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Many researchers are interested in using TiO2 semiconductor photocatalysts to combat pollution and
solve energy shortages. This study proposes a composite of TiO2 and biochar because TiO2 can only use
43 percent of the visible light from sunlight. Meanwhile, nitrogen doping has been used to improve the
N-doped TiOz/biochar composite. The N-doped TiOz/biochar can improve the photocatalyst's spectral
responsiveness and narrow the forbidden band width. This increases the photocatalyst's ability to absorb
visible light. This study compared three different modalities of cephalosporin antibiotic removal with N-
doped TiO2/biochar: electrocatalysis, photocatalysis, and photo-electro-chemical catalysis. Photo-
electro-chemical catalysis was found to be far superior to single electrocatalysis and photocatalysis.
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1. INTRODUCTION

Antibiotic production and use has increased dramatically in the twenty-first century, thanks to
accelerating industrialization, rising living standards, and the rapid development of the medical and
health-care industries. Despite the fact that antibiotics play an important role in human life, health, and
medical progress, 80—90% of antibiotics are discharged in their raw molecular form into the wastewater
system [1-4]. Because all wastewater treatment technologies rely on conventional biotechnology, which
is only marginally effective at degrading antibiotics with bacterial inhibitory effects, a wide range of
resistance genes have been discovered in natural water bodies' bacterial communities. Furthermore,
many studies have shown that the coexistence of drugs or other chemicals can cause organisms to
develop more complex toxicity [5-8]. Diclofenac, ibuprofen, naproxen, and acipenser monophosphate,
for example, can have toxic synergistic effects [9-12]. These circumstances have prompted questions
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about the effectiveness of antibiotic removal from the environment and the safety of drinking water,
reclaimed water, recycled water, and aquatic ecosystems.

Antibiotics are not effectively removed by conventional wastewater treatments. Antibiotics'
long-term presence and transport in the environment pose a risk to aquatic organisms and human life.
Antibiotics are also morphologically stable in nature and react with other organic matter in wastewater
to produce and transform more complex by-products [13-17]. To avoid surface water contamination and
the production of more toxic by-products, antibiotics must be treated before being released into natural
water bodies. Cephalosporin antibiotics are the most widely used human and veterinary antibiotics in
most countries, accounting for roughly 50-70% of total human antibiotic use. In conventional physical
and biological treatment processes, the removal of cephalosporin antibiotics is insufficient [18-21].
Secondary pollution may occur because the traditional adsorption and membrane treatment process for
antibiotics is only a simple transfer and cannot be completely degraded or even mineralized. Fenton
oxidation technology and sulfate radical oxidation technology are two new advanced oxidation
technologies that have only recently begun to be developed and show promising oxidation capabilities
[22]. Adding catalytic agents like H20,, Fe**, and S20s*", on the other hand, increased the difficulty and
cost of subsequent treatment.

In recent years, electrocatalytic oxidation technology has gotten a lot of attention and has seen
rapid development in the scientific community. Electrocatalytic oxidation technology can rapidly
oxidize organic matter into low or non-toxic products, and even completely mineralize difficult-to-
degrade organic matter, thanks to its advantages of simple equipment, strong oxidation, large treatment
capacity, safety and reliability, and no need for additives [23-26]. Catalytic oxidation is a highly
manipulable technology that can easily be combined with other water treatment methods. The
electrochemical system's modular design and small footprint also make it ideal for decentralized
wastewater treatment [27]. Semiconductor photocatalysis, a type of advanced oxidation method, is a
popular research topic in wastewater treatment, with obvious benefits for difficult-to-degrade organic
waste. Photocatalysis is a photocatalytic technique in which photogenerated electrons are moved to an
external circuit by an applied voltage, speeding up the separation of electrons and holes [28-30].
Photocatalysis technology has gotten a lot of attention and research in recent years because of its ability
to generate hydrogen and reduce hydrocarbon dyes while degrading organic pollutants using solar
energy.

Because of its advantages of high catalytic efficiency, environmental friendliness, and good
stability, TiO2 has attracted a lot of attention as one of the most widely and intensively researched
systems in the field of photocatalysis so far [31,32]. However, acute anatase TiO2 can only absorb 4%
of ultraviolet light from sunlight and cannot absorb 43% of visible light, limiting its potential for practical
applications. Many efforts have been made by researchers to broaden the response to visible light,
including doping of metallic and non-metallic elements, as well as mixed metal doping [33]. Despite
their good response to visible light, the disadvantages of easy recombination of photogenerated electron-
hole pairs, poor stability, and the high cost of metals prevent them from being widely used in practice
[34].

Under anaerobic or anoxic conditions [35,36], biochar is a carbon material produced by the high-
temperature pyrolysis of agricultural and forestry waste such as rice husks, straw, bagasse, and other
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environmental organisms. Biochar has attracted more attention because of its rich variety of functional
groups on the surface, its developed pore structure, good chemical stability, and its large surface area
[37]. Currently, there are many reports on the composite of carbon nanotubes, graphene, and activated
carbon with TiO. semiconductor materials to enhance photocatalytic activity. However, these materials
are not easy to prepare, the conditions are strict, the cost is relatively high, and mass production is not
practical. Biochar is suitable for forming composites with TiO because of its simple preparation method,
low preparation cost, and good electron migration ability. Therefore, biochar compounded with TiO-
and modified with nitrogen doping is of high research value as a possible photoelectrochemical catalytic
material to improve the efficacy of wastewater treatment.

2. EXPERIMENTAL

2.1 Preparation of biochar, biochar/TiO, composite and N doped biochar/TiO2 composite

Wheat straw was used as the starting material for making biochar. Wheat straw was washed and
dried after being washed with water to remove dust and soil. Crush wheat straw with a pulverizer and
pass it through a 100 mesh sieve. The above-prepared wheat straw powder was weighed and placed in a
crucible, which was then sealed with high purity nitrogen and reacted for 2 h at a specific calcination
temperature (heating rate of 5°C/min) in a box-type muffle furnace, yielding biochar (denoted as BC).

In a conical flask, drop 10 mL of butyl titanate into 30 mL of anhydrous ethanol and stir until the
solution is well mixed. Solution A should be labeled. In the prepared pear-shaped funnel, combine 10
mL anhydrous ethanol, 1 mL water, and 1 mL acetic acid. Solution B has been labeled. Add solution B
to solution A drop by drop, stir for 30 minutes to get a white solute, and store in the dark for 24 h. To
the conical flask, add 0.01 g of BC and various amounts of solute, and stir for 30 minutes. In a conical
flask, combine 0.01g BC and various amounts of sol, stir for 30 minutes, add a small amount of water
to further hydrolyze the sol, and finally add biochar to make the entire sol lose its fluidity. The conical
flask was placed in an oven at 80°C for several hours and finally turned into a black solid mass. The
black solid was ground into powder and heated in a muffle furnace for 2 h at 500°C under nitrogen
protection. Biochar/TiO2 composite (abbreviated BC/TiO2) was created. In order to make the N-doped
biochar/TiO> composite, a small amount of urea was added to the B solution preparation.

Hot pressing was used to make the electrode. Ultrasonic treatment for 30 minutes after weighing
0.5 g of the above powder into a 100 mL beaker, adding a certain amount of ethanol, and 0.1 mL of PTFE
solution. In the oven, the solvent evaporated and formed a gel. Under 20 MPa pressure, the electrode
was pressed into a stable sheet electrode, washed with water, and dried in an oven at 80°C for 2 hours.

2.2 Photoelectrochemical catalytic degradation of cephalosporin antibiotics

Weigh 200 mg of cephalosporin antibiotic dissolved in water and fix the volume to 1000 mL
with a volumetric flask. The cephalosporin solution, which had been prepared in 200 mL, was diluted to
the desired concentration gradient. A magnetic stirrer was used to stir 150 mL of cephalosporin solution,
and sodium sulfate solid was added as a supporting electrolyte. All reactions were carried out in a glass
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apparatus with a photocatalytic light source of a xenon lamp (150 W). Working electrodes were made
from hot pressed electrodes, and the cathode was made from titanium sheet. The distance between the
two electrodes was kept to a minimum of two centimeters. Before the reaction, the solution was stirred
in the dark to achieve the adsorption-desorption equilibrium. The light source was then turned on to
carry out the corresponding catalytic reactions, and the applied voltage was controlled by the applied
power supply. The catalytic reactions were carried out under electrocatalysis, photocatalysis, and photo-
electrocatalysis conditions, respectively.

3. RESULTS AND DISCUSSION

The XRD spectra of BC, pure TiO,, BC/TiO., and N-doped TiO2/biochar are shown in Figure 1.
BC has diffraction peaks at 2=26.6° and 2=45°, which correspond to the carbon structure (002) and (100)
planes, respectively (JCPDS 01-0640). Pure TiO. has diffraction peaks at 25.3 degrees (101), 38.1
degrees (004), 48.2 degrees (200), 54.1 degrees (105), 54.9 degrees (211), 62.8 degrees (204), and 69.3
degrees (220), indicating that TiO2-500 is an anatase crystal type (JCPDS 21-1272). The carbon structure
(002) and (100) facets (JCPDS 01-0640) correspond to the diffraction peaks of BC at 2=26.6° and 2=45°
[38]. The diffraction peaks of BC/TiO> composites are nearly identical to those of pure TiOg,
demonstrating that the addition of BC has no effect on TiO>'s crystalline form. The crystallographic
planes (101), (004), (200), (105), (211), (204), and (220) of the anatase type of TiO> correspond to the
diffraction peaks of N-doped TiO./biochar at 2=25.3°, 38.1°, 48.2°, 54.1°, 54.9°, 62.8°, and 69.3°,
indicating that nitrogen doping does not change the crystallographic shape of TiO2 [39]. The intensity
of the composite's diffraction peak (101) is weakened, and the (302) crystal plane of TiOg.34No.74 appears
at 2=32.2° for N-doped TiO2/biochar (JCPDS 44-0951), indicating that nitrogen doping enters the TiO>
lattice and forms the N-Ti-O structure, which replaces the original O-Ti-O structure [40]. Due to the
small amount of nitrogen that enters the TiO> lattice, the diffraction peak is very weak. UV-vis diffuse
reflectance spectroscopy was used to determine the optical properties of the samples, and the UV-vis
spectra of various samples are shown in Figure 2. Pure TiO> is insensitive to visible light and does not
absorb visible light, as can be seen. The BC/TiO2 composite has absorption in the visible region with a
red-shifted band gap edge after compounding with BC, indicating that compounding BC with TiO2 can
improve TiO2 absorption in the visible region [41]. The BC has a high capacity for electron migration,
which aids in the separation of photogenerated electrons and holes. This increases light absorption and
improves the efficiency of visible light utilization [41].
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Figure 1. XRD patterns of BC, TiO,, BC/TiO2 and N-doped TiOz/biochar powder.

As a result, the composites' spectral responsiveness has been improved to some extent. The
presence of photosensitive functional groups on the BC surface, on the other hand, improves the
photocatalytic activity of the composites by increasing light absorption. N-doped TiO2/biochar
absorption in the UV and visible regions was improved even more.
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Figure 2. UV-vis spectra of TiO2, BC/TiO2 and N-doped TiO2/biochar powder.

When too much nitrogen is doped into the TiO> lattice, it causes the formation of a complex
center of photogenerated electrons and holes, which accelerates their complexation rate and makes it
impossible to fully utilize the absorbed photon energy at low frequencies, lowering photocatalytic
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efficiency [42]. The absorption band edge in the visible region of the N-doped TiO/biochar is
significantly redshifted, indicating that nitrogen doping narrows the composites' forbidden band width.
This increases the use of visible light and broadens the photoresponse range. Simultaneously, the
composite can excite more photogenerated carriers per unit time, improving the composite's
photocatalytic performance. The ability of nitrogen doping to form heteroenergy levels in the band gap
of TiO2 and the hybridization of N2p with Oz, to generate new energy levels can be attributed to the
composites' lower band gap energy [43]. SEM images of BC/Ti02 and N-doped TiOz/biochar are shown
in Figure 3. BC/TiO2 and N-doped TiOz/biochar have nearly identical morphologies.

Figure 3. SEM images of (A) BC/TiO2 and (B) N-doped TiO2/biochar powder.

The electron leap between the band gaps of TiO2 semiconductor materials is subject to relaxation
and complexation phenomena, so TiO2 can only absorb a portion of the photons to generate
photocurrents. As a result, I-V curves can be used to investigate different samples' photochemical
properties (Figure 4A). The photocurrent densities of BC/TiO2 and N-doped TiOz/biochar were larger
than TiO: at various voltages, as shown in the figure [44]. This suggests that the BC composite is
important for increasing photoelectric conversion efficiency. Impedance spectroscopy was used to look
into the samples' photoelectrochemical properties further (Figure 4B). In both light and dark states, the
impedance profiles of TiO2, BC/TiO2, and N-doped TiOz/biochar are shown. Under Xe lamp
illumination, the arc radii of TiO,, BC/TiO2, and N-doped TiO2/biochar impedances were all
significantly reduced compared to the dark state [45]. This means that when the sample surface was
exposed to light, a large number of photogenerated carriers were generated, and the reaction between
the electrode and the interface was accelerated, resulting in increased current and lower impedance. The
separation efficiency of photogenerated electron-hole pairs was discovered to be related to the arc radius
on the impedance diagram. Under light illumination, the arc radius of N-doped TiO/biochar is smaller
than that of BC/TiO, indicating that N-doped TiO>/biochar has better electron-hole pair separation than
BC/TiO, which improves photocatalytic and photoelectrochemical performance [46].
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Figure 4. (A) I-V curves and (B) EIS Nyquist plots of TiO2, BC/TiO2 and N-doped TiOz/biochar.
Electrolyte: 1 M NaOH; Scan rate (I-V): 10 mV/s; Scan rate: 5 mV/s (EIS).

At a voltage of 0 V, Figure 5 provides a plot of the relationship between time and photocurrent
density. As can be seen in the diagram, the sample's current density in the dark condition is near to 0. At
the time of illumination, a spike was formed, and the first current was mostly generated by the separation
of electron-hole pairs at the sample-electrolyte contact surface [45]. After the spike, the current intensity
drops but stabilizes, indicating that some electron-hole pairs have compounded. When the light source
is switched off again, the current tends to zero once more. The current density recovers to its previous
size when the light is illuminated again, indicating that the prepared sample has strong cycle reversibility.
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Figure 5. Comparison of transient photocurrent response of BC/TiO> and N-doped TiO>/biochar.
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To examine the photo-electro-chemical performance of N-doped TiO»/biochar, we first looked
at the effects of simple photolysis (without photocatalyst), photocatalysis (UV-visible light),
electrocatalysis, and photo-electro-chemical on the elimination of cephalosporin antibiotics (see Figure
6). Under UV-visible light conditions, the removal rates of cephalosporin antibiotics by N-doped
TiOz/biochar after 2 h reaction were 3.5% for photolysis, 20.4% for electrocatalysis, 31.5% for
photocatalysis and 91.7% for photo-electro-chemical. It is clear that photo-electro-chemical has a
synergistic impact, and the breakdown efficiency of cephalosporin antibiotics is clearly superior to
electrocatalysis and photocatalysis alone. A straight line can be obtained by curving In(C0/C) against
time t. Its slope is the apparent rate constant of the photocatalytic reaction. The apparent rate constant k
values of the respective reactions are shown in Table 1.
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Figure 6. The variation of cephalosporin antibiotics removal vs. time at the N-doped TiOz/biochar using
four different photoctalysts.

Table 1. Values of the apparent rate constant of different condition of cephalosporin antibiotics removal
at the N-doped TiO2/biochar.

Reaction condition K (min™?) R?
Photolysis 0.00020 0.957
Electrocatalysis 0.00179 0.981
Photocatalysis 0.00305 0.988
Photoelectrocatalysis 0.02144 0.963

The catalyst's lifetime and consistency of efficiency are other crucial performance parameters
that determine its worth in industrial applications. The N-doped TiO2/biochar electrode was tested for
stability and reusability. Figure 7 shows that the performance of N-doped TiO2/biochar only degrades
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slightly after four cycles, indicating that the catalyst's stability and reusability can essentially meet the
criteria of continuous operation in industry. Contamination during operation by organic debris or
intermediates that adsorb to the catalyst surface and cannot be removed may be the cause of continual
degradation of this electrode material.
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Figure 7. Stability test of N-doped TiOx/biochar for cephalosporin antibiotics removal for four cycles.

4. CONCLUSION

The sol-gel process was used to make N-doped BC/TiO, composites. XRD, UV-vis diffuse
reflection, and SEM were used to characterize the composite. Nitrogen doping can significantly improve
the specific surface area of composites, allowing for easier organic molecule adsorption. The right
amount of N doping allows the electrons in TiO2 to jump right into the conduction band, and the electron
and hole pairs aren't easily compounded, resulting in greater visible photocatalytic performance. This
boosts the photocatalyst's absorption of visible light and the utilization of solar energy. The elimination
of cephalosporin antibiotics using N-doped TiOz/biochar was compared using three different modalities
of electrocatalysis, photocatalysis, and photo-electro-chemical catalysis. Photo-electro-chemical
catalysis was found to be far superior to single electrocatalysis and photocatalysis.
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