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The remove of oxytetracycline hydrochloride (OTC) antibiotics from water
presents both significant challenges and importance. In this study, magnetic
activated carbon (MAC) was synthesized from powdered activated carbon and
ferric compounds using an alkaline co-precipitation process. Various
characterizations techniques employed to assess the microscopic morphology,
pore structure, and surface functionality of the adsorbents. The maximum
equilibrium adsorption (qg,,) of MAC for OTC at temperature of 20, 25, 30, 35,
and 40°C were found to be 93, 112, 118, 108, and 117 mg/g, respectively, as
determined by the Langmuir isotherm adsorption model. Thermodynamic and
adsorption site energy analyses indicated that the adsorption process is a
spontaneous endothermic reaction at elevated temperatures. During the OTC
removal process, both chemisorption and physisorption mechanisms were
observed, with adsorption site energies ranging from 4 to 16 kJ/mol,
suggesting that chemical adsorption likely played a predominant role. The
adsorbent material demonstrated excellent adsorption efficiency and a
spontaneous nature, making it a promising candidate for the environmentally
friendly treatment of antibiotic-contaminated wastewater.

KEYWORDS

magnetic activated carbon (MAC), oxytetracycline hydrochloride, adsorption kinetics,
adsorption mechanism, site energy distribution analysis

1 Introduction

The worldwide production and consumption of antibiotics have significantly increased
their emission into the natural environment from pharmaceutical industries, hospital
wastes and veterinary drugs (Wang et al., 2019), which pose a potential threat to human
health and natural ecological environment (Lu et al., 2020). Recent studies have detected
antibiotic residues in both soil and water environments (Balzer et al., 2016; Wu et al., 2014),
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which contribute to the emergence of antibiotic-resistant bacteria
and genes, thereby destabilizing ecosystems (Wang et al., 2020).
These resistant genes can persist in specific environments and
spread throughout the ecosystem (Zhang et al., 2018), thus
representing a new class of pollutants in contemporary society
(Homem and Santos, 2011). Tetracyclines, macrolides,
fluoroquinolones, and sulfonamides are among the most widely
utilized antibiotics in aquatic environments worldwide (Li et al.,
2018). Tetracyclines (TCs) are essential pharmaceutical antibiotics
used to treat a variety of bacterial infections (Xu and Li, 2010) and
are frequently incorporated into feed as medications for livestock
diseases. Oxytetracycline hydrochloride (OTC) (Figure la), a
representative tetracycline antibiotic, has been extensively used in
animal feed and aquaculture due to its broad antimicrobial
spectrum (Mihciokur and Oguz, 2016; Lian et al, 2013). The
structure of OTC contains three dissociation sites (Figure 1b),
leading to four predominant dissociation forms in aqueous
solutions. In ambient water conditions, (pH 6-9), OTC typically
exists in the dissociated states of OTCH,’, OTCH, OTC>.
However, due to its low adsorption efficiency, a significant
portion of OTC is not fully utilized and is discharged into the
natural environment, resulting in ecological pollution (Badmus
et al,, 2018). Therefore, the removal of oxytetracycline antibiotics

FIGURE 1
3D (a) and 2D (b) chemical structure of oxytetracycline (OTC).

10.3389/fmars.2025.1542584

from water presents both a considerable challenge and
significant importance.

The primary methods for removing antibiotics from wastewater
include chemical oxidation (Badmus et al., 2018), degradation (Duan
et al,, 2017), plant uptake (Carter et al., 2014), membrane filtration
(Nasrollahi et al,, 2022), and adsorption (Zhao et al., 2016). Among
them, physical adsorption stands out as a straightforward, cost-
effective, and efficient technique for the removal of various
antibiotics (Bednarek et al., 2024). Activated carbon is a commonly
used adsorbent characterized by its large microporous volume, well-
developed specific surface area, favorable pore size distribution, and
high equilibrium adsorption (Hesas et al., 2013), particularly for
antibiotics, dyes, and heavy metal ions. However, following its
application in wastewater treatment, activated carbon is often
disposed of alongside process sludge, which poses a risk of
secondary pollution (Shao et al, 2012). In addition to their
substantial adsorption capabilities, magnetic adsorbents present a
promising solution to the urgent need for efficient extraction of
adsorbents from aqueous solutions in antibiotic treatment. These
magnetic adsorbents can be synthesized by incorporating heavy metal
ions such as Co?", Ni*", and Fe®*' onto carbon-based or
nanostructured materials through hydrothermal, coprecipitation,
and microwave techniques (Li et al, 2020; Miao et al, 2021).
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Magnetic activated carbon (MAC) can be produced via hydrothermal
methods (Yang et al., 2008), co-precipitation methods (Baghdadi
et al,, 2016) and other techniques utilizing activated carbon and iron
compounds. MAC exhibits excellent equilibrium adsorption and
benefits from the ease of magnetic separation (Li et al, 2020).
Recently, more attention is being paid on the adsorption
performance of MAC for OTC. Molecularly imprinted magnetic
biochar (MBC@MIPs) just showed a maximum binding capacity of
67.9 mg/g for OTC (Jiao et al, 2024). The maximum adsorption
ability of magnetic MMT-biochar composite was 58.9 mg/g for OTC
(Liang et al., 2019). However, the adsorption ability is quite low, so it
is necessary to further explore the adsorption performance of MAC
for OTC more efficient and green.

In this study, MAC was synthesized using the alkaline co-
precipitation method and utilized for the removal of OTC from
water. To comprehensively investigate the interaction between the
adsorbent and the adsorbate, this research aimed to: (1) analyze the
morphology and structure of the magnetic activated carbon
employing various characterization techniques; (2) evaluate the
performance of the adsorbent for OTC removal through batch
experiments, taking into account factors such as additive amount,
OTC concentration, pH, temperature, and contact time; (3) analyze
the distribution of adsorption site energy; and (4) explore the
mechanisms underlying OTC adsorption.

2 Materials and methods
2.1 Chemical materials

Oxytetracycline hydrochloride was acquired from Shanghai
Aladdin Biochemical Technology Co., Ltd. The chemicals
FeSO,-7H,0, FeCl;-6H,0, H,SO,, HCl and NaOH were of
analytical grade and sourced from various commercial suppliers
without further purification.

2.2 Preparation of MAC

A total of 2.78 g of FeSO4-7H,0, 5.40 g of FeCl;-6H,0, and 2.89
g of powdered activated carbon were combined in 150 mL of
deionized water and stirred vigorously at room temperature for
30 min. This mixture was then added drop wise to 60 mL of NaOH
solution (2 mol/L) while maintaining a temperature of 70°C in a
water bath, ensuring the solution pH>12. After heating for 1 hour,
the synthesized complex was washed 3-4 times with deionized water
until the pH of the supernatant was neutral. The supernatant was
discarded and the complex was dried in an oven at 60°C.

2.3 Characterizations of MAC

The morphology of the MAC before and after OTC adsorption
was analyzed using field emission scanning electron microscopy
(FESEM, JSM-7610F, Japan), transmission electron microscopy
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(TEM, JEOL-1400 Plus, Japan), X-ray diffraction (XRD,
Shimadzu XRD-7000, Japan), fourier transform infrared
spectroscopy (FT-IR, VERTEX70, Bruker, Germany), and X-ray
photoelectron spectrometerscopy (XPS, ESCALAB 250Xi, USA).
The microstructure was characterized by nitrogen adsorption at 77
K employing a fully automated chemisorption analyzer (BET,
ASAP 2460, Micrometritics, USA). The magnetization of the
MAC was measured using a vibrating sample magnetometer
(VSM, LakeShore 7404, USA).

2.4 Adsorption experiments

To investigate the optimal adsorption conditions for OTC by
MAC, we established a range of experimental several conditions,
including solution concentration (10-100 mg/L), adsorbent mass
(4-8 mg), pH (3-10), temperature (20-40°C) and adsorption time
(0-240 min). These parameters were varied to determine the
adsorption amount and removal rate of OTC.

To study the adsorption isothermal equilibrium, we set up
experiments across three temperature gradients, with the initial
OTC concentration ranging from 0 to 100 mg/L. All glass bottles
used in the experiments were wrapped in tin foil to prevent
photochemical reactions. Each experiment was conducted with
agitation, and all trials were repeated three times for consistency.

The removal rate of OTC (adsorption percentage), as well as
solid loading at time ¢ and at equilibrium, were calculated using
Equations 1-3):

C, - C.

R= 100 1
G X (1)
Cy-C

g ="V @)
C,-C,
%ZOTV (3)

In these equations, R represents the removal efficiency of OTC;
Co (mg/L), C, (mg/L), and C, (mg/L) denote the initial
concentration, concentration at time f, and equilibrium
concentration of OTC, respectively. Additionally, g, (mg/g) and g,
(mg/g) represent the solid loading at time t and at equilibrium,
respectively; while m (g) indicates the mass of the adsorbent and V
(L) signifies the volume of the OTC solution.

2.5 Adsorption isotherms

Solutions of OTC at concentrations ranging from 10 mg/L to
100 mg/L were prepared and placed in 40 mL glass bottles with
caps. Adsorption experiments for OTC were conducted at five
different temperatures: 20, 25, 30, 35, and 40°C. Each
experimental set-up consisted of three parallel groups.

The equilibrium adsorption of MAC for OTC was evaluated
using the Langmuir (Langmuir, 1916), Freundlich (Freundlich, 1906),
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and Temkin (Temkin and Pyzhev, 1940) isotherm equations (Pi et al.,
2022; Carter et al.,, 1995) to further elucidate the influence of various

forces on the adsorption process, following Equations 4-6.

C. C 1

e (@)
qe Im KLqm
1
Ing, =InKz +—InC, 5)
ng
RT
4. = (3 ) I (KiC) ©)
T

In this content, K; (L/mg), Kr [(mg/g) (L/mg)l/“] and Kr (L/mg)
denote the adsorption coefficients for the Langmuir, Freundlich and
Temkin models, respectively. The maximum equilibrium adsorption,
qm (mg/g), was calculated accordingly. The parameter 1/np represents
the Freundlich model parameter, while by (L/mg) signifies the
equilibrium constant for adsorption in the Temkin model
(Yan et al,, 2017).

2.6 Adsorption kinetics

In the kinetic experiments, of the adsorbate was used at a pH of
6 and a temperature of 30°C in 40 mL capped glass vials. The time
intervals for the experiments were set at 10, 20, 30, 60, 120, 150, 180,
210, and 240 min, with three replicates for each time point.

The rate-controlled adsorption process was analyzed using the
pseudo first-order (Lagergren, 1898), pseudo second-order (Ho and
McKay, 1999) and Elovich model equations (Ritchie, 1977; Sun
et al., 2022) as Equations 7-9.

In (qe - qt) =In de — kit (7)

t 1 t

= +— (®)
q: qug qe

q: = o+ PBlInt 9)

Here k; (h™") and k, (g/mgh) represent the rate constants for
the pseudo-first-order and pseudo-second-order kinetic models,
respectively, while ¢ and f are constants in the Elovich model.

To investigate the rate-limiting steps of the adsorption process,
the intraparticle diffusion (IPD) model (Wang et al., 2010) and the
liquid film diffusion (LFD) model (Hu et al., 2022; Foroutan et al.,
2021) were employed Equations 10, 11.

~In(1-F) = kst (10)

(11)

Here k; (min™") denotes the liquid film diffusion rate constant,

q = kippt'? + ¢

and F is calculated as q,/q.. The IPD diffusion rate constant, k;pp
[mg/ (g~min”2)], along with the linear intercept, ¢ (mg/g), provides
insights into the boundary layer thickness.
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2.7 Thermodynamic calculation

The thermodynamic parameters were calculated using the
following equations, which help determine the nature of the
adsorption process Equations 12-14.

AS AH
InK,. =— - — 12
0K =2~ T (12)
AG = -RTInK, (13)
9e
K. =-=2% 14
c=C (14)

In these equations, K. (L/g) is the adsorption distribution
coefficient, while AS (J/mol), AH (J/mol), and AG (J/mol-K)
represent the changes in entropy, enthalpy, and Gibb’s free
energy, respectively. R (8.314 J/mol-K) is the gas constant, and T
(K) is the temperature.

2.8 Site energy distribution analysis

The equilibrium adsorption of an adsorbent is linked to its
adsorption site energy distribution (Carter et al., 1995). Utilizing the
parameters from the Freundlich model, the following equation was
derived:

E*=E-E, :RTln(%)

e

(15)

sy _ Am0C; et
FED =37 T(L+ bCreE/RTY? (19

where E, represents the adsorption energy, E* denotes the
difference in adsorption energy between the adsorbate and the
solvent on the adsorbent surface, and F(E*) serves as an
approximate potential energy distribution function. The
maximum solubility of OTC (mg/L), denoted as C, (mg/L), is
essentially constant across different temperatures, with a value of
313 mg/L at room temperature (Kolar et al, 2014). Thus, the
solubility of OTC in water is established as 313 mg/L.

The average site energy (u(E*)) was evaluated using the
following equation (Equation 17), which involves integral
computation of the adsorption site energy distribution.

/)ME*F(E*)d(E*)
,U(E*) N T —
/ F(E*)d(E")
0

By integrating the above equation with Equations 15, 16, the

(17)

average site energy can be determined as follows (Equation 18):

U(E*) :gln(l +bC") (18)
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2.9 Statistical analysis
Each experiment has been carried out three times and the mean +
SD (standard deviation) has been considered for data analysis to

confirm representative. The analysis was performed by using one-way
ANOVA test. Values of p< 0.05 were considered statistically significant.

3 Results and discussion

3.1 Characterization of MAC

The TEM images presented in Figures 2a, b revealed that the
inner composition consisted of activated carbon, with nano-Fe;O,

10.3389/fmars.2025.1542584

particles dispersed across the surface of MAC. Prior to adsorption,
the peripheral regions exhibited distinct nanostructures, and the
diameter of the adsorbent particles ranged from 0.5 to 1.0 um. Post-
adsorption (Figure 2b), the particle size appeared non-uniform.
However, the nanostructures remained clearly visible. The SEM
images (Figures 2e, i) illustrated the morphology of the adsorbed
material both before and after the adsorption process, revealing a
blocky structure in both cases. Initially, the surface was uneven,
characterized by a pronounced pore structure. After adsorption, the
pore structure became filled with OTC molecules, resulting in a
relatively uniform and fuller surface on the adsorbent. Also, a
denser interparticle lattice structure was created after OTC
adsorption by zeolite/Fe;O, particles (Baskan et al., 2022).
Elemental mapping analysis (Figures 2f=h, j-1) indicated that the

200.0nm

FIGURE 2

TEM images of MAC (a) pre-adsorption and (b) post-adsorption. EDX pattern of MAC (c) pre-adsorption and (d) post-adsorption. SEM images of
MAC (e) pre-adsorption and (i) post-adsorption, and mapping images (f—h) pre-adsorption and (j—1) post-adsorption.
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concentrations of C and O elements were higher following
adsorption compared to before, attributed the presence of C and
O in the OTC molecules. The EDS spectrum (Figures 2¢, d) further
confirmed the presence of C, O, and Fe within the structure.
Notably, the intensity of the C signal significantly increased after
OTC adsorption, while the intensity of the Fe signal exhibited a
slight decrease.

Figure 3a illustrated the FTIR patterns of MAC before and after
adsorption. The band observed near 580 cm™* corresponded the Fe-
O vibration of Fe;O,. Additionally, a minor absorption band at
approximately 456 cm™ indicated the presence of Fe;O, (Zhang
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et al., 2023a). This observation confirmed that Fe;O, could bond to
activated carbon via the co-precipitation method, which aligned
with the findings from the TEM images. The broad adsorption peak
in the range of 3300-3400 cm™' was typically associated with the O-H
stretching vibrations (Duan et al., 2024). Following adsorption, the
O-H peak shifted from 3367 cm ' t03379 cm™!, indicating a red-shift
attributable to OTC adsorption. The C=O stretching vibration,
which originally peaked at 1577, shifted to 1569 cm™ (Duan et al.,
2024). The C-H stretching vibration detected at 1227 ¢cm™ and
shifted to 1258 cm™ post-adsorption. A new peak at 1337 cm™ was
identified as the C-O stretching vibration from OTC. The peak at

280

[¥)

B

(=3
T

[ )
=1
=
T

160 .
o".
L °
°®
120 5" g00®
{ .
)
80 F I
0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure(P/P )
d Ols
Fe2p Cls
=
N
g
Z
]
e
=
N1
1200 1000 800 600 400 200 0
Binding Energy(eV)
fIO F
= 5r
3
£
<
=
2
s 0
3
3
£
on
<
=S5k
_10 C L 1 1
-20000 -10000 0 10000 20000
Magnetic field(Oe)

(a) FTIR images, (b) nitrogen adsorption and desorption isotherms and (c) Barrett-Joyner-Halendar (BJH) pore size distribution curves, (d) XPS
spectra, (e) XRD patterns and (f) magnetic hysteresis loops for pre-adsorption (green) and post-adsorption(red).
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1080 cm™ was attributed to the in-plane bending vibration of the
benzene ring C-H. Other peaks around 890 cm™ and 800cm™ were
associated with out-of-plane bending vibrations of the meta-
substituted benzene ring. Furthermore, several peaks observed
after adsorption exhibited shifts compared to those before
adsorption, indicating changes in the vibration energy required
once OTC attached to the surface of MAC (Pi et al., 2022).

The specific surface area of the MAC was evaluated before and
after adsorption using the adsorption-desorption model (Figure 3b).
The composites exhibited favorable adsorption characteristics,
particularly with increasing nitrogen concentration, across relative
pressures of 0.1 to 1.0 (Saglam et al., 2024). Additionally, the average
pore size distribution was determined through BJH isotherm analysis
(Figure 3c). The findings indicated that the BET surface area was 555
m?/g, while BJH adsorption and desorption average pore sizes of 4.8
nm and 4.4 nm, respectively, before adsorption. After adsorption, the

10.3389/fmars.2025.1542584

BET surface area decreased to 446 m?/g, with BJH adsorption and
desorption average pore sizes of 4.4 nm and 4.0 nm. This data clearly
demonstrated a reduction in both the BET surface area and BJH pore
size of the MAC following adsorption. Similarly, both the surface area
and the total pore volume of MagFePC-700 was decreased after
adsorption of tetracycline (Gu et al., 2021).

XPS analysis was conducted to ascertain the elemental
composition and valence states of the elements present in the
samples. As illustrated in Figure 3d, the characteristic peaks at
285, 400, and 530 eV corresponded to C Is, N s, and O Is,
respectively (Fatehi et al., 2017). The peaks at 710 and 725 eV for
Fe2p®” and Fe2p'/? respectively, indicated the coexistence of FeO
and Fe,0s, contributing to the formation of the Fe;0, molecule
(Wu et al,, 2023). Notably, the N characteristic peaks were less
pronounced and less abundant, primarily associated with the OTC
molecule, while the remaining the elements were present in
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TABLE 1 Adsorption kinetic model on OTC using Fe;04 and MAC. TABLE 2 The IPD and LFD models on OTC using Fe;0,4 and MAC.

Model The mass transfer Model
Fe304 MAC
Kinetic model parameter process model parameter
ge,exp(Mg/q) kipps 132 2.13
Ge.car (MG/g) 17.0 19.0 C, 8.43 27.7
P first-
s(eiudol (rst - » k;(1/min) 0.009 0.021 R? 0.984 0.966
order In(q, - ¢;) =Ilng, -k IPD g, = kot + ¢
R’ 0.980 0.992 kipp2 / -0.25
Ge,cat,(Mg/g) 28.7 49.3 C, / 51.2
Pseudo-second-order - — 12 + | ko (g/(mgmin)) | 0.002 0.005 R / 0.693
9 kag:  qe
R? 0.952 0.929 kst 0.010 0.021
Elovich model g, = @ + BInt o -1.68 21.1 R 0.990 0.992
LED —In(1-F) = kst
B 5.34 5.57 ks / -0.005
R’ 0.965 0.978 RS / 0.944
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TABLE 3 Adsorption equilibrium isotherm models on OTC using FezO,4 and MAC.

Adsorption temperature of OTC

Isothermal Model

: 20°C 25°C 30°C 35°C
adsorption model parameter
MAC Fe304 MAC Fe304 MAC Fe304 MAC Fe304
G (Mg/g) 93 45 112 30 1185 29 108 33 117 47
Langmuir isothermal
C C 1 K, (L/mg) 0.175 0.029 0.126 0.152 0.128 0.200 0.226 0.942 0.340 0.081
adsorption —= = —%+ X
¢ m B R 0953 | 0.941 0.966 | 0.622 0971 0.440 0924 | 0435 0988 | 0.943
K L
o )(fff)g/g)( " 363 20 358 79 379 174 107 | 229 512 138
Freundlich isothermal &
adsorption Ing, = InKp +——In C, ng 484 1.79 3.96 312 3.94 9.44 430 112 413 400
ng
R’ 0.985 0.849 0.789 0.749 0.741 0.532 0.830 0.305 0.959 0.957
by (J/mol) 208.3 228.3 118.2 294.4 113.1 750.2 163.5 574.8 183.3 273.1
Temkin isothermal
RT Ky (L/mg) 20.7 0.26 2.03 0.65 2.07 53.2 11.5 64.8 51.0 1.01
adsorption g, = (b— )In (K;C,)
r R’ 0.955 0.758 0.870 0.731 0.842 0.369 0.783 0.759 0.903 0.930

substantial quantities within the MAC. The percentage of C
increased from 61.7% to 69.9% due to OTC adsorption, whereas
the percentage of O and Fe exhibited a slight decrease
following adsorption.

In the XRD patterns, the characteristic crystal planes of Fe;O,,
namely (220), (311), (400), (422), (511), and (440), were observed at

TABLE 4 Comparison of the adsorption capacities of different magnetic
adsorbents for the removal of OTC at ambient temperatures (25°C).

30.2° 35.6° 43.3° 53.4°, 57.1°, and 62.5° respectively (Zhou et al.,
2020). Notably, these planes remain at the same positions in the
XRD spectra of Fe;O, following the compounding process
(Figure 3e), indicating that the crystal structure of Fe;O, was
preserved during the material composite process. Additionally,
two weak diffraction peaks corresponding to activated carbon
were observed at 25.5° (576) and 44.5° (488), which confirmed
the successful composite formation of Fe;O, with activated carbon
(Aravind et al., 2022).

The magnetic behavior of the MAC at room temperature, along
with the respective magnetization hysteresis loops, were evaluated

Adsorbent Qpm,exp (Mg/g) Reference

using vibrating sample magnetometry (VSM), as illustrated in
ME-CMS 87 Zhang et al, 2023 Figure 3f. The coercivity and remanent magnetization of the
zeolite/Fe;0, 18.9 Baskan et al., 2022 MAG, both before and after adsorption, were found to be nearly
FeNiZn_LBC - Lin et al, 2022 zero. This suggested that the magnetism of the material dissipated

immediately upon the removal of the applied magnetic field,
ZnFe-LDH/MBC 10 Lietal, 2022 indicating that the adsorbent exhibited superparamagnetic
MIL-53(Al)@CBS 724 Cevallos-Mendoza et al., 2024 without hysteresis (Zhou et al., 2019). Furthermore, the
Carbon-Fe,C/lignin 161 magnetization intensity after adsorption (6.9 emu/g) was

Carbon-MIL-101-NH, | 93.6 Liu et al., 2023

significantly lower than that prior to adsorption (10.3 emu/g).
This observation aligned with the diminished peak of Fe in the

MIL-101-NH, (Fe) 193.5 XPS results after adsorption, suggesting that the material, per unit

NH.-ZVI@BC, 11 g8 mass, contained less elemental Fe post-adsorption, while remaining
He et al,, 2023 sufficiently stable for magnetic separation.

NHZVI@BCs)y /5 177

MWCNTs-CuNiFe,O, = 388 Ma et al., 2023

3.2 Adsorption properties of OTC by MAC

1S-MLDH1:1 97
1S-MLDH1:2 103 3.2.1 Effect of initial concentration of OTC
1S-MLDH1:3 116 The initial concentration of antibiotics significantly influenced
Smata and Yoshimura, 2022 the adsorption performance of the MAC and served as a benchmark
1S-MLDH1:4 104 . e .
for evaluating the suitability of the adsorbent for treating real
25-MLDH1:2 70 wastewater containing varying concentrations of OTC. Figure 4a
2S-MLDH1:3 79 illustrated the effect of MAC on the equilibrium adsorption and
removal efficiency of OTC at different initial concentrations. The
Fe;0,@MAC 114.6 This work
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TABLE 5 Thermodynamic model of adsorption.

10.3389/fmars.2025.1542584

Adsorbent  AH®(kd/mol)  AS®(3/(mol-K))
293.15(K)
FesO, ‘ 38.0 1294 0.68
MAC ‘ 36.8 1445 -5.98

mg/g at an initial concentration of 40 mg/L. As the initial
concentration of OTC increased, the equilibrium adsorption of
MAC rose correspondingly, reaching a peak of 94.5 mg/g. This
enhancement could be attributed to the reduction in volume
transfer resistance between the adsorbent and solute molecules as
the concentration of the solution increased, thereby facilitating
greater adsorption. However, it was important to note that
despite the increase in equilibrium adsorption, the percentage of
solute adsorbed decreased with rising solution concentration,
leading to a reduction in the overall removal rate.

3.2.2 Effect of adsorbent dosage

Figure 4b illustrated the impact of adsorbent quantity on
equilibrium adsorption and removal efficiency. As the mass of
MAC increased from 4 mg to 40 mg, corresponding to a dosage
range of 100-1000 mg/L, the equilibrium adsorption exhibited a
decrease, while the removal rate initially increased before
subsequently decreasing. The rise in adsorbent dosage resulted in
an expanded surface area of MAC, an increased number of
adsorption sites (Altaf et al., 2021), and a higher total adsorption
volume, thereby enhancing the removal rate. However, the specific
surface area diminished due to the aggregation of the adsorbent
(Fang et al., 2021a), leading to a reduction in equilibrium
adsorption despite the overall increase in total adsorption.
Although the increase in Fe;O, dosage did not significantly affect
the decrease in equilibrium adsorption, at lower dosage, both the

AG®(kd/mol)
298.15(K) 303.15(K) 308.15(K) 313.15(K)
-0.84 126 1.93 ‘ 207
635 692 780 ‘ 849

equilibrium adsorption and removal rate were markedly inferior
compared to MAC.

3.2.3 Effect of adsorption temperature

The effect of temperature is critical to the equilibrium
adsorption of the adsorbent, providing valuable insights into the
adsorption mechanism. As the temperature increased, the
equilibrium adsorption of OTC also slightly rose (Figure 4c),
which aligned with the observation that most adsorption
processes were endothermic reactions (Zhang et al., 2023a). The
heightened molecular motion at elevated temperatures facilitated
the movement of OTC molecules to the surface of MAC,
necessitating additional energy input. Higher temperatures
increase the kinetic energy of molecules and reduce fluid
viscosity, leading to faster diffusion to the adsorbent surface.
Additionally, higher temperatures provide more molecules with
sufficient energy to overcome an activation energy barrier,
increasing the adsorption.

3.2.4 Effect of adsorption time

The influence of time on the adsorption process of MAC with
OTC was illustrated in Figure 4d. The initial ten minutes exhibited
rapid adsorption, followed by a gradual decrease in the rate of
adsorption, with equilibrium being approached after 120 min. In
contrast, the control group, Fe;O4, demonstrated a slower
adsorption rate, reaching equilibrium after 180 min with both the

= 29315K e 298.15K 4 303.15K v 308.15K ¢ 313.15K
24
a b
250
20 *
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Z16p '
E
= S 7150
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FIGURE 6

(a) Site energy versus equilibrium OTC equilibrium adsorption by MAC. (b) Site energy distribution of OTC adsorption by MAC at various

temperatures.
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FIGURE 7

SEM images of MAC (a) pre-adsorption and (b) post-adsorption, high solution spectrum of (c) Fe 2p (d) C 1s, (e) O 1s, and (f) N 1s of the MAC after

adsorption of OTC.

maximum equilibrium adsorption and removal rate being
significantly lower than those of the experimental group. Once
adsorption equilibrium was achieved, the system reached a dynamic
state where the rates of adsorption and desorption were
approximately equal.

3.2.5 Effect of pH

The influence of pH on adsorption is significant, primarily
because it alters the surface charge of the adsorbent and affects the
ionization of solution molecules (Fang et al., 2021b). The ionization
of OTC is particularly sensitive to pH due to its three ionizable
functional groups, which have pK, values of 3.57, 7.49, and 9.44,
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respectively (Figure 4f) (Andrade et al., 2020). When the pH was
from 4 to 7, OTC mainly existed in the form of zwitterions. The
electrostatic repulsion between MAC and OTC was reduced,
efficiency of MAC on OTC was
improved. Also, the m-m electron donor-acceptor (EDA)
interaction between OTC* and MAC would be strengthened
(Zeng et al,, 2024). As illustrated in Figure 4e, MAC exhibited
strong adsorption performance. The anionic species of OTC and
OTC* began to form at pH 5.6 and 7.46, while the MAC surface
also became more negatively charged. Conversely, OTC carried
negative charge when pH>8, resulting in the electrostatic repulsion
between the two, which diminished the equilibrium adsorption (Lye

causing that the removal
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etal, 2017; Wu et al., 2023). Similar result was found that the g, of
OTC by nanosized activated carbon in aquatic environments (Zeng
et al.,, 2024). In contrast, Fe;0,4 demonstrated superior adsorption
performance under neutral conditions. However, both the
equilibrium adsorption and removal rate were markedly lower
than those of MAC.

3.3 Adsorption kinetics

The removal rate of OTC by MAC can be partially predicted
through adsorption kinetics, which also offers insights into the
adsorption mechanism of OTC on MAC. The fitting of the three
adsorption kinetic models is shown in Figure 5 and Table 1.
The experimental data aligned more closely with the
aforementioned models, exhibiting R” values greater than 0.92.
The pseudo-first-order kinetic model is more suitable to fit the
adsorption data. Most experts believed that the pseudo-second-
order kinetic model could be divided into two stages. Initially, OTC
molecules were adsorbed onto the microporous surface of MAC,
forming a monolayer. The rate of the adsorption was regulated by
the surface reaction process rather than the mass transfer process
(Yan et al,, 2020). As the physical adsorption of the monolayer
approached saturation, OTC adsorption was influenced by chemical
interactions, such as valence forces and electron exchange.
Additionally, the mass transfer resistance between the OTC
solution and MAC was mitigated by the presence of conjugated

FIGURE 8
Schematic diagram of the adsorption mechanism of OTC by MAC.
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T-T interactions or -OH bonds (Song et al., 2021). The results from
the pseudo-second-order model calculations indicated that the
estimated maximum adsorption capacities of MAC and Fe;0, for
OTC were 49.3 mg/g and 27.7 mg/g, respectively. These values were
close agreement with to the experimental adsorption capacities of
50.1 mg/g and 29.0 mg/g (Table 1). Furthermore, the adsorption
rate constant k,was significantly lower than 1, suggesting that the
adsorption process was rapid.

Based on the mass transfer process model, there was just one step
for OTC adsorption by Fe;0,4, while for MAC, the adsorption of OTC
could be identified into two kinetic phases (Figures 5d, e and Table 2).
The first stage was characterized by a rapid surface adsorption
process with a higher kjpp;(kipp; = 2.13, ks' = 0.021), which was
controlled by the rate constants. During this stage, OTC is quickly
adsorbed onto the MAC surface. The second stage represented a
typical adsorption saturation process (k;pp, = -0.25, ks® = -0.005). As
surface sites became occupied in the first stage, OTC began to interact
with the functional groups within the pores of the material, leading to
establishment of a dynamic equilibrium (Song et al., 2021; Xiang
et al, 2022). The observation that none of the linear passed through
the origin’s coordinates in Figures 5d, e indicated the presence of rate-
limiting steps beyond intraparticle diffusion. Consequently, both
intraparticle diffusion and liquid film diffusion concurrently
influence the rate-limiting step of the adsorption process. The R
values for both IPD and LFD models did not exhibit significant
difference (Table 2), further suggesting that the initial two stages
collectively impact the mass transfer process of adsorption.
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3.4 Adsorption isotherm and
thermodynamics analysis

Table 3 presented the results of three adsorption isotherm models
applied to fit the adsorption of OTC onto MAC and Fe;0,. Notably,
the R’ values for the Langmuir model were significantly higher than
those of the Freundlich and Temkin models, indicating a better fit. The
Langmuir model suggested that the adsorption process was primarily
governed by monomolecular layer adsorption. Conversely, the
Freundlich model, n;>1 (1~10), indicated that substantial adsorbent/
adsorbate interactions occurred, highlighting MAC as a favorable
candidate for OTC adsorption (Lv et al., 2020; Zhang et al., 2023b).
The maximum adsorption capacities of MAC for OTC, as evaluated by
the Langmuir adsorption model at temperatures of 20, 25, 30, 35, and
40°C, were 93, 112, 118.5, 108 and 117 mg/g, respectively.

The equilibrium adsorption for OTC of MAC of MAC for OTC,
compared to other reported materials, was presented in Table 4. As
indicated in Table 4, the OTC adsorption performance of MAC
significantly exceeds that of Fe;0,4-derived carbon materials (Zhang
et al.,, 2021) and surpasses several biochar-derived porous carbon
materials. Therefore, MAC emerged as a potentially effective
adsorbent for the removal of OTC contaminants.

Research into adsorption thermodynamics aimed to enhance our
understanding of the energy changes that occurred during the
adsorption process and to provide theoretical guidance for the
synthesis, performance improvement, and application of adsorption
materials. Consequently, Equations 12-14 were employed to perform
the thermodynamic analysis. The relevant parameters and
thermodynamic graphs were presented in Table 5 and Figure 5f.
The AG values for all adsorbents were consistently negative and
decreased with increasing temperature, which further indicated that
the adsorption of OTC by both MAC and Fe;0, was a spontaneous
process. This spontaneity was observed as the temperature rose from
293.15 K to 313.15 K. Additionally, the positive AH values confirmed
that the adsorption of OTC by MAC and Fe;O, was an endothermic
process, suggesting that higher temperatures facilitated adsorption.
Furthermore, the positive AS values indicated that OTC molecules
were adsorbed randomly on the surfaces of MAC and Fe;0,.

3.5 Adsorption site energy analysis

As illustrated in Figure 6a, the adsorption potential energy E* at
various temperatures was determined using Equation 15. Notably,
as the equilibrium adsorption increased, the value of E* decreased
dramatically. This observation suggested that the OTC molecules
initially occupied high-energy adsorption sites during the early
stages of the adsorption process. As the concentration of OTC
molecules increased, they were subsequently forced to occupy
lower-energy adsorption sites. Furthermore, the value of E*
increased markedly with rising temperature, suggesting that
temperature was a primary factor influencing the energy of the
adsorption sites, and that elevated temperatures enhanced the
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adsorption process (Cheng et al., 2023). This finding was
consistent with the results derived from thermodynamic analysis.

A Gaussian distribution was fitted to E* versus F(E*), revealing a
single-peak distribution of the energy distribution. The
approximate site energy distribution, F(E*), was derived based on
Equation 16 and the parameters from the Freundlich model, as
depicted in Figure 6b. The adsorption predominantly occurred at
sites with energies ranging from 4.0 kJ/mol to 16.0 kJ/mol,
suggesting that the adsorption process was predominantly
physico-chemical in nature (Tang et al., 2023). The main cause of
the energy distribution is the hybrid nature of the material
structure. The surface of iron oxides has high-energy sites such as
=Fe-OH, and the carbon matrix provides low-energy van der Waals
interaction sites. For OTC adsorption, the low-energy sites have a
significant contribution to the adsorption of high-concentration
of OTC.

Based on the analysis of kinetics and site energy data, MAC
demonstrates high suitability for continuous/large-scale wastewater
treatment, with distinct advantages in separation efficiency, kinetics,
and operational stability. MAC follows pseudo-first-order kinetic
model (Table 1; Figure 5), indicating the adsorption process with
fast initial adsorption rates. MAC achieves more than 95% recovery
within 1 min using external magnets, eliminating energy-
intensive filtration.

3.6 Adsorption mechanism

The adsorbent material was characterized using SEM and TEM
to gain a clearer understanding of the micro-morphological changes
in MAC following the adsorption of OTC. TEM (Figures 2a, b) and
SEM images (Figures 7a, b) indicated that the morphology of MAC
remained largely unchanged after adsorption; however, some OTC
moleculars were found to occupy the edges of MAC, resulting in a
blurred outline and a roughened surface (Figures 2a, b). The pores
of the MAC were filled with OTC, leading to a reduction in surface
area (Figures 3b, ). The FT-IR spectrum (Figure 3a) revealed a shift
in the absorption peak at 3379 cm™ after adsorption, likely due to
the formation of hydrogen bonds between the benzene ring in the
OTC molecular structure and corresponding functional groups in
the MAC (Miao et al.,, 2021). Furthermore, XRD analysis
(Figure 3e) showed a partial alteration in the crystal structure
after adsorption, indicating the occurrence of specific chemical
processes, which aligned with the FT-IR findings. Notably, the
peak shape in the XRD images exhibited significant changes with in
the 0-20° range, potentially indicating anion and cation exchange
facilitated by certain electrostatic interactions.

The results of XPS peaks analysis after adsorption indicated that
the positions of the two Fe 2p peaks shifted to some extent
(Figure 7c). Additionally, the intensity of Fe-O peak decreased,
while the Fe 2p peak exhibited a notable intensity corresponding to
Fe,0;. The Cls spectrum was deconvoluted into three peaks
(Figure 7d), representing C-C (284.7 eV, 48.9%), C-O (285.9 eV,
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19.4%), and C=0 (288.6 eV, 31.7%). The high-resolution Ols
spectrum displayed four peaks (Figure 7¢), corresponding to Fe-O
(530.2 €V), C=0 (531.6 eV), O-H (533.6 eV), and O-C (534.0 eV)
(Wu et al, 2023). Following adsorption, OTC molecules were
detected on the surface of the MAC. Furthermore, the primary N
peak observed originated from NH,-C=O (400.3 eV) in OTC
(Figure 71), although its intensity was relatively low.

According to the characterization provided, the kinetic model
analysis and adsorption site energy analysis indicated that the
adsorption of OTC by MAC is a physical-chemical process. The
proposed adsorption mechanism was presented in Figure 8. The
well-developed microporous structure of MAC facilitated pore
filling, enhancing the diffusion of OTC into and out of the
adsorbent surface. Under acidic conditions, the negatively
charged MAC was electrostatically attracted to the positively
charged protonated amino group and other functional groups of
OTC. Conversely, as pH increased, mutual repulsion became more
pronounced, leading to a decrease in adsorption. The functional
groups on the surface of MAC, characterized by FT-IR spectra
before and after absorption, played a crucial role in the chemical
adsorption process. Additionally, the mutual superposition of w-m
EDA interactions between MAC (as a m-electron donor) and the
benzene rings of OTC (as m-electron acceptors). Additionally, the
electron cloud of magnetic particles enhances the m-m stacking
interaction between the carbon matrix and antibiotics. The
formation of H-bonds on the activated carbon may further
enhance adsorption.

4 Conclusions

A MAC with high adsorption efficiency was synthesized using the
alkaline co-precipitation method, resulting in a large specific surface
area of 555 mZ/g, a stable structure, and abundant nano-pores (4.79
nm), along with various functional groups. The equilibrium
adsorption and removal rate of OTC were significantly greater than
those of Fe;O,. The adsorption process was notably influenced by pH
and temperature. Faster equilibrium was achieved, with PFO model
providing the best fit on adsorption kinetics in both MAC and Fe;O,
systems. The data confirmed to the Langmuir adsorption model, with
maximum adsorption capacities of MAC for OTC at temperatures of
20, 25, 30, 35, and 40°C being 93, 112, 118.5, 108 and 117 mg/g,
respectively. Both chemisorption and physisorption mechanisms
were involved in the OTC removal process, with the adsorption
site energy range determined to be between 4 and 16 KkJ/mol.
However, chemical adsorption was likely the predominant
mechanism, facilitated by n-n EDA interactions and H-bonds. The
findings highlight the strong adsorptive reactivity of MAC towards
OTC and its broad environmental adaptability, which might be well-
suited for remediating natural and engineered aquatic systems
contaminated by OTC. Further research should consider the effects
of other ion and the regeneration and reusability of carbon
nanomaterials, as well as the factorial experimental design to find
out the optimum variable conditions for OTC adsorption.
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