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Abstract

The presence of antibiotic contaminants, particularly norfloxacin (NRFX) in aquatic
environments poses a significant threat to ecosystems and public health, due to their persistence,
bioaccumulation, and contribution to antimicrobial resistance. In this study, a novel MIL-
53(Al)/biochar composite was synthesized and applied for NRFX removal from wastewater. The
synthesized composite exhibited a high surface area (806 m%g) and mesopore structure, promoting
to improved dispersion and adsorption efficiency. Under optimal conditions (20 mg/L NRFX, 40 mg/L
adsorbent, 30 °C, 120 min), the composite achieved a maximum adsorption capacity of 357 mg/g,
surpassing most reported antibiotic sorbents (< 250 mg/g). The superior performance was attributed
to the synergistic integration of MIL-53(Al) flexible “wine-rack” framework with the oxygen-
functionalized, mesoporous carbon matrix of bamboo-derived biochar, facilitating multiple
adsorption mechanisms, including electrostatic attraction, hydrogen bonding, m—m interactions, and
pore-filling effects. These findings highlight the potential of MIL-53(Al)/BC as a cost-effective,
sustainable, and high-performance adsorbent with strong potential for real-world remediation of

antibiotic-contaminated wastewater under diverse environmental conditions.
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1. Introduction

The presence of emerging pollutants in aquatic environments, particularly pharmaceuticals
and personal care products (PPCPs), has increased concerns due to their persistence,
bioaccumulation, and adverse ecological impacts [1-3]. Municipal and hospital wastewater streams
frequently contain antibiotics such as tetracycline, amoxicillin, ciprofloxacin, ampicillin, and
norfloxacin (NRFX) [4-6]. Due to incomplete metabolism in humans and animals, these antibiotics
are often excreted in active forms, leading to their continuous release into natural water bodies [7-
8]. This persistence contributes significantly to environmental contamination and plays a critical role
in the development of antimicrobial resistance (AMR), a major global public health challenge [9-11].
NRFX, a broad-spectrum fluoroquinolone antibiotic, is widely prescribed in both human and
veterinary medicine for its therapeutic efficacy and low toxicity [12-14]. Furthermore, its high
aqueous solubility and chemical stability render it recalcitrant to traditional biological and physical
wastewater treatment processes [15]. Reported environmental concentrations range from < 0.1 to
>10 pg/L in surface waters and up to 100 pg/L in untreated hospital effluents [16, 17]. Even at trace
levels e.g. < 1 pug/L, NRFX can disrupt aquatic ecosystems and accelerate the proliferation of
antibiotic-resistant microbial strains [9, 11, 17]. These concerns have driven the search for advanced
treatment technologies capable of selectively and efficiently removing such contaminants from
water. Various approaches including microbial degradation, advanced oxidation processes,
adsorption, membrane filtration, and photodegradation have been explored [18, 19]. Among these,
adsorption has emerged as a particularly attractive method due to its operational simplicity, cost-
effectiveness, high efficiency, and scalability, especially when high-surface-area porous adsorbents
are employed [20]. Porous materials such as activated carbon, zeolites, and graphene-based
structures have demonstrated potential for pharmaceutical pollutants removal [20-22]. However,
the current adsorbents still encounter several challenges such as low adsorption capacity (< 250
mg/g), low selectivity (60-75%), high regeneration costs, and performance losses in the presence of
competing ions [23, 24]. Therefore, the development of next-generation adsorbents with high
adsorption capacity, selectivity and sustainability is urgently needed.

Metal-organic frameworks (MOFs), particularly aluminum terephthalate MIL-53(Al), have
gained attention for environmental remediation owing to their high surface area, tunable pore
structure, and excellent chemical and thermal stability [25, 26]. The distinctive “wine-rack”
architecture of MIL-53(Al) provides structural flexibility, enabling its pores to reversibly expand or
contract in response to target pollutants. This dynamic behavior increases the accessibility of active
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sites and facilitates the adsorption of bulky organic molecules such as NRFX, thereby improving
overall adsorption performance. In contrast, conventional MOFs with rigid frameworks (e.g. MIL-
101, UiO-66, and ZIF-8) exhibit fixed pore structures that restrict their adaptability toward large
molecular species [27]. Moreover, their large-scale application of pristine MOFs remains constrained
by high synthesis costs, limited water stability, and challenges in recovery and reuse [28]. To
overcome these limitations, the integration of MOFs with biochar has emerged as a promising
approach that combines the structural tunability and adsorption affinity of MOFs with the
sustainability, hierarchical porosity, and rich surface chemistry of biochar. The incorporation of
biochar not only enhances the mechanical and chemical stability of MOFs but also increases overall
adsorption efficiency by introducing additional mesoporous channels and oxygen-containing
functional groups. Biochar, an eco-friendly carbon-rich material derived from biomass pyrolysis,
offers low-cost production, high porosity, abundant surface functionalities, and excellent
environmental compatibility [29]. This hybridization approach therefore provides a synergistic
pathway to improve adsorption performance while promoting material sustainability. However,
despite numerous studies on MOF-biochar hybrids for antibiotic removal, no reported material has
yet demonstrated a NRFX adsorption capacity exceeding 250 mg/g [30-35], indicating that the
interfacial synergy between MOF and biochar components remains under optimized.

In this study, a novel composite material comprising MIL-53(Al) and bamboo-derived biochar
(MIL-53(Al)/Biochar) was synthesized and characterized for NRFX removal. This hybrid integrates the
flexible framework of MIL-53(Al) with the oxygen-functionalized, mesoporous carbon matrix of
biochar to achieve high adsorption capacity, rapid uptake kinetics, and enhanced structural stability.
The primary objectives of this work are: (i) to synthesize and comprehensively characterize the MIL-
53(Al)/biochar hybrid; (ii) to investigate the effects of key operating parameters including
temperature, adsorbent dosage and NRFX concentration and contact time on adsorption
performance, and (iii) to elucidate the underlying NRFX adsorption mechanisms through batch
adsorption experiments. Overall, this study provides new insights into the rational design of
sustainable, high-performance MOF-biochar composites for the efficient removal of antibiotic-

contaminated from wastewater.



2. Materials and methods

2.1 Materials

Commercial-grade bamboo-derived biochar was supplied by Thai Carbon & Graphite Co., Ltd.
(Thailand) and used as the carbon precursor. Aluminum nitrate nonahydrate (Al(NOz)s-9H,0, 99%),
benzene-1,4-dicarboxylic acid (BDC, 99%), N,N-dimethylformamide (DMF, 99.8%), hydrochloric acid
(HCl, 37%), sodium hydroxide (NaOH, > 98%), potassium hydroxide (KOH, > 85%), and acetone (2
99.9%) were purchased from Sigma—Aldrich. All solutions were prepared with deionized water.

2.2 Preparation methods
2.2.1 Activation of Bamboo derived biochar

Commercial-grade bamboo-derived biochar supplied by Thai Carbon & Graphite Co., Ltd.,
Thailand was used as the carbon precursor. To enhance its surface area and porosity of the biochar,
the biochar was chemically activated following a procedure reported in literature [36] (Figure 1). The
biochar was impregnated with KOH at a mass ratio of 1:2 (biochar:KOH) and then calcined in a
horizontal tube furnace under N, atmosphere (20 dm¥h). The temperature was ramped at 5 °C/min
to 600 °C and held for 2 h. After cooling to room temperature, the activated biochar was washed
repeatedly with deionized water and subsequently treated with either 0.1 M HCl or 0.1 M NaOH
until neutral pH, then dried at 100 °C for 24 h and stored in a desiccator.

2.2.2 Synthesis of MIL-53(Al)

MIL-53(Al) was synthesized via a solvothermal method adapted from the literature [37] as
shown in Figure 1. Aluminum nitrate nonahydrate (AI(NO3)3-9H,0, 1.915 g, 5 mmol), and benzene-
1,4-dicarboxylic acid (BDC, 0.415 g, 2.5 mmol) were dissolved in 20 mL of distilled water and 10 mL
of N,N-dimethylformamide (DMF) stirring until a clear solution was obtained. The mixture was
transferred to 50 mL Teflon-lined stainless-steel autoclave and heated at 150 °C for 24 h. After
natural cooling to room temperature, the white precipitate was collected by vacuum filtration and
washed several times with deionized water and oven-dried at 150 °C overnight. To remove residual
solvent and unreacted linkers, the dried powder was soaked in acetone for 7 days (fresh solvent
every 24 h), then filtered through a 50 um nylon mesh and dried at 120 °C before use. The use of
fresh solvent in each washing cycle ensured complete removal of unreacted precursors and

byproducts, thereby enhancing the purity of the synthesized material.
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Figure 1: The synthesis pathways of MIL-53(Al) and MIL-53(Al)/biochar composite for NRFX

adsorption.

2.2.3 Synthesis of MIL-53(Al)/Biochar Composite

MIL-53(Al)/BC was synthesized by in situ solvothermal growth of MIL-53(Al) on activated
biochar (Figure 1). Aluminum nitrate nonahydrate (AI(NOs);-:9H,0, 1.915 g, 5 mmol) and benzene-
1,4-dicarboxylic acid (BDC, 0.415 g, 2.5 mmol) were dissolved in 20 mL of distilled water and 10 mL
of N,N-dimethylformamide (DMF) with stirring until a clear solution formed. Activated biochar (0.4
g) was added into the precursor solution and sonicated for 15 min, followed by magnetically stirring
for 30 min to ensure homogeneous suspension. The mixture was transferred to a 50 mL Teflon-lined
stainless-steel autoclave and heated at 150 °C for 24 h. After cooling to room temperature, the grey
solid was collected by filtration through a 50 um nylon membrane, washed three times with
deionized water, and oven dried at 150 °C for 24 h and stored in a desiccator until use.
2.3 Characterization

Fourier-transform infrared spectroscopy (FT-IR) was carried out to characterize the functional
groups in absorbent material using a ReactIRTM 4000 FT-IR spectrometer, with a scan range from
400-4000 cm™ with a resolution of 4 cm™. The physical morphology and elemental distribution of
the absorbent material were examined by a Hitachi TM 3030 Scanning Electron Microscope (SEM)
equipped with an Energy Dispersive X-ray detector (EDX), operated at a 15 kV accelerating voltage.
The crystalline components of the absorbent were analyzed by Power X-ray diffraction (PXRD) using

Panalytical X'Pert Pro multipurpose diffractometer (MPD) equipped with an X'Celerator and a



secondary monochromator (Cu-Ka radiation), operated at 40 kV, 40 mA and wavelength (Kq1) of 0.15
nm. The scanning was performed over a 20 range of 5-55° with a step size of 0.03°.
Thermogravimetric analysis (TGA) of the absorbent was undertaken using a Perkin ElImer STA 6000 to
assess thermal degradation, solvent removal, and decomposition profile solid residues of absorbent
material by measurement of weight loss as a function of temperature and time under a controlled
atmosphere (N2). The specific surface area of absorbent material was determined by the Brunauer
Emmett Teller (BET) nitrogen physisorption isotherms conducted at 77 K using a Thermo Scientific
Surfer Gas Adsorption Porosimeter. Nitrogen adsorption—desorption isotherms were collected, and
the volume of N, adsorbed was recorded and processed using Surfer software.
2.4 Adsorption experiments

Batch adsorption experiments were performed in a temperature-controlled orbital shaker at
50 rpm to evaluate the NRFX removal efficiency of the synthesized adsorbents and all experiments
were triplicated. The synergistic effect of key operating parameters including adsorbent dosage (40-
80 mg/L), initial NRFX concentration (10-50 mg/L), contact time (15—-120 min), and temperature (30-
70 °C) on adsorption performance were investigated. After equilibration, the adsorbents were
separated by filtration, and the supernatants were analyzed using a UV-Vis spectrophotometer
(Shimadzu UV-2600). The adsorbed amount of NRFX onto the adsorbent (ge, mg/g) was calculated

using the following equation:

(C[]. Cﬁ) x V

m

©

where Cp is initial concentration of NRFX (mg/L); Ce is equilibrium concentration of NRFX (mg/L); V is

volume of the solution (L), and m is mass of the adsorbent (g)

3. Results and discussion

3.1 Physicochemical Characterization of the Adsorbents
3.1.1. Powder X-Ray Diffraction (PXRD) analysis

PXRD confirmed the phase purity of all synthesized materials (Figure 2). Bamboo biochar
(Figure 2c) shows a broad halo at ~24°, characteristic of the amorphous carbon structure derived

from lignocellulosic pyrolysis. The synthesized MIL-53(Al) (Figure 2b) exhibits intense reflections at



8.7°,10.0°,12.8°,17.7° and 22.4° 26, which identical to those of the MIL-53(Al) commercial
reference those reported in literature [38, 39] confirming the successful formation of high-purity
MIL-53(Al). The MIL-53(Al)/biochar composite (Figure 2a) retained all characteristic MIL-53(Al)
reflections without additional peaks attributable to Al,Os, Al(OH)s, or graphitic carbon, indicating
that the MIL-53 lattice structure remained intact upon immobilization on biochar. The slight
attenuation and broadening of peaks may be attributed to: (i) oxygen-rich functional groups on the
biochar surface, (ii) partial X-ray shadowing by the amorphous carbon matrix, (iii) moderate
crystallite-size reduction, (iv) preferred orientation during composite formation, and (v) restricted
crystal growth on a heterogeneous substrate. The absence of impurity peaks confirms that biochar

incorporation preserves the structural integrity of MIL-53(Al).
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Figure 2: Powder X-ray Diffraction (PXRD) patterns of (a) MIL-53(Al)/biochar, (b) MIL-53(Al) and

(c) activated bamboo biochar



3.1.2. Morphology and surface area of the synthesized absorbent

N, adsorption-desorption isotherms at 77 K are presented in Figure 3, and the corresponding
textural parameters are summarized in Table 1, including the BET surface area and the t-plot
micropore area and volume. As illustrated in Figure 3c, the activated bamboo biochar (BC) exhibits a
mesoporous type IV isotherm with an H3 type hysteresis loop [40]. The BC sample presents BET
surface area of 432.4 + 8 m%g, a total pore volume of 0.3 cm3g, and the average pore diameter of
2.3 nm. The MIL-53(Al) shows a type IV isotherm with a pronounced H4 loop (Figure 3b) consistent
with one-dimensional structure [41]; a BET surface area is 650.5 + 12 m?%g, with approximately 68 %
of the porosity attributed to micropores and a dominant pore width centered at 2.2 nm. The MIL-
53(Al)/BC composite successfully integrates the characteristics of both components, exhibiting a
mixed H3/H4 hysteresis profile (Figure 3a), confirming the coexistence of mesopores from biochar
and micropores from MIL-53(Al). This synergistic architecture markedly enhanced the composite's
textural properties; its BET surface area (806.0 + 11 m%g) and total pore volume (0.5 cm¥g) are 24%
and 66% higher, respectively, than those of the pure MIL-53(Al) (Table 1). Moreover, the surface area
of the MIL-53(Al)/BC composite is considerably greater than that of conventional MOF materials,
which typically range between 200 and 700 m%g e.g., MIL-101 (222 m?%g), MIL-53(Fe) (240 m?%g),
UiO-66 (580 m%g), ZIF-8 (210 m?%g), and MOF-5 (600 m?%g) [27, 28,30-35]. This notable enhancement
underscores the synergistic role of biochar incorporation in inhibiting MIL-53(Al) particle
agglomeration, promoting uniform nanocrystal dispersion, and creating inter-crystalline mesoporous
channels that substantially increase the number of accessible adsorption sites.

The increased surface area (from 650 m?%g to 806 m%g) and enlarged pore size distribution
(from 2.2 nm to 2.7 nm) are attributed to the heterogeneous nucleation of MIL-53(Al) nanocrystals
on the biochar surface. The oxygen-rich biochar provides abundant anchoring sites that inhibit MOF
crystallite aggregation and promote the formation of intercrystalline mesogaps, yielding a
hierarchical micro-mesoporous architecture [42], which facilitates rapid intraparticle diffusion and
contributes to the composite’s superior adsorption capacity toward norfloxacin. This formation of a
hierarchical micro-mesoporous architecture is visually confirmed by morphological observations
(Figure 4) where the rougher surface of MIL-53(Al)/BC (Figure 4a) contrasts with the smoother

textures of MIL-53(Al) (Figure 4b) and activated bamboo biochar (Figure 4c).
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Figure 3: N; adsorption—desorption isotherms at 77 K of (a) MIL-53(Al)/biochar, (b) MIL-53(Al) and

(c) activated bamboo biochar

Table 1: BET surface area, micropore and external surface areas (t-plot), total pore volume, and
average pore diameter of MIL-53(Al), MIL-53(Al)/biochar composite and activated bamboo biochar

derived from N, adsorption—desorption isotherms at 77 K

Sample Material Surface area t-Plot t-Plot External | Total Pore Pore

No. (m?/g) Micropore | surface area volume size

Area (m*/g) (m?/g) (cm3/g) (nm)

1 MIL-53(Al)/biochar 806.0 355.2 76.9 0.5 2.7

2 MIL-53(Al) 650.5 552.1 98.2 0.4 2.2

3 Activated bamboo 432.4 618.9 187.4 0.3 2.3
biochar
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Figure 4: SEM images and EDXS mapping of (a) MIL-53(Al)/biochar, (b) MIL-53(Al) and (c) activated

bamboo biochar
10



3.1.3 Fourier-Transform Infrared Spectroscopy (FT-IR) analysis

FT-IR spectroscopy (Figure 5) was used to identify functional groups contributing to NRFX
adsorption. The pristine MIL-53(Al) exhibited characteristic vibrations of the
1,4-benzenedicarboxylate (BDC) linker, including —COO~ stretches at 1608 and 1512 cm™" and
symmetric stretches at 1435 and 1417 cm™ and a weal shoulder at 1669 cm™ from uncoordinated —
COOH groups [43]. The Al-OH bending mode of trans-corner-sharing AlO4(OH), was observed at 989
cm™ [44]. Activated biochar shows a broad O—H stretching envelope (= 3294 cm™) from phenolic
and alcoholic groups, an aliphatic C—C stretch at 3089 cm™, a C—O-C stretch at 1693 cm™', and
aromatic C=C bending at 730 cm™™ [45]. In the MIL-53(Al)/BC composite, all major MIL-53(Al) and
biochar bands were retained, confirming that the MOF’s “wine-rack” framework survived
solvothermal growth on biochar, in agreement with PXRD results (Figure 2). Broadening and red-
shifting of the O—H stretch indicated new hydrogen-bonding interactions between biochar hydroxyls
and MIL-53(Al) linkers or Al-OH sites [46, 47]. Thus, the coexistence of phenolic O—H, coordinatively
unsaturated AI-OH, and extended aromatic domains creates complementary hydrogen-bond
donor/acceptor sites and n—n stacking interfaces, rationalizing the composite’s superior NRFX

adsorption performance [48].
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Figure 5: FTIR spectra of (a) MIL-53(Al)/biochar, (b) MIL-53(Al) and (c) activated bamboo biochar

11



3.1.4 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) was employed to evaluate the thermal stability and
composition of the materials (Figure 6). For MIL-53(Al) (Figure 6b), an initial 6 wt% loss below 150 °C,
corresponds to desorption of physisorbed and pore-confined water, followed by a major
decomposition (32 wt%) between 450—600 °C (DTG maximum at 580 °C) corresponding to BDC linker
degradation [49]. Activated biochar (Figure 6¢) shows a single devolatilization step (= 21 wt%
centered at 450 °C), attributed to pyrolytic cleavage of residual lignocellulosic fragments [50]. The
composite (Figure 6a) shows a combined profile: (i) a minor 5 wt% loss below 150 °C (water), and (ii)
a main degradation step of = 28 wt% with DTG maximum at 550 °C. The slight shift to lower
decomposition temperature compared with MIL-53(Al), suggests that intimate contact with the
biochar matrix marginally catalyses MOF degradation, possibly due to catalytic oxygenated sites on
the carbon surface. The framework stability up to ~350 °C, ensures resilience during typical

adsorption—desorption regeneration cycles (< 250 °C).
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Figure 6: Thermogravimetric analysis (TGA) profile of (a) MIL 53(Al)/biochar, (b) MIL 53(Al)

and (c) activated bamboo biochar.
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3.2 Adsorption performance of MIL-53(Al) and MIL-53(Al)/Biochar Composite
3.2.1 Effect of Adsorbent Dosage and Initial NRFX Concentration on Adsorption Efficiency

Figure 7 shows the effect of adsorbent dosage on equilibrium capacity (ge). Increasing the
dose from 40 to 80 mg/L decreased the equilibrium capacity (qe) for both materials: MIL-53(Al)
decreased from 287 + 6 to 190 + 4 mg/g, while the composite declines from 300 + 5 to 192 + 3 mg/g
at identical operating conditions. This inverse trend is common commonly observed in
heterogeneous adsorption systems and is attributed to the saturation of available active sites at a
fixed adsorbate concentration, as well as particle aggregation at higher loadings, which blocks
surface sites and hinder mass transfer [51, 52]. Therefore, a dosage of 40 mg/L was selected for
subsequent experiments, as it provided the highest adsorption capacity (300 mg/g) with > 95%

NRFX removal.
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Figure 7: Effect of adsorbent dosage on NRFX adsorption by MIL-53(Al) and MIL-53(Al)/biochar
composite at an initial NRFX concentration of 20 mg/L, temperature of 30 °C, and contact time of

120 min.

The effect of initial NRFX concentration (Figure 8) was evaluated over the range of 10-50

mg/L. For pristine MIL-53(Al), ge increased from 242 + 5 to 343 + 7 mg/g, while for the MIL-53(Al)/BC
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composite increases from 261 + 6 to 357 + 8 mg/g under identical conditions. The monotonic
increase reflects the greater driving force for mass transfer at higher NRFX concentration enhancing
solute—site collisions and accelerates surface coverage [53]. Across the entire range of NRFX
concentration, the composite consistently delivered 6—8% higher capacity than that in pristine
MIL-53(Al), reflecting the synergistic benefits of its larger surface area and higher mesopore fraction
that facilitate faster intraparticle diffusion. Notably, the removal efficiency remains = 90% even at
the highest NRFX concentration (50 mg/L), confirming that MIL-53(Al)/BC not only provides a higher
capacity per gram but also sustains superior performance under elevated contaminant loads an
essential property for real-world wastewater treatment scenarios where antibiotic spikes can vary

substantially.
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Figure 8: Effect of the initial NRFX concentration on NRFX adsorption by MIL-53(Al) and MIL-
53(Al)/biochar composite at an adsorbent dosage of 40 mg/L, temperature of 30 °C, and contact

time of 120 min.

3.2.2 Effect of Temperature on NRFX Adsorption Efficiency
Figure 9 examines the effect of temperature (30-70 °C) on the equilibrium capacity (qe) of

MIL-53(Al) and the MIL-53(Al)/biochar composite. For MIL-53(Al), ge decreases from 288 + 5 mg/g at
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30 °Cto 240 + 4 mg/gat 70 °C (= 16% loss), while for MIL-53(Al)/BC it decreased from 300 + 6 to 245
+ 5 mg/g (=18% loss). This negative temperature coefficient confirms that NRFX adsorption is an
exothermic process, consistent with previous fluoroquinolone studies reported elsewhere [54, 55].
The decline in capacity can be attributed to: (i) weakened hydrogen bonding and r—rt interactions at
elevated thermal energies [56], and (ii) reduced solution viscosity, which shortens solute—sorbent
contact time [57]. Even at 70 °C the composite retained a high capacity (> 245 mg/g), outperforming
many reported sorbents such as graphene oxide (= 200 mg/g), amine-functionalized magnetic
bamboo-based activated carbon (= 293.2 mg/g) and KOH-activated biochar (= 180 mg/g) as well as
MOF-based material e.g., ZIF-8 (= 210 mg/g), MIL-101 (= 222 mg/g) and MIL-53(FE) (= 240 mg/g)
[58-60]. This combination of moderate thermal sensitivity and high residual capacity suggests that
MIL-53(Al)/BC can perform effectively across typical wastewater temperatures (20-70 °C) and

endure occasional thermal excursions during sunlight exposure or steam-assisted regeneration.
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Figure 9: Effect of temperature on NRFX adsorption by MIL-53(Al) and MIL-53(Al)/biochar
composite at an adsorbent dosage of 40 mg/L, NRFX concentration of 20 mg/L, and contact time of

120 min.
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3.2.3 Effect of contact time on NRFX Adsorption Efficiency

Figure 10 shows the time-dependent uptake of NRFX on MIL-53(Al) and the
MIL-53(Al)/biochar composite. Both adsorbents exhibit a biphasic pattern: an initial rapid phase
within 15 min followed by a slower approach to equilibrium. The fast phase corresponds to external
film diffusion and the abundance of vacant active sites, while the slower phase reflects intraparticle
diffusion through MOF channels and the micro-mesoporous carbon matrix, governed by
chemisorption such as hydrogen bonding, n—n stacking, and electrostatic attraction [61]. MIL-
53(Al)/BC consistently achieved ~5% higher uptake than MIL-53(Al) across all time intervals at
identical operating conditions and achieved 90% of equilibrium capacity within ~25 min, compared
to typical carbon-based adsorbents e.g., KOH-activated biochar, graphene oxide and amine-
functionalized magnetic bamboo-based activated and MOF sorbents such as ZIF-8, MIL-101 and
MIL-53(FE) which often require > 120 min under comparable conditions [58-60]. The combination of
rapid kinetics and high capacity underscores the practical suitability of MIL-53(Al)/BC for real-world

antibiotic remediation.
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Figure 10: Effect of contact time on NRFX adsorption by MIL-53(Al) and MIL-53(Al)/biochar
composite at an adsorbent dosage of 40 mg/L, initial NRFX concentration of 20 mg/L, and

temperature of 30 °C.
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3.3 Adsorption Mechanisms of NRFX

Figure 11 summarizes the adsorption mechanism of NRFX on MIL-53(Al)/biochar. First,
hydrogen bonding: after adsorption FT-IR shows a red-shift of the NRFX carbonyl stretch from 1723
to 1711 cm™and an ~18% attenuation of the Al-OH band at 989 cm™ (Figure 5), indicating hydrogen-
bond formation between NRFX —COOH/-NH groups and —OH moieties on both MIL-53(Al) (Al-OH
clusters) and activated biochar (phenolic and carboxylic groups). Second, electrostatic attraction: the
composite surface carries a negative charge promoting Coulombic attraction between deprotonated
carboxylate/phenolate sites and the protonated amine group of NRFX. Third, i- t interactions: the
electron-rich quinolone ring of NRFX can interact with the conjugated n-electron systems of graphitic
domains in biochar and the benzene rings of MIL-53(Al)’s terephthalate linkers (as described in
sections 3.2.2 and 3.2.3). These ni—7t stacking and cation—Tt interactions enhance adsorption affinity,
particularly in the presence of hydrophobic pockets within the composite. Finally, pore filling and
van der Waals confinement: BET surface after NRFX uptake revealed a ~15% decrease in surface area
(from 806 m?/g for fresh MIL-53(Al)/biochar to 692 m?/g for the spent MIL-53(Al)/biochar) and ~12%
reduction in micropore volume (from 0.5 cm?/g to 0.3 m?/g), suggesting that NRFX molecules
partially occupy MIL-53(Al) channels and mesoporous biochar network, where van der Waals forces
stabilize the adsorbed species. This multi-modal adsorption mechanism combining hydrogen
bonding, electrostatic attraction, n—m stacking, and physical confinement has also been reported for
other MOF-biochar hybrids such as montmorillonite—biochar composites and Fe—BTC/polydopamine

microspheres [62, 63].
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Figure 11: The proposed adsorption mechanism of NRFX on the MIL-53(Al)/biochar composite

4, Conclusion

This study demonstrates the successful synthesis a novel MIL-53(Al)/biochar composite via
an in situ hydrothermal approach, integrating the flexibility of MIL-53(Al)’s “wine-rack” framework
of MIL-53(Al) with the oxygen-functionalized, mesoporous carbon matrix of bamboo-derived
biochar. The resulting hybrid exhibited a high specific surface area (806 m?%g), increased pore
volume, and a hierarchical micro—-mesoporous network, enabling enhanced mass transfer and
abundant active sites for NRFX adsorption. Under optimal conditions (20 mg/L NRFX, 40 mg/L
adsorbent, 30 °C, 120 min), MIL-53(Al)/BC achieved an exceptional adsorption capacity of 357 mg/g,
significantly outperforming most MOF and carbon-based adsorbents reported in the literature,
which typically exhibit capacities below 250 mg/g. The superior performance was attributed to a
synergistic multi-modal adsorption mechanism involving hydrogen bonding, electrostatic attraction,
n—Tt interactions, and pore-filling effects, as confirmed by FT-IR and BET analyses. Furthermore, the
composite also demonstrated rapid uptake kinetics, reaching 90% of equilibrium capacity within ~25
min, and maintained high residual capacity across a wide temperature range (20-70 °C), confirming
its potential for practical wastewater treatment.

To advance practical application, future research should prioritize: (i) scaling up synthesis
under industrially feasible conditions, (ii) evaluating long-term stability and regeneration over

multiple adsorption—desorption cycles, and (iii) validating performance in real wastewater matrices
18



with diverse co-contaminants. In addition, life-cycle aspects including solvent consumption, energy
demand, and the environmental footprint of regeneration must be critically assessed to ensure that
the promising laboratory-scale performance of MIL-53(Al)/biochar can be translated into sustainable

and industrially viable water treatment solutions.
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