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Abstract

Industrial wastewater containing refractory organic compounds, heavy metals, and
emerging contaminants poses a significant challenge to conventional treatment methods
due to their high chemical stability and toxicity. This review systematically summarizes
recent advances in Fenton-based advanced oxidation processes (AOPs) for industrial
wastewater treatment, with a particular focus on the paradigm shift from homogeneous
to heterogeneous catalytic systems. Homogeneous Fenton processes, which rely on
Fe2*/H20: reactions, exhibit rapid reaction kinetics but are severely limited by a narrow
operational pH range (2-4) and the generation of substantial iron sludge. In contrast, het-
erogeneous Fenton systems employing immobilized or supported catalysts—such as iron-
loaded zeolites, metal-organic frameworks, and carbon-based composites—broaden the
applicable pH range to near-neutral conditions (4-8), enable catalyst recovery and reuse
over multiple cycles, and enhance process sustainability by reducing iron leaching and
sludge production. Integration with external energy inputs—such as photo, electricity, or
ultrasound —can further promote radical generation and mass transfer, improving degra-
dation efficiency while reducing chemical consumption. Practical applications in treating
wastewater from textile, pharmaceutical, and electroplating industries have demon-
strated effective contaminant removal and enhanced biodegradability. However, most
current research remains at the laboratory scale, with long-term catalyst stability, opera-
tional costs, and scalability representing major barriers to large-scale implementation. Fu-
ture research should focus on developing stable and regenerable catalysts, advancing pi-
lot-scale studies of integrated systems, and conducting long-term evaluations under real
wastewater conditions to promote the development of efficient, low-carbon, and sustain-
able solutions for industrial wastewater treatment.

Keywords: Fenton process; industrial wastewater; advanced oxidation processes (AOPs);
homogeneous Fenton process; heterogeneous Fenton process
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The accelerating pace of global industrialization has precipitated a substantial in-
crease in the discharge of industrial wastewater, characterized by complex matrices con-
taining elevated concentrations of persistent pollutants. These include refractory organic
compounds—such as polycyclic aromatic hydrocarbons (PAHs) and endocrine-disrupt-
ing chemicals—alongside heavy metals and emerging contaminants like microplastics
and antibiotic resistance genes [1,2]. The environmental and public health implications
are severe: these contaminants not only inflict devastating damage on aquatic ecosystems
but also exhibit a propensity for bioaccumulation through trophic transfer, posing signif-
icant long-term risks to human health [3,4]. Conventional biological treatment processes,
exemplified by the activated sludge process, frequently prove inadequate for such
wastewater streams, achieving chemical oxygen demand (COD) removal efficiencies be-
low 40% while concurrently grappling with inherent limitations including excessive
sludge production and protracted hydraulic retention times [5]. Consequently, there is an
urgent and pressing need to develop innovative, efficient, and sustainable treatment tech-
nologies, a pursuit of considerable scientific and engineering significance.

Conventional Biological Treatment Processes, while cost-effective for readily biode-
gradable waste, demonstrate limited efficacy against high-strength, recalcitrant industrial
wastewater, often resulting in low COD removal (<40%) and requiring extended treat-
ment durations [6,7]. In recent years, with the advancement of advanced oxidation pro-
cesses (AOPs), technologies such as ozone oxidation, photocatalysis, persulfate activation,
and the Fenton process have been widely applied in industrial wastewater treatment [8-
10]. Ozone-based catalytic processes exhibit selectivity in oxidizing pollutants, often re-
sulting in relatively low oxidant utilization rates of 30—45% [11]. When treating bromide-
containing wastewater, they can readily generate highly carcinogenic bromate, leading to
secondary pollution [12]. Most efficient photocatalytic reactions rely on ultraviolet light;
while solar energy is affected by weather and day-night cycles, artificial ultraviolet (UV)
sources increase electricity consumption and operational costs [13]. Persulfate activation
processes tend to elevate sulfate concentrations in effluent, affecting salinity, and chloride
(CI)) commonly present in water can react with sulfate radicals, consuming oxidants and
potentially forming less reactive chlorine radicals, thereby reducing treatment efficiency
[14]. In contrast, the Fenton process primarily utilizes iron to catalyze hydrogen peroxide,
generating highly reactive hydroxyl radicals (-OH). Under optimized conditions (pH 3.5,
catalyst concentration 0.1 g/L, H20: concentration 0.23 mol/L, room temperature, and
Fe20s-on-ZrO:2-2 as the catalyst), it can achieve pollutant (Tetracycline Hydrochloride) re-
moval rates exceeding 95%, while offering advantages such as simple operation, moderate
operating costs, and ease of integration with biological treatment processes [15,16].

As a quintessential homogeneous AOP, the classic Fenton process operates via a
chain reaction mechanism initiated by the Fe?*-catalyzed decomposition of hydrogen per-
oxide (H202) to yield -OH [17-19]. Under optimized acidic conditions (pH = 3), the rate
constant for this reaction can reach 76 M-!s7!. Recent mechanistic insights highlight the
critical influence of iron speciation on reaction kinetics; for instance, complexation of Fe?
with organic ligands like citrate can enhance the reaction rate by 30—40%, offering novel
avenues for process intensification [20]. From an application standpoint, the Fenton pro-
cess exhibits robust performance, achieving 85-95% removal efficiency for model organic
pollutants (e.g., phenol, chlorophenols) with mineralization degrees typically between 60
and 80% [21]. Kinetic analyses further corroborate that pollutant degradation often ad-
heres to pseudo-second-order kinetics, with apparent rate constants ranging from 102 to
10! min! [22]. These findings not only deepen the fundamental understanding of Fenton
chemistry but also provide a critical foundation for its engineering application in treating
complex industrial effluents. Nevertheless, a closer examination reveals conflicting results
across studies. For example, while some authors report pseudo-second-order kinetics as
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universally applicable [23], others have observed first-order or mixed-order behavior de-
pending on the pollutant-to-oxidant ratio and the presence of radical scavengers [24].
Such discrepancies highlight the need for a more nuanced kinetic framework that ac-
counts for the dynamic speciation of iron and the competitive consumption of radicals by
background organic matter —an aspect that current reviews have largely neglected.

Despite its advantages, the classical Fenton process confronts several persistent chal-
lenges that hinder its widespread practical implementation [25]. A primary limitation is
its narrow operational pH window (optimal range 2.5-3.5), which necessitates costly and
often unsustainable acidification of wastewater whose native pH is typically neutral to
alkaline (6-9) [26]. Furthermore, the process generates considerable quantities of iron-rich
sludge, estimated at 15-30 kg (with ~98% muoisture content) per ton of treated wastewater,
thereby creating secondary disposal problems [27]. It is important to note that the term
“iron sludge” is used inconsistently in the literature: some studies refer to it as “iron
sludge” to emphasize its origin, while others use “iron sludge” generically. This termino-
logical ambiguity can lead to confusion when comparing sludge management strategies.
Moreover, the reported sludge generation rates vary widely (15-30 kg/ton), likely due to
differences in wastewater composition and operating conditions, yet few studies have sys-
tematically investigated the factors controlling sludge yield —a critical gap for process op-
timization.

To overcome these technical bottlenecks, substantial research efforts have been di-
rected toward material innovation and process modification. In the realm of catalyst de-
velopment, engineered magnetic composite catalysts (e.g., Fes04@C) have successfully ex-
panded the effective pH range to 5.0-6.5 while achieving magnetic recovery efficiencies
exceeding 90% [28]. Regarding process optimization, electro-Fenton systems mitigate
sludge production by 40-60% through the electrochemical regeneration of Fe?, while ul-
trasound-assisted Fenton processes leverage cavitation effects to enhance treatment effi-
ciency by 25-30% and reduce chemical consumption by over 30% [29-31]. These innova-
tions represent significant strides toward making Fenton-based technologies more viable
for full-scale industrial deployment.

Currently, several comprehensive reviews have already been published, focusing on
the application of Fenton processes in wastewater treatment, covering a range of target
compounds and process configurations [18,32-36]. However, over the past decade, re-
search focus on the Fenton process has shifted from laboratory-scale optimization toward
enhancements for practical engineering applications. Therefore, this review mainly ex-
plores the treatment performance and pollutant removal mechanisms of different Fenton
processes across various industrial wastewaters, along with an in-depth analysis of their
evolution trends, key influencing factors in practical applications, and economic feasibil-
ity. Unlike previous reviews that have largely provided descriptive summaries, this work
aims to critically evaluate the evidence, highlighting areas of consensus and disagreement,
and identifying knowledge gaps that hinder the translation of laboratory findings to full-
scale implementation.

This article aims to systematically review and critically evaluate the latest research
progress and engineering application trends of Fenton-based processes in the field of in-
dustrial wastewater treatment. The review focuses primarily on the following three as-
pects: (i) the treatment efficiency of Fenton processes for different categories of industrial
wastewater; (ii) an in-depth analysis of degradation mechanisms and process intensifica-
tion methods for various industrial wastewaters using Fenton oxidation; (iii) the influence
of different operational factors on the treatment performance of Fenton processes; and (iv)
economic Evaluation of Fenton-Based Processes. By comprehensively discussing these re-
search directions, this review seeks to provide both theoretical foundations and technical
references for the development of efficient, stable, and cost-effective Fenton treatment
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technologies, thereby facilitating their large-scale engineering applications in industrial
wastewater treatment.

2. Methodology

This study conducted a comprehensive literature review using major international
interdisciplinary research platforms, including Web of Science, Scopus, and Science Di-
rect. The search employed the following keyword combinations: “advanced oxidation
processes,” “Fenton process,” “homogeneous Fenton process,” “heterogeneous Fenton
process,” and “industrial wastewater.” The retrieval process followed the classification
framework proposed in reference [37] and adopted a “semi-systematic” review approach.

A total of 1203 initial records were retrieved. The screening process was conducted
in two stages. First, titles and abstracts were reviewed based on predefined inclusion cri-
teria: (i) peer-reviewed journal articles published in English; (ii) studies involving the
treatment of real or synthetic industrial wastewater using Fenton-based processes; (iii)
studies reporting clear experimental parameters and performance data (e.g., COD re-
moval rate, TOC removal rate). Exclusion criteria included: (i) conference abstracts, book
chapters, and non-English publications; (ii) studies limited to pure water systems and un-
related to industrial applications; (iii) duplicate publications. After title/abstract screening,
892 records were excluded. The remaining 311 full-text articles were assessed for eligibil-
ity, and 114 articles that did not meet the inclusion criteria or had insufficient data were
ultimately excluded. Consequently, 197 papers were included in this review.

Given the significant variability in treatment efficiency among different Fenton pro-
cesses for industrial wastewater, as well as the notable performance differences even
when the same process is applied to the same type of wastewater, this review focuses on
three main aspects: the treatment performance of various Fenton processes for industrial
wastewater, the influence of different factors on treatment performance, and the economic
feasibility of each Fenton-based method. Due to the high heterogeneity in experimental
conditions (wastewater characteristics, reactor configuration, operating parameters)
among the included studies, a quantitative meta-analysis was not feasible. Therefore, a
qualitative thematic synthesis approach was adopted, whereby key data were extracted
and compared in a narrative manner. The quality of individual studies was assessed based
on the completeness of experimental design, the reproducibility of data reporting, and the
replicability of results.

According to the cluster analysis results of publications collected from 2006 to 2025
(Figure 1), the red cluster in the visualization map corresponds to the early-stage research
focused on exploring practical wastewater application scenarios of the traditional homo-
geneous Fenton process. The blue cluster covers core fundamental mechanism studies of
Fenton reactions, including hydroxyl radical generation pathways, degradation kinetics
and other related topics. The yellow cluster gathers the research and development of mod-
ified Fenton technologies such as photo-Fenton, as well as the application of multi-process
coupled AOPs for treating emerging trace contaminants. The green cluster points to the
fast-growing research direction of electro-Fenton systems in recent years. This thematic
division fully demonstrates the progressive development logic of this field, which evolves
stepwise from engineering feasibility verification, systematic theoretical framework con-
struction, to the current pursuit of low-energy-consumption large-scale practical deploy-
ment, and also provides valuable reference for further exploring the understudied re-
search gaps in this domain.
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Figure 1. Co-occurrence clustering analysis of Fenton process-related papers by the VosViewer soft-
ware Version 1.6.20 (The red cluster focuses on the Fenton process and its application in wastewater
treatment; the green cluster centers on electro-Fenton and electrochemical oxidation; the blue cluster
relates to photo-Fenton and advanced oxidation processes; and the yellow cluster involves photo-

catalysis and emerging pollutants such as antibiotics.).

3. Classical Homogeneous Fenton Process and Its Limitations

The homogeneous Fenton Process is an advanced oxidation technology whose core
principle involves utilizing soluble Fe?* to catalytically decompose H20: under acidic con-
ditions, generating highly oxidative -OH [34,38]. These radicals can efficiently degrade
organic pollutants in water, ultimately mineralizing them into COz, H2O and inorganic
salts [39]. The homogeneous Fenton process involves chemical reactions as represented
by Equations (1)—(6).

Fe?* + H.02 — Fe3 +-OH + OH- (k = 40-80 L-mol-s7!, AG = -36 kJ/mol) (1)
Fe3* + H202 — Fe? +-O2H + H* (k = 10-3-102 L-mol!-s?, AG = 22.2 kJ/mol) (2)
‘OH + H202 —-O2H + H20 (k = 2.7 x 107 L-mol-'-s71, AG = -167 kJ/mol) 3)
‘OH + Fe? — Fe3* + OH- (k = 3.2 x 108 L-mol-s7!, AG =-109 kJ/mol) 4)
‘O:H + Fe3* — Fe? + O2 + H* (k= 1.2 x 103 L-mols, AG =-79 kJ/mol) (5)

Fe> + 30H- — Fe(OH)s| (pH > 4) (k = 10° L'mol s, AG =219 kJ/mol)  (6)

The core of the Fenton reaction lies in the Fe>*/Fe3* cycle driving the generation and
transformation of reactive oxygen species. In the initial step, Fe?* reacts with H20: to pro-
duce the strongly oxidizing hydroxyl radical (-OH) and Fe*. Subsequently, Fe* reacts
slowly with H20:2 to regenerate Fe?* and release the hydroperoxyl radical (-O2H). The gen-
erated ‘OH can further oxidize H20: or react with Fe?t, while -O:H reduces Fe3* and re-
leases Oz. Finally, at pH > 4, Fe® rapidly precipitates as Fe(OH)s, limiting the recycling of
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iron ions. The above reaction network collectively determines the oxidation efficiency and
pH dependence of the Fenton system.

As a classical AOP, the homogeneous Fenton system offers significant advantages for
wastewater remediation. However, it is constrained by several inherent technical limita-
tions (Figure 2). Its primary strengths include the following: (i) rapid reaction kinetics
(under acidic conditions (pH 2.5-3.5), -OH are generated at rates between 10-¢ and 10-* M1
s1—this enables effective degradation of recalcitrant organic contaminants, such as aro-
matic compounds and phenolics); (ii) high oxidative power (with a redox potential of ap-
proximately 2.8 V, -OH can non-selectively mineralize a broad spectrum of organic pollu-
tants to CO2 and H20); (iii) mild operational conditions (the process operates efficiently at
ambient temperature and pressure, requiring relatively simple equipment; and (iv) cost
efficiency (iron salts act as low-cost catalysts, while H20: serves as an environmentally
benign oxidant [40,41]).

Fe>* 1,0,
Advantages Limitations
»pH (2.8-3.5)
»Rapid Reaction Kinetics
#Excessive Sludge Production
#Strong Oxidation Capability
- CO,+H,0 »High Operational Cost
#Mild Operational Conditions 34
Fe ‘/'OH #Complex Control Requirements
»Cost Efficiency -OH —&?M
%H # Anion interference (Cl-, HCOjy)
- e OH _.
_-_—— -

Figure 2. Advantages and Limitations of the Classic Fenton Process.

Due to these advantages, the homogeneous Fenton process can degrade a wide range
of pollutants. For example, it efficiently removes refractory organic compounds such as
dyes and pesticides, achieving a rapid reduction in chemical oxygen demand (COD) and
color [42]. The process also features simple operation and easily controllable reaction con-
ditions. Moreover, iron ions provide a synergistic flocculation effect, which aids in remov-
ing suspended solids and heavy metals [43]. Notably, -OH can disrupt viral protein cap-
sids and nucleic acids, offering strong inactivation of pathogens such as enteric viruses.
This makes the process a reliable supplement for medical wastewater disinfection [44]. As
a pretreatment or advanced treatment unit, the Fenton process demonstrates strong com-
patibility and low retrofitting costs, holding significant application value in industrial and
medical wastewater treatment.

Nevertheless, the classic homogeneous Fenton process still presents several limita-
tions that restrict its large-scale application in practical industrial wastewater treatment
[45] (Figure 2). These limitations are summarized below.

(i) Narrow optimal pH range. The classical homogeneous Fenton process typically
operates best at pH 2.5-3.5. Under these acidic conditions, the solubility and activity of
Fe?" are maximized, while Fe® precipitation as iron hydroxide is inhibited. This ensures
efficient -OH generation and reaction rates. When pH exceeds 4.0, Fe?/Fe3* tends to hy-
drolyze in near-neutral or alkaline environments, forming Fe(OH)2/Fe(OH)s precipitates.
Consequently, the concentration of active iron in solution decreases, and the radical gen-
eration rate drops significantly [46]. Under alkaline conditions, H202 undergoes non-rad-
ical catalytic decomposition to produce Oz and H20 (2H20: — O2 + 2H20), wasting the
oxidant [47]. When pH falls below 2.0, Fe?* may combine with excess H* to form stable
complexes (Fe(H20)¢*), reducing its reactivity with H2O2 [48]. Excessively high H* con-
centrations promote side reactions that consume -OH. At extremely low pH, the excessive
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stability of H202 makes its O-O bond difficult to cleave catalytically by Fe?, leading to a
decline in radical yield [49]. In practical applications, the need to add large amounts of
acid for pH adjustment and subsequent neutralization to a neutral level before discharge
significantly increases chemical costs and sludge production. This pH sensitivity is a crit-
ical bottleneck. Even minor fluctuations in influent pH can cause drastic performance
drops, making the process unreliable for wastewater streams with variable acidity. More-
over, the energy and chemical footprint of pH adjustment is often underestimated in la-
boratory studies.

(ii) Generation of substantial iron sludge. This is the second major drawback. Ap-
proximately 3-5 kg of iron sludge (dry weight) is produced per ton of treated wastewater
[50,51]. This sludge readily adsorbs heavy metals and toxic organic compounds, posing a
risk of secondary contamination to soil and water bodies if not handled properly [52].
Furthermore, sludge accumulation can clog pipelines and reduce reaction efficiency. Eco-
nomically, the costs of dewatering, transportation, and specialized disposal significantly
increase operational expenses. If the sludge is classified as hazardous waste, disposal costs
rise even further, typically accounting for 15-30% of the total process cost [53]. These fac-
tors critically limit the large-scale application of the technology. It is worth noting that
sludge management is not merely a cost issue but also an environmental liability. The
potential leaching of adsorbed contaminants from improperly disposed sludge can offset
the treatment benefits, raising questions about the overall sustainability of the homogene-
ous Fenton process.

(iii) Low H20O2 utilization efficiency. Research indicates that approximately 30-50%
of the added H20: undergoes non-productive decomposition, primarily via non-radical
pathways, rather than contributing to the generation of -OH [54-56]. This inefficient con-
sumption reduces the oxidative capacity available for pollutant degradation. It also in-
creases operational costs due to wasteful chemical use. Moreover, factors such as inappro-
priate pH, high iron concentrations, or the presence of scavengers can exacerbate prema-
ture H202 decomposition, further constraining the economic and practical viability of the
process [57]. This low efficiency is particularly problematic because H20: is often the most
expensive reagent in the process. The reported 30-50% loss is likely a conservative esti-
mate under real wastewater conditions, where competing reactions are more severe. Con-
sequently, the actual cost per unit of pollutant removal can be substantially higher than
theoretical predictions.

(iv) Interference from common anions. In the classical homogeneous Fenton process,
anions widely present in wastewater, such as CI- and HCOs™ ions, compete with -OH
through radical scavenging mechanisms. They generate reaction intermediates with lower
oxidation potentials (Cl-, COs-) [15,52,58]. This significantly reduces the degradation ki-
netics and mineralization efficiency of target pollutants. Such interference not only leads
to unproductive consumption of HO2 (approximately 30-50% of H20: is decomposed in-
efficiently as a result), but also forces the system to increase oxidant dosage to maintain
treatment effectiveness, thereby raising operational costs and secondary pollution risks
[56]. Furthermore, the complexation of anions with iron catalysts may alter the structure
of active sites, further limiting the engineering applicability of the process under complex
water quality conditions. The impact of anions is often overlooked in simplified labora-
tory studies using deionized water. In real wastewater, the combined effect of multiple
anions can be synergistic, leading to even greater inhibition. This makes the homogeneous
Fenton process particularly unsuitable for saline or high-alkalinity waste streams without
extensive pretreatment.

Despite these constraints, the homogeneous Fenton process remains a cornerstone
technology, providing a critical mechanistic foundation. To overcome these inherent lim-
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itations, particularly concerning pH sensitivity and sludge generation, research has in-
creasingly shifted towards heterogeneous Fenton systems, which immobilize iron cata-
lysts on solid supports. This transition aims to enhance operational flexibility, catalyst re-
usability, and overall process sustainability for practical wastewater treatment applica-
tions.

4. Modified Homogeneous Fenton Process

To overcome the inherent limitations of classical homogeneous Fenton processes, re-
search focus has gradually shifted toward targeted modification and optimization of con-
ventional systems, leading to the development of modified homogeneous Fenton pro-
cesses (Figure 3) [59]. While retaining the core advantages of homogeneous systems, in-
cluding rapid reaction kinetics and high ‘OH, these improved processes aim to broaden
the operational pH range, suppress iron sludge formation, enhance oxidant utilization
efficiency, and strengthen the system’s resistance to complex water matrix interference.
Based on energy input modes and reaction mechanisms, these advanced processes in-
clude Photo-Fenton, Electro-Fenton, Sono—electro-Fenton, Magnetic Fenton, as well as
coupled configurations of these technologies [60-65].

Modified Homogeneous Fenton process
° Photo-Fenton Process Magnetic-Fenton Process

Hybrid Fenton Process
Electro-Fenton Process
> Photo-electro-Fenton

# Sono-electro-Fenton

» Photo-magnetic Fenton
Sono-Fenton Process
% Electro-magnetic Fenton process

Figure 3. Common Modified Homogeneous Fenton Processes.

4.1. Photo-Fenton Process

The homogeneous photo-Fenton process achieves sustained and efficient generation
of -OH through the synergistic interaction of UV or visible light (wavelengths below 450
nm) and Fenton reagents [66,67]. Its mechanism involves two key pathways: First, the
traditional Fenton reaction in which Fe?* catalyzes the decomposition of H20: to produce
‘OH (Fe? + H202 — Fe?* + -OH + OH). Second, the photochemical cycle pathway, wherein
UV light both directly photolyzes H20: to generate -OH (H202 + hv — 2-OH) and promotes
the reduction of Fe3* to Fe?* (Fe3* + H20:z + hv — Fe?* + -OOH + H*) [68]. This dual mecha-
nism breaks the kinetic limitations of the iron cycle in traditional Fenton systems, signifi-
cantly enhancing oxidation efficiency. As a result, the process demonstrates excellent
broad-spectrum degradation capability for various structurally complex refractory or-
ganic compounds (e.g., antibiotics, dye intermediates, PAHs), while maintaining activity
over a relatively wide pH range (2-8) [69,70]. This substantially reduces the operational
costs and environmental risks associated with strong acid adjustment.

However, the industrial application of this process still faces challenges related to
multi-scale coupling complexity and energy efficiency bottlenecks [18,71]. At the mi-
croscale reaction level, iron ions in the homogeneous system readily form complexes with
coexisting anions in wastewater (Cl-, COs>, PO+") or undergo quenching reactions (Cl- +
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‘OH — Cl- + OH"), which not only reduce the utilization efficiency of radicals but may also
generate more toxic halogenated by-products [72]. At the macroscale engineering level,
the limitations are prominently manifested in: (i) the strong coupling between light energy
transfer efficiency and wastewater physicochemical properties, where high turbidity and
high chromaticity severely attenuate light radiation intensity, leading to “optical dead
zones” within the reactor and forcing reliance on energy-intensive artificial UV sources;
(ii) the challenge of secondary pollution and resource recovery from iron sludge, as the
post-reaction addition of alkaline agents to precipitate soluble iron generates large quan-
tities of iron-containing sludge, with disposal costs accounting for approximately 15-30%
of total operational expenses; and (iii) the optimization dilemma of reagent dosing, where
excessive H202 addition triggers radical scavenging effects (H20: + -OH — H20 + -OOH),
while insufficient dosing leads to stagnation of the iron cycle, making dynamic and precise
control difficult under fluctuating real-world water quality conditions [53,73]. It should
be noted that the claimed pH range of 2-8 is often based on lab-scale studies using syn-
thetic wastewater; in real industrial effluents containing high concentrations of competing
anions or organic ligands, the effective pH window may be considerably narrower, and
the reported degradation efficiencies may not be directly transferable. Current research is
seeking breakthroughs through multi-technology integration strategies, such as develop-
ing solar-focused photo-Fenton hybrid systems to reduce energy consumption, construct-
ing iron-organic acid complexation systems to broaden the applicable pH range and in-
hibit iron precipitation, and coupling electrochemical assistance to achieve in situ regen-
eration of iron ions and electrosynthesis of H202 [74-76]. These efforts aim to advance the
process toward efficient, low-carbon industrial applications.

4.2. Electro-Fenton Process

The electro-Fenton process represents an innovative and synergistic integration of
electrochemistry and Fenton chemistry, holding significant promise for the degradation
of refractory organic pollutants in industrial wastewater [77,78]. Its core mechanism relies
on the in situ and continuous supply of the two essential reagents: H20: is generated at
the cathode (a carbon-based gas diffusion electrode) through the two-electron oxygen re-
duction reaction (O2 + 2H* + 2e- — H202), while the catalytic Fe?* is regenerated from Fe3*
via cathodic reduction (Fe* + e- — Fe?) [79]. This coupling establishes a self-sustaining
cycle that drives the classical Fenton reaction (Fe?* + H202 — Fe3* + -OH + OH-), enabling
efficient and on-demand production of -OH, the primary oxidizing agent [78].

The key advantages of this process for industrial applications include a substantial
reduction in chemical consumption and iron sludge production (by 40-70%), a broader
operational pH range, and enhanced process controllability through current/voltage reg-
ulation [78,80,81]. However, its practical implementation faces notable limitations. High
energy consumption (typically 30-100 kWh/kg COD), associated with overpotentials and
competing reactions, alongside the cost and durability of specialized electrodes, remain
primary economic constraints. Furthermore, challenges in reactor scale-up—concerning
uniform mass transfer, current distribution, and adaptability to complex wastewater ma-
trices containing radical scavengers (Cl-, COs?") —must be addressed to advance the tech-
nology from laboratory and pilot-scale studies to full-scale industrial adoption [81,82].
The reported energy consumption range is quite broad, and many studies fail to account
for the energy required for aeration or pumping, which can significantly increase the total
energy footprint. Moreover, the long-term stability of carbon-based gas diffusion elec-
trodes under real wastewater conditions—especially in the presence of fouling agents—
remains inadequately documented, raising concerns about maintenance costs and opera-
tional reliability.
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4.3. Sono-Fenton Process

The sono-Fenton process constitutes a cutting-edge advanced oxidation technology
that synergistically couples ultrasonic irradiation with the classical Fenton reaction
(Fe*/H20) to tackle industrial wastewater challenges [63,83]. Its underlying mechanism
is driven by the amplified generation of -OH: ultrasonic cavitation not only induces the
direct pyrolysis of water molecules into ‘OH but also accelerates H202 decomposition and
facilitates the Fe?*/Fe* redox cycle, thereby significantly boosting radical yield [65]. More-
over, the micro-jets and shockwaves generated by cavitation dramatically enhance mass
transfer and reactant dispersion, ensuring optimal contact between pollutants and reac-
tive species. This process has proven highly effective in degrading recalcitrant organic
contaminants in industrial effluents—such as phenolic compounds, dyes, pharmaceuti-
cals, and pesticides—often achieving mineralization rates exceeding 80% under optimized
conditions [84,85].

The primary merits of this technology encompass exceptional oxidation efficiency, a
substantially broader operational pH window (3-8) compared to conventional Fenton sys-
tems, and a marked reduction in iron sludge production owing to intensified iron cycling
[86,87]. Nevertheless, its large-scale implementation is constrained by notable challenges.
The substantial energy demand of ultrasonic generators presents a major economic hur-
dle, while the persistent cavitation poses engineering risks, such as the erosion of reactor
components. Furthermore, complex industrial wastewater matrices containing high con-
centrations of radical scavengers or suspended particulates can severely attenuate ultra-
sonic propagation and quench active radicals, thereby compromising treatment efficacy
[88]. It is worth noting that the reported mineralization rates are often obtained under
idealized lab conditions (low pollutant concentrations, short treatment times, and con-
trolled pH). In real industrial effluents with high organic loads or suspended solids, cavi-
tation efficiency drops sharply, and the energy cost per unit of pollutant removed can
become prohibitively high. Additionally, the long-term effects of cavitation on electrode
and reactor materials are rarely quantified in a systematic way. Consequently, future re-
search is pivoting towards the development of energy-efficient pulsed-ultrasound strate-
gies, the design of robust sonocatalytic materials, and the optimization of hybrid systems
to achieve scalable and cost-effective wastewater remediation [89].

4.4. Magnetic Fenton Process

The Magnetic Fenton process is an innovative AOP that modulates Fenton reaction
kinetics through externally applied magnetic fields [90]. Its fundamental mechanism relies
on the synergistic effect between magnetic catalysts (FesOs/y-Fe2Os) and the magnetic
field: on the one hand, the Lorentz force accelerates the redox cycling of Fe3"/Fe?*, enhanc-
ing the reduction efficiency of Fe¥ by 3-5 times, thereby enabling continuous and efficient
generation of -OH; on the other hand, magnetic gradient forces significantly improve mi-
cro-mixing within the reaction system, increasing mass transfer coefficients by 40-80%
and ensuring sufficient contact between pollutants and reactive species [91,92]. Key ad-
vantages of this process include efficient magnetic separation and recovery of catalysts
(>95%), a reaction rate 2-4 times higher than that of conventional Fenton systems, a
broader operational pH range (3-8), and a 30-50% reduction in iron sludge production
[93]. However, its application faces technical challenges such as high energy consumption
in high-gradient magnetic separation systems (>10 kW/m3), susceptibility to surface pas-
sivation of magnetic catalysts, and interference from paramagnetic substances in complex
aqueous matrices [94]. The claimed enhancement factors (3-5 times for Fe* reduction, 40—
80% for mass transfer) are typically derived from idealized bench-scale experiments with
well-defined magnetic field configurations. In practice, the spatial inhomogeneity of mag-
netic fields in larger reactors can lead to uneven catalyst distribution and reduced overall
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performance. Moreover, the long-term stability of magnetic nanoparticles under continu-
ous operation—especially against aggregation and leaching—remains a critical concern
that is often glossed over in proof-of-concept studies.

In the field of industrial wastewater treatment, the Magnetic Fenton process demon-
strates significant potential for degrading recalcitrant organic pollutants. It has been suc-
cessfully applied to treat antibiotics in pharmaceutical wastewater, persistent organic pol-
lutants in chemical industrial effluents, and various dyes in textile dyeing wastewater,
achieving mineralization rates exceeding 80% under optimized conditions [95,96]. The
technology also shows promising performance in the advanced treatment of high-salinity
oil and gas produced water and complex landfill leachate [97,98]. Currently, to advance
its large-scale application, research efforts are focusing on developing low-energy pulsed
magnetic field systems, designing anti-passivation core-shell structured magnetic cata-
lysts, and constructing hybrid processes such as magneto-electrochemical integration,
aiming to further address economic and stability challenges in engineering scale-up [99].

4.5. Hybrid Fenton Process

While the aforementioned Fenton-based processes exhibit distinct advantages in spe-
cific wastewater treatment scenarios, they still face challenges such as efficiency limita-
tions, high energy consumption, and stringent operational conditions. To further over-
come these technical bottlenecks, recent research has focused on integrating multiple pro-
cesses to establish synergistic enhancement systems. Examples include photo-electro-Fen-
ton, sono—electro-Fenton, photo-magnetic Fenton, and electro-magnetic Fenton coupling
processes, which have demonstrated notable potential in the advanced treatment of com-
plex industrial wastewater.

Li et al. investigated the degradation of Rhodamine B (RhB) in wastewater using al-
loyed snowflake-shaped Pt-modified Cu20 nanoclusters as a photo-electro-Fenton cata-
lyst under near-infrared irradiation (808 nm, 2.0 W-cm2, 5 min) coupled with a direct-
current electric field (110 V, 50 Hz, Cv £ 1 mvrms, CC <5 mARms). The treatment achieved
a degradation efficiency of 96.13% within 2 h. The catalyst also exhibited excellent reusa-
bility and minimal environmental toxicity, demonstrating its promising potential for the
remediation of organic pollutants in wastewater [100]. Ghjeer et al. developed an innova-
tive hybrid Sono-Electro-Fenton process entirely powered by photovoltaic energy for the
treatment of hospital wastewater. Under optimized conditions—44.53 min reaction time,
15 mA/cm? current density, and 100 W ultrasonic power—the process achieved removal
efficiencies of 97.52% for COD, 96.667% for phenol, and 95.652% for turbidity, with a spe-
cific energy consumption of 2.38 kWh/kg COD. These results demonstrate an economical
and environmentally friendly approach for the efficient degradation of hospital
wastewater [101]. Zhang et al. integrated the photo-Fenton process with a magnetic
MXene—porous polydopamine catalyst for the degradation of methylene blue. The results
demonstrated that 99.89% removal of methylene blue was achieved within 30 min, and
the catalyst retained over 53% degradation efficiency after 10 consecutive cycles. These
findings indicate that the photo-Fenton process coupled with the magnetic catalyst exhib-
its excellent performance in the treatment of actual wastewater [102]. Wang et al. applied
a copper-doped magnetic graphene oxide catalyst in an electro-Fenton process to treat
palm oil mill effluent. The results showed that removal efficiencies of 89% for COD and
48.1% for total organic carbon (TOC) were achieved within 90 min, demonstrating effec-
tive pollutant degradation under controllable energy consumption. Moreover, the process
was able to reduce treatment costs, indicating that the magnetically coupled Fenton pro-
cess is a promising alternative for high-strength wastewater treatment [103]. The afore-
mentioned studies demonstrate that multi-technology coupled Fenton processes exhibit
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significant advantages in the treatment of industrial wastewater, offering a promising so-
lution for the efficient and cost-effective remediation of refractory industrial effluents.
While these hybrid processes show impressive removal efficiencies, it is important to rec-
ognize that many of these studies are conducted under highly controlled conditions with
synthetic or spiked wastewater. The synergistic benefits claimed often lack rigorous quan-
tification against the sum of individual processes, and the additional complexity and cap-
ital cost of integrating multiple energy inputs (light, ultrasound, electric field) may offset
the performance gains in real-world applications. Furthermore, the long-term operational
stability and maintenance requirements of such multi-field systems remain largely unex-
plored.

5. Heterogeneous Fenton Process

The heterogeneous Fenton oxidation system exhibits superior performance com-
pared to conventional homogeneous processes, as evidenced by the chemical reactions
shown in Equations (7)—-(13) [32,104]. This advanced technology utilizes immobilized iron-
based catalysts that effectively overcome the pH limitations inherent in traditional Fenton
systems, with certain modified catalyst formulations demonstrating exceptional stability
even under near-neutral pH conditions [105]. This process effectively suppresses the inef-
fective decomposition of H20: through surface coordination mechanisms, thereby im-
proving its utilization efficiency while substantially reducing iron sludge production and
enabling catalyst recycling [106]. The design of structured catalysts (membrane reactors,
fixed beds) further facilitates continuous-flow operation, enhancing its engineering ap-
plicability [107].

Fe3* + H202 — Fe* + HO2 + H* (k = 10-3-102 L-mol!-s?, AG = 22.2 k]J/mol) (7)
Fe? + H.02 — Fe3* + OH- + -OH (k = 40-80 L-mols1, AG = -28.5 kJ/mol) 8)
‘OH + R — CO2 + H20 + LMWAS (k = 10°-10% L-mol-s7, AG =-200 kJ/mol) (9)
Fe3 + e~ — Fe? (k= 10°-10¢ L-mols7!, AG = -74.3 kJ/mol) (10)

Cu* + H202 — Cu? + -OH + OH- (k = 103-10* L-mol s, AG = -21.9 kJ/mol) (11)
H202 +OH — HO2 + H20 (k=2.7 x 107 L-mol-s™, AG = -20 kJ/mol) (12)

Fe?* + O2 — Fe3* + Oz~ (k = 103102 L-mol"-s71, AG = 30 kJ/mol) (13)

In recent years, research on heterogeneous Fenton processes for industrial
wastewater treatment has primarily focused on: (i) the development of novel, efficient,
and stable heterogeneous catalysts aimed at enhancing active site density, improving
H20: activation efficiency, and suppressing metal ion leaching [36,108,109]; (ii) the intro-
duction of external energy fields or integration with other technologies to overcome mass
transfer limitations and achieve process intensification with optimized energy consump-
tion [110,111]; and (iii) a shift from treating synthetic wastewater to treating complex real
industrial effluents, with the goal of evaluating the applicability and robustness of the
process under practical conditions [112,113].

Early research on heterogeneous Fenton catalysts primarily focused on natural iron-
containing minerals (goethite, hematite) or simple supported iron-based materials (Fe/ac-
tivated carbon), which aimed to validate the feasibility of heterogeneous systems [114-
116]. However, these catalysts suffered from limited active sites, severe metal leaching,
and a narrow effective pH range. Subsequently, structurally well-defined synthetic metal
oxides (nano-FesOs) achieved enhanced catalytic activity through controlled synthesis,
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and the introduction of magnetic recovery significantly promoted the practical application
of the process [117]. Nevertheless, challenges such as activity inhibition under neutral
conditions and metal leaching persisted. In the 2010s, research shifted toward modified,
composite, and multi-metal catalysts. Strategies such as doping, constructing heterojunc-
tions (g-CsN4/Fe20s), or leveraging bimetallic synergistic effects (Fe-Cu) were employed
to optimize electronic structures and interfacial properties [106,118]. These advancements
not only improved H20: utilization efficiency but also drew attention to the contribution
of non-radical pathways.

In recent years, nonradical pathways have emerged as a key frontier in Fenton-like
processes, offering significant advantages over traditional radical mechanisms, including
higher selectivity, less interference from background water matrices, and lower oxidant
consumption. The most widely studied nonradical pathways include singlet oxygen gen-
eration and surface-mediated electron transfer. Singlet oxygen is typically produced via
the decomposition of peroxymonosulfate or hydrogen peroxide over metal-doped carbon
catalysts, where the catalyst surface promotes energy transfer rather than radical for-
mation [119]. On the other hand, surface-mediated electron transfer involves the direct
oxidation of organic pollutants at the catalyst-oxidant interface without releasing free rad-
icals, usually driven by the formation of high-valent metal-oxygen species or electron-
deficient carbon surfaces [120]. The selectivity of these nonradical pathways can be tai-
lored by modulating catalyst properties such as defect density, metal coordination envi-
ronment, and heteroatom doping [121]. For example, nitrogen-doped carbon nanotubes
have been demonstrated to preferentially generate 'Oz, thereby efficiently degrading elec-
tron-rich pollutants such as phenols and dyes [122]. Concurrently, catalyst design has en-
tered a new stage characterized by atomic-level dispersion and structural engineering
[123]. Single-atom catalysts (Fe-N—C) maximize atom utilization efficiency and provide
uniform active sites; metal-free carbon catalysts aim to fundamentally eliminate metal
leaching; and structured catalysts (active layers coated on nickel foam or ceramic mem-
branes) facilitate the transition from powder to engineered components, matching practi-
cal applications such as continuous-flow reactors [124-126]. Despite the promising pro-
spects, challenges remain in the in situ identification of reactive species and in understand-
ing the interplay between radical and nonradical pathways under real wastewater condi-
tions [127]. Future research should focus on developing advanced characterization tools
(e.g., in situ Raman spectroscopy, electron paramagnetic resonance) and integrating non-
radical Fenton-like processes with renewable energy sources to enhance sustainability.

The enhanced heterogeneous Fenton process has evolved from a single chemical ox-
idation system reliant on H20: to an integrated multi-field coupled system [128,129]. By
introducing electrochemical assistance, an electro-Fenton system is constructed, enabling
the continuous in situ generation of H20: and iron cycling, which significantly improves
the removal efficiency of recalcitrant organic pollutants (dyes, pharmaceutical intermedi-
ates) [99,130,131]. Coupling with ultrasonic cavitation or UV/visible light irradiation
forms synergistic “sono-Fenton” or “photo-Fenton” processes, utilizing physical effects to
enhance mass transfer, promote the generation of reactive species, and broaden the appli-
cable pH range [84,85]. Concurrently, mechanistic studies of the process have deepened,
with the regulation of non-radical-dominated pathways (singlet oxygen, surface-medi-
ated electron transfer) enhancing resistance to interference in complex water matrices
(high salinity, high organic content) and enabling selective oxidation of target pollutants
[132,133]. For engineering applications, the research focus has shifted toward intelligent
process control, dynamically optimizing reaction conditions based on real-time water
quality parameters, and integrating with biological treatment, membrane separation, and
other units to form efficient and stable combined processes [134,135]. Furthermore, the
“waste treats waste” strategy utilizing solid wastes (red mud, acid pickling waste liquid)
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as iron sources, along with full life-cycle environmental and economic assessments, fur-
ther drives the technology toward low-carbon and sustainable development [41,130,136].

In recent years, heterogeneous Fenton processes have moved from laboratory-scale
ideal systems to practical applications in complex real wastewater matrices [137]. The
main challenges remain the synergistic optimization of adaptability to actual water qual-
ity, process stability, and engineering economic feasibility. For example, when treating
printing and dyeing wastewater, high concentrations of dyes, auxiliaries, and salts se-
verely inhibit the efficiency of conventional homogeneous Fenton processes [32,77]. To
address this, magnetic FesOs@carbon core-shell catalysts have been developed. These cat-
alysts enable rapid magnetic separation and recovery after reaction, while the hydropho-
bic carbon layer effectively shields against Cl- poisoning, significantly enhancing decolor-
ization efficiency over a broad pH range [49,138]. Current research frontiers focus on in-
telligent control systems that use online monitoring of key parameters to adjust H2O2 dos-
age and pH in real time, thereby coping with fluctuations in wastewater quality. Mean-
while, life cycle assessment is employed to quantify the environmental footprint, driving
the technology from “efficient degradation” toward “low-carbon integration” [139]. No-
tably, recent mechanistic studies have revealed the critical role of non-radical-dominated
pathways in complex water matrices. By designing catalysts with specific structures, se-
lective oxidation of pollutants can be achieved, offering more targeted support for up-
grading and stable operation of industrial wastewater treatment plants.

However, several critical issues remain. First, the long-term stability and reusability
of core-shell catalysts under real wastewater conditions are still insufficiently docu-
mented; catalyst deactivation due to surface fouling or structural degradation may offset
the benefits of magnetic recovery. Second, the economic cost of synthesizing such
nanostructured catalysts, especially at industrial scale, is rarely addressed in current stud-
ies. Third, while non-radical pathways show promise for selective oxidation, their reaction
rates are often lower than those of radical pathways, and the byproducts formed may be
more toxic or recalcitrant. Finally, intelligent control systems rely heavily on accurate and
robust sensors, which are still expensive and prone to fouling in harsh wastewater envi-
ronments. These limitations highlight the gap between laboratory breakthroughs and re-
liable, cost-effective full-scale implementation.

6. Application of Fenton Process in Industrial Wastewater Treatment

With the continuous increase in industrial wastewater discharge containing high
concentrations of refractory organic pollutants, conventional biological treatment technol-
ogies often exhibit significant limitations in removing such contaminants [140,141].
Wastewaters from textile, dyeing, pharmaceutical, and petrochemical industries typically
contain complex organic compounds—such as benzene derivatives, halogenated hydro-
carbons, and dye intermediates—which present severe environmental challenges due to
their toxicity and resistance to biodegradation [142,143]. Against this backdrop, the Fen-
ton process has attracted growing attention due to its remarkable effectiveness in treating
complex industrial wastewater. Table 1 summarizes representative applications of Fen-
ton-based processes in industrial wastewater treatment.

Table 1. Applications of various Fenton-based processes in industrial wastewater treatment.

Kinds of Treatment Scale Oper-at'mg Parameters Removal Reference
Wastewater Process Conditions
Lab [Fe?] = 834 mg/L COD 899,
Textile Dyeing Homogeneous Borosilicate glass ~ [H202] = 6078 TOC ’
75% [144]
Wastewater Fenton reactor mg/L Total Suspended 96
Real wastewater pH=2.0 Solids (TSS) ’
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250 mL Time =180 min
T=20°C
Electrocoagu- Lab [Fe?] =4 g/L oD
Textile Dyeing . " Fgen Beaker [H202] = 40 mg/L 5-day Biochemi- 94% (145)
Wastewater ton Real wastewater ~ pH=23.0,6.0 cal Oxygen De- 92%
300 mL Time=60 min  mand (BODs)
[Fe?] = 66.5
Lab mg/Lg/L
Textile Dvein Photo-Fenton Cylindrical Pyrex [H20:]=1518 COD 97%
Wastew};terg coupled to  thermostatic cell mg/L TOC 95% [146]
SBR real wastewater pH=27,6.0 E. coli 100%
2000 mL Time =200 min
T=25°C
[FesOs-rGO] = 300
Heterogeneous
Fenton Lab mg/L. 68.70%
Pharmaceutical nd versulfat Beaker [H202] =150 TOC Fluct .tin OV " [147]
Wastewater axi dpfi I‘: j ¢ Real wastewater mmol COD . uetli nf a
© :es‘;esp © 300 mL pH=3.0 ano
Time =180 min
Lab Current density =
Plexiglass reactor 20 mA/em?
o1 - 2o .
Pharmaceutical Electro-Fenton Real MNZ phar- [Fe?] = 580870 Metronidazole 96.90 + 1.20%
Wastewater rocess maceutical mg/L (MNZ) 86-90% [148]
p [H:02] =33 + 0.3 COD
wastewater o/L
400 mL Time = 30 min
Lab [H20:2] = 680 mg/L
Pharmaceutical Pyl;te Hse;elf__ R;ai;:asteg;z(a’;er [CGHEI?;]L: 192 TOC 86-90% [149]
Wastewater 00 oo 1C yrite packe M Diclofenac 100%
ton process column [Pyrite] =25 g
250 mL pH=4.0
Lab Mass H202/COD =
Electroplatin Alkalization, Beaker 2.0 COD 93.0%
OPIHNE  penton, and a MolarFe?/H:0:=  NHs-N 97.2% [150]
Wastewater L. Real wastewater .
chlorination 1.11 Ni 99.9%
100 mL . .
Time = 60 min
Current density =
2
Lab 59.7 mA/cm
Cylindrical glass pH =267
Petrochemical Electro-Fenton & [H202] =1.23 COD 67.3%
cell [151]
wastewater process mL/L Color 71.58%
Real wastewater
400 mL Molar H202/Fe? =
m 1.23
Time =73 min
Lab [Fe?] = 4 mmol/L
. Coagula- o
Papermaking tion/Fenton Real wastewater [H202] =4 mmol/L COD 86.50% [152]
wastewater Process Beaker pH=3.0 Color >95%
© 1000 mL Time = 30 min
Bipolar mem- Real wl;zlt)ewater M[oIiIz:f) 12—1 2)1/153%2];* = cOb 92.5%
Landfill leachate T = TOC 83.2% [153]
brane Beaker 4 L 97 19
1000 mL pH=3.0 o
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-electrodialysis Time = 90 min

and Fenton ox-

idation

6.1. Textile Dyeing Wastewater

Textile dyeing wastewater is characterized by complex composition, containing high
concentrations of recalcitrant synthetic dyes (azo and anthraquinone dyes), substantial
amounts of auxiliary chemicals, and heavy metals [146]. It exhibits poor biodegradability
(BODs/COD < 0.2), along with strong acidity/alkalinity (pH 2-12), high salinity (5-20 g/L
NaCl), and significant temperature fluctuations (40-70 °C) [154]. The presence of toxic
compounds such as aniline derivatives and halogenated hydrocarbons poses severe eco-
logical risks, making the treatment of this wastewater particularly challenging [155].

Dobrosz-Gdémez et al. successfully applied the Fenton—Neutralization process to treat
textile wastewater highly contaminated with Acid Black 194 (AB194) dye. Under opti-
mized operating conditions (Fenton stage: [Fe?*] = 834 mg/L, [H202] = 6078 mg/L, pH =2.0;
Neutralization stage: 2.05 g/L slaked lime), the treatment achieved remarkable removal
efficiencies of 89% for COD and 75% for TOC, along with near-complete decolorization
(>99%). The treated effluent exhibited significantly reduced acute toxicity, as evidenced
by the increased lethal concentration 50% value for Artemia salina from 15 mg/L to 170
mg/L. Molecular weight distribution analysis confirmed effective degradation of high-
molecular-weight pollutants, demonstrating the process’s capability for industrial textile
wastewater treatment [144]. A. Kothai et al. experimentally investigated the hybrid elec-
trocoagulation (EC) and Fenton process for textile wastewater treatment. The study em-
ployed aluminum electrode-based EC (8-16 V) coupled with Fenton’s reagent (Fe?/H20:
ratios ranging from 3 g + 30 mL to 5 g + 50 mL). Results demonstrated that under optimal
conditions (EC at 14 V for 60 min; AOP with 4 g Fe?* + 40 mL H20z), the removal efficiencies
reached 82% and 86% for COD, 92% for BOD, and up to 96% for chroma. This research
quantitatively revealed the significant impacts of voltage and reagent dosage on treatment
performance, providing a validated dual-process technical solution for textile effluent re-
mediation [145]. However, this study did not address electrode passivation issues, and
the consumption of aluminum electrodes may introduce secondary pollution, requiring
further verification of long-term economic viability.

6.2. Pharmaceutical Wastewater

Pharmaceutical wastewater demonstrates notable ecological risk characteristics de-
rived from residual raw materials, intermediate products, and by-products generated
during manufacturing processes [156]. This wastewater typically contains high concen-
trations of refractory organic compounds, including residual active pharmaceutical ingre-
dients, organic solvents, and synthetic intermediates, resulting in poor biodegradability
[157,158]. The water quality parameters exhibit extreme fluctuations, potentially combin-
ing strongly acidic cleaning wastewater with highly alkaline extraction waste streams.
Particularly concerning is the persistent stress exerted on aquatic ecosystems by residual
antimicrobial agents, while the hypersalinity may disrupt microbial community struc-
tures in treatment systems [159]. To address these characteristics, modern treatment ap-
proaches generally require integration of multi-stage physicochemical processes with en-
hanced biological technologies to achieve compliant discharge standards [160].

Scaria et al. conducted a systematic comparison between -OH-based and sulfate rad-
ical-based AOPs for pharmaceutical wastewater pretreatment, with particular focus on
heterogeneous Fenton (FesOs-rGO/H202) and persulfate activation (FesOs-rGO/PS) sys-
tems [147]. Key findings demonstrate that under optimal conditions (pH 3, 300 mg/L cat-
alyst + 150 mM H202), the heterogeneous Fenton process achieved 68.7% TOC removal
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within 180 min, while maintaining 64.6% efficiency at the wastewater’s natural pH (6.75).
In contrast, the persulfate system (400 mg/L catalyst + 5 mM PS) showed pH-dependent
performance —reaching 59.5% TOC removal at pH 3 but declining sharply to 20.8% under
neutral pH conditions [147]. Notably, Fenton treatment induced significant accumulation
of inorganic salts, necessitating subsequent polishing steps. This study provides critical
operational guidance for selecting pretreatment technologies for high-organic-load phar-
maceutical wastewater, particularly highlighting the pH-adaptability advantages of het-
erogeneous Fenton systems for industrial applications.

Liao et al. developed an innovative pulsed switching peroxi-coagulation coupled
with electro-Fenton process for treating Metronidazole (MNZ)— containing pharmaceuti-
cal wastewater [148]. The experimental results demonstrated that under optimal opera-
tional parameters (pulse frequency 6 s:1 s, current density 20 mA/cm? H202 + 5 mA/cm?
Fe?"), the pulsed switching photoelectro-fenton coupled system achieved 96.9% degrada-
tion efficiency for synthetic wastewater containing 200 mg/L MNZ within 80 min, while
generating substantial -OH with a peak concentration of 321 pM [148]. Mechanistic inves-
tigation through LC-MS analysis identified seven intermediate products, elucidating the
degradation pathway involving sequential oxidation of hydroxyl/carboxyl groups and
imidazole ring cleavage [148]. This study presents a pH-robust solution for treating highly
toxic MNZ wastewater, with the pulsed operation strategy additionally achieving over
60% reduction in iron sludge production compared to conventional processes.

6.3. Electroplating Wastewater

Electroplating wastewater represents a typical highly toxic industrial effluent char-
acterized by elevated concentrations of heavy metal ions (Cr(VI), Cu(Il), Ni(Il), Zn(II)),
strong complexing agents (EDTA, citrate), and diverse organic additives [161]. This
wastewater typically exhibits strong acidity (pH 1-3), accompanied by high conductivity
(10-50 mS/cm) and COD (200-2000 mg/L) [162]. The stable existence of heavy metal-or-
ganic complexes in the wastewater renders conventional precipitation methods ineffec-
tive for treatment, with potential formation of bioaccumulative toxic intermediates [3,163].
Furthermore, electroplating wastewater demonstrates significant fluctuations in compo-
sition and contains additional contaminants such as cyanides and phosphates, posing
long-term ecological risks due to its complex and variable nature. Therefore, the applica-
tion of Fenton-based processes for electroplating wastewater treatment holds significant
positive implications for ecological security.

Liu et al. developed an integrated stepwise alkalization-Fenton—chlorination process
for simultaneous electroplating wastewater treatment and resource recovery [150]. The
study investigated a three-stage treatment scheme for wastewater collected from a Guang-
zhou electroplating plant (initial pH 1.1, containing Ag 624.9 mg/L, Ni 914.7 mg/L, etc.).
The process involved: (i) NaOH-mediated stepwise alkalization to pH 3 for selective re-
covery of high-purity (98.4%) Fe(POs)s precipitates; (ii) Ca(OH)2 adjustment to pH 9 for
synchronous removal of multiple heavy metals; and (iii) Fenton oxidation under opti-
mized conditions (H202/COD ratio = 2.0, Fe2*/H20: molar ratio = 1.11, pH 3) [150]. This
innovative approach synergistically combined fractional metal precipitation with ad-
vanced oxidation technologies, where the 2000 g centrifugation and Fe(POs)s reutilization
demonstrated significant engineering applicability. However, the process is cumbersome,
and repeated pH adjustment in actual operation may increase chemical costs. Moreover,
the degradation efficiency of residual complexes in the Fenton stage was not separately
evaluated, and the economic viability of resource recovery requires further calculation.

Beyond process innovation, various Fenton-like catalysts have been effectively ap-
plied in electroplating wastewater treatment. Song et al. developed a novel
Fe/Mn/Cu/tourmaline composite Fenton-like catalyst for treating simulated electroplating
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wastewater containing organic phosphonate scale inhibitors (HEDP) [164]. The catalyst,
prepared via the impregnation—calcination method, exhibited multi-metal synergistic ef-
fects, achieving 86.79% mineralization of HEDP under optimized conditions (pH 3.0, 4
mmol/L H20z, 2.4 g/L catalyst, 20 °C), with 93.71% phosphate recovery through ferric CI-
precipitation. Mechanistic studies confirmed -OH and superoxide radicals as the primary
reactive species. The catalyst maintained 63.2% TOC removal after six cycles and demon-
strated excellent adaptability to four classes of organic phosphorus pollutants [164]. This
technology provides a novel approach for advanced electroplating wastewater treatment
with simultaneous phosphorus resource recovery.

6.4. Petrochemical Wastewater

Petrochemical wastewater is typically characterized by high COD, elevated oil con-
tent, and significant pH fluctuations [165]. It contains typical pollutants including benzene
series compounds (15-300 mg/L), PAHs, phenols (20-800 mg/L), sulfides, and cyanides
[166,167]. Notably, this wastewater exhibits three distinctive features: (i) complex pollu-
tant composition containing over 200 organic compounds such as alkanes, alkenes, and
aromatic hydrocarbons; (ii) highly variable biodegradability (BODs/COD ratio of 0.2-0.6,
with some refinery wastewater showing ratios below 0.3) [168]; (iii) presence of character-
istic contaminants like acrylonitrile (1-50 mg/L) and naphthenic acids (30-400 mg/L) [169].
The total dissolved solids (TDS) concentration typically ranges from 2000 to 15,000 mg/L,
along with inorganic pollutants including heavy metals (Ni, Cr, Zn, etc.) and ammonia
nitrogen (30-600 mg/L) [170,171].

Ahmadi et al. investigated the treatment of high-salinity petrochemical wastewater
using an ultrasonically enhanced electro-Fenton (US/EF) process and its persulfate-acti-
vated hybrid system [172]. Under optimized conditions (pH 5.0, 1.2 V applied voltage, 300
W ultrasonic power, 2 cm electrode spacing), the US/EF process achieved 94.1% COD re-
moval within 210 min, while the persulfate ultrasonic electro-Fenton system (with 0.75
mM persulfate addition) reduced the reaction time to 120 min with 91.7% COD removal
efficiency. Mechanistic studies verified the synergistic action of -OH and sulfate radicals,
with GC-MS analysis demonstrating the conversion of recalcitrant PAHs into aliphatic
intermediates. Notably, the BODs/COD ratio increased from 0.13 to 0.41, indicating sig-
nificant improvement in wastewater biodegradability [172]. This study presents an en-
ergy-efficient solution for advanced petrochemical wastewater treatment while elucidat-
ing the catalytic enhancement mechanisms of multi-technology integration. However, the
ultrasonic energy consumption is relatively high (300 W), and the effects of electrode cor-
rosion and ultrasonic cavitation on catalyst lifespan were not evaluated, raising concerns
about economic feasibility in industrial scale-up.

In addition, the photo-assisted electro-Fenton (PAEF) process has also been investi-
gated for petrochemical wastewater treatment. Moattar et al. applied the PAEF process to
treat saline petrochemical wastewater, achieving 65.95% COD removal under optimized
conditions (pH 3, applied voltage of 3 V/cm, reaction time of 144.8 min, and initial COD
of 849.5 mg/L) [173]. GC-MS analysis revealed the degradation of dibenzocarbazole into
simpler intermediates such as phenylacetic acid, confirming the dominant role of -OH in
the process. This study pioneered the integration of UV irradiation with electro-Fenton
for actual petrochemical wastewater treatment, offering an energy-efficient (3 V/cm) and
secondary pollution-free solution for high-salinity refractory industrial wastewater [173].
However, further research is needed to address challenges in electrode material selection
and scale-up effects.

6.5. Papermaking Wastewater
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Papermaking wastewater demonstrates complex pollutant characteristics with sub-
stantial quality variations, typically containing high-concentration organic pollutants
(COD 1500-25,000 mg/L) and exhibiting poor biodegradability (BODs/COD = 0.15-0.40),
mainly originating from dissolved macromolecules like lignin and hemicellulose during
pulping processes [174]. The wastewater contains various characteristic contaminants in-
cluding chlorophenolic compounds and resin acids that inhibit biological treatment, along
with high concentrations of suspended fibers (SS 500-3000 mg/L) and intense color (800
5000 PCU) [175,176]. It shows extreme pH fluctuations (2-12) and may contain trace heavy
metals, with pulping black liquor reaching exceptionally high COD levels exceeding
100,000 mg/L [177,178]. This complex multiphase composition with high toxicity presents
significant challenges for conventional biological treatment processes. Therefore, it re-
quires the development of specialized pretreatment and advanced combined treatment
technologies.

Given the advantages of the Fenton process, it is commonly employed for treating
papermaking wastewater. Wang et al. demonstrated that the addition of iron sludge sig-
nificantly enhanced the anaerobic digestion efficiency of actual papermaking wastewater
[179]. Experimental results revealed that needle-like iron oxide (FeOOH) in iron sludge
acted as an efficient electron transfer medium, increasing the system’s electron transport
activity by 59%. Moreover, it enriched dissimilatory iron-reducing bacteria and hydrogen-
otrophic methanogens, thereby promoting the decomposition of refractory organics and
methane synthesis pathways. Under a sludge loading of 1.93 g COD/(g MLSS-d), the ad-
dition of 4 g iron sludge elevated the COD removal efficiency by 11.77% (reaching 77.17%),
boosted methane yield by 15.12%, and maximized the methane content in biogas by up to
15.2%. Microbial mechanism analysis indicated that iron sludge stimulated microorgan-
isms to secrete more coenzyme F420 while reducing charge transfer resistance, thereby
enhancing direct interspecies electron transfer [179]. This study provides a novel strategy
for synergistic optimization of iron sludge resource utilization and high-load refractory
wastewater treatment.

Although the strong oxidative properties of the Fenton process can be employed for
treating papermaking wastewater, it may potentially increase wastewater toxicity. Di et
al. systematically evaluated the detoxification efficiency and toxicity mechanisms of the
Fenton process for pulping wastewater treatment [180]. Their study found that while the
Fenton treatment reduced conventional indicators such as COD, it significantly increased
acute toxicity (the toxicity unit for luminescent bacteria rose from 2.76 to 5.12, and for Daph-
nia magna from 0.33 to 0.84). Zebrafish experiments further confirmed irreversible oxida-
tive damage. Toxicity identification evaluation combined with non-target screening re-
vealed that organic pollutants were the primary toxic contributors, with newly generated
pollutants such as trihexyl phosphate and elevated levels of existing pollutants like di-
hexyl phthalate being particularly critical. The toxicological priority index identified tri-
hexyl phosphate, dihexyl phthalate, and dinonyl phthalate as priority control pollutants
[180]. The study demonstrated that the oxidation of phenolic derivatives into toxic inter-
mediates during the Fenton process was the main cause of increased toxicity, challenging
the conventional view that advanced oxidation inevitably reduces toxicity.

To mitigate this specific risk, we recommend optimizing Fenton reaction parameters
(pH, H202/Fe?* ratio, and reaction time) to minimize the formation of toxic byproducts,
and coupling the process with post-treatment steps such as biological treatment or ad-
sorption to remove residual intermediates. Importantly, this phenomenon of increased
acute toxicity after Fenton treatment is not limited to papermaking wastewater; similar
observations have been reported in other wastewater types, including textile dyeing and
pharmaceutical wastewaters, where the generation of toxic intermediates during oxida-
tion has been documented [181,182]. Therefore, a separate emphasis on intermediate
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products and toxicity evaluation is warranted [154]. Current practice requires mandatory
monitoring of byproduct formation, especially halogenated organic compounds, which
are of particular concern due to their persistence and potential health risks. We suggest
that future studies and regulatory frameworks should place greater focus on the identifi-
cation and control of toxic intermediates in Fenton-based advanced oxidation processes.
These findings provide new insights for ecological risk control in industrial wastewater
advanced treatment.

6.6. Landfill Leachate

Landfill leachate, as a typical high-strength organic wastewater, exhibits distinctive
water quality characteristics including extremely high pollutant concentrations (COD
5000-80,000 mg/L, BODs/COD 0.4-0.6) and substantial dissolved organic matter [183,184].
Severe ammonia nitrogen pollution (500-3000 mg/L) leads to significant carbon-to-nitro-
gen ratio imbalance, while heavy metals such as zinc and lead are detected with concen-
trations decreasing as landfill age increases [33,185,186]. The leachate contains persistent
organic pollutants including phthalate esters and PAHs, posing potential environmental
and health risks [187]. The water quality shows systematic temporal variations —freshly
generated leachate is acidic and gradually becomes alkaline with prolonged landfilling
[188]. These unique characteristics present technical challenges in treatment processes,
such as biological toxicity inhibition and poor biodegradability. Consequently, specialized
combined treatment technologies are necessary.

Brito et al. proposed an innovative landfill leachate treatment process integrating
Fenton oxidation with two-stage membrane distillation, achieving dual objectives of am-
monia recovery and zero liquid discharge [189]. The primary stage employing polypro-
pylene hollow fiber membranes at pH 12 achieved 97.84% ammonia removal (79% recov-
ery rate), while the secondary stage using polytetrafluoroethylene flat-sheet membranes
at the optimal temperature of 55 °C produced high-purity permeate (99.33% COD re-
moval). For the membrane concentrate with 25-50% elevated organic content, optimized
Fenton parameters (Fe? 21.5 g/L, H202 80 mL) demonstrated 88.69% COD elimination
[189]. This integrated system not only addressed critical limitations of conventional Fen-
ton processes and membrane technologies, but also enhanced energy efficiency through
staged thermal utilization, thereby establishing a viable industrial pathway for resource-
oriented leachate management.

Li et al. developed an innovative heterogeneous chemo-electro-Fenton process using
iron oxide-loaded granular activated carbon for treating membrane-concentrated landfill
leachate [190]. The chemically catalyzed system achieved 93.9% COD removal and 80.2%
decolorization efficiency within 2 h under optimized conditions (pH 5, H202 30 mL/L, cat-
alyst 45 g/L) determined by orthogonal array testing. The electro-Fenton system demon-
strated superior performance at pH 6, 8 V applied voltage and 16.67 g/L catalyst loading,
attaining 95.7% COD, 99% color, and 94.9% total nitrogen removal after 4 h treatment,
with remarkably low energy consumption of 0.098 kWh/(g COD). Radical quenching tests
revealed distinct degradation mechanisms: -OH dominated in chemical systems, while
synergistic effects of ClIO- and -OH operated in electro-Fenton. This hybrid process breaks
the conventional Fenton’s pH limitation. It maintains >86% COD removal after 10 catalyst
reuses, and circumvents H20: transportation risks through cathodic in situ generation
[190]. Spectroscopic analyses confirmed efficient destruction of recalcitrant humic sub-
stances, establishing a technically and economically viable solution for mature compost
leachate valorization.
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7. Factors Influencing Fenton Processes

The Fenton process, as an efficient AOP, has been widely applied in industrial
wastewater treatment. Its treatment efficacy is influenced by multiple critical parameters,
including pH value, molar ratio of H20:2 to Fe?, reaction temperature, initial pollutant
concentration, and catalyst type [191]. These operational factors collectively govern the
generation rate and reactivity of -OH, thereby directly determining the oxidation effi-
ciency and operational costs of the Fenton process.

7.1.pH

The pH dependence of the Fenton process fundamentally manifests as a macroscopic
expression of dynamically regulated multiple chemical equilibria within its reaction sys-
tem [192]. From a thermodynamic perspective, pH values collectively determine catalytic
efficiency by influencing three key aspects: (i) the redox potential of iron species (stability
regions of Fe?*/Fe® in Eh-pH diagrams); (ii) the dissociation equilibrium of peroxide (H202
<« HO2 + H*, pKa = 11.6); (iii) the competitive reactions between -OH generation and
quenching (k = 3 x 10° Ms) [193]. Within the optimal pH window, these equilibria
achieve synergistic optimization: both the solubility product of Fe?* and the activation en-
ergy barrier of H2O2 (Ea = 35 kJ/mol) reside in favorable ranges, thereby sustaining effi-
cient radical chain reactions (-OH generation rate reaching 10-¢-10-5 M/s) [194]. When pH
> 4, the iron hydrolysis precipitation reaction (Fe + 3H20 — Fe(OH)3| + 3H*, AG =-27.6
kJ/mol) thermodynamically dominates, while under pH < 2 conditions, the strongly pro-
tonated environment drives the system away from optimal reaction pathways (formation
constant of H3O»*, Kf = 1.58 x 102 M) [195]. This pH-dependent behavior essentially re-
flects the complex equilibrium relationships arising from the coupled interactions among
transition metal catalysis, radical chemistry, and solution chemistry. Although the opti-
mal pH range (2.5-3.5) is well established, real industrial wastewaters often deviate sig-
nificantly from this window. Adjusting pH to such a narrow range requires substantial
acid/base consumption, raising both operational costs and secondary pollution risks. Fu-
ture research should focus on developing pH-robust catalysts or coupling Fenton with
other processes to mitigate this limitation.

7.2. H202 Dosage

The precise control of H2O2 dosage represents a critical parameter governing multiple
reaction equilibria in the Fenton treatment of industrial wastewater [196]. Thermody-
namic and kinetic analyses demonstrate that maintaining a molar ratio of H202 to Fe?*
within 10:1 to 15:1 achieves optimal process performance [197]. This specific range ensures
sufficient -OH generation through the fundamental Fenton reaction (Fe?* + H2O2 — Fe¥* +
‘OH + OH, k = 76.5 M's!) At the same time, it prevents three major adverse effects: (i)
radical scavenging via H202 + -OH — HO2 + H20 (k = 3.3 x 107 M1s?); (ii) formation of
inert iron complexes through excessive ligand coordination; and (iii) inhibition of catalytic
iron cycling [198,199]. Kinetic modeling reveals that applying H20: at 1.2-1.5 times the
theoretical demand achieves the best compromise between oxidation efficiency (n > 85%)
and iron regeneration rate (>90%) [22]. These findings provide fundamental guidelines for
oxidant dosing strategies in industrial applications. Notably, wastewater matrix effects —
particularly interference from Cl- and carbonate ions—must be carefully considered.
These ions can significantly alter the effective utilization efficiency of H20: through com-
peting reaction pathways and complexation equilibria.

While the recommended H2Oz:Fe?* ratio of 10:1-15:1 is widely cited, it is derived from
idealized laboratory conditions. In practice, the optimal ratio can vary dramatically de-
pending on the target pollutant structure and background organic load. A more adaptive
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dosing strategy, such as real-time monitoring of residual H20: or ORP, could improve
cost-effectiveness.

7.3. Temperature

The influence of temperature on Fenton process efficacy manifests through three fun-
damental dimensions: reaction kinetics, radical generation efficiency, and iron species
transformation [200]. Thermodynamic analysis reveals that elevated temperatures (25-50
°C) significantly accelerate the Fe?*/Fe3 redox cycling and enhance the rate of -OH gener-
ation from H20: decomposition (with a 2-3-fold increase in rate constant k per 10 °C in-
crement) [201,202]. However, exceeding a critical threshold (>60 °C typically) induces ex-
cessive thermal decomposition of H20z, leading to substantial oxidant waste [202]. Nota-
bly, temperature elevation modulates the system’s oxidation-reduction potential, with
-‘OH oxidation potential decreasing from 2.8 V at 20 °C to 2.5 V at 40 °C [203]. This char-
acteristic enhances the selective degradation efficiency (by 15-20%) of recalcitrant organic
compounds (PAHs and halogenated hydrocarbons) under elevated temperatures. For
practical implementation, a careful balance between thermal effects and operational costs
is essential. We recommend employing the Arrhenius equation to develop wastewater-
specific temperature-reaction rate models, thereby optimizing the trade-off between en-
ergy consumption and treatment performance.

The reported 2-3-fold increase in rate constant per 10 °C is based on simplified kinet-
ics that may not account for competing side reactions at higher temperatures. In real
wastewaters, elevated temperatures can also accelerate undesirable reactions such as the
formation of stable iron-organic complexes, which reduce catalytic activity. Moreover, the
energy cost of heating large volumes of industrial effluent is often prohibitive. A more
sustainable approach might involve localized heating or coupling with exothermic pro-
cesses. The trade-off between enhanced degradation and increased energy consumption
should be quantified using life-cycle cost analysis, not just kinetic models.

7.4. Catalyst Selection

Catalyst selection serves as a critical factor determining both the treatment efficiency
and economic viability of Fenton processes, with its influence primarily reflected in three
key aspects:

(i) Reaction kinetics: Various catalysts exhibit significant differences in their ability to
lower the activation energy barrier for H20O2 decomposition [204]. While homogene-
ous Fe? catalysts demonstrate optimal kinetic performance (k =76.5 M-s™), they are
limited by a narrow optimal pH range (2.5-3.5) [205].

(ii) Radical generation pathway: Heterogeneous catalysts (a-Fe20s, FesO4) can regulate
‘OH generation selectivity through surface coordination effects, improving degrada-
tion efficiency for chlorinated organic compounds by 30-40% [32,206].

(iii) Recycling stability: Supported catalysts (graphene-supported iron or carbon nano-
tube composites) effectively suppress iron sludge formation while extending catalyst
lifespan by 5-8 times in continuous-flow reactors [207].

Recent studies show that bimetallic catalysts can enhance COD removal efficiency by
15-25% through synergistic electron transfer mechanisms. However, potential heavy
metal leaching risks require attention [208]. We recommend using density functional the-
ory calculations to predict adsorption energy between catalyst active sites and target pol-
lutants. This should be combined with response surface methodology to optimize the
matching between catalyst composition and reaction conditions [209,210].
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7.5. Wastewater Quality Characteristics

The water quality characteristics of industrial wastewater have a decisive impact on
the treatment efficiency of the Fenton process. This impact is primarily manifested in four
aspects: pH, organic composition, inorganic ions, and suspended solids [199,211]. Devia-
tion of pH from the optimal range (2.5-3.5) significantly reduces reaction efficiency. When
pH > 4, Fe(OH)s colloids form, leading to catalyst deactivation [212]. Different organic
compounds exhibit significant variations in degradation kinetics. Aromatic compounds
reach a degradation rate constant of 3.2 x 10° M-1s-!, while heteroatom-containing organics
form complexes with iron, consuming 15-25% of active catalysts [213,214]. Inorganic ions
such as HCOs decrease COD removal efficiency by 8-12% per 100 mg/L increase, while
PO#- forms precipitates with Fe3* [215,216]. Suspended solids (>200 mg/L) mask catalyst
active sites, reducing H.O: utilization by 30-50%. Negatively charged colloids like humic
acid adsorb Fe¥ through electrostatic interactions, affecting reaction mass transfer [217].
Effective mitigation strategies include developing pH-adaptive catalysts, adopting oxida-
tion—coagulation hybrid processes, and implementing ultrasound-assisted technologies.

8. Economic Evaluation of Fenton-Based Processes

The cost structures of different Fenton-based processes vary significantly, and a sys-
tematic comparison across process types and wastewater categories is essential for guid-
ing practical application [218]. The primary economic burden of the classical homogene-
ous Fenton process lies in chemical consumption, particularly hydrogen peroxide (H20:)
and chemicals used for pH adjustment, such as H250Os and NaOH [41]. For example, treat-
ing industrial wastewater with high organic loads often requires large doses of H20: and
extensive pH regulation, which can account for 60-80% of the total operating cost [73]. In
photo-Fenton processes, although grid electricity consumption is avoided, the production
of H20:z remains the dominant cost factor [219]. Moreover, the need for UV or solar light
sources adds capital and maintenance costs, especially in regions with limited sunlight
[220]. In contrast, intensified homogeneous processes such as electro-Fenton can reduce
reagent consumption by electrochemically generating active species in situ. Research by
Giimiis & Akbal indicates that the operating cost for phenol degradation using electro-
Fenton can be approximately 26% lower than that of conventional homogeneous Fenton
[221]. However, this economic advantage may be offset by substantial electricity con-
sumption and the cost associated with electrode material degradation and replacement.
Electrode replacement alone can account for 40-60% of the total capital investment,
thereby potentially diminishing the overall cost-effectiveness [221]. For different
wastewater categories, the economic performance of electro-Fenton also varies—treating
high-conductivity wastewaters can reduce energy costs, while low-conductivity streams
require additional electrolyte addition, increasing chemical expenses.

Heterogeneous Fenton processes, employing separable and regenerable solid cata-
lysts, demonstrate promising long-term economic potential. The key advantage of this
approach is the reduction in iron sludge generation and continuous chemical consump-
tion. A study by Ribeiro et al. shows that using industrial iron residues (iron dust) as a
heterogeneous catalyst for treating pulp bleaching wastewater can reduce costs by ap-
proximately 11% compared to homogeneous processes [222]. The reusability of catalysts
(FesOs-based catalysts) further distributes the unit treatment cost [99]. For instance, after
five consecutive uses, the catalyst cost per cubic meter of wastewater can decrease by 40—
50% [222]. Although the initial preparation or investment for heterogeneous catalysts may
be higher, their lower operational and maintenance costs during long-term operation ren-
der them more economically competitive in large-scale continuous treatment scenarios.
Existing studies have shown that for small-scale batch treatment, the homogeneous Fen-
ton process is usually the most economical option; whereas for continuous large-scale
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treatment, electro-Fenton and heterogeneous Fenton processes are more cost-effective due
to reduced chemical consumption and lower sludge disposal costs [223,224].

Furthermore, the choice of catalyst and reactor design significantly influences the
economic outcome. For example, using natural minerals (e.g., pyrite or magnetite) as cat-
alysts can lower material costs by 30-50% compared to synthetic catalysts [225]. Therefore,
process selection requires a trade-off between initial capital expenditure and long-term
operating costs. Priority should be given to developing low-cost, high-efficiency hetero-
geneous catalysts to achieve economic optimization. Future research should also focus on
life-cycle cost analysis and scale-up studies to validate these economic projections under
real-world conditions.

9. Future Development Directions and Challenges

Despite the significant potential demonstrated by various Fenton processes in treat-
ing recalcitrant wastewater, their large-scale implementation continues to confront multi-
ple challenges related to economic viability, engineering reliability, and environmental
sustainability. This perspective argues that future research must undergo a paradigm shift
from a singular focus on treatment efficacy toward a multidimensional integration of
“process intensification, resource recovery, system integration, and intelligent control”.
The core challenges lie in resolving the iron sludge dilemma, minimizing energy and
chemical inputs, and developing predictable, controllable smart process systems (Figure
4).

Firstly, regarding catalytic materials, the research focus is transitioning from merely
pursuing “heterogenization” to the rational design of “functionalized” materials. Next-
generation materials must not only exhibit high activity and stability but also possess mul-
tifunctional characteristics such as magnetic responsiveness for rapid separation, broad
pH adaptability to overcome traditional acidic limitations, and integrated “catalysis-ad-
sorption-sensing” capabilities [119,226]. Secondly, it is imperative to reconceptualize iron
sludge and chemical consumption from a “waste/cost” perspective to a “resource” path-
way. This includes investigating the targeted conversion of iron sludge into value-added
products (iron-based catalysts or pigments) and developing on-site electrochemical or
photocatalytic synthesis technologies for H20:z to enable on-demand supply and cost re-
duction [227]. Thirdly, the process philosophy needs to evolve from a “unit process” ap-
proach to a “synergistic system.” This involves deep coupling with electrochemical tech-
niques, membrane technology, or anaerobic biological treatment to construct energy-effi-
cient, functionally integrated treatment networks [228,229]. Finally, the operational mode
urgently requires advancement from “empirical control” to a “digital twin” framework.
This entails integrating mechanistic models, machine learning, and smart sensors to build
a predictive, self-adaptive, and optimized intelligent control system [70,230].

However, realizing this vision faces several profound challenges. The primary scien-
tific challenge is the “selective oxidation” problem within complex water matrices. The
high concentrations of coexisting inorganic ions and natural organic matter in real
wastewater can severely scavenge radicals, leading to inefficient target pollutant removal
and chemical wastage [231]. Future research needs to focus on developing catalytic sys-
tems with molecular recognition capabilities or precisely defining the actual effective ox-
idant dosage under co-existing interference conditions. Secondly, from an environmental
sustainability standpoint, there is a current lack of quantitative assessment based on a full
life-cycle perspective. Most studies remain at the laboratory level of degradation effi-
ciency, failing to systematically quantify the environmental footprint of the entire chain
from catalyst production, chemical transportation, and operational energy consumption
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to final waste disposal. This necessitates the widespread application of Life Cycle Assess-
ment methodologies and comprehensive non-targeted screening with toxicity tracing of
degradation intermediates [232].

The translational gap from laboratory to engineering scale constitutes another critical
bottleneck. Significant disparities exist between ideal laboratory conditions and the com-
plex environment of industrial-scale operations, currently exacerbated by a severe short-
age of standardized scale-up design guidelines and performance evaluation methods. To
bridge this gap, it is essential to establish standardized mass-transfer-reaction testing pro-
tocols for gas-liquid-solid multiphase Fenton systems and vigorously develop reactor
simulation and optimization tools based on Computational Fluid Dynamics to address
mixing, mass transfer, and short-circuiting issues in large-scale applications.
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Figure 4. The main challenges and key prospects of the Fenton process in the future.

In summary, the future of Fenton-based technology does not lie in the pursuit of in-
finitely high oxidation efficiency, but in striving for an optimal balance between techno-
economic feasibility, environmental friendliness, and operational robustness. This de-
mands close collaboration among multidisciplinary researchers—including engineers in
the environmental engineering, materials science, chemistry, data science, and industrial
sectors—to collectively drive the technology’s complete transformation from an “excellent
laboratory oxidation technique” to a “reliable industrial engineering solution.” The value
of future breakthrough research will be reflected in whether it provides reliable data,
models, or universal design principles addressing the core challenges of iron sludge re-
source recovery, energy/chemical minimization, system intelligence, and holistic environ-
mental benefit assessment.

10. Conclusions

This review systematically outlines the latest research progress and application pro-
spects of the Fenton process in industrial wastewater treatment. Studies indicate that alt-
hough the traditional homogeneous Fenton process has been widely adopted due to its
strong oxidizing capability and rapid reaction kinetics, its inherent limitations —such as a
narrow applicable pH range and substantial iron sludge production—severely hinder its
large-scale application. To address these bottlenecks, research focus has shifted toward
heterogeneous Fenton processes and enhanced technologies coupled with external energy
fields. Heterogeneous catalysts significantly improve process sustainability by broaden-
ing the operable pH range and enabling catalyst recovery, while enhancement techniques
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effectively boost reaction efficiency and pollutant degradation performance through ex-
ternal energy input. In treating typical industrial wastewaters such as textile dyeing, phar-
maceutical, and electroplating effluents, Fenton-based technologies have demonstrated
excellent pollutant removal and biodegradability enhancement. However, challenges re-
lated to operational costs, catalyst stability, and byproduct control persist in practical en-
gineering applications. Future research should focus on developing high-performance,
long-lasting catalysts, optimizing process integration, and advancing pilot- and full-scale
validation to ultimately achieve efficient, economical, and sustainable implementation of
Fenton technology in complex industrial wastewater treatment.
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TOC Total organic carbon

-OH Hydroxyl radicals
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) Ultrasonic irradiation

hv UV irradiation
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US/EF Ultrasonically enhanced electro-Fenton
TSS Total Suspended Solids

PAEF photo-assisted electro-Fenton

uv Ultraviolet
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