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Abstract

Antibiotic residues in water motivate the development of accessible adsorbents. A chitosan-modified
nickel ferrite nanocomposite (NiFe:O4@CS) was prepared by Foeniculum vulgare seed-extract-assisted
synthesis followed by ex situ chitosan incorporation and evaluated for ciprofloxacin (CIP) adsorption.
XRD, XPS, SEM-EDS, TEM, and FTIR supported spinel NiFe2Oa formation and association of
chitosan-derived functional groups; Scherrer analysis gave an apparent coherent-domain size of 16.5
nm, and TEM showed ferrite domains of approximately 16—21 nm. Adsorption measurements were
conducted at pH 7.0, close to the measured point of zero charge (pHp.c = 6.97). The contact-time
experiment yielded geep = 16.82 mg g!, whereas a separate six-point concentration series gave a
maximum directly measured 120-min uptake of approximately 47-48 mg g'. The Sips equation gave
the highest isotherm R? (0.989), although its fitted qn was treated as extrapolated rather than a measured
saturation capacity. The pseudo-second-order equation best described kinetics (R? = 0.994) without
identifying a unique rate-limiting mechanism. Finite-cluster DFT yielded Euis = —0.6069 eV and
supported possible hydrogen-bonding, electrostatic and ferrite metal-site contributions. NiFe:O@CS
therefore adsorbed CIP under single-solute batch conditions, but regeneration, magnetic separability,

leaching and real-water performance require experimental validation.

Keywords: Ciprofloxacin; Adsorption; Nickel ferrite; Chitosan; Magnetic nanocomposite; Wastewater

treatment

Introduction
Pharmaceutical residues from human and veterinary use are incompletely removed by conventional

wastewater treatment and enter surface waters through domestic, hospital, agricultural, aquaculture, and
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industrial discharges [1,2]. Antibiotics are particularly concerning because they can disrupt aquatic
organisms and microbial communities and may select for antimicrobial-resistance determinants [3—5].

Effective technologies are therefore needed to limit antibiotic release.

Ciprofloxacin (CIP), a widely used fluoroquinolone, is frequently selected as a model pharmaceutical
contaminant because of its extensive use, incomplete removal, and pH-dependent speciation [6,7].
Adsorption, photocatalysis, advanced oxidation, membrane separation, and solvent-assisted extraction
have been investigated for CIP removal [8,9]. Adsorption is attractive because it is operationally simple,
relatively energy-efficient, and compatible with diverse materials, although useful adsorbents must also

provide adequate uptake, stability, accessible binding sites, and convenient separation.

Chitosan (CS), a cationic biopolymer obtained by partial deacetylation of chitin, contains amino and
hydroxyl groups that interact with contaminants through electrostatic attraction, hydrogen bonding, and
complexation [10,11]. However, pH sensitivity, swelling or dissolution under acidic conditions, limited
mechanical stability, and difficult recovery restrict its practical use. Combining CS with inorganic
particles or carbonaceous materials can improve stability and separation while retaining its functionality
[12]. Chitosan-based Fe-Cu composites and graphene oxide beads have been used for CIP adsorption,
whereas chitosan-incorporated nickel ferrite has been studied for photocatalytic antibiotic degradation
[13—15]. Reviews still identify a need for clearer structure-performance relationships and realistic

validation [16,17].

Nickel ferrite (NiFe204) is a spinel oxide with inorganic stability and metal-oxygen surface sites; ferrite
composites may also permit magnetic separation when sufficient response is retained [18]. Combining
NiFe204 with CS could therefore provide complementary ferrite and polymer binding sites for CIP.
Magnetic chitosan adsorbents, biochar-magnetite composites, NiFe.Os/biochar, and cobalt
ferrite/chitosan systems have shown potential for antibiotic removal [19-23]. Nevertheless, direct dark
adsorption of CIP by NiFe.O./chitosan remains less explored, especially regarding surface-charge

context, concentration effects, kinetics, isotherms, and molecular interactions.

This study prepared a chitosan-modified nickel ferrite nanocomposite (NiFe:04@CS) for CIP adsorption
from water. NiFe.O4 nanoparticles were produced using a previously developed Foeniculum vulgare
seed-extract-assisted route [24] and combined with CS. XRD, XPS, SEM—EDS, TEM, and FTIR were
used for characterization; batch tests examined initial CIP concentration and contact time, and the point
of zero charge was determined. Selected kinetic and isotherm models described the adsorption data,
while density functional theory calculations supported interpretation of possible CIP—surface
interactions [25]. The study integrates experimental and molecular-level analysis while distinguishing

measured uptake from model-derived descriptors.
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Methods

Materials
Chitosan powder (molecular weight ~ 193—400 kDa; degree of deacetylation > 90%), nickel(II) nitrate
hexahydrate (Ni(NOs)2-6H20, >97%), iron(III) nitrate nonahydrate (Fe(NOs):-9H20, >98%),

ciprofloxacin (CIP, >98%), glacial acetic acid (=99.7%), sodium hydroxide (NaOH, >98%), and
hydrochloric acid (HCI, 37%) were purchased from Sigma-Aldrich and used as received. Deionized

water (18.2 MQ-cm) was used throughout.

Plant-extract-assisted synthesis of NiFe:O4 nanoparticles and NiFe:04@CS nanocomposite
An aqueous Foeniculum vulgare seed extract served as a plant-derived stabilizing/capping medium

during NiFe2Oa synthesis, following a previously reported route with minor adaptation [24].

Preparation of Foeniculum vulgare seed extract

Foeniculum vulgare seeds were washed, dried at room temperature, and coarsely ground. Ground seeds
(10 g) were stirred in 100 mL deionized water at 80 °C for 1 h. After cooling, the extract was filtered
through Whatman No. 42 paper, stored at 4 °C, and used in the subsequent synthesis.

Preparation of NiFe:O4 nanoparticles
NiFe:04 nanoparticles were prepared following Elamin et al. [24]. Ni(NOs)2:6H20 (14.5 g, =50 mmol)

and Fe(NOs)s-9H20 (40.4 g, ~100 mmol) were dissolved in 100 mL deionized water at 60 °C,
maintaining a Ni**:Fe*" molar ratio of 1:2. Seed extract (10 mL) was added slowly under stirring, and
the pH was adjusted to =10 with 1 M NaOH. The suspension was stirred at 80 °C for 2-3 h until a

brown precipitate formed.

The precipitate was centrifuged at 3000 rpm for 5 min, washed repeatedly with deionized water and
ethanol to near-neutral pH, and dried at 80 °C for 12 h. The precursor was calcined in air at 600 °C for 4

h (heating rate 5 °C min™'; natural furnace cooling) to obtain crystalline NiFe.O4 NPs.

Synthesis of NiFe:04@CS nanocomposite
NiFe:04@CS was prepared by ex situ chitosan deposition. Chitosan (250 mg) was dissolved in 20 mL

of 2% (v/v) aqueous acetic acid by sonication for 30 min at room temperature. NiFe2O4 NPs (250 mg)
were separately dispersed in 50 mL deionized water by ultrasonication for 30 min. The chitosan solution
was added dropwise to the dispersion under mechanical stirring, followed by probe sonication for 20
min (20 kHz, 700 W) and stirring at 60 °C for 3 h. The composite was precipitated by slowly adding 1
M NaOH and stirring for 1 h, then isolated by centrifugation (4000 rpm, 10 min), washed to near-neutral
pH, dried at 60 °C for 12 h, and heated at 120 °C for 2 h.
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Characterization techniques
The crystalline phases of chitosan, NiFe2O4 NPs, and NiFe.04@CS were examined by XRD using a

Tongda TD-3700 diffractometer with Cu Ka radiation (40 kV, 30 mA). Patterns were recorded over 20
= 10-80° at 2° min™" with a 0.02° step. Average crystallite size was estimated using the Debye—Scherrer
equation, D = KM/(PB cosB), where K, A, B, and 0 are the shape factor, X-ray wavelength, peak full width

at half maximum in radians, and Bragg angle, respectively.

Surface composition and oxidation states were analyzed by XPS using a Thermo ESCALAB 250Xi with
monochromated Al Ka radiation; binding energies were calibrated to C 1s at 284.8 eV, and high-
resolution Ni 2p, Fe 2p, O 1s, C 1s, and N 1s spectra were recorded. Morphology was examined by
SEM (MIRA3-LUM, 15 kV) after applying a 5-10 nm gold coating. SEM—EDS provided elemental
composition and Ni, Fe, O, C, and N maps. TEM was performed using a Philips EM 208S at 90 kV after
dispersing samples in ethanol and drop-casting them onto carbon-coated copper grids. FTIR spectra
before and after CIP adsorption were recorded by the KBr pellet method over 2004000 cm™ at 4 cm™

resolution.

Adsorption studies

Batch adsorption procedure and investigated parameters

CIP adsorption by NiFe:O4@CS was evaluated in batch mode. Unless otherwise stated, 100 mL
Erlenmeyer flasks containing 50 mL CIP solution were shaken at 150 rpm and 25 + 1 °C. The flasks

were protected from light for dark adsorption tests.

At predetermined intervals, aliquots were centrifuged at 4000 rpm for 10 min, and residual CIP was
measured by UV—Vis spectrophotometry at 275 nm. A calibration curve was prepared with fresh
external standards within the validated linear range; samples above this range were diluted, and dilution

factors were included in the concentration calculations.

The equilibrium adsorption capacity, q., and removal percentage, R (%), were calculated using the

following equations:

(Co — C)V

qe = ——*— (1

Co—C
R(%) = G=C) o 140 )
Co
In the above equations, Co and C. (mg L") represent the initial and equilibrium or endpoint CIP

concentrations, respectively. V (L) is the solution volume, and m (g) is the mass of dry adsorbent used.

All adsorption experiments were performed in triplicate, and plotted values represent the means.

4
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The point of zero charge (pHp.c) of NiFe204@CS was determined by the pH-drift method over an initial-
pH range of 2.0-12.0. The measured pHp,c was 6.97. The adsorption experiments reported below were

conducted at an initial pH of 7.0, close to pHp.c and within the zwitterionic speciation range of CIP.

Adsorption Kinetics

The effect of contact time on CIP adsorption was examined over 0—1440 min under the specified
experimental conditions: initial CIP concentration =20 mg L', initial pH = 7.0, temperature = 25 + 1
°C, agitation speed = 150 rpm, solution volume = 50 mL, and adsorbent mass = 15 mg. The amount of
CIP adsorbed at time t was calculated as q; = [(Co — C;)V]/m, where C; is the residual concentration at
time t. The kinetic data were analyzed using pseudo-first-order, pseudo-second-order, and Elovich

models to describe the uptake profile and evaluate possible rate-controlling features.

Adsorption isotherm studies

Adsorption isotherm experiments were carried out at nominal initial CIP concentrations of 2.5, 5, 10, 25,
50, and 100 mg L' under the following conditions: initial pH = 7.0, contact time = 120 min,
temperature = 25 + 1 °C, solution volume = 50 mL, agitation speed = 150 rpm, and adsorbent mass = 20
mg. The residual CIP concentration after adsorption was measured by UV—Vis spectroscopy, and the
corresponding adsorption capacity was calculated from the mass-balance equation. The concentration-
dependent adsorption data were fitted using Langmuir, Freundlich, Temkin, and Sips isotherm models.
The directly observed uptake within the measured concentration range and the fitted model parameters
are distinguished in the Results section to avoid treating extrapolated model capacities as experimentally

measured maximum capacities. Model fitting was performed using nonlinear least-squares regression.

Computational details

Density functional theory (DFT) and time-dependent density functional theory (TD-DFT) calculations
were performed to optimize the selected model structures and estimate electronic descriptors related to
CIP interaction with the NiFe:O4@CS model. The ground-state geometries were optimized using the
CAM-B3LYP functional with the LanL.2DZ basis set and Grimme D3(BJ) dispersion correction in
Gaussian 16 [26-30]. The calculations were conducted using finite molecular/cluster models of
stoichiometric NiFe2O4 unit, a glucosamine-type chitosan fragment, ciprofloxacin in a net-neutral
(zwitterionic/near-isoelectric) form, and their corresponding adducts. The CS and CIP models were
treated as singlets, whereas the NiFe.Os-containing models were initialized in a ferrimagnetic

arrangement and optimized in an overall triplet state.

Because finite molecular/cluster models were used, the calculated frontier-orbital separations, charge
distributions, and work-function-related descriptors were interpreted as model-level indicators rather

than experimental bulk band gaps or direct macroscopic thermodynamic quantities. Unless otherwise

5
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stated, solvent, entropy, and concentration effects were not fully included. Frontier molecular orbital

energies and global reactivity descriptors were calculated using the following equations [31,32]:

AE;_y = Erumo — Enomo 3)
(Enomo + Erumo)
= 4
: @
(ELumo — Enomo)
= 5
. ©
IP = —Exomo (6)
EA = —Er ymo ()
_ (EA+1P)
= ®)
1
§== 9)
n
2
u
-2 1
=5 (10)

where AEL-H is the HOMO-LUMO energy separation, L is the electronic chemical potential, n is the
chemical hardness, IP is the ionization potential, EA is the electron affinity, y is the electronegativity, S

is the global softness, and o is the electrophilicity index.

The adsorption energy of CIP on the NiFe:04@CS model was calculated using:

Eqas = Enire,0,@cs-cip — (Enire,0,@cs T Ecip) (11)

Within the selected finite-cluster model, a negative E.q indicates an energetically favorable adsorbate—
adsorbent interaction. However, this value was interpreted only as a model-level interaction energy and
not as direct proof of macroscopic spontaneity or exothermicity under aqueous batch adsorption

conditions, because solvent and entropy contributions were not fully represented.

A work-function-related descriptor was also calculated to compare the relative electronic response of
NiFe:0a4 toward CS and of NiFe:04@CS toward CIP interaction within the selected computational

model. This descriptor was calculated as:

P = Vel(+oo) — Efy, (12)
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where Vvac represents the electrostatic potential of an electron at a significant distance from the model
surface. In this work, Vvac was assumed to be zero; therefore, the work-function-related descriptor is

equal to the negative value of the Fermi energy level, EFL. The Fermi energy level was estimated as:

Exomo + Erumo (13)

Evi =
FL 2

The calculated descriptors were used only to support the interpretation of possible CIP-NiFe:O+@CS
interactions and were not treated as direct experimental measurements of electronic, sensing, or

thermodynamic performance.

Use of Al-assisted tools

ChatGPT (OpenAl) was used for language editing, condensation, organization, and journal-format
checking. The authors reviewed and verified all Al-assisted edits and take full responsibility for the

manuscript. No Al tool was used to generate, alter, or analyze research data or primary research images.

Results and discussion

Characterization of NiFe:O4@CS nanocomposite

XRD analysis

Fig. 1 compares the XRD patterns of CS, NiFe:04, and NiFe04@CS. CS showed maxima at 20 =
10.28° and 20.14°, assigned to the (020) and (110) planes, with d-spacings of 0.8598 and 0.4405 nm,
respectively; these features are consistent with hydrated, hydrogen-bonded chitosan [33-35]. NiFe:O4
exhibited the spinel reflections of JCPDS No. 10-0325 at 18.50° (111), 30.38° (220), 35.64° (311),
37.30° (222), 43.54° (400), 54.10° (422), 57.46° (511), 62.08° (440), 75.29° (533), and 79.58° (622),

consistent with previous reports [36-38].

In NiFe:04@CS, the ferrite reflections were retained, while the CS maxima shifted to 10.84° and
20.30°. Several ferrite peaks weakened and shifted slightly to higher angles; for example, the (311)
reflection moved from 35.64° to 35.80°. These changes may reflect interfacial interactions, microstrain,
or local disorder, but do not establish lattice contraction without whole-pattern refinement or strain
analysis [39]. The (311) FWHM increased from 0.3951° to 0.5062°, and the Scherrer-estimated size
decreased from 21.31 nm for NiFe2Oa4 to 16.5 nm for NiFe:O4@CS. Because Scherrer analysis does not
separate size, strain, and instrumental broadening, these values are apparent coherent-domain sizes. The

coexistence of spinel and chitosan features supports composite formation [40].

XPS analysis
XPS confirmed Ni, Fe, O, C, and N at the NiFe:04@CS surface (Fig. 2a). In the high-resolution spectra,

Fe 2ps/» and Fe 2pi/2 appeared at 710.8 and 724.6 eV, with satellites at 718.5 and 732.8 eV (Fig. 2¢). O

7
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Is components at 529.7, 531.4, and 532.9 eV were assigned to M—O, O=C-N, and C-OH/C-O-C
environments; C 1s peaks at 284.7, 286.3, and 288.2 eV to C—C/C—H, C—O/C-N, and O=C—0/O=C—N;
and N 1s peaks at 399.5, 400.1, and 401.9 eV to N-H/C-N, O=C-N, and protonated amine (NHs")
environments, respectively (Fig. 2d—f) [41].

The combined ferrite-related Ni/Fe/O signals and chitosan-related C/N functionalities provide surface-
chemical evidence of composite formation, but do not by themselves prove a continuous or uniformly

thick chitosan coating.

SEM-EDS and TEM analysis
SEM images (Fig. 3a—) showed ferrite nanoparticles distributed within the chitosan matrix. TEM

revealed visible NiFe.Os domains of about 16-21 nm (Fig. 3d), consistent with the XRD-derived
apparent size. The images indicate close ferrite—chitosan contact but do not permit quantitative

determination of coating thickness.

EDS of the mapped region detected Fe, Ni, O, C, and N (Supplementary Fig. S1), with approximate
contents of 51.2, 25.9, 16.1, 6.0, and 0.8 wt%, respectively [42]. Because EDS is less precise for low-
concentration light elements, particularly N, the C/N values are semi-quantitative. Broadly overlapping

elemental maps support composite formation without establishing exact homogeneity [43].

Ciprofloxacin adsorption performance

Concentration-dependent CIP adsorption

The 120-min adsorption capacity increased with residual CIP concentration (Fig. 4a), consistent with a
stronger concentration gradient and mass-transfer driving force [44]. The directly measured uptake
reached about 47-48 mg g! at the highest plotted concentration. This observed value is distinct from the

fitted isotherm-capacity parameters discussed in the adsorption-isotherm analysis.

Point of zero charge and selected adsorption pH

Fig. 4b shows that the pH-drift profile crossed zero at pHp,c = 6.97. CIP is predominantly cationic below
pKal = 5.9 (-COOH and >NH."), zwitterionic between pKal and pKa2 = 8.9 (-COO™ and >NH:"), and
anionic above pKa2 (—COO™~ and >NH) [20,45]. The NiFe:04@CS surface is expected to be more
positively charged below pHp,. and more negatively charged above it because of protonation and

deprotonation of chitosan -NH>/—~OH groups and ferrite surface hydroxyls [46].

At the operating pH of 7.0, which is close to pHp.c, zwitterionic CIP can adopt favorable orientations
toward mixed protonated and deprotonated surface sites. Its carboxylate and protonated amine groups
may participate in complementary electrostatic interactions, while carbonyl, carboxylate, and amine

groups can form hydrogen bonds with chitosan —-OH/~NH. groups [47-49]. This surface-charge context
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is consistent with several possible interaction modes, but the proximity of pH 7.0 to pH,.. does not by

itself establish an experimentally optimized adsorption pH.

Effect of contact time

Fig. 4c shows rapid initial uptake, reaching about 15-16 mg g! within 60 min, followed by a slower
approach to approximately 16.8—17.2 mg g™' after extended contact. The early stage is consistent with
abundant accessible sites and a high concentration gradient, whereas subsequent slowing reflects site
occupation and possible diffusion or surface-rearrangement effects [50]. The plateau value was used as
geexp for Kinetic fitting; therefore, the contact-time results are discussed in terms of uptake capacity

rather than removal percentage.

Adsorption isotherms
The concentration-dependent CIP data were fitted with Langmuir, Freundlich, Temkin, and Sips models.

Langmuir represents monolayer adsorption on equivalent sites:

_ quLCe
e =11 K,C, (14)
1
(15)

R, =—7F7——7—<

T +K.C)
KL is the affinity constant; qm the fitted monolayer capacity; Ce and CO the equilibrium and initial
concentrations; and RL the separation factor. Values of 0 < RL < 1 indicate favorable adsorption [51].

Freundlich represents adsorption on heterogeneous surfaces:

Ge = KeCo'" (16)
KF and 1/n denote capacity and adsorption intensity, respectively; 0 < 1/n < 1 indicates favorable
adsorption [52].

Temkin assumes that adsorption heat decreases linearly with surface coverage:

RT
qe = b ln(kTCe) (17)
T

kT is the binding constant, BT = RT/bT, R the gas constant, and T the absolute temperature; BT has

units of mg g—1.

Sips combines Freundlich-type behavior at low concentration with a Langmuir-type limit at high

concentration:
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de =

— AmBsre 18
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KS, n, and gm denote affinity, heterogeneity, and fitted limiting capacity, respectively.

Sips gave the highest R? (0.989), followed closely by Freundlich (0.986) and Langmuir (0.978); Temkin
was lower (0.931) (Fig. 5a; Table 1). The close Sips and Freundlich fits suggest surface heterogeneity

but do not establish a unique adsorption mechanism.

The fitted Sips qm,fit (288.33 mg g—1) greatly exceeded the directly observed 4748 mg g—1. The
measured uptake is therefore the experimentally supported capacity; qm,fit is an extrapolated parameter
requiring uncertainty and residual analysis and higher-concentration data before cross-study

comparison.

Adsorption kinetics
Time-dependent CIP adsorption on NiFe.04@CS was fitted with nonlinear pseudo-first-order (PFO),

pseudo-second-order (PSO), and Elovich equations (Fig. 5Sb; Supplementary Table S1), used as
empirical descriptors of the uptake profile under the tested conditions [53]. The PFO equation is [54]:

qr = q.(1 —e~at) (19)

where . and q; (mg g') are the amounts adsorbed at equilibrium and time t (min), respectively, and ki

(min') is the PFO rate constant.

PFO gave R?=0.951 and a fitted q. of 16.25 mg g, close to the experimental value of 16.82 mg g*,
but fitted less well than PSO. The nonlinear PSO equation is:

t kzqg

- =t 2
kyq.t +1 (20)

q:

where k2 (g mg™' min') is the PSO rate constant.

PSO gave the highest R? (0.994) and a fitted q. of 17.59 mg g™, close to the experimental value. It
therefore best described the measured data. However, PSO agreement does not prove a purely
chemisorption-controlled mechanism; the reasonable PFO fit also allows contributions from physical

adsorption, diffusion, and surface heterogeneity [55].
The Elovich equation for adsorption on heterogeneous surfaces is:
1

q: = 5 In(aft + 1) (21)

10
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where o (mg g! min™") is the initial adsorption rate and B (g mg™) relates to desorption, surface

coverage, and activation energy.

Elovich gave R? = 0.825 and was least suitable. Overall, kinetic fitting supports PSO as the best
empirical model, but mechanistic interpretation must also consider the surface-charge/speciation

context, FTIR changes, and DFT-supported interactions.

FTIR spectra analysis and adsorption mechanism
Fig. 6 compares the FTIR spectra of NiFe:04@CS, CIP, and CIP-loaded NiFe.O4@CS. After

adsorption, the broad 3200-3500 cm™ O—H/N-H band shifted and changed intensity, supporting

involvement of chitosan hydroxyl and amine groups in hydrogen bonding [56].

Changes near 1600 cm™' and within 1400—1500 cm™ are consistent with overlapping amide/N—H,
carbonyl/carboxylate, aromatic-ring, and amine vibrations. Perturbations in the 500-800 cm™ region,

where ferrite metal-oxygen modes occur, also suggest possible participation of ferrite surface sites [57].

Together with the pHp.c measurement and the surface-charge/speciation context at pH 7.0, these shifts
support a proposed multi-interaction mechanism involving hydrogen bonding, electrostatic attraction,
and possible coordination-like contacts between CIP O/N donor groups, chitosan —-OH/~NH: groups,
and ferrite metal-oxygen sites [14]. Because FTIR shifts are not uniquely diagnostic, this interpretation

is evaluated alongside the DFT results.

DFT investigation

Structural optimization and stability

The optimized finite-cluster geometries of NiFe:04, CS, CIP, NiFe:04@CS, and NiFe.0s@CS—CIP are
shown in Fig. 7. All structures converged at the CAM-B3LYP/LanL.2DZ-D3(BJ) level; the RMSD
values in Supplementary Table S2 indicate numerical convergence within the selected models, not
validation of bulk NiFe.Oa. Chitosan association rearranged metal-oxygen sites and -OH/-NH: groups,

and CIP binding produced further local adjustment at the hybrid interface [58].

Vibrational analysis: IR and Raman spectra

Simulated IR and Raman spectra (Supplementary Fig. S2) qualitatively support the experimental FTIR
interpretation. Low-frequency modes arise mainly from ferrite metal-oxygen vibrations, whereas mid-
frequency modes include chitosan -NH, —OH, and C—O contributions. CIP association shifted and
changed C=0, C—F, and N-H modes, consistent with hydrogen bonding and electrostatic or
coordination-like interactions. Because finite models were used, the spectra are not treated as direct

reproductions of the solid-state measurements.
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Charge distribution and electrostatic potential

Mulliken charges (Supplementary Fig. S3) show electron-density redistribution after formation of
NiFe:04@CS and after CIP association. As these charges are basis-set dependent, they are used
qualitatively. CIP O and N atoms appear as potential donor sites, consistent with the ESP maps
(Supplementary Fig. S4), which locate electron-rich regions around O/N groups and electron-deficient

regions near metal centers and protonated chitosan sites [59].

Noncovalent interaction (NCI) analysis

The NCI plots (Supplementary Fig. S5) show green isosurfaces between CIP and NiFe:04@CS,
indicating weak attractive dispersion/van der Waals contacts, and blue—green regions associated with
stronger local attraction, including hydrogen bonding. Limited red signal in the interaction zone
indicates little steric repulsion in the optimized configuration. The results therefore support multiple

noncovalent contacts rather than a single binding mode [60].

Frontier molecular orbitals and electronic properties

FMO maps (Supplementary Fig. S6) show that NiFe.Oa frontier orbitals are concentrated on metal—
oxygen regions and extend partly toward chitosan after composite formation. In NiFe:04@CS—CIP, the
HOMO is mainly associated with the organic components, whereas the LUMO includes ferrite
contributions. The HOMO-LUMO separation decreased from 5.98 to 4.84 eV after CIP association
(Supplementary Table S2), demonstrating perturbation of the finite-cluster electronic structure. These
values are cluster-orbital descriptors, not experimental bulk band gaps or evidence of enhanced

semiconductor performance [61].

Global chemical reactivity descriptors

Global reactivity descriptors (Supplementary Table S3) show the same trend: hardness decreased from
2.99 to 2.42 eV and softness increased from 0.334 to 0.413 eV after CIP association, suggesting
greater model polarizability. Changes in chemical potential, electronegativity, and electrophilicity
further indicate altered donor—acceptor character. These descriptors compare the selected structures and

are not direct thermodynamic measurements [62].

Adsorption energy and model-level binding favorability

The adsorption energy, E.is = —0.6069 eV (Supplementary Table S2), indicates favorable CIP
association within the finite-cluster model and is consistent with hydrogen-bonding, electrostatic,
dispersion, and possible coordination-like contacts. Because explicit solvent, entropy, and concentration
effects were not fully included, it does not establish macroscopic spontaneity or exothermicity in the

aqueous batch system.
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Work-function-related descriptor and surface reactivity

The work-function-related descriptor decreased from 5.65 to 4.92 eV after CIP association
(Supplementary Table S2), indicating electronic-density redistribution in the optimized model. This
calculated change may guide future electrochemical studies but does not demonstrate experimental CIP

sensing.

Optical properties: simulated UV—visible absorption

Simulated UV—visible spectra (Supplementary Fig. S7) show red-shifted transitions after chitosan
modification and CIP association, consistent with increased electronic coupling in the finite model.
These shifts are computational descriptors and do not demonstrate a bulk optical band-gap reduction

[63].

Structure-property-adsorption relationships

Experimental characterization supports formation of a chitosan-modified ferrite containing O- and N-
bearing groups. The adsorption experiments were conducted at pH 7.0, close to the measured pHp,c,
where zwitterionic CIP can interact with mixed surface sites. The DFT models complement these

observations by showing charge/orbital redistribution and noncovalent contacts after CIP association.

Together, the evidence supports a proposed mechanism involving hydrogen bonding, electrostatic
attraction, dispersion, and possible coordination-like contacts among CIP O/N groups, chitosan —OH/—

NH: groups, and ferrite metal-oxygen sites.

The calculations remain finite-model descriptors; claims concerning bulk band gaps, sensing, magnetic

recovery, regeneration, leaching stability, or real-water performance require dedicated experiments.

Conclusion

In this work, a chitosan-modified nickel ferrite composite (NiFe:O4@CS) was prepared through a
Foeniculum vulgare seed-extract-assisted ferrite synthesis followed by chitosan incorporation, and its
CIP uptake was examined under batch conditions. XRD verified the spinel NiFe.Os phase, while XPS,
FTIR, SEM/TEM, and EDS collectively supported formation of a chitosan-modified ferrite composite
containing oxygen- and nitrogen-bearing surface groups. These results support composite formation
rather than proving a uniform core—shell coating. Scherrer analysis gave an apparent crystallite-size
estimate of about 16.5 nm after composite formation; this value should be interpreted as an XRD peak-
broadening-derived estimate rather than direct evidence of physical particle shrinkage. The measured
pHpzc of the composite was 6.97, and adsorption measurements were conducted at pH 7.0. The contact-
time experiment approached an experimental uptake of 16.82 mg g' under the kinetic-test conditions,

whereas the six-point concentration-dependent 120-min endpoint experiment reached a highest directly
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measured uptake of about 4748 mg g within the tested range. The kinetic data were best represented
by the pseudo-second-order equation, indicating that surface-site availability and interaction processes
strongly influenced the uptake profile, although this empirical model alone does not prove a unique
chemisorption mechanism. Isotherm fitting gave the highest R? value for the Sips model, suggesting that
this heterogeneous-site equation described the endpoint data better than the tested alternatives. However,
the fitted Sips gz value should be treated as a model-derived extrapolated parameter, not as a directly
measured maximum adsorption capacity. FTIR shifts and DFT calculations supported a multi-
interaction adsorption mechanism involving hydrogen bonding, electrostatic contributions, and possible
coordination-like contacts among CIP functional groups, chitosan —-OH/~NH: groups, and ferrite metal—
oxygen sites. The DFT adsorption energy of —0.6069 eV indicates favorable binding for the selected
finite-cluster model, but it should not be interpreted as complete thermodynamic proof of experimental
spontaneity or exothermicity. Overall, NiFe:O4@CS is a promising ferrite-biopolymer adsorbent
candidate for CIP removal under the tested single-solute batch conditions. Further work should include
uncertainty quantification and model confidence intervals, parent-material controls using CS, NiFe2Oa,
and physical mixtures, as well as regeneration, magnetic recovery, leaching/stability, and real or

simulated wastewater tests before practical application claims are made.

Data availability
The datasets generated and/or analyzed during the current study are available from the corresponding

author on reasonable request.
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Figure legends
Figure 1. X-ray diffraction patterns of the constituent materials and nanocomposite. Patterns are shown for
chitosan (CS), NiFe:04, and NiFe:0.@CS.

Figure 2. X-ray photoelectron spectra of NiFe204@CS. (a) Survey spectrum and high-resolution spectra of (b) Ni
2p, (¢) Fe 2p, (d) O 1s, (e) C 1s, and (f) N 1s.

Figure 3. Electron microscopy of NiFe:0O4@CS. (a—c) Scanning electron micrographs and (d) a transmission
electron micrograph with representative particle/domain measurements.

Figure 4. Batch adsorption measurements for NiFe:04@CS. (a) Concentration-dependent 120-min endpoint
uptake, (b) pH-drift determination of the point of zero charge, and (c) the contact-time uptake profile. Symbols
show mean values from three replicate experiments (n = 3).
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595  Figure 5. Nonlinear isotherm and kinetic fits for CIP adsorption by NiFe.0.@CS. (a) Isotherm models fitted to
596  the 120-min concentration-dependent endpoint data and (b) kinetic models fitted to the contact-time data. Symbols
597  show mean values from three replicate experiments (n = 3).

598  Figure 6. FTIR spectra before and after CIP adsorption. Spectra are shown for NiFe.0.@CS, ciprofloxacin (CIP),
599  and CIP-loaded NiFe:04@CS.

600  Figure 7. Optimized finite-cluster geometries used in the DFT calculations. Structures are shown for NiFe:Oa, CS,
601 CIP, NiFe204@CS, and NiFezo4@CS*CIP.

602  Tables
603 Table 1. Nonlinear isotherm-model parameters for the 120-min concentration-dependent CIP adsorption data.
Equilibrium model Parameter Value
Langmuir gm (mg g™) 72.16
Langmuir K, (L mg™) 0.02
Langmuir R? 0.978
Freundlich 1/n 0.57
Freundlich Kr[mg g™ (L mg)""] 3.92
Freundlich R? 0.986
Temkin Br(mgg™) 10.21
Temkin Ky (L mg™) 0.72
Temkin R? 0.931
Sips Gmfie (Mg g™") 288.33
Sips Ks (L mg™?) 9.61
Sips n 0.63
Sips R? 0.989
604 Note: The fitted Sips gm s is an extrapolated model parameter and should not be treated as a directly measured maximum

605  capacity without uncertainty and residual analyses.
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