown as gray dashed lines.
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shows the characteristic FTIR bands following the adsorption of
CFX on the composite material. With a few modifications, Zn-
Fe LDH/CA/CFX displayed the same distinctive bands as Zn-Fe
LDH/CA. As the 3420 cm ' band shifted to 3410 cm " and
became broader and 3150 ¢cm ™' shifted to 3190 cm ™' and
decreased in intensity, the 1642 cm ™" band shifted to 1633 cm™*
and increased in intensity, whereas the 1409 cm™ ' band shifted
to 1402 cm ' and decreased in intensity. The vibration
absorption of the CH, on the benzene ring is responsible for the
peaks at 1633, 1544, and 1473 cm ™, which are distinctive peaks
for CFX and exist in the composite/CFX and do not appear in the
composite alone. Additionally, the slight alterations in the O-H
and N-H stretching regions (~3400 cm ') suggest that the CFX
and the composite material could participate in hydrogen
bonding.

To quantitatively validate the proposed mechanisms and
provide a crucial link between computation and experiment, the
quantum  chemical interaction energy (AEj, =
—32.5 kecal mol™') was compared with the experimentally
determined enthalpy change (AH® = —96.71 k] mol ™, equiva-
lent to —23.1 keal mol™") from van't Hoff analysis (Table 2). The
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strong, favorable interaction energy computed for the CFX-
LDH/CA system is in excellent agreement with the significant
exothermic enthalpy change observed experimentally. The
computed value is more negative, which is expected as the DFT
calculation models a direct, gas-phase interaction between
a single CFX molecule and a specific, optimized surface site,
effectively representing the enthalpy change at 0 K without
entropic or solvation effects. The experimental AH° is an
average value measured in solution across all available sites and
includes real-world effects. The close correlation (both large and
negative) between these independent values provides robust,
multi-faceted evidence that the adsorption is highly exothermic
and strongly supports the proposed mechanism where chia
mucilage functionalization enhances the binding strength of
CFX to the LDH surface. To investigate the adsorption interac-
tions of CFX on both pristine Zn-Fe LDH and Zn-Fe LDH
functionalized with (CA), quantum chemical modeling was
performed via the ORCA 6.0 software package.”® The HF-3c
method with Grimme's including D3B]J dispersion correction
was employed for geometry optimizations to capture intermo-
lecular interactions efficiently, followed by single-point energy
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Fig.9 Effect of scan rate on (a) CV curves of Zn—Fe LDH/CA before, (b) Zn—Fe LDH/CA after adsorption and effect of methanol concentration on
(C) CV of Zn—Fe LDH/CA before and (D) Zn—Fe LDH/CA after adsorption.
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calculations.*® All calculations incorporated the conductor-like
polarizable continuum model (CPCM, water) to simulate an
aqueous environment relevant to adsorption processes.*® The
Zn-Fe LDH was modeled as a [FegZn,,(OH),0]'>~ cluster (Zn: Fe
= 4:1), whereas CA was represented by caffeic acid [CoHgO,] to
mimic its hydroxyl and carboxylate groups, which facilitate
hydrogen bonding and electrostatic interactions with the LDH
surface and CFX. CFX [C;;H;;0;N3F]” was optimized in its
zwitterionic form, which is dominant at neutral pH. The
composite systems (Zn-Fe LDH/CA, Zn-Fe LDH/CFX, Zn-Fe
LDH/CA-CFX) were constructed, and the optimized whole
system Zn-Fe LDH/CA-CFX geometry is shown in Fig. 8. The
interaction energies for CFX adsorption on Zn-Fe LDH func-
tionalized with caffeic acid (representing CA) were calculated
via the supermolecular approach with BSSE correction as
follows:

AEim = Ecomplex - § Efragmenl

The interaction energy for CFX on pristine Zn Fe-LDH is
—25.0 keal mol ™, driven primarily by Zn**-OH-carboxylate, -7
stacking interactions. Functionalization with -caffeic acid
enhances the interaction energy to —32.5 kcal mol " for CFX on
Zn-Fe LDH/CA, a modest ~30% improvement attributed to
additional hydrogen bonding between CFX's piperazine group
and caffeic acid's hydroxyl/carboxylate moieties, alongside
strengthened electrostatic interactions. The caffeic acid-Zn-Fe
LDH interaction energy of —15.0 kcal mol ' reflects stable
grafting of caffeic acid (and consequently CA) onto the LDH
surface via hydrogen bonds and electrostatics. This computed
enhancement directly corroborates the experimental observa-
tion of a higher adsorption capacity for the chia-modified
composite. These interaction energies confirm that caffeic
acid functionalization enhances CFX adsorption, making Zn-Fe
LDH/caffeic acid a promising, eco-friendly adsorbent for anti-
biotic removal from aqueous environments.

3.4. Recycling study via a methanol fuel cell

3.4.1. Effects of different scan rates and different methanol
concentrations on electrochemical oxidation. Cyclic voltam-
metry was utilized to examine the scan rate-dependent
electrochemical response, applying the potential sweep tech-
nique over a potential range of 0.0 V to 0.60 V. The scan rate was
incrementally adjusted between 5 and 100 mV s~ ' in an alkaline
electrolyte. As illustrated in Fig. 9(a and b). These data show that
increasing the scan rate from 5 to 100 mV s~ ' enhances the
current density for both Zn-Fe LDH/CA before and after. This
tendency can be attributed to more electroactive species

Table 6 Electro-oxidative activity reported in this work
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reaching the electrode surface as the scan rate increased, which
produced an increase in the current density. Fig. 12(a, ¢ and d)
shows how the methanol concentration affects the anode
current density and electrocatalytic activity. These findings
indicate that adjusting the methanol ratio has a pronounced
effect on fuel cell efficiency. The study evaluated the cyclic vol-
tammetry (CV) current density at a scan rate of 100 mV s~ * with
methanol concentrations ranging from 0.25 M to 3.0 M. The
experimental findings indicated a direct dependency of the
peak current density on the methanol concentration during
electrooxidation, albeit with observed limitations. The peak
current density rose significantly as the methanol concentration
increased from 0.25 M to 3.0 M, reaching an optimum at 2 M,
after which no further substantial changes were observed. An
inverse correlation exists between the methanol concentration
and the oxidation peak current density, where higher methanol
levels result in lower current densities. This phenomenon is
linked to the buildup of methanol oxidation intermediates on
the electrocatalyst surface, which progressively occupies active
sites and induces catalyst poisoning. Owing to the restricted
diffusion of reactant species, the interaction with the electro-
catalyst is hindered, causing a noticeable decrease in the anodic
peak current density.”* Table 6 shows the different current
density values for methanol electro-oxidation that our current
work has produced.

3.4.2. Electrochemical reaction, stability, and electro-
chemical impedance spectroscopy measurements. The electro-
chemical performance of the fabricated electrodes in the
methanol oxidation reaction (MOR) is demonstrated in
Fig. 10(a). The electrodes exhibit peak activity at 18.71 mA cm ™,
but following CFX removal, the current density decreases to
15.45 mA cm 2. This decrease in electrochemical efficiency may
be associated with the occupation of active sites on the used
adsorbents, which hinder catalytic activity and limit the avail-
ability of reaction sites. Electrode stability in the methanol
oxidation reaction (MOR) is a crucial parameter influencing its
potential for large-scale commercial deployment.

Chronoamperometric measurements were used to evaluate
electrode stability. Fig. 10(b) shows that both electrodes have
good stability against MOR, with current density retention
reaching 66% and 53% before and after MOR, respectively.
Using EIS measurements in (1 M) NaOH or 2 M MeOH for both
samples and the pretest at 0.6 Vvs. Ag/AgCl and in the frequency
range of 0.01-100000 Hz with an AC amplitude of 10 mV and
a 1 s equilibrium time, the electrode resistance was examined.
An angled line in the low-frequency range and a small quasi
semi-circle in the high-frequency range represent the Nyquist
plots. A small quasi semi-circle affects the charge transfer
resistance (R.) at the electrode/electrolyte interface. Fig. 10(d)

Material Methanol concentration (M) Scan rate (mv S77) Current density (mA cm ™ ?)
Zn-Fe LDH/CA 2.0 100 18.71
Zn-Fe LDH/CA/CFX 2.0 100 15.45

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10

resistance EIS measurements in 1 M NaOH and 2 M MeOH.

displays the Nyquist plots of the samples before and after sin-
tering. The resistances to charge transfer, or R, are 8 Q and 20

Q, respectively.

Table 7 Cost estimation of the preparation of Zn—Fe LDH/CA

3.5. Cost estimation

(@) CV curves of the Zn—Fe LDH/CA samples before and after, (b) chronoamperometric measurements for 1 h, cycles, and (c) electrode

The cost estimation of the prepared adsorbent is a crucial

component

of performance

analysis

since economical

Quantity Total amount Purchasing cost Used quantity Cost of used

Material purchased (g) spent (USD) (USD per g) (g or mL) quantity (USD)
Zn (NO;) ,6H,0 25 35 1.4 7.57 10.59
Fe(NO3);9H,0 500 29.16 0.058 4 0.232
Sodium hydroxide 25 21.90 0.876 4 3.504
chia seeds 200 2 0.01 1 0.01
Equipment Time (H) Max. Power (kW) Unit cost of power Energy cost
Magnetic stirring 12 1 0.24 2.88
Dryer 12 1 0.24 2.88
Centrifuge 1 1 0.24 0.24

Total yield cost = 20.33 Total yield cost = 2.033

USD for 10 g USD per g
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adsorbents offer significant advantages for practical imple-
mentation. The detailed cost breakdown for synthesizing the
Zn-Fe LDH/CA nanocomposite is presented in Table 7. Based
on current market prices, the estimated unit costs of sodium
hydroxide, zinc nitrate, ferric nitrate, and chia seeds are 10.59,
0.232, 3.504, and 0.01 USD/g, respectively. The required quan-
tities for producing 10 g of final composite are 7.57,4,4,and 1 g
of these materials, respectively.

Beyond material costs, we accounted for energy consump-
tion during synthesis. The magnetic stirrer operated for 12
hours and the dryer for a comparable duration, with energy
costs calculated based on maximum power ratings and a utility
rate of 0.24 USD kWh . The centrifugation and washing
processes were also included in the energy assessment. The
total production cost for 10 g of composite was calculated as
20.33 USD, resulting in a synthesis cost of 2.033 USD g .

While absolute cost provides one metric, a more meaningful
evaluation considers performance efficiency relative to cost. We
therefore calculated the adsorption capacity per unit cost (gmax/
cost) as a key economic indicator. As shown in Tables 8 and 9,
our Zn-Fe LDH/CA composite demonstrates an exceptional
ratio of 418.1 mg g~ ' USD ™, significantly outperforming other
recently reported adsorbents. This superior economic efficiency
stems from the synergistic combination of high adsorption
capacity (850.05 mg g~ ' for CFX) and moderate synthesis costs,
highlighting the practical advantage of our green approach
using chia seed mucilage for water treatment applications.

3.6. Semi-pilot scale experiments

The semi pilot filtration system effectively removed CFX from
raw wastewater through a synergistic mechanism combining
physical filtration, adsorption, and chemical interactions.
Graded sand served as a mechanical barrier for suspended
solids and turbidity, whereas activated carbon provided an

View Article Online
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extensive surface area for the adsorption of organic pollutants
and drug residues. The prepared component contributed to
enhanced adsorption through its porous structure, metal-
chelating capabilities, and m-7 interactions with the CFX
molecules. Additionally, the sponge layer helped retain fine
particles, ensuring the clarity and stability of the flow. At a flow
rate of 50 mL min ™", the system achieved a substantial reduc-
tion in CFX absorbance from an initial value of 0.185 to 0.03,
indicating efficient removal. However, increasing the flow rate
to 100 mL min " led to a decreased removal efficiency (absor-
bance = 0.07), likely due to the reduced contact time between
the contaminant and the adsorptive media.

A simulated spike test conducted with 5 pg mL ™" CFX in raw
wastewater revealed a decrease in absorbance from 0.381 (blank
sample) to 0.085, further validating the system's performance
under relatively high contaminant loads. In a time-course
experiment (samples collected every 5 minutes for 30
minutes), the CFX concentrations decreased steadily from 1.367
to 0.143, with over 80% removal achieved within the first 20
minutes. These results suggest that the system achieves >80%
removal in the early stages of treatment, stabilizing after
~20 min, possibly due to saturation of adsorption sites or
equilibrium.

These findings align with the literature on hybrid materials,
which have shown high efficiency in removing pharmaceuticals
from water matrices because of their combined adsorption and
chemical interaction capabilities.>

3.7 Regeneration and reusability of the adsorbent

The economic feasibility and environmental sustainability of an
adsorbent are critically dependent on its ability to be regene-
rated and reused multiple times without a significant loss in
performance. A simple and effective regeneration method is
therefore essential.*>

Table 8 Economic comparison of adsorption performance between Zn—-Fe LDH/CA and other reported adsorbents

Synthesis cost Imax Performance-to-cost
Material (USD per g) (mgg™) ratio (mg per g per USD) Reference
Zn Al LDH/PU/O-Pom 0.90 350.0¢ 388.9 52
Cellulose-based Co-Fe LDH 2.55 140.2¢ 55.0 53
ZnFe-LDH 8.14 200.0° 24.6 23
Zn-Fe LDH 3.12 185.0¢ 59.3 54
Zn-Fe LDH/PANI 12.48 213.0¢ 17.1 54
Co/Ni/Cu-NH,BDC MOF 7.00 225.0° 32.1 52
Zn-Fe LDH/CA 2.033 850.05 418.1 This work

“ gmax values marked with represent adsorption capacities for representative pollutants (antibiotics or dyes) as reported in respective studies. The
performance-to-cost ratio provides a standardized comparison of economic efficiency across different adsorbent systems.

Table 9 Removal efficiency of CFX under various conditions using the semi pilot scale system

Final absorbance % Removal

Condition Initial absorbance
50 mL min ' flow rate 0.185
100 mL min " flow rate 0.185
5 pg mL ™" spike test (blank) 0.381

Time-based (30 min) 1.367 — 0.143

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

0.030 83.8%
0.070 62.2%
0.085 77.7%
— ~89.5%
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Fig. 11 Reusability of Zn—Fe LDH/CA composite for CFX removal over five consecutive adsorption—desorption cycles.

Given that the adsorption was optimal at pH 8 where elec-
trostatic interactions play a key role, a mild alkaline solution
(0.1 M NaOH) was selected as the regenerant. This choice is
scientifically grounded: at high pH, the surface of the Zn-Fe
LDH/CA composite becomes more negatively charged, creating
electrostatic repulsion with the anionic form of CFX (which is
deprotonated at its carboxylic group). Furthermore, OH™ ions
act as competing anions, displacing the adsorbed CFX mole-
cules from the active sites.*>*’

This simple method proved highly effective. The desorption
efficiency after the first cycle was 96.5%, confirming the efficacy
of NaOH in reversing the adsorption process. More importantly,
the adsorbent exhibited excellent reusability. As shown in
Fig. 11, the removal efficiency of CFX remained above 91% after
the second regeneration cycle and retained a high capacity of
85% even after five consecutive adsorption-desorption cycles.
The gradual decrease in efficiency after the fifth cycle can be
attributed to a minor loss of adsorbent mass during recovery

and potential pore blockage by strongly bound CFX molecules
or impurities.

The high regeneration efficiency and reusability perfor-
mance underscore the robustness of the Zn-Fe LDH/CA
composite. More importantly, it demonstrates that a straight-
forward, low-cost chemical regeneration process is sufficient to
maintain high performance, significantly enhancing the prac-
tical applicability and economic attractiveness of this green
adsorbent for long-term water treatment operations.****

3.8 Greenness of the proposed method

To determine how our analytical methodology can impact the
environment and ecosystems, the greenness assessment tools
AGREEprep, BAGI, and RGB12 were tested to evaluate how our
analytical approach may impact the environment and
ecosystems.

AGREEprep®® thoroughly evaluates how environmentally
friendly sample preparation techniques are. Environmentally

Greenness
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Fig. 12 AGREEprep greenness tool (a); BAGI blueness tool (b); and RGB 12 whiteness tool (c).
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friendly configurations for sample post preparation, operator
safety, step integration and automation, solvent safety, material
sustainability, waste reduction, sample volume reduction,
sample throughput maximization, energy consumption reduc-
tion, and sample preparation site are all factors that impact
sample preparation. Using the 10 GSP principles, a 0-1 scale is
developed, and Fig. 12(a) shows the AGREEprep pictogram. The
evaluation of each of the ten GSP principles yields the final
score (0.76) for the GAC measure.

The BAGI tool®® is employed to evaluate our method's blue-
ness quantitatively, and the approximate mean of these scores
is used to calculate the composite BAGI index. Fig. 12(b) shows
the remarkable BAGI ranking of 70.0 that was achieved in this
investigation.

Fig. 12(c) demonstrates the RGB-12 algorithm method.* The
whiteness profile of our proposed method was quantitatively
examined. The overall sustainability level of our analytical
method produced a good whiteness value of 73.0 and demon-
strated the improved performance, dependability, and viability
of our suggested strategy from an economic standpoint.

4. Conclusion

This study demonstrates that chia seed-encapsulated Zn-Fe
LDH is an effective and stable adsorbent for ciprofloxacin
removal, exhibiting high removal efficiency. More importantly,
it establishes a novel, holistic approach to water treatment by
developing a multifunctional platform that integrates green
synthesis, efficient adsorption, real-world application, and
waste valorization. Comprehensive characterization confirmed
the material's structural integrity before and after adsorption.
Adsorption data closely fits Langmuir-based models, indicating
monolayer adsorption, with thermodynamic analysis confirm-
ing a spontaneous and exothermic process optimized at mild
conditions. The work's distinct novelty is underscored by its
successful transition beyond the lab: a semi-pilot scale system
showed rapid and efficient pharmaceutical contaminant
removal in real wastewater, supporting its practical scalability.
Furthermore, the material exhibited excellent electrocatalytic
activity for methanol oxidation, suggesting a direct path for
repurposing spent adsorbent into a cost-effective catalyst and
addressing its end-of-life cycle. Cost and green chemistry
assessments further emphasize its economic and environ-
mental benefits. Overall, the Zn-Fe LDH/CA composite offers
a promising, sustainable, and integrated approach for phar-
maceutical wastewater remediation and energy-related appli-
cations, differentiating it from studies focused solely on
adsorption capacity. The use of chia seed mucilage proved to be
a key differentiator, outperforming other natural polymers due
to its unique polysaccharide structure, superior adsorption
capacity, scalability, multifunctionality, and environmental
benignity, as validated by both experimental results and green
metrics. Its economic viability ($2.033/g) and non-toxic, biode-
gradable nature position it as a superior alternative to more
costly or less sustainable biopolymers like chitosan.

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