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Abstract: manganese doped iron oxychloride (Mn-FeOCl) was synthesized by partial 10 

pyrolysis method. The Mn-FeOCl was used as heterogeneous catalyst to activate permonosulfate 11 

(PMS) for the degradation of azo dye acid red B(ARB) for the first time. The Mn-FeOCl was 12 

characterized by X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), 13 

transmission electron microscopy (TEM) and X-ray diffraction spectroscopy (XRD). The effects of 14 

Mn-FeOCl dosage, PMS concentration, initial pH value, Cl ion concentration and humic acid (HA) 15 

dosage on the degradation of ARB by Mn-FeOCl/PMS were investigated. Results showed that the 16 

ARB was degraded effectively by Mn-FeOCl/PMS. The mineralization rate of ARB reached 42.5%. 17 

As the Mn-FeOCl dosage was 0.1g/L, PMS concentration was 1mmol/L, and ARB concentration 18 

was 0.05mmol/L, the degradation rate of ARB reached 99.4% in 30 minutes. With the increase of 19 

PMS dosage, Mn-FeOCl dosage, Cl- ion concentration and initial pH value, the decolorization effect 20 

of ARB increased. The reaction mechanism was analyzed by free radical quenching experiment and 21 

XPS. The main active species were determined as ·OH and SO4·- which generated by PMS 22 

activation. The SO4·--was the main active species.  23 

Keywords: Mn-FeOCl material; Permonosulfate (PMS); Acid red B (ARB); Sulfate radical 24 

(SO4·-) 25 

Introduction 26 

Azo dyes that contain one or more azo bonds (—N=N— ) in their molecular structure 27 

(Robinson et al. 2001).It is widely used in various industries, including in textiles, food, leather, 28 

cosmetics and pharmaceuticals, according to statistics, the total output of dyes in the world is as 29 

high as 10000t, of which more than 15% are lost in the dyeing process (Ghanavatkar et al. 2021). 30 

The discharge of azo wastewater decreases the transparency and destroys the ornamental value of 31 

natural water. In addition, azo dyes have high chromaticity, high toxicity, complex composition and 32 

are difficult to be degraded (Zou et al. 2020) Meanwhile, the discharge of this wastewater also 33 

threatens ecosystem and human health because these compounds and their degradation products 34 

exhibit ecotoxicity. Thus, the removal and degradation of azo dyes have long received attention. 35 

Advanced oxidation process (AOPs) is an efficient and inexpensive method for the treatment 36 

of refractory organic wastewater. AOPs can produce a large number of active free radicals, mainly 37 

hydroxyl radical (·OH) and sulfate radical (SO4·-). The Fenton reaction system based on ·OH has a 38 

narrow pH range (pH=2.5-3.5), and produces iron sludge, resulting in secondary pollution. 39 

Compared with ·OH, SO4·- has a higher REDOX potential (2.5V-3.1V) (Hao et al. 2014). It has high 40 
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efficiency and oxidation selectivity for the degradation of pollutants containing unsaturated bonds. 41 

Longer half-life and wider application range of pH (Tugba et al. 2013; Yuan et al 2011); It can 42 

degrade contaminants and mineralize them or degrade them into small molecules. In addition, SO4·- 43 

can also be used as a disinfectant to disinfect bacteria (Wordofa et al. 2017). The main methods of 44 

producing SO4·- include activation of persulfate (PDS) and permonosulfate (PMS) by heat (Cao et 45 

al. 2021), alkali (Wei et al. 2021), ultraviolet (UV) (Asam et al. 2020), ultrasonic (Xu et al. 2020) 46 

and transition metal (Malik et al. 2016). Among them, transition metal activation cost is lower and 47 

more efficient. The asymmetric molecular structure of PMS is more easily activated by metals and 48 

their oxides than that of PDS (Ding et al. 2020). The commonly used transition metal catalysts 49 

include cobalt, copper, manganese, iron and materials containing one or more transition metal 50 

catalysts. Cobalt and copper as catalysts release toxic metal ions in the process of reaction, which 51 

will also cause environmental pollution and limit their practical application. However, Fe-based 52 

catalyst is a better choice because of its non-toxic and large storage capacity. Non-homogeneous Fe-53 

based catalysts such as nanometer zero-valent iron (NZVI) (Chen et al. 2020), magnetic Fe3O4(Xu 54 

et al. 2021) and spinel ferrite (CuFe2O4) (Ding et al. 2021) have been used to activate PMS and have 55 

good removal effect. Therefore, it is still necessary to explore new Fe-based PMS activators. 56 

Iron oxychloride (FeOCl) is a typical two-dimensional layered metal chloride oxide with high 57 

catalytic performance of heterogeneous catalyst. The FeOCl was used for the first time in 58 

heterogeneous Fenton reaction to catalyze the degradation of persistent organic matter in water 59 

(Yang et al. 2013). The decomposition of FeOCl can produce ·OH with high activity, researchers 60 

tried to combine FeOCl with non-metals such as reduced graphene oxide (rGO) (Zhang et al. 2018), 61 

silica (SiO2) (Yang et al. 2016), and graphite-carbonitrogen compound (g-C3N4) (Zhao et al. 2020), 62 

with remarkable results. In addition, metal doping can also greatly improve the degradation 63 

efficiency, such as Sn (Jiang et al. 2019), Ce (Zhang et al. 2019), Co (Tan et al. 2021) and other 64 

elements.  65 

In this study, the cleaner Mn element doped FeOCl as heterogeneous catalyst (Mn-FeOCl) 66 

heterogeneous Fenton catalyst was prepared by partial pyrolysis. Using azo dye acid red B(ARB) 67 

as the target pollutant, the activation of PMS by Mn-FeOCl under different conditions was 68 

investigated. The main active species and reaction mechanism of Mn-FeOCl/PMS system for the 69 

degradation of ARB were revealed by free radical quenching and XPS experiments. 70 

Materials and methods 71 

Chemicals and reagents 72 

Acid Red B (ARB) was purchased from Sinoptic Chemical Reagent Company (related 73 

parameters are shown in Table 1), perisulfate (2KHSO5·KHSO4·K2SO4, PMS), ferric chloride 74 

(FeCl3·6H2O), manganese chloride (MnCl2·4H2O), sodium nitrite (NaNO2), Sulphuric acid (H2SO4), 75 

sodium hydroxide (NaOH), sodium chloride (NaCl), humic acid (HA), methanol (CH3OH), tert-76 

butanol (C4H9OH), acetone (C3H6O), sodium dihydrogen phosphate (NaH2PO4·2H2O) and 77 

disodium hydrogen phosphate (HNa2O4P·7H2O) were all analytical pure. Ultra-pure water was used 78 

for the experiment. 79 

 80 

 81 

 82 
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Table 1 Parameters of ARB 83 

Molecular 
Constitutional 

formula 

Molecular 
weight 

λ

max/nm 
Character 

C20H12N2Na2S2O7 

 

502.428 515 
Azobenzene sulfonates, 

anionic type 

Preparation of Mn-FeOCl 84 

The catalyst of Mn-FeOCl was prepared according to one-pot method. Firstly, a mixture of 1.0 85 

g FeCl3·6H2O and 0.2 g MnCl2·4H2O was dissolved in 0.8 mL H2O in a porcelain crucible, and then 86 

sonicated for 10 min. The crucible was subsequently placed in an oven at 50 °C for 10 hours to 87 

achieve coagulation. Following coagulation, the dried sample was sealed with nitrogen and the 88 

temperature was raised to 250°C at a rate of 1°C / min and held for 60 min in a muffle furnace. After 89 

being naturally cooled to room temperature, the sample was ground to powder and washed with 90 

acetone subsequently by centrifuge. The collected sample was placed in a vacuum drying box at 91 

60 ℃ for 8 h to finally obtain Mn-FeOCl (Tan et al. 2021).  92 

Degradation experiment 93 

Accurately weigh a certain amount of Mn-FeOCl into 100mL of an acid red B(ARB) solution 94 

of a specific concentration, and sonicate it for 5minutes to make it uniformly dispersed. Use 95 

0.01mol/L H2SO4 and NaOH solutions to adjust pH. Then magnetically stir 30 min to reach 96 

adsorption/desorption equilibrium. Adding PMS to start the reaction. Samples were taken at a 97 

predetermined time and quenched with 0.20mol/L NaNO2 to stop the reaction. The absorbance of 98 

the remaining dyes was measured after the samples were filtered with a 0.45μm filter head. Two 99 

parallel reactions were set for each group. 100 

The reaction solution was centrifuged, washed with pure water, repeated 3 times, and vacuum 101 

dried to obtain use Mn-FeOCl. The above steps were repeated 3 times to check its repeatability and 102 

stability. 103 

Analytical method 104 

The morphology of the materials was characterized by Quanta FEG 250 scanning electron 105 

microscope (SEM-EDS). The crystal structure of the catalyst was analyzed by Bruker D8Adwance 106 

X-ray diffraction (XRD) in Germany. Thermofisher X-ray photoelectron spectroscopy (XPS) was 107 

used to detect the element valence states before and after the use of the catalyst.PHS-3C type pH 108 

meter to measure the pH of the solution; The concentration of acid red B was quantified on a UV-109 

vis spectrophotometer (Mapada UV 1600(PC)) by monitoring the absorbance at the maximum 110 

wavelength of 515nm, Total organic carbon (TOC) measurement was carried out by a Shimazu TOC 111 

analyzer (TOC-LCPH, Shimazu, Japan). The electron spin resonance (EPR) spectrometer (JEOL-112 

FA200, Japan) was applied to measure SO4·- by using 5, 5-2-methyl-1-pyrroline-N-oxide (DMPO) 113 

as the radical spin trapping reagent. The removal efficiency was measured according to (Eq. (1))  114 

Removal efficiency (%)=(C-C0)/C0×100% (1) 
Where C0 and C represent the initial and final concentrations of pollutants 115 
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Result and discussion 116 

Characterization 117 

Fig. 1 shows the SEM, TEM and EDS images of Mn-FeOCl. As displayed from the SEM 118 

results in Fig. 1(a-c), the Mn-FeOCl catalyst has a rectangular parallelepiped configuration, which 119 

belongs to a typical orthorhombic crystal system, and its obvious lamellar structure can be seen, 120 

with a length of about 1-5μm. This is consistent with the conclusion obtained by Yang (Yang et al. 121 

2016). Such a lamella structure effectively expands the specific surface area of the catalyst, which 122 

is beneficial to the contact between the catalyst and the pollutants. On the other hand, it increases 123 

the number of active sites of the catalyst and increases the output of free radicals. The TEM results 124 

Fig. 1(d-f) furtherly showed the same lamella morphology, with tight bonding between layers, neat 125 

edges, and a thickness of about 30nm, indicated the surface stripe morphology. To explore the 126 

existence of Mn element, the corresponding EDS characterization was analyzed. Results indicated 127 

that Mn, Fe, O and Cl were all present catalyst from EDS spectrum Fig. 1(g-j) and the mole ratio of 128 

the four elements were determined to be 6.6%, 41.2%, 19.5% and 32.6%, respectively. Furthermore, 129 

EDS mapping results Fig. 1(k) revealed that Mn, Fe, O and Cl were uniform distribution. It furtherly 130 

indicated that Mn was successfully doped in the newly prepared material. Fig. 2 is a schematic 131 

diagram of the structure of Mn-FeOCl, in which the metal oxide and halogen layers are stacked in 132 

an orderly arrangement to form a FeOCl structure. 133 

 134 

Fig. 1. (a-c) SEM image; (d-f) TEM image; (g-k) EDS image 135 
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 136 

Fig. 2. Schematic diagram of Mn-FeOCl structure 137 

 138 

The XRD patterns Fig. 3(a) of the Mn-FeOCl material is shown in the figure. It can be seen 139 

from the figure that the diffraction peaks of the synthetic material appear at 2θ=11.5%, 26.05%, 140 

35.48% and 38.1%, respectively, corresponding to the FeOCl (010), (110), (021), (111) crystal plane 141 

(Dai et al. 2002), basically the same as pure FeOCl crystal (JCPDS No. 24-1005). The crystal 142 

structure of Mn-FeOCl is proved, and the result shows that the prepared material contains rich 143 

unsaturated atom oxygen bridge structure ([Fe-O-Fe]4+) and van der Waals layer (Chen et al. 2017); 144 

among them, the diffraction peak at 11.5% The strength is the highest. It is concluded that the main 145 

crystal face index of the catalyst produced this time is (010). The calculated unit cell constants are: 146 

a=3.77596 Å, b=7.9099 Å, c=3.30133 Å, which are consistent with the standard card. The 147 

crystallinity calculated by the full spectrum fitting is 88.64%, the crystallinity is high, and the crystal 148 

form is complete. Interestingly, the doped Mn hardly altered the lattice structure of FeOCl, which 149 

may probably lie in the partly replacement of Fe by Mn in the lattice. 150 

 151 
Fig. 3 (a) XRD image; (b) XPS spectra of Mn-FeOCl; (c) O element XPS image; (d) Cl element XPS image. 152 

 153 

 Fig. 3(b) is the XPS full spectrum of Mn-FeOCl material. It is clearly found that there are four 154 

10 20 30 40 50 60 70 0 100 200 300 400 500 600 700 800 900

520 530 540 550 190 200 210

2 theta (degree)

 Mn-FeOCl

 FeOCl
Fe 2p

Mn 2p

O 1s

C 1s

Cl 2p

Binding Energy (eV)

H2O

532.1 eV

O 1s

Fe-O

530.2 eV

Binding Energy (eV)

(d)(c)

(b)

Binding Energy (eV)

Cl 2p

 M-Cl

200.0 eV

  M-Cl

198.4 eV

(a)



 

6 

 

elements Fe, Mn, O, Cl and C, and the binding energy of Mn 2p, Fe 2p, O 1s and Cl 2p element 155 

corresponding to 710.91 eV, 652.63 eV, 530.31 eV and 201.54 eV separately. According to the 156 

precious literatures (Sun et al. 2020). Among them, C 1s is the externally contaminated carbon, 157 

which is used as the reference peak for calibration. Fig. 3(c) shows that the binding energy of O 1s 158 

are 531.8eVand 532.5eV, which correspond to the Fe-O bond and H2O molecules adsorbed on the 159 

catalyst surface, respectively (Cao et al. 2021). Fig. 3(d) shows that the binding energy of the Fe-Cl 160 

bond is 198.4eV and 200.0eV (Zhu et al. 2016). The XPS results further confirm the bonding mode 161 

of atoms and combined form. 162 

The effect of ARB degradation under different reaction systems 163 

In order to study the catalytic performance of Mn-FeOCl, different reaction systems were set 164 

up for PMS catalytic performance. The results are shown in Fig. 4. As only Mn-FeOCl material is 165 

added to the system, the concentration of ARB is basically unchanged within 30 minutes, indicating 166 

that Mn-FeOCl alone has no oxidation or adsorption effect on ARB; within 30 minutes, less than 3% 167 

removal in the presence of PMS alone, indicating that PMS alone has a poor ability to oxidize 168 

organic matter. This result is consistent with the conjecture that PMS alone has limited ability to 169 

oxidize pollutants (Xu et al. 2015). Nevertheless, FeOCl/PMS system attained significantly 170 

improvement on ARB degradation, indicating the PMS activation induced by FeOCl (Qu et al. 2019) 171 

Respectively, as 0.1g/L Mn-FeOCl and 1mmol/L PMS were added at the same time, the ARB 172 

removal rate reached 99.4% within 30 minutes, and the effect was significant. Compared to 173 

FeOCl/PMS system, Mn-FeOCl/PMS system shorten the completely ARB degradation and 174 

improved the removal efficiency. The result evidenced PMS has an asymmetric structure and is 175 

easily activated by Mn-FeOCl materials, resulting in strong Oxidizing free radicals (Guan et al. 176 

2013), thereby improving the degradation efficiency. 177 

 178 
Fig.4. Degradation effect of Acid Red B in different systems. (Experimental conditions: initial ARB 179 

concentration=0.05mmol/L, FeOCl=0.10g/L, Mn-FeOCl=0.10g/L, PMS concentration=1mmol/L, pH=7.0, 180 

T=25℃) 181 

 182 

Effect of Mn-FeOCl dosage on the degradation of ARB 183 

The dosage of the catalyst is the key factor of the heterogeneous Fenton system. Keep the 184 

0 5 10 15 20 25 30

0.0

0.2

0.4

0.6

0.8

1.0

C
/C

0

Time (min)

 Mn-FeOCl

 PMS

 FeOCl/PMS

 Mn-FeOCl/PMS



 

7 

 

dosage ratio of PMS and ARB at 20:1, change the dosage of Mn-FeOCl material to explore its 185 

influence on the ARB degradation experiment. The experimental results are shown in Fig. 5(a) and 186 

the corresponding kinetic curves of different Mn-FeOCl dosages in Mn-FeOCl/PMS systems are 187 

shown in Fig.5(b). 188 

With the increase of the catalyst dosage, the degradation rate of ARB is increasing. As the 189 

catalyst dosage increases from 0.03g/L to 0.2g/L, after 30 minutes of reaction, the degradation rate 190 

of ARB increases from 92.5 % to 99.4%. The first-order rate constant is positively correlated with 191 

the dosage of the material. This is because the catalyst has an activation effect on PMS. As the 192 

dosage increases, Mn-FeOCl provides More active sites are generated, thereby generating more 193 

free radicals and improving the degradation efficiency of ARB (Wang et al. 2017). 194 

Effect of PMS dosage on the degradation of ARB 195 

The degradation of ABR in Mn-FeOCl/PMS system with different PMS doses was investigated 196 

and shown in Fig. 5(c-d). The figure shows that as the concentration of PMS increases from 197 

0.5mmol/L to 1mmol/L, after 30 minutes of reaction, the degradation rate of ARB increases from 198 

92% to 99.5%. If the concentration of PMS continues to increase, the degradation rate of ARB 199 

changes little. This is because as the dosage of PMS increases, the free radicals generated by Mn-200 

FeOCl catalyst activation PMS increase, which speeds up the reaction. However, the active sites 201 

that the catalyst can provide are limited, and the PMS concentration is too high. The quenching 202 

reaction (Ding et al. 2013; Do et al. 2010) (Eq (2), Eq. (3)) occurs so that the degradation rate cannot 203 

be further improved. 204 

HSO5-+SO4
·-→SO4

2-+SO5
- ·+H- (2) 

HSO5
- +·OH→SO5

- ·+H2O (3) 

Effect of initial pH on the degradation of ARB  205 

Generally speaking, the influence of the initial pH value is usually related to the zeta potential 206 

of the catalyst (Tan et al. 2014); the pHpzc (pH at the point of zero charge) of Mn-FeOCl measured 207 

by mass titration is about 6.3, therefore, keep the concentration of ARB, Mn-FeOCl, and PMS at 208 

different levels. To explore the effect of different initial pH values on the degradation of ARB, the 209 

results are shown in Fig. 5(e-f). As pH=3, the degradation efficiency of ARB for 30 minutes is only 210 

28.2%, indicating that the degradation effect of the system is poor under acidic conditions. The 211 

possible reason is that as pH<pHpzc, the surface of the material is positively charged, and under 212 

acidic conditions, there is a large amount of H+, which makes H+ combine with the O-O bond in the 213 

HSO5- group to form a hydrogen bond, which prevents the reaction of PMS with the catalyst and 214 

reduces ARB removal rate (Huang et al. 2021, Wang et al. 2008). With the gradual increase of pH, 215 

the degradation rate of ARB also continues to increase. As the pH rises from 5 to 9, the degradation 216 

rate of ARB rises from 77.8% to 99.5%. Although the degradation effect of pH=7 and pH=9 is not 217 

much different, the reaction rate is significantly faster as pH=9. This is because under alkaline 218 

conditions, PMS will be activated by alkali, forming a metal-OH complex in the Mn-FeOCl material, 219 

and at a higher pH can accelerate the production of SO4·- and accelerate the degradation of ARB 220 

(Guan et al. 2011). 221 
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 222 

Fig. 5.the effect of catalyst dosage(a) and kinetic curves(b) on ARB degradation; the effect of PMS 223 

concentration (c) and kinetic curves(d); the effect of initial pH(e) and kinetic curves(f) on ARB degradation; 224 

(Experimental conditions: initial ARB concentration=0.05mmol/L, Mn-FeOCl=0.10g/L, PMS concentration 225 

=1mmol/L, pH=7.0, T=25℃) 226 

 Effect of concentration of Cl- on the degradation of ARB 227 

Printing and dyeing wastewater generally contains a relatively high concentration of NaCl, 228 

with a mass fraction of 15%-20%; and the influence of Cl- on the reaction system is also very 229 

important. It can be seen from Fig. 6(a) that as the dosage increases, the reaction speed increases. 230 

At higher concentrations, Cl- can significantly accelerate the oxidation ability of the Mn-231 

FeOCl/PMS system, which is similar to the predecessors in the presence of Cl- The research results 232 
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of the degradation of pollutants by the Mn2+/PMS system are consistent (Wang et al. 2011) 233 

According to the Fig.6(b), the first-order rate constant increases linearly with the increase of Cl-. 234 

This may be due to the reaction of Cl- and HSO5- to form HClO and Cl2 (Eq. (4)-Eq. (9)) (Zhang et 235 

al. 2018; Huang et al.2017). HClO acts as a strong oxidant and has a good decolorization effect on 236 

azo dyes, thus accelerating the degradation of ARB. 237 

HSO5-+Cl-→SO42-+HOCl (4) 
SO4·-+Cl-→SO42-+Cl· (5) 

Cl·+ Cl-→Cl2-· (6) 
Cl2-·+ Cl2-·→Cl2+2Cl- (7) 
Cl2-·+ Cl·→Cl2+ Cl- (8) 

Cl2+H2O→HOCl (9) 
 238 

Effect of humic acid on the degradation of ARB 239 

The actual production wastewater containing natural organic matter (NOM) will also affect the 240 

reaction process. The addition of humic acid (HA) to the reaction system simulates the degradation 241 

ability of the Mn-FeOCl/PMS system on the ARB in the actual water body. As the Fig.6(c-d) shown 242 

that the dosage of HA is 10, 20, 50 mg/L, the degradation rate of ARB within 30 minutes is 95.2%, 243 

90.8%, and 68.4%, respectively, which is inhibited. The analysis may be because HA consumes the 244 

reaction system. Free radicals, thereby inhibiting the degradation of ARB (Latifoglu et al. 2003). 245 

However, the content of NOM in natural waters is generally below 20mg/L, and its impact on the 246 

Mn-FeOCl/PMS system is also relatively limited. 247 

 248 

Fig.6. the effect of Cl iron concentration(a) and kinetic curves(b) on ARB degradation; the effect of human 249 

acid (HA) dosage(c) and kinetic curves(d); (Experimental conditions: initial ARB concentration=0.05mmol/L, Mn-250 

FeOCl=0.10g/L, PMS concentration =1mmol/L, pH=7.0, T=25℃) 251 
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Radical identification 252 

In order to investigate the reaction mechanism of ARB degradation by Mn-FeOCl/PMS system, 253 

a free radical quenching experiment was carried out. According to reports, the transition metal 254 

activated PMS mainly produces ·OH and SO4·-; methanol (MeOH) and tert-butanol (TBA) are 255 

selected as a quencher to identify the main active species in the system (Buxton et al. 1988). MeOH 256 

has higher reaction rates for ·OH and SO4·-, respectively (1.2~2.8) ×109 mol-1·s-1 and (1.6~7.7) ×107 257 

mol-1·s-1, which can be used for Quenching ·OH and SO4·-; while the reaction rate of TBA to SO4·- 258 

is only (4.0~9.1) ×105 mol-1·s-1, which is much lower than that with ·OH (3.8~7.6) ×108 mol -1·s-1, 259 

so it is often used to quench the identification of ·OH in the reaction. Fig. 7(a) shows the effect of 260 

two different quenchers on the degradation of ARB. As the dosage of TBA is 50 and 500mmol/L, 261 

the removal efficiency of ARB drops to 84.15% and 75.78% after 30 minutes of reaction. The results 262 

show that ·OH has a certain effect on the degradation of ARB. As the dosage of MeOH was 50 and 263 

500mmol/L, the removal rate of ARB after 30 minutes of reaction was 66.8% and 54.8%. The 264 

inhibitory effect is more obvious, which indicates that both ·OH and SO4·- exist in the Mn-265 

FeOCl/PMS system, and DMPO is used as a free radical trapping agent, and the electron spin 266 

resonance paramagnetic spectrometer (EPR) is used for the reaction process. As shown in Fig. 7(b), 267 

the characteristic signals of DMPO- SO4·- adduct and DMPO—·OH adduct were detected (Wang et 268 

al. 2015), where SO4·- is the main free radical and the detection showed that a small amount of ·OH 269 

was present in the system at the same time, which was due to the reaction of SO4·- with OH- in the 270 

solution to generate ·OH (Eq. (10)). EPR shows that SO4·- dominates in the Mn-FeOCl/PMS system. 271 

SO4·-+OH-→·OH+SO42- (10) 

 272 

Fig. 7. (a)ARB degradation in the presence of different radical scavengers.; (b) EPR spectra in Mn-FeOCl/PMS 273 

system. (Experimental conditions: initial ARB concentration=0.05mmol/L, Mn-FeOCl=0.10g/L, PMS 274 

concentration=1mmol/L, pH=7.0, T=25℃) 275 

3.9 Possible mechanism 276 

In order to understand the changes of surface elements during the reaction, XPS was used to 277 

detect the element valences in Mn-FeOCl before and after the reaction. The results are shown in Fig. 278 

8(a). The Mn-FeOCl catalysts are at 711.5eV and 711.5eV and 724.9eV corresponds to Fe 2p3/2 279 

and Fe 2p1/2(Sun et al. 2018), and the corresponding satellite peaks are 718.8eV and 731.4eV, 280 

respectively. Before the reaction, Fe 2p corresponds to Fe2+ and Fe3+ at 711.03eV and 713.9eV, and 281 

its content is 70.2% and Fe3+ is 29.8%. After activating PMS to degrade ARB, the content of Fe2+ 282 
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and Fe3+ are 56.6% and 43.4% respectively. During the reaction, the Fe3+ content increased by 13.6%, 283 

which is consistent with the previous study by previous researchers. (Chen et al. 2013; Qu et al.2020). 284 

The significant change in the valence state indicates the existence of electron transfer during the 285 

reaction. In addition, the spectrum of Mn 2p as shown in Fig.8(b) shows different peak shapes, 286 

which may be due to the low load and high background value (Ma et al. 2019). It can be observed 287 

that the peak value of Mn 2p is significantly reduced after the reaction, and it can be seen that Mn 288 

is also involved in the reaction. 289 

 290 

Fig. 8 XPS spectra of element before and after the reaction 291 

(a) Fe element; (b) Mn element 292 

 293 

On the basis of free radical identification and XPS analysis, a possible catalytic mechanism in 294 

the Mn-FeOCl/PMS system is proposed Fig. 9: Fe2+/Fe3+ and Mn2+/Mn3+ and other redox pairs 295 

distributed on the catalyst surface are in contact with PMS, and a variety of reactions occur (Eq. 296 

(11)-Eq. (16)) to accelerate the generation of free radicals. In addition, because Mn3+ is more 297 

oxidative than Fe3+, Fe2+ and Mn3+ can regenerate Fe3+ (Eq. (17)); it is worth noting that part of the 298 

SO4·- can react with OH- to form HO· (Eq. (18)) and part of HO· + SO5-· will be converted into 299 

SO4·- (Eq. (19)), which proves once again that ·OH and SO4·- are used to remove pollutants in the 300 

entire reaction process. 301 

 302 

Mn2++HSO5-→Mn3++SO42-+HO· (11) 
Mn2++HSO5-→OH-+ Mn3++SO4·- (12) 
Mn3++HSO5-→H++ Mn2++ SO5·- (13) 
Fe3++HSO5-→H++ Fe 2++ SO5·- (14) 

Fe2++HSO5-→HO·+ Fe 3++ SO42- (15) 
Fe2++HSO5-→OH-+ Fe3++SO4·- (16) 

Fe2++ Mn3+→Mn2++ Fe3+ (17) 
SO4·-+ OH- →SO42-+ HO· (18) 

2HO·+ SO5·-→SO4·-+H2O+O2 (19) 
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 303 

Fig. 9 Catalytic mechanism in Mn-FeOCl/PMS system 304 

Reusability of Mn-FeOCl 305 

In actual application, the reusability of the material is an important indicator to measure the 306 

performance of the catalyst. In order to evaluate the reusability of the Mn-FeOCl, the reacted 307 

material is centrifuged and cleaned and dried with deionized water and absolute ethanol and then 308 

used again. The ratio of reused catalyst after each reaction was presented in Fig. 10. In the 309 

degradation experiment of ARB, the experimental conditions were kept unchanged, and the 310 

degradation rate reached 96.3% within 30 minutes during the second use; it dropped to 92.8% during 311 

the third time. It is speculated that the degradation of catalytic performance may be due to the 312 

adsorption of ARB degradation products on the surface after repeated use of the material, thereby 313 

reducing the active sites of activated PMS, resulting in a decrease in the reaction rate and affecting 314 

the catalytic effect. 315 

 316 

Fig.10. The effect of using reusable of Mn-FeOCl on the degradation of ARB 317 

(Experimental conditions: initial ARB concentration=0.05mmol/L, Mn-FeOCl=0.10g/L, PMS 318 

concentration=1mmol/L, pH=7.0, T=25℃) 319 
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The mineralization ability of Mn-FeOCl/PMS 321 

In order to further study the mineralization effect and reaction process of Mn-FeOCl/PMS 322 

system on ARB, UV-vis spectrum scanning and TOC test were carried out. Fig.11(a) shows the 323 

spectrum change process during the degradation of ARB. It can be seen that ARB has two main 324 

characteristic peaks at 310nm and 515nm, corresponding to the naphthalene ring and the even single 325 

bond chromophore (Yang et al. 2004, Lan et al. 2015). With the progress of the reaction, the 326 

characteristic peak at 515nm continued to decrease, indicating that the Mn-FeOCl/PMS system can 327 

oxidize the chromophoric groups in the ARB and has a good decolorization effect. With the 328 

continuous extension of the reaction, the characteristic peak of the naphthalene ring at 310nm also 329 

continued to decrease, indicating that the reaction can further oxidize the intermediate products 330 

produced by the degradation of ARB, and has a certain mineralization ability. 331 

Fig. 11(b) shows the ability of the system to mineralize ARB. The content of TOC dropped 332 

from 7.27mg/L to 4.43mg/L after 60 minutes of reaction; the removal rate was 42.5%. Combining 333 

experimental results and related literature, it is speculated that the degradation process of ARB may 334 

be that the Mn-FeOCl/PMS system first oxidizes the chromophore and naphthalene ring of ARB, 335 

and then generates aromatic compounds mainly composed of benzene ring, and some intermediate 336 

products are further degraded into small Molecular organic matter is eventually mineralized into 337 

CO2 and H2O. 338 

 339 

Fig. 11 (a) TOC degradation trend; (b) UV-visible spectrum changes during ARB degradation 340 

(Experimental conditions: initial ARB concentration=0.05mmol/L, Mn-FeOCl=0.10g/L, PMS 341 

concentration=1mmol/L, pH=7.0, T=25℃) 342 

 343 

Conclusion 344 

The Mn-FeOCl material was successfully prepared by partial pyrolysis, which can effectively 345 

activate PMS to degrade the azo dye ARB, and has good decolorization effect and mineralization 346 

ability. In the Mn-FeOCl/PMS system, the degradation efficiency of ARB increases with the 347 

increase of the dosage of Mn-FeOCl, the dosage of PMS, the initial pH and the concentration of Cl-; 348 

HA versus Mn-FeOCl/PMS system versus ARB Degradation has an inhibitory effect. The Mn-349 

FeOCl/PMS system has a better degradation effect on ARB under neutral and alkaline conditions. 350 

Through XPS analysis, the degradation mechanism is inferred. The reaction system produces 351 

both ·OH and SO4·-, of which SO4·- is dominant. 352 
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