
Highlights 

 Mn2O3@Mn5O8 shows better catalytic performance than other S(IV) activators 

 S(IV) is activated by Mn2O3@Mn5O2, generating SO3
•−, SO5

•−, SO4
•−, and •OH radicals 

 Experiments show phenol is mainly removed by •OH, and partially by SO4
•− and SO5

•− 

 At an initial solution pH of 3.0–7.0, stable degradation of phenol is achieved 

 Low toxicity and high S(IV) activation ability of Mn2O3@Mn5O2 affords a green method 

 

 

Highlights



 

 

 

A possible overall sulfite activation mechanism on Mn2O3@Mn5O8 catalyst for organic 

contaminant degradation. 

Graphical Abstract



1 
 

Mn2O3@Mn5O8 as an efficient catalyst for the degradation of organic contaminants in 1 

aqueous media through sulfite activation 2 

Aimal Khan a,b, Xianjie Feng a, Chuankun Yin c, Habib Ullah d, Asif Ali Tahir d, Bowen Li a, 3 

Weiming Wang a, Xiaoxia Li a,b,*, Aihua Xu a,b,* 4 

a School of Chemistry and Chemical Engineering, Wuhan Textile University, Wuhan 430200, 5 

China. 6 

b Hubei Key Laboratory of Biomass Fibers & Eco-Dyeing & Finishing, Wuhan Textile University, 7 

Wuhan 430200, China 8 

c School of Environmental Engineering, Wuhan Textile University, Wuhan 430200, PR China. 9 

d Environment and Sustainability Institute, University of Exeter, Penryn Campus, Penryn, 10 

Cornwall TR10 9FE, United Kingdom 11 

 12 

 13 

*Corresponding author:  E-mail: xahspinel@sina.com (Aihua Xu), lixxwh@163.com (Xiaoxia 14 

Li) 15 

 16 

 17 

 18 

 19 

 20 

Manuscript File Click here to view linked References

mailto:xahspinel@sina.com
mailto:lixxwh@163.com
https://www.editorialmanager.com/seppur/viewRCResults.aspx?pdf=1&docID=35875&rev=0&fileID=619471&msid=6eee915d-f823-454b-a330-7234b978b450
https://www.editorialmanager.com/seppur/viewRCResults.aspx?pdf=1&docID=35875&rev=0&fileID=619471&msid=6eee915d-f823-454b-a330-7234b978b450


2 
 

Abstract 21 

Less-toxic, cost-effective, stable, and highly efficient catalysts for sodium sulfite (S(IV)) 22 

activation are required to degrade organic pollutants from wastewater. Herein, we report the facile 23 

thermal synthesis of Mn2O3@Mn5O8 that activates S(IV) more efficiently than other Mn and 24 

transition-metal oxides. Mn2O3@Mn5O8 exhibits good performance and long-term stability for 25 

eliminating various contaminants from aqueous media, including phenol, bisphenol A, 26 

nitrobenzene, 2,4-dichlorophenol, and acetaminophen. Its high performance is attributed to its 27 

multivalency, unique architecture, surface hydroxyl groups (–OH), and high surface area. X-ray 28 

diffractometry and high-resolution transmission electron microscopy revealed that 29 

Mn2O3@Mn5O8 comprises well-combined cubic Mn2O3 and monoclinic Mn5O8 crystalline 30 

structures, whereas electron paramagnetic resonance spectroscopy and scavenging tests showed 31 

that SO5
•−, SO4

•−, and •OH radicals are generated during S(IV) activation, with SO3
•− as a precursor. 32 

The mixed-valence state provides effective and favorable electron transfer via Mn redox cycling 33 

(Mn(II)↔ Mn(III) ↔ Mn(IV)), improving the S(IV) activation performance and catalytic activity. 34 

Mn2O3@Mn5O8/S(IV) system shows stable performance in the 3.0–7.0 pH range. Density 35 

functional theory calculations confirmed the higher catalytic activity as indicated by high –OH 36 

adsorption energy and significant inter-charge transformation. This study provides new insights 37 

and strategies for the activation of S(IV) using less-toxic metal oxides as catalysts and broadens 38 

the scope of heterogeneous Mn-based catalysts and S(IV) chemistry in real-world applications, 39 

particularly for the treatment of wastewater. 40 

Keywords: Transition-metal oxide; Sulfite activation; Advanced oxidation; Organic pollutant; 41 

Reactive oxygen species 42 

1. Introduction 43 
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Over the past few decades, contaminated wastewater has been released into the environment from 44 

various sources, such as industry, hospitals, and daily-life activities, negatively impacting the 45 

ecosystem and human health [1,2]. For example, phenol and chlorinated phenol compounds have 46 

been reported as priority contaminants for elimination owing to their low biodegradability and 47 

high toxicity [3]. However, conventional treatments are inadequate for the elimination of such 48 

organic pollutants, thus exhibiting a sluggish removal performance. Thus, the development of 49 

environmental-friendly, cost-effective, and highly efficient methods is essential for the elimination 50 

of organic pollutants from wastewater matrices. 51 

Advanced oxidation processes (AOPs) are a promising option for wastewater treatment because 52 

they can be used to degrade refractory organic pollutants through reactions with highly active 53 

radicals. In this regard, persulfate has been used to combat organic contaminants through 54 

production of SO4
•− [4,5]. However, due to several limitations, such as high cost, inherent toxicity, 55 

and residue retention, the use of persulfate systems may cause secondary environmental pollution 56 

[6–8]. Novel sodium sulfite (S(IV))-based AOPs have drawn extensive attention owing to their 57 

low cost and environmental-friendly nature. Furthermore, the stability of S(IV) is considerably 58 

higher than that of persulfate [6,9]. Moreover, S(IV) is already present in many industrial 59 

operations; in addition to being a common reducing agent, it is produced during exhaust gas 60 

desulfurization and is present in industrial wastewater as a waste product (pollutant) [10–12]. It 61 

can be converted into radicals by metal-based catalysis for the degradation of organic pollutants. 62 

For instance, the radicals produced by a Fe(VI)–S(IV) system can degrade phenol and other 63 

organic pollutants [13]. In addition, a Mn(VII)–S(IV) system can efficiently eliminate 71% of 64 

arsanilic acid [10]. Various transition-metal oxides, including Cr(VI) [14], Fe(II/III) [15,16], and 65 
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Ni(II) [6], can be used to activate S(IV) and, thus, produce radicals for the degradation of organic 66 

compounds. 67 

In the past few years, Co used as a heterogeneous catalyst and its composites with S(IV) have been 68 

analyzed for contaminant degradation owing to their efficient generation of radicals [9,11,12]. 69 

Nevertheless, the application of Co-based catalysts for S(IV) or persulfate activation leads to 70 

problems related to toxicity [9,17]. As previously reported by our group, Co-based heterogeneous 71 

catalysts exhibit excellent catalytic activities for phenol degradation; however, the leaching of Co 72 

ions cannot be completely controlled [18]. Fe-based heterogeneous catalysts have also been 73 

considered; however, they demonstrate sluggish catalytic performance for S(IV) activation for the 74 

generation of radicals [9]. Moreover, Fe-based catalysts produce sludge during wastewater 75 

treatment; consequently, their application in AOPs is restricted [2]. Therefore, less-toxic, cost-76 

effective, stable, and more efficient catalysts are crucial for S(IV) activation. 77 

Mn oxides exist in high amounts in soil, are competitively priced, and have low environmental 78 

biotoxicities. They are present in three main valence states (Mn2+, Mn3+, and Mn4+), facilitating 79 

their application in catalysis [19–21]. The corresponding redox cycle is closely related to the 80 

transfer of electrons among the Mn species. Both α-Mn2O3@α-MnO2-500 nanocomposite [22] and 81 

egg-shaped core/shell α-Mn2O3@α-MnO2 catalyst [23] showed excellent redox properties due to 82 

their multivalent states. Furthermore, they showed outstanding catalytic performance for persulfate 83 

activation toward radical production. MnO2, Mn2O3, and Mn3O4 catalysts have been widely used 84 

in persulfate systems for the degradation of organic contaminants. They demonstrate different 85 

catalytic performances for persulfate activation to generate reactive oxygen species (ROS) [22,24]. 86 

The catalytic performance of Mn-based catalysts depends on the (multi)valence state, surface area, 87 

presence of surface –OH groups, and surface morphology [25,26]. 88 
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The surface morphology of an Mn oxide can significantly enhance its performance. For example, 89 

spheres with hollow, yolk/shell, or core/shell nanostructures that contain a yolk, shell, and/or void 90 

space are novel and important nanomorphologies [27,28]. As nanoreactors for catalysis, 91 

nanomaterials with such morphologies and porous shells exhibit unique advantages. They exhibit 92 

a high degradation performance because both the core/yolk and shell surfaces are exposed, with 93 

reactive small molecules passing through the porous shell, providing numerous catalytic sites [27–94 

29]. Unfortunately, many such heterogeneous catalysts have limitations such as high cost, complex 95 

synthetic procedures, and low chemical stability during wastewater treatment [30]. Thus, the 96 

development of less-toxic solid-based catalysts with stable and high performance for S(IV) 97 

activation and a facile synthetic procedure is urgently required.  98 

Herein, the catalytic degradation performance of Mn2O3@Mn5O8, α-MnO2, Mn2O3, Mn3O4, 99 

Mn5O8, and other transition-metal oxides, such as Co3O4, CuO, and Fe2O3, toward phenol 100 

degradation were extensively examined in the S(IV) system. This study aims to (i) synthesize an 101 

efficient catalyst by a facile route, evaluate the catalytic efficiencies of transition-metal oxides, 102 

and consequently develop an efficient heterogeneous catalyst for the S(IV) system; (ii) test the 103 

broad spectrum of Mn2O3@Mn5O8/S(IV) systems for the degradation of various organic 104 

pollutants; (iii) explore the influence of radical species on the catalytic degradation performance 105 

of Mn2O3@Mn5O8; and (iv) investigate the catalytic performance and cyclability of 106 

Mn2O3@Mn5O8 at different pH. To the best of our knowledge, this is the first study on the use of 107 

monometallic oxides as heterogeneous catalysts with significant potential for the degradation of 108 

organic pollutants via S(IV) activation. 109 

2. Materials and methods 110 

2.1. Chemicals 111 
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Manganese carbonate (≥99.0%), anhydrous sodium sulfite (97.0%), sodium nitrite (99.0%), 112 

potassium permanganate (99.5%), maleic acid (≥99.0%), sodium hydroxide (≥96.0%), sulfuric 113 

acid (95.0–98.0%), sodium sulfate (≥99.0%), humic acid (HA) (≥90%),  ethanol (≥97.7%), tert-114 

butyl alcohol (≥99.0%), phenol (99.0%), 2,4-dichlorophenol (99.0%), bisphenol A (99.0%), 115 

acetaminophen (98%), aniline (≥99.0%),  and 5,5-dimethyl-1-pyrroline-N-oxide (97.0%) were 116 

purchased from Aladdin industrial corporation and Sinopharm Chemical Reagent Co., Ltd., China. 117 

Nitrobenzene (99.0%) was purchased from Shanghai Lingfeng Chemical Reagent Co., Ltd. 118 

2.2. Synthesis of transition-metal oxide catalysts 119 

2.2.1. Synthesis of Mn2O3@Mn5O8, Mn2O3, and Mn3O4 120 

Commercial MnCO3 was calcined at 500, 700, and 900 °C (heating rate: 3 °C min−1) for 2 h to 121 

obtain Mn2O3@Mn5O8, Mn2O3, and Mn3O4, respectively [31]. 122 

2.2.2. Synthesis of Mn5O8 123 

To prepare Mn5O8, a γ-MnOOH precursor was first synthesized by a hydrothermal method as 124 

follows: KMnO4 (0.79 g) was added to water (47 mL) and ethanol (EtOH; 3 mL) in a beaker, with 125 

the total volume maintained at 50 mL. The beaker was then transferred to a steel autoclave and 126 

sealed. Then, it was held at 140 °C for 24 h. The obtained product was separated by filtration and 127 

repeatedly washed with water. Finally, it was dried overnight at 80 °C in an oven. The γ-MnOOH 128 

precursor was then calcined at 400 °C (heating rate: 1 °C min−1) for 2 h under nitrogen flow to 129 

produce Mn3O4 that was subsequently calcined at 410 °C (heating rate: 4 °C min−1) for 2 h in air 130 

to obtain Mn5O8 [32]. 131 

2.3. Catalyst characterization 132 
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The various transition metal-based catalysts were characterized by several analytical techniques. 133 

The crystallinities and crystal structures of the catalysts were determined by X-ray diffraction 134 

(XRD; B.V. Empyrean, PANalytical) using radiation with a wavelength (λ) of 1.5405 Å. Scanning 135 

electron microscopy (SEM; FEI Nova Nano) and transmission electron microscopy (TEM; Tecnai 136 

G20 American) were used to investigate the surface morphologies of the catalysts. Brunauer–137 

Emmett–Teller (BET) analysis was performed to determine the surface areas of the various 138 

catalysts. Compositions and valence states of the catalysts were determined by X-ray photoelectron 139 

spectroscopy (XPS; GENESIS, EDAX, USA). 140 

2.4. Experimental procedures 141 

2.4.1. Degradation experiments of organic compounds 142 

Degradation experiments were initiated by placing a 50 μM organic contaminant solution (20 mL) 143 

in a conical flask and adding a catalyst (0.004 g) and 0.7 mM S(IV) at 30 °C. The temperature of 144 

the reaction solution was adjusted using a water bath, and magnetic stirring was performed at ≥200 145 

rpm. Every 30 min, 0.5 mL samples were withdrawn from the reaction solution, and the amounts 146 

of organic pollutants they contained were evaluated. Ethanol (EtOH) and tert-butyl alcohol (TBA) 147 

were utilized for scavenging experiments. Other parameters such as the pH, content of anions (Cl−, 148 

SO4
2−, NO3

−, and CO3
2−), and humic acid (HA) addition were also studied. Furthermore, cycling 149 

tests were conducted to investigate the cyclability of Mn2O3@Mn5O8. At the end of each cycle, 150 

the catalyst was removed from the solution through the filtration process, repeatedly washed with 151 

water, held at 100 °C in an oven for 12 h, and then used in the next run under similar experimental 152 

conditions.  153 

2.4.2. Sample analysis 154 
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Every 30 min, the reaction solution (0.5 mL) was passed through a syringe filter (0.45 µm), and 155 

phenol concentration was analyzed by high-performance liquid chromatography (HPLC) (Elite 156 

3100, China) using a C18-type column (4.6 × 75 mm, 3.5 μm). The following mobile phases at λ 157 

= 270 nm were used for the various contaminants: water and methanol (40:60, v/v) for phenol; 158 

water and acetonitrile (40:60, v/v) for bisphenol A (BPA); and water and acetonitrile (50:50, v/v) 159 

for nitrobenzene (NB). For acetaminophen (ACE), water and acetonitrile (85:15, v/v) were used 160 

as the mobile phase at λ = 254 nm. For 2,4-dichlorophenol (DCP), a mixture of water and 161 

acetonitrile (30:70, v/v) was employed as the mobile phase at λ = 210 nm. For all of the tested 162 

mobile phases, the flow rate was 1 mL min−1. Total organic carbon (TOC) measurements were 163 

conducted to examine the TOC contents of the samples. Initially, 2 mL was withdrawn from the 164 

reaction solution, added to a NaNO2 solution (0.3 M, 2 mL) for quenching, and then its TOC was 165 

verified [33]. For the curve fitting of the phenol elimination rate in the S(IV) system, a pseudo-166 

first-order equation (equation (1)) was used [34,35]: 167 

𝐥𝐧 (
𝑪𝒕

𝑪𝟎
) = −𝒌𝟏𝒕,                                                                    (1) 168 

where C0 and Ct represent the phenol concentration before the reaction and at reaction time 169 

t, respectively, and k1 is a rate constant. 170 

2.5. Detection of radicals 171 

Electron paramagnetic resonance (EPR) spectroscopy was performed to detect the radicals present 172 

in the reaction solution. A spin-trapping reagent 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) was 173 

introduced to the reaction solution, and then the sample was examined using an EPR spectrometer. 174 

The experiments were performed under the following conditions: temperature = 30 °C; power = 175 
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10–30 mW; sweep width = 100 G; modulation frequency = 100 GHz; and microwave frequency 176 

= 9.90 GHz. 177 

2.6. Computational methodology 178 

Density functional theory (DFT) simulations were performed on Quantum-ATK [36] and the 179 

results were analyzed using VESTA and Virtual NanoLab Version 2019.3 software. To validate 180 

and confirm the efficiencies of our experimentally observed catalysts, DFT calculations were 181 

performed to investigate the effect of oxygen vacancies (Ov) on the interaction between –OH and 182 

Mn2O3, Mn5O8, and Mn2O3@Mn5O8. The detailed procedure is provided in Text S2. 183 

3. Results and discussion 184 

3.1. Characterization of Mn2O3@Mn5O8 and other transition-metal oxides 185 

The XRD patterns of α-MnO2, Mn3O4, MnO, Co3O4, CuO, and Fe2O3 are shown in Fig. S1, and 186 

are in accordance with those reported previously [37,38]. In the XRD pattern of Mn5O8, the main 187 

diffraction peaks were obtained at the 2θ angles of 18.08°, 21.62°, 24.68°, 28.65°, 31.78°, 36.24°, 188 

36.94°, 38.84°, 39.24°, 43.43°, 48.30°, 49.59°, 58.58°, and 66.49° (Fig. 1); this indicates that 189 

Mn5O8 has a characteristic monoclinic structure with the C2/m space group (PDF # 39-1218) [32]. 190 

Furthermore, in the XRD pattern of Mn2O3, diffraction peaks were obtained at the 2θ angles of 191 

23.15°, 32.97°, 38.23°, 45.17°, 49.34°, 55.18°, and 65.08° (Fig. 1), implying that Mn2O3 has a 192 

cubic structure with the Ia3 space group (PDF # 41-1442) [39]. The XRD pattern of 193 

Mn2O3@Mn5O8 exhibited well-defined diffraction peaks of the combined Mn5O8 and Mn2O3 194 

phases (Fig. 1); no peaks of other Mn oxides were detected, suggesting the successful generation 195 

of Mn2O3@Mn5O8. This type of material with multivalent states and combined crystal structures 196 

demonstrates efficient catalytic performance [23,40], as discussed herein. 197 
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Figs. 2 and S2 show the surface structures of the various samples determined by SEM. The α-198 

MnO2 particles were in the form of nanorods with various lengths (55–202 nm) and widths (31–199 

68 nm) (Fig. S2a and b). Nanorods were also observed for Mn5O8, with the lengths of 200 

approximately 1–12 μm and widths of 40–470 nm (Figs. 2a–2c). 201 

Mn2O3@Mn5O8, which was formed by calcining MnCO3 at 500 °C, contained spheres and 202 

yolk/shell structures, with the former primarily being non-uniform with an average diameter of 1.2 203 

μm, as indicated by the histogram shown in Fig. S3 and the SEM results in Figs. 2d–2f, and Fig. 204 

S2(c–f). Moreover, the yolk and shell were composed of small particles with the diameters of 28–205 

78 nm and agglomerated particles of different sizes. The broken shell of Mn2O3@Mn5O8 clearly 206 

showed a void space between the yolk and shell that will provide additional active sites that are 207 

beneficial for catalysis [27,28] (Figs. 2f and S2(c–f)). To further confirm the morphology of 208 

Mn2O3@Mn5O8, high-resolution transmission electron microscopy (HRTEM) was conducted 209 

(Figs. 3a–3b and S4(a and b). The HRTEM images of Mn2O3@Mn5O8 were in accordance with 210 

the SEM results, as shown in Figs. S4(a and b). Moreover, the interplanar spacings on the surfaces 211 

of the Mn2O3@Mn5O8 particles were measured as 0.49 and 0.27 nm, corresponding to the 212 

Mn5O8(200) and Mn2O3(222) planes, respectively (Figs. 3a and 3b). The insets in Figs. 3a and 3b 213 

depict the 2D fast Fourier transforms of the Mn2O3@Mn5O8 particle that are consistent with those 214 

of the (200) plane of monoclinic Mn5O8 and the (222) plane of cubic α-Mn2O3. These results 215 

appropriately agree with the abovementioned XRD results (Fig. 1). Thus, the HRTEM results 216 

confirmed that Mn2O3@Mn5O8 consists of spheres and yolk/shell structures and coexisting 217 

monoclinic Mn5O8 and cubic Mn2O3 crystal structures. 218 

The Mn2O3 and Mn3O4 samples formed by calcining MnCO3 at 700 and 900 °C, respectively, were 219 

also examined by SEM. Unlike Mn2O3@Mn5O8, which was formed by calcining MnCO3 at 500 220 
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°C, spherical particles were not observed for Mn2O3, and only nanoparticles with different shapes 221 

and sizes ranging from 45 to 175 nm were formed (Figs. 2g–2i). When the calcining temperature 222 

was further increased to 900 °C, the resultant Mn3O4 particles had various shapes and significantly 223 

larger sizes (0.65–1.30 μm) (Fig. S2(h–i)) than those of Mn2O3@Mn5O8. This observation 224 

indicated that the particle size of the material increased with increasing calcination temperature. 225 

Overall, the abovementioned unique architecture is crucial for achieving a high content of active 226 

sites that enhances S(IV) activation and chemical reactions toward the desired target. 227 

3.2. Oxidation of organic pollutants on catalysts 228 

Under identical conditions, the various metal oxides showed different catalytic performance for 229 

the degradation of several organic compounds in the presence of S(IV) (Fig. 4). Phenol did not 230 

degrade in the presence of S(IV) (0.7 mM) alone within 180 min at 30 °C (Fig. 4a); this 231 

demonstrated that the production of ROS from S(IV) could not occur in the absence of a catalyst. 232 

When α-MnO2, Mn2O3, Mn3O4, and Mn5O8 were separately introduced as catalysts into the S(IV) 233 

system, 21%, 41%, 17%, and 30% of phenol, respectively, was degraded within 180 min. 234 

Similarly, when Mn2O3@Mn5O8 was introduced into the S(IV) system, 91% of phenol was 235 

degraded (Fig. 4a), implying that Mn2O3@Mn5O8 had a higher activity for phenol degradation 236 

than the other S(IV) activators under similar conditions. Clearly, Mn2O3@Mn5O8 showed a higher 237 

phenol degradation efficiency than heterogeneous α-MnO2, Mn2O3, Mn3O4, and Mn5O8. The 238 

efficient catalytic performance of Mn2O3@Mn5O8 can be attributed to its multivalent states, unique 239 

architecture, surface hydroxyl groups (–OH), and large surface area (these features are similar to 240 

those reported previously [27,29,39–41]), leading to the generation of more ROS with 241 

Mn2O3@Mn5O8 than with the other S(IV) activators. 242 
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The phenol degradation curves of the different catalysts were fitted by the pseudo-first-order 243 

kinetic model (Fig. S5) [25,34]. The k1 values of all the catalysts are listed in Table 1. 244 

Mn2O3@Mn5O8 showed the highest k1 value of 0.0167 min−1, whereas Mn3O4 showed a k1 value 245 

of 0.0014 min−1. Moreover, Mn2O3@Mn5O8 showed superior catalytic performance compared to 246 

that of the other S(IV) activators, including the transition-metal oxides CuO, Co3O4, and Fe2O3 247 

(Fig. 4b). A filtered solution of Mn2O3@Mn5O8 was used for catalytic S(IV) activation (Fig. S6). 248 

The results indicated that the catalytic activity did not arise from ions; instead, it originated from 249 

Mn2O3@Mn5O8 itself due to its intrinsic features [42]. We also noticed that other pollutants could 250 

be effectively removed by the Mn2O3@Mn5O8/S(IV) system. For example, 100%, 98%, 82%, and 251 

53% of BPA, ACE, DCP, and NB, respectively, were degraded by the Mn2O3@Mn5O8/S(IV) 252 

system under identical conditions (Fig. 4c). This observation suggests that several organic 253 

pollutants can be removed by the Mn2O3@Mn5O8/S(IV) system, which is significant for 254 

wastewater treatment. 255 

3.2.1. Cycling tests and stable performance of Mn2O3@Mn5O8 256 

For an efficient catalytic system, cyclability and stability are two of the most important qualities. 257 

For many heterogeneous catalysts, the catalytic performance decreases upon their repeated use in 258 

cycling tests [24,33]. For the present system, four successive cycling tests were conducted to 259 

determine the cyclability of Mn2O3@Mn5O8 for the removal of phenol (Fig. 4d). Within 180 min, 260 

phenol elimination decreased slightly by the second cycle, whereas phenol degradation decreased 261 

from 91% to 86% and 80% by the third and fourth cycle, respectively, corresponding to excellent 262 

cycling performance. These results were also supported by the XRD results, which showed that all 263 

the major XRD peaks were retained after the reaction (Fig. S7); this indicates the good stability of 264 

the Mn2O3@Mn5O8 structure. The SEM image of the surface morphology of Mn2O3@Mn5O8 after 265 
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the reaction is shown in Fig. S2g. The surface of the Mn2O3@Mn5O8 sample subjected to cycling 266 

consisted of spherical particles that were also observed for the fresh Mn2O3@Mn5O8 sample. This 267 

demonstrates that during the cycling tests, the surface morphology of the catalyst did not change. 268 

To summarize, these findings indicate that Mn2O3@Mn5O8 exhibits significant stability and 269 

reusability for S(IV) activation to degrade phenol. 270 

3.3. Mechanism of S(IV)-based AOPs 271 

3.3.1. Detection of reactive radicals 272 

S(IV) can be activated by metal-based catalysts to generate radicals [9–11]. Herein, to explain the 273 

activation mechanism of the Mn2O3@Mn5O8/S(IV) system, we initially performed quenching 274 

experiments using different scavengers to determine the ROS in the reaction solution and those 275 

participating in the reaction. Fig. 5a depicts the radical-scavenging effects of EtOH, TBA, and 276 

aniline. SO4
•− and •OH radicals are quenched by EtOH because it possesses a high reaction rate 277 

constants (k) for both SO4
•− (k = 1.6 × 107 M−1 s−1) and •OH (k = 1.9 × 109 M−1 s−1) [6,12]. However, 278 

EtOH does not have a strong quenching effect on SO5
•− due to the lower k value (k < 1 × 103 M−1 279 

s−1) [43]. The removal of phenol decreased from 91% to 62% when 100 mM of EtOH was added 280 

to the Mn2O3@Mn5O8/S(IV) system, and to 37% when 500 mM of EtOH was added. TBA is 281 

commonly used as a scavenger for •OH (k = 6.0 × 108 M−1 s−1)  [6,44]. When TBA was introduced 282 

into the Mn2O3@Mn5O8/S(IV) system, the degradation of phenol decreased from 91% to 75% 283 

(100 mM TBA) and 49% (500 mM TBA). These results indicate that the Mn2O3@Mn5O8/S(IV) 284 

system generates both SO4
•− and •OH radicals, which is consistent with previous reports that S(IV) 285 

produces SO4
•− and •OH in the presence of a catalyst [9,12,44]. Furthermore, because the results 286 

of the scavenging experiments with EtOH and TBA were somewhat similar, it is likely that SO4
•− 287 

rapidly transferred to •OH in this system. 288 
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The presence of •OH radicals was further verified by using the selective scavenger CO3
2– (see 289 

Section 3.8.3) and the chemical probe NB. NB has a high k value for •OH (k = 3.9 × 109 M−1 s−1) 290 

and does not directly react with SO4
•− [42,45], making it an appropriate chemical probe for 291 

confirming the production of •OH. Nearly 53% of NB was removed by the Mn2O3@Mn5O8/S(IV) 292 

system (Fig. 4c), suggesting that •OH radicals are the major species responsible for the elimination 293 

of contaminants. However, because phenol degradation still occurred to some extent when a large 294 

amount (500 mM) of EtOH or TBA was added, active oxygen species other than SO4
•− and •OH 295 

must be involved in the degradation of phenol. Therefore, aniline was used as an active scavenger 296 

for SO5
•− [43]. With the addition of only 5 mM of aniline, the degradation of phenol decreased 297 

from 91% to 10% in the Mn2O3@Mn5O8/S(IV) system. Notably, this is very similar to the extent 298 

of phenol oxidation by Mn2O3@Mn5O8 alone (9.0%) (Fig. 12b), indicating that SO5
•− played a key 299 

role in the degradation of phenol in this system. Because almost no phenol was degraded in the 300 

presence of aniline alone, we propose that SO5
•− acts as a precursor for the production of SO4

•−. 301 

EPR spectroscopy measurements were conducted using DMPO as a spin-trapping agent to further 302 

confirm the participation of the SO3
•−, SO4

•−, and •OH radicals (Figs. 5b and 5c). In the absence of 303 

a catalyst, the EPR spectrum did not contain signals corresponding to SO3
•−, whereas when 304 

Mn2O3@Mn5O8 was introduced into the S(IV) system, a strong signal was detected for a DMPO–305 

SO3 adduct after 2 min (Fig. 5b); the EPR spectrum was in agreement with those reported in the 306 

literature [44,46]. Furthermore, six lines corresponding to DMPO–SO4 adducts (Fig. 5b) [46] and 307 

four lines corresponding to DMPO–OH adducts (after 30 min) were observed in the EPR spectrum 308 

of the Mn2O3@Mn5O8/S(IV) system (Fig. 5c) [44]. Note that DMPO cannot trap SO5
•− to provide 309 

an observable signal, even if SO5
•− is present in the reaction solution. However, SO3

•− is readily 310 

oxidized to SO5
•− in the presence of dissolved oxygen (see equation (6); k = 2.5 × 109 M−1 s−1). 311 
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The role of SO5
•− was verified by investigating the phenol degradation in a Mn2O3@Mn5O8/S(IV)–312 

N2 system, in which SO3
•− cannot oxidize to SO5

•− due to the inert conditions. Negligible phenol 313 

degradation occurred, as shown in Fig. S8, demonstrating that SO5
•− contributes to phenol 314 

degradation. This also confirms that the oxidation of phenol by SO3
•− is negligible. 315 

These results imply that S(IV) is activated in the presence of Mn2O3@Mn5O8 to generate SO3
•−, 316 

which then acts as a precursor for the production of SO5
•− and then SO4

•−. The SO4
•− radical species 317 

react with –OH/H2O to generate •OH radicals, which are the primary components involved in the 318 

degradation of phenol along with SO5
•− and SO4

•−. 319 

3.4. H2-TPR analysis 320 

To understand the reduction/oxidation behaviors of the catalysts, the H2 temperature-programmed 321 

reduction (H2-TPR) profiles of the Mn2O3@Mn5O8, Mn2O3, and Mn5O8 catalysts between 50 and 322 

800 °C are shown in Fig. 6a. The H2-TPR profiles contain reduction peaks at 301.5 and 403.6 °C 323 

for Mn2O3@Mn5O8, 385.5 and 463.7 °C for Mn2O3, and 290.5 and 409.7 °C for Mn5O8. The lower 324 

and higher temperature peaks were ascribed to the reduction of each catalyst to Mn3O4, and of 325 

Mn3O4 to MnO, respectively. Indeed, XRD patterns of the reduced samples proved the existence 326 

of MnO, as shown in Fig. S9. Notably, the present construct of the Mn2O3@Mn5O8 structure is of 327 

multivalent Mn ions in Mn5O8 (compositional formula of Mn2
II, Mn3

IVO8 [47]), along with Mn2O3 328 

(which contains MnIII). Thus, the H2-TPR results can be explained by the fact that Mn5O8 contains 329 

MnIV, which is reduced at a lower temperature than MnIII [48,49], whereas the second peak of 330 

Mn2O3@Mn5O8 was lower than that of the other two samples. This confirmed that the catalyst 331 

underwent a Mn(IV) → Mn(III) → Mn(II) transition, which is favorable for the redox cycle of the 332 

Mn species within the catalyst. 333 
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3.5. Electrochemical test 334 

The different Mn-based catalysts showed different catalytic performance for the degradation of 335 

phenol, as shown in Fig. 4a. To elucidate the differences among the catalysts, it is important to 336 

study their redox properties. Efficient catalytic performance is also related to the electrochemical 337 

behavior because the catalytic reaction to generate ROS involves the transfer of electrons between 338 

the catalyst and S(IV). 339 

To verify the charge transfer behavior and redox mechanism of Mn2O3@Mn5O8, cyclic 340 

voltammetry (CV), linear sweep voltammetry (LSV), and electrochemical impedance 341 

spectroscopy (EIS) analyses were conducted on the Mn2O3@Mn5O8, Mn2O3, and Mn5O8 342 

electrodes in a mixed solution of Na2SO4 (0.1 M) and S(IV) (0.7 mM). Fig. 6b shows clear cathodic 343 

and anodic peaks corresponding to the oxidation and reduction of the Mn species, which are typical 344 

processes in the catalytic reactions on the surface of Mn-based catalysts [40,50]. In the CV curves, 345 

the Mn2O3@Mn5O8 electrode produced remarkable oxidation and reduction potential peaks that 346 

were more intense than those produced by the Mn2O3 and Mn5O8 electrodes. This indicates that 347 

the Mn species is important for S(IV) activation, which facilitates fast electron transfer in 348 

Mn2O3@Mn5O8. The current densities of the Mn2O3@Mn5O8, Mn2O3, and Mn5O8 samples were 349 

calculated from their LSV curves (Fig. 6c). Mn2O3@Mn5O8 had a higher current density than that 350 

of Mn2O3 and Mn5O8, indicating that the charge transfer ability was considerably enhanced with 351 

the addition of Mn2O3@Mn5O8 [51]; thus, the electron transfer with S(IV) was enhanced. In the 352 

high-frequency region of the EIS Nyquist plot (Fig. 6d), Mn2O3@Mn5O8 produced a smaller 353 

semicircle than Mn2O3 and Mn5O8, indicating efficient charge transfer within the catalyst. The 354 

outstanding conductivity and multivalence of the Mn2O3@Mn5O8 yolk/shell structure can enhance 355 

the electron transfer in the Mn2O3@Mn5O8/S(IV) system. Thus, Mn2O3@Mn5O8 promotes 356 
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electron transfer for efficient S(IV) activation, which can accelerate the elimination of organic 357 

pollutants. Overall, compared to the other catalysts, Mn2O3@Mn5O8 preserved greater redox 358 

potential and provided faster electron circulation, which is beneficial for efficient S(IV) activation. 359 

3.6. Plausible S(IV) activation and radical formation pathways 360 

To explore the roles of the surface activation mechanism and chemical composition of 361 

Mn2O3@Mn5O8 on the activation of S(IV) toward the production of SO5
•−, SO4

•−, and •OH, XPS 362 

was performed before and after the reactions of the samples (Figs. 7a–d and S10). Before catalytic 363 

oxidation, Mn peaks appeared at 640.7, 642.0, and 643.8 eV after peak fitting in the 2p3/2 core 364 

region, which were ascribed to Mn(II), Mn(III), and Mn(IV), respectively [52]. After the reaction, 365 

the proportion of Mn(II) increased from 16.1% to 23.0%, whereas the proportions of Mn(III) and 366 

Mn(IV) decreased from 44.4% to 39.8% and 39.5% to 37.2%, respectively (Figs. 7a and 7b). This 367 

indicates that the Mn(II) ↔ Mn(III) ↔ Mn(IV) redox cycle occurred among the Mn species present 368 

during S(IV) activation. The Mn species in the heterogeneous catalyst served as an electron 369 

transfer agent for S(IV) activation [6,9] and thus generated oxysulfur radicals. 370 

Figs. 7c and 7d show the O 1s spectra of Mn2O3@Mn5O8 before and after the reaction, 371 

respectively. In the XPS spectra of O(I), O(II), and O(III), three peaks were observed at 529.7, 372 

531.4, and 533.5 eV, corresponding to lattice O (O2−), –OH groups, and adsorbed H2O, 373 

respectively [40]. After the oxidation of Mn2O3@Mn5O8, the relative intensities of the O2− and 374 

adsorbed H2O peaks increased from 53.6% to 66.2% and 9.8% to 12.3%, respectively, whereas 375 

that of the –OH group peak decreased from 36.6% to 21.5%. This result implies that the O species 376 

participated in the catalytic reaction and facilitated S(IV) activation via complexation/bond 377 

formation. Furthermore, the –OH groups in the catalyst offered active sites for bond formation 378 

with S(IV) [9]. Figs. 7c–7f show that Mn2O3@Mn5O8 had the highest percentage of –OH groups 379 
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on its surface (36.6% vs. 28.7% for Mn2O3 and 16.7% for Mn5O8). Thus, this catalyst facilitated 380 

fast electron transfer among the Mn species (Mn(II) ↔ Mn(III) ↔ Mn(IV)) and provided a large 381 

number of active sites (–OH groups) for S(IV) activation. 382 

The plausible mechanism for S(IV) activation by Mn2O3@Mn5O8 is as follows. Initially, a 383 

Mn(II/III/IV)–OH complex was generated due to the physical adsorption of H2O molecules on the 384 

Mn2O3@Mn5O8 surface [6,9,25]. Subsequently, S(IV) formed a complex/bond with 385 

Mn(II/III/IV)–SO3
− via the –OH groups [6,9], allowing electron transfer between the catalyst and 386 

S(IV) in the solution. The Mn(II/III/IV)−SO3
− bonds were broken by another SO3

2− ion, producing 387 

SO3
•− according to equations (2) and (3). The electron transfer between Mn2O3@Mn5O8 and S(IV) 388 

was verified by the corrosion current of 4.8 × 10-9 A in the Tafel curves (Fig. S11). This provides 389 

strong evidence for S(IV) activation by electron transfer from Mn2O3@Mn5O8. The CV curves for 390 

the Mn2O3@Mn5O8/S(IV) system showed two reduction peaks at 0.07 and 1.00 V, corresponding 391 

to the reduction of MnIV to MnIII and MnIII to MnII, respectively. In contrast, two oxidation peaks 392 

were detected at 0.80 and −0.19 V corresponding to the oxidation of MnII to MnIII and MnIII to 393 

MnIV, respectively. Thus, the electron transfer from S(IV) to MnIV and MnIII led to the generation 394 

of MnIII and MnII, respectively. Meanwhile, SO3
•− was also generated in the solution. The Mn 395 

species within the catalyst, such as MnII and MnIII, were oxidized by dissolved oxygen (equations 396 

(4) and (5)) or other oxygen species to MnIII and MnIV, respectively. This indicates that the Mn(II) 397 

↔ Mn(III) ↔ Mn(IV) redox cycle was established in the S(IV) system. SO5
•− was generated by 398 

the oxidation of SO3
•− via dissolved oxygen according to equation (6). Meanwhile, SO4

•− was 399 

produced by the reaction of SO5
•− with SO3

2− (equation (7)) and by the internal electron transfer 400 

of SO5
•− (equation (8)) [43]. The produced SO4

•− then reacted with SO3
2− to generate SO3

•− 401 

(equation (9)), and •OH was produced by the reaction of SO4
•− with −OH/H2O (equations (10) and 402 
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(11)). This indicates that the Mn2O3@Mn5O8/S(IV) system involved cyclic oxysulfur radical 403 

formation (SO3
•−, SO5

•−, and SO4
•−) as shown in Fig. 8. The multivalent Mn species in the 404 

Mn2O3@Mn5O8 yolk/shell structure along with monoclinic Mn5O8 and cubic Mn2O3 maintained 405 

the redox cycle and facilitated electron transfer; thus, the catalyst demonstrated effective catalytic 406 

performance. Overall, an appropriate combination of catalytic features was generated on 407 

Mn2O3@Mn5O8, which facilitated S(IV) activation to produce a large number of radicals for 408 

contaminant degradation.  409 

≡Mn(II/III/IV)–OH + SO3
2− → ≡Mn(II/III/IV)– SO3

− + −OH (2) 410 

 ≡Mn(II/III/IV)–SO3
− + SO3

2− → ≡Mn(II/III/IV)– SO3
− + SO3

•− (3) 411 

 ≡Mn(II) + [O] + H+ → ≡Mn(III) + −OH (4) 412 

 ≡Mn(III) + [O] + H+ → ≡Mn(IV) + −OH (5) 413 

 SO3
•− + O2 → SO5

•− (6) 414 

 SO5
•− + SO3

2− → SO4
2− + SO4

•−  (7) 415 

 SO5
•− + SO5

•− → O2 + 2SO4
•− (8) 416 

 SO4
•− + SO3

2− → SO4
2− + SO3

•− (9) 417 

 SO4
•− + –OH → SO4

2− + •OH (10) 418 

 SO4
•− + H2O → SO4

2− + •OH + H+ (11) 419 

3.7. Density functional theory (DFT) calculations 420 

To compare and validate our experimental data, DFT studies were performed using 2D slab 421 

models of Mn2O3(001), Mn5O8(100), and Mn2O3@Mn5O8(100). Both pristine and 2% oxygen-422 
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deficient surfaces of these species were considered, and the catalytic efficiency was predicted in 423 

the form of adsorption energy based on the interaction with –OH groups. The per-OH adsorption 424 

energy over the pristine and oxygen-deficient surfaces of Mn2O3, Mn5O8, and Mn2O3@Mn5O8 425 

were calculated using equation (12) and the values are listed in Table S2. 426 

 ∆Ead = Esurface@OH − (EOH + Esurface)  (12) 427 

where ΔEad is the adsorption energy, Esurface is the energy of the clean surface, EOH is the total free 428 

energy of OH, and Esurface@OH is the energy of the optimized OH–slab complex. The optimized 429 

structures of Mn2O3, Mn5O8, and Mn2O3@Mn5O8 and their 2% oxygen-deficient species are 430 

shown in Figs. 9, S13, and S14. The interaction between O of –OH and the surface Mn atoms is 431 

also shown. The –OH groups interact with Mn atoms and form strong O–Mn bonds on the 2% 432 

oxygen-deficient surfaces, while they only weakly bond with the pristine surfaces. 433 

Comparative analyses of the data in Table S2 indicate that –OH adsorption should be more 434 

favorable on oxygen-deficient surfaces than their pristine counterparts. Indeed, the highest 435 

adsorption energy was observed for the Ov-Mn2O3@Mn5O8(100)–OH surface (approximately 436 

−5.51 eV). This statement strongly corroborates our experimental results and confirms the 437 

significant finding that the presence of surface –OH groups enhances the catalytic efficiency of 438 

the Mn2O3@Mn5O8 heterostructure. This strong interaction energy is caused by strong bonding 439 

between the O of the –OH group and the surface metal atoms, as can be visualized from the ELF 440 

map in Fig. 10. The ELF maps of Mn2O3(001), Mn5O8(100), Ov-Mn2O3(001), and Ov-441 

Mn5O8(100), with and without –OH interaction, are shown in Figs. S15 and S16. 442 

The –OH adsorption on the Mn2O3@Mn5O8(100) surface is further enhanced by significant inter-443 

charge transfer, as shown in the EDD images in Fig. S17. The contours of the electron cloud 444 
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density of Mn2O3@Mn5O8(100) are prominently changed due to the change in the oxidation state 445 

of the Mn atoms, as clearly highlighted by the red shaded area in the EDD image of Ov-446 

Mn2O3@Mn5O8(100) (Fig. S17). The 2D plot of EDD along the c-axes of Mn2O3@Mn5O8(100), 447 

Ov-Mn2O3@Mn5O8(100), and their OH-interacted systems are shown in Figs. 11a and 12b, 448 

respectively. It is found that upon interaction with the –OH group, the change in EDD of the Ov-449 

Mn2O3@Mn5O8(100) species is higher than that of the Mn2O3@Mn5O8(100) species, as can be 450 

observed from Figs. 11a and 12b. In these figures, the yellow and green areas denote electron 451 

accumulation and electron donation, respectively. A significant amount of inter-charge exchange 452 

occurred within the Ov-Mn2O3@Mn5O8(100) system, which is responsible for the adsorption of 453 

more –OH groups and efficient catalytic ability. 454 

The DFT calculations indicated that the adsorption energy of –OH on the Ov-455 

Mn2O3@Mn5O8(100) surface was about twice that on the pristine Mn2O3 and Mn5O8 surfaces. 456 

Consequently, more –OH groups will adsorb to the Ov-Mn2O3@Mn5O8(100) surface. The 457 

stronger the adsorption energy, the higher the catalytic activity. Finally, the oxygen-deficient Ov-458 

Mn2O3@Mn5O8(100) system has a lower work function (4.74 eV) than that of the pristine 459 

Mn2O3@Mn5O8(100) system (4.79 eV), as shown in Figs. 11c and 11d. The lower the work 460 

function of a catalyst, the higher the electron transformation and catalytic activity. Thus, it was 461 

concluded that the Mn2O3@Mn5O8 catalyst provides more –OH groups, which act as active sites 462 

for S(IV) activation, and a higher electron transfer. Consequently, Mn2O3@Mn5O8 is highly 463 

suited to efficient catalysis. 464 

3.8. Effects of reaction conditions on the degradation of phenol 465 

3.8.1. Effect of the initial pH of the reaction solution 466 
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The preliminary pH of the reaction solution plays a vital role in the degradation of organic 467 

pollutants in aqueous media. Metal-based catalysts, such as NiFe2O4 and CoFe2O4, reportedly 468 

exhibit sluggish catalytic performance in sulfite systems at a low or neutral pH [6,9]. Experiments 469 

were conducted at the preliminary pH values of 3.0, 4.0, 5.0, 6.0, 7.0, 9.0, and 10.0 to investigate 470 

the effect of pH on the removal of phenol by the Mn2O3@Mn5O8/S(IV) system (Fig. 12a). The 471 

primary pH of the reaction solution was adjusted to the target pH using NaOH and H2SO4 after the 472 

addition of S(IV). The Mn2O3@Mn5O8/S(IV) system exhibited almost 100% phenol degradation 473 

within 60 and 150 min at the pH values of 3.0 and 4.0, respectively, whereas 91.0%, 82.0%, and 474 

77.0% of phenol was removed within 180 min at the pH values of 5.0, 6.0, and 7.0, respectively. 475 

When the initial pH of the reaction solution was increased to 9.0 and 10.0, the phenol degradation 476 

rate decreased rapidly to 18% and 15% within 180 min, respectively. This observation indicates 477 

that the removal of phenol by the Mn2O3@Mn5O8/S(IV) system under the low-acidic and neutral 478 

pH conditions was higher than that under the alkaline conditions. Further experiments were 479 

conducted to examine the performance of Mn2O3@Mn5O8 alone for phenol removal at various pH 480 

values under identical conditions. Nearly 99% of phenol was eliminated by Mn2O3@Mn5O8 alone 481 

within 90 min at pH = 3.0, whereas only 23% and 9% of phenol was eliminated within 180 min at 482 

pH = 4.0 and 5.0, respectively, and less than 6% of phenol was removed within 180 min at pH = 483 

6.0–10.0 (Fig. 12b). The phenol degradation capability of Mn2O3@Mn5O8 alone can be attributed 484 

to the oxidation of phenol via the Mn species in Mn2O3@Mn5O8, which is consistent with a 485 

previous report [34]. Furthermore, we noted that the phenol oxidation process by Mn2O3@Mn5O8 486 

alone was very slow at pH 5 compared to that at pH 3, suggesting that in the Mn2O3@Mn5O8/S(IV) 487 

system, almost all the phenol degradation at pH 5.0–7.0 occurred through the radical process (Figs. 488 

4a and 12a). 489 
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The zero-point charge (ZPC) of Mn2O3@Mn5O2 was calculated to be approximately 3.4 (Fig. 12c). 490 

The Mn2O3@Mn5O8 surface was positively charged when pH < pHzpc, whereas it was negatively 491 

charged when pH > pHzpc [40,53]. The pKa value of S(IV) is 7.2 [43]. This finding indicates that 492 

when the pH was below 3.4, Mn2O3@Mn5O8 was positively charged, which increased the reaction 493 

rate with negatively charged S(IV) (SO3
−2) and accelerated the activation of S(IV). This increased 494 

the degradation of phenol. This phenomenon is in agreement with the previous studies on the 495 

activation of persulfate by Mn-based catalysts [40,53] and implies that an increase in the 496 

electrostatic repulsion force may decrease the interactions between Mn2O3@Mn5O2 and S(IV), 497 

thereby hindering the phenol degradation. Furthermore, at high pH values of 9.0 and 10.0 that are 498 

close to the pKa value of phenol (10.0), almost all of the pollutants were deprotonated and 499 

negatively charged; consequently, the interaction between phenol and the catalyst was reduced, 500 

accounting for the suppressed phenol degradation. 501 

3.8.2. Influence of Mn2O3@Mn5O8 dosage and S(IV) concentration 502 

Figs. 13a and b show the effects of Mn2O3@Mn5O8 dosage and S(IV) concentration on the 503 

degradation of phenol. When 0.2 or 0.3 g L−1 Mn2O3@Mn5O8 was used, 91% and 98% of phenol, 504 

respectively, were removed in 180 min; in contrast, when 0.1 g L−1 Mn2O3@Mn5O8 was employed, 505 

68% of phenol was eliminated within 180 min (Fig. 13a). This result demonstrates that the number 506 

of active sites increases with the Mn2O3@Mn5O8 dosage because of the substantial activation of 507 

S(IV) [11,24]. S(IV) in various concentrations was used in the presence of Mn2O3@Mn5O8 to 508 

analyze the influence of S(IV) concentration on the degradation of phenol (Fig. 13b). S(IV) in 509 

concentrations ranging from 0.2 to 0.7 mM led to significantly high eliminations of phenol. 510 

However, a further increase in S(IV) concentration to 1 mM caused the removal of phenol to 511 
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decrease, as compared to that observed with 0.7 mM. This observation indicates that excessive 512 

S(IV) quenches the ROS and reduces the phenol removal rate [6]. 513 

3.8.3. Effect of anions and HA 514 

The contents of various anions in the Mn2O3@Mn5O8/S(IV) system, including CO3
2–, Cl−, NO3

−, 515 

and SO4
− (5 mM), were determined to investigate their influence and interaction, as shown in Fig. 516 

13c. Inorganic anions commonly exist in aqueous media and can act as scavengers for radical-517 

based oxidation. In addition, they often reduce the degradation performance of AOPs. For instance, 518 

SO4
•−and •OH radicals can be scavenged by CO3

2− with the rate constants, k, of 6.1 × 106 and 3 × 519 

108 M−1 s−1, respectively, generating less reactive •CO3
− radicals (equations (13) and (14)) [54,55]. 520 

In the present study, when CO3
2− was introduced into the Mn2O3@Mn5O8/S(IV) system at pH = 521 

5, the degradation rate of phenol decreased from 91% to 34%. This implies that the SO4
•− and/or 522 

•OH radicals were scavenged by CO3
2−. Therefore, •OH was dominant in the S(IV) system, and 523 

the addition of CO3
2− decreased the degradation rate of phenol. In the presence of Cl−, the phenol 524 

elimination rate decreased from 91% to 64%, demonstrating some SO4
•− and/or •OH radical 525 

scavenging was performed by Cl−. It has been reported that SO4
•− and •OH react with Cl− with the 526 

reaction rate constants, k, of 3.2 × 108 and 4.2 × 109 M−1 s−1, respectively, generating •Cl radicals 527 

(E0(•Cl₂ /2Cl⁻ ) = 2.40 V), as shown in equations (15) and (16) [54,56]. As a result, the presence of 528 

Cl− may decrease the phenol degradation rate. Similarly, when NO3
− was added to the reaction 529 

solution, the phenol degradation rate decreased from 91% to 72%, suggesting that a reaction 530 

occurred between the SO4
•− and/or •OH radicals and NO3

− to produce less reactive NO3
• radicals 531 

(equations (17) and (18)) [54]. When SO4
2− was introduced into the same system, the degradation 532 

rate of phenol decreased slightly (91% to 83%), indicating that this anion had lesser effect on the 533 

degradation of phenol. Thus, several anions have negative effects on the phenol degradation 534 
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efficiency. This suggests that the Mn2O3@Mn5O8/S(IV) system produces various radicals, which 535 

can react with anions and generate less reactive species, and ultimately deteriorate the phenol 536 

degradation performance. Further degradation experiments were conducted at pH = 5 to study the 537 

performance of the Mn2O3@Mn5O8/S(IV) system in the presence of HA to investigate the 538 

influence of natural organic matter. As shown in Fig. 13d, as the amount of HA increased from 0 539 

to 10 mg L−1, the elimination rate of phenol decreased from 91% to 70% within 180 min. This 540 

decrease in the removal rate of phenol with a large addition of HA may be related to the scavenging 541 

ability of HA, which created competition for the radicals with the target compound [55].  542 

CO3
2− + SO4

•− → CO3
•− +SO4

2−                                                                                                           (13) 543 

CO3
2− + •OH → CO3

•− + OH−                                                                        (14) 544 

Cl− + SO4
•− → SO4

2− + •Cl                                                                           (15) 545 

Cl− + •OH → OH− + •Cl                                                                          (16) 546 

NO3
− + SO4

•− → SO4
2− + NO3

•                                                                                                       (17) 547 

NO3
− + •OH → OH− + NO3

•                                                                                                       (18) 548 

3.9. Mineralization  549 

The mineralization of phenol in the Mn2O3@Mn5O8/S(IV) system was studied to investigate the 550 

TOC levels in the sample. Around 32% TOC removal was observed when 91% of phenol was 551 

degraded within 180 mins (Fig. S18). Most metal-based or composite catalysts cause slight 552 

mineralization of the organic contaminants in the S(IV) system [16,57]. However, the 553 

Mn2O3@Mn5O8/S(IV) system not only showed efficient degradation of phenol in water but also 554 

the removal of generated intermediates during the reaction, which could be very favorable for 555 

wastewater treatment. The efficient mineralization of organic pollutants in the 556 
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Mn2O3@Mn5O8/S(IV) system may be attributed to the high content of •OH radicals, as shown in 557 

Fig. 5a. The oxidation of almost any compound occurs through •OH radicals, which are excellent 558 

for their non-selectivity toward the substrate. Consequently, •OH radicals contribute to efficient 559 

mineralization [57]. In contrast, SO4
•− radicals are excellent for their strong selectivity toward a 560 

target compound [58,59]. They can generate recalcitrant products during the degradation process, 561 

which cannot be further degraded by SO4
•−/SO5

•− [57]. Thus, the combined effect of SO4
•− and 562 

•OH radicals provides efficient mineralization of phenol, which is significant for the removal of 563 

contaminants as well as generated intermediates in aqueous media.  564 

4. Conclusions 565 

Herein, the catalytic performance of Mn2O3@Mn5O8, α-MnO2, Mn2O3, Mn3O4, Mn5O8, and other 566 

transition-metal oxides (CuO, Co3O4, and Fe2O3) toward phenol degradation were investigated in 567 

a S(IV) system. The following conclusions were drawn from the results of this study: 568 

 Mn2O3@Mn5O8 can be more facilely synthesized than other Mn oxides and shows better 569 

catalytic performance than other S(IV) activators, which is attributed to its unique 570 

architecture, multivalent states, surface hydroxyl groups (–OH), and large surface area. The 571 

efficient redox conversion of Mn species (Mn(II) ↔Mn(III) ↔Mn(IV)) is promoted by 572 

Mn2O3@Mn5O8 during the catalytic reaction.  573 

 DFT simulations reveal that Ov-Mn2O3@Mn5O8(100) has a higher catalytic activity than 574 

that of Mn2O3 and Mn5O8as as indicated by a strong –OH adsorption energy and significant 575 

inter-charge transformation.  576 

 Various experiments suggested that S(IV) is activated by Mn2O3@Mn5O8 that generates 577 

SO3
•−, SO5

•−, SO4
•−, and •OH radicals, with SO3

•− acting as the precursor for the production 578 

of other radicals.  579 
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 Radical-scavenging experiments confirmed that phenol is mainly removed by •OH and is 580 

partially removed by SO4
•− and SO5

•− radicals.  581 

 At an initial solution pH of 3.0–7.0, the best degradation of phenol is achieved, whereas 582 

the phenol degradation rate decreases at higher pH. The phenol elimination performance 583 

of Mn2O3@Mn5O8 varies depending on the presence of other inorganic anions, whereas 584 

TOC degradation is efficient in the S(IV) system.  585 

 Due to the low toxicity of Mn2O3@Mn5O8 and its high S(IV) activation ability, our method 586 

can be considered a green approach for environmental remediation as compared to the 587 

conventional methods. 588 
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 795 

Fig. 1. XRD pattern of (a) Mn2O3, (b) Mn5O8, and (c) Mn2O3@Mn5O8. 796 
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 798 
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 800 

Fig. 2(a–i). Scanning electron microscopy (SEM) images of the as-prepared nanostructured 801 

materials: (a–c) Mn5O8, (d–f) Mn2O3@Mn5O8, and (g–i) Mn2O3. 802 

 803 

 804 
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 805 

Fig. 3. (a and b) Structural characterizations of the Mn2O3@Mn5O8 material. (a) HRTEM image 806 

of Mn5O8 and FFT inset in HRTEM images, (b) HRTEM image of Mn2O3 and FFT inset in 807 

HRTEM images. 808 

 809 
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 810 

Fig. 4(a-d). (a and b) phenol degradation on various metal oxides, (c) Different organic 811 

degradation, (d) Stability of the Mn2O3@Mn5O8. Reaction conditions: Catalyst 0.2 g/L, sulfite 0.7 812 

mM, contaminants 50 μM, and temperature: 30 ˚C.  813 
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 817 
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 820 



37 
 

            Table 1 Pseudo first order rate constant and BET values for various catalysts. 821 

Entry Catalyst 
Rate constant 

(min-1) 

Phenol removal 

(%) 
BET (m2/g) 

1 Mn2O3@Mn5O8 0.0167 
91 45.0 

2 α-MnO2 0.0017 
21 22.4  

3 Mn2O3 0.0040 
41 32.0 

4 Mn3O4 0.0014 
17 21.0 

5 Mn5O8 0.0025 
30 11.0 
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 823 

 824 
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 825 

Fig. 5(a-c). (a) Inhibition of aniline, 

EtOH and TBA on the phenol 

degradation by Mn2O3@Mn5O8/S(IV). 

(b and c) DMPO spin-trapping EPR 

spectra using sulfite activated by 

Mn2O3@Mn5O8, ●: SO3
•−, ♦: SO4

• −, ♠: 

•OH, ♣: DMPOX, Reaction 

conditions: catalyst 0.2 g L-1, sulfite 

0.7 mM, phenol 50 μM, temperature: 

30 ˚C and DMPO 50 mM.  

 

 



39 
 

  826 

Fig. 6. (a) H2-TPR profiles of the Mn2O3@Mn5O8, Mn2O3, and Mn5O8 catalysts, (b) CVs obtained 827 

on Mn2O3@Mn5O8, Mn2O3, and Mn5O8 as electrodes in a mixed solution of Na2SO4 (0.1 M) and 828 

S(IV) (0.7 mM). Scan rate= 100 mV s-1, (c) LSV curves and (d) EIS Nyquist plots.  829 

 830 
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  831 

Fig. 7. (a and b) XPS spectra of Mn 2p fresh and used catalyst for the Mn2O3@Mn5O8. (c and d) 832 

XPS spectra of O 1s fresh and used catalyst for the Mn2O3@Mn5O8. XPS spectra of O 1s fresh 833 

catalyst for the (e) Mn2O3 and (f) Mn5O8.  834 

 835 

 836 
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 837 

Fig. 8. A possible overall sulfite activation mechanism on Mn2O3@Mn5O8 catalyst for pollutants 838 

degradation. 839 



42 
 

 840 

Fig. 9. Optimized relaxed structures of (a) Mn2O3@Mn5O8(100), (b) Mn2O3@Mn5O8(100)-OH, 841 

(c) Ov-Mn2O3@Mn5O8(100), and (d) Ov-Mn2O3@Mn5O8(100)-OH. The adsorbed –OH groups 842 

are shown with red broken circles and the Mn2O3 and Mn5O8 parts are also clearly shown in 843 

Figures b and d. 844 

 845 

 846 

 847 
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 848 

Fig. 10. ELF of (a)Mn2O3@Mn5O8(100) and (c) its oxygen-deficient, (b, d) form along with –849 

OH interacted species  850 

 851 

 852 
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 853 

Fig. 11. EDD plot of (a) Mn2O3@Mn5O8(100) and (b) Ov-Mn2O3@Mn5O8(100) along with –OH 854 

systems, effective potential maps of (c) Mn2O3@Mn5O8(100) and (d) Ov-Mn2O3@Mn5O8(100) 855 

along with –OH systems. The work function is also shown in the effective potential map plot. 856 
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 862 

 863 

Fig. 12. Effect of initial pH values 

on (a) Mn2O3@Mn5O8/S(IV) 

system, (b) Mn2O3@Mn5O8 alone, 

(c) Zeta Potential (mV) as a 

function of pH, Reaction 

conditions: Catalyst 0.2 g/L, sulfite 

0.7 mM, phenol 50 μM, and 

temperature: 30 ˚C.  
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 864 

Fig. 13. Effect of (a) catalyst dosage, (b) sulfite concentration, (c) Effect of anion, (d) Effect of 865 

HA on the degradation of phenol in Mn2O3@Mn5O8/S(IV) system. Reaction conditions: Catalyst 866 

0.2 g/L, sulfite 0.7 mM, phenol 50 μM, and temperature: 30 ˚C.  867 
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