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Abstract 21 

Proper treatment of wastewater is one of the key issues to the sustainable 22 

development of human society, and people have been searching for high-efficiency and 23 

low-cost methods for wastewater treatment. This article reviews recent studies about 24 

pyrite-mediated advanced oxidation processes (AOPs) in removing refractory organics 25 

from wastewater. The basic information of pyrite and its characteristics for AOPs are 26 

first introduced. Then, the performance and mechanisms of pyrite-mediated Fenton 27 

oxidation, electro-Fenton oxidation, and persulfate oxidation processes are carefully 28 

reviewed and presented. Natural pyrite is an abundant low-cost heterogeneous catalyst 29 

for AOPs, and the slow release of Fe2+ and the self-regulation of solution pH are 30 

highlighted characteristics of pyrite-mediated AOPs. In AOPs, the interaction between 31 

Fe3+ and pyrite facilitates the Fe2+ regeneration and the Fe2+/Fe3+ cycle. Making pyrite 32 

into nanoparticles, assisting by ultrasound and light irradiation, and adding exogenous 33 

Fe3+, organic chelating agents, or biochar is effective to enhance the performance of 34 

pyrite-mediated AOPs. Based on the analyses of those pyrite-mediated AOPs and their 35 

enhancing strategies, the future development directions are proposed in the aspects of 36 

toxicity research, mechanism research, and technological coupling. 37 
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1. Introduction 42 

Wastewater treatment is essential to pollutant discharge reduction and water-use 43 

efficiency improvement. The rapid development of petroleum, chemical engineering, 44 

textiles, dyeing, food, pharmacy, metallurgy and other industries in modern society has 45 

caused large production of organic wastewater, which often contains refractory and 46 

highly toxic organics such as polycyclic aromatic hydrocarbons, halogenated 47 

hydrocarbons, phthalic acid esters, pharmaceuticals, and insecticides (Cai et al. 2021). 48 

If untreated the organic wastewater may cause severe damage to ecological 49 

environment and human health (Gwenzi and Chaukura 2018). However, conventional 50 

biological methods adopted by municipal sewage treatment plants are insufficient to 51 

completely eliminate refractory organics from industrial wastewater, especially those 52 

with limited bioavailability (Grandclément et al. 2017). Considering the increasingly 53 

serious environmental pollution and water resource shortage today, exploring 54 

innovative technologies for organic wastewater treatment and recycling is urgently 55 

needed. 56 

Advanced oxidation processes (AOPs) are typical effective methods to manage 57 

high-concentration refractory organics in wastewater. AOPs utilize electricity, light 58 

irradiation, ultrasound or catalysts to activate oxidants for producing active free radicals 59 

with extremely oxidizing capacity, and then realize the degradation even direct 60 

mineralization of organic compounds via the attack of the free radicals (Ma et al. 2021). 61 

For instance, the hydroxyl radical (·OH) generated in AOPs possesses a high oxidation 62 

potential of 2.80 V, and the oxidizing capacity of ·OH far exceeds those of common 63 
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chemical oxidants (e.g., permanganate, H2O2, and O3), sufficient to degrade most 64 

organic pollutants non-selectively (Boczkaj and Fernandes 2017). Common AOPs 65 

include chemical catalytic oxidation, electrochemical catalytic oxidation, ozonation, 66 

and photocatalytic oxidation. Transforming toxic organics into CO2 and H2O by AOPs 67 

is environmentally friendly, but the high costs of conventional AOPs (involving power, 68 

chemicals, and sludge management) limit their large-scale practical applications 69 

(Mousset et al. 2021). Additionally, it is difficult to control the optimal proportion of 70 

catalyst/oxidant and maintain the solution pH during conventional AOPs (Zhang et al. 71 

2019a). Thus, the researchers have been working on seeking high-efficiency and low-72 

cost catalytic materials for AOPs. 73 

Pyrite is a plentiful sulfide mineral found in nature, and it is the main raw material 74 

for producing sulfur and sulfuric acid (Oliveira et al. 2012). In the past decades, the 75 

geochemical characteristics, mineral dressing, and acid mine drainage of pyrite have 76 

been widely studied. Besides, pyrite shows great potential in solving some 77 

environmental problems, such as stabilization of hexavalent chromium (Li et al. 2020c), 78 

chemical adsorption of arsenic (Bulut et al. 2014), abiotic dechlorination of chlorinated 79 

organics (Demiya et al. 2018), hydrolytic removal of microcystins (Fang et al. 2020), 80 

and denitrification removal of nitrate (Si et al. 2021). In the aspect of AOPs, pyrite is 81 

an attractive catalyst. The oxidation of pyrite in aqueous solution generates many 82 

intermediate products such as Fe2+, S0, H2S, and polysulfides, which are active in 83 

advanced oxidation reactions (Feng et al. 2019). In recent years, many successful 84 

experimental studies about pyrite catalyst for AOPs have been reported, especially for 85 
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Fenton oxidation and persulfate oxidation, and the research enthusiasm continues. 86 

However, to our knowledge, currently there is a lack of timely review on this topic to 87 

provide the basic understanding and guide the further research. In this article, recent 88 

studies about pyrite-mediated AOPs are carefully reviewed. The basic information of 89 

pyrite and its characteristics for AOPs are first introduced. Primary focus is placed on 90 

the performance and mechanisms of pyrite-mediated Fenton oxidation, electro-Fenton 91 

oxidation, and persulfate oxidation processes. Some enhancing strategies and future 92 

research needs for pyrite-mediated AOPs are presented. This review article is hoped to 93 

give basic information and reference on pyrite-mediated AOPs and advance their 94 

further research and practical applications. 95 

 96 

2. Pyrite and its characteristics for AOPs 97 

Pyrite is a sulfide mineral, which is widespread in hydrothermal veins, 98 

polymetallic ore deposits, metamorphic rocks, and igneous rocks (Migaszewski and 99 

Gałuszka 2019). The main composition of pyrite is disulphide of iron (FeS2), and it 100 

presents with a face-centered cubic lattice in the crystal structure. In natural pyrite, 101 

partial substitution of iron by other metal elements (e.g., nickel, cobalt, and copper) 102 

may occur (Abraitis et al. 2004). Due to the characteristics of light brassy color and 103 

metallic luster, pyrite is often mistaken for gold and thus also known as "Fool's Gold" 104 

(Gregory and Kohn 2020). Oxidation and dissolution characteristics of pyrite in 105 

aqueous solutions are research hotspot in the field of geochemistry and environment. 106 

The dissolved Fe2+ from pyrite can serve as catalyst in AOPs to achieve effective 107 
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degradation of refractory organic pollutants. Oxygen and Fe3+ are two important 108 

oxidizers for pyrite oxidation in aqueous solutions, and the oxidation processes can be 109 

expressed as Eqs. (1) and (2). Significantly, Fe3+ was reported to be more aggressive 110 

and powerful than O2 for pyrite oxidation, and oxidation rates by Fe3+ were nearly one 111 

and two orders of magnitude higher than that by O2 at high and low pH, respectively 112 

(Chandra and Gerson 2010). Therefore, taking full advantage of the oxidation 113 

characteristics of pyrite to offer Fe2+ for AOPs has become a hot topic. 114 

+2
4

+2
222 4H +4SO + 2Fe    O2H + 7O + 2FeS 

                             (1) 115 

+2
4

+2
2

+3
2 16H + 2SO + 15Fe    O8H + 14Fe + FeS 

                          (2) 116 

For catalytic applications in AOPs, natural pyrite has excellent machinability. 117 

Many researchers used natural pyrite materials obtained from local mines, mining 118 

companies, and chemical reagent companies in their study of AOPs. Before being used 119 

as a catalyst for AOPs, pyrite usually undergoes a pretreatment of grinding, sieving, 120 

removing impurities, washing, and drying (He et al. 2021). The typical processing steps 121 

are illustrated in Fig. 1a. In a typical pretreatment process, pyrite ore is ground into fine 122 

powders by a ceramic or agate mortar, and then sieved to smaller particles at a micron 123 

level. Subsequently, the oxide impurities on pyrite surface are removed by acid pickling. 124 

After being washed by deoxygenated deionized water, the pyrite catalyst is dried in an 125 

oxygen-free oven. Through simple processing and preparation, high-performance 126 

pyrite catalyst can be obtained from the natural mineral, which provides a feasible 127 

recycling pathway of pyrite from mining tailings. 128 

The customizability is another attractive characteristic of pyrite for AOPs. Apart 129 
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from natural pyrite, synthetic pyrite is used in some AOP studies. Synthetic pyrite 130 

typically serves as the substitution of natural pyrite for particular research requirement, 131 

such as specific size or purity. High-quality pyrite product can be obtained via simple 132 

hydrothermal reactions (Fig. 1b). Generally, ferrous sulfate (FeSO4), sodium thiosulfate 133 

(Na2S2O3), and sulfur (S) are used as the reactants. For example, in the FeS2 synthesis 134 

process reported by Wang et al. (2020b), sulfur powder was added after FeSO4∙7H2O 135 

and Na2S2O3 were dissolved in water, and then the resulting suspension was fully stirred 136 

and transferred to an autoclave for conducting the hydrothermal reaction. The overall 137 

reaction can be described as the Eq. (3). The artificially synthesized FeS2 is similar to 138 

natural pyrite, and it is convenient to adjust and control the properties. Besides the 139 

hydrothermal synthesis method, many other methods such as hot injection method, 140 

template-directed synthesis, and direct thermal sulfidation can also be used to 141 

synthesize FeS2 (Trinh et al. 2017, Qin et al. 2018). Though these methods are all 142 

available, the hydrothermal synthesis is recommended to prepare amounts of FeS2 for 143 

large-scale applications in AOPs due to its relatively simpler apparatus and technique. 144 

Compared with natural pyrite, synthetic pyrite with high purity is more suitable for the 145 

research of related mechanisms. 146 

4242223224 SOH + SONa + FeS    OH + S + OSNa + FeSO                    (3) 147 

 148 

3. Application of pyrite-mediated AOPs for treating refractory organic 149 

pollutants 150 

Pyrite has been shown to successfully function in various AOPs, mainly including 151 
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Fenton oxidation, electro-Fenton oxidation, and persulfate oxidation processes. In this 152 

section, the performance of pyrite-mediated AOPs in organic wastewater treatment is 153 

presented and the basic mechanisms are discussed and illustrated. 154 

 155 

3.1. Pyrite-mediated Fenton oxidation processes 156 

Fenton oxidation is a classical chemical reaction named with its discoverer Henry 157 

John Horstman Fenton (Koppenol 1993). This reaction generates hydroxyl radical (·OH) 158 

with strong oxidizing capacity from hydrogen peroxide (H2O2) and ferrous ion (Fe2+), 159 

and the basic process is represented by the Eq. (4). The redox potential of the strong 160 

oxidizer ·OH reaches up to 2.80 V, which is next only to fluorine (Mousset et al. 2017). 161 

Therefore, Fenton oxidation is powerful in mineralizing various organic pollutants, 162 

especially some refractory aromatic compounds and heterocyclic compounds. 163 

Significantly, Fenton reaction is generally effective in acidic condition as the 164 

precipitation of dissolved iron species will occur in the solution with a high pH value 165 

(Jung et al. 2009). In the application of Fenton reaction for degrading organic pollutants, 166 

ferrous salts (e.g., ferrous sulfate) are often used as the iron source. Using pyrite to 167 

substitute ferrous salts can also trigger the Fenton reaction and achieve effective 168 

removal of organic pollutants in wastewater (Table 1). For example, Zhang et al. (2014b) 169 

prepared natural pyrite catalyst by simple grinding method and used it to catalyze the 170 

Fenton reaction for nitrobenzene degradation in the aqueous solution. According to 171 

their results, about 80% of the nitrobenzene was degraded within 300 min in the optimal 172 

conditions of 2.0 g/L of the catalyst, 250 mM of H2O2, 20 mg/L of initial nitrobenzene, 173 
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and a pH value of 3.0, while the classical Fenton system (with ferrous sulfate) could 174 

only remove 30% of the pollutant. The poor performance of classical Fenton system 175 

might be attributed to the early termination of the nitrobenzene degradation due to the 176 

Fe-sludge formation, which was overcome in pyrite Fenton system. On the one hand, 177 

the release of Fe2+ from pyrite is slow and the resulting Fe3+ can be reduced back to 178 

Fe2+ for Fenton reaction via its interaction with pyrite, which achieves the recycle of 179 

ferric ions. On the other hand, the pH-regulating ability of pyrite maintains an 180 

unfavourable acidic condition for Fe-sludge formation. Although pyrite showed high 181 

performance in Fenton degradation of many organics, the removal of total organic 182 

carbon (TOC) which indicates the absolute mineralization of organics varied with the 183 

targeted pollutants. Kantar et al. (2019b) applied pyrite Fenton system for removing 184 

chlorophenols, and their results showed that a significant portion of TOC still remained 185 

in the solution though all the chlorophenols were degraded within 40 min. The remained 186 

TOC mainly resulted from the formation of chlorinated organic intermediates and low-187 

molecular-weight acids during the Fenton degradation process. Mashayekh-Salehi et al. 188 

(2021) used tetracycline as the targeted pollutant of their pyrite/H2O2 oxidation process, 189 

and the results suggested that the pollutant was completely degraded and over 85% 190 

could be mineralized within 60 min. These examples show promising potential of pyrite 191 

as a heterogeneous catalyst in Fenton oxidation for organic pollutant degradation. 192 

Similar to other heterogeneous catalysts, pyrite catalyst needs be used with suitable 193 

chemical reactors for practical applications of pyrite-mediated Fenton oxidation 194 

processes. 195 
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 OH + Fe + OH   Fe + OH +3+2

22                                      (4) 196 

The proposed mechanisms of pyrite-mediated Fenton oxidation processes are 197 

depicted in Fig. 2. The whole process involves three main phases: release of iron species 198 

from pyrite, generation of ·OH by Fenton reaction, degradation of organic pollutants 199 

by ·OH attack. The oxidative dissolution of pyrite by O2 releases ferrous ions (Eq. (1)), 200 

which subsequently participate in the Fenton reaction. Besides ferrous ions, ferric ions 201 

may be generated via the oxidation of pyrite by H2O2 in the Fenton system (Eq. (5)) 202 

(Zhang et al. 2018b). The concomitant hydrogen ions during the release processes of 203 

iron species from pyrite effectively regulate the pH value of the Fenton system (Ltaïef 204 

et al. 2018). In the Fenton process, ·OH is generated from H2O2 while Fe2+ is oxidized 205 

to Fe3+ (Eq. (4)). The Fe3+ can be reduced back to Fe2+ (Fe2+/Fe3+ cycle) via the process 206 

shown by Eq. (6), a rate-limiting step of Fenton process (Nichela et al. 2015). In the 207 

presence of pyrite, the regeneration of Fe2+ can also be achieved through the process 208 

represented by Eq. (2). As described by the equation, the interaction between pyrite and 209 

Fe3+ not only realizes the regeneration of Fe2+ from Fe3+ in the solution, but also 210 

promotes the release of Fe2+ from pyrite. Therefore, pyrite facilitates the Fe2+/Fe3+ cycle 211 

in the Fenton process, and thus promotes the production of ·OH for the following 212 

oxidation degradation of organics. However, the relevance of pyrite dissolution to free 213 

radical production needs further research, and the sustainability of aforementioned 214 

mechanisms during the whole Fenton process waits to be verified. 215 

O14H + 2H + 4SO + 2Fe   O15H + 2FeS 2
+2

4
+3

222


                         (5) 216 

  

2
++2

22
+3 HO  H + Fe   OH + Fe 


                                     (6) 217 
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 218 

3.2. Pyrite-mediated electro-Fenton oxidation processes 219 

Based on the reaction mechanisms of classical Fenton oxidation, electro-Fenton 220 

oxidation utilizes electrochemically generated H2O2, instead of adscititious H2O2 221 

reagent, to produce ·OH (He and Zhou 2017). The generation of H2O2 occurs on the 222 

cathode via two-electron reduction of O2 under acidic condition (Eq. (7)). The supply 223 

of O2 is generally made by aeration or O2 injection (Li et al. 2020a). Additionally, the 224 

regeneration of Fe2+ can also be achieved through the cathodic reduction of Fe3+ in the 225 

solution (Eq. (8)). Compared with classical Fenton oxidation, the main advantages of 226 

electro-Fenton oxidation includes that: (1) the electrochemical generation of H2O2 227 

avoid the safety risk of H2O2 reagent during its transportation, storage, and use; (2) the 228 

controllable degradation rate of pollutants favors the study of degradation process and 229 

mechanism; and (3) the continuous regeneration of Fe2+ reduces the Fe-sludge 230 

formation. Using pyrite as the heterogeneous electro-Fenton catalyst shows excellent 231 

performance for removing organic pollutants in wastewater (Table 2). In the electro-232 

Fenton systems, pyrite mainly acts as the iron source in the electro-Fenton oxidation 233 

processes, which avoids the use of soluble iron salts or the loss of metal electrode in 234 

traditional electro-Fenton oxidation. Ammar et al. (2015) used natural pyrite to catalyze 235 

the electro-Fenton oxidation for removing tyrosol from wastewater, and they found that 236 

89% TOC was reduced in 360 min under the conditions of 1.0 mg/L of pyrite catalyst, 237 

300 mA of electric current, and 0.3 mmol/L of initial tyrosol. Additionally, pyrite can 238 

function as pH regulator and Fe3+ reductor to maintain long-time favorable reaction 239 
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conditions. A highlighted phenomenon during the electro-Fenton oxidation conducted 240 

by Ammar et al. (2015) was that pyrite could spontaneously regulate the solution pH to 241 

a suitable value of 2.8‒3.7. Similar results were also found in using pyrite-mediated 242 

electro-Fenton oxidation to remove other organic pollutants such as levofloxacin, 243 

sulfamethazine, and diclofenac (Barhoumi et al. 2015, Barhoumi et al. 2016, Yu et al. 244 

2020). Compared with direct use of pyrite as Fenton catalyst, the cases of using pyrite 245 

for electro-Fenton oxidation are less. This gives greater research space for exploring 246 

electrochemical applications of pyrite. 247 

222 OH  2e + 2H + O 
                                             (7) 248 

+2+3 Fe   e + Fe 
                                                    (8) 249 

The proposed mechanisms of pyrite-mediated electro-Fenton oxidation processes 250 

are depicted in Fig. 3. The reduction of dissolved O2 at the cathode produces H2O2 (Eq. 251 

(7)), while the oxidative dissolution of pyrite releases iron species (Eq. (1) and Eq. (5)). 252 

The released Fe2+ can directly participate in the Fenton reaction with H2O2 generated at 253 

the cathode. The Fe3+ both released from pyrite (via H2O2 oxidation) and generated 254 

from Fenton reaction can be reduced to Fe2+ via multiple pathways including pyrite 255 

reduction (Eq. (2)) and cathodic reduction (Eq. (8)). These processes facilitate the 256 

Fe2+/Fe3+ cycle and promote the ·OH generation in electro-Fenton system. Various 257 

production processes of hydrogen ions (Eq. (1), Eq. (2), and Eq. (5)) support the 258 

spontaneous pH-regulation capacity of the pyrite/electro-Fenton system. Additionally, 259 

the water oxidation at a high-oxygen overvoltage anode produces supplementary ·OH 260 

and H+ (Eq. (9)) (Nidheesh and Gandhimathi 2012). Continuous ·OH generation and 261 
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its facilitating processes provide potent oxidizing capacity for the degradation of 262 

organic pollutants. Few studies focused on the electrochemical characteristics of pyrite 263 

and non-radical degradation pathways of organics in pyrite-mediated electro-Fenton 264 

system. Future studies on these aspects may help to go deep into the mechanisms. 265 


 e + H + OH    OH +

2                                               (9) 266 

 267 

3.3. Pyrite-mediated persulfate oxidation processes 268 

Conventional AOPs are based on the strong oxidizing capacity of ·OH, while 269 

persulfate oxidation technology utilizes sulfate radical (SO4·−), a free radical with the 270 

strong oxidizing capacity close to ·OH, as the main active species to degrade organic 271 

pollutants (Oh et al. 2016). Persulfate includes peroxymonosulfate (PMS, HSO5
−) and 272 

peroxydisulfate (PDS, S2O8
2−), and both of them contain peroxy bond (–O–O–) in their 273 

molecular structure. The cleaving of the peroxy bond in persulfate via energy and 274 

electron transfer reactions generates SO4·− with a high oxidation potential of 2.60 V 275 

(Tsitonaki et al. 2010). Compared with ·OH, SO4·− offers many more advantages in 276 

AOPs, including that: (1) SO4·− possesses a longer half-life time than that of ·OH (30‒277 

40 μs vs. <1 μs), which ensures it to attack the targeted pollutants more effectively; (2) 278 

SO4·− can react with organic pollutants in a broad pH range of 2.0‒8.0; and (3) 279 

persulfate is safer than H2O2 during its transportation, storage, and use (Zhao et al. 2017, 280 

Xiao et al. 2020). Various methods can be applied to activate persulfate for produce 281 

SO4·−, such as thermal activation, alkaline activation, radiation activation, transition 282 

metal activation, and carbonaceous material activation (Wang and Wang 2018). Using 283 
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pyrite to provide ferrous ions can effectively activate persulfate and produce strong 284 

oxidizer SO4·− for removing organic pollutants in wastewater (Table 3), and the 285 

activating processes can be expressed as Eqs. (10) and (11) (Zhang et al. 2014a, Ali et 286 

al. 2021). For example, Li et al. (2021) used pyrite/PMS system for degrading propanil, 287 

and they found that 91.9% of the propanil could be degraded within 15 min under the 288 

optimal conditions and SO4·− and ·OH are the dominant reactive species. Chen et al. 289 

(2018) used ethylthionocarbamate as the targeted pollutant of their pyrite/PDS 290 

oxidation process, and the results suggested that 96.64% of the pollutant was degraded 291 

within 180 min and SO4·− functioned as the predominant reactive species. Rahimi et al. 292 

(2021) prepared pyrite nanoparticles with a ball mill by using mine waste as the raw 293 

material, and applied them as the catalysts to activate PMS and PDS for tetracycline 294 

degradation. According to their results, the removal rate of tetracycline in PDS and 295 

PMS system was respectively 32.5% and 98.7% within 30 min under the conditions of 296 

1.0 mg/L of pyrite, 1.0 g/L of PDS/PMS, 50 mg/L of initial tetracycline, and an initial 297 

pH value of 4.1. Compared with PDS, PMS could be more effectively activated by 298 

pyrite, which might be attributed to the asymmetric structure of PMS molecular (Song 299 

et al. 2020). 300 




 OH  SO + Fe    HSO + Fe     

4
+3

5
+2                                   (10) 301 




 2
44

+32
82

+2 SO  SO + Fe    OS + Fe                                        (11) 302 

The proposed mechanisms of pyrite-mediated persulfate oxidation processes are 303 

depicted in Fig. 4. Besides the oxidative dissolution of pyrite by O2 (Eq. (1)), pyrite 304 

releases iron ions via the oxidation effect of persulfate, and the oxidation process by 305 
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PMS and PDS can be expressed by Eqs. (12) and (13) (Liang et al. 2010, Feng et al. 306 

2018). The released Fe2+ activates the PMS and PDS to generate SO4·− by the pathways 307 

represented by Eqs. (10) and (11). In addition to the above pathways, SO4·− may be 308 

generated via direct pyrite oxidation by PMS and PDS (Eqs. (14) and (15)) (Rahimi et 309 

al. 2021). By the attack of SO4·−, the targeted organics can be effectively degraded. 310 

During the oxidation process, the regeneration of Fe2+ from Fe3+ and the release of Fe2+ 311 

from pyrite can be promoted via the reaction between Fe3+ and pyrite (Eq. (2)), thus 312 

facilitating the Fe2+/Fe3+ cycle and the SO4·− production. In the pyrite/persulfate 313 

systems, ·OH may generate via SO4·−, and the processes are represented by Eqs. (16) 314 

and (17) (Ismail et al. 2017). Both SO4·− and the concomitant ·OH can function to 315 

degrade organic pollutants. In the aqueous solution, excessive Fe2+ will consume the 316 

functional SO4·− and ·OH (Eqs. (18) and (19)) (Shang et al. 2019). The slow release of 317 

Fe2+ from pyrite avoids the unwanted consumption of these free radicals, which ensures 318 

the high-efficiency oxidation capacity of the pyrite-mediated persulfate oxidation 319 

processes (Liang et al. 2010). Additionally, sulfur species play an important role in the 320 

activated oxidation by pyrite. Different valence states of sulfur, including monosulfide 321 

(S2−), disulfide (S2
2−), polysulfide (Sn

2−), elemental sulfur (S0), and sulfate (SO4
2−), were 322 

present in pyrite oxidation systems, and the reductive low-valence sulfur importantly 323 

function in the Fe2+/Fe3+ cycle (He et al. 2021). Zhou et al. (2018) highlighted the role 324 

of sulfide as electron donors for PMS activation, and reported that although the Fe2+ on 325 

pyrite efficiently activated PMS, the Fe2+ regeneration and subsequent PMS activation 326 

were crucially controlled by S2
2−. More mechanism studies from the point of sulfur 327 
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species are expected to improve the understanding of pyrite-mediated persulfate 328 

oxidation, as both pyrite and persulfate can release sulfur species into the solution 329 

during the oxidation process. 330 

+2
4

2+
252 9H + 9SO + Fe    OH + 7HSO + FeS 

                            (12) 331 

+2
4

+3
2

2
822 32H + 34SO + 2Fe    O16H + O15S + 2FeS 

                     (13) 332 

2S + Fe  2OH  2SO    FeS  2HSO +2
425

    


                             (14) 333 

2S + Fe  2SO  2SO    FeS  O2S +22
442

2
82

    


                             (15) 334 

+2
424 H  OH  SO    OH  SO     


                                      (16) 335 

OH  SO    OH  SO 2
44

    


                                          (17) 336 




 2
4

+3
4

+2 SO  Fe    SO + Fe                                              (18) 337 


 OH  Fe    OH + Fe +3+2                                           (19) 338 

 339 

3.4. Others 340 

In addition to the above-mentioned AOP applications, some researchers have tried 341 

to use pyrite in calcium peroxide (CaO2) oxidation, photocatalytic oxidation, and ozone 342 

oxidation for degrading organic pollutants. Considering the safety risk and instability 343 

of liquid H2O2 reagent, Zhou et al. (2020) used solid CaO2 as the H2O2 source, and 344 

applied the pyrite/CaO2 system to degrade diethyl phthalate based on the Fenton 345 

oxidation mechanism. Their experimental results suggested that 10 mg/L of diethyl 346 

phthalate could be completely degraded by the pyrite/CaO2 system within 5.0 min at a 347 

pH value of 3.5. Diao et al. (2015) applied natural pyrite as photocatalyst for degrading 348 

malachite green with ultraviolet irradiation. In the photocatalytic experiment, 1.0 g/L 349 
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of pyrite could degrade 96.7% of the malachite green within 120 min via a photo-Fenton 350 

like process. Wu et al. (2016b) used pyrite as an ozonation catalyst for degrading 351 

reactive black 5, and the mineralization efficiency increased by 17.39% compared with 352 

using ozone alone. The ·OH generated by the reaction between ozone and pyrite surface 353 

was considered the main mechanism. Involving pyrite into other AOP systems is now 354 

under active exploration, and interesting and meaningful results will further expand the 355 

application scope and development prospect of pyrite in AOP systems. 356 

 357 

4. Enhancing strategies of pyrite-mediated AOPs 358 

Although many pyrite-mediated AOP systems have been successfully developed 359 

for organic wastewater treatment, some strategies are proposed (Fig. 5) as researchers 360 

always make perfection more perfect when developing new catalysts. They are 361 

proposed to further enhance the performance or overcome the limitations such as 362 

insufficient surface reactivity of pyrite, slow pyrite dissolution, limited efficiency of 363 

heterogeneous reactions on the solid-liquid interface, and low catalytic activity of pyrite 364 

under high pH conditions. These enhancing strategies are also suitable for some other 365 

activation systems, and they were referred or adopted by the researchers for enhancing 366 

the performance of pyrite-mediated AOPs. In this section, the introduced enhancing 367 

strategies were used and supported with at least one research paper. 368 

 369 

4.1. Making pyrite into nanoparticles 370 

In order to overcome the insufficient surface reactivity of pyrite in some AOP 371 
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systems, making pyrite into nanoparticles is proposed. This strategy has the advantage 372 

of improving the catalytic activity of pyrite in AOPs. Nanoparticles are small particles 373 

with dimensions in a nanoscale range (1‒100 nm). Compared with conventional 374 

materials, nanoparticles typically have higher specific surface area and surface energy, 375 

which offers greater chemical reactivity (Santos et al. 2015). In laboratory experiments, 376 

natural pyrite is generally ground into nanoparticles by a ball mill (Mashayekh-Salehi 377 

et al. 2021, Rahimi et al. 2021), while synthetic pyrite nanoparticles can be obtained 378 

through the control of synthesis conditions (Qin et al. 2018). Gil-Lozano et al. (2014) 379 

compared the efficacy of pyrite microparticles (1.4 μm) and pyrite nanoparticles (20 380 

nm) in catalyzing Fenton degradation of copper phthalocyanine, and the two particles 381 

could remove 7% and 60% of the pollutant at the same low dosage of 0.08 mg/L, 382 

respectively. However, this strategy is too difficult to be practical at the present time. 383 

Innovations in the production equipment of pyrite nanoparticles and chemical reactor 384 

of nanomaterials are needed to achieve the practical application. 385 

 386 

4.2. Assisting by ultrasound 387 

Considering the limited efficiency of heterogeneous reactions on the solid-liquid 388 

interface, the combination of pyrite-mediated AOPs and ultrasound has received 389 

interest from researchers to enhance the catalytic performance. The advantages of 390 

ultrasound assistance in pyrite-mediated AOPs mainly include refreshing the pyrite 391 

surface, producing additional active free radicals, and facilitating the mass transfer. In 392 

the aqueous solution, continuous ultrasonic wave can help to clean and refresh the 393 
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pyrite surface by peeling off the oxide layer and pitting the pyrite surface (Gao et al. 394 

2018). Additional active free radicals (e.g., ·OH, ·H, HO2·, and ·O2
−) may be produced 395 

during the ultrasonic treatment by triggering acoustic cavitation which involves the 396 

formation, rapid growth, and violent collapse of cavitation bubbles (Zhang et al. 2018a). 397 

Additionally, the strong mechanical effect generated by ultrasound can enhance the 398 

mass transfer at solid-liquid interface (Guo et al. 2017). Diao et al. (2020) coupled 399 

ultrasound with pyrite/PMS system for the degradation of 2,4-dichlorophenol, and their 400 

results showed that the degradation efficiency increased from 71.3% to 97.9% with the 401 

assistance of ultrasonic treatment. This result demonstrates the effectiveness of 402 

ultrasound for assisting the activation process of pyrite-mediated AOPs. 403 

 404 

4.3. Enhancing by light irradiation 405 

Similar to the ultrasonic assistance, light irradiation can help to enhance the 406 

performance of pyrite-mediated AOPs by taking the advantage of the semiconductor 407 

characteristics of pyrite. The suitable band gap (direct: 1.03 eV; indirect: 0.95 eV) and 408 

high optical absorption coefficient (105 cm−1 for hν > 1.3 eV) enable pyrite to absorb 409 

light and generate electron (e−) and hole (h+) under light irradiation (Morales-Gallardo 410 

et al. 2016). The photo-induced carriers can react with the components such as pyrite, 411 

Fe3+, H2O, and O2 in AOP systems, thus facilitating the production of reactive oxidative 412 

species (Vorontsov 2019). Using light irradiation for assistance can effectively improve 413 

the catalytic activity of pyrite in AOPs. For example, Zeng et al. (2019) used visible 414 

light to enhance the pyrite-mediated Fenton oxidation process for p-nitrophenol 415 
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degradation, and the complete degradation time was shortened from 10 min to 4 min 416 

with the assistance of visible light irradiation. However, using light irradiation for 417 

assistance is technically difficult to achieve in practical applications as the effective 418 

optical path in current reactor for pyrite-mediated advanced oxidation would be very 419 

small. 420 

 421 

4.4. Adding exogenous ferric ions 422 

Although pyrite-mediated AOPs show excellent application prospects, it suffers 423 

from low reaction rate and excessive H2O2 is usually needed to shorten reaction time. 424 

The production of Fe2+ is the rate-determining step in pyrite-mediated AOPs. 425 

Considering that the generation of Fe2+ from oxidizing pyrite by Fe3+ is much faster 426 

than that from oxidizing pyrite by O2, exogenous Fe3+ can help to overcome the slow 427 

pyrite dissolution and accelerate the Fe2+ generation, thereby enhancing the degradation 428 

performance of pyrite-mediated AOPs. Wu et al. (2015) investigated the effect of Fe3+ 429 

on pyrite oxidation in the Fenton system, and they found that the final solution pH 430 

decreased from 3.02 to 2.91 with the increasing concentration of added Fe3+ and the 431 

oxidative degradation efficiency of chloramphenicol by the system was significantly 432 

reduced from 100% to less than 30% by adding 0.5 mM of phosphate buffer as Fe3+ 433 

chelating agent. 434 

 435 

4.5. Chelating iron ions by organic ligands 436 

Under high pH condition, the iron precipitation significantly inhibits the catalytic 437 
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activity of pyrite in AOP systems, which limits the pH range of applications. Adding 438 

organic chelating agents is proposed to enhance the catalytic performance, as organic 439 

chelating agents can inhibit the precipitation of iron ions, especially at a relatively high 440 

pH condition, by acting as a ligand to form chelate compounds with iron ions (Bai et 441 

al. 2021). This is conducive to extending the application pH range of pyrite-mediated 442 

AOPs. Additionally, the chelating effects of organic ligands could help to induce the 443 

generation of Fe2+ from pyrite surface and facilitate the Fe2+/Fe3+ cycle. Wu et al. 444 

(2016a) used as a biodegradable chelating agent, tetrasodium glutamate diacetate 445 

(GLDA), successfully enhanced the performance of pyrite-mediated Fenton oxidation 446 

for chloramphenicol degradation at a pH value of 8.0, and they found that GLDA 447 

increased the ·OH production and GLDA-chelated Fe3+ accelerated the Fe2+/Fe3+ cycle. 448 

Similarly, Kantar et al. (2019a) used citrate to enhance the performance of treating 449 

pharmaceutical wastewater by a continuous flow pyrite/H2O2 systems. Their results 450 

showed that the TOC removal in the presence of citrate was much higher than that 451 

without citrate, and the increased iron dissolution and reduced column clogging by 452 

citrate were considered the main causes. 453 

 454 

4.6. Accelerating oxidation by biochar 455 

Although pyrite can promote the Fe2+/Fe3+ cycle in AOPs, the insufficient Fe2+ 456 

regeneration and low heterogeneous reaction rate may impeded the sustainability of 457 

high efficiency of pyrite-mediated AOPs during the whole oxidation process. Recent 458 

research enthusiasm on biochar offers a new strategy to address this issue. Biochar is a 459 
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porous pyrolysis products of biomass materials, and it has been extensively applied in 460 

environmental remediation by reason of its high adsorption capacity for many 461 

pollutants, positive role as electron transfer mediator, and various persistent free 462 

radicals (Luo et al. 2021). These characteristics are also favorable for organic pollutant 463 

degradation by pyrite-mediated AOPs. Biochar can concentrate organic pollutants at 464 

solid-liquid interface by adsorption, which facilitates their catalytic degradation. The 465 

electron transfer capacity and persistent free radicals benefit the free radical generation 466 

and the Fe2+/Fe3+ cycle. Zhu et al. (2020) added biochar to the pyrite/H2O2 system for 467 

accelerating the degradation of 2,4-dichlorophenoxyacetic acid, and the degradation 468 

rate constant was 1.98‒2.39 times higher with the addition of 0.1 g/L of biochar. 469 

 470 

5. Summary of pyrite advantages for AOPs 471 

Pyrite is an attractive catalyst for advanced oxidation reactions in recent studies, 472 

as it has many advantages compared with other catalyst materials (Fig. 6 and Table 4). 473 

Pyrite is a plentiful natural mineral on earth, which offers a rich source for the catalyst 474 

materials. For example, the newly-discovered reserves of pyrite in China reached 68.62 475 

million tons in 2019 (Ministry of Natural Resources 2020). Using pyrite as the catalyst 476 

is cost effective. Compared with metal catalysts, especially noble metal, pyrite is much 477 

cheaper, and it can often be obtained from the recycling of mine tailings (Schellenbach 478 

and Krekeler 2012, Lü et al. 2018). Current market price of pyrite is reported as cheap 479 

as $100–300/ton (Li et al. 2016, Hu et al. 2020), which shows competitive price 480 

advantage. Solid pyrite plays a positive role in heterogeneous catalysis. The solid state 481 
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of pyrite facilitates the catalyst separation from the reaction system, the catalyst reuse 482 

in practical application, and the control of possible pollution caused by metal ions (Yu 483 

et al. 2020). The oxidative dissolution of pyrite in aqueous solution slowly releases 484 

ferrous ions. Constantin and Chiriţă (2013) investigated the oxidative dissolution of 485 

pyrite in acidic media (pH 2.5 and 25 °C) and found that the dissolution rates of pyrite 486 

by O2 (saturated), H2O2 (0.1 M), and Fe3+ (0.01 M) were 2.53 × 10−4, 1.52 × 10−2, and 487 

9.35 × 10−2 μmol/m2/s, respectively. Thus, using pyrite as a sustainable iron source to 488 

drive advanced oxidation reactions can obviate using soluble iron salts and forming 489 

iron sludge. Peng et al. (2017) reported that the iron sludge production of their electro-490 

Fenton treatment could reach 1.19 to 3.23 kg/m3 after 60 min. The undesired iron sludge 491 

production can be inhibited or eliminated due to the Fe2+/Fe3+ cycle and the self-492 

regulated acidic condition in pyrite-mediated electro-Fenton system (Yu et al. 2020). 493 

Apart from ferrous ions, the oxidative dissolution of pyrite simultaneously produces 494 

hydrogen ions, conducive to maintaining a favorable acidic condition for advanced 495 

oxidation reactions (Wu et al. 2015, Ltaïef et al. 2018). Both the structural ferrous ion 496 

and the reductive sulfide species in pyrite can participate in redox reactions via acting 497 

as electron donors. These reductive species can support multiple functions at the same 498 

time, such as activating persulfate and reducing pollutant (He et al. 2021). These 499 

characteristics of pyrite make it competitive as a multifunction catalyst because 500 

amounts of pollutants are hard to be oxidized by conventional wastewater treatments. 501 

Additionally, the easy processing technologies and the environmentally friendly feature 502 

are also attractive points of pyrite catalyst (Fathinia et al. 2015). These advantages 503 
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encourage the use of pyrite as a low-cost heterogeneous catalyst in AOPs. 504 

However, natural pyrite often serves as a sink for some toxic trace metals, such as 505 

lead, zinc, cadmium, arsenic, and copper (Tabelin et al. 2018). These accompanying 506 

elements may be released during pyrite oxidation. Although their concentrations are 507 

very small, the risk of these toxic elements during wastewater treatment should be noted. 508 

Reasonable classification and management of pyrite raw materials based on the source 509 

and advance leaching test is recommended to ensure that the benefits of pyrite in AOPs 510 

outweigh the risks. 511 

 512 

6. Conclusions and outlook 513 

In summary, pyrite can be an excellent catalyst for AOPs including Fenton 514 

oxidation, electro-Fenton oxidation, and persulfate oxidation processes, and pyrite-515 

mediated AOP systems show great application prospect in treating organic wastewater. 516 

Natural pyrite is an abundant low-cost heterogeneous catalyst for AOPs, and the slow 517 

release of Fe2+ and the self-regulation of solution pH are highlighted characteristics of 518 

pyrite-mediated AOPs. Synthetic pyrite typically serves as the substitution of natural 519 

pyrite for particular research requirement. In AOPs, pyrite slowly releases Fe2+ to 520 

trigger the advanced oxidation reactions. The interaction between Fe3+ and pyrite 521 

facilitates the Fe2+ regeneration and the Fe2+/Fe3+ cycle in AOPs. Making pyrite into 522 

nanoparticles, assisting by ultrasound and light irradiation, and adding exogenous Fe3+, 523 

organic chelating agents, or biochar is effective to further enhance the performance of 524 

pyrite-mediated AOPs. 525 
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In the future, the research priority on this topic should be given to the following 526 

issues. The first is the potential risks of pyrite in AOP systems. Besides the main 527 

component FeS2, natural pyrite may contain some accompanying elements such as 528 

nickel, cobalt, copper, arsenic, selenium, gold, and silver. Whether these toxic trace 529 

elements cause toxic effects through the treating processes of pyrite-mediated AOPs or 530 

not is worth exploring. Before the practical application, confirming this point is 531 

necessary to avoid unintended consequences of pyrite-mediated AOPs. Therefore, 532 

toxicity research on pyrite and its oxidation solution is needed. The second is the 533 

mechanisms of pyrite-mediated AOPs. The current research is mainly from the points 534 

of active oxidative species and pollutant degradation pathways. Further mechanism 535 

research may consider the synchronous changes of pyrite, such as the surface oxidation 536 

during pyrite-mediated AOPs. Illuminating the relationship between the oxidation 537 

degree of pyrite and its catalytic activity will help to optimize the technological 538 

processes of pyrite storage, pretreatment, and application. The third is about the 539 

application research mainly including the technological coupling, practical wastewater 540 

treatment, and equipment development. Direct use of pyrite-mediated AOPs for 541 

industrial wastewater treatment may be difficult and high-cost. Thus, coupling pyrite-542 

mediated AOPs with conventional biological methods might be more suitable for it to 543 

reach practical application. Applying pyrite-mediated AOPs as a pretreatment step of 544 

conventional biological methods can enhance the biodegradability, especially for 545 

refractory organics with less bioavailability. The components of practical industrial 546 

wastewater are complicated, and various factors (e.g., high salinity, high TOC content, 547 
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and coexistence of multiple pollutants) significantly affect the removal efficiency of 548 

targeted pollutants. Therefore, the effectiveness of pyrite-mediated AOPs for treating 549 

practical organic wastewater should be further confirmed according to the 550 

characteristics of wastewater from different industries. Additionally, current studies on 551 

pyrite-mediated AOPs are mostly at the stage of laboratory research, the water 552 

treatment capacity is limited, and the cost and corrosion problems of the equipment are 553 

often not considered. In the future studies, designing simple, high-efficiency, and 554 

reliable reactors for practical application of pyrite-mediated AOPs is recommended. 555 

 556 

557 
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Figure 1 

 

Fig. 1. Typical processes of pretreating natural pyrite and preparing synthetic pyrite for the applications in 

AOPs. 
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Figure 2 

 

Fig. 2. Proposed mechanisms of pyrite-mediated Fenton oxidation processes for the degradation of organic 

pollutants. 
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Figure 3 

 

Fig. 3. Proposed mechanisms of pyrite-mediated electro-Fenton oxidation processes for the degradation of 

organic pollutants. 
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Figure 4 

 

Fig. 4. Proposed mechanisms of pyrite-mediated persulfate oxidation processes for the degradation of organic 

pollutants. 
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Figure 5 

 

Fig. 5. Some strategies to enhance the performance of pyrite-mediated AOPs for the degradation of organic 

pollutants. 
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Figure 6 

 

Fig. 6. Main advantages of pyrite as a catalyst for AOPs. 
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Table 1 Applications of pyrite in Fenton oxidation processes. 
Targeted pollutant Optimal reaction conditions Performance Highlighted conclusion Reference 
Methylene blue 
(MB) 
 

Pyrite dosage: 0.83 g/La 
H2O2 concentration: 33 mmol/La 
pH: 6.2 
C0

b: 10 mg/L 

The MB was effectively degraded within 
20 min. 

The self-regulation of pH and Fe2+/Fe3+ cycle 
promote the ·OH production and thus the MB 
degradation. 

Wang et al. 
(2021) 

Tetracycline Pyrite dosage: 1.0 g/L 
H2O2 concentration: 5.0 mmol/L 
pH: 4.1 
C0: 50 mg/L 

The tetracycline was completely 
degraded within 60 min, with a 
mineralization efficiency over 85%. 

The main reactive oxygen species is ·OH, which is 
produced by the interactions between H2O2 and 
pyrite surface, and between the surface sulfur-
defects and H2O. 

Mashayekh-
Salehi et al. 
(2021) 

Diclofenac Pyrite dosage: 1.0 g/L 
H2O2 concentration: 0.3 mol/L 
pH: 5.1 
C0: 100 mg/L 

About 60% of the TOC was removed 
within 10 min. 

The ·OH generation depends on the rate of Fe 
dissolution from pyrite. 

Oral and 
Kantar (2019) 

Chlorophenols Pyrite dosage: 1.0 g/L 
H2O2 concentration: 0.3 mol/L 
pH: 3.0 
C0: 100 mg/L 

All the chlorophenols was completely 
degraded within 40 min, but a 
significant portion of the TOC still 
remained. 

The removal of polychlorinated phenol is driven 
by ·OH attack and sorption onto pyrite. 

Kantar et al. 
(2019b) 

Acetaminophen Pyrite dosage: 2.0 g/L 
H2O2 concentration: 5.0 mmol/L 
pH: 4.0 
C0: 50 mg/L 

Within 180 min, 96.6% of the 
acetaminophen was degraded. 

Under alkaline conditions, the formation of Fe(III)-
O on pyrite surface lowers the ·OH generation. 

Peng et al. 
(2018) 

Rhodamine B Pyrite dosage: 1.0 g/L 
H2O2 concentration: 6.0 mmol/L 
pH: 3.0 
C0: 19.16 mg/L 

Within 120 min, 99% of the Rhodamine 
B was degraded. 

The reaction between the dissolved Fe2+ from pyrite 
and H2O2 are the main activation mechanism for 
Rhodamine B degradation. 

Diao et al. 
(2017) 

Alachlor Pyrite dosage: 0.5 g/L 
H2O2 concentration: 0.8 mmol/L 
pH: 6.2 
C0: 0.074 mmol/L 

Over 99% of the alachlor was degraded 
within 60 min. 

The O2 activation by more surface-bound Fe2+ on 
pyrite generates ·O2

−, which facilitates the Fe2+/Fe3+ 
cycle and the ·OH production. 

Liu et al. 
(2015) 

Nitrobenzene Pyrite dosage: 2.0 g/L 
H2O2 concentration:  0.25 mol/L 
pH: 3.0 
C0: 20 mg/L 

Within 300 min, 80% of the 
nitrobenzene was degraded. 

The Fe2+ concentration in pyrite/H2O2 system is low 
but adequate for the catalytic degradation of 
nitrobenzene. 

Zhang et al. 
(2014b) 

Reactive black 5 
and acid red GR 

Pyrite dosage: 0.3 g/L 
H2O2 concentration:  0.3 mmol/L 
pH: 6.96 (for reactive black 5) and 
6.32 (for acid red GR) 
C0: 50 mg/L 

Within 10 min, 85% of the reactive 
black 5 and the acid red GR was 
removed. 

The FeSO4 formed on pyrite surface releases high 
level of Fe2+ for initiating Fenton reaction. 

Wu et al. 
(2013) 

a In order to show the results in a unified form, the data was obtained by recalculation according to the reference. 
b C0 represents the initial pollutant concentration. 
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Table 2 Applications of pyrite in electro-Fenton oxidation processes. 

Targeted pollutant Optimal reaction conditions Performance Highlighted conclusion Reference 
Diclofenac Pyrite dosage: 8.0 g/La 

Current density: 100 mAa 
pH: 7.0 
C0

b: 50 mg/L 

Within 180 min, 85% of the TOC 
was removed. 

The molecular O2 activation by more 
surface-bound Fe2+ on pyrite 
generates ·O2

−, which facilitates the 
Fe2+/Fe3+ cycle. 

Yu et al. (2020) 

Vanillic acid Pyrite dosage: 1.0 g/L 
Current: 300 mA 
pH: 3.0 
C0: 0.1 mmol/L 

Within 240 min, 89.2% of the TOC 
was removed. 

Pyrite can be used as a solid catalyst 
to provide Fe2+ for electro-Fenton 
process. 

Ouiriemmi et 
al. (2017) 

Tetracycline Pyrite dosage: 2.0 g/L 
Current: 300 mA 
pH: 3.0 
C0: 0.2 mmol/L 

Within 480 min, 96% of the TOC 
was removed. 

Pyrite supports the self-regulation of 
soluble Fe2+ and pH. 

Barhoumi et al. 
(2017) 

Sulfamethazine Pyrite dosage: 2.0 g/L 
Current: 300 mA 
pH: 3.0 
C0: 0.2 mmol/L 

Within 480 min, 95% of the TOC 
was removed. 

The boron doped diamond electrode 
shows greater performance than Pt 
electrode in pyrite-electro-Fenton 
system. 

Barhoumi et al. 
(2016) 

4-amino-3-hydroxy-2-p-
tolylazo-naphthalene-1-
sulfonic acid (AHPS) 

Pyrite dosage: 2.0 g/L 
Current: 300 mA 
pH: 3.0 
C0: 175 mg/L 

Almost complete removal of the 
TOC was achieved within 480 min. 

Pyrite mediated electro-Fenton 
process is more cost effective than 
classical one. 

Labiadh et al. 
(2015) 

Levofloxacin Pyrite dosage: 1.0 g/L 
Current: 300 mA 
pH: 3.0 
C0: 0.23 mmol/L 

Within 480 min, 95% of the TOC 
was removed. 

Pyrite provides soluble Fe2+ and 
regulates the solution pH. 

Barhoumi et al. 
(2015) 

Tyrosol Pyrite dosage: 1.0 g/L 
Current: 300 mA 
pH: 3.0 
C0: 0.3 mmol/L 

Within 360 min, 89% of the TOC 
was removed. 

Pyrite spontaneously regulates the 
pH to an optimal value of 3.0. 

Ammar et al. 
(2015) 

a In order to show the results in a unified form, the data was obtained by recalculation according to the reference. 
b C0 represents the initial pollutant concentration. 
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Table 3 Applications of pyrite in persulfate oxidation processes. 
Targeted pollutant Optimal reaction conditions Performance Highlighted conclusion Reference 
Propanil Pyrite dosage: 0.5 g/L 

PMS concentration: 1.0 mmol/L 
pH: 2.9 
C0: 0.01 mmol/L 

Within 15 min, 91.9% of the propanil 
was degraded. 

In the pyrite/PMS system, SO4·− and ·OH are 
the dominant reactive species. 

Li et al. (2021) 

Tetracycline Pyrite dosage: 1.0 g/L 
PDS/PMS concentration: 1.0 g/L 
pH: 4.1 
C0: 50 mg/L 

Within 30 min, the removal rate of 
tetracycline in PDS and PMS system 
was 32.5% and 98.7%, respectively. 

Both ·OH and SO4·− are generated in 
pyrite/PMS system, and SO4·− is more 
dominant. 

Rahimi et al. 
(2021) 

2,4-dichlorophenol Pyrite dosage: 1.0 g/L 
PDS concentration: 1.0 mmol/L 
pH: 5.0 
C0: 30 mg/L 

Within 120 min, 81.2% of the 2,4-DCP    
was degraded. 

The reductive low-valence sulfur on pyrite 
plays a key role in the Fe2+/Fe3+ cycle. 

He et al. (2021) 

Atrazine Pyrite dosage: 4.2 mmol/L 
PDS concentration: 3.0 mmol/L 
pH: 7.0 
C0: 20 mg/L 

Atrazine was completely degraded 
within 45 min, with 26% of the TOC 
removal within 420 min. 

The slow and sustainable Fe2+ release from 
pyrite inhibits the quenching reaction 
between SO4·−/·OH and Fe2+. 

Wang et al. 
(2020b) 

Acid orange 7 Pyrite dosage: 4.0 g/L 
PDS concentration: 0.4 g/L 
pH: 2.5‒2.7 
C0: 20 mg/L 

Within 30 min, 99% of the acid orange 7 
was degraded. 

The major reactive oxygen species in 
pyrite/PDS system are SO4·−, ·O 2

−, and 1O2. 
Li et al. (2020b) 

Nonylphenol Pyrite dosage: 0.85 g/L 
PDS concentration: 5.85 mmol/L 
pH: 3.0 
C0: 10 µmol/L 

Over 99% of the nonylphenol was 
degraded and 80% of the TOC was 
removed within 90 min. 

The coexisting ions inhibits the nonylphenol 
degradation in the following order: PO4

3– > 
HCO3

– > Cu2+ > NO3− > Ca2+ > NH4
+. 

Asgari et al. (2020) 

Methylene blue Pyrite dosage: 0.5 g/L 
PDS concentration: 2.0 mmol/L 
pH: 5.0 
C0: 100 mg/L 

Almost complete removal of the 
methylene blue was achieved within 120 
min. 

The strong acid-production ability of 
pyrite/PDS system prevents the passivation 
of pyrite surface. 

Sun et al. (2019) 

Acetaminophen Pyrite dosage: 2.0 g/L 
PDS concentration: 5.0 mmol/L 
pH: 4.0 
C0: 50 mg/L 

The acetaminophen was completely 
degraded within 180 min. 

High acid-yield favors the pyrite surface 
exposure in pyrite/PDS system. 

Peng et al. (2018) 

1,4-dioxane Pyrite dosage: 5.0 g/L 
PMS/PDS concentration: 2.3 

In pyrite/PMS system, almost complete 
removal of the 1,4-dioxane was 

The disulfide in pyrite plays a significant role 
in the Fe2+ release. 

Feng et al. (2018) 
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mmol/L 
pH: 7.0 
C0: 50 mg/L 

achieved within 40 min. 

Ethylthionocarbamate Pyrite dosage: 1.0 g/L 
PDS concentration: 0.12 g/L 
pH: 3.0 
C0: 30 mg/L 

Within 180 min, 96.64% of the 
ethylthionocarbamate was degraded. 

The predominant reactive species is SO4·− in 
pyrite/PDS system. 
 

Chen et al. (2018) 

p-chloroaniline Pyrite dosage: 0.5 g/L 
PDS concentration: 0.5 mmol/L 
pH: 7.0 
C0: 0.1 mmol/L 

Almost complete removal of the p-
chloroaniline was achieved within 60 
min. 

The generated ·O2 enhances the activation of 
PDS to produce more SO4·−. 

Zhang et al. (2017) 

Methyl tert-butyl 
ether 

Pyrite dosage: 3.0 g/L 
PDS concentration: 5.0 g/L 
pH: ~5.5 
C0: 60 mg/L 

Complete degradation of the methyl 
tert-butyl ether can be achieved within 
240 min. 

The predominant reactive species is SO4·− in 
pyrite/PDS system. 

Liang et al. (2010) 
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Table 4 Comparison of pyrite-mediated AOP systems with other AOP systems. 
AOP systems Targeted pollutant Difficulty Level of 

catalyst preparationa 
Treatment efficiency Material cost Reference 

Pyrite-mediated Fenton 
oxidation 

Tetracycline + (natural pyrite) The tetracycline was completely 
degraded within 60 min, with a 
mineralization efficiency over 85%. 

$100–300/tb Mashayekh-Salehi 
et al. (2021) 

Pyrite-mediated electro-
Fenton oxidation 

Tetracycline + (natural pyrite) Within 480 min, 96% of the TOC was 
removed. 

$100–300/t Barhoumi et al. 
(2017) 

Pyrite-mediated 
persulfate oxidation 

Tetracycline + (natural pyrite) Within 30 min, the removal rate of 
tetracycline in PDS and PMS system 
was 32.5% and 98.7%, respectively. 

$100–300/t Rahimi et al. 
(2021) 

Fe0/CeO2-mediated 
Fenton oxidation 

Tetracycline +++ (precipitation and 
NaBH4 reduction 
method) 

Within 60 min, about 90% of the 
tetracycline was degraded. 

$15/gc Zhang et al. (2019) 

Sulfurized oolitic 
hematite- mediated 
Fenton oxidation 

Tetracycline ++ (annealing oolitic 
hematite in hydrogen 
sulfide) 

Within 60 min, about 90% of the 
tetracycline was degraded. 

$95/tond Wang et al. 
(2020a) 

FeVO4/CeO2-mediated 
electro-Fenton oxidation 

Methyl orange ++ (hydrothermal 
method) 

Within 60 min, 96.31% of the methyl 
orange and 70% of the chemical 
oxygen demand were removed. 

About $1000/tone Setayesh et al. 
(2020) 

S-nZVI@CNTs-
mediated persulfate 
oxidation 

Sulfamethoxazole +++ (purification and 
liquid-phase reduction 
method) 

Within 40 min, complete degradation 
of sulfamethoxazole was achieved. 

$15/g (nZVI) and 
$100/kg (CNTs)f 

Wu et al. (2022) 

ZrO2/MnFe2O4- 
mediated persulfate 
oxidation 

Tetracycline ++ (low-temperature co-
precipitation method) 

Within 120 min, 85.2% of the 
tetracycline was degraded. 

$10/kgg Liu et al. (2021) 

a Difficult: +++; medium: ++; easy: +. 
b The material cost of natural pyrite is displayed as its current market price (Hu et al. 2020). 
c This is just the market price of nano-Fe0 according to the report by Gao et al. (2021). 
d This is the price of hematite according to the report by Mohamed et al. (2020). 
e This is just the price of CeO2 according to the report by Herget et al. (2017). 
f The price of carbon nanotubes (CNTs) is given in the report by Zhan et al. (2020). 
g This is just the price of ZrO2 according to the report by Bagnato et al. (2019). 
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