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Abstract

Antibiotic contamination has become one of the most pressing problems in the field of water
purification. Using Nano-graphite (Nano-G) as carbon carrier, ZrO,-MnOx/Nano-G composite
electrode with high catalytic activity was prepared by hot pressing method based on MnOx/Nano-G
prepared by sol-gel method. The results show that the ZrO,-MnOy/Nano-G electrode reduces charge
transfer resistance while improving surface oxygen desorption ability. MnOx can catalyze the two-
electron reduction of O, to produce H,O», which can then be converted to ‘OH and -O,". Thereafter,
the results of free radical capture experiments confirmed that O, played a significant role in the
electrocatalytic degradation of tetracycline hydrochloride (TC) by a ZrO,-MnOy/Nano-G composite
electrode. Furthermore, the abundant hydroxyl group on the surface of Nano-G and ZrO; particles
can be used as an active site for catalyzing the Mn>"/Mn*" redox reaction, resulting in the generation
of more free radicals. The high efficiency electrocatalytic degradation of TC was achieved through
the synergistic action of the three. Under optimal reaction conditions, the degradation rate of TC
reached 93% after 120 min of electrolysis. ZrO,-MnOx/Nano-G displayed good stability following
10 cycles of degradation experiments. Finally, the potential TC degradation pathway was
investigated using liquid chromatography-mass spectrometry (LC-MS) and density functional
theory (DFT), and the degradation mechanism was clarified.
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1. Introduction

Antibiotics are frequently used due to their capacity to inhibit and destroy bacteria and pathogenic

microorganisms. However, since antibiotics cannot be absorbed by organisms, their incomplete
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metabolized active agents are continuously discharged into the water and persist there, where they
have turned into a typical environmental pollution'?. Tetracycline hydrochloride (TC), one of them,
is the second most widely used antibiotic in the world, as a broad-spectrum antibiotic with numerous
applications in the fields of medicine®, aquaculture and animal husbandry®. Furthermore, depending
on the environmental conditions, the TC can damage ecosystems by causing antibiotic resistance,
drug-resistant microorganisms and harmful impacts on living things, as well as harming human
health through the food chain®®. Thus, Novel composite materials and preparation methods are
therefore urgently needed to effectively eliminate antibiotic contaminants from the water
environment.

Membrane separation’, adsorption®®, advanced oxidation processes (AOPs)!® and biological
method!! are well established and extensively used in industrial water pollutant removal. AOPs are
one of the representative and proven processes, which include Fenton method'?, ozone oxidation'?,
photocatalytic oxidation!* and electrochemical oxidation!>. However, conventional wastewater
treatment processes have disadvantages in removing antibiotics, and electrochemical advanced
oxidation processes (EAOPs) as the only treatment technology that does not add any reagent to the
wastewater'®, Typically, EAOPs use electrons to attack oxides or water to generate the
corresponding free radicals, thus achieving the removal of pollutants. It is not only superior to other
chemical wastewater treatment methods, but also simpler to operate and has a higher degradation
efficiency for antibiotics and other refractory organic matter.

Generally speaking, the positive electrode materials used for EAOPs are mainly concentrated on
carbon materials with good electrical conductivity and chemical stability, such as carbon felt'’,

graphite'®, boron doped diamond (BDD)" and metal-organic frameworks (MOFs)*. However,



although traditional porous materials such as MOF and mesoporous silica?! have large specific
surface area and high porosity, they are not suitable as electrochemical catalysts due to poor
electrical conductivity. So far, some studies have made up for its poor electrical conductivity by
carbonizing modification strategies?>?*. Nano-graphite (Nano-G) has high porosity and ultra-fine
particles?. It has the general characteristics of conventional carbon materials plus a bigger specific
surface area and good electrical conductivity?. Consequently, the Nano-G electrode has the
potential to achieve high efficiency in the electrochemical oxidation of antibiotics. Studies have
shown that the electrochemical degradation efficiency of antibiotics can be further enhanced by the
uniform loading of catalyst materials on the surface of the Nano-G electrode®®. Recently, metal
oxides have recently been introduced into the field of electrochemistry as electrocatalytic active
materials due to their environmental friendliness, non-toxicity, high stability, and good catalytic
activity. Tang et al.>” obtained a 46.7% improvement in degradation efficiency by modifying MoO;
on the surface of Nano-G and Li et al.?® reported that the composite anode RuO»-TiO»/Nano-G
exhibited benefits in the production of -OH, the synergistic effects between RuO,, TiO, and Nano-
G, which enhance specific surface area, increase electrochemical oxidation activity and reduce
charge transfer resistance. According to research, the introduction of oxygen defects in metal oxides
can not only improve the conductivity and band structure of the materials, but also effectively
regulate the local electronic environment around the catalytic site and improve the electrocatalytic
activity®.

Transition metals have a variety of valence states because of the insufficient valence shells, which
make it easier for electrons to escape®®*!. Of which, Mn in manganese oxides (MnOy) can form

active structural defects by converting oxidation states, resulting in a high surface oxygen desorption



capacity and sufficient surface oxygen vacancies, which can greatly enhance electron transfer on
the surface of MnO*. As a result, MnOj exhibits superior catalytic activity in the EAOPs. At the
same time, the combination of MnOx and Nano-G not only makes up for its poor conductivity defect,
but is also considered an effective catalyst for oxygen reduction and -OH formation®?. In addition,
zirconium dioxide (ZrO,) possesses advantageous electrochemical and physical characteristics,
including low toxicity, high stability, biocompatibility, and excellent electron transport and surface
charge qualities**. The abundant hydroxyl group on the surface of Nano-G and ZrO; particles can
be employed as the active site to catalyze the redox reaction of Mn>*/Mn*".

In this work, ZrO,-MnOx/Nano-G composite catalyst was prepared by progressive controlled
growth, where the flake overlay was successfully realization using hot pressing and sol-gel methods
with Nano-G as the support mesh. In conjunction with the results of the cyclic voltammetry (CV)
and electrochemical impedance spectroscopy (EIS) analyses, the charge transfer resistance (Re)
reduced and the oxygen evolution potential (OEP) increased. This was attributable to the synergistic
action of ZrO;, MnOyx and Nano-G to increase the reaction site and electrochemical oxidation
activity. On the one hand, the ZrO,-MnO,/Nano-G composite electrode boosts the conductive
network's mass transfer rate and catalytic performance. On the other hand, the desorption ability of
the Nano-G electrode's surface oxygen is improved, resulting in a wider range of surface oxygen
vacancies, increasing active sites and promoting TC degradation. On TC degradation efficiency, the
effects of catalyst dose, current density, plate distances, pH value and initial TC concentration were
evaluated. The kinetics of TC degradation, as well as potential degradation mechanisms and
pathways were explored. Eventually, the degradation pathway of TC was analyzed by LC-MS

and density functional theory (DFT) to further elucidate the mechanism.



2. Experimental

2.1 Reagents

Tetracycline hydrochloride (C22H24N2Og-HCI) was provided by Shanghai Aladdin Biochemical
Technology Co., Ltd. Nano-graphite was obtained from Qianhai Jishengya (Shenzhen) Technology
Co., Ltd. Potassium permanganate (KMnQys), zirconium nitrate (Zr(NO3)4-5H20) , polyethylene
glycol 400 (PEG400), ammonia solution (NH3*H>0), sodium sulfate anhydrous (Na>SOs) , sodium
hydroxide (NaOH) , absolute ethanol (C,HsOH), sulfuric acid and nitric acid were purchased from
Chengdu Kelon Co., Ltd. and were all analytically pure. Manganese (II) acetate ((CH3COQ),Mn)
was provided by Tianjin Damao Chemical Reagent Factory. Poly tetra fluoroethylene (PTFE) was
obtained from Dajin Fluorine Chemical (China) Co., Ltd. All solutions, unless otherwise noted,
were prepared using ultrapure water with a resistivity of > 18 mQ cm at room temperature.

2.2 Preparation of electrodes

The specific synthesis process is depicted in Scheme 1. MnOx/Nano-G composites were made using
the sol-gel method. Typically, manganese acetate (0.1593 g) was dissolved in deionized water,
followed by the addition of polyethylene glycol (PEG) 400 and Nano-G, all of which were added
while stirring. After mixing, add potassium permanganate solution (0.1 mol L', 6.4 mL) and heat
to 80 °C for 30 min, filtered to remove the precipitate, and then washed repeatedly with deionized
water and absolute ethanol. After drying at 80 °C, MnOy/Nano-G was obtained by calcination at
400 °C in muffle furnace for 2 h. What's more, ZrO nanoparticles were synthesized by sol-gel and
coprecipitation methods?>.

Zr0O,-MnOy/Nano-G cathode was prepared as previous research®®. 3.0 g of MnOx/Nano-G were

dispersed in absolute ethanol and sonicated for 2 h. 0.75 mL of PTFE (60 wt%) and ZrO, powder
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were added in turn and mixed, and kept under sonication for 30 min to form a sticky shape. Hot
pressing the resulting mixture onto a titanium web (as a base) and drying it results in electrodes.

On a CS310H electrochemical workstation (Wuhan Kesite Instruments Co., Ltd., China) outfitted
with a three-electrode system, all of the electrochemical analyses were carried out. ZrO,-
MnOy/Nano-G composite electrode, Pt electrode and saturated calomel electrode (SCE) were used
as working electrode, opposite electrode and reference electrode, respectively. The power supply

was a programmable linear power supply (SS-L303SPL).
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Scheme 1. Processes of construction of ZrO,-MnOx/Nano-G cathode.

2.3 Characterizations

The internal structure and surface morphology of the samples were characterized by field emission
transmission electron microscopy (TEM, FEI Tecnai G2 F20) and scanning electron microscopy
(SEM, SU3500). A Bruker AXS D8 Advance X-ray diffractometer was used to analyze the

crystalline structures using X-ray diffraction (XRD). The elements and chemical states on the



sample's surface were analyzed using an X-ray photoelectron spectrometer (XPS). The test
condition is that the X-ray source was Mono AlKa, the energy was 1486.6 ¢V, the voltage was 15
kV, the beam was 15 mA, and the analyzer's scanning mode was CAE. A Brunauer-Emmett-Teller
(BET) analyzer was used to investigate the surface area and pore size (ASAP2460). N, adsorbed
gas was used as the test gas, and the test conditions included a temperature of -195.850 °C, a 6 s
equilibrium interval, a sample density of 1.000 g cm™, and no low-pressure dose. The surface
elements were characterized by energy dispersive X-ray spectroscopy (EDS, SU3500). The Raman
spectrometer (IM-52) was used to characterize the chemical structure of samples in the range of
2000 - 200 cm !, The fixed laser wavelength was 785 nm and the resolution was 4 cm’'.

2.4 Electrocatalytic degradation process

The electrochemical oxidation was carried out in a glass reactor (5 cm X 6 cm x 5 ¢cm) equipped
with constant temperature magnetic stirrer. Iridium Ruthenium electrode (RuO,-IrO,/Ti) as anode,
Zr0,-MnOy/Nano-G electrode cathode (effective area of each plate is 20 cm?) were placed in
parallel. As an electrolyte, 0.1 mol L' Na;SO4 was used, and TC was chosen as a pollutant model.
The factors that influence the degradation process were evaluated.

2.5 Analytical methods

Throughout the experiment, samples were taken periodically and the absorbance at the maximum
absorption wavelength (276.4 nm) after filtration in a 0.45 uL microporous membrane was
determined using an UV-visible spectrophotometer (UV-1800, Shimadzu Enterprise Management
Co., Ltd., China). A first-order kinetic model was used to fit the degradation data, and the rates of

degradation under each scenario were examined.

In (Co/C)) = kt (1)
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Where Cy (mg L) means the starting TC concentration, C; (mg L) is the TC concentration in the
solution electrocatalytically degraded within time t, and & stands for the pseudo-first-order rate
constant.

A flame atomic absorption spectrophotometer was used to determine whether manganese ion
leaching occurred during the electrochemical degradation of TC. Both the biological oxygen
demand (BODs) and chemical oxygen demand (CODcr) were calculated. On a Hypersil GOLD
column (100 mm % 2.1 mm, 1.9 um), the primary intermediates were examined using LC-MS.

3. Results and discussion

3.1 characterization

The surface morphology of the prepared sample was observed by SEM. Obviously, Nano-G in Fig.
la and b shows a laminated structure with a fairly smooth surface®’. After loading MnOy, the surface
is densely arranged with irregular nanoparticles. In Fig. 1c, ZrO» particles have irregular shape and
relatively rough surface. As shown in Fig. 1d, the large specific surface area of Nano-G provides a
platform for the good growth of MnOy and ZrO,. There are some uneven grooves and gaps on the
surface of MnOx/Nano-G and ZrO,-MnOy/Nano-G composite electrodes, as illustrated in Fig. le
and f. The layered structure of Nano-G, on the other hand, was not discernible, indicating that the
electrode was well prepared. The electrode not only features a rich channel structure to increase the
specific surface area, but it can also establish an excellent conductive network to promote H,0-
generation in the cathode. Additionally, Fig. S1 studies the element distribution of the Nano-G,
Zr0,, MnOx/Nano-G and ZrO,-MnOx/Nano-G composites. It can be shown that the composites
contain C, O, Mn and Zr when combined with the change of element percentage content in Table
S1. Furthermore, the EDS elemental mapping illustrated that the elementals C, O, Zr and Mn were
uniformly distributed in ZrO,-MnOy/Nano-G composites (Fig. 1g), confirming the successful

doping of ZrO> in the synthesis process.
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Fig. 1 SEM images of (a) Nano-G, (b) MnOy/Nano-G composite material, (c-d) ZrO; and ZrO»-
MnO,/Nano-G composite material, (e-f) MnOx/Nano-G and ZrO,-MnO,/Nano-G composite
electrode; (g) SEM-EDS elemental mapping images of ZrO,-MnO,/Nano-G composite material.

Then, the structure of MnOy/Nano-G composite was confirmed by TEM. As shown in Fig. 2a,
Nano-G and MnOx nanoparticles can be clearly observed, and MnOx nanoparticles are undoubtedly
anchored to the Nano-G sheet structure. More importantly, high-resolution transmission electron
microscopy (HRTEM) of MnOx shows that the lattice fringe with interplanar spacing of
approximately 0.23 nm and 0.48 nm, which are assigned to the (222) plane of Mn,0Os and the (101)
plane of MnO, respectively, which confirms the existence of multiple valence states of manganese
in MnOy/Nano-G. Particularly, the interaction of MnOx and Nano-G results in good electrical
conductivity, which is conducive to improving electrochemical performance. Fig. 2d shows the EDS

element mapping results, which verify the successful preparation of MnOx/Nano-G composites.
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Fig. 2 (a) TEM images of MnOy/Nano-G; (b-c) HRTEM image of MnOy; (d) SEM-EDS elemental

mapping images of MnOx/Nano-G composite material.

The crystal structure of the material was characterized by XRD pattern. ZrO, exhibits distinctive
diffraction peaks at 20 = 28.40°, 31.66°, 54.36°, 58.24° and 62.16° as shown in Fig. 3a. The
diffraction peaks of Nano-G at about 26.8° and 54.9° are consistent with previous report®®.
Particularly, there are some peaks at around 45° for Nano-G, which is usually caused by the layer
spacing. It can be inferred that the layer spacing of Nano-G is small, and there is a highly stacked
ordered graphite layer structure. For MnOx/Nano-G composites, the distinctive diffraction peaks of
MnO; and Mn,O3; emerge at 36.3°, 42.6°, 57.6° and 43.3°. Fig. 3b clearly shows the efficacy of

71O, doping.
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Fig. 3 (a) XRD of ZrO,, Nano-G, MnO»/Nano-G composite and ZrO,-MnQO,/Nano-G composite;
(b) XRD of MnOy/Nano-G composites and ZrO>-MnOx/Nano-G composites; (¢) Raman spectra of
Nano-G, MnOy/Nano-G and ZrO,-MnOx/Nano-G composites; (d) N adsorption-desorption
isotherms and pore-size distribution (Inset) curves of Nano-G, MnO,/Nano-G composite and ZrO;-
MnOy/Nano-G composite.

The Raman spectra of Nano-G, MnOy/Nano-G and ZrO,-MnOy/Nano-G composites are shown in
Fig. 3c. The Mn-O vibration is responsible for the peak at 648.02 cm™’. Besides, the vibration peaks
at343.84 and 410.53 cm ™! correspond to Zr-O. The other two apparent peaks at 1344.74 and 1574.27
cm ! could be attributed to graphite's usual D and G bands, respectively. The D band represents C
atom lattice defects, while the G band represents the in-plane stretching vibration of C atom sp?

hybridization®. The N adsorption-desorption isotherms and pore-size distribution of Nano-G,



MnO»/Nano-G and ZrO,-MnO,/Nano-G composite electrodes, as shown in Fig. 3d, are typical type
IV isotherms with Hs hysteresis loops. It is a typical mesoporous material with uneven pore size
distribution. ZrO;-MnOx/Nano-G has the maximum specific surface area and pore volume. In
conclusion, more active sites are present in the ZrO,-MnOy/Nano-G composite electrode, which is
favourable for the electrocatalytic degradation of TC*.

XPS was used to record the chemical state and elemental composition of ZrO,-MnOy/Nano-G, as
shown in Fig. 4a. Peaks of O 1s, Mn (2p and 3s), Zr 3d and C 1s indicated the presence of O, Mn,
Zr and C in the sample. Gaussian-Lorentzian curve fitting was used to analyse the high-resolution
XPS spectra of Mn 2p, Zr 3d and O 1s (Fig. 4b, ¢ and d). The spectrum of Mn 2p3» shows three
peaks, one for Mn,O3 (641.82 eV) and two for MnO» (640.32 and 644.33 eV). The results confirm
that MnOy in the synthesized ZrO,-MnOx/Nano-G catalyst is in a mixed valence state, which makes
the reduction/oxidation reaction between Mn*" and Mn*" possible*!. Meanwhile, In the fine
spectrum of Zr (Fig. 4c¢), the binding energies of 181.58eV and 183.91eV can be attributed to the

characteristic peaks of Zr 3d5/2 and Zr 3d3/2, indicating the presence of Zr*">*3

, which are lower
than the values of ZrO; reported in the literature**. As illustrated in Fig. 4d, the deconvolution of O
1s peaks corresponded to six components originating from the Mn-O (around 529.06 ¢V), Zr-O
(around 529.36 eV), and at 530.45 eV there is physically-adsorbed 0%, O-C-O (around 531.67 eV),

-C=0 (around 532.71 eV)*, and -C-O- (around 533.61 eV)*’. Therefore, XPS analysis further

demonstrated the successful preparation of the ZrO,-MnOx/Nano-G composite electrode.
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Fig. 4 XPS survey spectra of the (a) ZrO,-MnOy/Nano-G; the high-resolution XPS spectra of (b)
Mn 2p and (¢) Zr 3d, (d) O 1s.

3.2 Electrochemical performance test of electrodes

The electrocatalytic performance of the composite or its surface materials loaded on the electrodes
was evaluated using EIS. In the high frequency range, the half-arc diameter corresponds to the
charge transfer resistance (Rct), and in the low frequency range, the intercept of the slash line and
the real axis of the impedance corresponds to the overall solution's uncompensated resistance (Ru).
Comparing the semi-arc radii of the two composite electrodes in Fig. 5a, the ZrO»-MnOy/Nano-G
electrode has a smaller semi-arc radius. The equivalent circuit in the figure was used for data fitting,
and the Ret of ZrO,-MnOy/Nano-G composite electrode is calculated to be 551500 Q, which is less
than that of MnOy/Nano-G composite electrode (2398000 Q). Observing the low frequency range,

the Ru of ZrO,-MnOy/Nano-G is the smallest, which means the solution resistance has the least



influence on the entire system. These outcomes imply that the addition of MnOy and ZrO» decreases
the barrier of electron transfer at the interface, resulting in lower diffusion resistance and higher
electrochemical capacitance®®.

Fig. 5b shows the CV curves of three different electrodes in 0.1 M NazSOy4. The peak current density
of Zr0,-MnOx/Nano-G composite electrode (4.96x10°° A/cm?) is greater than that of MnO,/Nano-
G composite electrode (4.06x10 A/cm?) and Nano-G electrode (1.66x10°® A/cm?). Furthermore,
the oxidation peak current density of the ZrO,-MnOx/Nano-G composite electrode is around 0.55V.
The peak potential is positive when compared to MnOx/Nano-G composite electrode, indicating that
doping ZrO; can make MnOx/Nano-G composite electrode has higher OEP. High OEP allows for
the production of more ‘OH and -0y, which accelerate the breakdown of pollutant molecules and
improve the ability of organic matter to degrade. Furthermore, higher OEP tends to create more
active sites and a greater variety of surface oxygen vacancies*. To summarise, the doping of MnOx
and ZrO, enhances the electrochemical performance of the modified electrode and increases TC
degradation ability.

The increase of electrochemically active site is one of the main reasons for the improvement of
catalytic performance, so it is necessary to calculate the value of electrochemically active surface
area (ECSA). Typically, the CV curves of the electrodes at various scanning rates are drawn first,
followed by the current density curve plotted in terms of the scanning rate. The electrochemically
active surface area (ECSA) is calculated based on the slope of this curve, which is equal to the
double-layer capacitance (Cq). The CV results of the electrodes are displayed in Fig. S2a-c. In the

meantime, Fig. S2d displayed the outcomes of the Cq value that were computed based on each

electrode's scanning speed curve and current density difference. The results show that the Cq value



of MnOx/Nano-G is higher than that of single Nano-G catalyst, and the Cq value of ZrO»-
MnOy/Nano-G is the largest, indicating that transition metal oxide doping is an effective means to
improve the catalytic activity. We calculated ECSA to further support this finding and found that
Zr0,-MnOy/Nano-G (1.07 cm?) > MnOy/Nano-G (0.93 cm?) > Nano-G (0.47 cm?). With the
increase of the electrochemical active area, the available sites of the electrochemical reaction

increase, thus improving the electrocatalytic activity.
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Fig. 5 (a) EIS of Nafion, Nano-G, MnO,/Nano-G and ZrO,-MnOy/Nano-G electrodes, inset shows
the magnified view in high-frequency region, the frequency range was 100 kHz to 0.01 Hz; (b) CV
curves of the Nano-G, MnOy/Nano-G and ZrO,-MnOx/Nano-G electrodes at a scan rate of 2 mV s
I: (¢) CV curve of ZrO,-MnO,/Nano-G without TC (black) and with 20 mg L™! TC (red); (d) Effect
of different cathodes on degradation of TC. Both of the tests were conducted in 0.1 mol L™! NaySO4

solution.
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To investigate the possible oxidation pathway of TC, CV scans were recorded using ZrO»-
MnOy/Nano-G electrodes in the absence and presence of 20 mg L' TC. No oxidation peak was
observed when TC was added to the electrolyte, as shown in Fig. Sc, demonstrating that TC did not
have direct electron transfer on the cathode surface. In other words, TC was oxidized and
decomposed in the solution via indirect electrochemical oxidation and oxidants (such as free
radicals).

To degrade TC, nano-G, MnOy/Nano-G, and ZrO,-MnOx/Nano-G electrodes were used as cathodes,
and electrolysis was performed for 120 min under the identical experimental conditions. The signal
in Fig. 5d shows that the degradation efficiency of the ZrO,-MnOy/Nano-G electrode is significantly
higher than that of the MnOx/Nano-G electrode and Nano-G electrode. This result suggests that the
Z1r02-MnOy/Nano-G electrode speeds up electron transport and two-electron reduction of Os.
Furthermore, it catalyzes the production of free radicals and affects the TC degradation in the
solution.

The performance of the electrochemical oxidation is significantly influenced by the experimental
conditions. Here, the efficiency of TC electrocatalytic degradation by ZrO,-MnOy/Nano-G was
systematically assessed. The degradation process followed pseudo-first-order kinetics under all
conditions. The effects of current density, initial concentration, plate distance and solution pH on
TC degradation by ZrO»-MnOy/Nano-G electrode and its kinetics were analyzed.

First of all, according to Fig. 6a, the degradation rate of TC increases first and then decreases as the
initial concentration increases. Within 120 min, the TC degradation rate reached 94.55% when the
TC concentration was 20 mg L', But at 35 mg L™, the removal rate is reduced. This is due to the

limited amount of -OH, -O, and H»O; oxidants produced on the cathode at higher concentrations,



which influences the degradation rate of TC. Furthermore, more intermediates may be produced,
competing with the antibiotic for the active site, resulting in more antibiotics remaining unreacted.
The k value change in Fig. 6b and c is consistent with the degradation rate, demonstrating that at
higher initial concentrations, the antibiotic and the intermediate compete for -OH radicals®. As a
result, the degradation effect is best when the initial TC concentration is 20 mg L.

Because the rate of ‘OH formation is dependent on the applied current density, the current density
is regarded as a crucial operating parameter in the electrocatalytic degradation process. According
to Fig. 6d, as the applied current density increased, the degradation rate of TC first increased and
then decreased. This is mainly due to the fact that an increase in current density will speed up
electron transfer on the cathode plate and produce more H,O», which will cause more -OH and -O»"
to react with TC!. However, if the current density is too high, the battery voltage in the
electrochemical degradation will rise. During this time, side reactions like hydrogen evolution and
oxygen reduction to water at the cathode will take place, which will impede the TC's ability to
degrade. Besides, an excessive amount of applied current may deactivate the adhesive, releasing the
active component from the electrode and ultimately slowing down the degradation rate of TC. A
pseudo-first-order kinetic model of TC degradation at various current densities was fitted (Fig. 6¢).
The corresponding & value is shown in Fig. 6f. In the following experiments, the current density of
30 mA cm? is used because & is maximum at this current density.

The effect of different plate distances on the electrocatalytic degradation of TC is analyzed in Fig.
6g. The TC degradation efficiency at 5 mm, 10 mm and 15 mm is 76.96%, 96.25% and 71.62%,
respectively. As a result, the degradation efficiency of TC is highest when the electrode plate

distance is 10 mm. This is because a larger plate distance will result in greater resistance between



the electrodes and a smaller effective current density. As a result, TC was unable to be transferred
to the vicinity of the cathode in time, and intermediate products were unable to be transferred to the
solution in time. The contact between the electrode and the TC is reduced, which slows the rate of
degradation. What's more, excessive distance can result in energy loss. On the contrary, when the
distance is too small, even though the effective current density is increased, the electrode life is
shortened, resulting in temperature rise and even short circuit phenomenon. The degradation of TC
at various electrode distances was fit using a pseudo-first-order kinetic model, as shown in Fig. 6h.
The k of TC degradation at various electrode distances is depicted in Fig. 6i. k reaches its maximum
(23.02 min 'x10) at a distance of 10 mm. In summary, the ideal plate distance for TC
electrochemical degradation is 10 mm.

By adjusting pH values from 3 to 11 with diluted NaOH and H>SOj4 solutions, the effect of initial
pH value on electrochemical oxidation of TC was explored (Fig. 6j). A pseudo-first-order kinetic
model was used to fit the degradation process of TC at different pH values, and the results are shown
in Fig. 6k and 1. It has been discovered that the degradation rate and & of TC can reach the maximum
value (96.33 %, 15.89 min 'x10) when the initial pH value is 5.0. In other circumstances, the rate
of TC degradation showed a downward trend, becoming even slower when the pH level was higher
than 5.0 or even just slightly alkaline. It is clear that the degradation of TC in environments that are
too acidic or too basic is poor. Lower pH values are advantageous for increasing the overpotential
of O, and decreasing side reaction of oxygen evolution®2. Thus, this will lead to the production of

more -OH radicals, which is advantageous for mineralization.
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Fig. 6 Performance of ZrO»-MnOx/Nano-G electrode for TC degradation: (a) initial concentration,
(d) current density, (g) plate distances, (j) solution pH, (b, e, h, k) the corresponding first-order
kinetics and (c, f, 1, I) rate constant.

3.3 Performance of ZrO;-MnOQOyx/Nano-G cathode for treating antibiotic wastewater

To assess the reusability and stability of the ZrO,-MnOx/Nano-G electrode. Electrocatalytic
degradation experiments were carried out for ten cycles under optimal electrolytic conditions. Fig.
7a shows that after three cycles, the degradation efficiencies were 96.24%, 91.07% and 90.46%,

respectively. The degradation effect of TC tended to be stable after 10 cycles, confirming the



desirable reusability of ZrO,-MnOy/Nano-G electrode. In order to check whether manganese ion
leaching occurs during the electrocatalytic degradation of TC by using ZrO;-MnOy/Nano-G
electrode. The content of manganese ion in the solution was determined regularly by flame atomic
absorption spectrophotometer (SP-3520AA). Fig. 7b shows that no manganese ion was detected
during the first 30 min. After that, the concentration of manganese ion gradually rose until it peaked
at 0.15 mg L at 120 min and then remained stable. It can be explained that as the reaction
progresses, the electrode is exposed to a strong oxidizing environment and applied current for a long
period of time. This causes the electrode's adhesive to gradually deactivate, thus leaching manganese
ions from the electrode into the solution. Despite the manganese ion leaching in the ZrO;-
MnOy/Nano-G composite electrode, its concentration is below the permitted limit of 2 mg L™! in the
Discharge standards of pollutants for municipal wastewater treatment plants (GB 18918-2002). As
a result, the leaching concentration of manganese ion is within the allowable emission range and
can be purified by the environment's self-purification capacity.

Fig. 7c depicts the pH change during degradation. It can be seen that the pH of the solution decreases
with the electrolytic reaction in the process of TC degradation. Within 10 min, it starts to decline
quickly, and between 10 and 120 min later, it starts to slow down. It's possible that a portion of TC
is breaking down, producing intermediates with carboxyl groups and causing a sharp pH drop. Then,
because of the oxidation of free radicals and other active substances produced during the electrolysis
process, the pH slowly decreases. It is worth noting that the pH slightly rises at the start, which, as
shown by Eq. (2) and (3), is due to the hydrogen evolution reaction producing a large amount of
OH". Furthermore, inorganic ions in antibiotic wastewater, such as chloride ions, sulfate ions and

phosphate ions, may be converted to acidic compounds, causing pH changes.
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Fig. 7 (a) Effect of cycle times of ZrO,-MnO,/Nano-G composite electrode on degradation of TC;
(b) The concentration of manganese ions in solution as a function of reaction time; (c) Change of
solution pH during degradation of TC; (d) BODs/CODc: of TC at different electrolytic times.

Fig. 7d show BODs/CODc; (B/C) at different electrolytic times to evaluate the biodegradability of
TC after electrochemical degradation. The B/C values of TC gradually increased as the electrolysis
time was extended, reaching 0.385 at 120 min. At this time, TC wastewater has good
biodegradability, which can meet the requirements of subsequent biochemical system treatment.
Because of the radical attack during the degradation process, group substitution and ring opening
reactions will occur, determining the resistance, biotoxicity and other chemical properties of TC.

Therefore, the chemical properties of TC changed after electrochemical degradation®. The



biodegradability of TC can be gradually improved by using a ZrO,-MnOy/Nano-G composite

electrode as the cathode.

3.4 Intermediates identification and proposed TC degradation pathway

To identify the types of free radicals present in the solution and the indirect electrochemical

oxidation. After 120 min of degradation, the concentration of TC solution without scavenger, TC

solution with isopropyl alcohol (IPA), and TC solution with p-benzoquinone (P-BQ) were measured

(Fig. S3). The results show that after adding the two scavengers, the degradation rate of TC

decreases, indicating that ‘O, and -OH exist in the electrochemical degradation process of TC.

When P-BQ (-Ox'-trap) was added, the degradation rate of TC decreased to 51.23%, while IPA (-OH

-Trap) decreased to 66.91%. In other words, the addition of two types of scavengers inhibited TC

degradation. P-BQ was added, which resulted in a slower rate of degradation, suggesting that -Oy"

contributed more to TC degradation. As a result, it is easy to conclude that -O," is the most active

substance in improving the degradation rate of TC, followed by -OH. These indications suggest that

electrocatalytic degradation of TC is an indirect process.
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Scheme 2. The mechanism of electrochemical oxidation degradation of TC.

Based on the aforementioned findings, the electrochemical oxidation degradation mechanism of TC
was proposed. According to Eq. (4)-(9), hydrogen peroxide (H20;) can be formed in situ by two-
electron reduction of O in the ZrO>-MnO,/Nano-G composite electrode. At the same time, H,O»
can be converted to ‘OH and -O» radicals due to the excellent catalytic activity of MnOy. The
applied current causes a large number of electrons to be produced by the ZrO,-MnOx/Nano-G
composite electrode. In addition, ZrO; offers a greater specific surface area, more active sites and
good surface charge performance, all of which can significantly lower the charge transfer resistance
of ZrO,-MnO,/Nano-G electrodes. Consequently, ZrO, functions as an accepter to trap more
electrons to the electrode. On the one hand, electrons in the solution combine with dissolved oxygen
and water to produce large amounts of -OH and -O;", which participate in the degradation of TC.
On the other hand, more electrons can indirectly facilitate the conversion between Mn*" and Mn**,

increasing the generation of -OH and -O;". Eventually, because of the strong oxidation capacity of



H»,0,, -OH and ‘O, organic matter is mineralized to CO; and H»O.
0,2+ 2H,0 + 2¢"— H,0,+ 20H"
Mn(IV) + HO, — H"+ HO,* + Mn(III)
Mn(1II) + HoO2 — OH + -OH + Mn(1V)
H>O;+HO2' + ¢— -OH + -O2"+ H20

‘OH + organic —...— CO2+ H2O

Oy + organic —...— CO,+ H2O

4

)

(6)

@

®)

©

Fig. 8 (a) Chemical structure of TC; (b) electrostatic potential of the TC molecule; (c-d) HOMO

and LUMO of TC.

Fig. 8a shows the chemical structure of TC, to further clarify the degradation mechanism of TC,

electrostatic potential based on Materials Studio 2019 software with Dmol3 Calculation and

GGA/PBE functional were adopted. Obviously, the blue portion of Fig. 8b corresponds to the region

with high electron density, while the red portion corresponds to the region with low electron density.

The higher the electron density, the more vulnerable to nucleophile attack (such as -O;") and the

easier the electrophilic substitution reaction. Furthermore, the Fukui function is an essential concept



in the framework of density functional theory. It describes the degree of change in electron density
at each position as the system's electron number changes. Table S4 displays the results of the Fukui
(-), Fukui (+), Fukui (0) and CDD at different positions in the TC, with larger values indicating
more active sites. It can be seen that C (16), C (17), C (18), O (24), O (27) and N (29) are easily
attacked by 0,4 To assess the stability of TC molecules, the energy difference between HOMO
and LUMO energies (AE = Erumo - Enomo) was calculated according to Fig. 8c and d, and AE =
0.0748 eV was obtained. The lower the value of AE, the greater the molecule's activity. The
Hirshfeld charge was used to analyze the substituent localization effect of TC in Table S4, and the
results were consistent with the experimental results.

The ring structure of TC molecules is obviously linked to a variety of ionizable functional groups
and electron-rich groups, such as dimethyl amino group, phenol group, conjugated double bond and
so on. A large number of strong oxidants (-OH, ‘O, and H,0,) will destroy these groups, resulting
in some small molecular organics or organics that are difficult to degrade®. Based on the Fukui
index, the degradation mechanism was further revealed and the main possible degradation products
were inferred. TC electrolyzed for 120 min under ideal conditions were detected by LC-MS, and
intermediate mass spectrograms were provided (Fig. S4-S7). Five major degradation pathways are
shown below. Normally, we can determine that m/z = 445.16 represents TC since this is consistent
with its molecular weight. First, due to dehydration and the formation of ester groups, TC is
decomposed into product E (m/z = 410.12)*®. Simultaneously, the deamidation reaction results in
the loss of the amino and carbonyl groups, yielding product D (m/z =418.17). By dehydroxylation,
demethylation, amino group removal and ‘OH attack, product D forms intermediates H (m/z =

362.32) and G (m/z = 274.27). Additionally, since the double bond at Co-C14 position has a high



electron density and is a relatively active electrophilic site, it will be preferentially attacked by
nucleophiles (-OH), resulting in the occurrence of hydroxylation reaction. Eventually, the structure
of the TC molecule changes, resulting in the production of an intermediate product A (m/z =
460.27)%7 with a higher molecular weight. Product B (m/z = 418.17) is attributed to deamidation,
which can be converted to product C (m/z = 353.25) by removing hydroxyl, methyl and amino
groups. Product A undergoes demethylation, deamination and continuous ring-opening reactions to
generate product F (m/z = 412.13). The intermediates are further broken down into small organic
molecules (products I (m/z = 230.25)°® and J (m/z = 146.98)) by the ring-opening reaction and the
removal of some functional groups. Eventually, as the oxidative degradation process continues,

these small molecules are mineralized into carbon dioxide, water and other inorganic ions.

m/z—274 27
m/z=418.17 m/z—353 25 m/z=412.13 m/Z 362.32

B \ /F

QO H
©

. o m/z—230 25 m/z—146 98

Fig. 9 Possible degradation pathways of TC in the ZrO,-MnO,/Nano-G system.



To more thoroughly assess the degradation effect of the ZrO,-MnOyx/Nano-G composite electrode,
it was compared to previously reported results (Table S3). It is clear that these materials degrade
well under various treatment methods. However, the ZrO,-MnOy/Nano-G electrode requires less
reaction time and has a wide range of applications in TC degradation.

4. Conclusions

In summary, transition metal oxide doped graphite nanoelectrodes (ZrO;-MnOyx/Nano-G) were
prepared using the sol-gel and hot-pressing methods. ZrO;-MnOy/Nano-G electrodes outperform
Nano-G and MnOx/Nano-G electrodes in terms of active area, charge transfer resistance and
electrochemical performance. Then ZrO,-MnO/Nano-G was used to evaluate the electrochemical
degradation of TC, and the degradation reaction was in accordance with the quasi-first-order kinetic
model. The optimal parameters for electrocatalytic degradation of TC were determined as follows:
at pH 5.0, the initial concentration of TC was 20 mg L™}, the current density was 30 mA cm™, the
electrode distance was 10 mm, and the supporting electrolyte was 0.1 mol L' Na;SOs. Under these
conditions, the degradation rate of TC can reach 93% after 120 min electrolysis. After 10 cycles of
degradation experiments, ZrO,-MnOyx/Nano-G showed good stability. The identification of small
non-toxic intermediates of TC by LC-MS indicated that TC was first degraded to non-toxic small
molecules and then decomposed to CO, and H»O. It provides theoretical basis and experimental

reference for the electrochemical treatment of antibiotic wastewater.
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