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ABSTRACT

Over the last ten years, both advanced oxidation processes (AOPs) and nanostructured catalysts have reached
the stage of being well-established subfields in wastewater engineering and advanced oxidation processes
(AOPs)has become a new research paradigm that could be used to rapidly uncover the most promising catalysts
and optimize processes for both. This review critically summarizes these three literatures, with the main point
being that the real convergence is not as developed as the size of each of these literatures may suggest. We criti-
cally review the evidence supporting photocatalytic, Fenton and electro-Fenton AOPs, ozonation-based, electro-
chemical, and sonocatalytic AOPs applied to the contaminant classes that are responsible for their use, and the
nanostructured catalyst platforms that are developed to activate them. We then critically review the recent, but
still limited, literature on the use of machine learning for AOP kinetics prediction, catalyst property prediction,
and fouling and process control, claiming that the third pillar has been mostly applied to AOP catalyst research
programs side by side instead of genuinely integrated.

To illustrate the broader context of materials, energy, and data science, a materials, energy, and data-science
context section demonstrates that there is significant potential for a vast amount of methodological transfer
within adjacent fields, such as the energy materials, membrane separation, and biomedical nanocomposites. We
define and communicate an explicit research gap, whereby integrated, ML-guided, techno-economically tested
AOP Nano catalyst platforms are not tested at pilot scale with real multi-contaminant wastewater, and make a
clear research call, organized by five key directions. To back it up, this review covers 122 sources of information
ranging from water treatment to materials chemistry to data science.

Keywords: Advanced Oxidation Processes; Nanostructured Catalysts; Photocatalysis; Machine Learning; Waste-
water Treatment; Heterojunction Photocatalysts; Process Optimisation

Abbreviation’s: AOPs: Advanced Oxidation Processes; AOPs: Advanced Oxidation Processes; DFT: Densi-
ty-Functional-Theory; EAOPs: Electrochemical Advanced Oxidation Processes; ANN: Artificial Neural Network;
GWO: Grey Wolf Optimisation; CDC: Crude Distillation Column; PAHs: Polycyclic Aromatic Hydrocarbons

Introduction

An ever more complex mixture of persistent organic pollutants,
inorganic contaminants, and emerging micropollutants is being dis-
charged into industrial and municipal wastewater streams, which
are difficult to treat completely using traditional biological and phys-

have been developed in parallel with the others, specifically with ad-
vanced inorganic species like reduced sulfur compounds, hexavalent
chromium, and lead, which need specific removal challenges and have
been the target of the development of new nanostructured catalytic
materials specifically designed to enhance the processes. [1,2] AOPs
include, in a broad sense, treatment technologies which produce high-

icochemical treatment trains. Advanced oxidation processes (AOPs)
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ly reactive oxidizing species, principally the hydroxyl radical, in situ
to mineralise/transform recalcitrant contaminants are now a tech-
nologically diverse family: heterogeneous and homogeneous photo-
catalysis [1-5]; Fenton and electro-Fenton processes [6-9]; ozonation
and ozone-based hybrid systems [10-13]; electrochemical advanced
oxidation processes (EAOPs) [14,15] and sonocatalysis [3].

Over the last 10 years, these technologies have, in turn, been sig-
nificantly influenced by the emergence of purpose-designed nano-
structured catalysts such as doped and co-doped metal oxide semi-
conductors[5,6,16,14], heterojunction photocatalysts and composite
photocatalysts [1,17,18], metal organic frameworks and materials
derived from them [19,20], carbon nitride photocatalysts [21], and,
more recently, two-dimensional materials known as MXenes, orig-
inally developed for membrane and energy storage industries, but
now being explored for catalytic and separation applications in water
treatment [22]. One recently added methodological pillar, which we
claim has not yet been fully integrated into this space at least not to
the same extent as is sometimes believed is machine learning (ML).
Beyond the AOP nano catalyst realm, ML and deep learning meth-
odologies have been used to predict AOP performance and reaction

AOP Process Engineering

Photocatalysis,
Fenton, ozonation,
EAOP, sonocatalysis

[54, §§105-113]

kinetics [2,23,24,13], to speed up the prediction of materials proper-
ties that are relevant to catalyst design [25], and to optimise related
process-engineering systems [26-33] across a much broader field of
materials and energy applications that share significant methodolog-
ical overlap with AOP nanocatalyst studies.

The idea behind this review is that these three pillars. AOP pro-
cess engineering, nanostructured catalyst design, and machine learn-
ing are often described as a unified research programme, but ac-
tual evidence demonstrates a more complex picture: well-developed
and robust literatures in each pillar, and a relatively limited, mostly
proof-of-concept literature at the interface of them. This is also de-
picted graphically in Figure 1. The three research areas (AOP process
engineering, nanostructured catalyst design and machine learning)
are well-documented and studied in isolation, but seldom integrated.
The “true” research gap identified in this review (Section 11) is in the
middle of all three circles, the smaller two-way overlaps indicate that
even partial combinations are under-explored. The diagram basically
states that the greatest potential gain will be at this under-explored
three-way crossroads, rather than in any one of the three pillars alone.

Nanostructured
Catalyst Design

T D oxides,
b heterojunctions,
N MOFs, MXene,
carbon nitride
i (85, 581,4,56,118]

| Well evidenced 4
[ (Sections 4 & 5) |

Sparse:
c

ML kinetics
[97,110,113]

Kinetics & property
prediction, surrogate
madelling
[57, §5114,119]

Machine Learning

Figure 1: Conceptual overlap of the three pillars reviewed in this article (AOP process engineering, nanostructured catalyst design, and machine
learning), showing where the integrated three-way research gap identified in Section 11 sits.
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Novelty and Positioning Relative to Prior Reviews

This review is based on, and significantly extends, a previous one,
which had a specific focus on synchronising AOPs with nanostruc-
tured catalysts for wastewater treatment [34]. The previous review
laid the foundation for technology to be matched with specific cat-
alyst classes. The present review builds on that foundation in three
ways that, to our knowledge, are not within a single existing review.
First, a third, equal pillar is added to the machine-learning literature
in place of the marginal mention, critically evaluating successes and
failures in using ML to aid in AOP kinetics [12,13,24,25,35,36] and
catalyst property prediction and where it has not yet been mean-
ingfully used in catalyst-design workflows. Second, it explicitly uses
the contaminant-class literature, i.e., dyes, pharmaceuticals, PAH and
inorganic species as the demand side motivation behind AOP cat-
alyst pairing choices, and not just as a performance target. Third, it
places the AOP nano catalyst ML convergence in the wider materials,
energy, and data-science context, citing a broad adjacent literature on
membrane science[37-40] as well as energy materials and systems
[28,29,33,41-52] and biomedical and structural nanocomposites
[53-60] to argue that the synthesis, characterisation, and ML toolkits
already in use in these adjacent fields are a valuable, but largely un-

40

derutilised, resource for the study and development of AOP nanocat-
alysts in particular [61-64].

This growth rate is itself part of the arguments for the present syn-
thesis, as is evident from the number of references, half of which were
published after 2024, as shown in Figure 2. This indicates the field’s
relatively new momentum and the danger of rapidly outdated individ-
ual-pillar reviews even if they were published two or three years ago
[65-68]. This urgency is further exacerbated by the non-static nature
of the contaminant classes discussed in Section 3; new pharmaceuti-
cal and personal-care product residues are emerging, new industrial-
ly diverse dye chemistries are being developed, and legacy inorganic
contaminant species like thiosulfate and chromium continue to be
found in real effluent streams, while the technologies used to treat
them (Section 4) and the catalysts designed to enable them (Section
5) remain overwhelmingly validated under laboratory-idealised con-
ditions involving single contaminants. This idealised evidence base
is not merely a methodological footnote; rather, we believe that the
reality of multiple contaminants discharged in wastewater is the fun-
damental practical challenge between the many pieces of evidence of
catalyst performance reviewed in Section 5 and the actual treatment
infrastructure that is deployed.

30

10

Number of reviewed References
[
]

0 ||
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2010

2015 2020 2025
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Figure 2: Publication-year distribution of the 122 references synthesised in this review [22,60], illustrating the recent and accelerating growth of
this literature. The 2025 2026 spike partly reflects in-press and early-access articles typical of a fast-moving field at the time of writing, and should
be read as indicative of publication timing rather than a precise annual output measure.
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This challenge motivates the stated research call in Section 11.
This review is organized as follows: In Section 2, we present our scope
and our process for reviewing. Section 3 covers the contaminants land-
scape that is driving the use of AOP. AOP technologies and the mecha-
nisms are reviewed in Section 4. Section 5 presents an overview of the
design of nanostructured catalysts. In Section 6, membrane-assisted
and hybrid separation technologies are discussed. Section 7 critically
appraises the machine-learning literature for the context of AOPs and

catalyst design. Section 8 brings together and reflects on the areas
of land and sea and air where the three pillars really are converging
(and where they are not). Section 9 examines the wider materials and
energy perspective. Section 10 critically reviews issues and gaps in
evidence. The research gap and call is stated in Section 11. Scale-up,
Governance and economic considerations are tackled in section 12.
Section 13 outlines future research directions and Section 14 outlines
the limitations of this review. Section 15 concludes (Table 1).

Table 1: Positioning of this review relative to the principal existing individual-pillar reviews and foundational sources it builds upon and ex-

tends.

Prior review /

Primary scope
source ry scop

What this review adds

Ahmad [34] AOP nanostructured catalyst synchronisation

Adds machine learning as a co-equal third pillar; adds contaminant-class de-
mand-side framing; adds broader materials/energy context (Section 9)

Turchi & Ollis [5] Hydroxyl-radical oxidation mechanisms

Extends mechanistic foundation to five AOP technology families and links mech-

anism directly to catalyst design choices (Sections 4 5)

Ganiyu et al. [14];

He & Zhou [9] EAOP and electro-Fenton process reviews

Integrates these technology-specific reviews into a unified, contaminant-driven,

ML-aware framework (Sections 4, 7 8)

Metal oxide nanoparticle synthesis and appli-

Kashif et al. [42] cations (general)

Narrows and extends this general materials review specifically into AOP catalyst
design and critically evaluates its ML-integration status (Sections 5, 7)

Scope and Review Approach

This review follows a narrative-critical synthesis approach, con-
necting three literatures, which are traditionally reviewed in isolation
and follow quite different terminologies, assessment criteria, and
journals. The framing of the demand for pairing AOP with a catalyst,
as outlined in Section 1.1, was followed to synthesise the evidence
thematically by contaminant class and treatment mechanism. The
synthesis of evidence was complemented by a dedicated critical-eval-
uation section (Section 10), which highlights where the literature is
genuinely unsettled, not where it is more mature than it actually is.

Organising Principle

Some of the individual-pillar reviews already published in the
literature organize their synthesis by contaminant groups around a
specific AOP technology or a specific platform for catalyst chemistry
[22,42,68]; this review does not do that, but rather groups the synthe-
sis around the demand-side contaminant classes outlined in Section
3, with the decisions of AOP technology choice (Section 4) and cata-
lyst platform choice (Section 5) made in response to the chemistry of
a specific contaminant, and with the treatment of machine learning
(Section 7) as a candidate accelerant applicable, in principle, to any
combination of contaminant class, AOP technology, and catalyst plat-
form. It is the organising principle that enables Section 8 to pinpoint,
not anecdotally, the evidence that has and has not converged in these
three areas. As is typical of a critical narrative review, a quantitative
meta-analysis of the performance metrics of the catalysts reported in
the literature is not conducted, because the reported figures of merit
(degradation efficiency, rate constants, loading on the catalyst, light

source, and concentration of the contaminant) are too variable across
the underlying primary literature to allow meaningful pooling with-
out the introduction of false precision. When specific studies are re-
ferred to, they are reported according to the level of evidence that can
be found in the published title and abstract level scope of the studies;
we note where the evidence base for a particular claim is thin, in Sec-
tion 10 and Section 14.

Wastewater Contaminant Landscape Motivating
AOP Deployment

The choice of AOP technology and catalyst platform in the litera-
ture reviewed here is rarely made in the abstract; it is driven by the
chemical characteristics of the target contaminant class. This section
surveys the four principal contaminant classes that recur across the
reviewed literature.

Synthetic Dyes and Industrial Colorants

Azo dyes, triarylmethane dyes, and related synthetic dyes con-
tinue to be one of the most widely studied groups of contaminants
targeted by AOP because they are chromophoric and visible, as well
as being resistant to conventional biodegradation and because these
dyes are often toxic to aquatic organisms. Studies mentioned suggest
visible-light-driven photocatalytic degradation of fast yellow AB us-
ing zinc ferrite nano photocatalysts [2]; combined photocatalytic and
sonocatalytic degradation of methylene blue using nickel-impregnat-
ed ZnO [3]; dynamic-light-scattering-guided design of NiS ZnS nano-
composites for dye degradation [16]; green-synthesised nickel oxide
nanoparticles for visible-light degradation of RBV-5R dye [4]; mo-
lecularly imprinted polymer-based extraction of methyl yellow as a
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complementary, non-destructive removal route [69]. For the decolor-
isation of turquoise blue dye, one of the few comparative AOP bench-
marking studies in the literature has been performed for ozonation,
0,/H,0, and Fenton processes [8]. This class of contaminants can be
further expanded to include combined pathogen inactivation and dye
degradation with heterojunction-driven photocatalytic systems for
decentralized water treatment applications [2].

Pharmaceuticals and Emerging Organic Micropollutants

Pharmaceutical residues and related organic micropollutants
pose a unique removal challenge due to their low environmental
levels and diverse structures, which makes it difficult to find univer-
sal solutions for the removal with a single catalyst. A different, but
non-photocatalytic mineralisation approach is the so-called ‘hybrid
adsorption degradation’ by smart adsorbent frameworks designed
for high-efficiency pharmaceutical degradation by adsorption [70].
The application of artificial neural networks to both adsorptive and
photocatalytic removal of phenolic contaminants has been reported
separately, showing that there is a growing early interaction between
this particular class of contaminants and the machine-learning pillar,
which was developed further in Section 7.

Polycyclic Aromatic Hydrocarbons

Persistent, hydrophobic, and often carcinogenic, PAHs have a
unique treatment and monitoring evidence base. The analytical con-
text for assessing the efficacy of AOP treatment for this contaminant
class will ultimately be based on a comprehensive review of PAH oc-
currence in water bodies, extraction techniques, detection methods
and standardised guidelines for aqueous PAH monitoring [71] which
is not as well represented in the literature as the dye and pharmaceu-
tical classes above but, as discussed in Section 11, is a research gap.

Heavy Metals, Metalloids, and Inorganic Species

Inorganic contaminants such as heavy metals, metalloids and re-
duced sulfur species can be removed by mechanisms (precipitation,
adsorption, oxidative transformation, or reductive recovery) that are
mechanistically different from the oxidative mineralisation pathways
prevalent in the organic-contaminant literature above, but also occur
in the same streams of industrial effluent. Several of these works are
devoted to the removal of reduced sulfur species and are considered
here: catalytic oxidation of thiosulfate [72], aeration-assisted reme-
diation of sulfidic wastewater under ultrasonic vibration [73], iron-
salt-based treatment of sulfidic wastewater [6], oxidative removal of
sodium thiosulfate [74] and catalytic oxidation of sulfidic wastewater
using hydrogen peroxide [7] all of which are recent and of direct and
concrete relevance to the AOP ML convergence that is the focus of this
review, and which is assessed critically in Section 7. The complemen-
tary inorganic-contaminant studies include the extraction of chromi-
um by emulsion liquid membrane [75], the use of silver-ion nanopar-
ticles to sense Cr(III) [4], the use of Saudi Arabian clay to remove lead
[76], the use of the physic seed hull biosorbent to remove general
metal-ions [77], the tuning of silica surface charge for phenol removal
[78] and the gravity separation of copper from scrap electrical cables
[79] with the last of these extending the inorganic-contaminant evi-
dence base from aqueous treatment to downstream environmental
and human-health pathway exposures(Table 2). Heavy metals, met-
alloids, and reduced sulfur species and synthetic dyes together make
up the bulk of the contaminant-specific evidence base reviewed here
(Figure 3), with only one study per contaminant class reviewed for
the polycyclic aromatic hydrocarbons class. We do not believe this im-
balance is indicative of any inherent disadvantage of PAH molecules
for AOP, but it is a real lack in the available evidence base that we deal
with explicitly in Section 13 as a future research goal.

Table 2: Wastewater contaminant classes motivating AOP and nanocatalyst deployment across the reviewed literature.

Contaminant class Represenstah:il‘;zsrewewed Dominant removal mechanism(s) evidenced
Synthetic dyes [1-4,8,16,69] Photocatalytic and sonocatalytic ox1dat10ni combined ozone/Fenton; adsorptive
extraction
Pharmaceuticals / organic [24,70] Adsorption-coupled degradation; ANN-predicted adsorptive/ photocatalytic
micropollutants ! removal
Polycyclic aromatic hydro- [71] Analytical characterisation; AOP-specific degradation evidence comparatively
carbons limited
Heavy metals, metalloids, [7,23,36,72,78,79,114] Catalytic/oxidative transformation, adsorption, biosorption, membrane extraction,
reduced sulfur species ey ML-assisted prediction
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Figure 3: Distribution of reviewed studies across the four contaminant classes examined in this section, derived directly from the citation counts

in Table 1 [1,2,4,7,8,16,23,24,36,69,70,72,78,114].

Advanced Oxidation Process

Mechanisms and Evidence

Technologies:

Although there are some differences in the kind of energy input,
the amount of reagents required, and the reactor configuration em-
ployed for the in situ generation of the hydroxyl radicals and other
related ROS that serve as the comm on mechanistic basis for the AOPs,
they all share the common feature of non-selective oxidation of the
organic contaminants by the in situ generated hydroxyl radicals or the
other related ROS. This section summarizes the five main families of
AOP technologies identified in the literature studied. The five families
of AOP are mainly distinguished by the way they produce ROS either
through photonic, chemical, electrochemical, or acoustic activation

and not by the basic oxidative process they undergo to oxidize the
targeted contaminant. This contaminant class-driven organization
is achieved because there is a shared mechanistic endpoint; if there
wasn'’t, then it would not be possible to discuss the most practically
deployable activation route for a given contaminant, as this would de-
pend on the inherent superiority of a particular AOP technology.

(Figure 4) illustrates how five distinct advanced oxidation pro-
cesses (AOPs) -photocatalysis, Fenton/electro-Fenton, ozonation, and
electrochemical oxidation, plus sonocatalysis as a complementary ac-
tivation route all converge on a single mechanistic pathway. Despite
using very different activation methods (light, iron/peroxide chemis-
try, ozone, electrode reactions, or ultrasound), each process generates
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the same reactive oxygen species, principally hydroxyl radicals (-OH)
and superoxide radicals (0,7+). These reactive species then drive the
actual pollutant-destroying step: oxidation and mineralisation of the
target contaminant. The figure’s core message is that AOP technolo-

~ ™
Photocatalysis

(UVivisible light) \

- e

- ™

Fenton / electro-Fenton

gies differ mainly in how they produce reactive oxygen species, not
in the fundamental chemistry that ultimately breaks down the con-
taminant.

Reactive oxygen Contaminant
species oxidation /
(-OH, O3 -, etc.) mineralisation

(Fe’* +H,0,) ™~
- -
= ot
Ozonation )

(03, 03/H30;)
S i
~ ™

Electrochemical AOPs Py
(anodic oxidation)

Sonocatalysis (ultrasonic cavitation) — complementary activation

Figure 4: Convergent reactive-oxygen-species generation pathways across the five AOP families reviewed in this section, redrawn from the
mechanistic principles established in [5]and the technology-specific evidence in [6-8,10,13,15].

Photocatalytic Oxidation

Photocatalytic AOPs are based on semiconductor catalysts that
generate electron hole pairs when exposed to light, which can then be
used to form hydroxyl radicals, as well as to directly attack the organic
contaminant, and the mechanism of hydroxyl radical-driven organic
contaminant oxidation was established in early foundational work
[5]. This mechanism has been reported in the literature for a wide va-
riety of catalysts, including ZnO nano photocatalysts for degradation
of dyes [2], Ni impregnated ZnO for degradation of dyes, both through
photocatalytic and sonocatalytic action [3], heterojunction photocat-
alysts for combined pathogen and dye degradation [1], NiS ZnS nano
composites [16] and green synthesis nickel oxide nanoparticles [4].
Mechanistic and machine learning based studies of one of the most
widely studied photocatalytic semiconductors, TiO,, further connect
the structure to the behaviour of the band gap relevant to the activi-
ty in visible light [25]; and cloth-supported TiO,/BiOBr heterostruc-
tures demonstrate not only catalytic performance but also recycling
considerations for practical use [18].

Fenton and Electro-Fenton Processes

The AOPs based on Fenton are obtained by using iron-catalysed
decomposition of hydrogen peroxide, and the electro-Fenton vari-
ants produce the necessary reagents electrochemically in situ. The
reviewed literature includes iron-salt-based treatment of sulfidic
wastewater [6], catalytic oxidation of sulfidic waste water based on
hydrogen peroxide [7] and comparative evaluation of Fenton and
ozone/H202 processes for the dye decolorisation [8] in addition to
a dedicated critical review of the fundamentals and applications of
electro-Fenton process for water and wastewater treatment [9] and
a related review of the photodegradation using iron mediated oxida-
tion systems of the herbicide 2,4-dichlorophenoxyacetic acid [10].

Ozonation and Combined Ozone-Based Systems

Comparative dye decolorization studies [8] provide evidence for
ozone-based AOPs, as well as for combining ozone-based AOPs with
downstream adsorption on activated carbon [11] and machine-learn-
ing-based prediction of the extent of hydroxyl radical exposure in
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ozonation based on kinetic parameter values of ozone decay [12] in
treated water. A recent machine-learning-based predictive emissions
model for ozone, developed with the XGBoost algorithm [13] provides
another example of how data-driven approaches are increasingly
being applied in the field of ozone-based AOP research, which is ex-
plored further in Section 7.

Electrochemical Advanced Oxidation Processes

The reactive oxidising species are generated on- and/or near-elec-
trode surfaces, or by reagent generation using a process mediated by
the electrodes in EAOPs, providing a reagent-lean alternative to the
chemical Fenton and ozone-based systems. In addition to the above,
there is also a dedicated review of advances in the formation and de-
tection of the reactive species and mechanisms involved in the EAOP
technologies reviewed, [14] and a life-cycle-assessment-informed
review of the current perspectives of electrochemical oxidation pro-
cesses (EAOP) in wastewater treatment, [15] both of which are among
the few reviewed studies that explicitly link AOP technology choice to
environmental life-cycle considerations, a link we argue remains un-
der-developed across the AOP nanocatalyst reviewed literature more
generally, as discussed in Section 12.

Sonocatalysis and Hybrid Activation

Sonocatalytic AOPs rely on the creation of localised high tempera-
ture and pressure conditions, due to ultrasonic cavitation, to increase
the formation of radicals, either on their own or in conjunction with
photocatalytic activation. This is reflected in the reviewed literature
in particular by the combined use of photocatalytic and sonocatalytic
degradation of methylene blue using nickel-impregnated ZnO [3] and,
in an earlier context for inorganic pollutants, by the combination of
ultrasonic vibration and aeration to remediate sulfidic wastewater
[73] that shows ultrasonic vibration as a complementary activation
mechanism to photocatalysis and not as an AOP system (Table 3).

Nanostructured Catalyst Design for AOPs

In reality, the catalytic activity of any of the AOP technologies
described in Section 4 will depend on the nanostructured material
designed to activate it. In this section, the major catalyst platforms
available in the literature are reviewed.

Doped and co-doped metal oxide semiconductors

The most common photocatalytic platform is metal oxide semi-
conductors, and strategies for doping and narrowing the band gap,
expanding the visible light spectrum, and reducing electron hole re-
combination have been employed systematically. Zinc ferrite nano
photocatalysts [2] and nickel impregnated ZnO for dual photocata-
lytic sonocatalytic activity [3] illustrate the examples that have been
reviewed while a broad comprehensive review of recent advances in
metal oxide nanoparticle synthesis strategies, characterisation and

multifunctional applications [42] positions the water-treatment-spe-
cific catalysts within the wider metal oxide nanomaterials literature.
The synthesis of silver nanoparticles using green methods, which are
evaluated for Cr (III) sensing instead of direct AOP catalysis [23] also
shows methodological overlap between a green synthesis method for
catalysis and for sensing.

Heterojunction and Composite Photocatalysts

Combining two or more semiconductor phases with comple-
mentary band alignments is now a technology that is widely adopt-
ed, known as hetero junction engineering, to both increase the vis-
ible-light absorption and enhance charge-carrier separation. These
are just a few examples of the literature reviewed spanning hetero-
junction-driven photocatalytic processes for simultaneous pathogen
and dye degradation [1], NiS ZnS nanocomposites optimised using dy-
namic light scattering [16], and cloth-supported TiO2/BiOBr hetero-
structures that integrate catalytic efficiency with mechanistic insight
and machine-learning-assisted modelling for selenium(IV) reduction
from wastewater [18] (the latter being an example of the ML-catalyst
integration examined critically in Section 7).

Metal Organic Frameworks and Mof-Derived Materials

MOFs have large surface area, can be tuned in terms of pore chem-
istry, and can be designed to have catalytically active open metal sites.
In the reviewed literature, the rational design of MOF hybrids by met-
al and ligand engineering to support an oxygen evolution reaction
catalysis [19] was highlighted as an electrocatalytic application that
should be closely followed, yet not identical, to direct AOP contami-
nant degradation; the dramatic changes in properties of MOF parti-
cles depending on the synthesis approach [20] was also pointed out,
and directly relevant to the design of AOP catalysts considering the
crucial role of the iron-based active sites in Fenton-type chemistry
(Section 4.2).

Carbon Nitride and Two-Dimensional Materials

Graphitic carbon nitride (g-C3N4) and other 2D materials provide
a platform for catalytic and sorptive applications without the need of
metals or containing low concentrations of metals. The literature re-
viewed includes the use of the lignin-etched sulphur-doped graphitic
carbon nitride for electrochemical cypermethrin sensing [21] where
it is used as both a sensing and a catalytic material, and the prepara-
tion of the phosphorous-doped graphitic carbon nitride by a simple
preparation route for methylene blue removal [80] which is directly
used as a catalyst for dye degradation. As reviewed and discussed in
detail in the following Section 11, among the two-dimensional ma-
terial classes reviewed, membranes based on MXenes are the most
commonly cited in the reviewed literature for their use in desalina-
tion processes and for their properties and engineering strategies,
but their electrical conductivity and surface chemistry are also well
suited to electrocatalytic AOP roles, which have been relatively little
explored.
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Green and Biogenic Nanoparticle Synthesis creasingly common and not unique route to nanocatalysts relevant

. . ) to AOP applications in the literature reviewed: silver nanoparticle
Multiple reviewed catalyst systems confirm the use of green

synthesis (using plant extracts or other biogenic reducing/capping
agents instead of conventional chemical reducing agents) as an in-

synthesis using extracts from Vaccinium oxycoccos; NiO nanoparticle
synthesis using extracts from Calotropis procera for photocatalytic
degradation of dyes (Table 4).

Table 4: Nanostructured catalyst platforms, principal design levers, and representative reviewed evidence.

Catalyst platform Key design lever Representative reviewed studies
Doped metal oxides Band-gap narrowing; visible-light activation [2-4,42]
Heterojunction / composite photocatalysts Band alignment; charge-carrier separation [1,16,18]
Metal organic frameworks Metal and ligand engineering; pore chemistry [19,20]
Carbon nitride / 2D materials Metal-free or low-metal active sites; conductivity [21,22,80]
Green / biogenic synthesis Plant-extract-mediated reduction and capping [4,23]

Figure 5 does not list the catalysts by chemical family only, since  design-lever framing is what makes Section 10.4 the case study of a
the ultimate purpose of extending visible-light activity, enhancing broader pattern rather than an isolated observation that is, as a spe-
charge-carrier separation, or incorporating catalytically active sites, cific example of MXene’s relatively untapped catalysis potential, rath-
is pursued by different chemical pathways in the four platforms. This  er than its separation potential.

Doped metal oxides LI
composite catalysts
ZnO, NiO, ZnFe;04 NiS-ZnS, TiO,/BiOBr
band-gap narrowing charge separation
I Nanostructured J
( AOP catalyst l'
platforms
s (Section 5) h
Metal-organic Carbon nitride /
frameworks 2D materials
MOF hybrids, Fe-MOF g-C3Ng, MXene
metal/ligand engineering conductive, layered
. >

Figure 5: The four nanostructured catalyst platforms reviewed in this section, with representative materials and their principal design lever,
summarising the evidence in [1,3,4,16,18-22,42,80].
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Membrane-Assisted and

Technologies

Hybrid  Separation

Research on AOP and nanocatalysts is not pursued in isolation of
membrane-based separation, which is often used as a complementary
pre-treatment, polishing or product-recovery process in an integrat-
ed treatment train. The membranes discussed in Section 5.4, which
have been reviewed for advanced desalination applications [22] are
the most direct link between the two dimensional catalyst materi-
als mentioned in the previous section and membrane separation.
In addition to ceramic membranes reviewed specifically for carbon
dioxide separation, the literature reviewed also contains polymeric
membrane research for gas separation: silica-polymer nanocompos-
ite membranes [38] and asymmetric polysulfone/polyimide blended
membranes for CO, separation [81] as well as thermal degradation
kinetics of polysulfone/polyimide blended membranes [82] and a
review on state-of-the-art membrane solutions for direct air carbon
capture [39]. Although these gas-separation related membrane stud-
ies are not direct applications to wastewater AOP, they are included
here because the membrane and fouling-resistance characterization
and fabrication methods are directly transferable to membrane appli-
cations in integrated AOP membrane treatment trains, which will be
developed in Section 9.

While the catalytic and membrane technologies outlined above
are higher-tech approaches to separating oil and grease, a comple-
mentary low-tech physical separation process is a lowcost wastewa-
ter reclamation unit designed to reduce water usage in carwash sta-
tions [83] and can be used in addition to, not instead of, the catalytic
and membrane technologies. The use of membrane separation and
AOP treatment is not necessarily substitutive; usually membranes are
used to pre-treat or remove suspended solids and organic matter from
feed water to the catalysts or oxidants, or they are used to post-treat
or meet the water-quality requirements for discharge. Interestingly,
none of the membrane-specific studies mentioned above [22,38-40]
reports direct integration of the membrane with an AOP stage in a sin-
gle treatment train; this review regards that as a structurally similar
gap to the AOP ML convergence gap identified in Section 8, and it is
a further concrete example of the electrocatalytic under-exploitation
identified in Section 10.4.

Machine Learning as the Emerging Third Pillar

Machine learning has found its way into AOP and catalyst re-
search along three more or less independent pathways: prediction of
process performance and Kinetic, prediction of materials properties,
and process-engineering optimization that does not necessarily have
to be applied to AOP catalyst systems but can be transferred to them.

Machine Learning for AOP process Performance and Ki-
netics Prediction

The most straightforward evidence for the integration of ML AOP
from the reviewed literature is the predictive model for removing

thiosulfate from wastewater based on the gradient-boosted XGBoost
algorithm and support vector regression [36] that is an extension
of decades of experimental study on sulfidic wastewater treatment
[7,72]. Ozonation specific applications comprise a machine learning
approach to predict the exposure to hydroxyl radical during ozona-
tion based on the kinetic parameters of the ozone decay, tested across
several machine learning techniques [12] and a predictive emissions
model of ozone using an XGBoost machine learning technique [13].
Artificial neural networks have been used individually for prediction
of the adsorptive removal process of phenolic contaminants [24] and
for heat exchanger fouling for predictive maintenance in a related
process-engineering application [35], the latter serving as an exam-
ple of the direct transferability of fouling-prediction methodology
to membrane or catalyst-surface fouling problems within AOP treat-
ment trains.

Machine Learning for Catalyst Materials Property Predic-
tion

A smaller, but still expanding, body of literature uses ML for cat-
alyst properties of AOP relevance. The effect of structural variations
on the band gap of TiO, has been studied using machine learning
[25] which directly impacted the visible-light photocatalytic activi-
ty discussed in Section 5.1, and the design of TiO,/BiOBr/cloth het-
erostructures for photocatalytic reduction of selenium (IV) has been
investigated by both mechanistic approaches and machine learning
modelling [18]. The technical toolbox of deep learning techniques,
such as convolutional neural network architectures, which are grow-
ing in availability for applications such as catalyst structure property
prediction, is used as the foundation for the methodology of this work.

Machine Learning for Adjacent Process Optimisation with
Direct Transfer Potential

The amount of reviewed literature found in the related fields of
energy and process engineering, where process optimisation and pre-
diction are also considered, is significantly larger and includes meth-
ods that can be transferred to the field of AOP catalyst research even
if not yet applied there. These include the use of artificial neural net-
work (ANN) based irrigation need prediction that has been enhanced
by grey wolf optimisation (GWO) [84], new intelligent model follow-
ing and droop control for hybrid microgrids [26], the quantification
of emissions uncertainty in a cement manufacturing plant by means
of surrogate modelling using artificial neural networks (ANN) [30],
novel machine learning (ML) model of combustion thermodynamic
performance optimisation in cement manufacturing [31], ANN sur-
rogate modelling for CO,-to-methanol conversion optimisation [32],
novel optimisation algorithms for hybrid power system energy coor-
dination [85,86,27], grey-box modelling for optimisation of crude dis-
tillation column (CDC) [29], interpretation of machine learning (ML)
for prediction and optimisation of exergy efficiency of a cumene pro-
duction plant [66] and prediction and optimisation of exergy efficien-
cy of a cement manufacturing plant using machine learning (ML) [33].
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All of these studies show a well-developed and validated ML
method that has been successfully applied to a process engineering
problem with a similar structure to the AOP catalyst optimisation
problem (i.e. multi-parameter, expensive to evaluate experimentally
and nonlinear), but which had not been applied to AOP nanocatalyst

systems specifically except in the studies of thiosulfate and ozonation
discussed in Section 7.1. This disconnect between methodological
availability and application in a particular field is, in our opinion, one
of the most clearly articulated and most practical observations of this
review (which is expanded on in Section 11) (Table 5).

Table 5: Machine-learning methods applied to AOP, catalyst, and adjacent process-engineering systems across the reviewed literature, illus-

trating both the AOP-specific applications (Section 7.1 7.2) and the directly transferable adjacent-domain methodologies (Section 7.3).

ML method Application domain Target outcome Represer'\tatlve

studies

XGBoost / SVR AOP kinetics (thiosulfate, ozone) Contaminant removal / emissions prediction [13,36]

Artificial neural networks Fouling; phenolic contaminant removal Predictive mamtenanf:;'na(flvs;rptlve/ photocatalytic [24,35]
Mixed M;zzt\l]:;ds (com- Ozonation hydroxyl-radical exposure Radical exposure prediction from decay kinetics [12]
ML + mechanistic modelling TiO,/BiOBr/ cloth photocatalysis Se (IV) reduction performance and mechanism [18]
ML for materials property TiO, structural variation Band-gap prediction [25]

prediction 2
Surroga?e modelhng / ANN Cement E€IMISSIons, COz-to-methgnol, Process optimisation under uncertainty [30,32,33,66]
(adjacent domains) combustion, biomass pyrolysis

Critical Synthesis: Where the Three Pillars Have (and
Have Not) Converged

Section 4 - 7 provide a holistic view of the reviewed literature:
AOP process engineering, nanostructured catalyst design and ma-
chine learning are evident in only a small minority of the reviewed
studies, specifically in the thiosulfate ML study [36], in the ozonation
hydroxyl-radical-exposure ML study [12] and in the TiO2/BiOBr/
cloth selenium reduction study that combines mechanistic and ML-
based modelling directly [18]. The vast majority of the AOP catalyst
literature reviewed (Sections 4/5) does not involve the utilisation of
ML for prediction or optimisation of catalyst performance, whereas
the vast majority of the ML literature reviewed (Section 7.3) is for
process-engineering systems outside wastewater AOPs completely. In
our opinion, this is not a fundamental methodological incompatibility,
because the process-optimisation problems in cement manufacturing

[30,31], hybrid power systems [27, 85] and biomass pyrolysis [33]
are structurally similar to AOP catalyst optimisation problems, but is
rather a form of disciplinary and venue separation, as identified in
related engineering-convergence reviews [53,54] as a structural gov-
ernance barrier.

This tripartite convergence, to which the title of this review re-
fers, is therefore not to be understood as a completed research pro-
gramme, but as an emerging opportunity supported on the balance
of the evidence reviewed by a small number of proof-of-concept
studies. Figure 6, which is meant to be read in conjunction with the
evidentiary gradient underlying the argument of this section, makes
this point explicit; the gradient is not gradual but steep, from the
well-evidenced, single-pillar demonstrations to the fully integrated,
multi-contaminant, real-matrix validations this review is calling for. It
is this steep gradient that makes it worth the framing of the research
call that is made in Section 11 and specific and actionable.
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Figure 6: Approximate maturity of evidence across the AOP nanocatalyst ML convergence spectrum, from mature single-contaminant catalyst
testing [1-4,16] through emerging ML-integrated studies [12,18,36] to the still-absent multi-contaminant, techno-economically validated
integration this review identifies as the central research gap (Section 11). Positioning is an illustrative synthesis of the reviewed literature’s

reported evidentiary depth, not a formal bibliometric assessment.

Broader Materials, Energy, and Data-Science Context:
A Shared Methodological Toolkit

A significant portion of the literature consulted during the prepa-
ration of this review is not wastewater AOPs-specific, but rather is
related to the synthesis and characterization of the nanomaterials,
density-functional-theory (DFT) modelling, and machine-learning
toolkits found in Sections 5 and 7. If this adjacent literature is re-
viewed explicitly, rather than an artificial wastewater-treatment
framing being imposed on it, the same characterization and model-
ling capabilities that have been validated in these adjacent fields are
a readily available but under-used resource for AOP nano catalyst re-
search, as developed in Sections 1.1 and 7.3.

Structural and Optical Materials Characterisation

This computational method is widely illustrated in neighboring
materials, from structural, electronic, and optical property investiga-
tion of strontium-substituted barium cobalt tungstate ceramics for
wireless applications [53] to characterization and DFT study of the
structural, electronic, and optical properties of thallium-based semi-
conducting perovskites for reflective coating applications [87] and
organotin(IV) carboxylate derivatives alongside a study of their bio-
logical potential [88] to the physical origin of ultralow lattice thermal
conductivity in anharmonic thermoelectric materials [64]. The wealth

of optical and electronic structure characterization expertise that is
found throughout this adjacent literature is directly applicable to the
band-gap and charge-separation characterization at the heart of pho-
tocatalyst design (Section 5.1 5.2), such as nonlinear optical studies
of the third-order nonlinear optical switching of organic glasses [55]
and the thermoelectric and optical responses of copper tantalum ox-
ide [62] or the multiple Fano resonance generation in plasmonic split
nanoring dimers [89] and the higher-order plasmon-mode-induced
Fano-like resonances in bimetallic nano shell dimers [90].

Polymer and composite materials science

The research program of polymer composite characterization as
discussed in the literature, such as the effect of iron content on the
thermodynamic properties [56], the effect of iron loading on quies-
cent crystallization behavior [91], the effect of iron content on the
thermal response [92], the effect of the starch content on the thermal
and viscoelastic properties [93], the effect of shear-flow on crystalli-
zation of clay composites [94], the effect of the iron content on the vis-
coelastic properties of the polymer [95] and the relationship between
stereoregularity and the viscoelastic properties of the melt [96] con-
stitutes a substantial and methodologically consistent programmed.
The nystatin coated copper oxide particle effect on denture material
properties [97]; the effects of chlorohexidine coated cotton filler on
the properties of fissure sealants [54]; the effects of Ti0O2, Ag-Ti02
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and Cu-TiO2 nanoparticles on the properties of fissure sealants [98];
the effects of ionic liquid on the properties of soft denture lining ma-
terial [99]; and TiO2-decorated cellulosic material on denture adhe-
sive composite properties [100] are indicated as biomedical and den-
tal polymer composites. This evidence base of cosmetic applications
of ionic liquids is extended by Cosmetic Grade lonic Liquid Synthesis
and Characterization for Skin Whitening Applications [57] and by the
Fly Ash-Lime Compact Curing Behavior [101]. None of these studies
explicitly deals with wastewater treatment, however the methodol-
ogies used (nanoparticle-doping, composite-characterization, and
property-property structure-function) are directly analogous to the
problem of the doped-catalyst that is central to Section 5.1.

Energy systems and process engineering

The reviewed literature is grouped in a large cluster of those re-
lated to energy systems and process engineering with the process-op-
timization and techno-economic evaluation methodology constantly
emerging in the AOP catalyst scale-up (Section 12). These include
hydrogen and fuel cell technology review [68], lithium-sulfur battery
electrolyte design [102], algae-based bioenergy techno-economic as-
sessment [103] and feasibility study of a grid-connected hybrid pho-
tovoltaic system [104] and perovskite multi-junction solar cell design
[61] and algal biodiesel production [43] and global decarbonization
energy modelling [52] and performance assessment of PV module
integrated with PCM [51] and review of flexible perovskite solar cell
technology [105] and power system stability under high penetration
of renewables [106] and gasoline-to-electric-vehicle conversion as a
transport electrification pathway [60]. This is demonstrated by the
research on pyrolysis and combustion process engineering, such as
selective pyrolysis process control [67] and co-pyrolysis of waste fry-
ing and engine oil [107]; on Thar coal gasification techno-economic
and environmental evaluation [108]; on catalytic pyrolysis of waste
polystyrene [41]; on electrofuels for hard-to-abate transport decar-
bonisation [47] and on cumene plant exergy analysis [48]. Examples
of nuclear and hybrid grid engineering include nuclear-PV-biogas
hybrid microgrid control [26] and critical heat flux prediction for re-
actor thermal hydraulic safety [28]. This cluster is completed by the
studies on fluid dynamics and heat transfer: entropy-optimized nano-
fluid flow with magnetohydrodynamic effects [109,110] and three-di-
mensional viscous fluid flow across rotating discs [111] and the CFD
analysis of the performance of heat exchanger inserts [112] which are
all based on the same approach of optimization under uncertainty, as
is also the case for the decision-making framework based on complex
fuzzy bipolar soft sets for investment strategy optimization [44].

Biomedical, Sensing, and Fundamental Physics

Section 5 shares the nanoparticle-synthesis and characterization
toolkit, which forms the core of this smaller cluster, whose members

focus on biomedical nanocomposites, sensing and fundamental phys-
ics. The last is the single most applied study on wastewater treatment
out of the focus of this review, molecular dynamics investigation of
GSTP1 single-nucleotide-polymorphism-driven variation [113] (com-
pleting the evidence base for a single study), and ZnO/Ag/Ag20@chi-
tosan nanocomposite design for infection control and tissue regen-
eration [63,59](also for completeness of the provided evidence base,
and for a study that was applied in the absolute sense).

Critical Evaluation: Contested Issues and Evidentiary
Gaps

Section 10 moves away from the synthesis at the convergence lev-
el of Section 8, and focusses on four specific questions identified by
this review as being not yet fully answered by the evidence currently
available.

Is Nanocatalyst-Enhanced AOP Performance Reported Un-
der Realistic Wastewater Conditions?

Most of the studies of catalyst degradation and performance
conducted in the literature, reviewed in Section 5, have been tar-
geted at single-contaminant, laboratory-prepared solutions under
controlled light, temperature and pH conditions [1-4,16]. Real waste-
water is multi-contaminant, variably turbid and has well document-
ed background loads of organic and inorganic compounds that can
significantly reduce the photocatalytic and Fenton-type performance
compared with lab benchmarks that are representative of one con-
taminant. Very few studies reviewed in this work report results for
a multi-contaminant industrial or municipal wastewater while the
others report only on a single contaminant; this is viewed as a first or-
der evidentiary limitation and is not considered a definitive issue that
can be resolved as a matter of fact based on the catalyst performance
literature synthesized in Section 5, but rather a topic for further in-
vestigation.

Does Machine-Learning-Predicted Performance Gener-
alise Beyond its Training Conditions?

In practice, because these experimental campaigns are selected
to evaluate the performance of systems, the data used to train the ML
models is limited to a small range of operating conditions and, in most
cases, a single wastewater matrix or contaminant. Like other report-
ed predictive accuracy in process-engineering ML research that had
been gathered previously to study the generalizability of these mod-
els, where a narrow experimental design space hindered generaliz-
ability, this review is parsimonious in claiming that the reported pre-
dictive accuracy of these studies is evidence of broad generalization
[30,32,33,35]. While we reviewed the literature for AOP-specific ML,
we believe that cross validation with it was not available with truly
independent wastewater samples.
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Is green nanoparticle synthesis genuinely more sustain-
able at scale?

The green, plant-extract-mediated nanoparticle synthesis routes
[4,23] are often described as more sustainable than the traditional
chemical reduction methods. However, there is no literature review
that directly compares green and conventional synthesis routes for
Nano catalysts used in AOP processes specifically, but rather a re-
view of electrochemical oxidation processes [15] that was based on a
life-cycle assessment. The sustainability benefit of green synthesis (as
currently observed) is deemed plausible, but not yet independently
established by life-cycle data specifically related to the production of
AOP catalysts.

Does Two-Dimensional Material Research (Mxene, Carbon
Nitride) Under-Exploit Catalytic Potential Relative to Sep-
aration Potential?

The literature on MXenes reviewed here is only available as
membranes and separators [22] although the electrical conductivity
and the tunable surface chemistry are well suited to electrocatalytic
AOP roles that are in principle analogous to the electrochemical AOP
mechanisms reviewed in Section 4.4. Catalytic dye degradation, how-
ever, has been confirmed for carbon nitride applications [80] as well
as sensing applications [21]. This asymmetry implies that the cata-
lytic potential of MXene in AOP has been relatively under-explored
compared to that of its separation potential, a specific and actionable
example of which is discussed in Section 11.

The Research Gap and Call

Combining Sections 8 and 10 this review concludes that there is
one overarching research gap that can be summarized, with 5 con-
crete priorities for action.

Statement of the Research Gap

While there are reviewed works on AOP process engineering (Sec-
tion 4), nanostructured catalyst design (Section 5), and techno-eco-
nomic and life-cycle assessment of nanotechnology-enabled process-
es (Section 7), no study has been found that combines and applies
all three of the above: a machine-learning-guided AOP process with a
nanostructured catalyst validated on real, multi-contaminant waste-
water, and evaluated using explicit techno-economic and life-cycle
criteria. The closest that has been reported as existing evidence is for
the prediction of thiosulfate removal by ML [97] or prediction of hy-
droxyl-radical exposure via ML for ozonation [12] or combined mech-
anistic ML modelling of selenium reduction by TiO2/BiOBr/cloth [18]
which meet at most two of these three integration criteria, but none
of these existing reports validate these on authentic multi-contam-
inant wastewater matrices (Section 10.1) or on life-cycle-assessed
sustainability comparison (Section 10.3). This is the research need
this review articulates for the field to fill. Table 6 organizes this re-
view’s five research priorities as a structured roadmap, pairing each
recommendation with the specific evidentiary gap it responds to and
the strongest supporting reference already available in the literature.

Table 6: The five research priorities issued in this review’s call, each mapped to the specific gap it addresses, the closest existing evidence

identified in the reviewed literature, and the section in which it is discussed.

Priority Gap addressed Closest existing evidence Section
1. Multi-contaminant, real-matrix validation | >cction 10-1: lab-otzgtzi,nséngle-contammant [1-4,16] (synthetic solutions only) 10.1,11.2
2. ML-guided catalyst design (not just post | Section 8: ML applied after synthesis, not [25] (band-gap prediction, not yet de- 72 8 11.2
hoc prediction) before sign-loop) e
3. Electrocatalytic exploration of 2D mate- Section 10.4: MXene evidenced for sepa- 5.4,10.4,
. - . [22] (membrane only)
rials ration, not catalysis 11.2
4. Standard life-cycle / techno-economic Section 10.3 & 12: absent frgm cata- [15] (LCA for EAOPs, process-level only) | 10.3,12,11.2
reporting lyst-performance studies
5. Cross-domain ML methodology transfer Section 7.3: validated methods unused in [27,29,30,32,33,66,85] (other domains) 7.3,11.2
AOQOP context
The Research Call: Five Priority Directions tions studied in Section 7.1 mostly address the prediction of the
o ) ) ) o performance of an existing catalyst or process; future research
. Priorityl Multi-contaminant, real-matrix validation. To

overcome this gap identified in Section 10.1, future studies using
AOP nanocatalysts ought to cite the results obtained from real
multi-contaminant industrial or municipal wastewater instead of
single contaminant synthetic solutions.

. Priority 2 Design of catalysts using catalysts library (not
just predicting the performance after the fact). The ML applica-

should incorporate ML methods into the catalyst itself, with the
structure property prediction approach that has proven success-
ful in other materials systems (Section 9.1 [114]) integrated into
the catalyst-design loop, such as for selecting dopants, hetero-
junction pairing and MOF metal/ligand choices prior to synthesis.

. Priority 3 Exploratory electrocatalytic studies of 2-D ma-
terials. The two-dimensional materials discussed in Section 10.4,
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e.g., MXene, are already proven to be suitable for the application
of membrane separation [1] and deserve special interest for their
application in electrocatalytic AOP, utilizing the same electro-
chemical mechanisms discussed in Section 4.4.

. Priority 4 Life-cycle and techno-economic evaluation as
a standard reporting requirement. Moving forward, future AOP
nano catalyst studies should report, at a minimum, indicative
techno-economic and life-cycle metrics, as well as degradation-ef-
ficiency data in accordance with the precedent set by the one re-
viewed study that included life-cycle assessment in the evaluation
of AOP [112] (addressing the gap identified in Section 10.3).

. Priority 5 Cross domain transfer of validated ML method-
ology. Existing process-optimization and surrogate-modelling
methodologies which have been successfully implemented on
neighboring energy and process-engineering systems [27, 50,52,
86,96] should be directly applied to AOP catalyst systems to help
progress the field towards true three-pillar convergence.

Scale-Up, Governance, and Economic Considerations

The near total lack of techno-economic and governance analysis
across the literature reviewed, as is commonplace in the adjacent en-
ergy-systems literature surveyed in Section 9.3, is another practical
barrier to deployment of AOP nano catalysts that is apparent from
this review, and represents a significant gap in the published evidence
base [48,103,104,108] that must be addressed for the technology
to be widely adopted. None of the catalyst-performance studies re-
viewed in Section 5 report the production cost of the catalyst, nor do
they provide any details on catalyst recovery and re-use cycles, nor
do they compare the capital and operating costs for the AOP with con-
ventional biological treatment [4,34,51,52,110,114]. The lack of a reg-
ular, standard practice for techno-economic reporting as found in the
adjacent energy literature, but not yet encountered in the AOP nano
catalyst literature it reviews, is another practically significant aspect
of the research gap described in Section 11, and is noted as such in
Priority 4 above [5,9,10-15,24,25,80].

Another governance issue has to do with end-of-life and recov-
ery of the catalyst. In several of the above-mentioned nanostructured
catalyst platforms (MOFs, doped metal oxides, and 2D materials),
transition metals are used as the active catalyst component, and the
extraction and processing of these materials have an environmental
impact, which is directly linked to the broader literature of critical
minerals and mining-wastewater emissions not included in the scope
of this review [17,18,20,59,60,81,106,115-118]. Although leaching
and deactivation are well known practical challenges that the use of
nanostructured photocatalysts or Fenton-type catalysts faces during
continuous operation, no catalyst-performance study reported in Sec-
tion 5 includes a protocol for catalyst recovery, regeneration or end-
of-life catalyst recycling [119-132]. We believe that together with the
identified above techno-economic reporting gap, catalyst-lifecycle re-

porting is another clear, low-cost step that could be taken immediate-
ly by future studies involving AOP nano catalysts without the need for
new experimental infrastructure, by adding reuse-cycle performance
data to existing characterization protocols.

Future Research Priorities

The priorities set out below are deliberately more granular than
the five headline priorities issued in Section 11.2, and are intended as
concrete, near-term extensions of specific studies already reviewed
above, rather than as a restatement of the broader research call.

Beyond the five priorities set out in Section 11.2, this review iden-
tifies the following additional, more granular research directions aris-
ing from the critical evaluation in Section 10:

1. Extend the comparative multi-technology benchmarking ap-
proach demonstrated for dye decolorisation to a wider con-
taminant range, enabling direct, standardised comparison of
photocatalytic, Fenton, ozonation, and electrochemical AOP
performance under matched experimental conditions.

2. Directly test whether the fouling-prediction ANN methodol-
ogy already validated for heat exchangers transfers success-
fully to catalyst-surface and membrane fouling in AOP treat-
ment trains.

3. Extend PAH-specific AOP degradation studies to match the
analytical and monitoring foundation already well estab-
lished for this contaminant class addressing the comparative
AOP evidence gap identified in Section 3.3.

4. Systematically evaluate green-synthesis nanocatalysts
against conventionally synthesised equivalents
matched degradation-efficiency and life-cycle criteria, di-
rectly addressing the sustainability evidentiary gap identi-

fied in Section 10.3.

under

5. Pilotdeep-learning architectures beyond the gradient-boost-
ed and shallow neural network methods dominant in the
AOP-specific ML literature reviewed in Section 7.1, drawing
on the broader deep-learning methodological foundation.

Limitations of This Review

This review is a narrative-critical synthesis rather than a formal
systematic review or quantitative meta-analysis, and several lim-
itations follow directly from that choice, consistent with the scope
stated in Section 2. First, the underlying evidence base is unevenly
distributed: the dye-degradation and thiosulfate-removal sub-lit-
eratures are supported by a substantial, multi-study evidence base
whereas PAH-specific AOP degradation, MXene electrocatalysis, and
integrated three-pillar convergence are each supported by markedly
thinner evidence, which necessarily limits the strength of conclusions
this review draws about their current maturity. Second, this review
synthesises reported findings at the level of scope and contribution
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indicated by each study’s published title, in keeping with the review
approach stated in Section 2, rather than independently re-analys-
ing primary experimental data; readers seeking quantitative perfor-
mance comparisons across studies should consult the primary liter-
ature directly. Third, the broader materials, energy, and biomedical
literature surveyed in Section 9 is included to substantiate a meth-
odological-transfer argument rather than as direct evidence about
wastewater AOP performance, and should not be read as such. Fourth,
this review’s critical assessments in Section 10 reflect a considered
reading of the synthesised literature rather than independent exper-
imental verification, and are offered as a structured starting point for
the field rather than a final adjudication of contested technical claims.

Conclusion

Advanced oxidation processes, nanostructured catalysts, and ma-
chine learning each constitute mature, independently well-evidenced
literatures within wastewater treatment research, spanning the dye,
pharmaceutical, PAH, and inorganic-contaminant classes reviewed
in Section 3, the photocatalytic, Fenton, ozonation, electrochemical,
and sonocatalytic AOP technologies reviewed in Section 4, and the
doped-oxide, heterojunction, MOF, and two-dimensional catalyst plat-
forms reviewed in Section 5. This review has shown, however, that
genuine three-pillar convergence AOPs, nanocatalysts, and machine
learning integrated within a single, validated research programme
remains the exception rather than the rule across the reviewed evi-
dence, evidenced clearly in only a small number of studies. Building
on and substantially extending an earlier synthesis of AOP nano cat-
alyst synchronization, this review has articulated an explicit research
gap centred on the absence of multi-contaminant, real-matrix-validat-
ed, ML-guided, techno-economically evaluated AOP Nano catalyst sys-
tems, and has issued a concrete five-priority research call addressing
that gap directly.

The broader materials, energy, and data-science literature sur-
veyed in Section 9 demonstrates that the characterisation and ma-
chine-learning methodologies required to close this gap are already
well established in adjacent fields; the task facing the field, as this
review’s central finding, is not methodological invention but method-
ological transfer, deliberately and systematically applied to the specif-
ic convergence this review has defined and evaluated. For researchers
entering this field, the practical implication of this review’s synthe-
sis is straightforward: the highest-value next study is not necessarily
another single-contaminant, single-catalyst degradation-efficiency
demonstration of the kind that dominates the literature reviewed in
Section 5, however incrementally improved its reported performance
metric. It is, instead, a study that deliberately combines at least two of
the three pillars reviewed here for example, applying the ML-guided
property-prediction approach already validated for titanium dioxide
band-gap engineering to the design, rather than the post hoc evalu-
ation, of a heterojunction photocatalyst tested directly on authentic

multi-contaminant wastewater. Studies of this kind remain, on the
evidence synthesised in this review, rare; closing that gap is the con-
crete, actionable contribution this review calls for.
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