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ABSTRACT 
The overuse of antibiotics has become a serious environmental problem, and addressing how to remove antibiotics from aquatic environments 
poses a significant challenge. This study prepared a porous biochar material (BSJ) using natural Jacaranda fruit shells as raw materials and 
combined it with an electric Fenton system (EF-BSJ) to degrade ciprofloxacin hydrochloride (CIP). Characterization and analysis of biochar using 
SEM, BET, Raman spectroscopy, and other methods revealed that the porous structure and aromatic functional groups of biochar play a crucial 
role in adsorbing CIP. The effects of carbonization temperature and carbonization time on the adsorption of CIP by biochar were investigated 
during the biochar preparation process. At 800℃ and 1.5 hours, the maximum adsorption efficiency of biochar for CIP is 96.88%. In addition, 
thestudy investigated the impact of cathode and anode materials of the EF-BSJ system on the degradation efficiency of CIP. When platinum-titnium 
plating was used as the anode and foam nickel electrode as the cathoded, the CIP removal rate could reach 95.48%. Finally, the UV full-band 
scanning method was used to determine that CIP was degraded into small molecule substances, achieving the goal of removing CIP. This 
study introduces a novel strategy for eliminating antibiotics. 
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1. Introduction 

In the last few years, due to the excessive use of antibiotic drugs, fluoroquinolones have been frequently detected in aquatic environ- ments 
[1]. Ciprofloxacin hydrochloride (CIP), a typical fluo- roquinolone antibiotic, has attracted widespread attention as an emerging 
pollutant due to its high ecological toxicity [2]. However, conventional wastewater treatment technologies struggle to remove CIP due to its 
persistence [3, 4]. In the last few years, carbon-based materials such as biochar have received increasing attention as adsorbents for 
adsorbing antibiotics in wastewater treatment due to their low-cost and easy availability of raw materials. Biochar has an extremely 
high specific surface area and surface functional groups; therefore, it exhibits excellent adsorption performance [5]. Recently, extensive 
research has been conducted to increase the number of functional groups on the surface of biochar through chemical modification [5, 6], 
or by optimizing pyrolysis conditions to enhance the adsorption capacity of biochar. Active groups in biomass, however, are easily lost 
during the high-temperature py- rolysis process, which reduces the adsorption capacity of biochar [7]. According to research by Cheng et al., 
lignin possesses numerous active functional groups and specific chemical reactionsites, en- abling the modification of necessary 
functional groups. Therefore, biochar prepared from lignin possesses physical and chemical adsorption characteristics, making it 
suitable for reducing organic pollutants, heavy metals, dyes and other pollutants [8].The Jacaranda fruit shell, a natural lignin porous 
material, offers sigifi- cant advantages in biochar preparation. Treviño-Cordero et al. reported that Jacaranda biochar can be used to 
remove AB25, methylene blue dyes, and the heavy metal Pb2+ [9]. However, it is unclear if pyrolysis conditions affect the 
characteristics of Jacaranda biochar and consequently impact pollutant removal. Therefore, this study investigated the preparation of 
biochar from 
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the shell of Jacaranda fruit and its adsorption capacity for dyes, antibiotics, and heavy metals. 
The adsorption capacity of biochar for removing pollutants has been demonstrated.However, the lack of available methods to de- sorb 

the adsorbents for biochar reuse or manage the pollutant-satu- rated adsorbents has raised environmental concerns [10]. In light of this, 
some researchers combined biochar with oxidation to de- grade the adsorbed pollutants. According to the investigation by Sirés et al., 
the electrochemical advanced oxidation process (EAOP) has emerged as a promising method for sewage treatment to elimiate a wide variety 
of organic pollutants [11]. The EAOP uses highly reactive hydroxyl radicals to oxidize organic pollutants [11]. When biochar is combined 
with electric Fenton, hydroxyl radicals pro- duced from electric Fenton can fully oxidize pollutants adsorbed by biochar and thus 
regenerate biochar for adsorption in situ [12]. Traditional two-dimensional electric Fenton systems, however, cannot fully utilize •OH 
radicals due to low current density, result- ing in low efficiency and a short service life [13]. Recently, re- searchers have significantly 
enhanced the processing capacity and current efficiency of the electric Fenton system (EF) by incorporat- ing particle electrodes, such as 
metal particles or carbon aerogel [14]. Under an external electric field, particles can be easily polar- ized to form charged 
microelectrodes. This shortens the distance between pollutants and electrodes, enhancing mass transfer effi- ciency, and consequently 
improving electrolysis efficiency [15]. Biochar is a cost-effective and environmentally friendly material that can serve as a combination 
of adsorbent and catalyst in electric 
Fenton systems [16]. 

This study aimed to develop a three-dimensional electric Fenton system using Jacaranda fruit shell biochar (EF-BSJ) derived from 
natural lignin porous materials as a particle electrode for the degra- dation of CIP. Three representative pollutants, including anti- biotics, 
dyes, and heavy metals, were investigated to study the effects of pyrolysis conditions on the adsorption of biochar and

its adsorption mechanism. The effectiveness of the bio- carbon-electric Fenton system in treating pollutants was evaluated using the 
antibiotic CIP. 

 

2. Materials and Methods 
 

2.1. Materials and Chemicals 
The shell of Jacaranda fruit collected from the greening arbor of Southwest Petroleum University in Sichuan Province, China, was 
washed, crushed, and screened to a specific size of 50 meshes. It was dried to a constant weight in an 80℃ oven before further use. 
Ciprofloxacin hydrochloride, tetracycline, Congo red, Methyl orange, and other chemical reagents were all obtained from Chengdu 
Huaxia Chemical Reagent Co., Ltd. (Sichuan, China). Other chemicals used in this study were all of analytical grade (AR ≥ 98%). If 
there was no specific description, they were all purchased from Kelong Chemical. All solutions were prepared with deionized 
water. 

2.2. Preparation of Biochar by Pyrolysis 
The biomass from the shell of Jacaranda fruit was prepared by pyrolysis after being pretreated in the initial step. Firstly, place the 
constant weight biomass into a grinder to crush it into small particles, and then screen out particles with a size smaller than 5 mesh. 
Then, place the particles with a particle size smaller than 5 mesh into a nickel crucible and carbonize them in a tube furnace (with 
aheating rate of 10 ℃/min). crush them into small particles and screen out particles with a particle size of less than 5 mesh. Then, put 
the particles with particle size less than 5 mesh into a nickel crucible and carbonized them in tube furnace (the heating rate is 10 
℃/min). Screened out carbonized biochar particles with a diameter less than 0.25 mm from the carbonized biochar particles. After 
ultrasonic cleaning and drying, Jacaranda shell biochar (BSJ) was obtained. Added 100 mL of concentrated nitric acid (6 mol/L) to 4 g 
of carbonized biochar particles and soaked them in a shaker at 25℃ and 200 rpm for 8 hours. Then, wash the biochar with dilute 
hydrochloric acid (0.1 mol/L), sodium hydroxide (0.1 mol/L), and deionized water until it reaches a neutral pH. Finally, put the washed 
biochar particles into an 80℃ oven and bake them until a constant weight is achieved to obtain activated biochar particles. 

2.3. Electrochemical Apparatus and Operating Procedures 
The design diagram of the experimental device is shown in Fig. S1 of the supplementary materials, which consiste of a DC power 
supply, an air pump, an anode plate (platinum-plated titanium electrode), a cathodeplate (foam nickel), and a magnetic rotor. The 
working volume of the device used in this study is 65 mm 
× 65 mm × 70 mm. The anode and cathode were placed in parallel in the device with a distance of 45mm between them. At a distance of 10 
mm from the wall, the middle was evenly filled with carbon- ized particles saturated with adsorption. While the aeration pipe 
continuously replenished dissolved oxygen into the solution, a magnetic stirrer was placed in the reactor and stirred continuously 
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at a temperature of 20℃. It is worth noting that all experiments were carried out at a temperature of 20℃ and repeated three times to 
obtain the average value. Unless otherwise specified, the concen- tration of the CIP solution involved in this study was 100 mg/L. 

2.4. Morphological and Compositional Characterization of Biochar 
C, H, O, N, and S elements in Jacaranda shell fruit were analyzed by an elemental analyzer (Elemantar Vario UNICUBE, Germany). At a 
constant heating rate of 100 ℃/min to reach a temperature of 900℃, 2.5 grams of Jacaranda shell fruit were introduced into a 
thermogravimetric analyzer. After incubation for 25 minutes, the elemental composition of blue flower fruit shells was measured. The 
morphology of the materials was observed using scanning electron microscopy (SEM, SU 3500, China). The specific surface area of 
BSJ was measured using the automatic specific surface area and pore analyzer (BET, ASAP 2460, U.S.A.). The functional groups of 
biochar were analyzed using an automatic Raman spec- trometer (ID Raman micro IM-52, Chain). Thermogravimetric anal- ysis was used 
to analyze the biomass composition (TGA SDTA851, Switzerland). Anultraviolet-visible spectrophotometer was used to determine the 
concentration of CIP and degraded small analytical substances (UV-1800, China). In this study, the cellulose content was determined 
using nitric acidand acetic acid-potassium dichro- mate method, following the procedures outlined in the literature. The hemicellulose 
content was determined through calcium nitrate iodimetry, while the lignin content was assessed using the acetic acid-potassium 
dichromate method [17]. All characterizations in this study were conducted using biochar prepared at the optimal carbonization 
temperature and time. 

2.5. Efficiency Evaluation of BSJ and BSJ-EF 
Heavy metal, dye, and antibiotic pollutants (CIP) were used to assess the adsorption performance of BSJ, while the degradation 
efficiency of CIP was employed to evaluate the performance of the electric Fenton system. Firstly, based on the experimental 
results of BSJ carbonization time and carbonization temperature mentioned above, the optimal carbonization temperature and time were 
selected. The initial concentrations and adsorption times of various pollutants are shown in supplementary material Table S1. below. 
Antibiotics and dyes were analyzed using UV-visible spectrophotometry to measure the absorbance of each substance. The 
concentration of antibiotics and dye pollutants was then calcu- lated based on standard curves. The heavy metal levels were de- 
termined using flame atomic absorption spectrophotometry, and the concentration of pollutants in each filtrate was calculated based on 
a standard curve. 

To construct an effective three-dimensional electric Fenton sys- tem, various cathode materials such as foam nickel, activated car- bon 
fiber, and porous graphite plate, as well as and anode electrode materials including platinum-plated titanium electrode, iri- dium-
ruthenium electrode, and Sb-doped SnO2/Ti electrode, were evaluated in degradation experiments using CIP as the only pollutant. The 
reaction conditions were controlled as follows: CIP concentration of 20 mg/L, reaction volume of 200 mL, cell voltage of 10 V, current of 
1 A, Fe2+dosage of 4 mmol/L, NaSO4 dosage 
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of 0.2 mol/L, aeration intensity of 250 mL/min, biochar particles dosage of 3 g, and agitator speed of 300 r/min. After a 30-min reaction, 1 
mL of the reaction solution was extracted, followed by membrane filtration with a 0.22 μm pore size. The filtrate was analyzed 
using an ultraviolet spectrophotometer to measure the absorbance of the solution at 276.5 nm. Refer to the standard "Determination of 
Chemical Oxygen Demand in Water Quality 
- Rapid Digestion Spectrophotometry" (HJ/T 399-2007) and utilize the digester (LB-901B) and visible spectrophotometer (V-1800) to 
measure CODCr in the solution. 

Finally, to confirm the degradation of CIP by EF-BSJ, a UV full-band scanning method was employed to analyze the changes in 
functional groups before and after degradation. After 60 minutes of reaction, take 1 mL of solution from the reaction tank and pass it 
through a 0.22 μm filter membrane. Subsequently, ultraviolet scanning is conducted within the wavelength range of 200~400 nm. At the 
same time, the original solution before degradation is also scanned across the full spectrum. 

Eq. (1) was used to evaluate the adsorption performance of coupled biochar and electric Fenton system. 
 
(1) 

 
where: 

η: Adsorption removal rate of contaminants, %; 
C0: The initial concentration of contaminants, mg/L; 
C: The concentration of contaminants after treatment, mg/L. 

 
2.6. Dynamic Model 
In order to study the adsorption mechanism of antibiotics by the BSJ, the pseudo first order kinetic model shown in Eq. (2) and 
pseudo second order kinetic model shown in Eq. (3). Tow models were used to fit the experimental data, respectively [18]. 

 
(2) 

 
(3) 

 
where: 

and : the adsorption capacities at equilibrium, mg/g; 
and : the pseudo first-order and pseudo-second-order rate con- stants, respectively, g/mg·min; 
: the adsorption time, (min). 

 

3. Results and Discussion 

3.1. Compositional, Thermal, and Morphological Characterization of BSJ 

3.1.1. Element analysis of biochar 
The organic element analyzer conducted elemental analysis on the shell of Jacaranda fruit, and the results are shown in supple- 
mentary material Table S2. The carbon content of the shell of the Jacaranda fruit increased from 45.12% to 80.79%. The higher the 
carbon content, the greater the porosity and specific surface 
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area of the biochar formed [19]. Through the aforementioned ex- perimental methods, it was determined that the lignin content in 
the shell of Jacaranda fruit was 34.62%, while cellulose and hemicellulose were 25.60% and 19.51%, respectively. The higher the 
content of lignin in biomass, the more stable the structure of biochar formed [20]. At the same time, cellulose and hemi- cellulose 
will undergo pyrolysis to form carboxyl, hydroxyl, and other alkaline functional groups, enhancing the adsorption capacity of biochar 
[20]. 

3.1.2. Thermogravimetric analysis 
The thermogravimetric analysis results of the shell of Jacaranda fruit are shown in Fig. S2 of the supplementary materials. In the first 
stage, the temperature ranges from 0℃ to 141.3℃, which corresponds to the evaporation of water from the shell of the Jacaranda 
fruit, resulting in a weight loss of only 0.976%. In Stage II, the temperature range was 196.30℃ to 503.64℃, leading to a weight loss of 
approximately 72.62% in the shell of the Jacaranda fruit. During this stage unstable organic matter decomposed, con- stituting the 
primary component of pyrolysis. In the third stage, the temperature ranged from 503.64℃ to 900℃, and the mass loss of the shell 
of the Jacaranda fruit was about 5.14%. This stage involved the mass loss of refractory organic matter and ash [9]. At 900℃, the 
residual mass value after the carbonization of biochar was 21.27%, representing the yield of the produced biochar. 

3.1.3. SEM morphology 
Fig. 1 displays the SEM results of native biomass and Jacaranda fruit biochar. Among them, Figs. 1 (a1) and (b1) show the results 
obtained at a magnification of 1000 times, while Figs. 1 (a2) and 1 (b2) depict the results obtained at a magnification of 4000 times. 
From Fig. 1 (a), it can be seen that the shell structure of the native Jacaranda fruit was loose, with many irregular hollow channels. 
The pore diameter was mainly concentrated in the meso- porous range (<20 nm). From Fig. 1 (b), it can be seen that after modification 
with nitric acid, the ash content in the pores of the Jacaranda fruit shell disappears, and the pore structure is exposed on the surface, 
making the pore structure more regular. The BET measurement results showed that the surface area of the shell of Jatropha 
japonica was 392 m2/g. After pyrolysis, the surface area of the shell biochar increased to 570 m2/g. 

 

Fig. 1. SEM (a) Biomass (b) Biochar. 
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Fig. 2. BET analysis. (a) surface area integration (b) Isothermal adsorption desorption curve (c) BJH Adsorption and Desorption Curve of Biochar 
(d) HK Curve of Biochar. 

 

3.1.4. BET detecting 
In order to further investigate the changes in surface area and porosity of Jacaranda fruit biochar, the BJH and BET methods were 
used to characterize and analyze the biochar samples. The average pore diameter and pore volume of the biochar after activa- tion are 
calculated using the BJH model, and the results are shown in supplementary material Table S3. The specific surface area of activated 
biochar was 699.55 m2/g, the average pore diameter was 1.75 nm, and the pore volume was 0.25 cm3/g, which was higher than that 
of inactivated biochar. This demonstrates that the nitric acid treatment of biochar effectively disrupts the dense structure of cellulose 
along with its intramolecular and inter- molecular hydrogen bonds. This process increases the specific surface area of biochar and 
creates a porous structure, providing more active sites [5]. 

From Fig. 2 (a), it can be seen that the increase in the surface area of biochar was mainly concentrated within 5 nm. The ex- 
perimental results indicate that the larger specific surface area of biochar is attributed to the well-developed microporous structure of the 
prepared biochar. The pore size distribution range of biochar can be determined from the BJH adsorption-desorption curve. It is worth 
noting that there was a hysteresis loop in the nitrogen desorption isotherm of BSJ (Fig. 2 (b)). This indicates the presence of mesopores 
in BSJ [21]. It can be observed from Fig. 2 (c) that the primary pore size distribution range of the biochar derived from the shell of 
the Jacaranda was less than10 nm. The main 
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pore size distribution of biochar can be obtained by the calculation of the HK equation [14]. According to the activated biochar HK 
curve (Fig. 2 (d)), the concentrated of micropores in the biochar was highest at 0.45 nm. According to the study by Li et al., the pore 
size of BSJ is less than 2 nm because the raw material used to prepare biochar in this study contains a significant amount of cellulose 
[22]. The primary pore size distribution of the prepared BSJ is 0.45 nm, which is the main reason for its strong absorption capacity and 
high surface area [23]. The specific surface area and pore volume facilitate the infiltration of pollutants into the pores, while a high 
specific area can offer sufficient enough adsorption sites to adsorb pollutants [24]. 

3.1.5. Raman analysis 
The Raman spectrum of biochar from the shell of Jacaranda fruit is presented in Fig. S3 of the supplementary materials. The biochar 
from the shell of Jacaranda fruit exhibited prominent peaks in the D band at 1351.90~1358.50 cm-1, attributed to the presence of 
aromatic carbon rings [25]. There were also clear peaks in the G band ranging from 1600.70 to 1603.20, which were attributed to the 
tangential stretching vibration between carbon atoms [12]. The ID/IG ratio of activated biochar shown in Fig. S3 was 2.23, while the 
ID/IG ratio of activated biochar was 2.05. There is no significant difference in Raman spectra between activated and deactivated 
biochar, indicating that activation has no effect on the structure of biochar. 
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3.1.6. Zeta potential analysis 
The change in solution pH value will affect the surface charge of biochar. When the solution pH value is less than the zero-charge point, 
the biochar surface is positively charged, which is conducive to the adsorption of anions. When the pH value of the solution is greater 
than the zero-charge point, the surface of biochar is negatively charged, which is favorable for cation adsorption. The experiment 
analyzed the isoelectric point of the biochar based on the shell of the jacaranda using zeta potential detection. The isoelectric point, 
pHpzc = 4.99, can be observed in Fig. S4 of the supplementary materials. 

3.2. Optimization of Pyrolysis Conditions for The Preparation of Biochar 
Temperature is one of the most important factors that affect bio- char’s characteristics. Many studies have shown that as the carbon- 
ization temperature increases, the specific surface area of biochar formation increases by about an order of magnitude [26-28]. 
According to the pyrolysis results of TGA, the weight loss of biochar remains relatively constant when the carbonization temperature 
ranges from 400℃ to 800℃. The properties of biochar at this stage are relatively stable, which is conducive to the adsorption of 
pollutants by biochar. This study explored the pyrolysis temper- atures of 500℃, 600℃, 700℃, and 800℃. Adsorption rates of CIP by 
char at temperatures ranging from 500 to 800℃ were 32.14%, 47.05%, 63.68%, and 87.79%, as illustrated in Fig. 3 (a). The en- hanced CIP 
adsorption by char from high temperatures may be attributed to the increased decomposition of organic substances at higher 
temperatures, leading to further enhancement of the pore structure of biochar. The decomposition of organic matter allows biochar 
to have a larger pore volume, specific surface area, and adsorption sites [29]. 

Another important factor that affects the formation of the pore structure of biochar is the duration of pyrolysis. It was reported that 
increasing the pyrolysis duration promoted the disintegration of cellulose and lignin in BSJ, leading to the changes in pore structure of 
biochar and an increase in adsorption sites [30]. The adsorption rates of CIP by char were 87.79%, 96.88%, and 96.99% respectively, 
with pyrolysis durations of 1 hour, 1.5 hours, and 2 hours at 800℃ (Fig. 3 (b)). The adsorption rates of CIP by charcoal reached stability 
when the pyrolysis duration exceeded 1.5 hours.
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This is mainly because a prolonged carbonization time affects the physical, chemical properties, and surface structure of biochar [31]. 
Long pyrolysis duration at high temperatures might destroy the functional groups of biochar, resulting in a decrease in the affinity of 
biochar to pollutants. Consequently, this led to a decrease in the adsorption rate of biochar [32]. At the same time, long pyrolysis 
duration at high temperatures might reduce the oxy- gen-containing functional groups of biochar, as well as the types and quantities 
of surface functional groups, ultimately weakening the adsorption rate of biochar [33]. According to the results, 800℃ and 1.5 hours were 
selected as the optimal pyrolysis conditions for the preparation of biochar. 

3.3. Pollutant Adsorption by Biochar 

3.3.1. Dye adsorption by BSJ 
In this study, four dyes, including anionic dyes like methyl orange and Congo red, and cationic dyes such as methylene blue and 
rhodamine B, were utilized to assess the dye adsorption capacity of Jacaranda biochar and investigate its removal mechanism. The 
experimental results are shown in Fig. 4 (a). It can be seen that the adsorption capacity of BSJ for methylene blue was 374.59 mg/g; 
followed by Methyl orange at 249.59 mg/g, Rhodamine at 
99.25 mg/g, and Congo red at 66.39 mg/g. The highest adsorption rate of BSJ prepared in this study for dyes is 99%. This is because BSJ 
has a natural porous structure, which helps to significantly improve the adsorption capacity and rate of dyes [25]. 

From the above experimental results, it can be seen that the adsorption capacity of BSJ for cationic dyes was greater than that for 
anionic dyes. The BET analysis indicates that BSJ, after nitric acid activation, exhibits a more developed pore structure and a larger 
specific surface area. The Raman spectrum shows that the activated BSJ has more acidic oxygen functional groups. These factors 
increase the affinity between BSJ and cationic dyes [20]. On one hand, the zero charge point of biochar activated by nitric acid was 
less than 7. In the solution with pH of 9, the surface of biochar is negatively charged, and positively charged cations are absorbed 
by electrostatic attraction [34]. On the other hand, activated biochar has a well-developed pore structure that allows dye molecules 
with relatively small mass diffuse freely within the pores [35]. The molecular weights of the cationic dyes methyl- 

 

 
Fig. 3. Changes in the adsorption rate of CIP by Char from different pyrolysis temperatures (a) Effect of pyrolysis temperature on the adsorption 

rate of ciprofloxacin hydrochloride (b) Effect of pyrolysis duration on the adsorption rate of ciprofloxacin hydrochloride. 
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ene blue and Rhodamine B are 319.85 and 479.01, respectively. In contrast, the molecular weights of the anionic dyes Methyl orange 
and Congo red are 696.66 and 327.33, respectively. Therefore, the adsorption rate of cations on BSJ is higher than that of anions. 

3.3.2. Adsorption of heavy metals by BSJ 
The adsorption results of biochar on four heavy metal ions (Pb, Cu, Cd, Zn) are shown in Fig. 4 (b). The results showed that the 
adsorption quantity of Pb was 58.47 mg/g, which was the highest, followed by Cd with an adsorption capacity of 49.81 mg/g, Cu with 
an adsorption quantity of 25.70 mg/g, and Zn with an adsorption effect only 14.19 mg/g. 

Based on the Raman spectrum analysis, the surface of biochar after nitrification and oxidation activation contains a large number of 
different kinds of acidic oxygen-containing functional groups. These groups can promote the ion exchange reaction between heavy 
metal ions and BSJ [36]. BSJ's heavy metal ions will undergo precipitation and complexation reactions with the heavy metal ions in the 
solution, thereby reducing the concentration of heavy metals in the solution. According to the Zeta potential, when the pH of the 
solution is 7, the BSJ surface becomes negatively charged. This charge enables the removal of positively charged heavy metal ions from the 
water through electrostatic adsorption. According to the BET analysis, it was found that the porosity of BSJ is relatively high, which can 
facilitate the entry of heavy metals into the air voids for physical adsorption. In summary, the adsorption of heavy metal ions in water by 
BSJ is achieved through electrostatic inter- actions, ion exchange, physical adsorption, and other processes. 
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The specific surface area, number of surface-active functional groups, and cation exchange capacity of biochar determine its 
adsorption activity for heavy metals [37]. 

3.3.3. the adsorption of antibiotics by BSJ 
To explore the adsorption potential of BSJ to antibiotics, four typical antibiotics (e.g., ciprofloxacin, ampicillin, roxithromycin, tetracy- 
cline) were tested in the experiment. As shown in Fig. 4 (c), the adsorption capacity of BSJ for all types of antibiotics showed little 
difference, ranging from 6to7 mg/g. The adsorption rate of BSJ for four types of antibiotics was over 90%, with a 99% adsorption rate 
for CIP. 

The adsorption of antibiotics on BSJ is a result of physical and chemical interactions [38, 39]. Physical adsorption is primarily 
attributed to pore adsorption. Both SEM and BET results demon- strate that BSJ has a high specific surface area and a rich pore 
structure, which facilitates the diffusion of antibiotic molecules into its pores and inner surface from the solution for adsorption. The 
Raman spectroscopy results indicate that BSJ contains a large number of oxygen-containing functional groups, mainly carboxyl and 
hydroxyl groups. Hydroxyl and carboxyl groups form hydrogen bonds with oxygen (O) and nitrogen (N) in anionic antibiotics, leading 
to the adsorption of antibiotics from aqueous solutions through hydrogen bonding. Due to differences in the molecular weight of 
antibiotics and limitations in the type and quantity of functional groups in BSJ, the adsorption capacity of BSJ for the four 
antibiotics varies slightly. 

 

 
Fig. 4. The adsorption capacity and adsorption rate of BSJ for different pollutants (a) Adsorption of dye by BSJ (b) Adsorption of heavy metals 

by BSJ (c) Antibiotic adsorption by BSJ. 
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3.4. Dynamic Model Analysis 
Pseudo first-order and pseudo-second-order models are two com- mon models used to study adsorption kinetics. Fig. S5 of the supple- 
mentary materials displays the fitting results of the two dynamic models, while supplementary material Table S4. presents the dy- namic 
parameters of the two models. Compared with R2 values ranging from 0.87 to 0.94 for the pseudo-first order model, the pseudo 
second-order model is more appropriate for fitting ex- perimental data, with R2 values ranging from 0.92 to 0.99. In addi- tion, the 
calculated equilibrium adsorption capacity (Qe) of 90.334 mg/g based on the pseudo-second-order model is closer to the experimental 
adsorption amount of 87.795 mg/g. This shows that the pseudo second-order kinetic model is more suitable for simulat- ing the adsorption 
of antibiotics by the biochar of the Jacaranda. As shown in Table S4., the Qe increased gradually as the temper- ature rose, indicating that 
the carbonization temperature positively influenced the adsorption of CIP by BSJ. On the contrary, the adsorption rate constant K2 
indicates that the adsorption of CIP by BSJ is dominated by slow adsorption. The results of the study revealed the chemical adsorption 
characteristics of the BSJ to 

antibiotics. 
 

3.5. Screening of Cathode and Anode Materials for Three- Dimensional Electric Fenton System 
Different anodes have speciffic effects on the three-dimensional electrochemical degradation of CIP. Fig. 5 (a); Fig. 5 (b) shows a 
comparative study of the degradation and removal efficiency of CIP and COD in wastewater using different electrodes. The 
experimental results show that the electrochemical degradation of CIP with a platinum-plated titanium electrode as the anode 
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was more effective than that with an iridium ruthenium electrode and an Sb-doped SnO2/Ti electrode. After 60 minutes of reaction, the 
removal rates of CIP by the platinum-plated titanium electrode are 79.35% and 83.62%, respectively. This is mainly because the 
platinum-plated titanium electrode has a strong electrocatalytic effect and can generate a large amount of •OH in the reaction 
system, thus promoting the degradation of CIP [40]. In addition, the platinum-plated titanium material has strong conductivity, 
electrocatalytic performance, and electrochemical stability. Therefore, the platinum-plated titanium electrode was chosen as the 
anode for the subsequent three-dimensional electron-Fenton reaction. 

Fig. 5 (c); Fig. 5 (d) shows the effect of cathode types on CIP degradation. It was found that the degradation rate of CIP using a 
foam nickel electrode was 84.12% higher than that using activated carbon fiber electrodes and 17.28% higher than that using graphite 
electrode. The graphite on the electrode surface is easily detached when exposed to an oxidizing environment for an extended period 
[41]. In a prolonged oxidation environment, the graphite on the electrode surface is prone to fall off [41]. Therefore, based on the 
comprehensive analysis of the CIP removal effect of each elec- trode plate, foam nickel was selected as the cathode material for the 
subsequent three-dimensional electric Fenton reaction. 

3.6. Analysis of CIP Degradation by Three-Dimensional Electric Fenton 
It has been reported that biochar has oxidation-reduction activity and can be used as an electron shuttle to facilitate the Fe3+/Fe2+ cycle 
in the electric Fenton system [42]. At the same time, biochar has a high specific surface area and an abundant porous structure, 

 

 
Fig. 5. Anode plate screening. (a) CIP removal rate (b) COD removal rate Cathode plate screening (c) CIP removal rate (d) COD removal rate. 

a b 

  



16 

 

 

 

which can provide enough active sites for electrochemical oxida- tion [43]. Given the advantages of biochar for electrochemical 
reactions and its high adsorption capacity, it shows promise to utilize biochar for adsorbing CIP during the electrochemical re- 
action in an electric Fenton system. 

To demonstrate the capability of the electric Fenton system in decomposing CIP, this study employed the ultraviolet full-band 
scanning method. A platinum-plated titanium electrode was chos- en as the anode, and a foam nickel electrode was selected as the 
cathode for electric Fenton as a control for CIP degradation. The experimental results are shown in Fig. 6. It can be observed that the 
original solution exhibited strong absorption peaks at 
276.5 nm and 332.5 nm, corresponding to the piperazine ring and quinolone ring of CIP, respectively. After 60 minutes of reaction, 
however, these two adsorption peaks were significantly weakened, indicating the breakdown of CIP in the system. Nevertheless, the 
absorption characteristic peaks of CIP still persisted. This indicates that the three-dimensional electric Fenton reaction did not entirely 
eliminate the chromophore of CIP. Instead, it generated inter- mediate compounds and small molecular substances. 

To compare with the control experiment without biochar, the electric Fenton system with the addition of biochar was further 
investigated for CIP degradation and removal. In an external electric field, the particle electrode, such as biochar, can be polarized into 
countless microelectrodes. Particle electrodes carry opposite charges at both ends, thereby enhancing the effect of elec- tro-
adsorption. In addition, the degradation of CIP in the BSJ electric Fenton system mainly involves direct discharge oxidation and indirect 
oxidation [44]. Direct oxidation occurs not only on the surface of anodic electrodes, similar to two-dimensional electrodes, but also on 
the surface of BSJ particle electrodes. According to Lu et al.'s research, in a three-dimensional electric Fenton system, active substances 
(·OH and·O2) indirectly oxidize CIP. Therefore, the degradation of CIP by the electric Fenton system results from the direct oxidation of 
BSJ particle electrodes and the indirect oxidation of active substances in the electric Fenton system. 

 

Fig. 6. UV absorption spectra of EF-BSJ system before and after degradation of CIP. 
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4. Conclusions 

This study involved the production of biochar from the naturally lignin-rich porous material of Jacaranda fruit shell. The biochar was 
then integrated into a three-dimensional electric Fenton system to treat antibiotic wastewater. The experimental results indicated that the 
optimal carbonization temperature and time for BSJ are 800℃ and 1 hour. Under the conditions of the experiment, the saturated 
adsorption capacity of BSJ for CIP is 6.89 mg/g. The maximum adsorption capacity of BSJ for methylene blue dye is 
374.59 mg/g, and the maximum adsorption capacity for Pb2+ in heavy metal is 58.47 mg/g. Biochar saturated with antibiotics was 
added to the three-dimensional electric Fenton system for antibiotic degradation. When the anode material is a platinum-plated tita- 
nium electrode and the cathode is a foam nickel electrode, the degradation rates of CIP and COD in the BSJ-/EF system are 84.12% and 
95.48%, respectively. Finally, CIP is oxidized into small molec- ular substances by the electric Fenton system after being adsorbed by BSJ, 
which reduces the concentration of CIP in the system. 
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