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Abstract: Over the past few decades, peroxymonosulfate (PMS)-driven advanced oxidation processes
(AOPs) have garnered substantial interest in the field of organic decontamination. The copper
(Cu)/PMS system is intriguing due to its diverse activation pathways and has been extensively
employed for the clearance of refractory organic pollutants in water. This article is designed to offer a
comprehensive overview of the latest trends in Cu-based catalysts such as single-metal and mixed-
metal catalysts aimed at treating recalcitrant pollutants, highlighting PMS activation. Subsequently,
investigative methodologies for assessing PMS activation with copper-based catalysts are reviewed
and summarized. Then, the implications of pH, PMS and catalytic agent concentrations, anions, and
natural organic matter are also addressed. The combination of Cu-based catalyst/PMS systems with
other advanced oxidation technologies is also discussed. Following that, the degradation mechanisms
in the Cu-based catalyst-activated PMS system are considered and synopsized. Lastly, potential
future research avenues are proposed to enhance the technology and offer support for developing of
economically viable materials based on copper for activating PMS.

Keywords: advanced oxidation process; copper-based catalyst; degradation mechanisms; organic
pollutants; peroxymonosulfate activation

1. Introduction

Environmental contamination has indeed been recognized as a significant challenge
confronted by human beings since the 20th century, and it continues to be a pressing issue
today. Pollution is defined as the introduction of contaminants or detrimental substances
into the environment, which can cause harmful impacts to human health, living organisms,
and even ecosystems. In the case of water pollution, these negative effects are further inten-
sified by the growing demand for water from citizens, agriculture, and industries [1,2]. In
recent decades, organic substances have been detected, due to the continuous development
of analytical techniques, with increasing frequency in concentrations ranging from ng/L
to µg/L in groundwater, urban wastewater, surface water, and drinking water [3]. These
substances are known by various names, the most used and recognized being “emerging
contaminants”. This class of compounds is defined as chemicals of synthetic or natural
origin or microorganisms that are not commonly monitored in the environment but that
may have adverse effects on the environment or human health [4]. This category includes
pharmaceutical and personal care products, pesticides, heavy metals, and industrial chem-
icals [5]. Additionally, pathogens, including bacteria, viruses, protozoa, and parasites,
represent a major concern for water pollution, as these microorganisms can cause serious
diseases and even death [6]. The spread of antibiotic-resistant bacteria through contami-
nated water sources further complicates public health efforts, since these can be transmitted
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to humans, particularly affecting those with chronic conditions [7]. Additionally, these
compounds disrupt ecological balances, affecting the development and reproduction of
aquatic species [8].

To confront the problem, diverse technologies have been developed. Among them,
advanced oxidation processes (AOPs) have become increasingly important in addressing
the challenges of water pollution. Their ability to degrade recalcitrant pollutants such as
drugs and personal hygiene products [9], organic micropollutants [10], and pesticides [11]
and provide environmental protection make them a valuable tool in modern wastewater
treatment strategies. Among the various AOPs, peroxymonosulfate (PMS)-based AOPs
have received intensifying attention for environmental remediation by reason of the power-
ful generation of hydroxyl radical (HO•, standard potential = 2.0–2.8 V versus standard
hydrogen electrode vs. NHE), sulfate radical (SO•−

4 2.5–3.1 V vs. NHE), or singlet oxygen
(1O2, 2.2 V vs. NHE) [12,13]. In fact, PMS might be activated through different methods
such as thermal activation [14], ultraviolet light (UV) activation [15], photocatalysis [16],
electrochemical methods [17], ultrasound irradiation [18], and transition metals [19–21].
Among the previously highlighted activation methods, the use of transition metal-derived
catalysts for PMS activation has been recognized as a promising advanced oxidation tech-
nique with significant potential for organic decontamination. These catalysts are based
on, or derived from, transition metals located in the d-block of the periodic table, such
as iron (Fe), copper (Cu), cobalt (Co), and nickel (Ni), among others. They are known
for their unique catalytic properties, including multiple oxidation states and the ability to
form complexes with various ligands. Additionally, they exhibit robust catalytic activity,
offer potential for reuse through recycling, and are cost-effective. Moreover, among the
transition metals, Cu has been considered particularly effective in activating PMS [22] due
to several compelling reasons that give it an advantage over Fe, which is also commonly
used in such processes.

One of the key advantages of Cu over Fe is its ability to operate effectively over a
wider pH range. While Fe-based systems tend to be more effective in acidic conditions,
Cu-based systems maintain high catalytic activity in neutral and even alkaline environ-
ments. This versatility makes Cu a more suitable choice for the various environmental
conditions encountered in real-world applications. In addition, Cu exhibits lower toxicity
and environmental risk compared to other transition metals such as Co. Although Fe is
less toxic and more abundant, the efficiency of Cu in activating PMS often exceeds that of
Fe, particularly in generating a higher reactive oxygen species (ROS) yield. In addition, the
lower cost of Cu and its effectiveness in removing organic compounds and disinfecting
pathogens present an economical and safe alternative, especially when considering the
potential risks associated with Fe-based systems, such as the formation of iron sludge.

Recent advances have also focused on improving the performance of Cu-based cata-
lysts by developing heterogeneous systems, which further mitigate the problems related
to metal leaching and secondary contamination. These innovations have made Cu not
only a practical but also an environmentally responsible option for PMS activation. Dif-
ferent forms of heterogeneous Cu-based catalysts have been widely investigated thus
far, encompassing zero-valent copper (ZVCu) [23], copper oxides [24,25], and magnetic
copper ferrite [26]. Table 1 summarizes the removal performance of emerging contaminants
through the catalytic activation of PMS by ZVCu, copper oxide, and copper ferrite. In
addition to these heterogeneous Cu-based catalysts, other catalysts with more unique and
specific properties have also been developed, and they are referred to as Cu-based designed
catalyst materials. Advances in the design of Cu-based catalysts, such as the development
of core–shell structures, layered double hydroxides (LDHs), and metal–organic frameworks
(MOFs), have shown promise in enhancing the stability of the catalyst and preventing
copper leaching. These materials are engineered to maintain their catalytic activity while
minimizing dissolution into the water, thereby mitigating secondary pollution. All these
mentioned catalysts are explained in more detail in the respective subsections of Section 2.
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Table 1. ZVCu, copper oxide, and copper ferrite catalysts for the degradation of organic pollutants by
PMS activation.

Catalyst Contaminant Reactive Species Efficiency Ref.

ZVCu

Nanoscale ZVCu Benzoic acid (BA) SO•−
4 , HO• 100% in 10 min [27]

ZVCu 2,4-DCP SO•−
4 , HO• 56.7% of TOC in 120 min. [28]

ZVCu NPX SO•−
4 , HO• 91.0% in 30 min [29]

Copper oxide

CuO Iopamidol SO•−
4 , HO• 100% in 15 min [30]

CuO Phenol SO•−
4 , HO• 65% in 60 min [31]

CuO BPA 1O2, SO•−
4 100% in 20 min [32]

Cu2O BPA Surface-activated PMS 100% in 120 min [33]
CuO AO7 SO•−

4 , HO• 95.38% in 15 min [34]
Spongelike porous CuO AO7 SO•−

4 85% in 60 min [35]
Copper ferrite

CuFe2O4 TBBPA SO•−
4 , HO• 99% in 30 min [36]

CuFe2O4 ATZ SO•−
4 , HO• >98% in 15 min [37]

CuFe2O4 BPA SO•−
4 , HO• 95.2% in 60 min [38]

CuFe2O4 Norfloxacin SO•−
4 , HO• >90% in 120 min [39]

CuFe2O4 Iopromide SO•−
4 , HO• ~100% in 10 min [40]

CuFeO2 Sulfadiazine (SDZ) SO•−
4 , HO• 86% in 12 min [41]

CuFeO2 Orange I SO•−
4 , HO• 77.8–79.3% in 30 min [42]

Therefore, this review intends to provide the most recent overview of multiple Cu-
based catalysts for activating PMS. Moreover, methods used to assess the activation of PMS
with copper-based catalysts are outlined. Afterwards, diverse variables influencing reac-
tivity are examined. Then, the concise introduction of combining Cu-based catalyst/PMS
systems with other sophisticated oxidation approaches is provided. The degradation mech-
anism of the Cu-based catalyst-activated PMS system is summarized and discussed. Finally,
we present conclusions and future outlooks.

2. Cu-Based Catalyst-Activated PMS Processes

In the past ten years, Cu-species catalysts have gained much attention to activate PMS
owing to their cost-effectiveness and high catalytic potential, leading to the efficient elimi-
nation of organic pollutants and to eco-friendliness. Cu can also be a versatile catalyst that
is easily combined with other materials such as iron to enhance their catalytic performance.

The use of Cu-based catalysts provides an attractive and practical solution to remove
organic pollutants, offering improved efficiency. Heterogeneous catalysts are frequently
employed in conjunction with AOPs, such as PMS activation. This combination enhances
the efficiency and effectiveness of contaminant degradation [43–47]. Several strategies
have been proposed to mitigate Cu leaching; among them, the use of Cu-based catalysts in
heterogeneous forms, including natural or designed, is considered one of the most effective
strategies. By anchoring Cu onto solid supports, the risk of metal ion release is significantly
minimized. These heterogeneous catalysts are also easier to separate from the treated water,
reducing the likelihood of secondary pollution. Other strategies are pH control, operating
within a neutral to slightly alkaline pH range that reduces the solubility of Cu species, thus
limiting their release into the water.

2.1. Zero-Valent Copper

ZVCu finds applications in a wide range of industries, including agriculture [48],
catalysis [49], medical sectors [50], and environmental remediation [51]. ZVCu has been
valuable for its contributions to pollution abatement initiatives. It is considered a favorable
option for the remediation of wastewaters and manufacturing discharge [52–54]. This
is correlated with the potential of ZVCu to produce electrons, ionic species (Cu(I) and
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Cu(II)), and hydroxides/oxides near the metal surface throughout oxidation–reduction
processes [55,56]. To eliminate pollutants near the metal surface, both reductive and
oxidative processes are employed. The layer covering the ZVCu surface, composed of
Cu oxides/hydroxides, enhances the degradation process through adsorption. However,
there are certain pollutants that cannot be efficiently degraded using only ZVCu. For this
reason, adding an oxidizing agent and even using irradiation sources are some of the
substitutes implemented to improve the effectiveness of the ZVCu. On the other hand,
PMS is a potent oxidizing agent. It is characterized by high stability, relatively low cost, and
excellent aqueous solubility. Because of its non-symmetrical arrangement, which makes it
more easily activated by an assortment of catalysts, PMS has attracted increasing interest
as a substitute for hydrogen peroxide (H2O2) and peroxydisulfate (S2O2−

8 ). Additionally,
activating PMS offers multiple advantages such as moderate reaction parameters and the
preclusion of subsequent pollution [57], and it is currently regarded as an outstanding
option for the degradation of persistent organic compounds. Despite the pros, there
are some shortcomings associated with the rate of reactions between PMS and organic
pollutants at room temperature, requiring activation to expedite the procedure [58]. For
this reason, there are many methods used. Nevertheless, the preferable technique is one
that can significantly enhance efficiency, requiring less energy to initiate the activation
process and being cost-effective compared to other activation methods. The utilization
of metallic transition elements for activating PMS demonstrates significantly enhanced
activation rates and user-friendliness. Many studies have indicated the performance of the
combination of PMS with ZVCu [28,59,60]. The effectiveness of the coupling is associated
with the production of extremely high levels of ROS such as SO•−

4 or HO• [61]. ROS
are powerful oxidants and can participate in the breakdown of pollutants in various
environmental applications. Some research indicates that both radicals can coexist in the
system, with elimination effectiveness linked to the generation of both species [62] or a
predominant one [63]. Thus, in Figure 1, the ZVCu/PMS system can exhibit synergistic
effects. PMS can activate ZVCu by transferring an electron to the ZVCu surface, generating
Cu(I) species. These Cu(I) species can act as intermediates in catalytic reactions, facilitating
the transformation of organic compounds.
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Figure 1. Behavior model of ZVCu/PMS in solution proposed for pollutant degradation.

The reaction pH may influence the concentration of a particular species. Under alkaline
conditions, the SO•−

4 might undergo a reaction with the hydroxyl anion, leading to the
production of the HO• radicals (Equation (1)) [64].

SO•−
4 + HO− ↔ HO• + SO2−

4 (1)

Zhou et al. [27] assessed the use of ZVCu as a catalyst for activating PMS in the
elimination of benzene carboxylic acid (20 µmol L−1). In this investigation, the corrosion
of the transition metal was hastened by PMS via Equation (2). The proposed degradation
mechanism resembled the one used with hydrogen peroxymonosulfate (HSO−

5 ).
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2Cu0 + HSO−
5 ↔ 2Cu+ + OH− + SO2−

4 (2)

To eliminate 2,4-dichlorophenol (2,4-DCP), Zhou et al. [28] utilized the ZVCu/PMS
system. Under acidic conditions, the examination of the mechanism demonstrated that PMS
accelerates ZVCu corrosion, releasing Cu(I). The produced Cu(I) can induce the production
of ROS through chain reactions with oxygen or activate PMS. SO•−

4 and HO• radicals
are among the ROS that participate in the elimination of 2,4-DCP. The steps involved in
the removal process of the phenol derivative comprise dechlorination, dehydrogenation,
hydroxylation, ring opening, and mineralization. Another study by Ghanbari et al. [65]
evaluated the effectiveness of ZVCu in the decomposition of H2O2 and HSO−

5 for the
removal of textile effluents. PMS/ZVCu exhibited higher efficiency in removing chemical
oxygen demand and total organic carbon (TOC) compared to the H2O2/ZVCu combination.
Nevertheless, the authors did not scrutinize the species participating in the elimination to
suggest a reaction mechanism model. Chi et al. [29] examined the triggering of PMS using
four distinct types of ZVCu, namely, copper foam, copper sheets, graphene–copper sheets,
and graphene–copper foam, for the evaluation of the degradation mechanism of naproxen
(NPX). ZVCu coated with graphene resulted in a 30% decrease in Cu2+ release and a 10%
increase in NPX elimination efficiency. Additionally, electron spin resonance (ESR) and
radical-scavenging analysis studies verified that hydroxyl radicals were the prevailing
species accountable for the breakdown rather than sulfate radicals.

It should be highlighted that the main advantages of ZVCu are its high capacity to
generate SO•−

4 and HO• radicals and its relatively low-cost and easy production process,
making it an attractive option for environmental remediation. Its versatility allows it to
function effectively across a range of environmental conditions, and it can be employed in
both reductive and oxidative processes. However, as previously mentioned, a significant
limitation is the potential leaching of copper ions into the treated water, which could pose
environmental risks. Furthermore, the efficiency of ZVCu may decline over time due to
surface passivation, which can reduce its catalytic activity.

2.2. Copper Oxide

Copper oxide refers to a compound composed of copper and oxygen. It has several
important properties and applications. Copper oxide, as a reliable, cost-effective, and
low-toxicity heterogeneous catalyst, exhibits an excellent catalytic efficiency [66]. CuO is
recognized as being among the most significant catalysts and a strong contender to trigger
PMS [30,67–69]. Evaluating the two most stable copper oxide catalysts (CuO and Cu2O),
the catalytic activity of CuO is higher than that of Cu2O [70,71].

Ji et al. [72] synthesized CuO for phenol degradation in aqueous solution via PMS
activation. The findings indicated that the prepared CuO was proficient in catalyzing the
decomposition of PMS into SO•−

4 and HO•, demonstrating its effectiveness for phenol
elimination. In this research, it was assumed that SO•−

4 and HO• are produced directly
from the reaction, in which Cu2+ is initially reduced to Cu+ by HSO–

5 [73]. The outstand-
ing catalytic performance of copper oxide in activating PMS has been well recognized.
However, directly using CuO as a catalyst for activating certain oxidants in an aqueous
solution still requires more attention because of the leaching of Cu2+ ions; CuO can only
work efficiently within a limited pH range [72], and the catalysts are difficult to separate
from the reaction system [73]. Zhang et al. [73] compared the stability of copper oxide and
copper-substituted ferrite and reported that only 1.5 ± 0.1 µg·L−1 of Cu ions leached from
CuFeO, whereas 46 ± 3 µg·L−1 leached from CuO, using identical parameters after catalytic
PMS activation. This demonstrates that CuO exhibits lower stability and efficiency in redox
processes as a metal catalyst. Nevertheless, the issues with the dissolution and aggrega-
tion of the copper ions curtail the real-world use and reduce the activity of copper oxide.
Addressing such shortcomings and further improving the powdered CuO catalyst can be
accomplished by integrating the metal oxide onto a substrate with high stability, strong
adsorption affinity, and high surface area toward the contaminant, such as zeolite [74,75],
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carbon fibers [76], and polymers [77]. To reduce CuO aggregation and increase its specific
surface area for catalytic reactions, Du et al. [31] evaluated the catalytic performance of
CuO/reduced graphene oxide (rGO) and reported that it exhibited much higher catalytic
efficacy compared to CuO during the removal of 2,4,6-trichlorophenol. Kiani et al. [40]
found that activated carbon-supported CuO could be recycled for three cycles, and the
release of copper ions was insignificant. Li et al. [78] synthesized a composite of CuO
supported on biochar as a PMS activator for acid orange 7 (AO7), methylene blue, atrazine
(ATZ), rhodamine B (RhB), and ciprofloxacin removal in highly saline organic wastewater,
which achieved excellent catalytic efficacy. All these findings indicated that incorporating
CuO onto the supporter is an effective method for enhancing its catalytic performance.

In terms of advantages, CuO is a stable catalyst that can be easily integrated into
composite materials to enhance its performance. However, one of the main disadvantages
of CuO is its tendency to leach copper ions into the water, which can limit its long-term
applicability and may require additional treatment steps to mitigate this issue. Additionally,
CuO’s effectiveness is highly dependent on precise pH control, as its catalytic activity can
significantly diminish outside of the optimal pH range.

2.3. Magnetic Copper Ferrite

The heterogeneous spinel-type ferrites MFe2O4 (M=Co, Zn, Ru, Cu, Ni, Mn, etc.) have
garnered notable interest due to their remarkable properties, including relatively high acti-
vation performance, specific structure, outstanding recyclability, and stability, in addition
to magnetic retrieval capability [41,79,80]. Among them, copper ferrite (CuFe2O4) has been
extensively researched for its ferromagnetic characteristics and inherent surface hydroxyl
sites. It combines the benefits of Cu and Fe, offering a synergistic effect that enhances ROS
generation and pollutant degradation. Its magnetic properties allow for easy separation
and recovery from the treated water, making it highly reusable and cost-effective. CuFe2O4
also exhibits high stability and efficiency under a wide range of operational conditions.
These materials have been widely studied owing to their effective function in catalyzing
PMS for the degradation of persistent pollutants [81,82]. Considering other MFe2O4, such
as CoFe2O4, NiFe2O4, MnFe2O4, ZnFe2O4, etc., even though its catalytic efficiency is rela-
tively low compared to that of CoFe2O4, the low toxicity of CuFe2O4 makes it a significant
activator of PMS [83]. Moreover, a notable linear correlation has been shown between the
number of surface hydroxyl sites and the degradation rate [84]. The diversity of preparative
methods for obtaining copper ferrite, including the hydrothermal method [85], solid-state
reaction method [86], coprecipitation technique [87], sol–gel method [88], sonochemical
method [89], microwave (MW)-assisted synthesis method [90], and combustion synthesis
method [38], leads to lower operational costs and increased catalytic activity without ad-
ditional pollution [91]. Therefore, CuFe2O4 is highly regarded as an excellent catalyst for
the elimination of contaminants of organic origin, as indicated by several previous studies.
The literature reports several examples of its ability of activate PMS. Figure 2 presents a
schematic illustration of the mechanisms of PMS activation by CuFe2O4.

Xu et al. [36] observed that bisphenol A (BPA) was degraded within 1 h using
0.3 gL−1 PMS and 0.6 gL−1 CuFe2O4 at a neutral pH, while the performance of a CuO/PMS
system was only 26.1% at the same time. This highlights that CuFe2O4, as a polymetallic
catalyst, exhibits faster and better catalytic performance than single-metal catalysts due
to the synergistic effect. A beneficial cycle is created between Cu3+/Cu2+and Fe3+/Fe2+,
enhancing the generation of radicals and facilitating the smooth removal process. It is
notable that surface-bound radicals of CuFe2O4 were primarily responsible for the removal
of BPA with few contributions of radicals in the solution. Ding et al. [37] observed that
the CuFe2O4/PMS system could eliminate 99% of tetrabromobisphenol A (TBBPA) within
30 min. Similarly, Guan et al. [92] reported that 98% of ATZ was removed within 15 min
using 1 mM PMS and 0.1 gL−1 CuFe2O4. Additionally, the excellent stability of the chemical
composition and surface functional groups of CuFe2O4, coupled with its reusability, are
important advantages that make CuFe2O4 a competent activator for PMS. It was observed
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that even after seven recycling cycles, CuFe2O4 retained good crystallization and high
activity during the degradation of iopromide [73].
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CuFe2O4 was characterized by Fourier transform infrared spectroscopy before and
after reaction. The post-reaction spectrum depicted that the four adsorption bands changed
minimally, indicating that the chemical composition and structure of CuFe2O4 were not de-
stroyed and that CuFe2O4 exhibited excellent stability throughout the reaction process [93].

Numerous investigations have reported the performances of CuFe2O4 spinel and
supported CuFe2O4 catalysts synthesized through coprecipitation and sol–gel methods
for activating PMS [41,92,94]. CuFe2O4 is catalytically more stable than CuFeO2, which
has additionally been employed to produce SO•−

4 from PMS in a recent investigation [95].
The choice of an appropriate synthesis technique is crucial for the efficient preparation of
the catalyst. For instance, solvothermally prepared CuFe2O4, (with organic solvent and
surfactant) shows decreased catalytic activity and organic compound release compared to
the catalyst fabricated without employing any organic ingredients [96].

In relation to the PMS activation, CuFe2O4 as a Cu–Fe mixed-metal catalyst imparts
synergistic redox reactions to the surface for Cu3+/Cu2+, Cu2+/Cu+, and Fe3+/Fe2+ in a
tetrahedral and/or octahedral structure to optimally produce SO•−

4 radicals from PMS via
the following mechanism (Equations (3)–(7)):

Cu2+ + HSO−
5 → Cu+ + SO•−

5 + H+ (3)

Cu+ + HSO−
5 → Cu2+ + SO•−

4 + OH− (4)

Cu+ + Fe3+ → Cu2+ + Fe2+ (5)

Fe3+ + HSO−
5 → Fe2+ + SO•−

5 + H+ (6)

Fe2+ + HSO−
5 → Fe3+ + SO•−

4 + OH− (7)

X-ray photoelectron spectroscopy provides evidence of the transformation in the Cu
oxidation state transitioning from Cu2+ to a blend of Cu2+/Cu+ in CuFe2O4 pre-reaction
and post-reaction [97]. The synergistic effect between cupric cations and ferric cations is
clearly apparent. Since the generated Cu+ (Equation (3)) could undergo disproportionation
readily (e.g., with molecular oxygen), electron transfer from Cu+ to Fe3+ (Equation (5))
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produces Fe2+, which shows greater thermodynamic stability against disproportionation.
Therefore, this process enhances the generation of SO•−

4 from PMS [98].

4Cu+ + O2 + 4H+ → 4Cu2+ + 2H2O (8)

4Fe2+ + O2 + 4H+ → 4Fe3+ + 2H2O (9)

It is noteworthy that the one–electron transition of PMS to Cu2+ to generate SO•−
5 is un-

favorable under standard conditions given the standard reduction potentials of Cu2+/Cu+

(E
◦

= +0.17 V vs. NHE), SO•−
5 /HSO−

5 (E
◦

= +1.1 V vs. NHE), and SO•−
5 /SO2−

5 (E
◦

= +0.81 V
vs. NHE) [98]. For the redox reaction to take place, PMS forms a surface complex on the
catalyst’s surface, potentially by displacing the surface hydroxyl groups. The increased rate
of interfacial electron transfer due to the formation of a PMS–metal oxide complex [99] and
the relatively low concentration of SO•−

5 in the reaction environment lead to lower actual
reduction potential values for SO•−

5 /HSO−
5 and SO•−

5 /SO2−
5 in real aqueous systems. This

thermodynamic condition makes the reaction (Equation (3)) feasible [92]. Observations
of PMS complexes on metal oxide surfaces have been detected through IR and Raman
spectroscopy [41]. Additionally, it is plausible that PMS is activated by CuFe2O4 via the
Cu2+ − Cu3+ − Cu2+(Cu3+/Cu2+, E

◦
= 2.40 V vs. NHE) redox transition [71].

Cu3+/Cu2+ possesses a comparatively elevated standard reduction potential (E
◦

of Cu3+/Cu2+ in solution and solid phases are +1.57 vs. NHE and +2.30 V vs. NHE,
respectively) [100]. The discrepancies in E

◦
values between the dissolved and solid Cu2+

phases provide additional insight into the inferior performance of dissolved Cu2+ ions in
contrast to heterogeneous Cu2+ catalysts.

One of the main disadvantages of CuFe2O4 is that its catalytic activity can be lower
compared to that of other metal ferrites such as CuFe2O4. Additionally, the synthesis
of CuFe2O4 is often more complex and costly, which can limit its widespread adoption.
Despite these challenges, CuFe2O4 is particularly valuable in the treatment of complex
wastewater streams, where its magnetic properties enable easy recovery and reuse. It is
also effectively employed in hybrid AOPs that require enhanced pollutant degradation.

2.4. Cu-Based Designed Catalyst Materials

In recent years, the use of Cu-based catalysts for PMS activation has significantly
increased, as discussed in previous sections. However, researchers have also explored other
alternatives to further enhance the properties of these catalysts. This exploration has led to
the development of advanced materials with improved characteristics such as increased
specific surface area, high stability, and tunable internal structure. Notable among these
materials for PMS activation are MOFs, LDHs, and deep eutectic solvents (DESs) [101–103].

2.4.1. Cu-Based MOFs

Regarding MOFs, these materials are composed of metal ions coordinated with organic
ligands, forming a highly porous three-dimensional structure. These materials are notable
for their high stability and tunable internal structure [104,105].

Due to the wide variety of MOFs, they can be classified according to their structure
and composition. This review focuses on copper-containing MOFs, commonly referred
to as Cu-MOFs. They are usually composed of copper ions or groups coordinated with
organic linkers, creating a robust and tunable framework. The synthesis of Cu-MOFs can
be achieved through several methods, each of which offers different advantages and is
suitable for different applications. The choice of the synthesis method depends on the
desired properties of the MOF, the specific application, and the scalability requirements.
The most employed techniques for synthesizing Cu-MOFs are:

- Solvothermal synthesis: This is the most widely used method to produce Cu-MOFs.
In this technique, the copper salts and organic linkers are dissolved in a solvent and
heated in a sealed container (often an autoclave) at elevated temperatures, typically in
the range of 80◦ C to 220◦ C. The solvothermal conditions facilitate the self-assembly
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of the metal ions and organic linkers into the desired structural structure [106]. This
method allows for precise control over the size, morphology, and crystallinity of the
MOFs by adjusting parameters such as temperature, reaction time, and solvent type.

- MW-assisted synthesis: This offers a fast and energy-efficient approach to producing
Cu-MOFs. This method involves the use of MW radiation to heat the reaction mixture,
significantly reducing the synthesis time compared to conventional solvothermal meth-
ods. MW-assisted synthesis can improve the nucleation and growth rates of MOFs,
leading to high-quality crystalline materials with uniform particle sizes [107]. The
rapid heating and cooling cycles provided by MW irradiation also help to minimize
the formation of defects within the MOF structure.

- Electrochemical synthesis: This is an emerging technique for producing Cu-MOFs,
where an electric current is applied to drive the assembly of the framework. In this
method, a copper anode is dissolved to release copper ions in an electrolyte solution
containing organic linkers. The electric field promotes the interaction between the
copper ions and the linkers, which results in the formation of the MOF on the electrode
surface [108]. Electrochemical synthesis is advantageous for producing thin films of
MOF directly on conductive substrates, which makes it suitable for applications in
sensors and electronic devices.

- Sonochemical synthesis: This uses ultrasonic waves to induce chemical reactions
and facilitate the formation of copper MOFs. The ultrasonic waves generate high
temperatures and localized pressures within the reaction mixture, improving the
reaction kinetics and promoting the formation of the MOF structure [109]. This
method is known for its simplicity, fast reaction times, and ability to produce MOFs
with unique morphologies and improved surface areas.

- Mechanochemical synthesis: This involves the use of mechanical force to induce
chemical reactions between copper salts and organic linkers. This technique typically
employs grinding or ball milling to physically mix and activate the reactants, leading
to the formation of the MOF structure without the need for solvents or high temper-
atures [110]. Mechanochemical synthesis is environmentally friendly and scalable,
which makes it a promising approach for the large-scale production of Cu-MOFs.

However, it is also possible to combine several of these synthesis processes to improve
the properties of Cu-MOFs. Additionally, another advantage of combining these processes
is that the synthesis times and solvent volumes can be reduced, resulting in a material with
better properties compared to using a single process. For example, the combination of the
MW-assisted and solvothermal methods can result in a hierarchical porous structure that
provides a larger specific surface area, better thermal and chemical stability, and increased
adsorption capacity [111].

In relation to the applicability of Cu-MOFs as catalysts for PMS, the literature reports
several examples such as those summarized in Table 2. For example, an ultra-thin Cu-
TCPP(BA)-MOF synthesized by Bai et al. [112] exhibits high efficiency in PMS activation
under visible light, completely degrading 10 ppm of RhB in 40 min through the non-radical
species 1O2 [112]. The generation of 1O2 and HO• radicals is attributed to the Cu-TCPP(BA)-
MOF transitioning from Cu(I) to Cu(II) when irradiated with visible light, producing
h+. This process, in reaction with the HSO−

5 , triggers multiple reactions that result in
the formation of superoxide, hydrogen peroxide, and SO5

•−, leading to a significant
production of 1O2. Additionally, this system can eliminate various organic pollutants such
as tetracycline and phenol under conditions of 0.1 g·L−1 of PMS and 0.1 g·L−1 of catalyst
at neutral pH. It also effectively inactivates pathogens such as Escherichia coli (E. coli),
achieving the complete inactivation of 107colony-forming units per mL (CFU·mL−1) in just
50 min.

Moreover, some Cu-MOFs for the activation of the PMS can follow other pathways
such as the generation of SO•−

4 and HO• radicals. One example is the Cu-MOF modified
with Fe+3 ions synthesized by Quan et al. [113], which improved degradation efficiency
due to the increased ion exchange within the MOF and the reduction of coordinated
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water molecules thanks to the presence of this ion. Modification with different long-
chain quaternary ammonium bromides established a hydrophobic microenvironment,
favoring the removal of non-steroidal anti-inflammatory drugs such as diclofenac, NPX,
and ibuprofen. The best PMS activation was achieved with the MOF modified with
hexadecyltrimethylammonium bromide, achieving a 90% removal of diclofenac in 120 min.
However, the removal of other non-steroidal anti-inflammatory drugs, such as ibuprofen
and NPX, did not exceed 30%. Although it was not efficient for other drugs of the same
class, it showed high stability, with only a 20% reduction in activation after five cycles,
demonstrating high durability and reusability, and it was effective in complex waters
such as tap water and secondary effluent water. In pursuit of enhancing the stability and
usability of Cu-MOFs, Cu-MOF-74 stands out, as synthesized by Zheng et al. [114] through
a green synthesis method on a PVDF membrane, resulting in a catalytic membrane reactor.
This reactor demonstrated the ability to activate PMS and achieve the complete removal of
RhB in 60 min while also efficiently removing other compounds such as methylene blue
(89.5%), tetracycline (67.9%), and rifampicin (80.9%).

Additionally, in recent years, new structures have been sought to generate new MOFs.
Wu et al. synthesized the MOF [Cu3(µ3-O)(pypz)3]NO3, which they named MAF-wyu2
because it belongs to the metal-azolate frameworks (MAFs) [115]. The main characteristic
of this new MOF is that it possesses rich open metal sites based on the planar trinuclear
[Cu3(µ3-O)]4+ clusters. This structure allows for higher catalytic activity to activate PMS,
as well as remarkable thermal and chemical stability. Unlike other MOFs mentioned
previously, the optimal conditions for this process are achieved when the initial pH is above
9, which allows for the complete removal of sulfamethoxazole in 60 min. Additionally, the
stability of this MOF is very high, as its catalytic activity remains practically unchanged after
five cycles. Figure 3 shows the general scheme of this structure along with the mechanisms
involved in the degradation process of an antibiotic like sulfamethoxazole.

However, in recent years, alternatives have been explored to further enhance the
catalytic properties and stability of MOFs by incorporating a second metal, resulting
in bimetallic MOFs. An example of this type is presented by Li et al. [116] with the
synthesis of Cu1Co1-MOF-74, which is capable of completely removing methylene blue in
30 min, outperforming other previously described MOFs that did not reach 90% removal.
Additionally, studies such as that by Wang et al. [117] demonstrate that MOFs like Fe-Cu-
MOF can also eliminate hard-to-degrade organic compounds, such as phenol, in less than
60 min, with a catalytic activity loss of less than 20% after four uses. In both studies, the
mechanism for contaminant degradation is due to the generation of SO•−

4 and HO• species.
In addition to being efficient in the removal of dyes and persistent compounds, as previously
mentioned, they are also effective in the disinfection of pathogens such as E. coli. In a study
conducted by Fdez-Sanromán et al. [118], three different FeCu-MOFs functionalized with
amino groups were synthesized, each exhibiting different morphologies and properties
due to variations in the synthesis procedure. As depicted in Figure 4, the synthesized
MOFs displayed diverse shapes, including rod, spindle, and diamond morphologies, with
varying Fe/Cu ratios of 1:1, 2:1, and 3:1, respectively. The study found that FeCu-MOFs
with ratios of 2:1 and 3.1, synthesized with the same procedure but using different metal
salts, were more suitable for degrading organic compounds such as RhB and a mixture
of media formed by sulfamethoxazole and antipyrine when using the MOF/PMS system.
The degradation efficiency was further enhanced with the application of UV radiation.
Conversely, the FeCu-MOF with a ratio 1:1 exhibited superior disinfection capabilities
under the CuFe-MOF/PMS system.
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Figure 4. Transmission electron microscopy images of the different synthesized CuFe(BDC-NH2)
using different procedures and metal salts. Varying the Fe/Cu ratio to 1:1, 2:1, and 3:1, they display
diverse shapes, including rod (a), spindle (b), and diamond (c), respectively.

Another alternative is to subject MOFs to various treatments, such as chemical or
thermal processes, to obtain MOF derivatives. These derivatives retain many of the proper-
ties of the original MOFs while enhancing certain specific properties. A clear example of
these MOF derivatives that improve catalytic properties is the nitrogen-doped Cu/carbon
material derived from HUKST-1, synthesized by Zhu et al. [119]. In this study, like in
the work of Bai et al. [112], the main pathway for the removal of the selected organic
contaminant, the antibiotic tetracycline, is through the generation of 1O2, which contributes
up to 70.8% to the elimination of this compound. The modifications made to the material
allowed for the complete removal of tetracycline in 60 min, with a degradation rate of
0.096 min−1, compared to 0.0367 min−1, which is the rate achieved by the second-best
material synthesized for PMS activation in this study. Additionally, not only can these
treatments be applied to monometallic MOFs as previously described, but they can also be
applied to bimetallic MOFs. For example, in the work by Ji et al. [120], a bimetallic Cu–Fe
MOF embedded in carbon was synthesized. Like in the study conducted by Fdez-Sanromán
et al. [118], the authors evaluated the optimal synthesis procedure to achieve controlled
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size and growth of the MOF, as well as the subsequent thermal treatment, to obtain the
necessary properties to degrade the Reactive Brilliant Red X-3B dye. In this study, the
synthesis of the Cu–Fe MOF was carried out in two steps, evaluating the reaction time of
each step, with a total duration of 12 h. After optimizing the time required for the MOF
synthesis and applying the optimal calcination temperature of 600 ◦C, they obtained the
desired properties to degrade the Reactive Brilliant Red X-3B dye, achieving up to 98%
removal for a dye concentration of 50 mg·L−1 and 90% for a concentration of 150 mg·L−1.
Additionally, this material also showed some stability in its PMS activation capacity, as a
reduction in its activation of approximately 16% was observed after five cycles.

More examples of these Cu-MOFs, both monometallic and bimetallic, which demon-
strate a high capacity for PMS activation and the removal of persistent organic pollutants
and pathogens, are presented in Table 2.

2.4.2. Cu-Based LDHs

Regarding LDHs, these materials are two-dimensional compounds consisting of posi-
tively charged metal layers and charge-compensating anions located in the interlayer [121].

They can be represented by the general formula
[

M+2
(1−x)M+3

x (OH)2

]x+
(An−)x/n•m·H2O,

where M+2 is a divalent cation, M+3 is a trivalent cation, An− is the intercalated anion with
valence n, and x (the molar ratio of M+3 to (M+2 + M+3)) typically ranges from 0.2 to 0.4 for
structural stability [122]. In Cu-based LDHs, the presence of low-valent Cu+ species within
the LDH structure can facilitate electron transfer on the catalyst surface, accelerating the
activation of active species.

For the synthesis of Cu-LDHs, several methods discussed in previous sections are
employed, with particular emphasis on the solvothermal and MW methods. However, the
most widely used synthesis process is coprecipitation, which is the method employed in
all the studies described below and in Table 2. Coprecipitation synthesis involves mixing
metal salts, controlling the temperature of the mixture, and adding a precipitating agent,
typically a base like NaOH, to adjust the pH conditions. This method facilities the easy
incorporation of different cations and anions, which is essential for tailoring the properties
of LDHs to specific applications.

Table 2. Cu-based designed catalysts for the degradation of organic pollutants and disinfection by
PMS activation.

Catalyst Contaminant Reactive Species Efficiency and Reusability Ref.

HKUST-1

Saccharomyces cerevisiae
(>105 CFU·mL−1)

Geotrichum candidum
(>105 CFU·mL−1)

- 100% in 25 h
>79% in 25 h [123]

HKUST-1 E. coli
(1010 CFU·mL−1) SO•−

4 , HO• 100% in 30 min
4 cycles, 100% [124]

FeCu-MOF Methylene blue
(0.2 mM) SO•−

4
100% in 30 min
3 cycles, 87.1% [125]

CuCo-MOF Nimesulide
(20 mg·L−1) SO•−

4 , HO• 100% in 25 min [126]

CuCo-MOF-74 Methylene blue
(0.2 mM) SO•−

4
100% in 30 min
5 cycles, 76.4% [116]

Co1Cu1-MOF Tetracycline
(20 mg·L−1)

SO•−
4 , HO•

1O2, O•−
2

98.17% in 30 min
4 cycles, 71.26% [101]

NH2–Fe2.4Cu1-MOF in
polyacrylonitrile spheres

RhB
(10 mg·L−1) SO•−

4 , HO• 80.92% in 90 min
5 cycles, >77% [127]
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Table 2. Cont.

Catalyst Contaminant Reactive Species Efficiency and Reusability Ref.

Co2Cu1-LDH Lomefloxacin
(10 mg·L−1) SO•−

4 , HO• 96.2% in 30 min
10 cycles, >95% [102]

MgCuFe-LDH

RhB
(5 mg·L−1)

Acetaminophen
(5 mg·L−1)

SO•−
4 , HO• 97.6% in 25 min

93% in 20 min [128]

Cu-Co-Fe-LDH Nitrobenzene
(2 mg·L−1)

SO•−
4 at pH < 7

HO• at pH > 9
100% in 6 min
5 cycles, >87% [129]

CuMn-LDH BPA
(5 mg·L−1)

1O2, O•−
2

100% 90 min
4 cycles, >95% [130]

CoCu-LDH Sulfamethoxazole
(10 mg·L−1) SO•−

4 , HO• 86.6% in 60 min [131]

CoCu-LDH@polyvinylidene
fluoride (PVDF)

Sulfamethoxazole
Sulfacetamide
Lomefloxacin

Carbamazepine
(each 10 mg·L−1)

SO•−
4 , HO•

92.8% in 60 min
89.6% in 60 min
97.1% in 60 min
91.8% in 60 min

[131]

CuCoFe-LDH coated on
biochar

Phenanthrene
(1 mg·L−1) SO•−

4 , HO• 96.5% in 15 min
4 cycles, >80% [132]

CuCoFe-LDH Glyphosate
(100 mg·L−1) SO•−

4
99.54% in 5 min
5 cycles, 90.34% [133]

CuO nanoparticles–DES
(DL-menthol/Fenchyl

alcohol)

RhB
(20 mg·L−1) SO•−

4 , HO• 98% in 18 min [134]

Cu-BDC * MOF-DES
(Choline chloride/urea)

AO7
(30 mg·L−1) - 99% in 120 min [135]

* BDC: benzene dicarboxylic acid.

The coprecipitation process is typically carried out under controlled pH conditions
to ensure the formation of lamellar metal hydroxides. The concentration of metal salts,
the rate of addition of the precipitating agent, and the reaction temperature are critical
parameters that influence the final structure and properties of the Cu-LDH. The main
advantage of coprecipitation is its simplicity and the ability to produce large quantities of
material with uniformity.

Unlike the MOFs described in Section 2.4.1, LDHs are usually bimetallic and even
trimetallic, meaning they can incorporate two or three different types of metal cations
into their structure. This feature allows for greater versatility in modulating their physical
and chemical properties, such as ionic exchange capacity, thermal stability, and catalytic
activity. Additionally, LDHs have a layered structure that facilitates ionic exchange and
the intercalation of organic and inorganic molecules, further expanding their range of
potential applications.

For instance, in the study of Xie et al. [130], a Cu3Mn-LDH is synthesized via copre-
cipitation, a commonly used method for LDH synthesis. During this process, hydrogen
peroxide is incorporated to slightly modify the structure and enhance PMS activation
efficiency. Specifically, using 0.1 g·L−1 of Cu3Mn-LDH and 0.25 g·L−1 of PMS results in the
complete degradation of a 10 mg·L−1 concentration of BPA in less than 60 min at neutral
pH. This material exhibits a bipath degradation mechanism, with the primary pathway
being the generation of 1O2 and the auxiliary pathway involving free radicals, as deter-
mined by electron paramagnetic resonance (EPR) analysis and quenching experiments. The
generation of 1O2 is the predominant pathway in the degradation of BPA.
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Regarding trimetallic LDHs, Zhu et al.’s study highlighted the differences between
the metal salts involved in the formation of the LDH structure by synthesizing MgCuFe-
LDH, MgCuAl-LDH, and a bimetallic MgFe-LDH [128]. From the synthesis of these three
LDHs, it was concluded that the two trimetallic LDHs exhibited a higher degradation
capacity compared to the bimetallic one. Among the two trimetallic LDHs, MgCuFe-LDH
demonstrated the highest degradation rate, with a 2.9% higher rate than MgCuAl-LDH.
This is believed to be due to a significant synergistic effect on PMS activation by the Cu
and Fe metals, while Mg provided charge balance and structural stability, enhancing the
activation reactions of PMS by Cu and Fe.

Additionally, like MOFs, another approach to further enhance the stability of these
catalysts and enable their use in repeated or continuous processes is the formation of
membranes or the incorporation of the catalyst onto physical supports. For instance,
Guo et al. demonstrated the effectiveness of CoCu-LDH in removing a contaminant like
sulfamethoxazole, achieving more than 86% removal in 1 h [131]. However, when this
material was immobilized on a support such as PVDF, resulting in CoCu-LDH@PVDF, there
was a significant improvement in catalyst activation. In the same timeframe, a removal rate
of 92.8% for sulfamethoxazole was achieved. Furthermore, CoCu-LDH@PVDF showed
a removal capacity of over 89% for other drugs such as sulfacetamide, lomefloxacin, and
carbamazepine. Another approach is to synthesize these LDHs on the structure of other
materials, as in the case of Wu et al., who synthesized a trimetallic CuCo-FeLDH on a
biochar structure [132]. As shown in Table 2, the results are very promising, with the
material displaying high stability over multiple reuse cycles. The successful degradation
of phenanthrene is largely attributed to the synergy between the two materials. The
biochar, in addition to acting as a support for the LDH, enhances the activation capacity
of PMS, allowing its catalytic activity to operate over a broader pH range than without
the biochar. Furthermore, this carbon-based material also contributes to PMS activation
due to the functional groups it contains. Additionally, a further advantage of combining
CuCoFe-LDH with biochar is that it significantly reduces metal leaching, which enhances
the material’s stability and addresses one of the common issues associated with LDHs.

However, regarding the study of Wu et al. [132], it is important to note that LDHs have
some limitations, such as reduced stability upon reuse and insufficient catalytic activity.
To address these issues, recent research has focused on developing nanohybrid materials
by rGO with LDH. This new material features a periodic morphology combining positive
LDH components with intercalated anionic species like rGO. It improves PMS activation,
as well as other properties such as conductivity and chemical stability [136]. The first study
to synthesize such a copper-based hybrid material was conducted by Shahzad et al. [137].
Their work evaluated this material with various agents, including persulfate and hydrogen
peroxide, finding that PMS was the most effective. It achieved the complete removal of BPA
within 40 min. Like Xie et al.’s study [130], two degradation pathways were observed: the
primary pathway involved singlet oxygen generation through •O2, while the secondary
pathway involved 1O2.

More catalysts, both bivalent/trivalent unmodified and modified, as in the previous
study, are included in Table 2.

2.4.3. Cu-Based DESs

Recently, increasing environmental concerns have highlighted the need to develop
sustainable and clean technologies. Researchers worldwide are actively working to create
greener methods for synthesizing catalysts. Their efforts focus on minimizing the use of
hazardous solvents during synthesis and purification, avoiding toxic substances, reducing
energy consumption, and promoting synthesis under ambient conditions. In this context,
DESs that act not only as solvents but also as structure-directing agents stand out [135].
DESs are liquid systems formed by the interaction of two or more components, usually a
hydrogen bond donor (HBD) and a hydrogen bond acceptor (HBA), in a molar proportion
where a eutectic mixture is formed, resulting in a liquid state with unusual solvent proper-
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ties (a melting point lower than that of any of the individual components) [138]. There are
different types of DESs depending on the combination of HBA and HBD used. DESs can
be described by the general formula of Cat+ X− zY, where Cat+ refers to an ammonium,
phosphonium, or sulfonium cation; X− generally represents a halide anion, and Y is Lewis
or Brønsted acid (z refers to the number of molecules Y interacting with the anion) [139].

DESs, first introduced by Abbott et al. [140], represent a new class of low-cost and en-
vironmentally friendly solvents with great potential to replace traditional catalysts and sol-
vents. They have gained significant attention in recent years due to their remarkable prop-
erties, such as high solubility and conductivity, low toxicity, and easy recovery [139,141].
One of the advantages of DESs is their high mutual compatibility with numerous metal
salts. Thus, DESs can maximize the incorporation of metal salts used in synthesis into the
final product, such as metal oxides [103]. For this reason, and because they are pure green
solvents that are environmentally friendly, in recent years, they have proven to be very
useful in the synthesis of catalytic materials.

Specifically, there are still not many studies related to synthesized copper catalysts
assisted by DESs and PMS. Table 2 highlights some of the copper catalysts synthesized
with DESs. Among these, Zhang et al. [134] conducted a remarkable study in which CuO
nanoparticles were synthesized using a hydrophobic DES, prepared by mixing DL-menthol
with phenyl alcohol in a molar ratio of 1:1 at 70 ◦C. The ability of the resulting CuO
nanoparticles to degrade Rh B was tested, and the experimental results showed that the
CuO/PMS system (0.16 g·L−1 CuO and 0.13 g·L−1 PMS) successfully degraded 98.0% of a
20 mg·L−1 Rh B solution at pH 7.0 in 18 min. These findings indicate that the synthesized
CuO nanoparticles exhibit excellent catalytic performance for the photodegradation of dye
in the presence of PMS, outperforming other reported metal oxide-based catalysts. Recently,
Cu–Ag nanostructures were synthesized using a one-step electrodeposition method, where
the composition and morphology of Cu–Ag were adjusted by a DES composed of choline
chloride and urea [142]. The characterization of this nanocatalyst in a single step confirmed
that the electrodeposition of metals from a DES offers a cost-effective and environmentally
friendly approach to prepare controllable bimetallic and multimetallic copper catalysts.

However, there are some challenges associated with the use of DESs as catalysts. Their
high viscosity can impact reaction kinetics by limiting mass transfer and the diffusion
of reagents and products. Additionally, the stability and catalytic activity of DESs may
be compromised due to their high sensitivity to water and other impurities [139]. To
overcome these problems, research on the DES-assisted synthesis of copper-based catalysts
is expanding and gaining significant attention. This interest is driven by the ease of
synthesizing these materials from inexpensive and renewable starting materials, their low
toxicity, and their biodegradable nature.

In summary, Cu-based designed catalyst materials, including Cu-MOFs, Cu-LDHs,
and DES-assisted catalysts, offer several distinct advantages. These catalysts feature highly
tunable properties such as increased surface area, improved stability, and enhanced catalytic
efficiency. Their ability to be specifically designed to target contaminants makes them highly
effective for customized applications, positioning them as a versatile and powerful tool in
environmental remediation. However, these advanced materials also come with certain
disadvantages. The complexity involved in their synthesis often leads to higher costs
and potential scalability issues, which may limit their widespread adoption. Additionally,
despite their advanced design, some of these materials may still face challenges related
to metal leaching or decreased stability over multiple cycles of use, necessitating further
refinement and innovation.

In terms of applications, Cu-based designed catalysts are at the forefront of innovative
water treatment technologies. They are particularly valuable in high-value applications
such as the degradation of emerging contaminants, the disinfection of pathogens, and in
advanced treatment processes that require tailored catalytic properties. Their versatility
and effectiveness make them a key component in the development of next-generation
environmental technologies.
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3. Investigative Methodologies for Assessing PMS Activation with
Copper-Based Catalysts

Currently, there are various methodologies to study the ROS generated during the
activation of PMS using different transition metal-based catalysts. Although numerous
lesser-known methods are being developed and explored, such as detection through
spectrofluorimetry or colorimetry techniques [143–145], this review focuses on the most
commonly used methods in the investigation of PMS activation.

3.1. EPR and ESR Methods

To investigate PMS activation, the frequently used methods are EPR and ESR. The
reason they are used is that they allow for the study of ROS due to their unpaired electrons.
However, the immediate identification of active species with ESR or EPR is challenging
because of their short life span. Hence, spin-trapping agents are introduced to interact with
active species, forming stable spin complexes that can be readily quantified as paramagnetic
species using EPR or ESR [146]. For SO•−

4 , HO•, and O•−
2 , 5,5-dimethyl-1-pyrroline-1-

oxide (DMPO) is commonly chosen as the alternative capture agent, thus forming DMPO-
SO•−

4 , DMPO-HO•, and DMPO-O•−
2 spin complexes [85,146]; 1O2 can be trapped by

2,2,6,6-tetramethyl-4-piperidine (TEMP) to create the spin adduct TEMP-1O2 [147]. After
the adducts are formed, hyphenate splitting constants (HPCs) are calculated employing
specialized software associated with EPR technology, and these constants are subsequently
assessed against the literature or databases to detect active species [146].

An example of a characteristic EPR spectrum is shown in Figure 5. As explained by
Yang et al., Figure 5a illustrates that the TEMP-1O2 spin adduct shows intense and distinct
signals after the addition of the catalyst compared to when only PMS is present [148]. In
addition, other points to note from the EPR spectra shown in Figure 5 include that, in the
case of DMPO-HO• adduct, a quaternion characteristic peak of 1:2:2:1 (HPC:αN = 14.9 G,
αβ-H = 14.9 G) typically appears (Figure 5b); for DMPO-SO•−

4 admixtures, the characteristic
peaks normally indicate a six-component characteristic peak of 1:1:1:1:1:1 (HPC:αN =
13.51 G, αβ-H = 9.93 G, αγ-H1 = 1.34 G, αγ-H2 = 0.88 G) (Figure 4b) [146,149]. In the
case of detecting the DMPO-O•−

2 adduct, the EPR spectrum is typically characterized
by a six-component peak with a ratio of 1:1:1:1:1:1 (HPC:αN = 14.3 G, αβ-H = 11.2 G,
αγ-H1 = 1.3 G) [146]. For the TEMP 1O2 adduct, a ternary characteristic peak of 1:1:1
(HPC:αN = 16.3 G) typically appears (Figure 5a) [146,150].
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Figure 5. Characteristic EPR spectra are shown based on (a) TEMPO for detecting O2 and (b) DMPO
as a scavenger for HO• and SO•−

4 radicals generated during the PMS activation process, using a
Cu–Fe Prussian blue precursor (CuFe-PBA*) as a catalyst. Adapted from [148] copyright 2023 with
permission from Elsevier (Amsterdam, The Netherlands).

Furthermore, by analyzing the EPR and ESR peak intensity at different reaction times,
the evaluation of various radical species can be performed. For instance, at the beginning
of the reaction involving the activation of PMS by ZnFe2O4 or by MnO2 for the elimination



Appl. Sci. 2024, 14, 8075 17 of 36

of phenol, only HO• is formed (1 min). Subsequently, both SO•−
4 and HO• are generated,

and the intensity of DMPO-SO•−
4 increases progressively as the reaction continues for

up to 30 min [151]. Subsequently, only the DMPO-HO• signals persist, as observed at
the beginning of the reaction; this indicates that HO• plays a significant role at both the
beginning and the end of the reaction.

In some of the preceding publications, the importance of 1O2 was not acknowledged.
It remains uncertain whether this oversight resulted from the absence of 1O2 formation in
those systems or simply because the authors did not contemplate its potential generation.
Newer studies have examined the involvement of 1O2 and demonstrated its significance
for certain Cu-based materials [32]. Hence, it could be beneficial to reevaluate certain
previously published systems to gain a deeper knowledge of ROS participation.

Nevertheless, the presence of TEMPO signals themselves fails to inherently imply the
formation of 1O2. It has been proposed that the TEMP radical cations (TEMP•+) produced
by an excited photosensitizer could undergo deprotonation and afterward react with
molecular oxygen for create TEMPO signals [152,153]. Consequently, even if TEMPO
signals are detected, further experiments, like isotope effect experiments, are justified to
ascertain if 1O2 is present in the system.

3.2. Radical Quenching

When examining the activation of PMS, radical quenching is a crucial methodology
used to understand the behavior and reactivity of radical species formed during the
reaction. Basically, quenching agents are added at the beginning of the process to intercept
and neutralize the generated radicals. If these radicals are present in the system, they will
react with the quenching agents and will not participate in the degradation process. In
this way, the involvement of the radicals in the degradation can be determined, as clearly
shown in Figure 6.
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The detection of the active species is governed by the reaction rate constant (Kobs)
between the active species and the quenching agent (Table 3). Considering the radi-
cal mechanisms, methanol (MeOH) or ethanol (EtOH) is commonly used as a radical
quencher to inhibit the contributions of both HO• and SO•−

4 because of their reactivity
with SO•−

4 [154,155]. Apparently, EtOH might be a more suitable quencher than MeOH
to assess the relative contribution of SO•−

4 and HO•, as MeOH exhibits lower reactivity
with SO•−

4 . Additionally, Ghanbari and Moradi [156], in their literature review on the
application and activation of PMS, also analyze this methodology for the identification
of radicals. They explain that the difference in degradation efficiencies in the presence of
MeOH or EtOH and TBA reflects the function of sulfate radicals. EtOH is commonly used
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because, in various studies on contaminant degradation, the addition of EtOH showed a
significant radical-scavenging effect, while the addition of TBA did not result in a signifi-
cant quenching effect. This is because the α-hydrogen of EtOH can interact with SO•−

4 to
generate • CHOH, which is capable of decomposing PMS [157]. TBA is usually employed
as a radical scavenger to suppress the contribution of HO• because it reacts faster with
HO• than with SO•−

4 [158,159]. Other chemical scavengers used such as furfuryl alcohol
(FFA) [160,161], sodium azide (NaN3) [162], and tryptophan [163,164] are typically adopted
to recognize 1O2. Nevertheless, it is important to mention that FFA can undergo a reaction
with HO•, and NaN3 can participate in a reaction with both SO•−

4 and HO•. Therefore,
hindrance by FFA or NaN3 can arise from their reactions not only with 1O2 but also with
SO•−

4 and HO•. Thus, the identified hindrance impact of FFA or NaN3 is more significant
than that of MeOH or EtOH but does not imply that 1O2 is the predominant reactive
species. Other chemical scavengers that react well with HO• and SO•−

4 are employed,
such as phenol [165], and potassium iodide is employed to pinpoint SO•−

4 and HO• on
the surface of materials. Para-benzoquinone (p-BQ) is utilized to recognize O•−

2 [166] and
anisole [167].

Table 3. The rate constants of scavenging agents often employed with active species.

Scavenging
Agents Specific ROS Kinetic Constants

(M−1s−1)
Determination of

ROS Ref.

MeOH
SO•−

4 3.2 × 106
SO•−

4 , HO• [36]
HO• 9.7 × 108

EtOH
SO•−

4 1.6–7.7 × 107
SO•−

4 , HO• [155]
HO• 1.2–2.8 × 108

TBA
SO•−

4 4–9.1 × 105
HO• [158]

HO• 3.8–7.6 × 108

p-BQ O•−
2 1.0 × 109 O•−

2 [166]

FFA 1O2 3.2 × 107 1O2 [160]

NaN3
1O2 1.2 × 108 1O2 [162]

Phenol SO•−
4 8.8 × 109

SO•−
4 , HO• [165]

HO• 6.6 × 109

In general, if a chemical scavenger is stable, does not interfere with the catalysts,
and exhibits significantly higher reactivity with HO• and SO•−

4 in comparison with other
oxidants present within the system, it can be utilized to remove or scavenge both HO• and
SO•−

4 species.
Overall, the combination of EPR/ESR and quenching experiments can effectively

elucidate the existing active species, providing robust support for the activation of PMS.
Consequently, when investigating the mechanism of activation during the reaction pro-
cedure, it is essential to integrate the active species identification methods of EPR and
inhibition experiments to enhance the scientific rigor of the study.

4. Factors Influencing Reactivity

Various surrounding factors like the solution’s pH value, PMS and catalyst concen-
trations, the existence of co-existing species, and the presence of natural organic matter
(NOM) have an important influence on the activation of PMS via copper-based catalysts,
further influencing the efficiency of organic substance removal.

4.1. Impact of pH on PMS Activation

The behavior of PMS is affected by the pH of the solution. Alkali conditions can
activate the PMS. In acidic conditions (pH below 5), hydrogen ions operate as quenchers
for HO• and SO•−

4 [168,169]. Overall, PMS can be applied across a broad pH range. The
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influence of pH across a broad spectrum (pH 3–11) on the activation of PMS through various
Cu-based catalysts has been examined [93,170]. As an example, Mo et al. [170] investigated
a pH range spanning from 3 to 11 and identified the most suitable pH as 6.5. The optimal
pH values vary among different experiments ranging from pH 2 [171] to 5 [172] and to
11 [93]. There appears to be no consistent pattern regarding the effects of pH, possibly
owing to the subsequent causes: Initially, a low pH leads to the dissolution and subsequent
liberation of Cu2+ within the aqueous solution. In consequence, this could modify the
surface structure of Cu-based materials, resulting in a reduction in reactivity. At low pH
values, the abundance of protons could potentially challenge the Cu-based materials for
PMS binding, thereby impeding the catalytic reactivity (Equations (10) and (11)).

SO•−
4 + H+ + e− → HSO•−

4 (10)

HO• + H+ + e− → H2O (11)

Furthermore, the reactivity can be influenced by the catalytic interactions with PMS.
Cu-based catalysts exhibit varying pHpzc (pH at the point of zero charge) values, leading
to distinct surface charges at different pH levels. The variation in surface charges will
influence the interaction between the Cu-based catalyst and PMS through electrostatic
repulsion, consequently impacting the overall reactivity [173]. Thirdly, the transformation
of radicals under different pH environments can lead to varying pH influences. The
depletion of sulfate radicals can occur through their reaction with HO−, bringing about
the formation of hydroxyl-based radicals (Equation (1)) [174]. The redox potential of HO•

varies with pH, potentially affecting its reactivity.
As an example, the redox potential of HO• has been observed to be 2.7 V in acidic

solution but decreases to 1.8 V at neutral pH [175,176]. Moreover, the half-life of SO•−
4 is

longer (30–40 µs) in water compared with that of the conventional HO• (10 − 3 µs) [177].
Therefore, the transformation of SO•−

4 into HO• could potentially impede the breakdown
of contaminants at increased pH levels [178]. Managing the surface properties of Cu-based
materials is essential for optimizing their efficiency within a broad pH range. The effect of
pH on the activation of PMS by Cu-based catalysts is an important factor for optimizing the
catalytic process and designing effective advanced oxidation systems for environmental
remediation applications.

4.2. Impact of PMS and Catalyst Concentrations

The presence of PMS initiates the production of ROS, and varying PMS concentrations
will result in distinct influences on the contaminant removal rate. Wang et al. [179] noted
that the elimination rate of diethyl phthalate increased with rising PMS concentrations;
however, it declined when the PMS concentration reached 5 mM. Additionally, Ji et al. [66]
disclosed that the decolorization rate of RhB initially increased but later decreased with the
rise in PMS concentration. The addition of PMS can increase the availability of oxidants,
leading to enhanced degradation efficiency for pollutants. However, overabundant PMS
can result in self-quenching reactions, which may be detrimental to the process. As depicted
in the Equations (12) and (13), an excess of PMS will facilitate the transformation of HO•

and SO•−
4 into SO•−

5 and HSO−
4 with reduced reactivity [180,181]. Consequently, selecting

the appropriate PMS concentration is of paramount importance for practical use [182].

HO• + HSO−
5 → SO•−

5 + H2O (12)

SO•−
4 + HSO−

5 → HSO−
4 + SO•−

5 (13)

The concentration of catalysts is also a crucial element in PMS activation. Raising the
concentration of copper-based catalysts can not only introduce additional active sites for
PMS activation but also enhance the likelihood of interacting with contaminant molecules.
Furthermore, augmenting the concentration of copper-based catalysts proved advanta-
geous in the production of radicals such as SO•−

4 , which facilitated the elimination of
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NPX [29]. However, an escalation in the concentration overabundant copper-based cata-
lysts may produce an abundance of oxidative radicals and promote self-interaction amid
radicals (Equations (14)–(16)) [183]. Yu et al. [184] observed that as the catalyst concen-
tration rose from 0.1 g·L−1 to 0.3 g·L−1, the removal rate of azo dye Orange G steadily
rose. Nonetheless, it showed minimal change once the catalyst concentration surpassed
0.3 g·L−1. The associated rationale may be that an excessive catalyst concentration leads to
an overabundance of radical species, thereby raising the self-quenching rate of radicals.

HO• + HO• → H2O2 (14)

SO•−
4 + SO•−

4 → S2O8 (15)

SO•−
4 + HO• → HSO−

5 (16)

According to Oh et al. [185], in the degradation process of BPA, increasing the PMS
concentration has a lesser impact on BPA elimination compared to escalating the catalyst
concentration. While raising the dose of PMS can indeed improve its reactivity and fa-
cilities the removal of pollutants, the limited active sites furnished by the catalyst will
inevitably lead to competition among PMS molecules, which can influence the overall
elimination procedure.

4.3. Anions

In Cu/PMS systems, anions such as Cl−, HCO−
3 , PO3−

4 , and NO−
3 are able to interact

with active oxidants, thereby impacting the efficiency of catalytic reactions. Chloride ions
(Cl−) are among the significant inorganic negatively charged ions present in water and
in nearly all natural water sources [186]. On the other hand, SO•−

4 , HSO−
5 , and HO•

possess the capability to oxidize Cl− into less reactive chlorine or hypochlorous. For this
reason, the existence of Cl− in the systems demonstrates a restraining influence [187,188].
Researchers have clarified that the impeding influence of chloride is linked to the depletion
of SO•−

4 and PMS in the process, which subsequently led to the generation of Cl• and
Cl2, less active oxidizers [187,189]. This inhibitory effect can be succinctly illustrated in
(Equations (17)–(21)).

SO•−
4 + Cl− → SO2−

4 + Cl• (17)

HSO−
5 + Cl− → SO2−

4 + HOCl (18)

HSO−
5 + 2Cl− + H+ → SO2−

4 + Cl2 + H2O (19)

HO• + Cl− → HOCl•− (20)

HOCl•− + H+ → Cl• + H2O (21)

Moreover, bicarbonate ion ( HCO−
3
)

is indeed one of the frequently encountered
inorganic anions found in wastewater and water. It is formed by the combination of
carbon dioxide (CO2) and water (H2O). According to research findings [190], HCO−

3 and
dihydrogen phosphate ions (H2PO−

4 ) have a dual influence on the removal of pollutants.
They can quench SO•−

4 and HO• produced during the process and convert them into HCO•
3

and H2PO•
4 , respectively (Equations (22)–(24)).

HCO−
3 + SO•−

4 → SO2−
4 + CO•−

3 + H+ (22)

HO• + HCO−
3 → H2O + CO•−

3 (23)

HO• + H2PO−
4 → HO− + H2PO•

4 (24)

However, the oxidation potential of HCO•
3 and H2PO•

4 is less than that of SO•−
4 and

HO•, which hinders the overall reaction [191,192]. A large concentration of HCO−
3 can

adjust the system’s pH to a basic environment around pH 8.5 [193]; this condition is
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advantageous because it promotes the conversion of HSO−
5 to peroxymonosulfate (SO2−

5 ),
generating more opportunities for the generation of 1O2 [92].

SO•−
4 + H2PO−

4 → SO2−
4 + H2PO•

4 (25)

Furthermore, the non-symmetric structure of PMS makes it susceptible to attack by
nucleophiles like HCO−

3 and H2PO−
4 , leading to rapid decomposition. As a result, HCO−

3
and H2PO−

4 can directly activate PMS [194]. Studies conducted by Du et al. [195] and Ye
et al. [196] reported that H2PO−

4 and HCO−
3 have a beneficial impact on the elimination

of pollutants. However, typically, H2PO−
4 and HCO−

3 still act as inhibitors, hindering the
overall degradation process.

4.4. Natural Organic Matter

NOM is an omnipresent, intricate component found in natural aquatic environments
and soils that can either boost or impede the breakdown of organic substances, contingent
on the concentration and nature of NOM [197,198]. It has been noted that in certain
instances, the interaction between NOM and SO•−

4 proceeds at a considerably slower pace
compared to its interaction with HO•. This suggests that the presence of NOM might
reduce the effectiveness of SO•−

4 in the removal of target contaminants [199]. Meanwhile,
NOM can potentially initiate PMS activation, leading to the production of SO•−

4 . This
phenomenon arises from the creation of semiquinone radicals sourced from hydroquinones,
quinones, and phenols present in NOM [92]. Nevertheless, NOM can also demonstrate
adverse impacts. Typically, NOM functions as a scavenger of both SO•−

4 and HO•. It was
observed that the breakdown effectiveness of ATZ using magnetic porous copper ferrite-
catalyzed PMS decreased from 98% to 23% as the concentration of Suwannee River natural
organic matter (SRNOM) increased from 0 to 3.2 mg·L−1 [92]. This decline happened due
to the competitive interaction between SRNOM and ATZ for the accessible reactive radicals.
Furthermore, the phenolic hydroxyl and carboxyl groups present in NOM can be adsorbed
onto the surface of heterogeneous catalysts, obstructing the interaction of PMS with active
sites [92]. Consequently, when implementing the Cu/PMS system, it becomes imperative
to consider the influence of NOM.

5. Coupling Copper-Based Catalyst/PMS Systems with Other Advanced
Oxidation Techniques

To form a combined AOP system, numerous AOPs, such as ozonation, ultrasonic irra-
diation, UV-Vis irradiation, and MW irradiation, have been integrated with copper-based
catalyst/PMS systems. However, the intricacy of the reaction system increases with the
addition of extra AOPs. On the other hand, the combined systems offer numerous potential
benefits, including the synergistic improvement of organic contaminant degradation rates
and improved PMS efficacy for pollutant elimination. Nevertheless, before incorporating
further AOPs, two crucial factors need to be considered: first, the influence of incorporat-
ing additional AOPs on the catalyst’s stability to prevent the early release of metal ions,
and second, the additional treatment costs arising from the intricate setup, maintenance,
and operation.

The amalgamated system that merges UV-Vis irradiation with a copper-based cat-
alyst/PMS system has garnered the most extensive investigation. Diverse catalysts like
copper nanoparticles [200], carbon-based Cu–Fe oxide [201], and Co0.5Cu0.5Fe2O4 mag-
netic nanoparticles [202] have been devised for activating PMS under UV-Vis irradiation.
Generally, PMS can undergo activation through three feasible activation pathways in the
copper-based catalyst/PMS/UV–Vis system: direct activation by UV irradiation, redox-
based activation, and heterogeneous photocatalytic activation. While the combined impact
appears to offer a hopeful outlook for future utilization, the advancement of the hybrid
copper-based heterogeneous catalyst/PMS/UV–Vis system’s catalyst is currently at an
early stage. There remains a need for the creation of new catalysts to progress this field. It
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is imperative for the catalyst to serve a dual function as both a photocatalyst and a PMS
activator to effectively harness the collaborative influence.

The mixed configuration involving a disparate copper-based catalyst/PMS/ozone
system has been the subject of prior examination, utilizing magnetic copper ferrite nanopar-
ticles as the catalyst [203]. The introduction of ozone can augment the production of
responsive radicals within the reaction environment, as ozone also has the capability to
set PMS in motion, generating both SO•−

4 and HO• [204]. A highly favorable condition is
necessary to avert the self-scavenging reactions of different ROS.

Other combination systems using either ultrasonic [205] or MW [206] irradiation with
copper-bases heterogeneous catalyst/PMS procedures have also been documented to yield
a beneficial impact on the speed of contaminant elimination, attributed to the enhanced
dynamics within the reaction environment. As an example, apart from expediting the
cleansing of the catalyst’s surface to enable redox reactions, US irradiation induces the
formation of cavitation bubbles in the water. Upon their implosion, these bubbles lead to the
creation of SO•−

4 and HO• through the activation of PMS and the pyrolysis of water [207].
The MW irradiation raises the temperature of the water and generates localized high-
temperature regions on the catalyst surface, thereby expediting the activation of PMS and
facilitating faster redox reactions. Nevertheless, as the reactivity within the reaction system
intensifies, it becomes crucial to consider the steadiness of the catalyst to avoid the untimely
release of metal ions through dissolution.

6. Mechanisms for PMS Activation by Copper-Based Catalysts

The activation of PMS by Cu-based catalysts involves complex mechanisms that
include both radical and non-radical pathways. The roles of catalysts are multifaceted, not
only facilitating the formation of reactive species essential for pollutant degradation but
also offering flexibility in choosing the appropriate pathway based on the nature of the
pollutants and the desired outcomes. Understanding and leveraging these roles can lead to
more efficient and targeted applications of Cu-based catalysts in environmental remediation.
Understanding the distinct roles that Cu-based catalysts play in these pathways is crucial
for optimizing their effectiveness in environmental remediation processes.

6.1. Radical Pathways

Copper-based catalysts trigger PMS to generate SO•−
4 , HO•, and O•−

2 [29]. Consid-
ering their strong redox aptitude, SO•−

4 , HO•, and O•−
2 could interact alongside specific

contaminants and degrade them into lesser-sized molecules. Across most systems, SO•−
4

plays the key role as the active agent. To illustrate, Chen et al. [79] utilized a sol–gel
combustion approach to synthesize a CuFe2O4 catalyst for triggering PMS. In the same
research, TBA and EtOH were employed to inhibit HO• and SO•−

4 . The inhibitory effect of
EtOH on TBBPA was significantly stronger compared to that on TBA. An EPR experiment
showed DMPO-X’s characteristic peak, pointing out that DMPO was oxidized by SO•−

4
and HO•. Consequently, the system was overshadowed by a SO•−

4 -centered radical system.
Feng et al. [95] fabricated CuFeO2 rhombohedral crystals to initiate PMS activation for the
disintegration of SDZ. EtOH and TBA were opted for as agents to counteract the presence of
SO•−

4 and HO• radicals. The results demonstrated that EtOH exhibited a higher inhibition
effect on SDZ removal than TBA did, thereby affirming the prevalence of a radical mecha-
nism primarily governed by SO•−

4 . Furthermore, HO• played a crucial function in certain
systems, possibly influenced by the reaction pH or the specific characteristics of the speci-
fied substance [208]. Chi et al. [29] utilized ZVCu for the activation of PMS and the removal
of NPX. DMPO-SO•−

4 and DMPO-HO• signals were observed by ESR, and DMPO-HO•

signals were more intense than DMPO-SO•−
4 signals. To additionally illustrate the presence

of active species, MeOH and TBA were utilized, and the suppression effect of TBA on NPX
in the system was slightly less potent that of MeOH. Hence, the two radicals, SO•−

4 and
HO•, in the ZVCu/PMS system participate in the removal reaction. Low-valent transition
metal ions catalyze the activation of PMS to generate SO•−

4 . Afterward, these radicals
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react with H2O or HO− in the solution, resulting in the generation of HO•, which plays a
primary role in the system. Nevertheless, quenching and EPR experiments cannot be used
to investigate the presence of radicals in all PMS systems. In certain PMS systems, other
approaches have been employed by some researchers to illustrate the reactive mechanism.
A sol–gel method was utilized to synthesize a copper ferrate catalyst under the assumption
of the sole existence of HO• in the reaction system [92]. Hence, the elimination of nitroben-
zene (NB) and ATZ by a CuFe2O4/PMS system was compared, and the contribution of
HO• on the catalyst surface was investigated according to the ratio of the quasi-first-order
rate constant of reaction kinetics of each system during the degradation process. The results
showed that the actual value of the ratio of quasi-first-order rate constants (kATZ/kNB = 6.4)
was much higher than the theoretical value (0.5~1), which proves that SO•−

4 and HO• are
the main active species on the catalyst surface.

A copper-based catalyst triggers the activation of PMS, leading to the formation of
powerful radicals such as SO•−

4 , HO•, and O•−
2 . These radicals exhibit robust oxidative

capabilities, enabling them to effectively target pollutants. The pollutants undergo degra-
dation, breaking down into smaller molecules such as CO2, inorganic oxides, and H2O
in a short time. Overall, the radical pathway proves to be a highly efficient approach for
eliminating pollutants through AOPs.

6.2. Non-Radical Pathways

Nonetheless, in other PMS systems activated by copper-based catalysts, radicals have
a limited role; in this case, the degradation of contaminants is primarily prompted by the
non-radical route containing 1O2 [209,210], electron transfer [211,212], and complexes. 1O2
is a powerful ROS with high reactivity due to two electrons occupying the same energy
level. It is effective in oxidizing organic pollutants. Generally, there exist three origins
of production sources of 1O2, involving the transformation of superoxide anion radicals
(Equations (26)–(28)) [213].

O•−
2 + HO• → 1O2 + OH− (26)

2O•−
2 + 2H+ → H2O2 + 1O2 (27)

2O•−
2 + 2H2O → 2OH− + 1O2 + H2O2 (28)

The activation of PMS happens immediately (Equations (29) and (30)) [214–216].
Moreover, the transformation of functional groups occurs.

HSO−
5 → SO2−

5 + H+ (29)

SO2−
5 + HSO−

5 → O2 + HSO−
4 + SO2−

4 (30)
1O2 exhibits high selectivity in terms of the types of compounds it reacts with; electron-

rich organic pollutants, like phenols, tend to be its target [217]. Understanding the selectiv-
ity of 1O2 is crucial when designing and implementing oxidation processes for environmen-
tal remediation. It enables the development of tailored approaches for the efficient removal
of specific pollutants while minimizing the impact on non-target compounds. Different
types of catalyst materials based on copper can induce the generation of 1O2 in PMS systems.
For instance, copper-based catalysts containing graphite N (nitrogen) groups [218], as well
as catalysts featuring C=O (carbonyl) groups, have been investigated. The carbonyl group,
proposed as the active site on the aromatic ring, enhances PMS decomposition by forming a
metastable dioxirane compound (*C-O-O-C*) as the crucial intermediate for 1O2 formation.
Additionally, magnetic catalysts with carbon-based carriers were studied [219]. All these
catalysts facilitate the production of 1O2 when they interact with PMS. The generation of
1O2 provides an alternative non-radical pathway for pollutant removal in PMS systems.

Additionally, the pathway of electron transfer also contributes significantly to the
removal of pollutants. In general, catalysts act as efficient electron transfer agents, trans-
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ferring electrons from adsorbed hazardous substances to PMS, thereby enabling redox
reactions [220].

Complex formation typically occurs on carbon-supported magnetic materials. That is,
positively charged carbon creates a stable complex with significant redox capacity owing to
the intense electrostatic attraction interacting with PMS (Equation (31)) [33,221].

Catalyst + PMS → Catalyst − PMS* (31)

In contrast to the radical pathways, the activation mechanisms investigated in the
subsequent systems are primarily initiated by the non-radical pathways. For instance,
Li et al. [209] prepared a CuO-CeO2 composite catalyst to activate PMS via an easy
hydrothermal-calcination approach. In the degradation process of RhB, the authors found
that 1O2 was the dominant ROS in the CuO-CeO2/PMS system. X-ray photoelectron mi-
croscopy analysis revealed that electron transfer occurred between CuO and CeO2, along
with the formation of oxygen vaccancies in CeO2, which was responsible for enhancing
the generation of 1O2. This process introduces a new non-radical oxidation pathway for
activating PMS using the CuO-CeO2 catalyst. Pan et al. [212] developed a series of single-
atom Cu embedded on porous N-doped biochar (SACu@NBC) as an economical catalyst to
activate PMS to degrade large amounts of BPA. The presence of common radical scavengers
did not hinder BPA elimination, indicating that radicals were not present. Experiments,
such as quenching tests and scavenger degradation tests, ruled out the involvement of
1O2. Ultimately, the dominant mechanism was identified as the electron transfer pathway
in the SACu@NBC/PMS system via the anodizing analogy method that combined the
quantitative structure–activity relationship. Moreover, dynamic fitting combined with
density functional theory calculations revealed that the isolated atomic Cu in carbon sup-
ports acted as the active sites, narrowing the band gap and enhancing the electron transfer
capacity. The catalyst-oxidation efficacy of SACu@NBC/PMS was effectively evidenced
in an ultrafiltration device, indicating the potential of the electron transfer pathway in the
SACu@NBC/PMS system aimed at elevated salinity effluent remediation.

PMS systems based AOPs are increasingly focusing on reformation due to the advan-
tageous characteristics of non-radical pathways. These mechanisms can address certain
constraints associated with radical activation, such as short half-lives. While the non-radical
pathway does not primarily depend on vigorous oxidation to target pollutants (except for
1O2), it does play a crucial role in facilitating redox reactions. This is achieved either by
forming a complex with strong oxidation or through electron transfer within the reaction
system, ultimately leading to the elimination of contaminants. It is crucial to emphasize
that the non-radical pathway is not a singular process; rather, it may encompass two or
more pathways. This complexity is essential to consider when examining the activation
mechanism of PMS.

In addition to their capability to facilitate both radical and non-radical degrada-
tion pathways, Cu-based catalysts offer significant synergistic benefits through their dual
pathway activation. Many Cu-based catalysts can activate PMS through both pathways
simultaneously, resulting in enhanced degradation efficiency. This synergy allows dif-
ferent types of pollutants to be more effectively treated, as one pathway may be more
suitable than the other for specific contaminants. For instance, CuFe2O4 catalysts are
particularly versatile, participating in the generation of ROS via the radical pathway and
the production of ¹O2 through the non-radical pathway, making them adaptable for various
environmental applications.

Moreover, the catalytic activity of Cu-based catalysts can be finely tuned to favor
one pathway over the other based on the specific requirements of the application. By
adjusting parameters such as catalyst composition, surface modifications, and operating
conditions like pH and temperature, it is possible to optimize the catalytic process. This
not only maximizes pollutant degradation but also helps minimize secondary pollution
and reduce energy consumption. These synergistic roles highlight the versatility and effec-
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tiveness of Cu-based catalysts, further establishing them as key components in advanced
environmental remediation technologies.

7. Toxicity Assessment after PMS-Based Processes

Toxicity is a vital parameter to be considered when studying the effectiveness of
treatments to which wastewater has been subjected. In some cases, many intermediate
products generated from pollutants present in treated water still possess strong biological
toxicity and persistence in the environment, sometimes even greater than that of the original
chemical, presenting a threat to human health and ecosystems [222,223]. Therefore, it is
of great importance to evaluate the toxicity of effluents from treated waters, especially in
cases where their possible reuse is considered.

There are numerous studies evaluating the toxicity of intermediate and by-products
formed after PMS-based treatments [224–226]. Specifically analyzing those works in which
Cu-based catalysts were used, it is found that a large number of authors have reported
the relative toxicity calculated theoretically by applying Structure-Activity Ecological
Relationship (ECOSAR) software (MS-Windows Version 2.2) [223,227]. The ECOSAR
program evaluates the acute (LC50 and EC50) and chronic (ChV) toxicity of compounds
using three model aquatic organisms: fish, Daphnia, and green algae. The toxicity values
obtained are classified into four groups: non-harmful (LC50/EC50/ChV > 100 mg/L),
harmful (10 mg/L < CL50/EC50/ChV < 100 mg/L), toxic (1 mg/L < LC50/EC50/ChV <
10 mg/L), and very toxic (CL50/EC50/ChV < 1 mg/L) [228,229]. Some PMS-based studies
in which this software was used to determine the toxicity of the contaminant as well as that
of the intermediate products obtained during the degradation process include the study
of Mu et al. [230], where bisphenol A was treated with Cu0-Fe3O4@Biochar; the work of
Li et al. [231], in which the Orange G dye was degraded with carbon supporting CuCo
nanospheres; the article of Liu et al. [232], where magnetic CuFe2O4 was prepared for the
removal of oxytetracycline; and the study of Li et al. [233], where a newly compounded
ZnO/CuCo2O4 was applied as a catalyst to decompose enrofloxacin under simulated
sunlight. In all these studies, several degradation intermediates were identified, and their
toxicity was evaluated using ECOSAR. In general, some of the generated intermediates were
more toxic than the original pollutant, but the presence of these intermediates was very brief,
as they decomposed almost immediately to yield other, non-harmful degradation products.

Moreover, a small number of articles evaluate toxicity using other techniques such as
algal growth experiments, activated sludge inhibition tests, or bioluminescence tests. These
tests are based on the direct assessment of the organism’s inhibition of the treated solution
to show its change in toxicity [228,229].

In the study conducted by Yan et al. [234], the potential toxicity of sulfamethoxazole
and its intermediates after 60 min of treatment under a CuO@Al2O3(EPC)/PMS system
using an activated sludge inhibition assay was evaluated. The results showed that the
initial concentration of sulfamethoxazole (39.5 µM) produced a 42% inhibition in the oxygen
absorption rate. In the first 20 min, the rate of oxygen absorption dropped sharply to 25%,
and during the next 40 min, it gradually decreased to 16%. The results confirmed that
the most toxic sulfamethoxazole was degraded into molecules of lower toxicity by the
CuO@Al2O3 (EPC)/PMS system. In addition, the increased concentration of inorganic
salts released during the degradation process (SO4

2−, NO3
−, NO2

−, and NH4
+) confirmed

high mineralization.
In the study of Huang et al. [235], the acute toxicity of arsanilic acid and its oxidation

by-products were evaluated by the bioluminescence of the marine bacterium Vibrio fischeri.
The results showed that the initial arsanilic acid inhibition ratio (26.72 µM) was approxi-
mately 6.8%; the inhibition ratio increased rapidly to 46.4% after 40 min of reaction and
then slightly decreased. As the reaction developed, the arsanilic acid rapidly degraded to
release aromatic compounds and inorganic arsenic, resulting in a rapid increase in toxicity
of the reaction solution. Meanwhile, these released products were partially eliminated due
to adsorption and mineralization by the CuFe2O4/PMS system, slightly decreasing toxicity.
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In this case, the intermediate compounds were more toxic than the original ones; therefore,
it would be necessary to develop other technologies combined with the CuFe2O4/PMS
system to reduce residual toxicity.

In conclusion, most of the reviewed studies indicate that treated water is generally
non-toxic, suggesting that PMS-based degradation processes with Cu catalysts are effective.
However, in cases where toxicity persists, it may be necessary to combine additional
treatment systems with PMS-based processes to completely eliminate residual toxicity.

8. Conclusions and Outlooks

In conclusion, a wide variety of copper-based catalysts can be considered for PMS
activation, with particular attention to emerging materials such as MOFs, LDHs, and DESs.
These materials offer promising avenues for the development of advanced catalysts, as
they provide enhanced stability, increased surface area, and tunable properties. These
characteristics make them excellent candidates for improving the efficiency and selectivity
of catalytic processes in environmental applications.

As demonstrated throughout this study, the activation of PMS by copper-based cata-
lysts has yielded promising results in the treatment of persistent pollutants in wastewater.
Cu-based catalysts exhibit remarkable versatility in both radical and non-radical pathways,
offering significant advantages across various environmental conditions. Their ability to
efficiently generate ROS, such as sulfate radicals and hydroxyl radicals, as well as singlet
oxygen through non-radical pathways, underscores their potential in diverse applications.
Furthermore, the use of these catalysts provides an economically viable and environmen-
tally sustainable solution for water treatment. Utilizing these catalysts in heterogeneous
forms, which reduces secondary pollution from copper ion leaching, further enhances
their practical applicability. Additionally, water treated through PMS-based degradation
processes, particularly with Cu catalysts, is generally found to be non-toxic, reinforcing the
effectiveness of these methods. However, as with any treatment process, when residual
toxicity remains, it may be necessary to integrate additional treatment systems with the
PMS-based processes to ensure the elimination of any lingering toxic compounds.

Despite the high effectiveness of Cu-based catalysts, challenges such as metal leaching
and the need for optimized catalyst design must be addressed. Certain limitations still
exist, and further research is required to unlock the full potential of these catalysts. The
main outlooks for future work include the following:

- Future research directions: Continued research should focus on enhancing the stability
and reusability of Cu-based catalysts, particularly through innovative catalyst design
and the exploration of new materials such as bimetallic MOFs and advanced LDHs.
Further investigation into the mechanisms of PMS activation, especially under real-
world conditions, will be critical for optimizing these systems.

- Real applications: The translation of laboratory findings into large-scale industrial ap-
plications remains a key objective. This includes scaling up the synthesis of Cu-based
catalysts and integrating them into existing wastewater treatment infrastructure. The
potential for coupling Cu-based catalysts with other AOPs offers exciting opportuni-
ties for developing more efficient and comprehensive treatment systems.

- Sustainability considerations: As environmental regulations become more stringent,
the demand for sustainable water treatment technologies will continue to grow. Cu-
based catalysts, with their low toxicity and high efficiency, are well-positioned to meet
this demand. Future developments should prioritize minimizing the environmental
footprint of these catalysts, ensuring they contribute to a circular economy by enabling
the recovery and reuse of resources.

In summary, Cu-based catalysts represent a promising and versatile tool in the fight
against water pollution. Their ability to activate PMS and degrade a wide range of organic
pollutants positions them as a key component of modern wastewater treatment strategies.
However, achieving their full potential will require ongoing research, innovation, and a
commitment to sustainability. By addressing current challenges and exploring new avenues
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for catalyst development, Cu-based systems can play a pivotal role in creating cleaner and
safer water resources for the future.
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