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A B S T R A C T   

Developing efficient catalysts for oxytetracycline (OTC) degradation is an ideal strategy to tackle environmental 
pollution, and advanced oxidation processes (AOPs) have been widely used for its degradation. However, the 
studies on the activation of periodate (PI) by biochar and its composites in recent years have been scarcely 
reported. In this study, we focused on the degradation of OTC by PI activation with manganese oxide/biochar 
composites (MnxOy@BC). Experimental results showed that the OTC degradation rate of MnxOy@BC/PI system 
reached almost 98%, and the TOC removal efficiency reached 75%. Various characteristic analysis proved that PI 
could be activated efficiently by surface functional groups and manganese-active species (Mn(II), Mn(III), and 
Mn(IV)) on biochar, and various reactive species such as singlet oxygen (1O2), hydroxyl radical (∙OH), and 
superoxide radical (O2

∙-) can be observed via radical quenching experiments. Based on this, three degradation 
pathways were proposed. Furthermore, MnxOy@BC and PI were combined to degrade environmental pollutants, 
which achieved excellent practical benefits and had great practical application potential. We hope that it can 
provide new ideas for advanced oxidation processes (AOPs) applying for wastewater treatment in the future.   

1. Introduction 

With increasing population and factories, antibiotics are becoming 
an important class of pollutants in the aquatic environment. Oxytetra-
cycline (OTC), as a broad-spectrum antibiotic, can effectively prevent 
diseases with low cost. However, it will bring about eco-toxicological 
risk when released to water bodies (Zhang et al., 2021a). Therefore, it 
is meaningful to find an effective and eco-friendly method to remove 
OTC from water matrix (Huang et al., 2017a; Yang et al., 2020b). 
Recently, advanced oxidation processes (AOPs) have been widely used 
for antibiotic degradation in water bodies (Yang et al., 2020a). Nor-
mally, the oxidants used in AOPs include hydrogen peroxide (H2O2), 
persulfate (PS), and ozone, which can successfully combine with active 
catalysts and trigger reactive oxygen species (ROS) evolution (Song 
et al., 2022; Yang et al., 2019). Liu et al. studied that combing magnetic 

nitrogen doped biochar with PS can efficiently generate sulfate radical 
for metolachlor degradation (Liu et al., 2020). Zhang et al. found that 
permanganate/visible light (PM/VL) system has excellent performance 
on sulfamethazine degradation, and a catalyst-free pollutants degrada-
tion system was proposed (Zhang et al., 2021b). Although the PM/VL 
system can effectively degrade pollutants, its activation efficiency needs 
to be further improved. Compared with other oxidants, periodate (PI) is 
a novel oxidants with advantages of more versatile and stable, strong 
oxidation, and convenient transportation (Zong et al., 2021). For AOPs 
dominated by PI, the active intermediates including ∙IO3 and reactive 
oxygen species (ROS, e.g., O2

∙-, ∙OH, and 1O2) were generally formed 
through electronic transfer and can effectively degrade organic pollut-
ants (Yun et al., 2017). Nowadays, ultraviolet rays (UV) or visible light 
radiation (VL), alkali, transition metals, and ultrasound have been 
developed for activing catalysts and degrading pollutants (Cao et al., 
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2010; Chia et al., 2004; Lee et al., 2016; Sun et al., 2020). But the main 
deficiencies of these methods are large-equipment consumption and the 
high-cost, it is necessary to find cheap, efficient, and green activators, 
which is essential for PI-based wastewater treatment (Tan et al., 2021). 

Biochar is a carbon-rich solid product obtained by a high- 
temperature pyrolysis of forestry, industrial organic, and agricultural 
waste under anoxic conditions (Qin et al., 2021; Zhang et al., 2019a; 
Zhang et al., 2019b). It has received a lot concern of researchers due to 
its high specific surface, multiple functional groups, and excellent 
resistance for acid and alkali corrosion (Huang et al., 2017b). Firstly, 
biochar is a widely used adsorbent due to its pore filling effect, π-π 
stacking interaction, hydrogen bonding, and low cost (Xiang et al., 2020; 
Zhang et al., 2016). So far, researchers have found that it can absorb 
heavy metals in water and soil, such as cadmium (Cd) (Xu et al., 2017), 
copper (Cu) (Peng et al., 2017), arsenic (As) (Cuong et al., 2021), 
plumbum (Pd) (Wang et al., 2021), and et al. (Melia et al., 2019). In the 
process of adsorption, many reaction principles are involved, including 
redox reaction, chemical precipitation, and surface complexation. 
Moreover, researchers have investigated that biochar can be an ideal 
photo-catalyst. Ye, Meng, and Fang et al. had all studied the photo-
catalytic capacity of biochar (Fang et al., 2017; Meng et al., 2020; Ye 
et al., 2019). Moreover, biochar is also used as mediator for AOPs, and 
persistent free radical (PFRs) and ∙OH can be produced due to the large 
number of functional groups on its surface, which can degrade organic 
pollutants (Kumar et al., 2020). However, it is insufficient for pristine 
biochar to remove pollutants due to its limited adsorption and degra-
dation capacity. Therefore, modification for improving its performances 
to achieve the desired removal efficacy is urgently needed (Liu et al., 
2020). 

There were many reports for the modification of biochar, especially 
transition metals (Trakal et al., 2016; Zhang et al., 2021c). Recently, 
Nano-scale Fe0 have been studied extensively for producing ROS in 
removing antibiotics (Li et al., 2020; Zhao et al., 2020). Other recent 
literatures have reported that researchers have tried to enhance the 
biochar effectiveness by modified with MnFe2O4 (Lin et al., 2021), MgO 
(Shen et al., 2019), CuO/Cu (Xu et al., 2018), and so on. Manganese, as a 
kind of transition metal, is widely distributed in nature with low cost and 
promising performances compared with other metals. It has been 
extensively used to modify biochar for catalytic degradation of organic 
pollutants. The degradation mechanism of organic pollutants by man-
ganese/manganese oxides-mediated PI oxidation systems has been well 
studied (Du et al., 2019; Du et al., 2020). It can be concluded that using 
manganese as PI activator can effectively produce free radicals and 
degrade pollutants. However, pure Mn2+ have ecological risk in the 
natural environment. Besides, the overall effective catalytic capacity of 
pure Mn oxides was reduced by agglomeration. Therefore, we combined 
biochar with manganese oxides to mediate PI for OTC degradation. 
Biochar composites possessed two advantages, one is the stable oxide 
making Mn ions at a lower level in aquatic environment, the other is that 
it can also effectively disperse particles of Mn (Wang et al., 2018). 
Moreover, the cost of this system could be reduced via using agricultural 
waste as biochar feedstock. However, to the best of our knowledge, the 
studies on the activation of PI by manganese oxide modified biochar in 
recent years have not been reported. 

Therefore, in this work, the corn straw was used as biochar feedstock, 
and manganese oxide modified biochar (MnxOy@BC) was synthesized 
by simple impregnation and high temperature pyrolysis. Various char-
acterizations for materials were conducted and the removal perfor-
mances of representative organic contaminants in the MnxOy@BC/PI 
process were evaluated. The degradation pathways with intermediates 
and degradation products were explored with HPLC-MS analysis. More 
importantly, the activation mechanism was studied and the possibility of 
practical application was proposed. 

2. Materials and methods 

2.1. Materials and reagents 

OTC was obtained from Sinopharm Chemical Reagent Co., Ltd., and 
its physicochemical properties were listed in Table S1. Manganese 
chloride tetrahydrate (MnCl4∙4H2O), potassium periodate (KIO4, 99%), 
manganese oxide (MnO), manganese dioxide (MnO2), hydrochloric acid 
(HCl), sodium hydroxide (NaOH), phosphoric acid (PA), and sodium 
thiosulfate (Na2S2O8) were also obtained from Sinopharm Chemical 
Reagent Co., Ltd. The solutions used in the experiments were all 
configured with deionized water (18.25 MΩ cm) and except corn straw, 
all the other chemicals were at least analytically pure and no further 
purification is required. 

2.2. Preparation of activators 

The MnxOy@BC was prepared in the following way: corn straw was 
washed with deionized water, dried overnight at 80 ◦C, and passed 
through a 100-mesh sieve (Yang et al., 2021b). After sieving, 10 g of the 
feedstock was immersed in 100 mL 10 g/L MnCl4∙4H2O solution and 
ultrasonically vibrated for 30 min, steeped at 80 ◦C for 2 h, and then 
dried overnight at 60 ◦C. The resulting precursors were charred at 
500 ◦C for 2 h at a heating rate of 5 ◦C/min under nitrogen (N2) atmo-
sphere (Tan et al., 2020). The MnxOy@BC was washed and ground, 
passed through 100-mesh sieve for later experiments, named MBC. The 
same process was used for pristine biochar, named BC. 

2.3. Characterization and analytical methods 

Brunauer-Emmett-Teller (BET) was measured on a Micromeritics 
ASAP 2020 HD88 instrument, which could obtain the surface area and 
pore distribution of BC and MnxOy@BC. The morphology of samples was 
measured by Zeiss Sigma 300 scanning electron microscopy (SEM). The 
microstructure and elemental distribution of materials were recorded by 
FEI Tecnai G2 F20 S-TWIN Transmission electron microscopy (TEM) and 
energy disperses X-ray spectroscopy (EDS) mapping profiles. The X-ray 
diffraction (XRD) was examined on a Bruker AXS D8 Advances. A Horiba 
Jobin Yvon LabRAM HR800 Raman and a Thermo Nicolet 5700 spec-
trophotometer were used to investigate the Raman spectrum and the 
Fourier transform infrared spectrometer (FT-IR), respectively. CHI760E 
electrochemical workstation was used in this research to analyze the 
electrochemical impedance spectroscopy (EIS) of samples. In addition, 
X-ray photoelectron spectroscopy (XPS) was used to analyze the struc-
ture and properties of materials on a Thermo Escalab 250Xi spectrom-
eter. Electron spin resonance (ESR) was also conducted on a Bruker 
ER200-SR, using 5,5-dimethyl-1-pyrroline N-oxide (DMPO) and 
2,2,6,6-tetramethylpiperidine (TEMP) as trapping agents to identify 
radicals. Total organic carbon (TOC) was measured to demonstrate the 
mineralization of OTC by Shimadzu TOC-L analyzer. The intermediate 
of OTC degradation was measured by high-performance liquid 
chromatography-triple quaternary rod tandem mass spectrometer 
(HPLC-MS, Agilent). 

2.4. Catalytic degradation experiments 

All experiments were conducted under magnetic agitation (420 r/ 
min). Typically, 0.25 mM of PI was added into the solution and the 
concentration of OTC was 20 mg/L. Next, at preset response intervals (0, 
2, 4, 6, 8, 10, 15, 20, 30 min), 1 mL was sampled and filtered with a 0.22 
μm filter. It was immediately mixed with 100 μL Na2S2O8 to terminate 
the reaction, and added into a chromatography sample bottle for the 
next analysis. Finally, the high-performance liquid chromatograph 
(HPLC) was employed to analyze the OTC concentration. To ensure 
reproducibility, all experiments were done at least three times. 
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3. Results and discussion 

3.1. Characterization of materials 

The morphologies of the BC and MnxOy@BC materials are deter-
mined by SEM and TEM. As shown in Fig. 1(a–d), it can be obtained that 
the pristine biochar had a smooth surface and existed in the form of 
flakes while the modified biochar had a lot of spherical particles 
attached on the surface uniformly. In addition, the shadow distribution 
performed by TEM image in Fig. 1i proved the particles loaded again. 
The images of EDS elemental mapping (Fig. 1e–h) showed that Mn el-
ements are uniformly distributed. Moreover, the BET surface areas of BC 
and MnxOy@BC (Table S2) are 79.46 and 238.97 m2/g, and the pore size 
of them decreased from 10.13 nm to 2.06 nm. The reason of the 
increasing surface area might be the loading of Mn oxide. It can be 
concluded that Mn oxide was loaded on the surface of biochar success-
fully, indicating the successful preparation of the proposed composites. 

The structures of BC and MnxOy@BC samples were confirmed by 
XRD analysis (Fig. S1). XRD patterns of BC had broad peaks with 2θ at 

around 23◦ and around 40◦, which were attributed to the amorphous 
structure of graphite of biochar. While the peaks at 26.4◦ in BC, which 
represent (002) of crystal planes of graphite (JCPDS NO. 26-1079) 
(Stephan et al., 2006). Compared to BC, there was no obvious change 
of XRD spectrum in MnxOy@BC, which may be caused by the 
little-doping of manganese species during the synthesis process. To 
further studying the surveys and the bonding types of BC and 
MnxOy@BC, the tests of XPS were conducted. As were shown in Fig. 2. 
The peaks at around 284.7 eV, 400.0 eV, 533.2 eV, and 642.2 eV are 
shown in the XPS survey spectrum of BC and MnxOy@BC samples, which 
corresponds to C, O, N, and Mn as the center of the bond, respectively 
(Luo et al., 2019). It can be seen from Fig. 2a that in the surveys of BC 
and MnxOy@BC, C, N, and O can be seen obviously. However, a new 
peak of Mn element was generated in the survey of MnxOy@BC, which 
means that the Mn is successfully loaded to the surface of MnxOy@BC. In 
Fig. 2b, the peaks of C1s in BC at 284.5, 285.6, 288.6, and 289.6 eV 
correspond to C–C, C–O, C––O and π-π* shake up, respectively. While in 
MnxOy@BC, the C1s spectra had O––C–O bonds at 286.9 eV (Qin et al., 
2020). The O1s of BC could be fitted into 531.9, 532.3, and 533.1 eV, 

Fig. 1. SEM images of BC (a, b) and MnxOy@BC (c, d); EDS elemental mapping images of MnxOy@BC (e–h); TEM images of MnxOy@BC (i).  
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which representing the vibration of O2/H2O, C–O, and C––O, respec-
tively (Fig. 2c). A new peak belonging to Mn–O is formed at the 530.6 eV 
position of the O1s spectrum in MnxOy@BC. Compared to the BC, the 
C––O in the composite was significantly increased, and the amount of 
C–O showed decreasing trend, it can be concluded that the surface 
functional groups of samples have transformed after modification, 
which was better to enhance the removal efficiency of OTC (Qin et al., 
2020; Zhou et al., 2011). XPS spectrum of Mn2p was shown in Fig. 2d, it 
can be received that it was composed of a spin-orbit doublet of Mn2p1/2 
and Mn2p3/2. The three peaks of Mn2p1/2 at 641.3, 642.5, and 643.6 eV 
corresponded to Mn(II), Mn(III), and Mn(Ⅳ), respectively. Moreover, 
XPS Spectra of Mn2p3/2 in all samples showed the satellite feature at 
647.5 eV. These polyvalent manganese species are an important reason 
for the high catalytic activity of the materials (Jia et al., 2020; Wan et al., 
2016; Yang et al., 2021b). The existence form of active manganese 
species in this reaction system can also be known. 

The degree of defects and graphitization of BC and MnxOy@BC were 
analyzed by Raman spectroscopy. As shown in Fig. S2a, the D band 
between 1340 and 1360 cm− 1 and the G band between 1580 and 1600 
represented disordered carbon or defective carbon and ordered carbon 
or the existence of sp2 hybridization, respectively, and the value of ID/IG 
was usually used to reflect the degrees of graphitization (Chen et al., 
2020). The ID/IG value of MnxOy@BC was 0.672, which was higher than 
the value of BC (0.663). This result reflected that MnxOy@BC has more 
defects because of the loading of Mn which is also the reason of the 
higher catalytic activity. The FTIR analysis of samples was shown in 
Fig. S2b. The peak at 2922 cm− 1 of BC was attributed to the C–H, which 
was decreased with the Mn loading in MnxOy@BC. In addition, the peaks 
at 881, 1070, and 1580 cm− 1 were attributed to the stretching vibration 
of C–C, C–O, and C––O, respectively (Yan et al., 2018). While compared 
with BC, the peak at 3380 cm− 1 of MnxOy@BC was ascribed to the vi-
brations of Mn–O bond, which further verified the results of XPS analysis 
(Ishii et al., 1972). 

The electrochemical properties of samples were evaluated by the EIS 

analysis. It can be seen from Fig. S3 that the semicircle diameter of 
MnxOy@BC is smaller than BC, which indicating that MnxOy@BC has a 
lower electron transfer resistance and is meaningful for efficient charge 
separation and transform during the reaction (Guo et al., 2019). 

3.2. Catalytic performance of MnxOy@BC 

In order to remove OTC from water bodies and discuss the whole 
effect of BC and MnxOy@BC materials for its degradation, batch exper-
iments were carried out. As shown in Fig. 3a, the doping ratio of ma-
terials (the doping ratio refers to the mass ratio of biomass to 
MnCl2∙4H2O) was studied, when it changed from 3:1 to 9:1, the 
degradation efficiency did not change obviously. In consideration of cost 
and safety, we determined that the doping ratio of the materials used in 
the experiment was 9:1. Moreover, the OTC removal effects of various 
materials were displayed, including MnO, MnO2, BC, and MnxOy@BC. 
As shown in Fig. 3a, comparing the removal efficiency of OTC, the 
MnxOy@BC/PI system showed the best performance of degradation, up 
to 97.5% in 30 min reaction and was about 50% higher than that of BC. 
It can be seen notably, the removal rate of MnxOy@BC/PI system was 
better than others obviously and the latest studies about using carbon- 
based activators to degrade organic pollution were listed in Table 1. It 
indicated that the MnxOy@BC has strong activation effect towards PI in 
the reaction system (Yang et al., 2021b). In addition, the adsorption 
effects of different samples were showed in Fig. S4. The OTC degrada-
tion performance with various materials can be fitted by 
pseudo-first-order reaction model well. The rate constant (k) of MnO2, 
MnO, BC, and MnxOy@BC are proportional to their dosage (Fig. 3b). The 
effects of dosage of MnxOy@BC and PI in degrading OTC were also 
presented in Fig. S5. As revealed, with the increase of MnxOy@BC 
dosage from 0.1 g/L to 0.4 g/L, the reaction rate sharply enhanced. 
However, considering the factors of economic and environmental effi-
ciency, the best fit MnxOy@BC dosage used in the experiment was 0.3 
g/L. In addition, the dosage of PI was also explored in this experiment 

Fig. 2. XPS spectra for BC and MnxOy@BC: a) survey spectra, b) C1s, c) O1s, and d) Mn2p.  

G. Fang et al.                                                                                                                                                                                                                                    



Environmental Pollution 300 (2022) 118939

5

(Fig. S5b). It can be noticed that the degradation rate increased obvi-
ously with the dosage adding from 0 mM to 0.25 mM, and it changed 
slightly after adding above 0.25 mM which might result from the 
oversupply of PI and the insufficient active sites in MnxOy@BC for 
reacting (He et al., 2021a). These results concluded that the number of 

active sites provided by activators played an important role in the 
oxidation process of OTC activated by PI (Du et al., 2020). 

In addition, the solution pH affects the species of PI and pollutants 
(Du et al., 2020). The pH value was set at 3-11 in experiments, with 5 
gradients (Fig. 3c). It can be noted that with the pH reducing from 11 to 

Fig. 3. Removal amount of OTC with different materials (a) and the first-order kinetic fitting results (b) for MnO2, MnO, BC and MnxOy@BC; Effects of (c) solution 
pH (3, 5, 7, 9, 11); (d) anions ([HCO3

− ] = [SO4
2− ] = [Cl− ] = [NO3

− ] = 0.5 mM); (e) HA; (f) OTC concentration. Reaction conditions: PI = 0.25 mM; OTC = 20 mg/L; 
MnxOy@BC = 0.3 g/L; T = 25 ◦C. 

Table 1 
Comparison with other carbon-based activators for organic pollutants degradation.  

Activators Biochar feedstock Pollutant concentration (mg/L) Reaction system Dosage (g/L) Degradation efficiency Ref. 

FeNiZn-LBC lignin OTC (60) – 0.2 96.1% Lin et al. (2021) 
nMnO2-BC bamboo OTC (100) – 0.67 96.5% Feng et al. (2021) 
NH4

+-BC cassava OTC (30) – – 94% Luo et al. (2021) 
N-BC straw TC (20) – 0.2 90% Zhong et al. (2021) 
ZnO/biochar roots and stems-leaves TC (50) PS 0.1 90.81% Xu et al. (2022) 
Biochar (BBC) swine bone ACT (20) PS 0.1 100% Zhou et al. (2021) 
β-CD modified biochar (β-SB) sludge BPA (20) PDS 0.4 91.6% Pei et al. (2022) 
Fe2O3@LBC loofah CEX (10) PS 0.4 73.9% Song et al. (2021) 
GBC goethite TC (30) PMS 0.05 70% Guo et al. (2021) 
This work cornstalk OTC (20) PI 0.3 97.5% This work  
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3, the removal rate increased, and the best degradation efficiency ach-
ieved when pH was 3. The reason could be that i) the main form of 
manganese in the system was Mn(Ⅳ), it showed more reactive at pH < 7 
(Xu et al., 2018; Zhang et al., 2021b) and ii) when pH is between 3 and 5, 
H3L+ (L represents OTC) is the dominant form of OTC, which has the 
highest distribution coefficient. When pH is from 5 to 11, H2L± trans-
formed into HL− , and L2− , most target pollutant particles are in the 
neutral and negative state (Jin et al., 2017). Therefore, in the acidic 
environment, the protonated OTC had basically the same charged 
properties with the MnxOy@BC surface and can fully contact with the 
material, showing excellent degradation effect. Besides, the removal 
effect was still high when pH is neutral, indicating a universal pH range 
of efficiency. 

The effect of anions (e.g., NO3
− , HCO3

− , Cl− , and SO4
2− ) and HA on 

OTC removal was also performed in the experiments. As shown in 
Fig. 3d, the removal efficiency of OTC was not much influenced in the 
presence of SO4

2− , Cl− , and NO3
− , but slightly inhibited by the presence 

of HCO3
− . The effect of Cl− and NO3

− can be neglected, which indicated 
that MnxOy@BC/PI process was resistant to the interferences of these 
anions. SO4

2− was also theoretically considered as an inert ion and 

didn’t react with free radicals in the process, while it had some effect in 
promoting the reaction. The cause of the effect may be through con-
trolling the kinetics of generating radicals and minimizing the sharp 
peak, thereby decreasing the precious radicals wasting, so that can 
promote the degradation of OTC (Yang et al., 2021a). For the inhibitory 
effect of HCO3

− , on the one hand, the addition of HCO3
− will increase 

the pH of the solution. On the other hand, HCO3
− are typical radical 

scavengers which have a strong influence on radical-dominating re-
actions (Ma and Graham, 2000), thus leading to a low level of degra-
dation. Fig. 3e showed the influence of HA on the process of OTC 
removal. The results indicated that the existence of HA showed a 
negative influence on the degradation of OTC, and this effect was pro-
portional to the concentration of HA, which might be due to that HA 
adsorbed onto the surface of materials and occupied the active sites of 
reactive Mn species. The OTC degradation would be competed or 
interfered by the presence of HA to some extent. Meanwhile, in order to 
prove the applicability and practicality of the materials, the initial 
concentration of OTC was set from 10 mg/L to 50 mg/L (Fig. 3f). The 
results showed that when low concentration of OTC exits in the aqueous 
system, it can be completely degraded in 30 min. With the initial OTC 

Fig. 4. Identification the influence of non-aeration (a) and aeration (b) treatment on the quenching reaction of reactive species; Identification of dominated reactive 
species and ESR results of (c) ∙OH; (d) 1O2; (e) O2

∙-, and (f) persistent free radicals trapped by DMPO and TEMP at leaching time for 0, 5, and 10 min. 
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concentration increasing even high as 50 mg/L, more than 50% removal 
rate was achieved. Studies have shown that the level of OTC in natural 
water is less than a hundred ng/L, and the prepared materials can still 
achieve excellent efficiency in a high OTC level, effectiveness and 
practicality can be concluded (He et al., 2020). Considering the content 
of OTC in the actual water and feasibility of experimental operation, 
[OTC] = 20 mg/L was selected. 

3.3. Analysis of catalytic mechanism 

3.3.1. Main reactive species 
In order to explain the mechanism during reaction process and 

determine kinds of reactive species that dominate the reaction, ESR 
analysis and quenching experiments were conducted. In quenching ex-
periments, reactive species generated by the BC and MnxOy@BC were 
quenched by adding Methanol ([MeOH] = 0.25 mM), p-benzoquinone 
([PBQ] = 0.25 mM), and L-tryptophan ([L-TRP] = 0.25 mM), which 
were usually used as the quenching agents for ∙OH, 1O2, and O2

∙-, 
respectively. As shown in Fig. 4a, when L-TRP, PBQ, and MeOH were 
added to the reaction solution, the OTC degradation rates were reduced 
from 98% to 60%, 45%, and 85% after 30 min of reaction. To figure out 
the function of dissolved oxygen for the transform between 1O2 and O2

∙-, 
N2 was introduced into the reaction system to perform anaerobic ex-
periments (Fig. 4b). The results showed that the degradation rate was 
reduced from 59.97% to 45.71%–55.71% and 43.75%, respectively. The 
results showed that the conversion between 1O2 and O2

∙- is almost 
negligible. Therefore, O2

∙- played the dominant role for the degradation 
of OTC in MnxOy@BC/PI system, followed by 1O2 and ∙OH. To further 
verify the accuracy of the results, ESR analysis with 2,2,6,6-tetramethyl-
piperidine (TEMP) and 5,5-dimethyl-1-pyrroline N-oxide (DMPO) was 
conducted. It can be seen in Fig. 4c–e, the characteristic signals of 
DMPO-∙OH, TEMP-1O2, and DMPO-O2

∙- were 1:1:1, 1:1:1:1, and 1:2:2:1, 
respectively (Zhang et al., 2022). Fig. 4f showed that there was no sig-
nificant change of the signals. These results were corresponding to the 
quenching tests. It could be proposed that O2

∙- played dominated roles in 
the reaction with OTC during the degradation process, followed by 1O2 
and ∙OH. 

3.3.2. Identification of degradation products and proposed degradation 
pathways 

The possible degradation pathways of OTC were analyzed by HPLC- 

MS to investigate the intermediate products. The MS spectrum of OTC 
degradation and intermediates structures were shown in Fig. S6 and 
Table S3, respectively. Referring to previous literatures and results of 
HPLC-MS (Yang et al., 2020b; Zhou et al., 2022), the possible degra-
dation pathways were proposed and exhibited in Fig. 5. The possible 
OTC degradation process mainly includes quinonization, demethyla-
tion, dehydration, deamidation, hydroxylation, and ring opening re-
actions. Firstly, OTC (m/z = 460.9) is transformed to OTC 1 (m/z = 475) 
through quinonization reaction and hydroxylation reaction. Afterwards, 
it decomposes to OTC 4 (m/z = 338) via decarboxamidation, deami-
dation, dihydroxylation, and demethylation pathways. Subsequently, 
OTC 6 (m/z = 302) is formed through the ring opening. Then, OTC 6 is 
transformed to OTC 8 (m/z = 226) via decarboxylation and dehydrox-
ylation pathways. Further, OTC can be also decomposed to OTC 2 (m/z 
= 362.6) through demethylation, decarboxamidation, dihydroxylation, 
and deamidation reaction. The OTC 2 is transformed to OTC 5 (m/z =
318.3) by eliminating carbonyl, methyl, and hydroxyl groups. And the 
OTC 5 is fragmented, resulting in the forming of OTC 7 (m/z = 274) 
through the loss of amino groups and hydroxyl groups. Then the OTC 9 
(m/z = 242) is formed. The third pathway can be described that through 
the loss of H2O, OTC 3 (m/z = 426) is formed from OTC. Subsequently, 
some small molecular products including OTC 10 (m/z = 103.8), OTC 
11 (m/z = 118), OTC 12 (m/z = 142), and OTC 13 (m/z = 130) are 
generated through oxidization of these intermediates (OTC 3, OTC 8, 
and OTC 9). Finally, these products are converted into H2O and CO2 
which are the symbol of OTC mineralization during further oxidization 
reaction. The effect of TOC was performed at Fig. S7, and the result 
showed that the removal rate of TOC is about 75% within 30 min. These 
results above all demonstrated a good degradation capacity of 
MnxOy@BC in removing OTC from aqueous environment. 

3.3.3. Mechanism research 
Results of the XPS diagram analysis of Mn in MnxOy@BC indicated 

that the existence of Mn(II), Mn(III), and Mn(Ⅳ) in initial system and the 
characterizations of FTIR and Raman have also shown that there are 
C–O, C––O, O––C–O, and Mn–O bonds in the samples. In order to figure 
out the changes of manganese valence in materials, the analysis of XPS 
for MnxOy@BC before and after reaction was studied. As reflected in 
Fig. S8, the content of Mn(III) showed slightly reduce while the content 
of Mn(Ⅳ) decreased from 22% to 15%, and the content of Mn(II) 
increased slightly. While from the change of solution color we can know 

Fig. 5. The proposed degradation pathways of OTC.  
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that the conversion of Mn(II) and Mn(Ⅳ) is indeed existence. From these 
conclusions, the mechanism of this reaction is described as follows. In 
the whole reaction process, PI is activated and accompanied by man-
ganese redox transformation. Fig. 6 illustrates the mechanism of this 
reaction. In the first part of the mechanism is the role of Mn active 
species in samples. Firstly, the Mn(Ⅳ) oxide, 1O2, and O2

∙- can be pro-
duce by Mn(II) reacting with PI, where Mn(Ⅳ) existed in the form of 
Mn∙O(OH)2 along with the color of the solution changing from colorless 
to brown during the reaction (Eq. (1) – (2)) (Wang et al., 2012). Next, 
1O2 was further appeared by the interaction of O2

∙- with PI, for another 
way it can also be produced by the reduction of Mn(Ⅳ) (Eq. (3) – (4)). At 
the same time, was formed in water by the function of O2

∙- (Du et al., 
2019). The second part of the mechanism belonged to the function of 
biochar. Biochar can also be an activator in the process of reaction from 
previous studies, and the oxygenated functional groups (OFGs) on bio-
char can donate electrons in mesoporous BC/PI system which are the 
key active sites for this reaction (Dai et al., 2021; He et al., 2021b). It can 
be seen from equation (5) – (6) that under the action between 
C− OH/-COOH and H2O2, ∙OH is produced. The third part must be the 
combined effects of Mn species and biochar, the Mn2+ (produced in Eq. 
(3)) is connected with BC-O∙/BC-OO∙ (produced in Eq. (7)) and formed 
BC-O∙–Mn2+, which can also react with H2O2 and generate ROS in the 
system. In addition, some of the Mn in the samples aggregated to form 
clusters, indicating that some of the OTC couldn’t contact with Mn 
active species directly. However, due to the adsorption of the biochar, 
the OTC can be adsorbed into the pores of biochar and thus react with 
Mn active species (Gopinath et al., 2021; Odinga et al., 2020). Besides, 
the transformation between Mn(III) and Mn(Ⅳ) was also involved in the 
whole reaction process which was triggered by electron transfer (Eq. (8) 
– (9)) (Zhang et al., 2021b). Finally, the OTC was degraded by ROS.  

Mn(II) + 2IO4
− + O2 + 3H2O → Mn∙O(OH)2 + 2IO3

− + 4H+ + 2O2
∙- (1)  

IO4
− + 2O2

∙- + H2O → IO3
− + 21O2 + 2OH− (2)  

Mn∙O(OH)2 + IO4
− → Mn∙(OH)2 + IO3

− + 1O2                                (3)  

2O2
∙- + 2H2O → 1O2 + H2O2 + 2OH− (4)  

BC-OH + H2O2 → BC-O∙ + ∙OH + H2O                                          (5)  

BC-COOH + H2O2 → BC-COO∙ + ∙OH + H2O                                 (6)  

BC-O∙–Mn2+ + H2O2 → BC-O∙—Mn2+ + ∙OH                                 (7)  

Mn(III) + e− → Mn(II)                                                                    (8)  

2Mn(III) + 2H2O → Mn(Ⅳ) + Mn(II) + 4H+ (9)  

3.4. Applications in different actual waters 

Three kinds of natural water samples were used in the experiment for 
investigating the applicability of MnxOy@BC/PI system in nature envi-
ronment. The waters were obtained from Peach water (Changsha, 
China), Xiangjiang water (Changsha, China), and tap water (Fig. S9). 
Table S4 has shown the characteristics of the water samples. Using 
deionized water as control sample, and for preventing the influence of 
bacteria in actual waters (Peach water and Xiangjiang water), sterili-
zation experiment (T = 120 ◦C) was carried out before the reaction. 
Experimental results can be concluded that it is slightly inhibited in the 
two real water bodies compared with the degradation of OTC in 
deionized water, the reason could be proposed that sterilization results 
in the increase of organic matter content in water (Ratasuk et al., 2012). 
Although the removal was slightly inhibited, it still showed excellent 
efficiency (70%), and the degradation in tap water showed almost the 
same effect in control water. It can be deduced that MnxOy@BC with 
excellent performance can be applied to actual waterbodies. 

3.5. Stability of MnxOy@BC 

As shown in Fig. 7a, the leaching efficiency of manganese which 
were used in MnxOy@BC/PI system under different pH conditions was 
investigated, the results showed that the leaching rates of Mn was higher 
in acidic conditions than alkaline, while in general, the leaching con-
centrations was relatively low. A good stability of MnxOy@BC materials 
can be reflected with the XPS results. As shown in Fig. 7b, the change of 
surface element composition was not obvious through the whole pro-
cess. The XPS spectra of Mn reflected that only part decreased in the 
reaction and changed slightly. And little manganese was lost in the 
whole process. Since the materials are put into use in actual production, 
its practicality must be considered. Therefore, four cycles were taken to 
investigate the stability of MnxOy@BC (Fig. 7c). It is indicated that the 
system still had a high degradation rate to OTC after repeated use. 
Particularly, comparing with the first use, removal efficiency at the 
fourth reuse only decreased about 10%. Because the relevant raw ma-
terials for the preparation of MnxOy@BC have wide sources range and 
low cost, they could be used as a promising and practical composites. 

3.6. Toxicity assessment of OTC and its degradation products 

In the process of OTC degradation, toxic intermediates may be pro-
duced. Therefore, it is necessary to evaluate the toxicity of these in-
termediates. In this study, the toxicity of OTC and its products were 
assessed by Toxicity Estimation Software Tool (T.E.S.T.), which based 
on the models of Quantitative Structure Activity Relationship (QSAR) 
(Dou et al., 2020). The assessment of toxicities were based on these 
levels: the lethal concentration of 50% (LC50) (48h) daphnia magna, 
LD50 of oral rats, development toxicity, and mutagenicity. As seen in 
Fig. S10a-b, the acute toxicity of LC50-48h and LD50 rats for OTC were 
11.84 mg/L and 1140 mg/kg, respectively. The higher the value, the 
lower the toxicity (Jiang et al., 2020). It can be seen clearly that the main 
intermediates were all belonging to low-toxic substances. Notably, the 
increase value of the final products (OTC10, OTC11, OTC12, and 
OTC13) indicated the decrease of toxicity significantly. In addition, the 
development toxicity of OTC was 0.84, and the values of most degra-
dation products were lower than that which was defined as “non--
toxicant” (Fig. S10c) (Tang et al., 2020). From Fig. S10d, OTC can be 
classified as “mutagenicity positive” and most of the products were all 
defined as “mutagenicity negative”. The results showed the low-toxic of 
the degradation products. 

4. Conclusions 

Nowadays, biochar is widely used as carbon-based activators in 
AOPs to remove organic pollution from water environment. In our work, 

Fig. 6. Proposed mechanisms of PI activated by MnxOy@BC for OTC 
degradation. 
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an excellent method by combing MnxOy@BC with PI to remove OTC was 
proposed. The optimal experimental conditions were obtained with the 
PI concentration of 0.25 mM and the MnxOy@BC dosage of 0.3 g/L. 
Various characteristic analysis proved that PI can be activated by Mn(II), 
Mn(III), and Mn(Ⅳ) to generate O2

∙- and 1O2, respectively. Furthermore, 
O2

∙- can be converted to H2O2 with the activation of PI, and ∙OH can be 
formed under the reaction of H2O2 with biochar surface functional 
groups. Influencing factors including MnxOy@BC and PI dosage, solu-
tion pH, HA, anions, and initial concentration of OTC were examined, 
and the results suggested wide adaptability of MnxOy@BC in real 
wastewater. Based on the detected intermediates and characterization of 
major reactive species, three possible OTC degradation pathways were 
proposed. The high removal effect of different natural water and cycle- 
use analysis results also proved the sustainability of this composite. 
Moreover, it can stay a low leaching of Mn ions in the degradation 
process. MnxOy@BC/PI system can provide a new direction for AOPs. 
However, in the process of our experiment, we have found that although 
it has low leaching amount, there was still a lot of space for improve-
ment. And we also could try to prepare materials by hydrothermal 
method and apply them to solve different practical environmental 
problems. 
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