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Removal of tetracycline antibiotics from
agricultural wastewater efficiently using natural
attapulgite functionalized MIL-53(Fe): adsorption
mechanism and thermodynamic study

Jiaolan Liu,® Xiaoyan Wang,? Yuzhu Yang,® Wei Liu*® and Wei Sheng Liu (2 *2

An excessive utilization of tetracycline antibiotics (TCs) in aquaculture and livestock farming significantly
threatens human health and the vitality of aquatic environments. In this work, we used a one-pot
hydrothermal approach with APT@MIL53-X hybrid material to achieve the selective removal of TC and
OTC from agricultural wastewater. APT@MIL53-X showed significant chemical stability in the 3-10 pH
range. Analysis of the adsorption results using adsorption kinetics, adsorption isotherm studies and
adsorption thermodynamics indicated the presence of a monolayer physicochemical adsorption process
with a maximum equilibrium adsorption of 600.43 mg g~ for TC (removal efficiency of 93.5%) and
53771 mg g* for OTC (removal efficiency of 91.4%). The elimination of TCs was not significantly
impacted by the common buffer system of solution or the presence of water. Furthermore, a number of
characterization techniques, including FT-IR and XPS, suggested that electrostatic interactions, w—m
stacking, and hydrogen were potential adsorption processes. APT@MIL53-X showed stable recycling
performance, maintaining a stable adsorption amount and chemical stability after six adsorption—
desorption cycles of use, which proved that APT@MIL53-X has application possibilities for the
agricultural wastewater treatment process. This study illustrates that APT@MIL53(Fe)-X hybrid material
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1. Introduction

In the past few decades, an ongoing rise in the global pop-
ulation and the concomitant rapid advancement of industrial,
urban, and agrochemical practices," including pollution
resulting from the extensive use of antibiotics and pharma-
ceuticals, have presented unparalleled challenges to human
health and ecological water environments.> The issue arises
from the incomplete consumption of antibiotics, attributable to
their intricate structure and challenging degradation in aquatic
organisms.® Consequently, up to 75% of the antibiotics utilized
enter the ecological hydrological cycle as effluents, leading to
the emergence of resistant microorganisms and genes,* thereby
jeopardizing human health and ecological water security.
Tetracycline antibiotics (TCs) are regarded as among the most
economical antibiotics, with tetracycline (TC) and
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offers a novel method for the selective and effective elimination of agricultural wastewater.

oxytetracycline (OTC) being ideally utilized,” and their indis-
criminate application has resulted in the detection of tetracy-
cline in some drinking water sources, raising concerns
regarding human and animal health as well as environmental
harm. TC/OTC is not fully eliminated by conventional treatment
methods due to its considerable persistence in agricultural
aquaculture wastewater, attributed to its notable biotoxicity,’
high hydrophilicity, and extended half-life (34-329 h),” along
with other tricky characteristics. Hence, it is imperative to
identify water treatment technologies that mitigate antibiotic
residues in agricultural water ecosystems and prevent the
ecological harm associated with the rise of resistant genes.
Recently, traditional agricultural wastewater treatment
technologies (e.g. activated carbon, membrane filtration, and
ion exchange) have proven notable weaknesses regarding inef-
ficiency and low recycling rates for the removal of TC/OTC.? To
overcome the constraints of these shortcomings, researchers
have devised a range of advanced techniques for the remedia-
tion of antibiotics in agricultural wastewater,” including
adsorption technology,"*** ultraviolet treatment,”* and photo-
catalytic degradation technology."**¢ The adsorption technique
stands out as competitive in practical applications due to its
distinctive advantages, including ease of operation, low cost
and high removal efficiency.” The urgent need for the
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development of environmentally friendly, cost-effective, and
practical adsorption materials to mitigate the excessive use of
antibiotics in aquatic environments has become increasingly
pressing.

Fortunately, metal-organic frameworks (MOFs) are
advanced porous materials that have emerged following tradi-
tional materials,* exhibiting characteristics such as tenability
and ease of modification while also enhancing the removal of
TC/OTC compared to conventional wastewater treatment
methods." MIL-53(Fe), characterized by its superior adsorption
capabilities and prospective unsaturated metal active sites,
along with low toxicity,"**** presents a promising application
for the adsorptive removal of TC/OTC from agricultural waste-
water. However, to prevail over the lack of water stability of MIL-
53(Fe), its modification, tailoring, and hybrids are essential to
compensate for its limited surface active sites and poor water
stability. Previous investigations by the research team demon-
strated that environmentally friendly attapulgite (APT) not only
can eliminate TC/OTC from wastewater through adsorption,***
but also significantly enhances the water stability of MOF
materials,>*° indicating substantial potential for investment in
MIL-53(Fe) functional hybrid material.

In this work, we have prepared APT@MIL-53(Fe)-X (X is
a different percentage example) hybrid material by hybridizing
natural APT with MIL-53(Fe) via hydrothermal reaction for
efficient TC/OTC removal from agricultural wastewater, that
much higher than marketed materials. The adsorption selec-
tivity of TC/OTC was investigated based on the hybrid levels,
APT@MIL53(Fe)-70 with 70% APT hybridizing exhibited selec-
tive adsorption of TC, while APT@MIL53(Fe)-50 with 50%
hybridizing selectively adsorbed OTC. The structural and
physicochemical characteristics of APT@MIL-53(Fe)-X were
examined through systematic characterization. Selective
adsorption for the removal of TC/OTC under single factors
effects experiments and simulated agricultural wastewater
circumstances were also investigated. Kinetic models, isotherm
studies, and adsorption thermodynamics were used to investi-
gate the adsorption process of TC/OTC adsorption. Ultimately,
the adsorption mechanisms of APT@MIL-53(Fe)-70 and
APT@MIL53(Fe)-50 on TC/OTC were unraveled by comparing
the characterization of the hybrid material before and after
adsorption. This study addressed the issue of inadequate water
stability of MIL-53(Fe) in agricultural wastewater management
and introduced a cost-effective, eco-friendly, and efficient novel
adsorbent material for the removal of TC/OTC.

2. Experimental section
2.1 Preparation of APT@MIL-53(Fe)-X hybrid material

Preparation of attapulgite (APT) by purification of previous
methods.”” Based on the methodology used to prepare MIL-
53(Fe) in the previous,"*' 0.709 g of APT, 0.665 g of FeCl;-
-6H,0, also 0.428 g of terephthalic acid (H,BDC) were obtained.
In addition, 0.501 g of APT, 0.655 g of FeCl;-6H,0, and 0.435 g
of H,BDC, respectively, were taken, and 15 mL of N,N-dime-
thylformamide (DMF) was added. After mixing and continuing
to ultrasonic for 0.5 h to form a homogeneous solution, the
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mixture was transferred into a reactor liner and hydrothermally
reacted for 10 h at 423 K. The orange-colored powdered material
was obtained by centrifugal washing with ethanol and water
until the solution was cleared (ESI: Fig. S1t), followed by acti-
vation in an oven at 423 K for 12 h.

2.2 Batch adsorption experiments

As opposed to hybrid materials with varying hybridizing levels,
APT hybrid with 70% and 50% of hybrid material had the best
adsorption effect for TC/OTC (ESL: Text S3, Table S1 and
Fig. S2%), respectively. Therefore, the performance of
APT@MIL53(Fe)-70  adsorption for TC removal and
APT@MIL53(Fe)-50 adsorption for OTC removal was the main
focus. In this case, the removal rate (removal efficiency/%) and
adsorption amount (g,) (mg g~ ') of the adsorption performance
were measured and computed as follows:**

0 o (CO - Ct)
R(h) = ==
g = (C()*C,)X V

m

where C, (mg L") is the sampling concentration at time ¢ (min)
and C, (mg L") is the pollutant of antibiotic initial concen-
tration, respectively. V (L) is the volume of the antibiotic
pollutant that needs to be treated, and m (g) is the mass of the
hybridized adsorbent.

In order to study the effect of adsorption on antibiotic
pollutants in agricultural wastewater, a TC/OTC solution with
a concentration of 100 mg g~ * and a volume of 10 mL was finally
selected for the adsorption experiments in 20 mL bottles after
selection of conditions (ESI: Text S31). Under different
temperature gradients (288 K, 298 K, 308 K, and 318 K), samples
were collected using a syringe at regular intervals of 10, 20, 30,
40, 50, 60, and 120 min in a dark environment. Simultaneously,
adsorption isotherms were established at the same temperature
gradient. Solutions of TC and OTC with concentrations ranging
from 10 mg L™ to 160 mg L~ " were prepared, and samples were
collected for analysis under dark conditions for 300 min.

3. Results and discussion

Studying the charge of antibiotic distribution before testing is
crucial since it will enable more accurate targeted adsorption
investigations. Some functional groups in the TC structure are
ionized and exist in various forms (Fig. 1a and b). The ionization
equilibrium constants of TC are 3.30, 7.69, and 9.69, resulting
in four ionized forms: TCH,", TCH,™, TCH, ", and TC?.>** The
susceptible ionization structure of OTC is depicted in Fig. 1d
and is presented in the form illustrated in Fig. le. The equi-
librium constants are 3.57, 7.49, and 9.88, at which point it
occurs in four forms: H;OTC', H,OTC*, HOTC~, OTC?~.2* As
the pH increases from 3 to 10, the surface charge of the material
transitions from positive to negative, with the isoelectric point
(PHp,c) representing the pH at which the charge is neutral.”

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

pKa2=7.49

Fig.1 Structure and partial ionization (a) TC, (d) OTC;

pKa;=9.69
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pH,,. for APT@MIL53(Fe)-70 and APT @MIL53-50(Fe) were 7.54
and 8.49 respectively (Fig. 1c and f).

Beginning with X-ray powder diffraction (PXRD) of APT, MIL-
53(Fe), and hybrid material with varying amounts of APT during

the preparation process, the
oughly characterized (Fig. 2a).

produced materials were thor-
The distinctive diffraction peaks

of APT exhibit five principal peaks at 8.8°, 13.9°, 16.7°, 20.0°,

and 27.69°, corresponding to t
and (4 0 0) crystallographic
diffraction peaks align consi

he (11 0), (2 00), (13 0), (04 0),
planes.?”*® These characteristic
stently with the standard APT

PH

ionization equilibrium and form of existence distribution (b) TC, (e) OTC; zeta test of (c)

signal peaks (PDF #31-0783), indicating that the APT structure is
well crystallized. MIL-53(Fe) has three prominent peaks at 9.2°,
18.6°, and 28.1°, corresponding to the (1 0 1), (0 0 2), and (3 0 2)
crystal planes, respectively.*! The clarity and sharpness of these
peaks indicate a homogeneous crystalline structure with few
impurities. Both APT@MIL53(Fe)-50 and APT@MIL53(Fe)-70
displayed distinctive peaks akin to those of APT and MIL-
53(Fe), signifying the successful synthesis of the hybrid mate-
rial.>* As the extent of APT hybridization rises, the peak at the
8.8° point of the hybrid material becomes more pronounced. In
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Fig. 2 PXRD patterns of selected samples (a); TGA weight loss analysis (b); N, adsorption—desorption plots of selected samples (c) FT-IR

spectrum of selected samples (d).
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Table 1 N, adsorption—desorption results at temperature 78 K
conditions

SBET Viotal Average pore width
Sample m*g™ (em’g™) (nm)
ATP 125.59 0.53 19.00
APT@MIL53(Fe)-70 81.88 0.34 24.61
APT@MIL53(Fe)-70-TC 49.44 0.18 19.30
APT@MIL53(Fe)-50 70.56 0.29 27.27
APT@MIL53(Fe)-50-OTC 39.21 0.17 19.04
MIL-53(Fe) 25.93 0.11 40.61

conclusion, the hybrid materials APT@MIL53-50(Fe) and
APT@MIL53(Fe)-70, which are distinct from one another, were
effectively synthesized. For evaluation of the thermal stability of
the materials, we characterized APT, MIL-53(Fe), and hybrid
materials with varying APT hybridizing through thermogravi-
metric analysis (TGA). The APT depicted in Fig. 2b demonstrates
that with rising temperature, surface-bound water, zeolite
water, and ligand water molecules are sequentially removed
within the structure. APT has significant thermal stability. MIL-
53(Fe) exhibits a sequential removal of residual solvent from its
surface, a loss of the distributor within the crystal structure,*
a significant reduction in the weight of the majority of the
ligand and its functional groups, and ultimately, the collapse of
the organic framework of MIL-53(Fe), resulting in an overall
weight loss of 60.5%.' Following APT mixing, the weighted
platforms of the mixed materials APT@MIL53(Fe)-70 and
APT@MIL53(Fe)-50 exhibited similarity, however, the weight
loss varied. After weighting of APT comparable to MIL-53(Fe),
the material experienced a weight reduction of 29.7%, while
the weight of matter constituted 39.3%. There is a notable
decrease in weight loss and a considerable enhancement in the
thermal stability of the hybrid material with increased APT
hybrids compared to MIL-53(Fe).**

Findings of N, adsorption-desorption curves (BET) and
Barrett-Joyner-Halenda (BJH) pore size distribution investiga-
tions are presented in Fig. 2c and Table 1. APT and hybrid
materials are classified as class II adsorption isotherms
according to the worldwide IUPAC (Fig. 2c), and MIL-53(Fe) is
classified as a class IV isotherm.** Both APT and the hybrid
material display hysteresis loops, showing the existence of
mesoporous pronounced increase in N, adsorption at P/P, >
0.95, and the adsorption-desorption isotherm displayed
a marked alteration with a distinct hysteresis loop, indicating
the existence of mesoporous and partially macroporous struc-
tures.* To demonstrate that the BET curves of APT@MIL53(Fe)-
50 have decelerated, the reduction in hysteresis loops suggests
the presence of a limited quantity of mesoporous and certain
macroporous structures. Those discussions are substantiated in
Table 1, demonstrating that the hybrid material enhances the
specific surface area, pore volume, and pore diameter to varying
extents with increased APT hybridizing. The findings indicate
that the adsorption capacity of APT@MIL53(Fe)-70 surpasses
that of APT@MIL53(Fe)-50.
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The prepared materials were characterized by Fourier-
transform infrared (FT-IR) spectroscopy for surface groups
(Fig. 2d). A spectrum of absorption of APT in the 3618 cm™*
band is ascribed to the stretching vibrations of Al*" associated
with hydroxyl and coordination water.*® This 3554 cm '
absorption peak is ascribed to the hydroxyl vibrations in Mg-
OH,* while the broad peaks within the range of 3500-
3000 cm ™" are attributed to the ~-OH group, the dual absorbent
peaks at 988 cm ™' and 1037 cm™ ' are ascribed to Si-O-Si
bonding.**** MIL-53(Fe) exhibits unsymmetrical stretching
vibration peaks of the functional group on the organic ligand at
1390 cm™ ', 1556 cm™ ', and 1670 cm !, corresponding to C=0
in the carboxyl functionality, C=C in the benzene ring, and O-C
in the carboxyl the substituted aromatic compounds is observed
at 744 cm " Post-hybridizing, the absorption spectra of
APT@MIL53(Fe)-50 and  APT@MIL53(Fe)-70  exhibited
enhanced smoothness in AI-OH and Mg-OH.** Additionally,
new characteristic peaks of MIL-53(Fe) emerged,">* with
a noticeable rightward shift in peak positions and increased
peak absorption intensity. This suggests that APT interacted
with MIL-53(Fe), confirming the successful synthesis of
APT@MIL53(Fe)-50 and APT@MIL53(Fe)-70.

Scanning electron microscopy (SEM) was conducted on APT,
MIL-53(Fe), and the synthesized APT@MIL53(Fe)-70 and
APT@MIL53(Fe)-50 to examine their surface microstructures,
with the results presented in Fig. 3a displays that APT exhibits
a uniform fibrous rod-like morphology. At the specified
magnification, the APT surface appears smooth. The rod length
measures approximately 1 um, corroborating prior findings.*”
At the same magnification, MIL-53(Fe) shows a biconical
hexagonal prism structure and a hexagonal bipyramidal struc-
ture,'* characterized by smooth and dense surfaces (Fig. 3c
and d). APT hybridizing on MIL-53(Fe) crystals results in the
material transitions from hexagonal bipyramid to biconical
hexagonal prism morphology with increasing hybridizing
amount."** This view clarifies that the physicochemical prop-
erties are enhanced post-hybridization, as evidenced by the
prior PXRD patterns and BET analysis, with a rise in specific
surface area and expanded pore size. The elemental distribution
results from the EDS of the hybrid material are presented
(Fig. 3i). It is obvious that the rod-shaped crystals are equally
dispersed across the surface (ESI: Fig. S31). One aspect is that
Fe, Si, Al, O, N, Mg, and C are uniformly distributed on the
surface of the hybrid material. All elevated concentrations of Fe
and Si confirm the efficacy of the hybrid material, and the
biconical hexagonal prismatic structure of the seven elements is
distinctly observable in the EDS diagrams.?”*>** The character-
ization confirms that demonstration of APT distribution on
MIL-53(Fe) surface and successful preparation of hybrid
material.

4. Exploration of adsorption factors
4.1 Effect of contact time

Initially, the duration of contact between antibiotics in agri-
cultural wastewater and hybrid material significantly influences
the adsorption accumulation. By comparing the impact of an

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 SEM images of different samples (a and b) APT; (c and d) MIL-53(Fe); (e and f) APT@MIL53(Fe)-70; (g and h) APT@MIL53(Fe)-50; (i) EDS
elemental image results for APT@MIL53(Fe)-70.

adsorbent concentration of 0.10 g L' of APT@MIL53(Fe)-70 on  The adsorption process has three phases: the quick adsorption

TC and APT@MIL53(Fe)-50 on OTC adsorption over 300 min
(Fig. 4a and b), the graphs are refined to illustrate the in-
solution UV absorption of the residual TC/OTC (ESI: Text 17).
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adsorption occurred during the initial 20 min, attributed to the
elevated concentration of TC/OTC in the water at the onset of
the reaction and the ample availability of active surface sites on
the adsorbent, leading to adsorption driven by a substantial
adsorption force.*® Adsorption inflection points transpire
between 20 to 60 min, during which the surface active sites are
partially occupied, resulting in a deceleration of the adsorption
process. Complete adsorption equilibrium is attained around
120 min, after which the adsorption quantity stabilizes. Adsor-
bent concentration increases active sites on the hybrid material
surface but reduces effective collision, causing adsorption
equilibrium first at 0.14 g L™, indicating superior adsorption
per unit of removal.

4.2 Effect of initial concentration

Secondly, a spectrum of TC/OTC with an initial concentration of
10-160 mg L' was investigated (ESI: Text 1%), revealing
differences in the adsorption capacities of APT@MIL53(Fe)-70
and APT@MIL53(Fe)-50, respectively (Fig. 4c). An increase in
initial concentration leads to a larger gradient gap between the
adsorbent surface and adsorption-driven force.*” At an initial
concentration of TC/OTC of 100 mg L', the adsorption rate
diminished following the inflection point of the adsorption
quantity. Therefore, 100 mg L™ was selected as the beginning
concentration for the adsorbents TC and OTC.

4.3 Effect of pH

The influence of pH, ranging from 3.0 to 10.0, on the adsorption
of TC/OTC was examined (ESI: Text 11), as pH alters the surface
charge of the hybrid material (Fig. 4d).*” At pH = 3, TC mostly
occurs as TCH; " in the solution due to the high concentration of
H', resulting in a positively charged surface of the hybrid
material.*” In this case, electrostatic repulsion leads to a lower
adsorption performance of the adsorbent material for TC. TC
removal efficiency gradually increased to 94.5% as the solution
pH increased to 7 when TC in the form of TCH,* and
APT@MIL53(Fe)-70 produced electrostatic gravitational inter-
actions to promote the adsorption performance of TC. When
the solution is increased to 10, TC exists as TCH  and TC?*~
sequentially, resulting in a rise of negative charge on the surface
of the adsorbent material APT@MIL53(Fe)-70, hence boosting
the adsorption process through the electrostatic hindrance
effect. This discussion suggests that APT@MIL53(Fe)-70 pref-
erentially adsorbs tetracycline at ideal adsorption pH = 7.*®
While the solution is acidic, the high concentration of H'
disrupts the ionization equilibrium of OTC, leading to its
predominant existence as H;OTC". Concurrently, the surface of
the APT@MIL53(Fe)-50 material acquires a positive charge due
to protonation, which subsequently influences adsorption
through electrostatic repulsion.*

As the solution approaches neutrality, the concentration of
H' diminishes, resulting in the predominant presence of
H,OTC. The adsorbent surface of the material acquires a posi-
tive charge, while a minor fraction of the OTC exists in its
negatively charged ionized form, facilitating electrostatic
attraction and thereby enhancing the adsorption of OTC to
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optimize performance. Ionization of OTC mainly occurred as
HOTC when the solution pH was raised to 10. However, the
surface of the hybrid material was positively charged due to 7.49
< pH < pHp,. = 8.49. OTC achieved the maximum adsorption
removal rate of 98.7% at pH = 8, primarily due to electrostatic
attraction. Continued elevation of the solution to 10 amplifies
the negative charge on the surface, hence intensifying the
electrostatic repulsion of HOTC™ and OTC>~, which obstructs
OTC adsorption. Evidence indicates that the optimal adsorption
pH = 8, and APT@MIL53(Fe)-50 exhibit selectivity for OTC
adsorption.*® Electrostatic interactions are impacted by acidic
and alkaline environments, where pore filling dominates
adsorption.

4.4 Effect of different adsorbent concentrations

Fourthly, the impact of heterogeneous material addition on
adsorption performance was examined, revealing a substantial
increase in adsorption capacity with greater amounts of
heterogeneous material added (Fig. 4e). A maximum dosage of
405.1 mg g~ (R, 92.7%) was attained when APT@MIL53(Fe)-70
was delivered at a concentration of 0.14 g L™". The highest
absorption dose at APT@MIL53(Fe)-50 was 334.0 mg g ' (Re
91.4%) at a concentration of 0.16 g L™'. As the hybridized
material is incrementally added, the adsorption active sites and
pore space on the material's surface become adequate, resulting
in a gradual enhancement of adsorption performance.

4.5 Effect of adsorption system temperature

Temperature changes in TC/OTC adsorption, with conversion
rates over 90% (Fig. 4f). Hybrid materials exhibit efficiency, with
APT@MIL53(Fe)-70 and APT@MIL53(Fe)-50 adsorbed at 308 K,
aligning with the ideal temperature range for antibiotic
adsorption (ESIL: Table S27).

4.6 Effect of ionic strength

When the ionic strength of NaCl in the adsorption system
increases, the fluctuation of OTC is less than 50 mg g~ *, but the
variation in the adsorption quantity of TC remains minimal,
indicating that the adsorption performance of TC is more stable
(Fig. 4g). Despite the minimal impact on adsorption at varying
ionic strengths, selectivity for the adsorption of TC by
APT@MIL53(Fe)-70 and OTC by APT@MIL53(Fe)-50 persists in
the presence of various ions, corroborating the conclusions
from the prior discussion.*®

4.7 Effects on adsorption under simulated agricultural
wastewater conditions

Crucially, farmers typically utilize tap or river water to minimize
costs in actual agricultural aquaculture. This employed ultra-
pure water as a blank control, while deionized water, tap water,
and Yellow River water served as comparative groups (Fig. 4h).
The findings indicate that even in complex water bodies, the
adsorption effect is negligible, suggesting that adsorbent
materials perform selectively in real water environments and
possibly applicability in actual water bodies.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The adsorption behavior of Cu(NOs),, KH,PO,, (NH,4),HPO,,
ZnCl,, Al,(SO,4)s;, NagPO,4, and NaHCO; in actual agricultural
wastewater was modeled, demonstrating its efficacy for the
removal of TC/OTC in practical buffer systems (Fig. 4i). Even
though the adsorption is stable in common agricultural waters
and simulated agricultural wastewater carried out to illustrate
the selectivity and practical application possibilities of
APT@MIL53(Fe)-70 for TC adsorption and APT@MIL53(Fe)-50
for OTC adsorption.

5. Adsorption discussions
5.1 Adsorption kinetics analysis

Adsorption kinetics of TC/OTC over 5 hours were undertaken to
evaluate the removal effectiveness of TC/OTC (Fig. 5a and b), and
the adsorption data across temperature gradients were analyzed
through model fitting utilizing pseudo-first-order and pseudo-
second-order kinetics models. Fig. 5a and d show the adsorp-
tion of TC/OTC with time at four temperature gradients. The
pseudo-second-order kinetic model in Fig. 5b and e fits the actual
adsorption point better than the pseudo-first-order (ESI: Table
S3+), indicating that the TC/OTC adsorption belongs to chemi-
sorption. Temperature gradients corresponding to equilibrium
adsorption at 288 K, 298 K, 308 K, and 318 K are ascribed to the
increased energy available at elevated temperatures, which
enhances the adsorption characteristics of the materials.

5.2 Adsorption isotherm analysis

The adsorption isotherm is the primary model elucidating the
transfer of TC/OTC from liquid to solid phases in the environ-
ment.*”” The Langmuir and Freundlich isotherm models were
employed to analyze the adsorption data and elucidate potential
adsorption mechanisms through the fitted correlation data and
fundamental thermodynamic principles.* In this context, Ki, (L
mg ') represents the Langmuir isotherm constant, Ky (L g™ )
denotes the Freundlich isotherm constant, and 1/n indicates

View Article Online
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the surface heterogeneity of the adsorbed material.™
APT@MIL53(Fe)-70 has absorbed TC, as shown in Fig. 5c. The
quantity of adsorption increased with the rise in starting
concentration, attributed to the significant adsorption driving
force between the high concentration of TC and the adsorbent
material.®* As the system temperature rose, the TC equilibrium
adsorption increased, indicating that the adsorption process
may be thermally driven.** The fitting results indicated that the
correlation coefficients derived from monolayer of Langmuir
adsorption model were all R* > 0.99. This calculated equilibrium
adsorption at 308 K was 600.4 mg g ', achieving a removal
efficiency of 93.5%. It further substantiated that the adsorption
of TC was monolayer and involved chemical adsorption.* Fig. 5f
clarifies the isothermal linearity fitting of OTC adsorption by
APT@MIL53(Fe)-50 under a temperature gradient. The fitting
results indicating that the correlation coefficient R* of the
Langmuir adsorption model fitting is superior to that of the
Freundlich adsorption model (ESI: Table S4t). This suggests
that the adsorption of OTC is a monolayer adsorption process.
The equilibrium adsorption capacity of OTC at 308 K was
calculated to be 537.7 mg g™, achieving a removal efficiency of
91.4%. This Langmuir fitting of TC/OTC adsorption across
a temperature gradient of 288-318 K, with 0 < K, < 1, reflects
a homogeneous adsorption process.** Furthermore, the 1/n
value in the Freundlich fitting data aligns with the concentra-
tion's influence on adsorption quantity within the range of 0-
1. Adsorption becomes challenging when 1/n exceeds 2;
however, the 1/n values in the provided table are significantly
below 2, indicating that adsorption is readily achievable.'”**
Better selectivity and higher adsorption capacity than existing
materials.”?>>*

5.3 Thermodynamic analysis of adsorption

The thermodynamic energy change of the adsorption process
was examined by Gibbs free energy (AG), enthalpy change (AH),
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Fig. 5 Kinetic study of TC (a and b), OTC (d and e); isotherm fitting of TC (c), OTC (f).
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and entropy change (AS) (ESI: Fig. S4 and Table S5t).°* All AG
values (—4.06 k] mol " to —6.48 k] mol ") during TC adsorption
were negative, and the absolute value of AG increased with
rising system temperature, indicating that the adsorption of TC
by APT@MIL53(Fe)-70 was spontaneous. Furthermore, the
elevation of temperature enhanced the spontaneity of the
adsorption process. AH > 0 during adsorption signifies that the
adsorption process of TC is endothermic, and an increase in
temperature enhances adsorption, aligning with prior find-
ings.*® AS > 0 during adsorption signifies that the adsorbent
exhibits an affinity for TC and elucidates the enhancement of
solid-liquid interfacial disorder on the material's surface post-
adsorption, consistent with the principles of chemical adsorp-
tion.”” In the case of the adsorption of APT@MIL53(Fe)-50 on
OTC, the Gibbs free energy AG < 0, enthalpy change AH > 0, and
entropy change AS > 0 signify that the adsorption process is
a spontaneous endothermic reaction, favored by an increase in
temperature and a rise in disorder.

6. Adsorption mechanism analysis

A comparison of FT-IR spectra of the hybrid material before and
after the adsorption of TC/OTC reveals that the absorption
peaks of AlI-OH, Mg-OH, and -OH present a smoother profile
following the adsorption of TC by APT@MIL53(Fe)-70, indi-
cating the involvement of ~OH in the adsorption process of TC
(Fig. S71 and 6a). The weak absorption of C=0 in the organic
ligand region indicates that the -COOH groups on the APT
surface of the APT@MIL53-70(Fe) material may be hydrogen-
bonded to NH, and a significant quantity of -OH from TC.
The widening of the C=C stretching vibrational peaks in the
aromatic rings is ascribed to the m-m stacking interaction
between the aromatic rings of the adsorbent material and those
in the adsorbate TC.

Their AIOH, MgOH, and -OH groups in the APT@MIL53(Fe)-
50 material structure are all equally engaged in OTC adsorption
(Fig. S7t and 6b). Furthermore, the -COOH groups on the
material surface may engage in hydrogen bonding with the NH,
and numerous -OH groups of the OTC, leading to its adsorp-
tion. Consequently, the C=C stretching vibrational peaks on
the aromatic ring broaden, and the C-H absorption intensifies,
attributed to m-m stacking between the aromatic ring of the
adsorbent material and that of the OTC. After adsorption, the
distinctive Si-O-Si absorption peaks of the hybrid material
remained evident, signifying that the adsorption of TC/OTC did
not compromise the integrity of the adsorbed material, allowing
for its recyclability.

Comparison of the XRD plots before and after the adsorption
of TC/OTC (Fig. S8T, 6¢c and d) reveals alterations in the crystal
structure of the hybrid surface of the material, thereby con-
firming the adsorption of TC/OTC by the hybrid material. After
APT@MIL-53-70 adsorption of TC, the crystal plane of 101
shifted to 12.5°, possibly due to chemical adsorption. Following
OTC adsorption with APT@MIL-53-50, the 101 crystal plane
changed to 12.58° and the peak increased, which might be
attributed to the synergistic effect of surface and chemical
interaction.
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The XPS examination of APT, hybrid material, and MIL-
53(Fe) indicates that APT has typical elements such as Mg, Si,
and Al, whereas MIL-53(Fe) comprises elements including
Fe, N, O, and C. Comprehensive spectrum analyses of
APT@MIL53(Fe)-70 and APT@MIL53(Fe)-50 reveal the presence
of Fe and N, signifying effective hybridization and synthesis. All
spectra in this investigation were adjusted and calibrated using
the C 1s reference at 284.8 eV to analyze the material before and
following adsorption. APT@MIL53(Fe)-70 (Fig. 6f) 284.8 eV,
288.50 eV, and 288.62 eV correspond to C=C, C-N from benzoic
acid, and O-C=O0O from the carboxylic acid moiety, respec-
tively.** The enhancement in the invariant strength of C=C
binding energy following adsorption is attributed to the
hexagonal carbon atoms present in the adsorbed tetracycline.
The bond energies of C-N and O-C=O0 are reduced by 0.12 eV
and 0.15 eV, respectively, indicating their participation in the
adsorption process of tetracycline,*® which aligns with the FT-IR
analyses. In Fig. 6g, the N 1s analytical spectra at 402.23 eV and
400.61 eV correspond to N and N-C, respectively, exhibiting
shifts of 0.90 eV and 0.51 eV towards lower binding energy
following the adsorption of TC. This O 1s analysis result indi-
cates that the binding energies at 531.62 eV, 532.50 eV, and
532.45 eV correspond to C=0, -OH, and C-O, respectively.
Following adsorption, all three binding energies shift towards
higher values, with a notable increase in the intensity of the —
OH signal, likely due to the presence of numerous hydroxyl
groups in the TCs post-adsorption.* This Fig. 6f illustrates the C
1s analysis of APT@MIL53(Fe)-50 before and following the
adsorption of OTC. The binding energies before adsorption are
284.80 eV, 286.43 eV, and 288.59 eV, corresponding to the C=C,
C-N, and O-C=0 bonds, respectively. Post-adsorption, the C-N
bond exhibits a shift of 0.22 eV towards lower binding energy,
while the O-C=O0 bond shifts by 0.07 eV towards higher
binding energy, indicating the involvement of C-N and O-C=0
in the OTC adsorption process. These double-shouldered peaks
following N 1s adsorption (Fig. 6g) exhibited a shift of 0.86 eV
for N" and 0.48 eV for C-N bonds towards lower binding ener-
gies, accompanied by a reduction in peak intensities post-
adsorption. In the O 1s spectrum (Fig. 6h), the peaks at
531.62 eV, 532.45 eV, and 532.50 eV correspond to C=0, -OH,
and C-O (Fig. 6k), respectively. Following adsorption, C=0 and
-OH shifted 0.16 eV and 0.28 eV towards lower binding energy.

The increase in -OH intensity, attributed to the substantial
number of hydroxyl groups adsorbed on the OTC surface,
caused the C-O peak to shift 0.32 eV towards higher binding
energy. This indicates that C=0 and C-O participate in the
adsorption of OTC by APT@MIL53(Fe)-50, corroborating the FT-
IR analysis results.

Additionally, both TC and OTC comprise stable linear tet-
racyclic nuclei with fused four rings and benzene ring struc-
tures, featuring various ionizable functional groups.”” In
contrast, the APT@MIL53(Fe)-70 and APT@MIL53(Fe)-50
structures exhibit numerous exposed hexagonal carbon atom
arrangements, which are prone to m-m stacking interac-
tions.*** Functional groups in the TC/OTC structure, including
hydroxyl, phenolic, and dimethyl amino groups establish
hydrogen bonds with -OH on the APT@MIL53(Fe)-70 and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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1s, N 1s, O 1s, before and after adsorption of OTC, (e) full scan spectra of APT, MIL-53(Fe), APT@MIL53-70(Fe), APT@MIL53-50(Fe).

APT@MIL53(Fe)-50 surfaces,” corroborating the FT-IR data.”
After TC adsorption with APT@MIL53-70, the specific surface
area was reduced by 1.66 times, while the pore size was reduced
by 5.31 nm. During OTC adsorption, the specific surface area of
APT@MIL53-50 was dramatically reduced, as was the pore size,
by 8.32 nm (Table 1). The BET test results indicated a significant
reduction in specific surface area, pore volume, and pore
diameter before and after adsorption in APT@MIL53(Fe)-70
with TC and APT@MIL53(Fe)-50 with OTC, suggesting pore
filling during adsorption. The ideal pH for effective adsorption
is pH = 7, with a pH,,. of 7.54 (Fig. S91). At this pH, the posi-
tively charged APT@MIL53(Fe)-70 surface engages in electro-
static interactions with TCH>~ in solution, resulting in the most
substantial mutual attraction, and the adsorption mechanism
is governed by electrostatic attraction effects.”** OTC achieves
the maximum adsorption removal rate and the largest adsorp-
tion capacity at pH = 8 (Fig. S91), where pH = 8 < pH,,,. = 8.49.
At this pH, OTC predominantly occurs as HOTC, facilitating its
removal through electrostatic attraction.>**>

7. Recycling property

The recyclability of adsorbent materials is frequently associated
with their economic advantages and serves as a crucial indicator
of their practical application potential.** The results of the
adsorption cycle regeneration of APT@MIL53(Fe)-70 and
APT@MIL53(Fe)-50 are shown in Fig. 7, APT@MIL53(Fe)-70
retains a high adsorption capacity after six recycling cycles,

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

subsequently exhibiting a consistent adsorption capacity, indi-
cating stable performance for TC. Furthermore, after three
cycles of OTC adsorption, the adsorption capacity of
APT@MIL53(Fe)-50 remains stable, demonstrating greater
stability than the former. Furthermore, APT@MIL53(Fe)-50
exhibited a consistent adsorption capacity for OTC after three
cycles of adsorption, demonstrating its persistent adsorption
efficacy for TC.

[ 1 APT@MIL53-70-TC
400} I 1 APT@MIL53-50-0TC
300
5
(=]
£
= 200
100
4]

1 2 3 4 5 6 7 8
Adsorption cycles

Fig. 7 Adsorption performance of recycling cycle.
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8. Conclusions

In conclusion, this study is the initial effort to investigate the
selective adsorption of TC/OTC with varying APT hybridizing
levels to achieve efficient removal of typical TC/OTC from agri-
cultural wastewater. The adsorption selectivity of hybrid mate-
rial for TC/OTC was confirmed that APT@MIL53(Fe)-70 and
APT@MIL53(Fe)-50 exhibited selectivity for the adsorption of
TC and OTC, respectively. APT@MIL53-X showed significant
chemical stability in the 3-10 pH range. Furthermore, the
kinetic, isothermal and adsorption thermodynamic studies of
the adsorption data at gradient temperatures showed that the
pseudo-second-order kinetic and Langmuir models were more
relevant to the adsorption process, which verified that the
adsorption of TC/OTC was a chemisorption and monolayer
adsorption process. Besides equilibrium adsorption capacity of
TC was calculated to be 600.4 mg g ' (removal efficiency of
94.5%) and that of OTC was 537.7 mg g~ ' (removal efficiency of
98.7%) at 308 K, based on the Langmuir adsorption model.
Several physicochemical features of materials before and after
adsorption indicate that TC/OTC adsorption involves electro-
static interactions, 7-7 stacking, hydrogen bonding, and pore
filling. = APT@MIL53-X  showed stable desorption,
APT@MIL53(Fe)-70 and recycling performance, maintaining
a stable adsorption amount and chemical stability after six
adsorption-desorption cycles of use, which proved that APT@-
MIL53-X has application possibilities for the agricultural
wastewater treatment process. Overall, the present work
provides a novel and environmentally sustainable approach for
the removal of TC/OTC from agricultural wastewater in
substantial volumes.
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