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Abstract

Tetracyclines (TCs) are the second most commonly used antibiotics worldwide, utilized both in medical treatments and animal husbandry. Although
effective against various infectious diseases, TC residues persist in the environment and contribute to the emergence of antibiotic-resistant pathogens,
posing significant risks to human health. This study employed the heterogeneous Fenton process to degrade TC using soybean residue-derived magnetic
biochar (Fe-SoyB) as the catalyst. The Fe-SoyB sample was characterized using X-ray diffraction (XRD), scanning electron microscopy (SEM), Fourier-
transform infrared spectroscopy (FTIR), and superconducting quantum interference device (SQUID) techniques. The effects of key parameters, including
pH, H202 concentration, catalyst dosage, and initial TC concentration, on TC degradation were investigated. The results indicated that the TC removal
efficiency decreased with increasing initial TC concentration, while it was improved with higher H202 concentrations and greater catalyst dosages. The
optimal conditions for the Fenton-like process were determined to a pH of 3, a H202 concentration of 245 mmol/L, an initial TC concentration of 800 mg/L,
and a catalyst dosage of 0.75 g/L, achieving a removal efficiency of 90% after 150 min. Additionally, the TC removal efficiency of the Fe-SoyB system
varied significantly across different water matrices, with 87.1% for deionized water, 78.5% for tap water, and 72.5% for river water. The catalyst
demonstrated notable stability, maintaining a TC removal efficiency of 79.7% after three cycles of use. Overall, Fe-SoyB shows promise as a cost-effective
catalyst for the elimination of organic pollutants in aqueous solutions.
Keywords: Catalyst; Magnetic biochar; H202; Tetracycline; Fenton-like process

1. Introduction

Biochar is a carbon-rich material produced from various biomass sources, including plants, food waste, and animal waste,
through pyrolysis (Fu et al., 2019; Wijitkosum, 2022; Zhao et al., 2023). It is emerging as a versatile material with numerous
applications, such as energy production, soil quality enhancement, heavy metal removal, catalysis, and fuel cell applications
(Ganesapillai et al., 2023). Biochar synthesized from agricultural waste biomass is highly valued due to the increasing need for
innovative environmental management solutions within the circular economy framework. The global scientific community's interest
in biochar stems from its potential to address environmental issues, such as improving soil quality and purifying polluted water
environments. As a soil conditioner and adsorbent, biochar offers significant opportunities within the circular economy model. With
the ongoing energy transition, applications of low-emission materials will drive progress towards net-zero emissions. Literature
suggests that converting biomass into biochar supports the achievement of the United Nations Sustainable Development Goals
(Kurniawan et al., 2023). While the implementation of sustainable technologies for environmental issues often faces high investment
costs, biochar production through the pyrolysis of waste biomass presents an economically and environmentally variable (Li et al.,
2023).

Literature indicates that biochar can be produced from a diverse range of biomass sources, including agricultural residues, fruit
peels, micro- and macro-algae, sawdust, wood, and wastewater sludge (Son et al., 2018; Santhosh et al., 2020). Soybean residues
have been identified as a potentially suitable source for biochar production due to its low cost and widespread availability. According
to latest forecast from the United States Department of Agriculture, global soybean production in the 2023/2024 crop year is expected
to increase by 8.9% compared to the 2022/2023 crop year, rising from 369.7 x 106 t to 402.8 x 10° t (USDA, 2024). Soybean residues
are generated in large quantities during the production of oil, milk, bean curd, and tofu from soybeans. Approximately 87.17% of
soybean residues are produced during the cold pressing process (Mateos-Aparicio et al., 2010). They are considered a low-cost source
of dry matter, with a protein content of about 46.8%, and are often used as a source of plant protein food. However, on a nutritional
basis, soybean residues are less valuable than both corn and wheat residues. Despite this, soybean residues can utilized as a feedstock
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for biofuel and chemical production. Given their cellulose content of about 6.8% and the large quantities generated annually, utilizing
soybean residues as a raw material for the production of functional carbon materials, such as biochar, is highly beneficial.

In the past five years, numerous studies have focused on the application of biochar for water. Antibiotic pollution has become a
major concern due to the overuse of these substances in both human medicine and veterinary practices. Antibiotics persist in the
environment and pose significant risks to human and animal health, even at trace levels (Liu et al., 2015). Tetracycline (TC), the
second most widely used antibiotic, has been extensively employed in livestock feed and disease control for several decades (Nikzad
etal., 2024). The presence of tetracycline (TC) residues in the environment has facilitated the development and spread of TC-resistant
genes, further endangering human and animal health (Zhu et al., 2013). Therefore, it is necessary to find effective technologies for
removing TC from contaminated aqueous environments (Ortiz-Ramos et al., 2022; Zhao et al., 2024).

Biochar used to remove TC is produced from various waste biomass sources, including rice husks (Luo et al., 2023), sunflower
seed husks (Nguyen et al., 2023), kitchen waste (Sun et al., 2023a), banana peels (Zhang et al., 2023b), cotton stems (Qin et al., 2023),
Suaeda seepweeds (Jiang et al., 2023), poplar wood (Zhang et al., 2023a), wheat straw (Huang et al., 2023), sugarcane bagasse (Tang
et al., 2023), crayfish shell (Jiang and Dai, 2023), cornstalks (Sun et al., 2023b), walnut shells (Shi et al., 2023), and sludge (Hu et
al., 2023). Studies have shown that biochar is effective in removing antibiotics in water, particularly TC. Biochar derived from
soybean residues contains a high carbon content, ranging from 37.4% to 44.8%, depending on the pyrolysis temperature. In addition,
soybean residue-based biochar contains functional groups (e.g., =C-H, —-C—H, C=0, and C=C) that are suitable for adsorption
processes (Sun et al., 2021). A recent study by Li et al. (2021) used soybean residues to synthesize biochar for the adsorption of TC
hydrochloride with the aid of a peroxydisulfate activator, achieving an 84% removal rate of TC. However, the performance of biochar
does not yet match that of traditional activated carbon. Therefore, ongoing research efforts aim to enhance the pollutant removal
performance of biochar (Du et al., 2023; Zhang et al., 2024).

Fe-modified materials, such as Fe°, FeS, and FesOa, have garnered significant attention in recent years due to their enhanced
treatment efficiency (Lee et al., 2023; Peng et al., 2023). Goethite (a-FeOOH), a natural, low-cost, and widely available mineral, is
widely used to remove contaminants from water. However, its activity can decrease due to agglomeration. Biochar serves as an
excellent support material for transition metals (such as Fe, Co, and Ni), which helps mitigate agglomeration and enhances pollutant
degradation efficiency. Combining metal oxyhydroxide and carbon catalysts to activate hydrogen peroxide (H20) is highly feasible.
Advanced oxidation processes (AOPs) have proven highly effective in degrading persistent organic pollutants by generating highly
reactive free radicals that oxidize organic contaminants (Ghanbari et al., 2020). Among AOPs, Fenton and Fenton-like oxidation,
which utilize catalysts such as Fe?*/Fe3* and H,O, are particularly efficient techniques for the degradation and mineralization of
organic contaminants in wastewater (Nidheesh, 2015; Kakavandi and Babaei, 2016). In advanced oxidation, the reaction of catalysts
with H20; forms strong oxidizing radicals (‘OH with an oxidation potential of 2.80 V), promoting the decomposition of organic
matter (Su et al., 2018, 2022).

Previous studies have investigated H,O; activation with an a-FeOOH/biochar mixture for removing organic pollutants (Chen et
al., 2023; Huang et al., 2023) and heavy metals (Isaac et al., 2023; Yang et al., 2024). However, literature shows that there are no
detailed studies on soybean residue-derived biochar modified with goethite to activate H,O, for the removal of TC in aqueous
solutions. Therefore, this study applied biochar derived from soybean residues modified with goethite activated H,O; for TC removal
in aqueous solutions. The morphological and structural properties of the biochar were analyzed to evaluate its adsorption potential.
Factors such as pH, H,O; concentration, initial TC concentration, and biochar dosage were meticulously studied. TC removal capacity
in different water environments and biochar recycle studies were conducted, and the underlying mechanisms were also proposed.

2. Materials and methods
2.1. Chemicals

Tetracycline hydrochloride (C22H24N20g-HCI with a molecular weight of 480.90 g/mol and a purity greater than 99.0%) was
purchased from Sigma Aldrich. All other reagents, including potassium hydroxide (KOH with a purity of 99%), hydrochloric acid

solution (HCI with a concentration of 37%), hydrogen peroxide (H20. with a purity of 30%), and ferric chloride (FeCls.6H,O with a
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purity of 97%), were obtained from Xilong Chemical Co., Ltd., China. All chemicals were analytically pure and were directly utilized
in the experiments without any additional treatment or purification. Solutions were prepared with deionized (DI) water.

2.2. Synthesis of biochar (Fe-SoyB)

Soybean residues were collected from traditional markets in Ho Chi Minh City, Vietnam. The residues were thoroughly washed
with DI water and then dried at 105°C in an oven (DK-500 DT, Yihder Technology Co., Ltd., Taiwan, China) for 24 h. The dried
residues were sieved to obtain a particle size of approximately 0.25 mm for use in this study. To prepare soybean biochar (SoyB), the
dried soybean residues were calcinated in a furnace at 500°C for 2 h, with a heating rate of 10°C per minute and an N2 purging flow
rate of 100 mL/min (Cho et al., 2017; Nguyen et al., 2021). The resulting SoyB material was stored in an air-tight container for
subsequent activation steps. 1.0 g of SoyB was mixed with KOH at a KOH-to-SoyB weight ratio of 4:1 in 10 mL of DI water in a
stainless-steel cup using a magnetic mixer for 2 h. The mixture was then dried at 140°C for 4 h. The stainless-steel cup containing
the mixture was then sealed and calcinated in an air-tight furnace at 800°C for 2 h, with a N2 purging flow rate of 200 mL/min (Li et
al., 2017). The resulting biochar was denoted as KOH-SoyB. Goethite (a-FeOOH) was synthesized from FeCls. Briefly, 50 mL of 1-
mol/L FeCl3z-6H,0 and 90 mL of 5-mol/L KOH were vigorously mixed using a magnetic stirrer, with a small amount of DI water
added initially. Additional DI water was then added to bring the final volume to 1 000 mL. The synthesizing process for the Fe
composite material followed the steps for goethite generation but with a minor change. KOH-SoyB was initially added to the
FeCl3-6H>0 and KOH mixture at a weight ratio of 2:1. The mixture was then calcinated in an airtight furnace at 500°C for 2 h, with
a Nz purging flow rate of 100 mL/min. After pyrolyzing, the resulting soybean-activated carbon loaded with goethite was referred to
as Fe-SoyB.

2.3. TC degradation experiments

To evaluate the catalytic efficiency of the Fe-SoyB catalyst, the TC solution was chosen as the target pollutant. The degradation
experiments used the Fe-SoyB catalyst at a dose of 0.50 g/L, H20- at a concentration of 245 mmol/L, and TC at a concentration of
800 mg/L. The experiments were performed in 50-mL conical tubes mounted on a digital rotator (MX-RD Pro, DRAGON Lab.,
China) and rotated at a speed of 100 r/min at room temperature. The Fenton-like reaction was initiated by adding a known amount of
H-0: to the solution. At predetermined time intervals, 7.0 mL of samples were withdrawn and filtered using 0.22-um syringe filter
discs to remove suspended particles. The obtained filtrate was measured by ultraviolet—visible (UV—-vis) spectrophotometers (Halo
XB-10 and V1S-20, Dynamica Scientific Ltd., the United Kingdom) at a wavelength of 357 nm (Weidner et al., 2021). To investigate
the effect of pH on TC degradation, experiments were conducted at different pH values (3.0, 5.0, 7.0, and 9.0). In addition, the effects
of varying H>O, concentrations (223-490 mmol/L), TC concentrations (600-1 000 mg/L), and Fe-SoyB dosages (0.25-0.75 g/L)
were studied. All experiments were performed in triplicate. Under optimal conditions (p(Fe-SoyB) = 0.75 g/L, p(TC) = 800 mg/L,
c(H202) = 245 mmol/L, and a reaction time of 150 min), cycling experiments of TC degradation were conducted using the Fe-SoyB-
activated H,O, system to investigate the stability of Fe-SoyB. After each experiment, the TC concentration was measured. Without
any regeneration treatment, Fe-SoyB was recycled for subsequent experiments by centrifugation at 5 000 r/min for 5 min. The stability
of Fe-SoyB was determined by computing the TC removal efficiency computed at the end of each round.

River water samples were collected from the Sai Gon River, Vietnam, between 9:00 AM and 11:00 AM (local time, GMT +7).
The collection and preservation of water samples followed the standard methods for the examination of water and wastewater (Baird
et al., 2017). To avoid surface scum, samples were taken from a depth of 20-30 cm below the river’s surface. Three 2-L samples
were obtained: two from near the riverbanks and one from the river center. These samples were combined in a 10-L container, mixed
thoroughly, and then transferred into 2-L polyethylene terephthalate (PET) bottles for laboratory analysis. The samples were kept on
ice during transport to the laboratory. The characteristics of the Sai Gon River water, used to investigate TC degradation in the water
matrix, were as follows: pH of 7.11, temperature ranging from 29.0°C to 30.5°C, chemical oxygen demand (COD) of 106 mg/L, total
suspended solids (TSS) of 300 mg/L, turbidity of 75 nephelometric turbidity units (NTU). The experimental procedure was the same
as previously mentioned. Additionally, electron paramagnetic resonance (EPR) analysis was conducted using a Bruker EMX-10
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spectrometer (Karlsruhe, Germany) with an X-band frequency of 9.49-9.88 GHz and a power of 8.02 mW. 5,5-dimethylpyrroline-
oxide (DMPO) was employed as a spin-trapping agent to identify the active radicals produced by H,O; activation.

2.4. Analytical methods

The surface morphologies of the materials and the main surface elements were analyzed using scanning electron microscopy
(SEM) images and energy dispersive X-ray spectroscopy (EDS) data (JSM-6510 LV), respectively. The magnetic properties of the
catalysts were investigated using a superconducting quantum interference device magnetometer (MPMS-XL7, Quantum Design, San
Diego, California, USA). Fourier-transform infrared spectroscopy (FTIR; FT/IR-4600) was employed to identify the main functional
groups on the surface of the biochar. The biochar particles were pelleted using KBr before analysis. The infrared (IR) spectrum was
obtained by co-adding 20 scans at a resolution of 2 cm™ over a range of 4004 000 cm™. The crystalline phases in the synthesized
materials were identified using X-ray diffraction (XRD) patterns (D6 Advance Bruker, equipped with Cu Ka radiation at a wavelength
of 0.154 06 nm) with a germanium detector for 26 (where 8 is the diffraction angle) values of 0°-70° at a scan rate of 0.03° per minute.
The point of zero charge (pHpzc) of Fe-SoyB was determined using the method described by Jang and Kan (2019) and Nguyen et al.
(2021). The pHpzc value of Fe-SoyB was indicated by adjusting the initial pH (pHgefore) 0f 200-mL NaCl solutions ranging from 3.0
+ 0.1 to0 10.0 £ 0.1 using 0.1 mol/L of HCI or NaOH, followed by the addition of 0.02 g of Fe-SoyB. The mixtures were shaken for
8 h at 25°C and then separated using filter papers to measure the final pH (pHafter). The pHpzc value of Fe-SoyB was estimated by
plotting pHeefore against ApH ( APH = pH sq., — PHpgeoe )- IN this study, the TC concentration was determined using UV-vis
spectrophotometers (Halo XB-10 and VIS-20, Dynamica Scientific Ltd., the United Kingdom) at a wavelength of 357 nm.

2.5. Data statistical methods

All experiments were performed in triplicate. The data obtained from the study were processed and statistically analyzed using
IBM SPSS Statistics version 25, Microsoft Excel 2010, and OriginPro (OriginLab Corporation).

3. Results and discussion
3.1. Characterization of Fe-SoyB

The SEM image (Fig. 1(a)) illustrated the morphology of Fe-SoyB, revealing a heterogeneous and rough surface with slight
protrusions. This surface morphology is advantageous for adsorption, as it can provide more adsorption sites for binding adsorbates
(Akindolie and Choi, 2022; Zhang et al., 2024). The energy dispersive X-ray spectroscopy (EDX) data of Fe-SoyB (Fig. 1(b))
confirmed high percentages of carbon (approximately 65%) and oxygen (approximately 20%) on the surface of the biochar, with iron
present at around 11%. This indicated successful incorporation of Fe into SoyB. The FTIR technology was utilized to identify the
functional groups present in the Fe-SoyB material. As shown in Fig. 1(c), the FTIR spectrum exhibited a band at 3 387 cm™?, indicating
O-H stretching (Zhu et al., 2014; Liu et al., 2020). The presence of oxygen-containing functional groups on Fe-SoyB, such as carboxyl
and hydroxyl groups, enhanced TC adsorption through hydrogen bonding (Sun et al., 2012; Wang et al., 2017). Additional peaks
were assigned as follows: (1) a peak at 2 853 cm™* associated with C—H bonds, representing the stretching vibration of aliphatic
hydrocarbons (Sevilla and Fuertes, 2009; Nguyen et al., 2019b); (2) peaks at 1 009 cm™*, 1 085 cm™, and 1 196 cm™* corresponding
to C=0 and C-O-C groups (Jaiswal et al., 2021); (3) peaks at 633 cm* and 512 cm ™ related to C—C stretching groups (Jaiswal et al.,
2021); (4) a peak at approximately 476 cm™ representing the stretching vibration of the Fe—O functional group (Devi and Saroha,
2017). Fig. 1(d) shows the magnetic properties of Fe-SoyB. A magnetization saturation value of 43.2 A-m?/kg was observed for Fe-
SoyB. This strong magnetic responsivity suggested that Fe-SoyB was easily attracted to external magnets and removed from the
system after the reaction (Li et al., 2022b). XRD analysis was performed to assess the crystallinity of the catalysts. The XRD patterns
of Fe-SoyB exhibited peaks at 26 values of 14.9°, 15.5°, 17.4°, 24.3°, 28.9°, 29.0°, 30.1°, 31.2°, 35.2°, 39.3°, 45.8°, 49.9°, and 60.1°
(Fig. 1(e)). As noted by Jaiswal et al. (2013) and Markovski et al. (2014), peaks at 26 values of 24.3°, 35.2°, 39.3°, 49.9°, and 60.1°
are characteristic of goethite. These XRD patterns, consistent with SEM and EDX results, indicated that Fe was effectively loaded
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onto the biochar surface. Additionally, the crystallite size of Fe-SoyB was calculated using the Scherer equation (Massoudi et al.,
2020):
__Ka 1)
pcosé

where D is the crystallite size, K is the shape factor (K = 0.94), gis the full width at half maximum of the peak, and 4 is the wavelength
of the X-ray radiation. The average crystallite size obtained for Fe-SoyB was 44.90 nm. The pHpzc value is defined as the pH value
at which the negative and positive charges on the adsorbent surface are equal (Kubilay et al., 2007; Nguyen et al., 2024). As show in
Fig. 1(f), the pHpzc value of Fe-SoyB was 7.0, comparable to values reported in other studies. For instance, Jiao et al. (2017) reported
a pHezc value of approximately 6.7 for pine sawdust pyrolytic char, while Borba et al. (2019) found a pHpzc value of 6.6 for biochar
derived from Pequi (Caryocar brasiliense) husks. Additionally, Bagheri et al. (2020) reported a pHpzc value of 7.09 for Moringa seed
powder biochar, and Foroutan et al. (2022) found a pHpzc value of 7.6 for hydroxyapatite derived from chicken beak modified with
the zeolitic imidazolate framework-8 (ZIF-8).
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Fig. 1. Characterization of Fe-SoyB.
3.2. Influence of operating parameters on TC degradation
3.2.1. TC removal in different processes

The catalytic efficiency of Fe-SoyB was assessed, and the results are illustrated in Fig. 2. To evaluate the effect of the oxidation
process, TC removal was compared in three different systems: Fe-SoyB alone, H,O; alone, and Fe-SoyB combined with H,O, (Fe-
SoyB/H20,). The results indicated a significant improvement in TC removal efficiency when H,O; was added. Specifically, the Fe-
SoyB/H,0, system achieved nearly 92% degradation of TC after 180 min, whereas only approximately 15% removal was observed
in the system with Fe-SoyB alone during the same period. This stark contrast highlighted the effectiveness of the Fe-SoyB/H,0;
system in degrading TC. The enhanced removal efficiency can be attributed to the interactions between Fe?* and H,O,, which generate
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a substantial amount of -OH, a potent oxidizing agent that plays a crucial role in the degradation process (Lu et al., 1999), thereby
facilitating TC removal in the presence of both Fe-SoyB and H20..

1.0
L\..--..._. ..... m----- m----- .

|
0.8 3
o \ - m- Fe-SoyB
£ 06k -o- H0,
i n::::.. P - A- Fe-SoyB/H,0,
B DA ehen e
e A ae@s
N~ . et e Y °
A
02F el D A,
<
0 60 120 180

7 (min)
Fig. 2. TC removal in conditions of p(TC) = 800 mg/L, c(H202) = 245 mmol/L, p(Fe-SoyB) = 0.5 g/L, pH = 3.0, and T = 25°C (with T denoting reaction
temperature and p(TC): denoting TC concentration at time t).

The synergy factor (Fsyn) was defined as a function of the reaction rate constants of various processes or mechanisms involved
in the Fe-SoyB/H»0; system:
F - kFe-SoyB/HZOZ (2)

T Keesops +K

where K, soem.o, 1 Keesos » @Nd Ky, o are the reaction rate constants in the Fe-SoyB/H:02, Fe-SoyB, and H202 systems, respectively.
The values of Ke,symm,o0,+ Kresoys» and ky, o were calculated to be 0.143 9 min™', 0.076 6 min”', and 0.006 5 min', respectively.
Using these values, the synergy factor were found to be 1.73. A synergy factor greater than 1.0 indicates a synergistic effect (Moslehi
et al., 2024a), suggesting a strong enhancement in the activation of H,O, for improved TC degradation. Additionally, the synergy

effect of Fe-SoyB in activating H2O, was calculated using the R factor
E

_ Fe-SoyB/H,0, (3)
EFe-SoyB + EHZO2

H,0,

where Eg, g gm0, + Eresoys » aNd Ey o are the TC removal efficiencies of the Fe-SoyB/H202, Fe-SoyB, and Hz0: systems,
respectively. The TC removal efficiency of the Fe-SoyB/H,0, system was compared to those of the individual Fe-SoyB and H,0-
processes, based on the results presented in Fig. 2. The R factor can be classified into three distinct conditions: (1) antagonism (R <
1), in which the combined effect of individual components is less than the sum of individual effects; (2) additive effect (R = 1), in
which the combined effect equals the sum of individual effects, indicating no interaction beyond mere addition; and (3) synergistic
effect (R > 1), in which the combined effect exceeds the sum of individual effects, indicating that the components work together to
produce a greater effect than expected from their individual contributions (Olfatmehr et al., 2022; Amarzadeh et al., 2023; Moslehi
et al., 2024b). Using Eqg. (3), an R factor value of 1.06 was obtained for TC degradation using the Fe-SoyB/H,0; system, indicating
a good synergistic effect between Fe-SoyB and HO; in H2O; activation and TC degradation within this system.

3.2.2. Effect of initial pH

The pH value is a critical parameter during the oxidation process (Wang et al., 2016; Li et al., 2022b). The effect of pH on TC
degradation in a Fenton-like process using Fe-SoyB as heterogeneous catalyst was investigated. Degradation experiments were
conducted at pH values of 3.0, 5.0, 7.0, and 9.0 in the Fe-SoyB/H,0, system. As shown in Fig. 3, TC was efficiently eliminated at
pH = 3.0. The result indicated that increasing pH led to a decrease in removal efficiency: from 81.08% (pH = 3.0), to 64.59% (pH =
5.0), 58.12% (pH = 7.0), and finally 51.45% (pH = 9.0). The optimal condition at pH = 3.0 promoted the synthesis of more -OH,
leading to enhanced TC decomposition. This observation aligned with findings from Li et al. (2022a). At high pH values (7-9), the
decomposition of H,O; and the reactions between reactive oxygen species predominantly yielded oxygen and hydroperoxyl radicals,
which possess lower oxidizing properties than -OH radicals (Cheng et al., 2023a). Consequently, TC removal was less effective at

elevated pH conditions.
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Fig. 3. Impact of initial solution pH on TC degradation (reaction conditions: p(TC) = 800 mg/L, p(Fe-SoyB) = 0.5 g/L, c(H202) = 245 mmol/L, and
reaction time of 150 min).

In terms of reaction rate, the highest rate constant (k) was calculated to be 7.10 x 1072 L/min (Fig. 3). This value was considerably
lower than those reported for other catalyst materials in the literature (Table 1). Several factors, as listed in Table 1, contributed to
the difficulty in making direct comparisons between the rate constant from this study and those from previous studies, particularly
the initial TC concentration and the H.O» concentration. In this study, a TC solution at 800 mg/L was utilized, which was
approximately six times higher than the concentrations used for other studies listed in Table 1. Additionally, the H,O, dosage was
also higher than those of other studies. Although the data indicated that Fe-SoyB had a lower rate constant compared to other catalysts,

these variations in experimental conditions necessitate further investigation to confirm the degradation capacity of Fe-SoyB.
Table 1
Rate constants reported in literature.

Catalyst pH  H,0; concentration Initial TC concentration ~ Catalyst dosage  k Reference
(mmol/L) (mg/L) (g/L) (L/ min)

Fe-SoyB 3.0 245 800 0.5 0.0071  This study

Fes0,-Cs 3.0 10 120 0.5 0.0170  Lietal. (2020)

Fe304 3.7 150 100 1.0 0.1200  Hou et al. (2016)

3.2.3. Effect of H,O, concentration

A study was conducted to investigate the impact of H.O, concentration on the oxidation of TC. The H,O, concentration was
systematically varied within the range of 122.5-490.0 mmol/L. As shown in Fig. 4, the rate constant increased from 5.78 x 103
L/min to 6.72 x 1073 L/min with an increase in H,O, concentration. In addition, the TC degradation efficiency increased from
approximately 82.0% to 89.5% as the H,O, concentration was increased from 125.5 mmol/L to 367.5 mmol/L. However, further
increasing the H,O, concentration to 490 mmol/L did not enhance TC removal beyond this level. This phenomenon can be explained
by the consumption of -OH in the process, which may occur due to the surplus H2O,. The reactions can be described by the following
equations (Bokare and Choi, 2014; Li et al., 2022b):

H,O, +-OH —HO, +H,0 (4)
‘OH+-OH—>H,0, (5)

Adsorption Degradation
1.0% —m— 122.5 mmol/L (k= 5.78 x 10~ L/min)
—@~— 245.0 mmol/L (k=7.32 x lO"j L/min)
08t 367.5 mmol/L (k=7.00 x 103 L/min)
EL—) =&~ 490.0 mmol/L (k= 6.72 x 10~ L/min)
5 0.6
Q 0.4 -
Q —_——_
0.2 !\!==!—
1 1 J
0 60 120 180
¢ (min)
Fig. 4. Impact of H202 concentration on TC degradation (reaction conditions: p(TC) = 800 mg/L, pH = 3.0, p(Fe-SoyB) = 0.5 g/L, and reaction time of
150 min).
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3.2.4. Effect of initial TC concentration

Another important factor in the elimination of contaminants is the initial TC concentration. As shown in Fig. 5, at an initial TC
concentration of 600 mg/L, approximately 72% of TC could be removed within 30 min and 92% in 150 min. As the initial TC
concentration was increased to 800 mg/L and 1 000 mg/L, the removal efficiencies correspondingly decreased to 87% and 75%,
respectively. This decrease in removal efficiency can be attributed to the constant amount of hydroxyl radicals generated at the same
Fe-SoyB catalytic dosage and H»O, concentration. As the TC concentration was increased, the available free radicals became
insufficient to effectively break down TC at higher concentrations, resulting in decreased removal efficiency (Li et al., 2022b).
Furthermore, the rate constant decreased with increasing initial TC concentration because a low concentration of TC could facilitate
a faster oxidation rate. This observation aligned with the findings of Li et al. (2020).

Adsorption Degradation
1.0 ! —m— 600 mg/L (k=4.53 x 10° L/min)
i —@= 800 mg/L (k=5.30x 10" L/min)
08} i —A= 1000 mg/L (k=3.65x10"L/min)
e
T 0.6F A
= PAe '
CE;) 0.4 ‘:\. i
< % e S A—a
i e . o .
0 60 120 180
¢ (min)
Fig. 5. Impact of initial TC concentration on TC degradation (reaction conditions: p(Fe-SoyB) = 0.5 g/L, ¢(H202) = 245 mmol/L, and reaction time of 150
min).

3.2.5. Effect of catalyst dosage

As shown in Fig. 6, the efficiency of TC degradation in the Fe-SoyB/H20- system significantly increased with the rising dosage
of Fe-SoyB. The degradation efficiency rose from approximately 61% at an Fe-SoyB dosage of 0.25 g/L to 95% at 0.75 g/L. The rate
constant of the Fe-SoyB/H,O- process also exhibited a general upward trend with increasing Fe-SoyB dosage. Specifically, the rate
constant value increased from 3.10 x 103 L/min at a dosage of 0.25 g/L to 5.19 x 10~% L/min at 0.75 g/L. These findings indicated
that augmenting the dosage of Fe-SoyB enhanced the number of active sites (Liu et al., 2021; Li et al., 2022b).

Adsorption Degradation

1.0 i —m—0.25¢/L (k=3.10% ]()'f L/min)
! —@—0.50 g/L (k=6.88x 107 L/min)
0.8 i —A=0.75 g/L (k=5.19% 107 L/min)
EL—') ““.\.
§ 0.6 \.\
G ® .\. .\l
B 0.4 ~——
QU i .\.
02k A-A S Qi
A\A A A ,
i 1 1 J
0 60 120 180
¢ (min)

Fig. 6. Impact of catalyst dosage on TC degradation (reaction conditions: p(TC) = 800 mg/L, ¢(H202) = 245 mmol/L, and reaction time of 150 min).
3.3. Effect of water matrix and reusability of Fe-SoyB for TC degradation

To evaluate TC degradation in the Fe-SoyB system, different real water sources (such as tap water and river water) were used as
reaction solvents. The efficiencies of TC degradation were found to be 87.1% in deionized water, 78.5% in tap water, and 72.5% in
river water (Fig. 7(a)). Notably, the degradation efficiencies in real water samples were lower than in deionized water, likely due to
the presence of competing or quenching chemicals, such as ions and natural organic molecules (Qin et al., 2020). Nevertheless, despite
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this disparity, the TC degradation efficiencies in real water samples remained satisfactory (Liu et al., 2021), indicating that the Fe-
SoyB/H,0, system shows promise for practical wastewater treatment.

100
- 87.1% 85.5% o
River water S 81.6% 7979,
80
>
3 g
S 5 60
2 Tap water %ﬁ
g E 40
< )
= g
B
Deionized water & 20
a
! 0
0 20 40 60 80 100 0 1 2 3
TC degradation efficiency (%) Number of cycles
(a) Influence of different water sources on (b) Reusability of Fe-SoyB in H, O,
TC degradation in Fe-SoyB/H,0, system activation for TC degradation

Fig. 7. Influence of different water sources on TC degradation in Fe-SoyB/H20. system and reusability of Fe-SoyB in H20: activation for TC degradation
(reaction conditions: p(Fe-SoyB) = 0.75 g/L, p(TC) = 800 mg/L, c(H202) = 245 mmol/L, and reaction time of 150 min).

The reusability of catalysts is a critical factor for practical application. To verify its reusability performance, the catalyst was
first recovered via magnetic separation, washed multiple times with ultrapure water, and then directly introduced into the next cycle.
Fig. 7(b) shows that as the number of cycles increased, the removal effectiveness of Fe-SoyB progressively declined. However, the
performance of the Fe-SoyB catalyst after the third cycle remained significant, with a marginal drop in efficiency less than 15%,
confirming the reusability of Fe-SoyB.

3.4. TC degradation mechanism using Fe-SoyB/H»0>

The proposed reaction pathway for TC degradation using Fe-SoyB as a catalyst is schematically shown in Fig. 8. The first stage
involves the adsorption of TC onto the surface of the Fe-SoyB catalyst. The rough and porous surface structure of the material
facilitates the adsorption process through electrostatic interactions and filling. In addition, the functional groups present on the
material’s surface promote complexation and ion exchange between TC and the catalyst (Li et al., 2021). In the second stage, a-
FeOOH in Fe-SoyB is comprised of Fe?* and Fe®*. Fe?* ions react with H,0, to form -OH and more Fe3* ions:

H,O, + Fe** —-OH+OH +Fe* (6)

These -OH radicals are crucial for the degradation of TC into CO2, H»0, and various intermediates. Notably, H.O- can further reduce
Fe3* back to Fe?*, allowing the cycle to continue:

H,O, + Fe* > HO, + H* +Fe** (7)

In the Fe-SoyB/H,0- system, ferrous ions are generated according to Eq. (8) (Liou and Lu, 2008):

20-FeOOH +H,0, +4H" —2Fe** + 0, +4H,0 (8)

Hydroxyl radicals may react with ferrous ions to form ferric ions or react with TC (Lu et al., 1999).

CH;
CH; _/ + HCI
AN OH
% { 0
H;C
O NH,
(0]
OH TC
By-products, CO,, and HO
e,
H,0,
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Fig. 8. Proposed reaction pathway for TC degradation in Fe-SoyB/H20: system.

In addition, the Fe-SoyB/H.0; system was investigated for the formation of -OH using electron paramagnetic resonance
experiments with DMPO. As shown in Fig. 9, noticeable DMPO-OH quartet signals (1:2:2:1) were observed, which were consistent
with the hyperfine coupling constants of the DMPO-OH products (Nguyen et al., 2019a; Ma et al., 2020). These findings confirmed
that -OH was the primary radical generated from the catalysis of H,O, by Fe?* in Fe-SoyB. The comparative TC removal efficiencies
with various catalysts are presented in Table 2, highlighting the effectiveness of Fe-SoyB in degrading TC compared to other catalytic
materials.

«DMPO-OH |

Intensity (a.u.)

—— DMPO with catalyst
—— DMPO with no catalyst

1 1 1 1 1 J
3440 3460 3480 3500 3520 3540 3560
Magnetic field (G)
Fig. 9. Electron paramagnetic resonance spectra generated in the presence of DMPO with catalyst and DMPO with no catalyst.

Table 2
Various methods for removing tetracycline.
Reaction system Reaction conditions Time Removal References
(min) efficiency
(%)

MCN@CdS/visible light p(TC) = 10 mg/L, catalyst dosage of 0.3 g/L, pH = 4.0, and 300-W Xenon lamp (1 > 120 99.5 Jing et al. (2024)
420 nm)

MnFe,04/ZIF 8/xenon p(TC) = 20 mg/L, catalyst dosage of 0.5 g/L, pH = 9.0, and 500-W Xenon lamp (1 = 200 96.1 Azqgandi et al. (2024)
420 nm)

FeOCI/NvCN/visible light/H,0, p(TC) = 15 mg/L, catalyst dosage of 150 mg/L, c(H20,) = 1 mmol/L, and pH = 4.7 60 95.7 Shao et al. (2024)

Fe3*/H,0, ¢(TC) = 30 umol/L, c(Fe**) = 30 umol/L, ¢(H,0,) = 4 mmol/L, and pH = 3.0 60 84.5 Liu et al. (2023)

CuS@Cu-CDs/H,0, p(TC) =100 mg/L, catalyst dosage of 0.5 g/L, c(H,0,) = 7 mmol/L, and pH = 5.6 30 85.0 Cheng et al. (2023b)

Fe-NCs-1/visible light/H,0, p(TC) =10 mg/L, catalyst dosage of 0.5 g/L, c(H,0,) = 10 mmol/L, pH =5, 90 96.0 Huang et al. (2021)
and temperature of 25°C

FeOCI/H,0, p(TC) =60 mg/L, catalyst dosage of 350 mg/L, c(H,02) =5 mmol/L, and pH= 4 60 92.9 Cao et al. (2021)

FeNi3/SiO,/H,0, p(TC) =20 mg/L, catalyst dosage of 0.1 g/L, pH =7, p(H,0,) = 200 mg/L, and room 180 92.3 Barikbin et al. (2020)
temperature

Schorl/H,0, p(TC) =100 mg/L, catalyst dosage of 10.0 g/L, c(H20,) = 9.9 mmol/L, pH =3.0,and 600 95.2 Zhang et al. (2018)
temperature of 40°C

UVITiO,/H,0, p(TC) =55 mg/L, p(TiO,) = 1 g/L, p(H20,) = 100 mg/L, pH =5, and 18-W lamp 30 100 Safari et al. (2015)
power

Fe-SoyB/H,0, p(TC) =800 mg/L, catalyst dosage of 0.75 g/L, c(H,0,) = 245 mmol/L, pH = 3, 150 90.0 This study

and temperature of 25°C

4. Conclusions

In this study, Fe-SoyB was used as an excellent heterogeneous Fenton catalyst for effectively degrading TC. The biochar
exhibited satisfactory catalytic performance and structural stability, with the TC degradation efficiency in the Fe-SoyB/H»O; system
influenced by various factors, including catalyst dosage, initial pH, H2O, concentration, and initial TC concentration. Under optimal
conditions (an initial pH of 3.0, an H>O, concentration of 245 mmol/L, an initial TC concentration of 800 mg/L, and a catalyst dosage
of 0.75 g/L), the removal efficiency reached up to 90%. The quenching tests confirmed that -OH was the primary oxidant responsible
for TC degradation in the Fe-SoyB/H.0; system. Given its strong reusability and catalytic performance, the Fe-SoyB/H,0; system
shows significant potential for removing TC from wastewater. Therefore, further extensive and practical investigations are required
to assess the system’s applicability in real-world wastewater treatment scenarios. This study demonstrated that the Fe-SoyB biochar
is an environmentally friendly, economically viable, and technically effective absorbent. Future research should explore its efficacy
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in removing other emerging pollutants, such antibiotics, pesticides, endocrine disruptors, and personal care items, which have
garnered significant attention in recent years.
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