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A B S T R A C T   

Advanced oxidation processes (AOPs) based on oxidants have attracted attention for the degra-
dation of organic pollutants. The combination of chalcopyrite with oxidants such as persulfate, 
peroxide, percarbonate, and others shows promise as a system due to its ability to activate 
through various pathways, leading to the formation of numerous radical and non-radical species. 
In this review, the generation of sulfate radical (SR) and hydroxyl radical (HR) in AOPs were 
summarized. The significance of chalcopyrite in various approaches including Fenton, photo- 
Fenton, and photo/Fenton-like methods, as well as its involvement in electrochemical Fenton- 
based processes was discussed. The stability and reusability, toxicity, catalyst mechanism, and 
effects of operational parameters (pH, catalyst dosage, and oxidant concentration) are evaluated 
in detail. The review also discusses the role of Fe2+/3+, Cu1+/2+, S2− and Sn

2− present in CuFeS2 in 
the generation of free radicals. Finally, guidelines for future research are presented in terms of 
future perspectives.   

1. Introduction 

Advanced oxidation processes (AOPs) are a promising approach to the oxidation of a broad range of organic pollutants [1]. AOPs 
through in situ generation of reactive oxygen species (ROS) lead to the complete mineralization of organic pollutants into water and 
carbon dioxide or transform refractory pollutants into biodegradable or less harmful intermediates [2–4]. Tursi A al have shown that 
AOPs are the removal approach that degraded pollutants via a non-selective way [5]. Nevertheless, the formation and release of 
nitro-products including nitrate, nitrite and ammonium ions during AOPs degradation of N-containing pollutants are one of the serious 
concerns of this process [6]. 

Previous studies suggested oxidants are the proper approaches for environmental remediation [7–9]. This is because oxidants offer 

* Corresponding author. 
E-mail address: mahfooz60@gmail.com (M. Moradi).  

Contents lists available at ScienceDirect 

Heliyon 

journal homepage: www.cell.com/heliyon 

https://doi.org/10.1016/j.heliyon.2023.e19992 
Received 18 June 2023; Received in revised form 6 September 2023; Accepted 7 September 2023   

mailto:mahfooz60@gmail.com
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2023.e19992
https://doi.org/10.1016/j.heliyon.2023.e19992
http://crossmark.crossref.org/dialog/?doi=10.1016/j.heliyon.2023.e19992&domain=pdf
https://doi.org/10.1016/j.heliyon.2023.e19992
http://creativecommons.org/licenses/by-nc-nd/4.0/


Heliyon 9 (2023) e19992

2

distinct advantages within AOPs. Briefly, advantages of AOPs-based hydrogen peroxide and persulfate include efficient decomposition 
of a wide range of pollutants (especially refractory pollutants), generation of non-selective and selective oxidizing species (hydroxyl 
and persulfate radicals), flexibility in operation, low-cost and production of lower damaging by-products, accessibility and possibility 
for large-scale treatment applications [10–13]. 

For AOPs-based percarbonate, advantages include the safe and cost-effective alternative to H2O2, non-acidification of treated 
environments and the ability to operate in a wide pH range, possibility to generate various ROS, including superoxide and carbonate 
radicals which carbonate radicals although have lower the oxidation potential (1.78 V at pH 7) compared to the hydroxyl radical, they 
selectively react with organic pollutants containing electron-rich functional groups [14]. Therefore, AOPs based on the oxidants 
activation (peroxide (H2O2), persulfate (PS), percarbonate (Na2CO3⋅1.5H2O2), etc.) have attracted high attention. This is primarily due 
to their flexibility, cost-effectiveness, and high efficiency as remediation technologies. These oxidants can be activated using various 
methods and activators, including ultraviolet irradiation, heat, carbon materials, microwave, ultrasound, catalyst-free systems, and 
transition metals [15–18]. However, the application of some activators may be limited due to various factors. These factors can include 
high energy, low activation capability, pH-adjustment before and after reaction and complexity of operation [19]. Meanwhile, the 
activation of oxidants through catalysts containing transition metals for the generation of reactive oxygen species (ROS) has been 
extensively employed in the degradation of pollutants [11]. Because transition metals are highly valuable and preferred options as 
oxidant activators in AOPs due to their high yield ROS generation, proper catalytic activity, reusability, applicability as homoge-
neously and heterogeneously, presence in natural catalysts, energy-saving, and cost-effectiveness [20,21]. Different transition metals 
including Ag, Ce, Fe, Cu, Co, Mn and etc. Have been used for the activation of PS, H2O2, and Na2CO3.1.5H2O2. Previous studies have 
demonstrated that the combination of transition metals to form bimetal catalysts, such as Cu/Fe, Co/Fe, and others, can significantly 
enhance oxidant activation. This improvement is attributed to the synergistic effects that arise from the interaction between the active 
sites of the bimetal catalyst [22–25]. Among the transition metals, Fe and Cu widely used for oxidant activation due to easy access, low 
adverse effect on the environment, and high catalytic activity, while the usage of certain transition metals such as silver (Ag) and 
cerium (Ce) is more restricted. This is primarily due to their higher cost and challenges in practical application [26,27]. Weng H et al. 
(2023) has reported that a Fe-containing catalyst is a promising approach in AOPs due to excellent adsorption and catalytic perfor-
mance [28]. Chalcopyrite (CuFeS2) is a mineral that contains both copper (Cu) and iron (Fe) sulfide. It has gained attention as a 
potential “green catalyst” due to its ability to serve as a source of Cu and Fe sulfide in AOPs [29,30]. CuFeS2 due to the existence of 
mixed valence of Cu and Fe facilitates greatly effective electron transfer on its surface. The following reactions (Eqs. (1)–(11)) can 
occur by CuFeS2 in Fenton-based AOPs [29]: 

CuFeS2(s)+ 8H2O2 → Fe3+ +Cu2+ + 2SO2−
4 + 8H2O + 2H+ (1)  

CuFeS2(s)+ 16Fe3+ + 8H2O → 17Fe2+ +Cu2+ + 2SO2−
4 + 16H+ (2)  

CuFeS2(s)+ 4O2 → Fe2+ +Cu2+ + 2SO2−
4 (3)  

CuFeS2(s)+ 4O2 + 4H+ → Fe2+ +Cu2+ + 2S0(s) + 2H2O (4)  

CuFeS2(s)→ Fe2+ +Cu2+ + 2S0(s) + 3e (5)  

S0(s)+ 2H2O+ 3O2 → 2SO2−
4 + 4H+ (6)  

Fe2+ +H2O2 → Fe3+ +OH− + OH• (7)  

Cu2+ +H2O2 → Cu+ +O•−
2 + 2H+ (8)  

Cu+ +H2O2 → Cu2+ +OH − + OH• (9)  

Fe3+ +H2O → Fe(OH)
2+

+ H+ (10)  

Fe(OH)
2+

+ hϑ → Fe2+ + OH• (11) 

Copper present in chalcopyrite through reaction with oxidants (e.g.PS, H2O2) can induce the formation of different ROS including 
•OH, SO•−

4 , SO•−
5 , O•−

2 and non-radicals such as Cu3+, 1O2 and surface activated PS [31–33]. Cu ions principally occur in the state of 
Cu+, Cu2+, and Cu3+. Since Cu+ is unstable and simply can be disproportioned to zero-valent copper (Cu0) and Cu2+. Cu + could be 
stable through reaction with organic/inorganic. In contrast, Cu3+ plays the role of a potent oxidant within the medium. Consequently, 
in an aqueous solution, Cu3+ can undergo reduction to Cu2+ through reactions with hydroxyl ions, water molecules, and certain 
organic compounds. As Cu2+ demonstrates greater stability in the medium, it serves as the primary copper salt for activating the 
oxidant [19]. The main advantage of CuFeS2 is releasing of Cu2+ and Fe2+ ions in an aqueous solution (Eqs. (2)–(5)) and self-regulation 
of solution pH [30]. Fe as the abundant and non-toxic material is the long-time activator for different oxidant in homogenous and 
heterogeneous types [34]. 

Different Fe-based materials including ferrous salts, ferric salts, zero-valent iron (ZVI), iron oxides, and iron sulfides have been 
applied to oxidants activation in order to decontaminate organic pollutants. The widespread utilization of Fe-based oxidant activators 
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can be attributed not only to their high efficacy but also to their cost-effectiveness and eco-friendliness [35]. Ferrous is one of the most 
widely used iron salts in AOPs. The use of this activator in AOPs presents certain drawbacks. These include the requirement for high 
acidic pH values (2.8–3.5), low reuse, sludge production, and quenching effect at high dosages. Therefore, a solid catalyst containing 
iron is the proper approach to resolve this drawback [36]. Chalcopyrite also through the release of Fe3+, Cu2+ and Cu + ions, surface 
structure, and crystal defects provides the complex metal oxidation in AOPs such as photocatalytic and Fenton-like processes [37,38]. 
To the best of our knowledge, no comprehensive review has been conducted on the activation mechanism of various oxidants, 
including hydrogen peroxide, persulfate, and bicarbonate, using chalcopyrite as a mediator. Therefore, in the present study, we 
explore the mechanisms involved in the activation of oxidants, the generation of active radicals, the factors that influence their 
production, and the impact of chalcopyrite type (natural or synthesized) and synthesis methods on the efficiency of the process. as well 
as the effect of key operating parameters (pH, catalyst dosage, oxidant concentration and so on) to decompose organic pollutants has 
been evaluated in detail. Moreover, chalcopyrite synthesized and characterization, the mechanism of oxidant activation, stability and 
reusability, toxicity and ROS involved in various AOPs types including photocatalyst, electro-catalyst, Fenton, photo- Fenton, PS 
oxidation and etc. Have been evaluated. 

2. Preparation of natural and synthesized chalcopyrite 

Chalcopyrite in both natural and synthesized types has been applied for AOPs. The natural chalcopyrite type is mined from mines. 
In order to address the presence of impurities and pollutants in natural chalcopyrite, it is necessary to prepare the catalyst through 
specific processes. Milling and sieving were used in order to produce of powdered catalyst. To remove impurities and pollutants from 
the obtained powdered catalyst, several main steps including sonication of the powder in ethanol (95%), washing with nitric acid, and 
drying were used [30,39,40]. The evaluation of studies showed three approaches including hydrothermal, co-precipitation, and 
microwave-assisted hydrothermal have been used for the synthesis of chalcopyrite. Chalcopyrite is synthesized from a combination of 
compounds containing copper, iron, and sulfur. Studies have frequently used copper (I) chloride (CuCl), and ferric chloride (FeCl3) as a 
source of Cu and Fe. In the synthesis procedure for preparing CuFeS2, various compounds containing the element sulfur (S) were 
utilized as a source of sulfur. Wen PY et al. (2022) have synthesized the CuFeS2 via hydrothermal and co-precipitation methods. In the 
hydrothermal route, they used the CuCl, FeCl3.6H2O and sodium sulfide nonahydrate (Na2S.9H2O) as a source of sulfur. For this aim, 
certain amount of CuCl and FeCl3.6H2O were added to the deionized water (DW) and then Na2S.9H2O was dropwise added. Finally, the 
mixture was transferred into the Teflon-lined stainless-steel autoclave and heated at 200 ◦C for 10 h. In the co-precipitation method, a 
specific amount of CuCl and FeCl3.6H2O were added to the DW and stirred at 70 ◦C for 10 min. Subsequently, ammonium (30%) and 
hydrazine hydrate (64–65%) were added to the mixture. Then the Na2S.9H2O was added to the mixture and stirred at 70 ◦C for 3 h 
[29]. Vieira Y et al. (2022) synthesized chalcopyrite similar to Wen PY’s study, with the difference that this work used cupric chloride 
(CuCl2) as the Cu source and polyvinyl-pyrrolidone surfactant to balance electrostatic charges and provide promising conditions for 
gaining the favorite product [41]. Nie W et al. (2019) and Xu X et al. (2019) have synthesized CuFeS2 via hydrothermal technique, 

Fig. 1. The procedures synthesis of natural and synthetic chalcopyrite.  
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using materials including CuCl, FeCl3, and ammonium sulfide (NH4)2S as a sulfur source [37,42]. Considering the studies, only the 
source of sulfur is different in the synthesis of chalcopyrite and the source of copper and iron are the same. In the microwave-assisted 
hydrothermal method for CuFeS2 synthesis, da Silveira Salla et al. (2020) were used CuCl, FeCl3.6H2O and thiourea ((NH2)2CS) as a 
sulfur source. In this procedure, a certain amount of CuCl, FeCl3.6H2O, citric acid (C6H8O7) and (NH2)2CS were added to the DW and 
then irritated with microwave (1400 W and 7 min) until the temperature reached 200 ◦C [43,44]. In the cyclic microwave heating 
method for CuFeS2 preparation, CuCl, FeCl3, and L-cysteine compounds are utilized. In this method, the mentioned compounds were 
added to the DW and then irradiated with underwent 10 cycles of 36 s heating and a 36 s pause in a domestic microwave oven (Fig. 1) 
[45]. 

3. Summary of sulfate radical (SR) generation in AOPs 

The chemical materials content of PS including PDS (S2O8
2− ) and PMS (SO5

2− ) are the main sources of SRs [46]. Some advantages of 
PS based AOPs include high oxidation potential, long half-life, selective oxidation capacity and superior oxidation capability over a 
wide pH range [47]. The common characteristic of these compounds is the O–O bond. These compounds have some differences in 
chemical properties [48]. a) The O–O bond distance for PDS and PMS is f 1.453 Å and f 1.497 Å respectively b) The PDS is more stable 
than PMS due to the substitution of two individual hydrogen atoms of H2O2 by SO3. c) The redox potential of PDS (2.01 V) is more than 
PMS (1.77 V) [49] d) PDS is the peroxide group that bridges two sulfur atoms, whereas PMS is a type of an S-inorganic hydroperoxide. 
Moreover, PMS could not be activated due to the presence of two “dead” sulfate salts in the molecular structure [48,50]. The activation 
of the PDS and PMS can break the O–O bond through homolytic or heterolytic cleavage, as a result, induces SRs generation [48]. 
Overall, both PDS and PMS bind to catalyst surfaces to form active complexes and react with pollutants, but there is ongoing debate 
about the differences and similarities in their reaction mechanisms [51]. 

Different approaches have been used for PDS and PMS activation including physical activation (heating, ultraviolet (UV), ultra-
sound (US)), and chemical activation (alkaline activation (Eq. (12)), transition metal ions, carbon-based materials). The mechanism of 
SRs generation by heating and UV is O–O bond fission (Eqs (13) and (14)). The energy input for PS/PMS activation by heating is 
140.0–213.3 kJ/moL (>50 ◦C). Since the energy of O–O bond in PMS is more than PDS, the efficiency of the heat-activated PMS is 
lower than that of PDS [52]. Nevertheless, the generated SRs will be converted to hydroxyl radicals; as a result, pH will decrease in the 
continuation of the process (Eq. (15)). For ultrasound approach, in addition to the O–O bond fission, the hydrolysis of water molecules 
is also involved (Eqs. (16) and (17)). Also, the cavitation bubbles will be produced that induce high temperatures (i.e., 5000 K) and 
high pressure (i.e., 10 atm) [53,54]. This process causes SRs generation via homolysis of the O–O bond. However, the yield of •OH is 
more than that of SR under US activation due to decomposition of H2O molecules by cavitation bubbles [55,56]. Furthermore, the 
recombination rate of •OH may be halted at high temperatures, resulting in their concentration reaching mM level (Eq. (18)). 

2S2O2−
8 + 4OH± → O•−

2 +SO•−
4 + 3SO2−

4 + 2H2O (12)  

S2O2−
8 + heat

/
UV→2SO•−

4 (13)  

HSO−
5 + heat

/
UV → SO•−

4 + HO• (14)  

SO•−
4 +H2O → SO2−

4 +H+ + HO• (15)  

S2O2−
8 + 2H2O̅̅̅̅ →

OH− (US)
HO−

2 + 2SO•−
4 + 3H+ (16)  

S2O2−
8 + 2HO−

2 ̅̅→
(US)

SO•−
4 + SO2−

4 +H+ + O•−
2 (17)  

H2O̅̅→
(US)

H• + HO• (18)  

in the alkaline approach, the activation mechanism involves the hydrolysis of PS and PMS, leading to the formation of hydrogen 

Fig. 2. Approaches used for SR generation.  
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peroxide (Eqs. (19)–(23)). On the other hand, for transition metal ions and carbon-based materials, the activation mechanism relies on 
single electron transfer (Eqs.(24)–(28)) (Fig. 2). 

S2O2−
8 +H2O → HO•−

2 + 2SO−
4 + H+ (19)  

S2O2−
8 +HO−

2 → SO•−
4 + SO2−

4 +H+ +O•−
2 → →1O2 (20)  

HSO−
5 → SO2−

5 + H+ (21)  

HSO−
5 +H2O → HSO−

4 +H2O2 → → → HO• + SO•−
4 + O•−

2 + 1O2 (22)  

S2O2−
8 +Mn+ → Mn+1 + SO2−

4 + SO•−
4 (23)  

HSO−
5 +Mn+ → Mn+1 +OH − + SO•−

4 (24)  

S2O2−
8 +ACsurface − OOH → SO•−

4 +Csurface − OO• + HSO−
4 (25)  

S2O2−
8 +ACsurface − OH → SO•−

4 +Csurface − O• + HSO−
4 (26)  

HSO−
5 +C − π → C − π+ + SO•−

4 + OH− (27)  

HSO−
5 +C − π+ → C − π + SO•−

5 + H+ (28)  

4. Summary of hydroxyl radical (HR) generation in AOPs 

HR is the reactive oxygen species which widely used as a potent oxidizing agent for organic contaminants degradation. The 
oxidation potential of HR is between 2.8 V (pH = 0) and 1.95 V (pH = 14). The constant rate of HR in reaction with the target pollutant 
is 108–1010 M− 1 s− 1. Radical addition, hydrogen abstraction, electron transfer, and radical combination are the main ways for 
pollutant degradation by HR. The principal features of HRs include their non-selectivity, short lifetime, in situ generations and rapid 
reaction with organic matter [57]. Different approaches including gamma ray/electron beam radiation, photochemical oxidation, 
photocatalysis, sonolysis, Fenton-based reactions, and ozone-based processes have been used for HRs generation [58]. 
Gamma-ray/electron beam radiation is one of the applied technologies for the resolution of the problems of the different environ-
mental fields. The combination of metal oxides such as TiO2 with UV/oxidants (UV/H2O2, UV/O3, UV/O3/H2O2) has been proposed as 
an effective approach for generating HR in AOPs. This combination leads to improving the efficiency and effectiveness of AOPs due to 
the synergistic effect on the production of HR. Because metal oxides act as catalysts, while UV/oxidants provide the necessary energy 
and reactive species to initiate and maintain the HR production process [33,59]. The •OH, •H and hydrated e− radicals could be 
generated under light irradiation. The hydrated e− and •H finally react with O2 and produced the O•−

2 and HO•−
2 (Eqs.(29)–(31)). 

H2O → HO• +H• + e−aq +H2O2 + H2 (29)  

e−aq +O2→O•−
2 (30)  

H• +O2→HO•−
2 (31)  

In photochemical oxidation, according to the type of oxidant used, different radicals are produced. The HRs is the main ROSs when 
hydrogen peroxide is used as oxidant (Eq. (32)). The photocatalyst approach is the most attractive way in order to HRs generation. In 
this approach, the photo-induced electron (e−CB) and electron-hole (h+vB) can be generated in the catalyst [60]. HRs could be generated 
due to e−CB and h+vB reactions with the hydroxyl ions and water molecules (Eqs.(32)–(35)) [61,62]. 

H2O2 + hϑ→ 2HO• (32)  

TiO2 + hϑ → e−CB + hϑ+
VB (33)  

hϑ+
VB +HO− →HO• (34)  

hϑ+
VB +H2O → HO• + H+ (35) 

Sonolysis is another AOP technique that utilizes ultrasound radiation to generate HR through the process of water pyrolysis. In the 
sonolysis process, the acoustic cavity of bubbles plays a key role in HR generation. The formation, growth, and implosive collapse of 
bubbles could be controlled by changing the power and frequency (Eqs.(36)–(40)) [63]. 

H2O̅̅̅̅̅̅̅→
)))

HO• + H+ (36) 
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HO• +HO•→ H2O2 (37)  

H2O2 +HO• → HO•
2 + H2O (38)  

HO•
2 +HO•

2 → H2O2 + O2 (39)  

HO•
2 +H2O2 → HO• +H2O + O2 (40) 

Ozonation is the other approach for HR generation. The following equations are proposed for the HRs generation by O3 (Eqs.(41)– 
(45)) [64]. 

O3 +OH− → HO−
2 + O2 (41)  

HO−
2 +O3 → O•−

2 + HO•−
2 (42)  

HO•−
2 → O•−

2 + H+ (43)  

O3 +O•−
2 → O•−

3 + O2 (44)  

O3 +H2O → HO• +O2 + OH− (45)  

in comparison with single metal oxides, Cu/Fe bimetal oxide has been shown high catalytic activity due to the synergism of Cu–Fe 
active sites. The Cu plays a significant role via donating the electron to ferric in order to reduce to ferrous. Meanwhile, the catalytic 
activity of CuFeS2 is more than Cu/Fe bimetal because the S2− is an electron donor resulting in enhancing the Fe3+/Fe2+ cycle. Nie W 
et al. (2019) have compared the PMS activation for BPA removal by CuFe2O4 and CuFeS2. The reported that bimetallic sulfide was 
much effective than bimetallic oxide due to effect of S2− in improving of Fe3+/Fe2+ and Cu2+/Cu+ cycles (Fig. 3) [42]. 

5. Effect of the operational parameters on oxidant activation by CuFeS2 

Table 1 provides a summary of the effectiveness of advanced oxidation processes (AOPs) were initiated by chalcopyrite, with 
regards to its ability to oxidize of organic pollutants. The effect of different operational parameters including pH, catalyst dosage, and 
oxidant concentration is presented. Table 2 provides the removal efficiency of pollutants by Fe, Cu, and Cu–Fe-based catalysts for 
oxidants activation. As shown the removal efficiency for Fe and Cu oxidants activators is much less than Cu–Fe oxidants activators 
suggesting the synergic effect of Fe and Cu for oxidants activation and ROS generation. Although experimental conditions such as pH, 
oxidant concentration, catalyst dosage, etc. Have an effect on the oxidation process, the comparison of pollutant removal efficiencies 
using chalcopyrite with other copper and iron based catalysts showed that CuFeS2 has suitable efficiencies. 

5.1. Effect of pH on catalytic activity of CuFeS2 

pH is the most important parameter in chemical reaction. The effect of pH was studied in the presence of different systems. The 
results demonstrated that in the CuFeS2/PMS system, pollutant degradation exhibited greater efficacy in acidic conditions compared to 
natural and alkaline conditions. This can be attributed to the fact that the activation of PMS by CuFeS2 in an acidic environment leads 
to the generation of a higher quantity of sulfate radicals. Moreover, with increasing pH,the SO4

•− tend to undergo conversion to the 
•OH. Therefore, the low redox potentials and half-life time of •OH compared to SO4

•− radicals contribute to a reduction in the overall 
removal efficiency [92,93]. 

The study of Li Y et al. (2021) showed the removal efficiency in CuFeS2/percarbonate (PC) system has proper efficiency in the wide 

Fig. 3. Approaches used for HR generation.  
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Table 1 
Degradation efficiency of chalcopyrite/oxidants systems.  

Pollutant Pollutant 
concentration (mg/L) 

pH Oxidant 
Concentration 
(mM) 

molar ratio of 
oxidant/pollutant 

Chalcopyrite 
dosage (g/L) 

Reaction time 
(min) 

Reactive 
species 

Solution 
matrix 

Light 
source 

Pollutant 
removal (%) 

Ref. 

2,4-dichlorophenol 
(2,4-DCP) 

10 7 60 (H2O2) & 25 
(PC) 

978 and 407 0.5 120 •OH, 1O2, 
•CO3

− & 
O2
• −

DW – 90 [37] 

yellow 
tartrazine (YT) 
dye 

75 3 0.25 (H2O2) 1.78 0.25 60 •OH 
& 
O2
• −

Ethanol/DW Red LED 88.1 [41] 
Green LED 81.4 
Blue LED 67.7 
White LED 64.3 

Bisphenol A (BPA) 20 6 0.3 (PS) 3.5 0.1 20 •OH 
& 
SO4

• −

Ultrapure 
Water 

– 99.7 [42] 

bisphenol A (BPA) 20 6 20 (H2O2) 228 0.2 60 •OH DW Fluorescent 97.4 [43] 
Tartrazine 100 3 8.33 (H2O2) 44 0.2 150 •OH DW Fluorescent 99.1 [44] 
Sulfamethazine 5 7.1 0.8 (PC) 44 0.5 40 •OH Ultrapure 

Water 
– 89.6 [65] 

Bisphenol S (BPS) 2.5 11 0.4 (PS) 40 2 30 O2
• − DW – 80 [66] 

Acid orange 7 (AO7) 100 6.26 40 (H2O2) 140 2 30 •OH DW – 100 [67] 
Rhodamine B 10 5.2 39.2 (H2O2) 1877 6 120 •OH surface water – 96.5 [68] 
Rhodamine B 20 4 0.4 (PS) 9.5 0.02(C–CuFS2) 20 •OH 

& 
SO4

• −

Textile 
wastewater 

– 70 [69] 
0.02 (H–CuFS2) 96.84 

Carbamazepine 5 6.76 5 (PS) 236 1 30 SO4
• − DW – 82.34 [70]  
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range pH. However, the highest removal was obtained for acidic conditions, but the leaching of metal is high causing secondary 
pollution and restricting the CuFeS2/PC application. While the pollutant degradation was proper in neutral pH with minimum metal 
leaching. In this work, the low efficiency has been attributed to the negative charge of CuFeS2 and the anionic form of pollutant in the 
alkali pH that hindered the pollutant adsorption by the catalyst due to electrostatic repulsion. Moreover, at alkali pH, the self- 
decomposition of H2O2 to water and oxygen causes less ROS generation. As well as the precipitation of metal ions increases lead-
ing to a reduction of the synergistic effect between Fe (II) and Cu (І) resulting in low accessibility of catalytic sites [65]. The study of 
Peng J et al. (2020) have reported the highest removal efficiency of BPS in CuFeS2/PMS system was obtained under acidic condition, 
however, PMS alone was more activated under alkali condition and BPS degradation (57.8%). Moreover, although the leaching of Cu 
and Fe is high in the acidic pH, the activation rate of PM is very low in acidic conditions because metals arrive in the hydroxide form, 
and cannot be effective in PMS oxidation. They have concluded the low DBP degradation in alkali pH is related to the pKa of PMS and 
the pHzpc of the catalyst. Since the PMS charge at different pH is negative (pKa1 and pKa2 of PMS = 0 and 9.4 respectively), while the 
pHzpc of the catalyst is 4, thus, the surface charge of the catalyst will be positive at pH < 4 and negative at pH > 4. Therefore, PMS 
activation by the catalyst will be decreased at pH > 4 due to the repulsion force (Fig. 4a) [66]. 

5.2. Effect of catalyst dosage 

Catalyst dosage is the key parameter in the degradation process. Different studies have shown the degradation rate of pollutants is 
enhanced by increasing of the catalyst dosage (Fig. 4b). The study of Wu Y et al. (2023) showed the degradation efficiency was 
increased from 35.14% to 70.63% with increasing of natural chalcopyrite dosage from 2.5 mg/gsoil to 7.5 mg/gsoil. They concluded the 
high dosage of catalyst provide more active sites for activation of PMS/H2O2, result in more ROS generation. Nonetheless, further 
catalyst dosage induces low ROS generation due to scavenging effect [94]. Moreover, the efficiency of pollutant removal may decline 

Table 2 
Degradation efficiency of pollutants using Fe, Cu and Fe–Cu based catalysts.  

Catalyst pollutant Pollutant 
concentration 

Catalyst 
dosage 

Oxidant/ 
concentration 

Reaction 
time 

Removal efficiency 
(%) 

Ref 

Cu0/Fe3O4 4-chlorophenol 0.1 mM 1.0 g/L H2O2/0.03 Mm 1 h 100 [71] 
FeS2 P-chloroaniline 0.62 mM 4.0 g/L H2O2/0.03 Mm 6 h 55 [72] 
FeS2 Trichloroethylene 0.268 mM 100 g/L H2O2/0.05 Mm 323 h 98 [73] 
FeS2 Diclofenac 25 mg/L 0.12 g/L H2O2/0.03 Mm 0.33 min 100 [74] 
Surface-oxidized 

FeS2 

Arsenite (Sb(III)) 20 μM 0.25 g/L H2O2/0.03 Mm 2 h 100 [75] 

Fe2+ Chlorobenzene 1 mM 2 mM PC/2.0 mM 1 h 94.06 [76] 
Fe2+ Benzene 1 mM 10 mM PC/10 mM 0.17 h 99.99 [77] 
Fe2+ Sulfamethoxazole 0.06 mM 0.5 mM PC/0.6 mM 1 h 94.1 [78] 
Fe2+ Acetaminophen 0.05 mM 1.0 mM PS/0.8 Mm 0.5 h 81.4 [79] 
Fe2+ Sulfadiazine 100 μM 1.0 mM PS/4 mM 2 h 100 [80] 
Fe2+ Trimethoprim 1 mM 4.0 mM PS/4 mM 4 h 73 [81] 
Fe2+ Chlortetracycline 1 mM 1000 mM PS/500 mM 2 h 76 [82] 
Cu2+ Benzophenone-3 1.31 μM 0.5 mM PDS/131 μM 11 h 39 [83] 
Cu2+ p-nitrophenol 0.72 mM 30 mM PDS/30 mM 3 h 14 [84] 
Cu2+ Bisphenol A 10 μM 15 μM PMS/1.0 mM 0.25 h 16 [85] 
Cu2+ Naproxen 5 μM 10 μM PMS/0.5 mM 0.08 h 6.9 [86] 
CuFeO2 Orange I 4 mg/L 0.1 g/L PMS/20 μM 0.5 h 77.8–79.3 [87] 
CuFe2O4 Norfloxacin 25 μM 0.2 g/L PMS/0.5 mM 2 h 90 [88] 
CuFe2O4 p-nitrophenol 50 mg/L 30 g/L PDS/8 mM 1 h 89 [89] 
CuFe2O4 Tetrabromobisphenol 

A 
10 mg/L 0.1 g/L PMS/0.2 mM 0.5 h 99 [90] 

CuFe2O4 Atrazine 2.0 μM 0.1 g/L PMS/1.0 mM 0.25 h 98 [91]  

Fig. 4. a) effect of pH on CuFeS2 based AOPs b) effect of oxidant concentration and catalyst dosage on CuFeS2 based AOPs.  
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after reaching the optimum catalyst dosage, as a result of delayed mass transfer and restricted access to active sites at high catalyst 
dosage. This can occur due to the formation of diffusion boundary layers, inactive catalyst surfaces, and limited diffusion resulting 
from the aggregation of catalyst particles, which ultimately leads to reduced catalytic activity and efficiency [95–97]. 

Barhoumi et al. (2017) evaluate the effect of chalcopyrite dosage in the photo-Fenton process. Results revealed the removal ef-
ficiency of pollutants was increased with increasing of catalyst dosage up to 1.0 mg/L. The further dosage had no significant effect on 
removal efficiency due to more ferrous ions release and their reaction with •OH radicals [30]. The study of Wu Y et al. (2023) 
confirmed that extra catalyst dosage leads to the deadweight loss of ROS [94]. Li Y et al. (2021) have reported a similar result. This 
work showed the removal efficiency increased with the raising of the catalyst dosage up to 0.5 g/L (86.4%). While excessive catalyst 
dosage leads to the deadweight loss of active radicals and environmental risk due to high metals leaching into the solution [65]. Peng J 
et al. (2020) investigated the effect of the catalyst dosage. The results of this work revealed with increasing the catalyst dosage from 
0.2 g/L to 2 g/L, the removal efficiency was increased by 32.2%, while the removal efficiency was increased by 0.4% for 3 g/L of 
CuFeS2 dosage. This work suggested that the radical production process in different catalyst dosages is related to the oxidant con-
centration. Therefore, the catalyst dosage should be proportional to the oxidant concentration to enable its activation. They concluded 
active sites on CuFeS2 at 2 g/L is adequate for 0.4 mM PMS activation and further catalyst dosage do not participate in degradation 
process [66]. 

5.3. Effect of oxidants concentration 

Oxidants are the source of ROS; therefore play the significant role in the pollutant degradation process. Study of Wu Y et al. (2023) 
indicated with increasing of PMS/H2O2 from 2.5 mg/gsoil to 12.5 mg/gsoil, the removal efficiency was 25% increased. This due to 
accelerating of ROS generation in optimum concentration of the oxidants [94]. Li Y et al. (2021) have reported the further concen-
tration of the H2O2 caused the decrease in the removal efficiency due to the scavenging effect of H2O2 and generation of the weak ROS 
(•OOH) (Eqs. (46) and (47)). Moreover, excessive concentration of H2O2 leads to an increase in solution alkalinity which is the 
improper condition for Fenton-based reactions [65]. Peng J et al. (2020) have reported the removal efficiency of bisphenol S was 
increased by 43% with increasing the PMS concentration from 0.1 to 0.6 mM. They reported more ROS is generated at high PMS 
concentrations (up to 0.6 mM) and further PMS concentrations do not change the removal efficiency due to reaction between sulfate 
radicals which each other (Eqs. (48) and (49)) (Fig. 4b) [66]. 

H2O2 +HO• → H2O + HOO• (46)  

HOO• + HO• → H2O + O2 (47)  

SO•−
4 + SO•−

4 →S2O2−
8 (48)  

SO•−
4 +HSO−

5 → SO•−
5 + SO2−

4 + H+ (49)  

6. Chalcopyrite in fenton, photo-fenton and photo/fenton-like approach 

Fenton is one of the most used AOPs methods regarding organic pollutants removal. Fenton’s method is based on the electron 
transfer between hydrogen peroxide and Fe2+/Fe3+ as a catalyst [98]. This approach is the most cost-effective AOPs due to the no 
energy required. The H2O2 activation by materials containing iron leads to hydroxyl radical generation. The degradation process could 
occur via hydroxyl radicals attacking the target organic pollutant. The following equations are suggested in the classical Fenton re-
action (Eqs. ((7), (38), (39), (50)–(53)) [99]. 

Fe3+ + H2O2 → Fe2+ +HO•
2 + H+ (50)  

HO• +Fe2+ → Fe3+ + HO− (51)  

Fe3+ +HO•
2 → Fe2+ + O2H+ (52)  

Fe2+ +HO•
2 +H+ → Fe3+ + H2O2 (53) 

Photo-Fenton is one of the modified forms of traditional Fenton that is a combination of light radiation with Fenton [100]. The 
studies have suggested the recovery of the Fe2+ in the Fenton process is slow. Light irradiation is the proper alternative for accelerate 
the Fenton process and ferrous regeneration. [Fe(OH)]2+ is the key photoactive iron complex in photo-Fenton process. [Fe(OH)]2+ is 
reduced to Fe2+ under light irradiation (Eq. (11)) [101]. 

Fenton-like is the process which used the hetero-/homogeneous catalyst instead of Fe2+ for activation of oxidants [102]. The ferric 
ions, pyrite, copper, nZVI and etc. are the most popular materials that used in Fenton-like process. One of the prominent features of 
chalcopyrite catalyst is the possibility of performing both Fenton and Fenton-like reactions due to the release of Fe2+ and Cu +

decomposition of H2O2 to form ROS (Eqs.1,7- 9) [36,68]. 
Ltaïef AH et al. (2018) used the mined chalcopyrite as catalysts for the oxidation of phenolic pollutants using Fenton and LED 

photo-Fenton-like. Results showed 98% of mineralization was achieved. This study suggested rapid leaching of iron species (ferrous & 
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Table 3 
Degradation efficiency of Electrochemical Fenton-based processes using chalcopyrite.  

pollutant Pollutant 
concentration (mg/ 
L) 

Anode Cathode Electrode 
distance (cm) 

Electrolyte/ 
Concentration 

Current 
intensity (mA 
cm− 2) 

Chalcopyrite 
(g/L) 

H2O2 source Reactive 
species 

Light 
source 

Pollutant 
removal (%) 

Ref. 

Acid orange 
7 

98 boron-doped 
diamond (BDD)/ 
Si 

carbon 
felt 

1.0 Na2SO4/0.05 M 300 2.0 Electro 
generated 

•OH UVA 95 [36] 

Cephalexin 50 IrO2/air- 
diffusion cell 

– 1.0 Na2SO4/0.05 M 50 1.0 Electro 
generated 

•OH UVA 100 [40] 

Tetracycline 89 Pt mesh/thin- 
film BDD onto a 
Nb 

3D 
carbon 
felt 

– Na2SO4/0.05 M 500 1.0 Electro 
generated 

•OH – 98 [40]  
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ferric) in the presence of O2 which leads to H2O2 generation without being added due to the reaction of ferrous ions and oxygen 
molecules via the Haber–Weiss reaction (Eq. (3), (54)–(56)). 

Fe2+ + 4O2 → Fe3+ + O•−
2 (54)  

Fe2+ +O•−
2 + 2H2O → Fe3+ + 2OH− + H2O2 (55)  

Fe2+ +O•−
2 + 2H+ → Fe3+ + H2O2 (56)  

in the photo-Fenton-like process, the chalcopyrite showed high photocatalytic activity due to copper content which has high ab-
sorption spectrum at the LED irradiation [39]. 

Huang X et al. (2020) evaluated the effect of p- and n-type chalcopyrite in the Fenton oxidation process. Results showed n-type 
chalcopyrite has high catalytic activity because it releases more Cu+ and Fe2+ ions and less Cu2+ release that leads to more H2O2 
activation. Because Cu+ and Fe2+ ions can easily donate one electron to H2O2 and improve its decomposition for more ROS generation. 
Moreover, the pH is further decreased for the n-type catalyst compared to the p-type which provides a better condition for the Fenton 
process. Results indicated the removal efficiency of acid orange 7 was obtained 60% and 100% at a natural pH for p- and n-type 
chalcopyrite/H2O2 system respectively [67]. The da Silveira Salla J et al. (2020) have reported that Fe2+/3+ and Cu1+/2+ present on the 
catalyst surface are responsible for H2O2 decomposition and •OH/O2

•− generation [44]. 

7. Electrochemical Fenton-based processes using chalcopyrite 

Electrochemical oxidation (EO) is one branch of the AOPs used for the degradation of refractory organic pollutants. EO is 
considered an eco-friendly approach in order to generate a high amount of reactive radicals [103,104]. Table 3 presented the 
degradation efficiency of Electrochemical Fenton-based processes using chalcopyrite. This table provides the summary of parameters 
ranges which used in EO process in the presence of chalcopyrite. The main advantages of the Electro-Fenton process compared to 
Fenton methods include: 1) in-situ H2O2 production and prevention of risks related to its transportation, storage and management 2) 
The possibility of controlling the decomposition kinetics and 3) Higher decomposition rate of pollutants due to regeneration of Fe2+ in 
the cathode and also minimization of sludge production [105]. According to Fenton’s reagent addition or radical formation, the 
Electro-Fenton process is classified into 4 categories: 1) H2O2 and Fe2+ are electro-generated using a sacrificial anode and an oxygen 
sparging cathode respectively 2) Fe2+ is generated from the sacrificial anode and H2O2 externally added 3) Fe2+ is externally added 
and H2O2 generated by oxygen sparging cathode 4) •OH is generated by Fenton reagent in an electrolytic cell and Fe2+ regenerated due 
reduction of Fe3+ on the cathode [106]. 

In the study conducted by Droguett C et al. (2020), it was observed that the concentration of electrogenerated H2O2 increased with 
higher current density. However, upon adding chalcopyrite to the system, the H2O2 concentration decreased from 44.0 mM to 4.5 mM, 
leading to the generation of ROS. The result indicated copper ions enhanced the Fe2+ regeneration. Moreover, UVA irradiation showed 
a positive effect on cephalexin removal. However, the role of adsorption (2.2%) and photolysis alone (3%) were low in antibiotic 
removal, while the chalcopyrite/UVA system showed remarkable efficiency in removal (36%). In the photoelectro-Fenton system, 
current density and catalyst concentration are the main keys in the removal process. Result indicated the increasing of the current 
density up to 100 mA cm− 2 leads to yielding more •OH. Further current density causes side reactions that destroy the IrO2 and decrease 
the removal efficiency. As well as, increasing the chalcopyrite dosage up to 1 g/L increased the removal efficiency by more generation 
of oxidant •OH from Fenton’s reaction. While the removal efficiency decreased with increasing the catalyst dosage >1.0 g/L due to the 
reaction of •OH with an excess of dissolved Fe2+ (Eq. (47)) [40]. 

Labiadh L et al. (2019) used boron-doped diamond (BDD)/Si and carbon felt as anode and cathode respectively. The result indi-
cated the TOC removal increased in the presence of chalcopyrite (up to 2.0 mg/L) due to more release of Fe2+ and Cu2+ from the 
catalyst surface which enhanced the •OH generation. This study revealed that H2O2 can be electrogenerated under O2 saturation. Then 
the hydrogen peroxide contributes to ROS generation and Cu+ and Fe2+ regeneration (Eqs.(57)–(59)). 

Cu2+ +H2O2 → Cu+ + HO•
2 + H+ (57)  

Cu+ +HO•
2 → Cu2+ +H+ + O2 (58)  

Cu2+ +R• → Cu+ + R+ (59) 

Moreover, the Cu2+/Cu+ couple participates in ROS generation, Fe2+ regeneration and improves the catalytic activity by pro-
longing the Fe3+/Fe2+ cycle (Eq. (60)). 

Cu+ +Fe3+ → Cu2+ + Fe2+ (60) 

The findings also demonstrated that an increase in current density resulted in a higher rate of degradation of contaminants. This can 
be attributed to the greater generation of H2O2. Furthermore, BDD electrode plays the key role in •OH generation. Because BDD 
electrode has great oxidation power, high oxygen evaluation and lower physisorption of hydroxyl radical which makes •OH available 
for pollutant degradation [36]. 

The study of Barhoumi N et al. (2017) has also confirmed both Fenton (Fe2+/H2O2) and Fenton-like (Cu2+/H2O2) processes 
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contribute to pollutant degradation in the electro-Fenton (EF)/CuFeS2 process. Moreover, Cu2+ is reduced at the cathode and induces 
the regeneration of Fe2+ by Cu+ (Eqs. (60) and (61)). 

Cu2+ + e− →Cu+ (61) 

Results indicated increasing of the CuFeS2 dosage leads to more Fe2+ and Cu2+ generation (limiting step) and high •OH formation. 
Furthermore, findings revealed the EF-BDD/Chalcopyrite process is more effective than EF- Pt/Chalcopyrite process in pollutant 
removal. This has been attributed to the high oxygen evaluation by BDD compared to the Pt electrode. The mineralization of the 
tetracycline (TC) showed the NH4

+ and NO3
− ions are detected which confirmed the TC degradation with the difference that more NH4

+

concentration is accumulated in EF/Chalcopyrite with BDD anode compared to the EF/Chalcopyrite with Pt anode due to more TC 
degradation [30]. 

8. Proposed catalytic mechanism 

Depending on the type of reaction (PS, Fenton, photo-Fenton, electro – Fenton and etc.), different mechanisms have been proposed 
in pollutant removal by CuFeS2 activation of oxidants (Fig. 5 a-d). Huang X et al. (2020) have reported the mechanism of pollutant 
degradation in Fenton oxidation by natural pyrite occurs in two consecutive stages. First, the chalcopyrite metals content, including 
Cu+, Cu2+, and Fe2+ ions are released into the solution. Second, the released ions react with H2O2, generating ROS and inducing AO7 
degradation. This study also verified that the excessive release of Cu2+ hampers the removal of AO7 due to the formation of inter-
mediate products in the form of Azo metal complexes (Fig. 5a) [80]. 

In the photo – Fenton process, electron–hole pairs are generated under light irradiation. The Chang SA et al. (2020) used the PL 
analysis to evaluate the quantify recombination rate of the electron–hole pairs. This work showed the weak intensity luminescence 
emission for CuFeS2 due to the lowest yield of electron–hole pairs (Fig. 5b) [45]. In the photocatalyst approach, ROS generation is the 
main mechanism for pollutant degradation and active sites on the catalyst can play the main role in this regard [9]. Therefore, different 
scavengers have been employed for the determination of the involved ROS in the photocatalyst process. Vieira Y et al. (2022) used the 
IPA, BQ, and EDTA scavengers to evaluate the role of •OH, •O2

− and h+ radicals in the CuFeS2/H2O2/red and white light system. The 
results indicated that under both red and white light irradiation, the ROS involved are predominantly •OH, whereas •O2

− plays a minor 
role in the degradation process. Results also confirmed that h+ has not been involved in pollutant degradation [41]. In order to assess 
the degradation of Rhodamine B (RhB) in the Fenton process, Yang J et al. (2022) utilized TBA and IPA to quench the •OH radicals 
present on the catalyst surface and in solution, respectively. Results showed the removal efficiency of RhB degradation was decreased 

Fig. 5. The mechanism of ROS generation in different approaches.  
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in the presence of IPA compared to the TBA suggesting the •OH in solution has dominant role in degradation process. They used the 
DMPO-trapped EPR spectrum to identify the ROS. The results indicated that the generation of •OH radicals occurred exclusively in the 
presence of chalcopyrite, suggesting the activation of H2O2 by the Cu and Fe sites of the catalyst. In this work, the calcein and 2, 
2′-dipyridyl were used to determine the role of the Fe3+ and Fe2+ respectively in H2O2 decomposition. Results showed that leached iron 
played a minor role in H2O2 activation and consequently in pollutant degradation. While leached copper played remarkable role ROS 
generation. However, the reaction between Fe3+ and Cu+ in CuFeS2 causes the improvement of the Fe2+/Fe3+ and Cu+/Cu2+ cycles. 
Besides, the sulfur through reducing Cu2+ and Fe3+ enhances the catalytic activity of CuFeS2 [68]. 

Da Silveira Salla J et al. (2020) proposed three scenarios involved in pollutant degradation in microwave–assisted photo–Fenton 
oxidation: a) The Fe2+/Fe3+ complex present on the surface of the catalyst induces H2O2 decomposition, •OH generation due reaction 
of Fe2+ and H2O2 and reduced Fe3+ to produce the Fe2+ which reacts again with H2O2 b) Cu+ and Cu2+ react with H2O2, generates the 
•OH c) using of chelating agent in the catalyst synthesis process causes a decrease in the redox potential of the Fe2+/Fe3+ complex, 
improving the oxidation/reduction reactions [44]. 

Droguett C et al. reported the mechanism of the electro-Fenton (EF) method. In this approach, two mechanisms are involved in 
pollutant degradation: first, iron and copper ions released from the electrode create the homogeneous catalysis. These ions activate the 
H2O2 and generate the •OH radicals. Simultaneously, the •OH radicals are generated at the anode surface. Moreover, the different 
mechanisms include a) pollutant adsorption on chalcopyrite powder, b) photolysis (irradiation of light), and c) chalcopyrite/light 
photocatalysis in the photo-electro-Fenton process. 

This study indicated that in the electro-Fenton process, the involvement of the •OH radical in the degradation of organic pollutants 
is diminished due to its reaction with by-products, such as short-chain carboxylic acids. Consequently, this reaction leads to a decrease 
in the removal efficiency. In contrast, in the photoelectron-Fenton process the UV photons could photodegrade the carboxylic acid-
s− Fe3+ complex and generate the ROS (Eq. (62)) [40]. 

Fe (OOCR)2+
+ hϑ → Fe2+ +CO2 + R• (62) 

Labiadh L et al. (2019) explained the degradation mechanism of AO7 in the EF process with chalcopyrite as an iron source. Results 
showed the synergic effect between Fe/Cu ions that improve the EF system. The generated Cu2+ react with HO2

• or/and R• is reduced to 
Cu+. Afterward, carbon felt (cathode) regenerate the Fe2+ and Cu2+ which facilitate the Fenton reaction to produce the •OH. The Fe2+/ 

3+ cycles can be prolonged due to regeneration of Fe2+ by the Cu+/Cu2+ couple. Moreover, in the EF process, the H2O2 can be produced 
which enhances the formation of hydroxyl radicals from the Fenton reaction. On the other hand, the BDD (•OH) is generated in the 
anode side via a reaction with the water molecules. Therefore, pollutants are adsorbed by the anode surface due to the “physisorbed” 
phenomenon and be oxidized by BDD (•OH) (Fig. 5c) [36]. 

Wu Y et al. (2023) evaluate the ROS involved in the CuFeS2/PMS/H2O2 system. This work showed the mechanism of pollutant 
degradation is included a) contribution of surface Cu+ and Fe2+ in PMS/H2O2 activation, which generate the SO4

•− and •OH radicals b) 
O2
•− can be generated through various mechanisms, including the reaction of PMS with H2O molecules, activation of oxygen molecule 

via single electron transfer of the CuFeS2, and the reaction of Fe2+ with oxygen molecules c) reductive sulfur species such as S2− and 
Sn

2− react with surface Cu2+ and Fe3+, thereby reducingthem to Cu+ and Fe2+. This reduction process contributes to the continuous 
formation of active radicals d) the reaction of Fe3+ with O2

•− and electron transfer, facilitate the regeneration Fe2+ which contribute to 
activation of the PMS/H2O2 [94]. 

Li Y et al. (2021) have reported that O2 can be reduced to O2
•− by surface Fe2+ and Cu+ of CuFeS2 catalyst via single-electron transfer 

route. Moreover, the standard redox potential vs. RHE for O2/O2
•− , Fe3+/Fe2+ and Cu2+/Cu+ is − 0.33, 0.77 and 0.17 respectively 

which suggested proper thermodynamically condition for regeneration of Fe2+ and Cu+ (Eqs. (63) and (64)) [65]. 

Fe3+ +O•−
2 → Fe2+ + O2 (63)  

Cu2+ +O•−
2 → Cu+ + O2 (64) 

Wen PY et al. (2022) used the methanol and NaN3 as •OH and SO4
•− scavengers to evaluate the degradation mechanism of RhB in the 

CuFeS2/Na2S2O8 system. Results indicated the Fe2+/Cu + on the CuFeS2 surface catalyzed persulfate to SO4
•− radicals. Subsequently, 

the SO4
•− reacts with H2O/OH− to generate the •OH radicals. The quenching test illustrated adding the methanol into the reaction 

causes a slightly decreased in removal efficiency suggesting that SO4
•− plays the dominant role in the degradation process. Also, the S2−

anions as reduction agents present in catalysts facilitate the Fe2+ regeneration [29]. Nie W et al. (2019) also reported a similar 
mechanism for the activation of peroxymonosulfate by CuFeS2. This work confirmed the role of Fe2+ and Cu+ in ROS generation. 
Moreover, results showed S2− and S2

2− as strong reductive sulfur species cause the reduction of Cu2+ and Fe3+ to Cu+ and Fe2+ forms. 
Also, Cu + via electron transfer induces reducing of Fe3+ to Fe2+. This study confirmed that the Fe3+/Fe2+ cycle on the chalcopyrite 
surface plays a significantly more substantial role compared to the Cu2+/Cu + cycle in oxidant activation. These findings suggest that 
Fe is a more crucial element in the CuFeS2 catalyst [42]. The study of Peng J. (2020) illustrated that pH plays a remarkable role in the 
Fe3+/Fe2+ and Cu2+/Cu + cycles. The result showed highest homogeneous catalytic activity of Fe3+ and Cu2+ ions occurred at pH =
6.2. Also, results suggested adding 50 μM of Fe3+ and Cu2+ enhances the pollutant degradation in the chalcopyrite/PMS system due to 
the regeneration of Fe2+ and Cu + by S2‾. Moreover, Cu + boosted the Fe3+/Fe2+ cycling [66]. 

Li Y et al. (2021) reported the Cu+ and Fe2+ present in the catalyst surface have a key role in the percarbonate activation by 
chalcopyrite. As a result of percarbonate activation, the •OH is produced which could be convert to other ROS including CO3

•− , O2
•− and 

1O2. Moreover, the catalyst activates the O2 molecules, generating the O2
•− . The produced O2

•− together with S2− species as well as the 
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interaction between Cu+ and Fe3+ improve the Fe3+/Fe2+ cycles on the catalyst surface [65]. Peng J et al. (2020) studied the bisphenol 
S (BPS) degradation in the natural chalcopyrite/PMS system. The results showed depended on the pH condition, different radicals 
participate in the degradation process. So that the •OH and SO4

•− are the main ROS at acid or weak acid conditions. While, O2
•− and •OH 

are responsible at weak alkaline conditions and O2
•− alone plays the main role at strong alkali pH for the BPS degradation. In this work, 

a similar mechanism is presented to express the role of Fe2+, Cu+, reductive sulfur species, and regenerated Fe2+ and Cu + for 
continuously activating PMS to generate ROS which has been discussed previously [66]. 

In order to evaluate the mechanism of 2,4-dichlorophenol degradation, Xu X et al. (2019) employed the TBA, NaN3 and BQ as 
radical scavengers for •OH, 1O2 and O2

•− respectively, in the peroxymonocarbonate/chalcopyrite system. The result showed the 1O2 
radical is a highly reactive ROS that significantly contributes to pollutant degradation. On the other hand, the quenching experiments 
indicated O2•− does not play a role in the degradation process due to its very short half-life and sensitivity to protons. However, O2

•−

does play a role as an intermediary in the generation of 1O2. This occurs when •CO3
− reacts with H2O2, resulting in the formation of 

bicarbonate and O2
•− Subsequently, O2

•− reacts with •OH, leading to the generation of 1O2. This study showed the existence of HCO3
− in 

the H2O2 solution induces modifying the ROS generation, and enriching the reactive species in the pollutant degradation process 
(Fig. 5d) [37]. 

9. Catalyst reusability and stability 

Catalyst stability is the main parameter in the AOPs for long–term usage of catalysts and important parameter for the development 
of practical. Different approaches have been used to evaluate the reusability and stability of catalysts. Ltaïef AH et al. (2018) used three 
consecutive photo-Fenton like experiments. In this work CuFeS2 catalyst was rinsed with water and dried in the oven at 70 ◦C for 6 h 
before each cycle. Three parameters including TOC conversion, H2O2 conversion, and leaching of Fe species during 1 h were evaluated. 
The result revealed that the TOC and H2O2 conversion were obtained at 98% and 87.5% in 1st cycle and decreased by 5.5% and 7.4% in 
3rd cycle respectively. The leaching of the Fe was reported around 2 mg/L in three cycles. This work confirmed the proper stability of 
chalcopyrite (natural type) in a Fenton-like process due to high TOC removal in three consecutive cycles [39]. Da Silveira Salla J et al. 
(2020) used the 4 consecutive cycles for the evaluation of chalcopyrite (synthetic type) stability in the photo-Fenton process. Results 
showed that pollutant degradation and TOC removal were obtained at 97.4% and 82.3% in 1st cycle and decreased by 3.2% and 5.7% 
for the fourth cycle respectively. The Fe and Cu leaching were reported at 0.18 mg/L and 0.3 mg/L respectively which are less than 
0.5% of the total metal content in the chalcopyrite. This issue suggested great stability and proper reusability of the catalyst in 4 
consecutive cycles [43]. Vieira Y et al. (2022) evaluated the recyclability of chalcopyrite (synthetic type) in the photocatalytic process. 
Results showed the degradation rate was reduced 43.1% in fifth cycle compared to the 1st cycle. The Fe leaching was reported 0.0135 
mg/L and Cu was below the detection limits of the method. For further investigation, the catalyst stability was evaluated by XRD 
analysis. The results revealed weak decreasing crystalline phase peak intensity occurred after 5 cyclic runs. This work suggested 3 
factors involved in the decreasing of the catalytic activity of chalcopyrite after 5 reuses. a) reduction of Fe and Cu content due to 
leaching b) occupancy of the active site by degradation by-products c) the structural change resulting from improved radical species 
generation [41]. Chang SA et al. (2020) investigated the chalcopyrite (synthetic type) stability in the photocatalytic process. The result 
showed after 10 consecutive cycles, the pollutant degradation decreased from 97.5% to 15.0%. The XRD results revealed that the phase 
structure of the catalyst faded after 3 reaction runs. The SEM analysis confirmed the findings and showed an irregular sheet of catalyst 
changed to a spherical shape, suggesting improper stability of the catalyst. This work has proposed the incorporation of chalcopyrite 
with another catalyst (e.g. Ag3PO4) for improving the composite stability [45]. In another approach, Li Y et al. (2021) applied the XRD, 
SEM and EDS techniques for the evaluation of the chalcopyrite (synthetic type) stability. This study demonstrated that the oxidation 
process has an impact on the surface of the catalyst, resulting in the formation of new Cu and Fe (oxy)hydroxides. These (Oxy) hy-
droxides were appearing at 2θ = 31.5◦ and 39.9◦. The SEM analysis confirmed the presence of rougher surface after reaction. 
Moreover, the EDS technique showed the existence of the C, O, and S elements due to the oxidation of the chalcopyrite oxidation, the 
deposition of the insoluble CO3

2− and SO4
2− . While the Cu and Fe signal was decreased after four consecutive reuses. However, the 

refreshing process of the catalyst using ultrasound in 0.1 M HCl resulted in an improvement in the removal efficiency. The removal 
efficiency, increased from 57.3% to 75.6%, indicating the positive effect of the refreshing process. The leaching test of metals showed 
low Cu and Fe release (<0.28 mg/L) which suggested the superior stability of the catalyst [65]. Peng J et al. (2020) also reported the 
removal efficiency was decreased by 21.6% due to change of chalcopyrite surface (synthetic type) during five consecutive cycles. The 
SEM analysis showed the catalyst surface is corroded and rougher after the oxidation process. Besides, the EDS technique illustrated 
the amount of Cu, Fe, and S decreased and the O element increased which suggested the changing structure of the catalyst after the 
reuse process. This work reported recovery of the catalyst by ultrasound (power: 70 W, frequency: 19.87 kHz, time reaction: 10 min) 
[66]. The study of Xi GY et al. (2022) investigate the chalcopyrite (natural type) stability in 4 consecutive cycles. Results showed the 
removal efficiency was decreased by 32.13%. They concluded the by-products generated during the oxidation process causes the 
deactivation of catalyst active sites [70]. 

Silveira Salla J et al. (2020) used the CuFeS2 powders (synthetic type) in photo-Fenton process for 5 consecutive cycles. The results 
demonstrated a 5% decrease in removal efficiency and less than 1% Fe leaching after the fifth cycle. These findings strongly indicate 
that the implementation of a microwave-assisted procedure for catalyst preparation generally yields highly stable catalysts with 
remarkable reusability and sustained activity [44]. Nie Wet al. (2019) evaluate the stability of CuFeS2 (synthetic type) in both 
controlled and uncontrolled pH. The Results showed that the leaching values of Cu and Fe are 3.8 mg/L and 1.8 mg/L, respectively. 
These values correspond to approximately 11% and 5.9% of the metal content present in the catalyst when the pH was not controlled. 
These findings illustrated the catalyst is unstable because the pH dropped from 6.0 to 3.6. When the pH was controlled at 6.0, the 
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leaching of Fe and Cu was reduced to 1.3 mg/L and 0.07 mg/L, respectively. Additionally, when using not PMS, the leaching of Fe and 
Cu decreased to 0.03 mg/L and 0.08 mg/L, respectively. These findings established that the acidic nature of the solution and oxidative 
dissolution have detrimental effects on the stability of the catalyst [42]. 

Droguett C et al. (2020) reused heterogeneous chalcopyrite (natural type) in Fenton-based electrochemical for 4 successive cycles. 
In this work ultrapure water and ethanol were applied for cleaning of the catalyst, drying under air in order to reuse. The result 
represented the long-term stability of the chalcopyrite. The metals leaching and pollutant degradation were not reported [40]. The 
reusability and stability of chalcopyrite (natural type) in electro-Fenton was conducted by Labiadh L et al. (2019). Results indicated the 
pollutant removal was decreased after some recycling due to deactivation of the active sites of the chalcopyrite because impurities 
content hinder the reaction between iron and oxidizer. The results of this work suggested the economic viability of catalyst due to 95% 
removal of TOC [36]. 

The stability evaluation showed the reusability of natural chalcopyrite is more the synthetic type (Fig. 6 a & b). Also, the recovery 
process has a direct impact on the activity of the catalyst. It was found that ultrasound-assisted recovery completely restores the 
catalytic ability of the catalyst. However, the recovery of the catalyst using ethanol and water fails to enhance the catalytic activity of 
chalcopyrite. Furthermore, the stability of the catalyst is also influenced by several factors, including pH control, the presence of 
oxidants, and the synthesis method employed, such as the utilization of microwave-assisted procedures. 

10. Toxicity evaluation 

Toxicity evaluation is a main parameter in the AOPs. The effluent of AOPs may induced the toxic materials result in ROS (e.g. (•OH, 
SO4

•− , HO2
•, O2•− , •CO3

− , 1O2, O3, e− and etc.) reaction with pollutant target. Based on the physical and chemical characteristics, the 
intermediate products resulting from the degradation of raw materials may have a lower, equal or even higher level of toxicity than the 
main pollutants. Different toxicity approaches, including acute toxicity, genetic toxicity, estrogenic activity, immunity toxicity, and 
endocrine disrupting effect have been applied in order to evaluate the toxicity of the AOPs effluent [107]. 

Ltaïef AHet al (2018) used the two successive treatments (i.e. 1st and 3rd runs). utilizing Microtox® bioassays to evaluate the acute 
toxicity of the olive mill wastewater treated through chalcopyrite-based Fenton and LED photo-Fenton-like processes. Results indi-
cated despite the high TOC removal (98.0 and 92.5% for 1st and 3rd runs, respectively), the inhibition of the luminescent activity of 
the bacteria was high due to toxicity effect of Fe2+ (25.9%) and Cu+ (84.8%). This work reported the toxicity caused by the catalyst was 
more than oxidation products. This finding raises significant concerns about the suitability and viability of using such catalysts, posing 
a serious challenge to their practical application. However, the Cu was more toxic than Fe (Fig. 7a) [39]. 

Vieira et al. (2020) employed a phytotoxicity approach to assess the toxicity of textile wastewater treated using rGO-CuFeS2 
catalyst in conjugated with microwave irradiation. Results showed the dye and TOC were decreased 97.7% and 99.11% respectively in 
6 min reaction time. However, the toxicity was increased after 35 min due to formation of new toxic compounds caused by recombine 
of some nontoxic fragments (Fig. 7b) [69]. The study of Li Y et al. (2021) have reported the toxicity of sulfamethazine was decreased 
(bioaccumulation increased) except for P2 (4-nitrophenol/2- amino-4,6-dimethylpyrimidin-5-ol) and P6 (N-ethyl--
N-methyl-N-(4-nitrophenyl) methanetriamine) in CuFeS2/SPC process. This work suggested degradation process should be prolonged 
to reach the mineralization [65]. 

11. Challenges and future perspectives 

The review highlights that although chalcopyrite has demonstrated promising results in advanced oxidation processes, there are 
still some challenges that need to be addressed.  

1. Operational parameters including pH, temperature, oxidant concentration, and catalyst dosage have a significant effect on the 
efficiency of chalcopyrite-based oxidation processes. Therefore, further optimization of these conditions by experiment design 

Fig. 6. a) natural b) synthetic chalcopyrite stability and reusability.  
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software (Taguchi, central composite design (CCD), response surface methodology (RSM), and others) is required to achieve better 
degradation efficiency.  

2. Even though the use of chalcopyrite-based oxidation processes has demonstrated effective degradation of pollutants, the issue of 
metal leaching remains a major concern, particularly in acidic conditions. Therefore, there is a need for additional efforts to reduce 
metal leaching and create more ecologically sustainable and environmentally friendly approaches such use of non-metal supports 
(biochar, carbon nanotubes, etc) and heterogeneous ternary metal oxide nanocomposites. 

3. Although various mechanisms have been suggested to explain the removal of pollutants through chalcopyrite activation of oxi-
dants, there is still an insufficient understanding of the fundamental processes involved. Therefore, further investigation is 
necessary to gain a complete comprehension of the degradation mechanisms and pathways associated with this process.  

4. The assessment of the environmental impact of chalcopyrite-based oxidation processes is crucial. The toxicity evaluation of the Fe 
and Cu leaching showed that new toxic compounds were formed by recombination of some nontoxic fragments. Therefore, further 
research is needed to assess the potential environmental impact of these compounds and to develop methods for their removal.  

5. While chalcopyrite-based oxidation processes have displayed encouraging outcomes in laboratory-scale experiments, there is a 
need for further research and development to scale up the processes to an industrial level. 

12. Conclusion 

This article discussed the use of chalcopyrite (CuFeS2) as a catalyst for pollutant removal and highlights the importance of 
considering factors such as pH, oxidant concentration, and catalyst dosage in the degradation process. It finds that acidic conditions are 
more effective in pollutant degradation due to increased ROS generation, but there is high metal leaching. The study showed that 
chalcopyrite exhibits high catalytic activity in Fenton-based and EO processes due to its ability to provide Fe2+/3+ and Cu1+/2+ ions for 
oxidants activation and ROS generation. However, excessive catalyst dosage and oxidant concentration can lead to a decline in 
removal efficiency and environmental risk due to high metal leaching. Depending on the type of reaction (Fenton, photo-Fenton, 
electro-Fenton, etc.), different ROS including •OH, SO4

•− , 1O2, O2
•− , •CO3, HO2

•, and R• have been involved in pollutant removal by 
CuFeS2 activation of oxidants. Also, the Fe2+/3+ and Cu1+/2+ cycles are the main mechanism of the catalyst’s activity. The stability and 
toxicity evaluations showed that the reusability of natural chalcopyrite is more effective than the synthetic type, and the recovery 
process affects the catalyst activity. Toxicity evaluation showed Fe and Cu leaching have toxic effects and new toxic compounds were 
caused by recombination of some nontoxic fragments. 
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