
Peroxymonosulfate Activation by Co-Doped
Magnetic Mn3O4 for Degradation of Oxytetracycline
in Water
Liyan He 

Lanzhou University
Hui Li 

Wuhan Institute of Technology
Jianzhi Wang 

Wuhan Institute of Technology
Qifei Gao 

Lanzhou University
Xiaoli Li  (  lixiaoli@lzu.edu.cn )

Lanzhou University https://orcid.org/0000-0002-4797-8271

Research Article

Keywords: Fe3O4/Co-Mn3O4, OTC, Catalytic degradation, PPCPs, Wastewater treatment

Posted Date: October 29th, 2021

DOI: https://doi.org/10.21203/rs.3.rs-946361/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

Version of Record: A version of this preprint was published at Environmental Science and Pollution
Research on January 31st, 2022. See the published version at https://doi.org/10.1007/s11356-022-
18929-1.

https://doi.org/10.21203/rs.3.rs-946361/v1
mailto:lixiaoli@lzu.edu.cn
https://orcid.org/0000-0002-4797-8271
https://doi.org/10.21203/rs.3.rs-946361/v1
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s11356-022-18929-1


*Corresponding author. Tel.: +86 931 8912404.        

E-mail address: lixiaoli@lzu.edu.cn (X. Li). 

 

Peroxymonosulfate activation by Co-doped magnetic Mn3O4 1 

for degradation of oxytetracycline in water 2 

Liyan He
a
, Hui Li

b
, Jianzhi Wang

b
, Qifei Gao

a
, Xiaoli Li

a
* 3 

  4 

a
Gansu Key Laboratory for Environmental Pollution Prediction and Control, 5 

College of Earth and Environmental Sciences, Lanzhou University, Lanzhou, 730000, 6 

China 7 

b
Key Laboratory for Green Chemical Process of Ministry of Education, School of 8 

Chemical Engineering and Pharmacy, Wuhan Institute of Technology, Wuhan,430205, 9 

China 10 

 11 

ABSTRACT 12 

Co-doped magnetic Mn3O4 was synthesized by the solvothermal method and 13 

adopted as an effective catalyst for the degradation of oxytetracycline (OTC) in water. 14 

Synergistic interactions between Co-Mn3O4 and Fe3O4 not only resulted in the 15 

enhanced catalytic activity through the activation of peroxymonosulfate (PMS) to 16 

degrade OTC, but also made Fe3O4/Co-Mn3O4 easy to be separated and recovered 17 

from aqueous solution. 94.2% of OTC could be degraded within 60 min at an initial 18 

OTC concentration of 10 mg/L, catalyst dosage of 0.2 g/L and PMS concentration of 19 

10 mM, the high efficiency of which was achieved in a wider pH range of 3.0-10.0. 20 

The free radical quenching experiments showed that O2
•-
 radicals and 

1
O2 played the 21 

main role in the degradation process. Co
3+

, Co
2+

, Fe
2+

, Fe
3+

, Mn
4+

, Mn
3+

 and Mn
2+

 on 22 

Fe3O4/Co-Mn3O4 were identified as catalytic sites based on XPS analysis. Eventually, 23 

the intermediates of OTC degradation were examined and the possible decomposition 24 

pathways were proposed. The excellent catalytic performance of Fe3O4/Co-Mn3O4 not 25 



2 

 

only came from the fact that the large specific surface area could provide abundant 1 

active sites for the activation of PMS, but also the charged redistribution among atoms 2 

to accelerate the reduction of metal ions. The high degradation efficiency of OTC in 3 

actual water samples indicated that Fe3O4/Co-Mn3O4 had good potential for practical 4 

application. 5 

Keywords: Fe3O4/Co-Mn3O4, OTC, Catalytic degradation, PPCPs, Wastewater 6 

treatment 7 

1. Introduction 8 

With people's increasing attention to environmental health, pharmaceutical and 9 

personal care products (PPCPs) are widely used in medicines to prevent and treat 10 

human and animal diseases and as personal care products in daily life [1, 2], resulting 11 

in the discharge of a large amount of wastewater containing PPCPs and their 12 

metabolites into the environment. PPCPs have been considered as one of the 13 

emerging pollutants and one of the biggest culprits affecting the water environment 14 

[3-5]. Therefore, there is increasing concern about the harmful impacts of PPCPs and 15 

their metabolites on microorganisms [6, 7], plants [8], animals [9] and human beings 16 

[10-12]. 17 

As a semisynthetic antibiotic, oxytetracycline (OTC) is widely used as an 18 

antimicrobial agent due to its good compatibility and low cost. However, OTC will 19 

eventually enter the natural water bodies in various ways because it is difficult to be 20 

absorbed by the digestive tract [13]. The OTC exposure to the water environment will 21 

have an impact on the flora, fauna and even the ecosystem. The long-term OTC 22 

exposure not only altered the intestinal microbiome of zebrafish but also altered 23 

thyroid hormone and serotonin homeostasis in zebrafish [14]. Moreover, OTC had 24 

photoinduced toxicity to Daphnia magna (Crustacea, Cladocera) and microalgae 25 

Raphidocelis subcapitata (Chlorophyceae) under ultraviolet or visible short-wave 26 

radiation [15]. Therefore, it is imperative to explore economical and efficient 27 
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technologies for the removal of OTC in water. At present, there have been many 1 

reports on the methods of removing OTC from water bodies. At present, the methods 2 

to remove oxytetracycline from water mainly include physical adsorption [16], Fenton 3 

- like oxidation [17], electrochemical catalytic oxidation [18], photocatalysis [19], etc.  4 

Sulfate radical-based advanced oxidation processes (SR-AOPs) are widely used 5 

for oxidizing and degrading pollutants [20]. SR-AOPs can produce highly reactive 6 

species that react directly with pollutants to oxidize them into less toxic compounds 7 

even harmless small molecule compounds such as CO2 and H2O. The SO4
•-
 and 

•
OH 8 

radicals produced by SR-AOPs exhibit excellent oxidation capacity in wastewater 9 

treatment owing to their higher oxidation potential (2.5-3.1 V and 1.8-2.7 V vs. NHE, 10 

respectively) [21, 22], high selectivity and wide pH response range. In general, SO4
•-
 11 

radical is produced via peroxymonosulfate (PMS) activation with various activation 12 

methods, such as heat [23], UV [24, 25], electro-activation [26], transition metal [27, 13 

28] and ultrasound [29]. The transition metal activation is usually used because of its 14 

low equipment requirements, low cost and more flexibility.  15 

    Zero-valent transition metals and their ions (Co
2+

, Cu
2+

, Mn
2+

, Ni
2+

, Fe
2+

, Fe
3+

, 16 

etc.) are often used for the activation of PMS to oxidize pollutants. Among them, 17 

Mn3O4 is concerned because they contain multiple valence states [30]. The rapid 18 

redox transformation between Mn
2+

, Mn
3+

 and Mn
4+

 plays a key role in the activation 19 

of the Mn3O4-PMS system [31, 32]. However, there are still limits on its aggressive 20 

catalytic capacity and application performances, which limit its further application to 21 

some extent. At present, the optimized methods include carbon-encapsulated [33], 22 

incorporating a metal-organic skeleton [34], doping more active metal ions, etc. [35]. 23 

Among them, doping metal ions such as Co, Ni, Zn, Cu, Fe, Cr, etc. are more feasible 24 

due to their high catalytic activity and wide availability. Co has been considered to be 25 

the most effective PMS activator where Co
2+

 is transformed to Co
3+

 and then to Co
2+

 26 

regeneration [36, 37]. Ren et al. found that CoFe2O4 exhibited the highest catalytic 27 

capability to activate PMS for the degradation of DBP, which was higher than that of 28 

CuFe2O4, MnFe2O4 and ZnFe2O4 [38]. However, the separation and recovery of 29 

highly effective catalyst are very important. Although the carbon coating and 30 
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metal-organic framework used in the above literature promoted the catalytic 1 

efficiency of PMS, they did not solve the difficult problem of separation and recovery 2 

from aqueous solution. The best way to address this issue is to introduce 3 

magnetic particles to endow catalyst with magnetic response. Compared to other 4 

magnetic nanoparticles, nano-Fe3O4 with a larger specific surface area can provide 5 

more contact area and active sites for PMS activation, and make the removal of 6 

pollutants have a higher effect [39, 40]. More importantly, Fe3O4 can be prepared by 7 

rapid chemical precipitation and its synthesis is simple.  8 

In this study, a Co-doped Mn3O4 magnetic nanocatalyst was synthesized by a 9 

solvothermal method. The addition of highly active metal Co could change the 10 

distribution of electric charge and the electron density, thus significantly improving 11 

the catalytic performance of the material. Meanwhile, magnetic Fe3O4 nanoparticles 12 

were loaded on the material to add the active sites and facilitate the rapid separation 13 

and recovery of the material from aqueous solution. Therefore, a new type of 14 

multifunctional Fe3O4/Co-Mn3O4 nanocatalyst was prepared. The synthesized catalyst 15 

would possess rapid magnetic separation and excellent performance in activating 16 

PMS. OTC, a common spectral antibiotic, was selected as the target pollutant, and the 17 

effects of the dosage of catalyst, solution pH, initial OTC concentration and salt 18 

concentration were studied. The free radical quenching experiments were carried out 19 

to identify the active species in the catalytic process. Then, to further analyze the 20 

degradation mechanisms, the OTC conversion products were analyzed by 21 

high-resolution mass spectrometry. Finally, the reusability and stability of 22 

Fe3O4/Co-Mn3O4 and its potential application in actual water samples were discussed. 23 

2. Experimental section 24 

2.1. Materials 25 

Iron trichloride (FeCl3·6H2O), ferrous chloride (FeCl2·4H2O), cobalt chloride 26 

(CoCl2·6H2O) and ethyl alcohol (C2H6O, ≥99%) were purchased from Damao 27 
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Chemical Reagent Factory (Tianjin, China). Manganese acetate (Mn (CH3COO)2, 1 

≥98%) was supplied by Kaixin Chemical Industry Co. Ltd (Tianjin, China).  2 

2.2. Synthesis of Fe3O4/Co-Mn3O4 nanocomposites 3 

The traditional chemical precipitation process of Fe3O4 was as follows: First, 4 

5.4059 g FeCl3·6H2O was dissolved in 25 mL of water and injected with nitrogen. 5 

After stirring for 30 min, 25 mL aqueous solution of FeCl2·4H2O (1.9881 g) was 6 

added to the above solution and stirred for another 30 min. Following, 25 mL of 10 M 7 

NaOH was dripped slowly and kept stirring for 1 h. Finally, the mixture was heated to 8 

90℃ and lasted for 2 h. The product was separated using a magnet and washed with 9 

deionized water until the pH was neutral. The final precipitate was dried at 60℃. 10 

The synthetic process of Fe3O4/Co-Mn3O4 was conducted 11 

according to the literature with some modification [41]: Firstly, 0.1401 g of Fe3O4 was 12 

added into 50 mL ethanol aqueous solution (the volume ratio of water: ethanol = 1:24) 13 

and stirred. Subsequently, 0.9804 g of Mn (CH3COO)2 and 0.0327 g of CoCl2·6H2O 14 

were added under continuous rapid stirring. Finally, 5 mL, 10 mM of potassium 15 

hydroxide solution was dropped into the solution and stirred vigorously for 10 min. 16 

The final mixed solution was transferred to a Teflon stainless steel autoclave and 17 

maintained at 175℃ for 60 min. The products cooled down to room temperature and 18 

washed with acetone for one time, a mixture of methanol and acetone (v: v=10:75) 19 

three times, and finally dried at 60℃. The synthesizing process of Fe3O4/Co-Mn3O4 20 

was displayed in Scheme 1.  21 

2.3. Characterization of catalysts 22 

The morphology features of Fe3O4 and Fe3O4/Co-Mn3O4 were characterized by 23 

scanning electron microscope (SEM, JSM-5600LV) and their crystal structure and 24 

dimensions used transmission electron microscope (TEM, TECNAI G2 TF 20). A 25 

specific surface area and pore size distribution analyzer (Micromeritic Chemisorb 26 

2750) was used to acquire the N2 absorption-desorption curves. X-ray diffraction 27 
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(XRD) patterns and crystal structure changes before and after catalysis of the prepared 1 

materials were obtained via X-ray diffractometer (XRD, Rigaku D/MAX-2400 X-ray 2 

diffractometer). Fourier transform infrared spectroscopy (FTIR, Nicolet NEXUS 670) 3 

was applied to obtain the absorption spectra of Fe3O4 and Fe3O4/Co-Mn3O4 before 4 

and after catalysis of OTC under the range from 400 to 4000 cm
-1

. The changes in the 5 

binding energy of the material before and after the catalysis of OTC were analyzed by 6 

X-ray photoelectron spectroscopy (XPS, PHI-5702). The magnetic properties of the 7 

Fe3O4 and Fe3O4/Co-Mn3O4 were calculated using a vibrating sample magnetometer 8 

(VSM, LAKESHORE-7304). The leaching rate of metal ions (Fe, Co, Mn) after the 9 

reaction was determined by inductively coupled plasma-optical emission spectroscopy 10 

(ICP-OES, Plasma Quant PQ9000).  11 

2.4. Catalytic activity of Fe3O4/Co-Mn3O4 12 

Batch experiments were conducted to study the activation of PMS by 13 

Fe3O4/Co-Mn3O4 where OTC was selected as the target organic pollutant. The 14 

catalytic activity was investigated by adding 0.02 g catalyst and 10 mM PMS into 10 15 

mg/L OTC solution at its natural pH value and the reaction lasted for 60 min. All 16 

experiments were carried out in a thermostatic oscillator at 180 rpm and 20℃. To 17 

ensure the high-efficiency of the catalyst and the effective utilization of active sites, 18 

the dosage of the catalyst was adjusted from 0.01 to 0.03 g. The initial pH value of the 19 

OTC solutions was adjusted from 3.0 to 10.0 to explore the influence of pH on the 20 

catalytic activity. The initial pH values of the solutions were adjusted with 0.1 mol/L 21 

of NaOH or HCl solution. The influence of initial OTC concentrations ranging from 22 

10 to 100 mg/L was investigated. The effect of salt was studied by adding 0.1 M NaCl, 23 

NaHCO3, and NaNO3 into the OTC solution. Moreover, the concentration of NaHA 24 

was 0.1 g/L. 25 

To further investigate the active species in the degradation process of OTC, free 26 

radical quenching experiments were carried out. The hydroxyl radical (
•
OH) and 27 

sulfate radical (SO4
•-
) were cleared with methyl alcohol (MeOH, 10 mM). The 28 



7 

 

hydroxyl radical (
•
OH), superoxide radical (O2

•-
), and singlet oxygen (

1
O2) in the 1 

reaction system were eliminated by adding 10 mM of isopropanol (i-PrOH), 1, 4 2 

-Benzoquinone (BQ) and furfuryl alcohol (FFA), respectively.  3 

Using a UV-Vis spectrophotometer (CAM UV300) to determine the residual 4 

concentration of OTC at 350 nm. The removal efficiency (%) of OTC by 5 

Fe3O4/Co-Mn3O4 was measured based on the following equation: 6 

0 0(%) ( ) / 100%
t

RE C C C     (1) 7 

where C0 (mg/L) and Ct (mg/L) are the concentrations of OTC at initial and t min in 8 

solution, respectively.   9 

In this study, the pseudo-first-order model was used to describe the catalytic rate 10 

of OTC by Fe3O4/Co-Mn3O4. The kinetic equation was expressed as follows [42]: 11 

0ln(C /C )= -k
t obs

t   (2) 12 

where kobs is the catalytic rate constant (min
-1

).  13 

The intermediate products of the OTC catalytic reaction were determined by 14 

mass spectrometry. The mineralization of OTC was obtained by measuring the 15 

removal rate of total organic carbon (TOC). 16 

3. Results and discussion 17 

3.1 Characterization of as-prepared samples 18 

The microstructure characteristics of the as-prepared samples were well 19 

displayed by SEM (Fig. 1a-d) and TEM (Fig. 1e-h). The SEM results showed that the 20 

surface of Fe3O4 and Fe3O4/Co-Mn3O4 were rough, and Fe3O4 was closely attached to 21 

the surface of Co-Mn3O4. We could clearly conclude from Fig. 1c and d, pure Mn3O4 22 

had both cubic and spherical structures, and the surface tended to be smooth after 23 

doping Co ions. As could be seen from the TEM pictures, the particle size of Fe3O4 24 

was 5-20 nm and the particle size of Fe3O4/Co-Mn3O4 was 10-25 nm. In addition, the 25 

HRTEM lattice fringes 0.247 and 0.309 nm of Fig. 1g and h correspond to (211) and 26 
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(112) crystal planes in Mn3O4, respectively. The element distribution on the material 1 

surface was detected, and the results in Fig. 1i-l showed that Fe, Co, Mn, and O 2 

elements were evenly distributed on the Fe3O4/Co-Mn3O4 surface. 3 

The N2 adsorption and desorption curves were shown in Fig. 2a. It was obvious 4 

that the adsorption-desorption curves of Mn3O4, Co-Mn3O4, Fe3O4 and 5 

Fe3O4/Co-Mn3O4 presented hysteresis, and their hysteresis loop appeared to be a 6 

H4-type, which indicated that Mn3O4, Co-Mn3O4, Fe3O4 and Fe3O4/Co-Mn3O4 were 7 

mesoporous solid mediums. As shown in Table 1, the specific surface area, pore size 8 

and pore volume of pure Fe3O4 was 128.6 m
2
/g, 11.10 nm and 0.36 cm

3
/g, 9 

respectively, and these values further decreased to 93.49 m
2
/g, 10.53 nm and 0.25 10 

cm
3
/g after the introduction of Co-Mn3O4, which might be due to that the Co-Mn3O4 11 

occupied part of surfaces and channels of the material. These results suggested 12 

that the Fe3O4/Co-Mn3O4 possessed high specific surface area and interpenetrating 13 

channels, which would provide more active sites and facilitate the diffusion of the 14 

target molecules into the interior.  15 

XRD was carried out to identify the phase information of Fe3O4 and 16 

Fe3O4/Co-Mn3O4. As shown in Fig. 2b, Fe3O4 at 30.0°, 35.6°, 43.2°, 57.2°, and 62.3° 17 

respectively denoted its (220), (311), (400), (511) and (440) crystal faces (based on 18 

PDF#19-0629) [43]. By comparing with PDF standard card, the XRD characteristic 19 

diffraction peaks of Mn3O4 were completely consistent with the PDF standard card of 20 

Mn3O4 (based on PDF#24-0734). Among them, the peaks at 18.0°, 28.9°, 31.0°, 32.3°, 21 

36.1°, 37.9°, 44.4°, 50.7°, 58.5°, 59.8°and 64.7° represented the crystal faces of (101), 22 

(112), (200), (103), (211), (004), (220), (105), (321), (224) and (400), respectively, 23 

[41]. The illustration in Fig. 2b expressed a decrease in the intensity of the Mn peak 24 

where Co was introduced, and the XRD diffraction peaks of Mn3O4 had a shift of 25 

0.1-0.2° after Co doping, which revealed that Co was doped into Mn3O4. Meanwhile, 26 

as could be seen from the XRD illustration, the diffraction peaks intensity of pure 27 

Mn3O4 and Mn3O4 doped with Co were very high. After loading magnetic Fe3O4, the 28 

diffraction peaks intensity decreased significantly, but the characteristic diffraction 29 

peaks were still obvious. This indicated that the material was successfully obtained. 30 
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The functional groups on Fe3O4 and Fe3O4/Co-Mn3O4 were authenticated with 1 

FTIR (Fig. 2c). There was broad absorption band from 3200 to 3600 cm
-1

 which 2 

represented the stretching vibration of free surface water. The characteristic peak at 3 

1627 cm
-1

 could be assigned to the H-O-H stretching vibration of water absorption on 4 

Fe3O4. Fe3O4 sample exhibited a peak at around 580 cm
-1

 attributing to the stretching 5 

vibration of the Fe-O bond [44]. The peaks located at around 623.5 cm
-1

 and 435 cm
-1

 6 

were the characteristic absorption peaks of Mn3O4, representing the stretching 7 

vibration of tetrahedral sites for Mn-O bonds and the Mn-O stretching vibration 8 

modes of Mn
3+

 in tetrahedral, respectively [45]. Besides, the band at 1435.2 cm
-1

 9 

could be ascribed to the bending vibration of hydroxyl combined with Mn atoms [46].  10 

The results of magnetometer analysis of Fe3O4 and Fe3O4/Co-Mn3O4 were 11 

displayed in Fig. 2d. The Fe3O4 and Fe3O4/Co-Mn3O4 exhibited obvious 12 

superparamagnetism and ferromagnetic properties. The magnetic saturation intensity 13 

of Fe3O4 and Fe3O4/Co-Mn3O4 were 45.5 and 40.5 emu/g, respectively. Although the 14 

magnetic saturation intensity of Fe3O4/Co-Mn3O4 slightly decreased, it did not affect 15 

the rapid separation characteristics of the material, which helped to greatly reduce 16 

operation cost and improve separation efficiency.  17 

3.2 Catalytic studies 18 

3.2.1 Catalytic performances of as-prepared samples 19 

The removal efficiencies of OTC under different conditions (PMS alone, 20 

Fe3O4+PMS, Fe3O4/Mn3O4+PMS, Co-Mn3O4+PMS, Mn3O4+PMS, Fe3O4/Co-Mn3O4 21 

alone and Fe3O4/Co-Mn3O4+PMS) were exhibited in Fig. 3a. It was demonstrated that 22 

the adsorption of OTC by individual Fe3O4/Co-Mn3O4 was sufficiently visible. But 23 

this part of the adsorption proved contaminant molecules to adhere to the surface of 24 

the material, thus facilitating the degradation process. PMS alone, Fe3O4+PMS, 25 

Mn3O4+PMS and Fe3O4/Mn3O4+PMS could degrade OTC, and the removal efficiency 26 

achieved 45.50%, 67.89%, 81.55% and 67.97%, respectively, after 60 min. Co-Mn3O4 27 

exhibited the highest catalytic capability to activate PMS, resulted in 96% degradation 28 
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of OTC and 0.1609 min
-1

 of rate constant, respectively, which were slightly higher 1 

than those of Fe3O4/Co-Mn3O4 (94.2% and 0.1371 min
-1

, respectively). As shown in 2 

Fig. 1, the TEM results showed that the addition of Fe3O4 would cause some 3 

Co-Mn3O4 sites to be masked, resulting in a slight decrease in catalytic performance. 4 

Moreover, after the addition of Fe3O4, Fe3O4/Co-Mn3O4 could provide different 5 

catalytic sites (Fe, Mn, Co) to activate PMS for OTC degradation. In addition, the 6 

greater advantage of Fe3O4/Co-Mn3O4 was that it could quickly separate and recover 7 

catalysts from aqueous solutions with the help of magnets. 8 

The catalytic performances of Fe3O4/Co-Mn3O4 with different contents of   9 

Fe3O4 and Co were further compared and the results were presented in Fig. 3c, d and 10 

Fig. 4a, b. When the content of Fe3O4 increased from 20% to 60%, the degradation 11 

efficiency and rate constant of OTC first increased and then decreased. While the 12 

degradation efficiency of OTC was not affected significantly with increasing Co 13 

content within 15%-30%. Therefore, Fe3O4/Co-Mn3O4 with 30% of Fe3O4 content and 14 

20% of Co content was eventually selected for subsequent experiments.  15 

3.2.2 The dosage of Fe3O4/Co-Mn3O4 16 

As displayed in Fig. 4c and d, when the dosage of Fe3O4/Co-Mn3O4 was 17 

increased from 0.01 to 0.02 g, the degradation efficiency and rate constant of OTC 18 

were significantly enhanced. The increase in catalyst dosage meant more active sites 19 

for the activation of PMS, which resulted in a higher removal efficiency. However, the 20 

dosage of catalyst higher than 0.02 g did not further increase the degradation 21 

efficiency and rate constant of OTC due to a fixed PMS concentration. In 22 

consideration of degradation efficiency and operation cost, 0.02 g was finally adopted 23 

as the best dosage and used in subsequent experiments.  24 

3.2.3 The impact of pH 25 

The catalytic degradation of OTC was performed at different pH values. As 26 

shown in Fig. 5a and b, the degradation efficiency of OTC was between 82.41% and 27 
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94.2% under the given pH range of 3.0-10.0. It was noted that the maximum OTC 1 

degradation took place at pH 7.0 with a rate constant of 0.2280 min
-1

 and the slow 2 

OTC degradation occurred at pH 8.0 with a rate constant of 0.1723 min
-1

. In 3 

acidic/neutral conditions and alkaline conditions, PMS existed in the form of HSO5
-
 4 

and SO5
2-

, respectively, and HSO5
-
 had stronger oxidation capacity [47], so the 5 

catalytic rate of OTC would decrease in alkaline conditions. Moreover, under high pH 6 

conditions precipitation of Co (OH)2 should also occur, which might lead to further 7 

degradation of catalytic activity. But in general, these results suggested that 8 

Fe3O4/Co-Mn3O4 could effectively activate PMS to degrade OTC in a wider pH range 9 

from near-neutral to weakly acidic conditions. 10 

3.2.4 The effect of initial pollutant concentration and salts 11 

    As shown in Fig. 5c and d, both the degradation efficiency and rate constant of 12 

OTC decreased with the increasing of initial pollutant concentration from 10 to 100 13 

mg/L. Therefore, the combination of Fe3O4/Co-Mn3O4 and PMS was favorable for the 14 

catalytic degradation of OTC at low concentrations. Salts such as NaCl, NaHCO3, 15 

NaNO3 and NaHA were used to investigate the effect of electrolytes. We could 16 

conclude from Fig. 6a that all of them promoted the degradation of OTC except 17 

NaNO3, and NaNO3 significantly inhibited the degradation of OTC.  18 

In the traditional AOPs radical reaction, Cl
-
 was identified as a scavenger for 19 

SO4
•-
 /

•
OH because Cl

-
 could react with SO4

•-
 and 

•
OH (kCl-+ SO4•- = 3.1×10

8
 M

-1
 s

-1
, 20 

kCl-+•OH = 4.3×10
9
 M

-1
s

-1
) to form lower oxidation potential chloride radicals (Cl

•
) (Eq. 21 

(3)-(6)) which inhibited the degradation of OTC [47-50]. However, the addition of 22 

sodium chloride did not inhibit but promote the degradation process, indicating that 23 

SO4
•-
 and 

•
OH free radicals were not the main active species in this reaction. At the 24 

same time, a high concentration of Cl
-
 greatly promoted the degradation of OTC, 25 

which was suggested to be due to the formation of active chlorine substances with 26 

higher oxidation capacity for OTC. And the result was consistent with the previous 27 

research [48]. 28 
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The HCO3
-
 could react with SO4

•-
 (k•SO4-/HCO3- = 2.8×10

6
 M

-1
 s

-1
) or 

•
OH (k•HO/ 1 

HCO3- = 8.6×10
6 

M
-1

 s
-1

) to form less reactive HCO3
•-
 radicals (Eq. (7)-(8)) [51]. 2 

Besides, HCO3
-
 could increase the pH value of the reaction, thus increasing the degree 3 

of OTC dissociation. Then, the metal cation of Fe3O4/Co-Mn3O4 bonded to the OTC 4 

surface through electrostatic attraction, increasing the removal of OTC, which was 5 

consistent with the results of pH analysis above [52].  6 

2

4 4Cl SO SO Cl
       (3) 7 

2

5 4Cl HSO SO HOCl
      (slow)  (4) 8 

2 2H Cl HClO H O Cl
      (fast)  (5) 9 

2Cl Cl Cl    (6) 10 

2

3 4 3 4HCO SO HCO SO
        (7) 11 

3 3HCO OH HCO OH
       (8) 12 

The degradation degree of OTC was significantly inhibited when NO3
-
 was 13 

present in the solution. NO3
-
 could react with SO4

•-
 and 

•
OH to remove some 

•
NO2 14 

free radicals (Eq. (9)-(10)), resulting in a decrease of catalytic performance. This was 15 

consistent with the results of previous studies [53]. 16 

2

4 3 4 2SO NO SO NO
       (9) 17 

3 2OH NO OH NO
      (10) 18 

The isoelectric point of the material was 3.1 (Fig. S1), while the potential of 19 

OTC aqueous solution after addition of 0.1 M NaNO3, NaCl, NaHCO3 and NaHA was 20 

calculated as 14.8, -7.6, -20.6 and -39.3 mV, respectively. The addition of NaNO3 21 

inhibited the degradation of OTC, which indicated that after the addition of NaNO3, 22 

the combination of the material part and NO3
-
 appeared charge reversal, thus affecting 23 

the potential [54]. 24 

3.2.5 UV-Vis spectroscopic analysis 25 

Fig. 6b showed the UV-vis spectra of Fe3O4/Co-Mn3O4 for catalytic degradation 26 
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of OTC in the presence of PMS. It could be seen that the maximum absorption peak 1 

of OTC expressed a significant decrease in the first 10 min, indicating that the 2 

as-prepared catalyst had excellent catalytic activity. However, the absorption spectrum 3 

in UV-vis region did not completely disappear and the characteristic absorption peak 4 

of OTC was shifted by 48 units after the end of the reaction, which suggested that 5 

OTC molecules were not completely mineralized by Fe3O4/Co-Mn3O4. Thus, the 6 

catalytic reaction of OTC produced intermediate products, which needed to be 7 

detected and analyzed by mass spectrometry.  8 

3.2.6 Identification of reactive species 9 

To explore the reactive species of Fe3O4/Co-Mn3O4 in the activation of PMS, 10 

free radical scavenging experiments were carried out and the results were 11 

demonstrated in Fig. 6c and d. The MeOH was often used as a scavenger of SO4
•-
 12 

(kSO4•-=1.6-7.7×10
7
 M

-1
 s

-1
) and 

•
OH (k•OH =1.2-2.8×10

9
 M

-1
 s

-1
) radicals because it 13 

contained α-H which could react with these two free radicals [55]. The i-PrOH was 14 

used to scavenge 
•
OH (k•OH =1.9×10

9
 M

-1
 s

-1
) [56] and BQ was used to scavenge O2

•-
 15 

radicals [57]. The addition of MeOH and i-PrOH inhibited the catalytic reaction 16 

slightly, while the addition of BQ strongly inhibited the catalytic degradation. When 17 

MeOH and i-PrOH were added, the kobs value of OTC was 0.1071 and 0.0993 min
-1

 18 

respectively, which was 4-5 times that of BQ and FFA. This indicated that SO4
•-
 and 19 

•
OH radicals were not the main active species in the degradation process, while O2

•-
 20 

radical was the main active substance. To further identify the 
1
O2 reactive species in 21 

the process (Eq. (11)-(12)), FFA (kFFA+1O2 = 1.2×10
8
 M

-1
 s

-1
) [52] was added into the 22 

Fe3O4/Co-Mn3O4/PMS system as a typical 
1
O2 scavenger.  23 

2 2 1

5 5 4 4 2HSO SO SO HSO O
         (11) 24 

1

2 2 2 2 22O H O HO H O O
       (12) 25 

1

2 4 2O / OH / SO / O pollu tants deg radationproducts
     (13) 26 

The ultimate results revealed that the catalytic activity was significantly inhibited 27 
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after FFA was added, which indicated that 
1
O2 was the main active substance. It was 1 

also demonstrated that non-free radicals were involved in the degradation process of 2 

OTC. 3 

3.2.7 Analysis of degradation intermediates and possible mechanism 4 

The intermediate products of OTC degradation were authenticated by 5 

high-resolution mass spectrometry. According to the mass spectrum of OTC 6 

degradation, there were four possible degradation pathways were deduced (Scheme 2). 7 

Round 1: The intermediate P1 (m/z 279.16) was derived from OTC degradation, 8 

resulting from the loss of carbonyl, hydroxyl, methyl, and amino groups [61]. Round 9 

2: The intermediate P2 (m/z 399.35) was derived from the breaking of hydroxyl, 10 

carbonyl and amino bonds in OTC [62]. Then, P2 lost two more methyl groups, and 11 

oxidized-dehydrogenate to get P3 (m/z 388.72) [63]. P3 was further removed from the 12 

hydroxyl group, carbonyl group, double bond, and amino group, and the carbonyl 13 

group was hydrogenated to produce P1. Round 3: P4 (m/z 455.12) was produced by 14 

OTC through the loss of an OH group [64]. P4 lost part of its functional group, 15 

oxidizes and then hydrogenated to form P1. Round 4: OTC first oxidized and lost part 16 

of the functional group to form P5 (m/z 355.07). P5 then degraded to produce P1. In 17 

addition, we analyzed the predictive and mutagenic toxicity of OTC degradation 18 

intermediates (Fig. S2). In the predicted toxicity (Fig. S2a), although the 19 

transformation products were relatively toxic, the toxicity of all the products except 20 

P1 and P3 showed a decrease from the toxicity of mutagenesis (Fig. S2b). Therefore, 21 

the toxicity of products after degradation was decreased.  22 

XPS was employed to give insights into the chemical states and changes of the 23 

binding energy of elements before and after catalysis of OTC by Fe3O4/Co-Mn3O4 24 

(Fig. 7). The peaks at 638.1, 639.1, 640.2, and 641.8 eV corresponded to Mn
2+

, Mn
3+

, 25 

Mn
4+

 and satellite peaks, respectively (Fig. 7b) [31]. After the catalytic reaction, the 26 

content of Mn
3+

 decreased by 12.36%, while the content of Mn
2+

 and Mn
4+

 increased 27 

slightly. Besides, the change of binding energy of Mn
2+

 (+0.88 eV), Mn
3+

 (+0.58 eV), 28 
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Mn
4+

 (-0.42 eV) was observed, indicated that Mn as active sites was involved in 1 

catalytic reaction. The peaks of Co
2+

 appeared at 777.9 and 793.3 eV, while the peaks 2 

of Co
3+

 appeared at 783.1 and 770.3 eV (Fig. 7c) [58]. After catalytic reaction, the 3 

content of Co
2+

 decreased from 57.49% to 39.07%, while that of Co
3+

 increased from 4 

42.51% to 60.93%. The decrease of Co
2+

 content fully indicated that part of Co
2+

 was 5 

converted into Co
3+

, suggesting the occurrence of electron transfer within the metal. 6 

At the same time, the binding energy of both Co
2+

 (+1.32 eV) and Co
3+

 (+1.29-1.5 eV) 7 

increased after the reaction. As shown in Fig. 7d, the element Fe2p was divided into 8 

four peaks. Among them, the peaks of 707.4 and 721.0 eV were attributed to Fe
2+

, 9 

while the peaks of 709.2 and 723.3 eV were attributed to Fe
3+

. Besides, the peak at 10 

716.1 and 730.5 eV corresponded to the satellite peak [34]. After catalytic degradation 11 

of OTC, the binding energy of Fe
3+

 increased by 0.35 eV and the content of Fe
3+

 12 

decreased by 5.64%. These results indicated that there were redox reactions between 13 

metals with different valence states [58, 59]. The cyclic redox reactions in the metal 14 

proved that the materials were not simply superimposed, but a synergistic catalytic 15 

effect among the metals. 16 

The removal efficiency and mineralization of OTC under different contact time 17 

were shown in Fig. 8a. Obviously, with the extension of reaction time, both removal 18 

rate and TOC of OTC increased. However, the removal rate of TOC was merely 19 

62.73%, revealing that OTC was not completely degraded into CO2 and H2O but 20 

converted into other intermediate products. According to the free-radical quenching 21 

experiments, the OTC degradation process included free radical degradation and 22 

non-free radical degradation (Eq. (13)). Among them, free radical degradation was 23 

that OTC molecules were first adsorbed onto the surface of Fe3O4/Co-Mn3O4 and then 24 

degraded by SO4
•-
 or 

•
OH free radicals. Through a non-radical pathway, PMS (as an 25 

electron acceptor) formed an active complex on the OTC surface (as an electron 26 

intermediate bridge) with the sp
2
-metal ion network, Lewis basic group (C=O), and 27 

the binding site on the OTC. Subsequently, the OTC was degraded directly by the 28 

reactive complex through an abstract electron process [60]. The possible degradation 29 

process of OTC was displayed in Fig. 9. 30 
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3.2.8 Reusability and stability of Fe3O4/Co-Mn3O4 1 

The Fe3O4/Co-Mn3O4s could be quickly recovered from aqueous solution by 2 

permanent magnets before each recycling. The reusability of Fe3O4/Co-Mn3O4 was 3 

studied as shown in Fig. 8b. It could be seen that the fresh Fe3O4/Co-Mn3O4 achieved 4 

94.2% OTC removal within 60 min, while in the first run, 78.05% removal was 5 

achieved in 90 min. However, in the second, third and fourth run, the removal 6 

efficiencies were 73.84%, 75.44% and 72.69% when the reaction time was extended 7 

to 120 min, respectively. Meanwhile, the value of kobs dropped from 0.1371 to 0.0317 8 

min
-1

 as the number of cycles increased. This might be attributed to the accumulation 9 

of intermediates on the catalyst surface, the loss of catalyst, or the loss of metal active 10 

sites during the degradation, washing and drying of catalyst. Therefore, the catalytic 11 

performance of Fe3O4/Co-Mn3O4 would decrease with the cycle increased. However, 12 

the XRD pattern after the reaction was not significantly affected, indicating that the 13 

structure of the catalyst was relatively stable.  14 

3.2.9 Practical application of Fe3O4/Co-Mn3O4 15 

To further explore the potential of Fe3O4/Co-Mn3O4 in practical application, we 16 

sampled water bodies for the OTC degradation experiments. China's Yellow River 17 

located at the Zhongshan Bridge in Gansu Province was collected as actual water 18 

samples. It was observed from Fig. 8c, the characteristic peak of OTC in actual water 19 

samples dropped rapidly in the initial 1 min and shifted by 42 units after the reaction. 20 

The catalytic performances of Fe3O4/Co-Mn3O4 in actual water samples were also 21 

conducted at different catalyst dosage and initial OTC concentration. Compared with 22 

OTC removal in deionized water, high catalytic efficiency (about 98.8%) and rate 23 

constant of OTC in actual water samples could be achieved at low catalyst dosage of 24 

15 mg (Fig. 8d). At the same time, the removal efficiency was reached up to 76.12% 25 

even at the OTC concentration of 50 mg/L (Fig. 8e). This fully proved that 26 

Fe3O4/Co-Mn3O4 still exhibited excellent catalytic ability to activate PMS for the 27 

degradation of OTC in actual water samples and had a great potential in practical 28 
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application.  1 

4. Conclusion 2 

Co-doped magnetic Mn3O4 (Fe3O4/Co-Mn3O4) was successfully prepared, 3 

characterized and applied to activate PMS for the degradation of OTC in aqueous 4 

solution. Fe3O4/Co-Mn3O4 expressed excellent catalytic ability and removed OTC in a 5 

wider pH range of 3.0-10.0, and the removal rate of OTC was as high as 94.2% under 6 

studied conditions. Moreover, the addition of NaCl, NaHCO3 and NaHA effectively 7 

promoted the degradation of OTC. The degradation process was analyzed based on 8 

environmental condition control, rate constant calculation, free radical identification 9 

and product detection. The free radical quenching experiments showed that O2
•-
 and 10 

1
O2 played the main role in the degradation process of OTC, while SO4

•-
 and 

•
OH 11 

played the minor role, which revealed that the degradation of OTC included free 12 

radical and non-free radical mechanisms. In the catalytic process, Co
2+

, Co
3+

, Fe
2+

, 13 

Fe
3+

, Mn
2+

, Mn
3+

 and Mn
4+

 synergistically activated PMS to generate different kinds 14 

of free radicals, thus triggering the degradation of OTC. Besides, there was also a 15 

redox reaction between metals, and this internal metal cycle was conducive to the 16 

regeneration of active metal ions, which promoted the catalytic effect. The 17 

intermediate products were deduced by high-resolution mass spectrometry and the 18 

possible degradation mechanisms were proposed. Fe3O4/Co-Mn3O4 had good stability 19 

and reusability. Finally, highly efficient degradation of OTC in actual water samples 20 

suggested that Fe3O4/Co-Mn3O4 had a good potential in further 21 

application of wastewater treatment.  22 
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Figures

Figure 1

The SEM images of Fe3O4 (a) and Fe3O4/Co-Mn3O4 (b); TEM images of Fe3O4 (c)and Fe3O4/Co-
Mn3O4 (d); SEM images of Mn3O4 (e) and Co-Mn3O4 (f); and the elemental mapping (Fe, Co and Mn
elements) of Fe3O4/Co-Mn3O4 (g-j).



Figure 2

The N2 adsorption-desorption isotherms of Fe3O4, Mn3O4, Co-Mn3O4 and Fe3O4/Co-Mn3O4 (a); XRD
patterns of Fe3O4, Fe3O4/Co-Mn3O4 (b) and the illustration were XRD patterns of Mn3O4 and Co-
Mn3O4; FTIR spectra of Fe3O4 and Fe3O4/Co-Mn3O4 before OTC degradation and the FTIR spectra of
Fe3O4/Co-Mn3O4 after OTC degradation (c); Magnetization curves of Fe3O4 and Fe3O4/Co-Mn3O4 (d).



Figure 3

The comparison diagram of different components (a) and its kinetic �tting curve (b); the optimization of
different Fe3O4 contents (c) and their rate constant kobs (d).



Figure 4

The optimization of different Co contents (a) and their rate constant kobs (b); the (Ct/C0) -t curves of
different dosing amounts (c) and their rate constant kobs (d).



Figure 5

The (Ct/C0) -t curves of different pH values (a) and their rate constant kobs (b); the (Ct/C0) -t curves of
different pH values (c), their kinetic �tting (d).



Figure 6

and effects of water background compounds (a); the UV-vis absorption spectra of OTC at 350 nm (b); the
free radical quenching experiment (c) and their rate constant kobs (d).



Figure 7

XPS total absorption peak spectra before and after catalysis (a), and XPS absorption peak spectra of Mn
(b), Co (c) and Fe (d) element before and after catalysis.



Figure 8

The removal e�ciency of OTC and TOC (a); the reuse experiment (b); catalysis spectra (c) of Yellow River
water, the changes of dosage (d) (the illustration showed the rate constant of Yellow River and deionized
water at 15 mg), and concentration (e) (the illustration showed the rate constant of Yellow River and
deionized water at 20 mg and 10 mg/L).



Figure 9

The possible degradation process of OTC.
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