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Abstract: We developed a novel composite hydrogel bead (CS@UiO-66-NH:@rGO)
by promoting the in situ crystallization and stabilization of UiO-66-NH. within a dual-
network framework composed of chitosan (CS) and reduced graphene oxide (rGO).
The developed adsorbent exhibits pronounced affinity toward norfloxacin (NOR) and
tetracycline (TC), enabling simultaneous and high-capacity uptake under both mono-
component and coexisting pollutant conditions. Batch adsorption results revealed that
the prepared beads maintained outstanding removal capability across a wide pH
spectrum, with maximum adsorption efficiency observed under mildly acidic
conditions. Langmuir isotherm analysis yielded monolayer adsorption capacities (qm)
of 511.78 mg-g™' for TC and 320.67 mg-g' for NOR. The adsorption behavior of both
antibiotics was more accurately described by the pseudo-second-order (PSO) kinetic
equation and the Langmuir model, as evidenced by the superior correlation coefficients
obtained from data fitting. The adsorption mechanism can therefore be attributed
predominantly to chemisorptive interactions occurring at energetically homogeneous
active sites, consistent with a monolayer adsorption pattern. Even after undergoing five
consecutive regeneration cycles, the material preserved most of its removal efficiency,
demonstrating remarkable structural stability and reusability. Under binary conditions,
the hydrogel beads achieved removal efficiencies of 92.5% for TC and 82.8% for NOR
at pH 6.5, demonstrating their pronounced synergistic performance in treating mixed
contaminant systems. In addition, in a simulated fixed-bed continuous-flow system
suitable for practical application, when the breakthrough point (C = 1 mg-L™") was used

as the criterion, the cumulative treated volumes reached 420 mL for TC and 380 mL



for NOR, respectively, indicating a stable potential for continuous treatment.
Comprehensive structural and surface analyses suggest that TC and NOR uptake is
driven by multiple interactive pathways, including occupation of internal pore domains,
aromatic m-electron interactions, hydrogen-bond formation, and metal-ligand
coordination involving Zr active centers.
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1. Introduction

NOR and TC have been extensively applied in human medicine and livestock
production owing to their high therapeutic efficacy, relatively low toxicity, and broad-
spectrum activity (Gaballah et al., 2023; Gaspari et al., 2024; Kweon et al., 2025).
However, the absorption efficiency of antibiotics in animals is generally low, and
approximately 70-90% of the administered dose is excreted as parent compounds or
active metabolites, which constitutes a significant source of antibiotic contamination in
the environment (Haenni et al., 2022; Larsson & Flach, 2022). Recent monitoring
studies have detected NOR and TC in livestock and poultry manure from Austria, China,
Germany, Belgium, and other countries (Frey et al., 2022; F. Guo et al., 2025; Ram &
Kumar, 2020; Treskova et al., 2022). They are global environmental contaminants. The
pollutants reach the soil and water medium mainly through the application of manures
as fertilizers, and the run-off during rains makes microbes resistant to antibiotics, upsets
the ecological balance, and may even pose serious environmental and public health

risks such as the development of “superbugs' (Adebisi, 2023; Serwecinska, 2020).



Rapid approaches with high efficiency are needed to tackle the problem of the
persistence of antibiotic residues in terrestrial and aquatic ecosystems (Zhaomeng Wu
et al., 2025).

In the past few decades, there have been studies on various material systems with
different physicochemical properties that help treat antibiotics (de Ilurdoz et al., 2022;
Samrot et al., 2023). Among the treatment technologies, adsorption shows great
potential in antibiotic removal owing to its operational simplicity, low energy
consumption, non-generation of secondary by-products, and relative ease of
engineering application (Deng et al., 2025; Stylianou et al., 2021).The functional
materials are designed on various structural platforms by altering the mechanism of
interaction with fluoroquinolone and tetracycline contaminants (D. Liu et al., 2023; F.
Zhang et al., 2023; X. Zheng et al., 2024). However, the high affinity of most of these
functionalized materials is determined by contaminants, say either fluoroquinolone or
tetracycline. Even though some reports have shown that iron-based trimetallic metal—
organic frameworks (MOFs) can simultaneously remove TC and NOR from water, the
development of high-performance adsorbents capable of 'dual-function removal with a
single material' is seldom seen (Noori Keshtkar et al., 2025; Wei et al., 2023). This has
significantly limited their practical application in the case of combined pollution
scenarios (Gao et al., 2024). In this context, bead-type adsorbents not only enhance
material operability and separability but also improve adsorption stability over a wide
pH range, offering superior environmental adaptability compared with photocatalytic

materials, which typically exhibit high efficiency only under neutral conditions



(Abdullah et al., 2025). Meanwhile, modified biochar materials generally show limited
adsorption capacity toward TC (L. Zhang et al., 2025). Overall, the development of an
efficient, acid-alkali-resistant, easily separable, and bifunctional composite bead
adsorbent is of critical importance for the synergistic remediation of antibiotic co-
contamination and provides new insights into the design of green and high-efficiency
pollution control materials (Chai et al., 2022).

MOFs have attracted considerable attention in environmental pollution control owing
to their tunable structures and high porosity (Cai et al., 2021). Among them, UiO-66-
NH: has emerged as a representative MOF due to its excellent water stability, making
it particularly suitable for the adsorption of aqueous pollutants (Sun, 2025). Due to their
adjustable coordination architectures and abundant internal void space, MOFs offer
many active sites and structural flexibility, making them excellent materials for
removing diverse organic pollutants (He et al., 2021; N. Li et al., 2024). Some studies
have reported MOFs with high antibiotic adsorption, such as UiO-66-NH., which has
an adsorption capacity for NOR in water of up to 222.5 mg-g' (H.-M. Zhang et al.,
2024). However, powder MOFs have several inherent disadvantages, including small
particle size, easy dispersion, difficult recovery, and secondary pollution, which
severely limit their engineering applications (Cheng et al., 2020; R. Li et al., 2023). The
embedding of MOFs into a CS matrix overcomes these drawbacks and yields composite
beads with excellent mechanical strength, easy separation, recyclability, and

environmental compatibility (Abdalkarim et al., 2025).



CS is a biopolymer that is abundantly available in nature, highly biocompatible, and
biodegradable (Sathiyaseelan et al., 2025). Because of its green properties and low cost,
it has been widely used in the preparation of adsorbent materials. It is particularly
suitable for use as a supporting matrix for composite beads (Musarurwa & Tavengwa,
2022a). Various studies have shown that CS-based aerogels and hydrogels have good
performance properties for the removal of antibiotics (Bento et al., 2025; Q. Liu et al.,
2025).For instance, ZIF-67 hydrogel beads were prepared, showing a maximum
adsorption capacity of 94.71 mg g™' for ofloxacin and TC, indicating good potential for
fluoroquinolone removal (H. Yang et al., 2024). The hydrogel network can quickly
swell in aqueous solution and provide a large number of active functional groups,
thereby improving the binding capacity for pollutants (Weerasundara et al., 2021);
however, over-swelling can significantly reduce mechanical strength, especially in
natural biopolymer matrices (Calderon Moreno et al., 2025). To overcome this problem,
graphene materials have recently been used because of their excellent self-gelation
properties (Xiong et al., 2020). The addition of rGO can significantly improve the anti-
swelling behavior and mechanical strength of hydrogels, enabling their application in
continuous-flow systems, such as fixed beds, and thereby expanding their engineering
applicability (Yue et al., 2023). Moreover, the rich oxygen-containing functional groups
on the surface of rGO can provide hydrogen bonding and n—n stacking interactions,
thereby markedly enhancing the adsorption capacity for antibiotics containing aromatic
rings (Carrales-Alvarado et al., 2020; Yao et al., 2020). Therefore, the addition of rGO

into the CS matrix can greatly improve the structural rigidity of the biopolymer matrix



while also creating a strong three-dimensional scaffold that can provide controlled
nucleation and uniform crystallization of UiO-66-NH: in the hydrogel matrix (Y. Guo
et al., 2025; Mi et al., 2025).

The objectives of this research were to synthesize CS@UiO-66-NH2@rGO
composite beads for efficient removal of NOR and TC and to comprehensively
investigate their application potential in single-solute, coexisting-solute, and
continuous-flow systems. The objectives were as follows: (1) to evaluate the influence
of solution acidity, starting dosage, thermal conditions, and simultaneous inorganic ions
on the adsorption performance; (2) to explore the rate-controlling steps, site occupation,
and energy variation trends by fitting kinetic, isotherm, and thermodynamic models; (3)
to use multiscale characterization methods to compare the differences in material
structure and surface chemical environments before and after adsorption, and to explore
the adsorption mechanism; (4) to investigate the synergistic adsorption capacity and
competitive effects in NOR-TC coexisting systems; (5) to investigate the stability and
dynamic removal capacity of the beads as fixed-bed packing materials in continuous-
flow systems; and (6) to comprehensively investigate reusability and feasibility by
conducting cyclic regeneration experiments.

2. Materials and methods

CS, characterized by a deacetylation level exceeding 95% and a viscosity range of 100—
200 mPa-s, glacial acetic acid, ethanol, and NOR (C:isH1sFN3Os, >98%) were purchased
from Adamas. The reagents employed included TC (C22H2aN20gs, purity >98%), ZrCla

(purity >99%), anhydrous DMF, and H.BDC-NH: (>98%), which were utilized as the



metal precursor and organic linker for MOF synthesis, and rGO (>99%) was obtained
from Aladdin. The solution pH was regulated using dilute HC] and NaOH solutions. To
simulate ionic interference, NaCl and CaCl: were introduced as background electrolytes
for the preparation of competing ion systems. Methanol, ethanol, and acetonitrile were
utilized in desorption and regeneration experiments. Nitrogen gas (N2, >99.999%) was
used for Brunauer—-Emmett—Teller (BET) analysis, and potassium bromide (KBr) was
used for Fourier transform infrared (FTIR) pellet preparation. High-purity water with a
specific resistance of 18.2 MQ-cm was used to prepare all liquid samples. Stock
solutions of NOR and TC (1000 mg-L™") were prepared in advance, stored in amber
bottles at 4 °C in the dark, and diluted to the desired working concentrations before use
(H. Yang et al., 2024). All reagents were used as received, according to the specified
grades, without further purification unless otherwise stated.

2.2. Preparation of CS, CS@UiO-66-NH:, and CS@UiO-66-NH@rGO

In this study, composite beads were prepared using a “bead formation and solidification
followed by solvothermal in situ growth” strategy. At the outset, 70 mL of 1% (w/v)
acetic acid was used as the solvent, into which 1.50 g of CS was gradually added under
constant magnetic stirring until a homogeneous, transparent solution was obtained.
Subsequently, 2.33 g of ZrCls was added to the system and stirred constantly to ensure
complete incorporation into the polymer matrix. Meanwhile, 30 mg of rGO was
dispersed in 30 mL of deionized water and ultrasonicated for 30 minutes to form a stable
suspension, which was then added dropwise to the CS-ZrCls solution with mechanical

stirring until a uniform precursor solution was formed. The precursor solution was then



slowly added to 300 mL of 1.0 M NaOH solution under continuous stirring, at which
point rapid gelation occurred, forming spherical beads. At the same time, Zr*+ ions
underwent hydrolysis and precipitation due to the alkaline environment, forming
Zr(OH)s, which was then immobilized in the CS matrix to form the
CS@Zr(OH)4@rGO composite intermediate beads. After completion of the dropwise
addition, stirring was continued at room temperature for 5 hours to allow for
solidification and stabilization of the structure, followed by thorough washing with
deionized water until the eluate was neutralized.

For comparison purposes, two control samples were also synthesized: (1) CS beads,
which were synthesized under the same conditions but without the addition of ZrCly
and rGO; and (2) Zr(OH)s-coated CS beads (Zr(OH);@CS), which were synthesized
under the same conditions but without rGO. Subsequently, the Zr(OH)4@CS and CS
beads were separately soaked in 60 mL of N, N-dimethylformamide (DMF) solution
containing 1.82 g of 2-aminoterephthalic acid (H2BDC-NH2), and the mixture was
allowed to stand at 100 °C for 24 h to facilitate the nucleation and crystallization of
UiO-66-NH; on the surface of the beads. After the reaction, the beads were washed
three times with deionized water to remove any unreacted ligands and solvent. Finally,
the beads were freeze-dried to retain their porous structure. For ease of discussion in
the following sections, the synthesized samples are referred to as CS, CS@UiO-66-
NHz, and CS@UiO-66-NH>@rGO.

2.3. Structural analysis



The microstructural features and surface characteristics of the prepared composites
were characterized using a Nano SEM-450 instrument (FEI, USA), enabling detailed
observation of their morphology as well as assessment of elemental dispersion and
compositional features. FTIR (Vertex70; Bruker, Germany) was employed to identify
functional groups in the CS@UiO-66-NH>@rGO composite; measurements were
performed using the KBr pellet method, in which sample powders were mixed with
KBr at a mass ratio of 1:100 (m/m) and scanned over the wavenumber range of 4000—
400 cm™. The crystalline phases of the composite beads were examined by XRD (D8
ADVANCE A25, Bruker, Germany). Diffraction patterns were collected within a 26
interval of 5°-60°, operated at 40 kV with a tube current of 30 mA. Textural properties
of the samples, including surface area and porosity characteristics, were evaluated by
recording nitrogen sorption isotherms at 77 K on a Quantachrome Autosorb 1Q-SN
instrument (USA) and analyzing the data using the BET model. The surface chemical
environment and elemental distribution of the samples, both before and after adsorption,
were investigated using a PHI VersaProbe 3 XPS system (USA). All binding energy
values were referenced to the C 1s peak at 284.8 eV for calibration. Thermal behavior
was examined using TGA (STA7200RV, HITACHI, Japan) under nitrogen, with a
heating rate of 20 °C-min" to assess the stability of the composite materials.

2.4. Evaluation of adsorption performance

2.4.1. Evaluation of adsorption under batch conditions

For the batch studies, concentrated mother solutions of NOR and TC were first prepared

at 1000 mg-L™", then diluted to obtain the required starting concentrations. All batch



tests were conducted in a thermostatic air-bath shaker (THZ-82A; Kexing, China) at
160 rpm for 24 h. The solution pH was adjusted using 0.01 mol-L™" NaOH or 0.01
mol-L' HCI. For single-component systems, the concentrations of NOR and TC were
monitored at their respective maximum absorption wavelengths with a UV-Vis
instrument (UV1902, Shanghai Aoyi Scientific Instrument). In contrast, high-
performance liquid chromatography (HPLC) was employed for binary NOR-TC
solutions to avoid interference caused by overlapping spectra. All adsorption
experiments, except those designed for thermodynamic evaluation, were conducted at
303 K.

The adsorption behavior of CS@UiO-66-NH@rGO beads was evaluated under
varying operational conditions, including solution pH, contact duration, initial pollutant
concentration, temperature, and the presence of competing species (Nguyen et al.,
2024). To investigate pH effects, adsorption experiments were performed using a 30
mL antibiotic solution containing 15 mg of adsorbent, with pH regulated over 3—12 (Yu
et al., 2025). Kinetic experiments were conducted by sampling at predetermined time
intervals from O to 24h to monitor variations in NOR/TC concentrations. Isotherm
analyses were performed over initial concentrations ranging from 30 to 1000 mg-L™,
and temperatures of 293 K, 303 K, and 313 K. To simulate real-world aqueous
conditions, the effect of co-present cations (Na*, K*, Ca?", Mg?"), anions (Cl-, NOs~,
SO+*"), and organic solvents (methanol, ethanol, acetonitrile) on adsorption capacity
was investigated. For the desorption analysis, saturated adsorption beads were shaken

with methanol, ethanol, and acetonitrile for 6 hours to identify the best eluent, and



ethanol showed the highest desorption efficiency. It was selected as the regenerant for
five consecutive adsorption-desorption cycles.

To evaluate the potential of the CS@UiO-66-NH@rGO composite beads for
continuous-flow applications, dynamic adsorption studies were conducted in a fixed-
bed column. A cylindrical glass reactor with an internal diameter of 15 mm and a height
of 100 mm was filled with 100 mg of CS@Ui0-66-NH@rGO hydrogel beads. At room
temperature (308 K), antibiotic solutions with an initial concentration of 20 mg-L™!
(NOR or TC) were continuously fed downward through the fixed-bed column at a
constant flow rate of 1.25 mL-min" using a peristaltic pump (Lead Fluid BT300L,
China). Periodic effluent sampling was conducted throughout the experiment, and the
collected data were subsequently processed to generate breakthrough profiles.

2.5 Data processing procedures

All experiments were conducted in triplicate. The removal efficiency (R%) and the
adsorption capacities at any given time and at equilibrium, qt and gqe (mg-g™),
respectively, were calculated using the following equations (Viltres et al., 2024)

(Equations (1)—(3)).

c
R(%) = —=— (1
0
0 = (CO_# @)
—COXV
g, = (CO% 3)

In the adsorption calculations, Co, C;, and C. (mg-L™"') are defined as the NOR

concentrations measured at the beginning of the experiment, at a specific contact time,



and after equilibrium was reached, respectively. The symbol m denotes the amount of
oven-dried adsorbent employed (mg), while V denotes the total solution volume used

in each batch system (mL).

For the fixed-bed experiments, the volume of treated effluent (Vefr) was determined in
accordance with Eq. (4); Equation (5) was employed to quantify the cumulative uptake
(mg) under a defined influent velocity condition; and Equation (6) was utilized to
evaluate the overall adsorptive loading normalized to the adsorbent mass (q., mg-g ™)

upon completion of the dynamic flow experiment.

Veff = Qttotal (4)
Q t=tiotal (5)

Qoul = To00 - Caqdt

qeq — Qtotal (6)

w

In this expression, tial corresponds to the overall operational duration (min), whereas
Q represents the volumetric feed rate expressed in mL-min'. The total adsorption
capacity during dynamic adsorption is calculated from the area under the breakthrough
curve obtained by integrating the adsorption concentration (Caq; mg-L™"') with respect
to time (min), where w represents the mass of the adsorbent (g).

3. Results and discussion

3.1. Structural and morphological analysis

As shown in Scheme 1, the CS@UiO-66-NH,@rGO composite beads were
successfully prepared. Microscopy observations revealed that the synthesized hydrogel

beads exhibited consistent sphericity, with a mean size measuring approximately 2 mm.



The UiO-66-NH> component imparted a light yellow color to the beads, while the
addition of rGO led to a gradual shift in color from light yellow to dark gray. To confirm
the structural arrangement and surface characteristics of the materials prior to the
adsorption experiment, a series of physicochemical analyses was conducted.

The specimens were examined via a scanning electron microscope (SEM) to investigate
their physical features. The pristine CS beads had a smooth, spherical morphology with
a homogeneous surface and no surface defects (Fig. 1A). However, the CS beads loaded
with UiO-66-NH: (CS@UiO-66-NH:) (Fig. 1B) had a highly roughened surface with
numerous porous sites, suggesting that the metal-organic framework significantly
increased the surface roughness and porosity. After the loading of rGO, the CS @UiO-
66-NH2@rGO beads had a highly wrinkled surface with significantly increased surface
roughness (Fig. 1C).

FTIR spectroscopy (Fig. 2A) was used to analyze the functional groups present in UiO-
66-NH: powder. The broad absorption peak at 3400 cm™ was attributed to the stretching
vibrations of -NH2/—~OH groups (Shirazian et al., 2025). The band at 1660 cm™ was
ascribed to the C=0 stretching vibration, while the band at 1580 cm™ was assigned to
the —NH: bending and aromatic C=C stretching vibrations (Kang et al., 2025). The
absorption peak at 1390 cm™ was due to the C—N stretching vibration, while the peak
at 675 cm™! was assigned to the Zr—O framework vibrations (Yousaf et al., 2026). The
CS beads had a broad -OH/-NH: band at 3400 cm™', a —CH»>— stretching vibration at

2900 cm™!, an amide I band at 1660 cm™, and a characteristic C—O—C vibration of



glycosidic bonds at 1060 cm™, thus confirming its polysaccharide origin (Guo et al.,
2026).

The CS@Ui0-66-NH: hybrid material retained the principal characteristic peaks of CS.
It exhibited more pronounced absorption bands at 1580 cm™, 1390 cm™, and 675 cm™’,
corresponding to —-NH2/C=C, C-N, and Zr—O vibrations of UiO-66-NH., respectively,
indicating that the MOF was successfully constructed and stably embedded within the
CS matrix (Zehao Li et al., 2021). In the CS@UiO-66-NH>@rGO composite, the
aromatic C=C/-NH: band near 1580 cm™ became further intensified and slightly
broadened, which was attributed to the m-conjugated structures introduced by rGO
sheets, confirming the effective incorporation of rGO into the composite (Vinesh et al.,
2020). Overall, the synergistic introduction of UiO-66-NH: and rGO significantly
altered the chemical structure and functional-group environment of the material,
confirming the successful construction of the ternary composite and its potential for
adsorption (Ma et al., 2025).

Furthermore, after treatment of CS@Ui0-66-NH2@rGO under pH = 3 and pH = 12
conditions, the positions and intensities of the prominent characteristic FTIR peaks
remained essentially unchanged (Fig. S1), indicating excellent chemical stability and
structural integrity of the composite and supporting its long-term applicability in
complex aqueous environments (Bouaziz et al., 2023).

As shown in Fig. 2B, the XRD spectrum of the CS@UiO-66-NH>@rGO composite
exhibits characteristic peaks at about 7.4°, 8.6°, 12.1°, 14.9°, and 16.6°. These values

are similar to those of the XRD spectrum of UiO-66-NH> MOF and correspond to the



(111), (200), (220), (311), and (222) reflections of the fcu structure, respectively, as
reported in the literature (Fang et al., 2020). This implies the successful formation of
the UiO-66-NH2 MOF in the CS/rGO matrix (Tai et al., 2025). Compared to the XRD
spectrum of the pure UiO-66-NH», the XRD spectrum of the composite has the same
peak values, and there are no impurity peaks, suggesting that the formation of the
composite did not affect the crystalline structure of the MOF (Z. Li et al., 2023). In
addition, there are no characteristic peaks corresponding to the CS and rGO, which
could be due to the amorphous nature of the two materials (Ge et al., 2020).

The textural properties of CS, CS@UiO-66-NH., and CS@UiO-66-NH2@rGO were
characterized by BET analysis (Fig. 2C). The specific surface area was found to be
17.45 m?-g! for CS, indicating a limited number of accessible micro/mesoporous sites
(Balakrishnan et al., 2023). However, upon loading UiO-66-NH: onto CS, the specific
surface area increased significantly to 165.89 m?-g™!, indicating that MOF loading
significantly increased the number of accessible adsorption sites (Mojtahedi et al.,
2025). The mean pore diameter was 3.12 nm for CS@UiO-66-NH:, indicating a
mesoporous framework (Liang et al., 2023). Upon loading rGO onto CS@Ui0O-66-NHz,
the specific surface area was found to increase to 298.76 m?-g™!, and measurements
indicated an average pore size of 3 nm. This indicates that loading rGO onto CS @UiO-
66-NH: improved the textural properties and facilitated the adsorption (More et al.,
2023). This evolution in the structure provides a larger number of adsorption sites and

better mass transfer for the subsequent adsorption of TC and NOR (Chen et al., 2021).



TGA of CS@UiO-66-NH2@rGO has shown a three-step weight loss profile for the
composite material, as depicted in Fig. 2D. It has been observed that the weight loss of
the composite material is low in the low-temperature range of 30 to 150°C. The weight
loss of 3.17% is attributed to the removal of water molecules adsorbed on the composite
material (Moaty et al., 2025). The weight loss of the composite material is significant
in the range of 150-450/500°C. The 48.14% weight loss is due to CS degradation in the
composite material. This weight loss is consistent with the degradation of organic
compounds in the composite material (C. Wang et al., 2020). In the high-temperature
region (approximately 500-700 °C), a further gradual weight loss of ~5.91% was
observed, attributable to continued decomposition or carbonization of residual
carbonaceous species and the transformation toward more stable inorganic phases (Z.
Zhao et al., 2026). Above 700 °C, the mass stabilized, with a final residue of
approximately 40—45%, indicating a relatively high proportion of inorganic residues,
which are expected to consist predominantly of Zr-based inorganic phases with minor
carbonaceous remnants (Rr & Haimbodi, 2026).

3.2. Adsorptive behavior of antibiotics in single-solute systems

3.2.1. Performance comparison of different adsorbent materials

Batch adsorption systems were established by introducing 0.015 g of each material (CS,
rGO, UiO-66-NH., CS@Ui0-66-NH:, and CS@UiO-66-NH2@rGO) into 30 mL of TC
or NOR aqueous solutions prepared at an initial concentration of 50 mg-L™' for
comparative evaluation, and the adsorption trials were carried out at a controlled

temperature of 303 K. As shown in Fig. 3A and 3B, all materials exhibited similar trends



in adsorption capacity for NOR and TC. Pristine CS beads showed relatively low
adsorption capacities for NOR (22.45 mg-g') and TC (22.16 mg-g "), primarily due to
their small specific surface area, limited porosity, and the low number of accessible
active sites (C. Liu et al., 2020). In contrast, rGO exhibited moderately enhanced
adsorption capacities for NOR (31.78 mg-g™') and TC (32.15 mg-g™'), which can be
attributed to its higher specific surface area and the presence of additional n—n
interaction sites arising from its aromatic sheet structure (Shahabi et al., 2024).
UiO-66-NH: powder exhibited further increased adsorption capacities for NOR (65.34
mg-g') and TC (64.27 mg-g"). Its well-defined porous framework and amino-
functionalized ligands provide abundant coordination, hydrogen-bonding, and
electrostatic-interaction sites for both antibiotics (Badri et al., 2025). However, the
powder form is prone to aggregation and exhibits limited dispersibility in aqueous
media, which hinders the full utilization of active sites. Upon uniform immobilization
of UiO-66-NH. within the CS matrix, CS@UiO-66-NH. displayed significantly
improved adsorption capacities for NOR (75.92 mg-g') and TC (76.15 mg-g") (J. Li
et al., 2024). The CS matrix promotes the dispersion and stabilization of UiO-66-NH-
microcrystals, alleviates aggregation in solution, and simultaneously enhances
mechanical integrity and recyclability (Hu et al., 2022).

With the further incorporation of rGO, CS@UiO-66-NH2@rGO achieved the highest
adsorption capacities for NOR (80.53 mg-g') and TC (81.59 mg-g™'). This
enhancement reflects a pronounced synergistic effect among the hydrophilic porous

network of CS, the highly porous framework of UiO-66-NH:, and the m-conjugated



sheet structure of rGO in the ternary composite (Zou et al., 2021). On the one hand, this
synergy increases the specific surface area and mesopore fraction of the composite,
mitigates MOF aggregation, and improves structural stability (Lingxia Lu et al., 2022);
on the other hand, it effectively reduces mass-transfer resistance and facilitates the
diffusion and multipoint adsorption of NOR and TC molecules, thereby substantially
enhancing the overall removal performance for both antibiotics (Abdelfatah et al., 2022;
Hao et al., 2021).

3.2.2. Effects of pH and coexisting ions

Considering that CS tends to swell or dissolve under strongly acidic conditions
(Keshvardoostchokami et al., 2021). In contrast, its adsorption capacity is markedly
reduced under strongly alkaline conditions, the adsorption behavior of CS@UiO-66-
NH:@rGO composite beads toward NOR and TC was systematically investigated over
a pH range of 3-12 (Fig. 3C). As shown, the removal efficiencies of both antibiotics
exhibited a similar pH-dependent trend, initially increasing and subsequently
decreasing, with maximum values observed under weakly acidic conditions. Within the
examined pH range (3-6), a pronounced enhancement in adsorption performance was
observed. The NOR removal rate increased from 52.4% to 92.8%, while the TC
removal rate increased from 45.6% to 95.8%. When the pH increased from 6 to 7, both
removal efficiencies remained above 90% but showed a slight decline from their peak
values at pH 6. At pH > 8, the removal efficiencies decreased markedly, with a more

pronounced decline observed in the alkaline region (pH 9-12).



This pH-dependent behavior is closely associated with the coupled effects of solution
pH on the adsorbent's surface charge and the speciation of the antibiotic molecules
(Musarurwa & Tavengwa, 2022b). The ApH—pHo curve indicates that the point of zero
charge (pHp.c) of the composite is approximately 7.8 (Fig. 3D). Below pH 7.8, the
adsorbent exhibits a net positive surface charge. In contrast, it becomes progressively
negatively charged at pH > 7.8. NOR exhibits two pK, values (pKai = 6.22 and pKa =
8.51); it exists mainly as a cation (NOR") at pH < 6.2, as a neutral species (NOR?) in
the pH range of 6.2—8.5, and increasingly as an anion (NOR") at pH > 8.5 (Djidja et al.,
2025). Therefore, at the optimal pH of approximately 6, NOR is present predominantly
in a neutral or near-neutral form, while the adsorbent surface remains slightly positively
charged (B. Wang et al., 2023). Within this experimental setup, electrostatic repulsion
is minimal, enabling NOR molecules to more readily access the pores of UiO-66-NH-
and be effectively adsorbed through hydrogen bonding, n—r stacking, and interactions
with Zr sites (Y. Zhang et al., 2025).

TC contains multiple dissociable functional groups (typical pK_a = values 3.3, 7.7, and
9.7) and predominantly exists in a zwitterionic or near-neutral form over the pH range
3.3-7.7. Accordingly, under pH 6-7 conditions, TC can also be efficiently captured
through multipoint hydrogen bonding, n—m interactions, and coordination or
complexation with Zr nodes (Y. Zhao et al., 2025). When pH > 8, both NOR and TC
increasingly exist in anionic forms, while the adsorbent surface becomes more
negatively charged, leading to enhanced electrostatic repulsion (X. Liu et al., 2024; Xu

et al., 2025). Simultaneously, deprotonation of —-NH: groups on CS and UiO-66-NH-



weakens hydrogen-bonding interactions, and increased competition from OH™ ions and
hydration effects further attenuates hydrophobic and n—m interactions, collectively
resulting in a pronounced decrease in removal efficiency (Jansen et al., 2022; Jin et al.,
2026).

3.2.4. Kinetic analysis of the adsorption process

To investigate the time-dependent adsorption dynamics of TC and NOR, batch tests
using CS@Ui0-66-NH:@rGO beads were conducted for up to 24 h (Luo et al., 2024).
The corresponding adsorption profiles are presented in Fig. 4A and 4B. Both antibiotics
exhibited a pronounced rapid adsorption stage at the initial period, indicating that a
large number of readily accessible active sites were available on the bead surface and
within the hierarchical pore structure (C. Zheng et al., 2024). Within the first 5 h, the
TC removal efficiency increased rapidly, reaching approximately 85%, corresponding
to an adsorption capacity of about 85 mg-g™'. Similarly, NOR exhibited rapid uptake
within the first 4 h, with removal efficiency exceeding 85% and an adsorption capacity
of about 86 mg-g.

As the contact time increases, the number of available adsorption sites on the surface
of composite beads becomes progressively occupied, resulting in a significant decrease
in the uptake rate and a gradual approach to equilibrium in the adsorption performance
of TC and NOR, characterized by a stable uptake state (Sutherland, 2025). As the active
sites become saturated, the system approaches adsorption equilibrium, and any further

increase in adsorption capacity becomes negligible. The following mathematical



expressions can describe the adsorption kinetics (Alamgir et al., 2020), and the
corresponding kinetic parameters are summarized in Table 1.

Specifically, the process was interpreted according to the pseudo-first-order (PFO)

formulation:

In(ge —qv) =Inge — Kyt (7)
The PSOkinetics model:

t 1 t

E - e °K> " a ®)
The parameters q. and q; (mg-g ') are defined as the amounts of adsorbate retained per
unit mass of adsorbent at equilibrium and at any selected contact time t, respectively.
The kinetic parameters ki (h™) and kz (g'mg'-h™") correspond to the rate coefficients
associated with the PFO and PSO models (Ezzati, 2024).

Comparative fitting results indicated that the adsorption behavior aligned more closely
with the PSO kinetic expression than with the first-order model, supported by near-
unity R2? values for both TC and NOR. In addition, the q. values predicted by the PSO
equation showed substantial conformity with the experimental data, suggesting that this
kinetic model provides a more reliable representation of TC and NOR uptake on the
CS@Ui0-66-NH2(@rGO surface (Ezzati, 2024). Based on the PSO kinetic fitting, the
calculated k. values were 0.0444 g-mg'-h' (TC) and 0.04812 g-mg'-h! (NOR)
(Mukherjee et al., 2023). These results indicate that chemical interactions play a
dominant role in controlling the adsorption kinetics of both antibiotics (J. Wang & Guo,

2020).

3.2.5. Adsorption isotherms



The equilibrium adsorption data for NOR and TC were fitted to the Langmuir and the
Freundlich isotherm models to determine the maximum adsorption capacities of the
material and elucidate the adsorption characteristics and interfacial interactions
governing the adsorption process (Lei Lu & Na, 2022). The corresponding
mathematical expressions are given as follows:

Langmuir adsorption model — monolayer uptake on energetically uniform sites:
Cc 1 Ce
de 9dmKr dm

)
Freundlich model describing non-uniform surface energy distribution and multilayer

adsorption behavior:

1
In q, = Hln Ce +In Kg (10)

In the isotherm equations, qm (mg-g™") corresponds to the theoretical monolayer
uptake capacity. In contrast, Ky (L-mg™) and Kr are associated with the affinity
parameters of the Langmuir and the Freundlich models. The exponent n characterizes
adsorption intensity, and values of n greater than unity indicate a favorable adsorption
process (Tran et al., 2021).

The Langmuir and the Freundlich fitting curves for TC and NOR at different
temperatures are presented in Fig. 4C and 4D, respectively.. The fitting results indicate
that the Langmuir equation provides better agreement with the experimental data than
the Freundlich model, suggesting that monolayer adsorption on homogeneous active
sites predominates in this system. This finding suggests that the adsorption of TC and
NOR on the CS@UiO-66-NH2@rGO surface proceeds via a monolayer-saturation
mechanism at relatively homogeneous adsorption sites (Alnajrani & Alsager, 2020).
Langmuir isotherm fitting revealed monolayer adsorption capacities (qm) of 511.78
mg-g ' for TC and 320.67 mg-g' for NOR. Compared with other reported adsorbents
(Table 2), CS@UiO-66-NH2@rGO exhibits superior adsorption performance and
outperforms most analogous materials documented in the literature.

3.2.6. Thermodynamic analysis



Thermodynamic parameters were derived from adsorption isotherms obtained at
different temperatures to assess the temperature responsiveness of TC and NOR uptake.
The relevant thermodynamic parameters were calculated using Equations (11)—(13),

and the results are summarized in Table 3.

AG = —RTIn K, a1
AS AH

_AS_AH 12

In K, T RT (12)

K, = 106 x K, (13)

Herein, R is the universal gas constant (8.314 J-mol'-K™); K¢ (L-mol™") represents the
Langmuir isotherm constant; and AG, AH, and AS correspond to the Gibbs free energy
(kJ-mol™), enthalpy (kJ-mol™), and entropy (kJ-mol™), respectively (H. Wang et al.,
2021).

As the temperature increased from 293 to 313 K, the adsorption capacities of TC and
NOR on CS@UiO-66-NH2@rGO increased, and the Langmuir constants increased
with increasing temperature, indicating that the adsorption process is favored at higher
temperatures (Imanipoor et al., 2021). Within the applied temperature range, the
Gibbs free energy change (AG) for the adsorption of the two antibiotics was negative
(-22.77 to -25.90 kJ/mol), and the values increased with increasing temperatur. This
indicates that the adsorption process is spontaneous, and it is favored at higher
temperatures (Fig. 4C, D)(Sallam et al., 2023).

As indicated in Table 3 above, the enthalpy changes (AH) related to the adsorption of
TC and NOR by the adsorbent material CS@UiO-66-NH2@rGO are positive, thus
supporting the endothermic nature of the adsorption process by this adsorbent

material(Bi et al., 2022). The positive AH value related to the adsorption of NOR (22.88



kJ/mol) suggests that aside from the role of physical and chemical interactions in the
adsorption process, there is an equally important role played by other interactions in the
adsorption mechanism (Khan et al., 2021). In contrast, the lower AH value for TC
adsorption by the adsorbent indicates that, in this adsorption mechanism, physical
interactions are more prominent role (L. Yang et al., 2024). Moreover, the positive
entropy changes (AS) related to the adsorption of the two antibiotics by the adsorbent
material indicate an increase in disorder in the interface of the adsorbent and the
solution (R. Zhao et al., 2021). This is usually attributed to the displacement of water
molecules in the solution as the adsorbent material adsorbs the antibiotics (Xia et al.,
2021).

3.2.7. Effects of coexisting ions

In a real wastewater treatment process, various inorganic ions and organic species are
commonly present, and their effects on the adsorption efficiency of pollutants cannot
be ignored, as they may interfere with adsorption through charge screening, competitive
adsorption, and complexation (Gan et al., 2024). To examine the effects of coexisting
species on the adsorption behavior of antibiotics by the CS@UiO-66-NH@rGO
composite beads, this study has investigated the effects of typical monovalent and
divalent inorganic cations such as Na*, K*, Ca**, and Mg**, common inorganic anions
such as CI-, NOs~, and SO+>~ (Fig. 5B), and various organic solvents such as methanol,
ethanol, and acetonitrile (Fig. SA). The obtained data clearly indicate that monovalent
cations (Na* and K*) and monovalent anions (Cl~ and NOs") exerted negligible effects

on the removal efficiencies of both antibiotics. The system maintained relatively high



adsorption performance. This observation indicates that the adsorption process does not
rely solely on electrostatic interactions but is primarily governed by the synergistic
contributions of hydrogen bonding, m—m interactions, and coordination between
antibiotic molecules and Zr nodes (Isaeva et al., 2021). In contrast, divalent cations Ca**
and Mg*" exhibited more pronounced inhibitory effects on adsorption, with Ca**
causing the most potent suppression (Yongjia et al., 2024). This behavior is likely
attributable to its stronger charge-screening ability and higher coordination affinity,
which promote competitive binding with surface functional groups such as -NH: and —
OH on the adsorbent, thereby reducing the number of available active sites (Ali et al.,
2025). Moreover, Ca** may modify the surface microenvironment through
complexation or “bridging effects,” further weakening the effective interactions
between the adsorbent and TC or NOR (Abou-Elyazed et al., 2024). Because TC
contains multiple functional groups capable of complexation or coordination, its
removal efficiency decreases more in the presence of divalent cations Evaluation of
tetracycline removal by magnetic metal organic framework from aqueous solutions:
Adsorption isotherm, kinetics, thermodynamics, and Box-Behnken design optimization
(Abumelha et al., 2023).

Apparent differences in the inhibitory effects among anions were found. Compared to
CI" and NOs™, a more pronounced inhibitory effect of SO+~ on TC and NOR adsorption
could be related to its higher charge density and higher hydration capability (Obeso et
al., 2024). The inhibitory effects of coexisting organic solvents on TC and NOR

adsorption were also evaluated. It was found that methanol, ethanol, and acetonitrile



inhibited TC and NOR adsorption to varying degrees, while maintaining high
adsorption capacities. Among these solvents, ethanol had the least inhibitory effect,
while acetonitrile had the most potent inhibitory effect on TC and NOR adsorption.
This could be related to the change in solvent polarity induced by these solvents and
their effects on the solvation status of TC and NOR molecules, resulting in a decrease
in hydrogen bonding and hydrophobic interaction between TC/NOR molecules and the
adsorbent surface, as well as n-m stacking interaction and mass transfer within the
adsorbent particles (S. Tang et al., 2024). It can be concluded that the CS @UiO-66-
NH:@rGO composite beads have good resistance to monovalent ions and certain
organic solvents. However, a higher inhibitory effect of Ca** and a higher charge density
anion on TC/NOR adsorption could be related to their higher inhibitory effects on
TC/NOR adsorption (Hooriabad Saboor et al., 2022; A. L. T. Zheng et al., 2025). This
indicates that water hardness and ionic composition should be taken into account when
this material is used in a complex water environment (Bhattacharyya et al., 2021; Dutta
& Mala, 2020).

3.2.8. Adsorption—desorption cycles

The reusability of adsorbents is crucial for assessing their economic viability in
wastewater treatment (Bathula et al., 2025). It was found that, compared to adsorbents
in powder form, CS-based hydrogel beads can be easily recovered by filtration after
adsorption (Tao et al., 2023). Therefore, the separation of adsorbents can be
significantly simplified, thereby reducing the risk of secondary pollution (Selvam et al.,

2023). The recyclability of CS@UiO-66-NH2@rGO was assessed. The highest



regeneration efficiency was achieved with ethanol, which was then used to regenerate
the adsorbent in the subsequent adsorption/desorption tests. The regeneration efficiency
of CS@UiO-66-NH:@rGO was assessed by using five consecutive
adsorption/desorption tests (Fig. 5C). It is noted that, after several cycles of
regeneration, the adsorption capacity of TC and NOR showed a trend of gradual
decrease. However, the attenuation of the adsorption capacity is not significant. To be
specific, the removal efficiency of TC decreased from 93.8% in the first cycle to 78.3%
in the fifth cycle, while that of NOR decreased from 90.9% to 76.8%. The gradual
decrease in removal performance can be ascribed to the retention of antibiotic
molecules in internal pores or at strong adsorption sites, which are not fully desorbable
during regeneration (Khezerlou et al., 2025). However, the CS @Ui0O-66-NH> @rGO
material presents a stable framework and regeneration ability during the repeated
adsorption/desorption tests, indicating its potential for use in engineering applications
(Aguila-Rosas et al., 2025).

3.2.9 Column experiments

In order to test the suitability of CS@UiO-66-NH>@rGO in a dynamic system, a
laboratory-scale column setup was designed, taking advantage of the excellent sorption
potential of the sorbent as well as the spherical shape of the sorbent particles (Quan &
Zhang, 2024). The setup was designed to mimic a continuous sorption process for the
removal of TC and NOR in water. The schematic representation of the setup, along with
the breakthrough curves, is shown in Fig. 6A. During the dynamic test, the initial

solution concentration was maintained at 20 mg-L™!, and the flow rate was 1.25



mL-min~'. The lab was found to have the potential to completely remove TC and NOR
in the initial stage, as indicated by the absence of contaminants in the solution (Abdi &
Abedini, 2020). This suggests the availability of sufficient sorption sites in the column
as well as the presence of unimpeded mass transfer sites (Abdi & Abedini, 2020).
With more extended periods of operation, it was observed that the effluent
concentration increased gradually, finally reaching the breakthrough point at which C
=1 mg-L™". Also, the breakthrough curve for NOR occurred earlier than that for TC,
indicating that the fixed bed was breached by NOR before it was by TC (Yi Zhou et al.,
2022). Upon reaching a breakthrough, the cumulative treated volumes for TC and NOR
reached 420 mL and 380 mL, respectively, demonstrating that the dynamic removal
capacity of the fixed bed for TC is slightly higher than that for NOR. Based on
integration of the breakthrough curves using Equation (5), the area under the
breakthrough curves for TC and NOR were 5672.0 mg-min-L ™" and 4974.4 mg-min-L™",
respectively. Breakthrough analysis indicated that the column achieved dynamic uptake
values (qcolumn) of 70.90 mg-g! for TC and 62.18 mg-g™' for NOR, which are slightly
lower than the equilibrium adsorption capacities (qe) obtained from batch experiments
at the same initial concentration (20 mg-L™"). This discrepancy is primarily attributed
to limited contact time and intrabed mass-transfer resistance during fixed-bed operation
(Hosono & Uemura, 2021).

The column experiments were conducted at room temperature (308 K). In conjunction
with the thermodynamic analysis, the adsorption of both TC and NOR is endothermic,

and moderate increases in temperature favor increased adsorption capacity. In contrast,



dynamic adsorption under continuous-flow conditions is more strongly constrained by
residence time and mass-transfer processes (Zhanming Li et al., 2022). Overall,
CS@Ui10-66-NH2(@rGO composite beads exhibit favorable removal performance and
stable breakthrough behavior for both TC and NOR during continuous fixed-bed
operation, demonstrating substantial potential for practical water treatment engineering
applications (Hou et al., 2020).

3.3. Adsorption performance of TC and NOR in a binary system

In batch adsorption conditions, the adsorption behavior of CS@UiO-66-NH2 @rGO
beads for the binary tetracycline and norfloxacin (TC-NOR) system was investigated.
This investigation simulated the presence of multiple antibiotics in the wastewater (Gai
et al., 2020). he results show that the beads removed the two antibiotics simultaneously
with high efficiency under mild acidic conditions (pH ~ 6.5) (Fig. 6C). When the two
components were tested individually, the TC and NOR adsorption efficiencies were
90.2% and 83.2%, respectively. However, in the binary system, the TC adsorption
efficiency remained high at 80.6%, indicating minimal competitive influence and a
strong adsorption preference. However, NOR efficiency decreased significantly to
65.3%, indicating a clear disadvantage for NOR. This could be due to the molecular
structure of TC, which has a high number of hydroxyl, amide, and aromatic functional
groups (Zhang et al., 2021). This allows TC to occupy high-energy adsorption sites with
greater affinity, thereby reducing the number of effective adsorption sites for NOR

through competitive exclusion (K. Wang et al., 2020). However, the beads still show a



high efficiency for the simultaneous adsorption of the two antibiotics under batch
conditions (C.-Y. Wang et al., 2022).

To assess the engineering feasibility of the CS@Ui0-66-NH2@rGO beads, a fixed-bed
continuous system was implemented to investigate the adsorbent's removal
performance for TC/NOR in a dynamic system. As presented in Fig. 6D, the mean
elimination efficiencies of TC/NOR in the dynamic single-solute system were observed
to be 78.5%/68.2%, respectively. Compared with the adsorbent's equilibrium
adsorption capacity in the static system, the efficiencies decreased slightly. This can be
attributed to the shorter contact times of the solutes with the adsorbent material in the
fixed-bed system (F. Zhang et al., 2025). When the system was changed to a dynamic
binary system, the effect of the competing solutes became more pronounced. In the
binary system, the average removal efficiency of TC was observed to be 69.4%, while
the average removal efficiency of NOR was observed to be only 50.5%. This significant
difference in the removal efficiencies of the two solutes indicates the presence of a
"competitive displacement" effect during the fixed-bed continuous system (Aziz et al.,
2025). This effect can be defined as the preferential adsorption of the solute with the
stronger affinity onto the adsorbent material, leading to the earlier breakthrough of the
less-adsorbed solute from the fixed bed (Sporsho et al., 2025).

3.4. Adsorption mechanism

The adsorption mechanisms need to be elucidated to understand the basis of the
material’s performance and its potential application in engineering practice

(Ahmadijokani et al., 2024). Adsorption mechanisms can be physical adsorption and



chemical adsorption (Fakhraei Ghazvini et al., 2021). In the present study, the
mechanisms of adsorption of TC and NOR by the composite material CS @ UiO-66-
NH:@rGO were systematically investigated using a combination of BET, FTIR, and
XPS techniques. Initially, the specific surface area and porosity of the material provide
the fundamental basis of adsorption (Ghaedi et al., 2025). Prior to adsorption, the
composite material has a specific surface area of 312.7 m?-g'. It has a hierarchical
porous structure. After adsorption of TC and NOR, the specific surface area of the
composite material drastically decreases to 96.4 m?-g ! and 68.9 m?-g! (Table S1). In
addition, the pore volume decreases to 0.21 cm?*-g™" and 0.17 cm?*-g™'. Concurrently,
only a small fraction of the larger mesopores is preserved in the pore size distribution.
In the case of TC adsorption, D is approximately 28.6 nm. For of NOR adsorption, the
value of D is approximately 41.3 nm. This indicates that the antibiotic molecules
penetrate the composite material's pores (M. Zheng et al., 2025). Consequently, the
composite material's porosity decreases drastically (Ha et al., 2025). This indicates that
the hierarchical porous structure of the composite material plays an important role in
preserving mass transfer and enriching adsorbate molecules (Abbas et al., 2025). This
indicates that the antibiotic molecules adsorb to the composite material via physical
adsorption. This indicates that the adsorption of the antibiotic molecules by the
composite material can be described as adsorption within the material's pores (Miao et
al., 2022).

Combined with the kinetic and isotherm fitting results, the adsorption behaviors of TC

and NOR can be more accurately described by the PSO kinetic model and the Langmuir



isotherm model, suggesting that the adsorption process involves both surface site
occupation and electronic or chemical interactions and is dominated by monolayer
saturation adsorption (Kaur et al., 2023). This implies that, in addition to pore volume
filling, chemical interactions between surface functional groups and metal nodes are
crucial for adsorption performance (Teng et al., 2025). To further clarify the
microscopic mechanisms of interaction, comparative FTIR and XPS analyses before
and after adsorption can provide direct evidence. In the FTIR spectra (Fig. 6B), the —
OH/-NH stretching vibration band exhibits a pronounced red shift from approximately
3362 cm™ to 3285-3288 cm', accompanied by band broadening, indicating the
formation of stronger hydrogen-bonding networks between surface -OH/~NH: groups
and hydroxyl, carbonyl/amide, and nitrogen-containing functionalities in TC and NOR
molecules (Z. Liu et al., 2021). In addition, because both TC and NOR contain aromatic
ring structures, the n-electron systems provided by rGO sheets and the organic ligands
of UiO-66-NH: can interact with these molecules through mn—m stacking, thereby
promoting molecular enrichment and stable binding at the surface and pore entrances
(Ma et al., 2025).

XPS results further corroborate the involvement of chemical interactions. In the survey
spectrum (Fig. 7A), a distinct F 1s signal appears after NOR adsorption, directly
confirming the successful loading of NOR on the composite surface (Zixuan Wu et al.,
2022). XPS curve fitting of the C 1s region (Fig. 7B) reveals distinct contributions
attributed to C—C/C=C (~284.8 eV), C—N (~285.8-286.3 e¢V), C-0 (~286.5 eV), and

O—C=0/C=0 species (~288-289 eV). Post-adsorption, changes in peak positions and



intensities are due to alterations in the electronic environment of carbon-containing
functional groups upon the addition of antibiotics (Lin et al., 2023). In the N 1s
spectrum of the sample, as shown in Figure 7C, there is a slight shift in the peaks
corresponding to the C-N/C=N bond, indicating that the interaction between the -NH>
group and antibiotic molecules is stronger upon adsorption (Farahbakhsh et al., 2025).
Moreover, in the Zr 3d spectrum of the sample, as shown in Figure 7D, there is no
significant change in the peak positions of the Zr 3d5/2 and Zr 3d3/2 double peaks,
indicating that the structure of the Zr-O node in the UiO-66-NH: framework is not
significantly changed upon adsorption. At the same time, the Lewis acid sites of Zr may
be involved in the coordination of the carbonyl, hydroxyl, or nitrogen-containing
groups of TC and NOR, leading to the enhancement of immobilization capacity
(Sultana et al., 2025).

In summary, the adsorption of TC and NOR by the CS@UiO-66-NH2@rGO adsorbent
can be ascribed to the synergistic interplay of multiple adsorption mechanisms. In
particular, the hierarchical porous structure and increased specific surface area provide
the adsorbent with sufficient adsorption capacity through the pores, while the hydrogen
bonding effect of -NH2/—OH groups, n-n stacking effect of rGO and organic ligands,
and Zr node-coordination effect can be regarded as the main chemical adsorption
mechanisms (Fig. 8) (Istirokhatun et al., 2025).

4. Conclusion

The current study describes the fabrication of CS@UiO-66-NH@rGO composite

hydrogel beads for the removal of antibiotics such as TC and NOR from aqueous



systems. The composite hydrogel beads have a high surface area, high structural
stability, high efficiency over a pH range of 6.5, minimal impact from common ions,
and high adsorption capacities of 511.78 mg/g for TC and 320.67 mg/g for NOR, which
are much higher than those of other conventional adsorbents. Thermodynamic
evaluation unequivocally establishes that the adsorption process is spontaneous (AG <
0) and intrinsically endothermic (AH > 0), with elevated temperatures further
promoting sorption from an energetic standpoint. Thermodynamic analysis shows that
the adsorption is spontaneous (AG < 0) and endothermic (AH > 0), with higher
temperatures promoting sorption. Regeneration and fixed-bed tests indicate that the
composite beads retain high removal efficiency and stable breakthrough performance
during repeated cycles and continuous operation. The adsorption of NOR and TC is
driven by pore-filling, hydrogen bonding, n—n interactions, and coordination to Zr
active sites. Overall, the CS@UiO-66-NH@rGO beads exhibit good stability and
reusability for the removal of mixed antibiotics, warranting further long-term testing in

real wastewater systems.
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Table captions

Table 1. Kinetic behavior of TC and NOR over CS@Ui0O-66-NH:@rGO composite

beads.
Pseudo-first- Pseudo-second-
Antibiotics  order order
ge (mg-g—1) K1 R2 ge (mg-g—1) K2 (g-mg—1- R2
(h—1) h-1)
TC 91.48 2.17 0.9788 95.24 0.0444 0.9946
NOR 92.182 2.35 0.9829 95.18 0.04812 0.9989

Table 2. Comparison of reported maximum adsorption capacities for TC and NOR

across various adsorbent materials.

Antibiotic Adsorbents gm(mg-g™) Temp. (K) | pH References
TC RBC 173.61 313 7 (C. Zhao et al., 2020)
KBC 830.78 318 2 (Fan et al., 2022)
CS-Fes04 211.21 293.15 7 (da Silva Bruckmann et al.,
2022)
Porous graphitic 1122.2 Room / (Huang et al., 2023)
biochar temperature
Ca-CSB 93.46 298.15 6 (K. Wang et al., 2023)
NH.-MIL- 252.6 298 7 (S. Zhang et al., 2024)
101(Cr)@COFs@SA
hydrogel beads
NOR CG/Bx/ZnO 1282.05 298 4 (Sharma et al., 2023)
CMC/MIL- 1251.8 328 3-10 (Peng et al., 2025)
125(Ti)-NH-
composite
CA/CTS-M 310.6 NR NR (J. Tang et al., 2023)
3K-SCB750 157.4 313 5 (Yan Zhou et al., 2023)
NOR Bamboo 105.19 318 6 (M. Zhang et al., 2023)
chopsticks biochar




Table 3. Thermodynamic analysis of TC and NOR adsorption behavior

WX B R EBE (K) AGe° (kJ/mol) AH® (kJ/mol) ASe (J/mol-K)
TC 293 -22.77 2.52 86.32

303 -23.64

313 -24.49
NOR 293 -22.78 22.88 155.83

303 -24.45

313 -25.90




Figure captions

Scheme 1. Preparation strategy and structural assembly process of CS@UiO-66-

NH:@rGO beads.



Fig. 1. SEM images of pristine CS beads (A), CS@UiO-66-NH: composite beads (B),

and CS@UiO-66-NH2@rGO composite beads (C) under various magnification levels.



Fig. 2. (A) FTIR spectra of CS, UiO-66-NH2, CS@UiO-66-NH2, and CS@UiO-66-
NH:@rGO; (B) XRD patterns of UiO-66-NH: and CS@Ui0-66-NH:@rGO; (C)
N2 adsorption—desorption isotherms of CS, CS@UiO-66-NH, and CS@UiO-

66-NH:2@rGO; (D) TGA curve of CS@Ui0-66-NH2@rGO.



Fig. 3. (A) Adsorption capacity (qc.) and removal efficiency (R) of NOR by different
adsorbents (pH =4, Co = 50 mg-L™', T = 303 K); (B) Adsorption capacity (q.)
and removal efficiency (R) of TC by different adsorbents (pH = 4, Co = 50
mg-L™!, T=303 K); (C) Effect of initial pH (3—12) on the removal efficiency of
NOR and TC by CS@U10-66-NH>@rGO (Co = 50 mg-L™*, T = 303 K); (D)
ApH—pHo curve for determining the point of zero charge (pH,zc) of CS@UiO-

66-NH@rGO.
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Fig. 4. (A) Adsorption kinetic curves and model fitting (PFO and PSO) for TC on
CS@Ui0-66-NH2@rGO (Co = 50 mg-L™', T = 303 K); (B) Adsorption kinetic
curves and model fitting for NOR on CS@UiO-66-NH@rGO (Co =50 mg-L™",
T =303 K); (C) Adsorption isotherms and Langmuir/Freundlich fitting for TC

at different temperatures (293-313 K); (D) Adsorption isotherms and

Langmuir/Freundlich fitting for NOR at different temperatures (293-313 K).




Fig. 5. (A) Effect of different organic solventson the removal efficiency of TC and
NOR by CS@Ui0-66-NH>@rGO (Co = 50 mg-L™', T = 303 K); (B) Influence
of coexisting inorganic ionson the removal efficiency of TC and NOR; (C)
Adsorption—desorption cycles of CS@UiO-66-NH@rGO for TC and NOR

over five successive runs;



Fig. 6. (A) Breakthrough curves of TC and NOR in fixed-bed columns packed with
CS@Ui0-66-NH2@rGO under continuous-flow conditions (Co = 20 mg-L,
flow rate = 1.25 mL-min", adsorbent mass = 100 mg, T = 308 K); (B) FTIR
spectra of CS@Ui0-66-NH2(@rGO before and after adsorption of TC and NOR;
(C) Comparison of removal efficiencies of TC and NOR in single and binary
systems under batch conditions; (D) Comparison of removal efficiencies of TC

and NOR in single and binary systems under dynamic conditions.



Fig. 7. XPS characterization of CS@UiO-66-NH>@rGO in its pristine state (I) and
following adsorption of TC (II) and NOR (III), including: (A) wide-scan spectrum; (B)
detailed C 1s region; (C) detailed N 1s region; and (D) Zr 3d core-level analysis.



Fig.8. Proposed adsorption mechanism.
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