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ARTICLE INFO ABSTRACT

Handling editor: Lixiao Zhang Disinfection and decontamination of water by application of oxidisers is an essential treatment step across
numerous industrial sectors including potable supply and industry waste management, however, could be greatly
enhanced if operated as advanced oxidation processes (AOPs). AOPs destroy contaminants including pathogens
by uniquely harnessing radical chemistry. Despite AOPs offer great practical opportunities, no reviews to date
have highlighted the critical AOP virtues that facilitate AOPs’ scale up under growing industrial demand. Hence,
this review analyses the critical AOP parameters such as oxidant conversion efficiency, batch mode vs
continuous-flow systems, location of radical production, radical delivery by advanced micro-/mesoporous
structures and AOP process costs to assist the translation of progressing developments of AOPs into their large-
scale applications. Additionally, the state of the art is analysed for various AOP inducing radical/oxidiser
measurement techniques and their half-lives with a view to identify radicals/oxidisers that are suitable for in-situ
production. It is concluded that radicals with short half-lives such as hydroxyl (10™* psec) and sulfate (30-40
psec) need to be produced in-situ via continuous-flow reactors for their effective transport and dosing. Mean-
while, radicals/oxidisers with longer half-lives such as ozone (7-10 min), hydrogen peroxide (stable for several
hours), and hypochlorous acid (10 min —17 h) need to be applied through batch reactor systems due to their
relatively longer stability during transportation and dosing. Complex and costly synthesis as well as cytotoxicity
of many micro-/mesoporous structures limit their use in scaling up AOPs, particularly to immobilising and
delivering the short-lived hydroxyl and sulfate radicals to their point of applications. Overall, radical delivery
using safe and advanced biocompatible micro-/mesoporous structures, radical conversion efficiency using
advanced reactor design and portability of AOPs are priority areas of development for scaling up to industry.
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through radiolysis, sonolysis, or photolysis of water molecules without
any chemical precursors. Wastewater, livestock, aquaculture, swimming

1. Introduction

Advanced oxidation processes (AOPs) are techniques of disinfecting
pathogens as well as breaking down harmful organic compounds pre-
dominantly in liquid media using the oxidising potential of radicals
generated via chemical or physical pathways. AOPs include: ultraviolet
radiation and ozone (UV + Os3) or UV and hydrogen peroxide (UV +
H203) or (0O3+ H205), Fenton, photo-Fenton, electro-Fenton, Fluidized-
Bed Fenton, nonthermal plasmas, sonolysis, photocatalysis, radiolysis,
and supercritical water oxidation processes. Many AOPs are initiated

pools as well as medical and clinical industries are the main industry
sectors where AOPs are currently utilised. For example, UV, UV + H30,,
Fenton and photo-Fenton to treat industrial wastewater (Giannakis
et al., 2017); Fenton-neutralisation-ultrafiltration in tandem for mature
landfill leachate treatment (Primo et al., 2008); low dose O3 +H50- for
disinfection and micropllutant abatement (Epelle et al., 2023); HyO3 in
commercial aquaculture (Wynne et al., 2020); photo-Fenton, electro--
Fenton and UV + persulfate in winery and olive oil mill wastewater

* Corresponding author. Institute for Sustainable Industries & Liveable Cities, Victoria University, Footscray Park Campus, 70-104 Ballarat Road, Footscray, 3011,

Australia.
E-mail address: parvez.mahbub@vu.edu.au (P. Mahbub).

1 Present address: Dr Parvez Mahbub Building 2, 235 Hoppers Lane, Werribee VIC 2029 Australialnstitute for Sustainable Industries and Liveable Cities (ISILC)
Werribee Campus 2207, Victoria University, Melbourne Australia Footscray Park Campus D416B, Victoria University, Melbourne Australia +61 3 9919 5964;

0407896877.

https://doi.org/10.1016/j.jenvman.2023.118861

Received 17 May 2023; Received in revised form 15 August 2023; Accepted 20 August 2023
0301-4797/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).


mailto:parvez.mahbub@vu.edu.au
www.sciencedirect.com/science/journal/03014797
https://www.elsevier.com/locate/jenvman
https://doi.org/10.1016/j.jenvman.2023.118861
https://doi.org/10.1016/j.jenvman.2023.118861
https://doi.org/10.1016/j.jenvman.2023.118861
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jenvman.2023.118861&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

P. Mahbub and M. Duke

treatment as well as vacuum UV + Hy0 for slaughterhouse effluent
treatment (Xin and Rehmann, 2020) can be noted.

There have been several reviews, perspectives and guest commen-
taries published on the various AOP technologies with in-depth discus-
sions on fundamentals of AOPs and contaminant reaction pathways
(Deng and Zhao, 2015; Comninellis et al., 2008; O’Shea and Dionysiou,
2012). Despite AOP fundamentals are well understood, industrial ap-
plications of AOP are yet to adopt scalable approaches that allow more
efficient, portable, cost-effective, and environment-friendly AOP oper-
ations. Continuous growth in industrial business operations need tech-
nologies to adapt with evolving industrial demand. For example,
Mahbub and Sharma (2019) reported the projected monthly freshwater
(FW) demand beyond 2020 in a medium sized aquaculture industry of
Tasmania for FW-based bathing treatment of Amoebic Gill Disease
(AGD) will grow up to 120 ML per month. In another example scenario,
Saravanane et al. (2014) estimated that around 120 GL of sewage will be
generated in India during the projected year of 2051 with additional
wastewater generation of around 50 GL. These challenges might be
better addressed with AOP systems, however the principal challenges in
adapting AOPs to cope with the widely varying demand of the industry
are scalability of the AOPs (i.e., up and/or down-scaling techniques of
predominantly hydroxyl (‘OH) radical production), cost of reagent and
energy usage, as well as difficulties in rapid and in-situ measurement of
radical production efficiency via AOPs. Whilst both conventional batch
and continuous-flow reactors are employed worldwide for industrial
AOP operations to date, portable and low-cost continuous-flow reactors
are slowly emerging in Europe and North America with a view to
overcome difficulties in adapting AOPs in industrial scale (Hofman-Caris
and Beerendonk, 2011).

Highly reactive radical species such as ‘OH radicals are primary
products that induces oxidation in almost all AOPs irrespective of their
scale of applications (Kanakaraju et al., 2018; Tabrizi and Mehrvar,
2004), although other radicals and oxidisers such as persulfates (Ike
et al., 2018), hydrogen peroxide (Wynne et al., 2020), chlorine and
bromine are also employed to induce AOPs. While ‘OH radicals have
been widely discussed in all reviews on AOPs to date, other radicals and
oxidisers did not receive similar attention in terms of their reac-
tive/formative pathways during oxidation as well as their scalable
production and measurement. Recently, Zahmatkesh et al. (2022) has
illustrated effects of chlorination, ozonation and 'OH radical-based
conventional AOPs on SARS-CoV-2 virus deactivation as well as on
mineralisation of common wastewater contaminants. Research studies
of effective micro-/mesoporous structures, e.g., yolk-shell Fes04-Cds
nanoparticles (Shi et al., 2016), ultrasmall metal oxide frameworks
(MOFs) (Shi et al., 2022) as well as yolk-shell Fe304-TiO (Du et al.,
2017) were investigated for their implementation in AOPs, although
their cost effectiveness, rapid synthesis and biocompatibility are still a
great challenge. However, the prospect of employing scalable AOPs in
large industrial scale appears very promising as indicated in the research
progresses achieved to date towards state-of-the-art batch and portable
continuous-flow reactors, energy-efficient, low-cost and safe radiation
sources (Mahbub and Nesterenko, 2016), accurate and field deployable
radical measurement technologies as well as advances in micro- and
mesoporous structures such as MOFs, zeolites, carbons, and amorphous
glasses facilitating efficient delivery of radicals (Wright, 2007). There-
fore, this review on these practical developments is timely, which aims
to briefly discuss AOP basis and current trends, followed by discussions
of AOP inducing reactive oxygen species, their measurement and pa-
rameters controlling the scalability of AOPs, radical production capac-
ity/efficiency of various AOPs and prospect of AOPs in increased
industrial demand, thereby facilitating scalability of AOPs for large in-
dustrial applications.

The scalability issues affecting various AOP operations under varied
demand have been least discussed in the reviews published on AOPs to
date. Comninellis et al. (2008) have provided a few examples of
scaled-up AOP plants, but did not illustrate the parameters crucial for
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achieving the scale-up. In this context, a thorough review of scalable
AOPs will illustrate the continuously evolving innovations on various
AOP parameters that are capable to cater for industrial needs during
varied demand. Hence, we covered relevant literatures mainly from the
last two decades (2000-2023) in this review study. Whilst this is not an
exhaustive list of literatures on the topic, we also included few litera-
tures from previous decades where relevant recent references are not
available.

2. AOP basis and current trends

The definition of AOP was first proposed by (Glaze et al., 1987) as a
process of generating ‘OH radicals in sufficient quantity in aqueous
phase for water treatment purposes. However, the scope of the defini-
tion of AOP has since been widened as gas-phase AOPs are also in use for
purification and improvement of indoor air quality (Adnew et al., 2016).
The production of "OH radicals in aqueous or gas phase is initiated in the
presence of chemical precursors such as Oz or H,O, with or without
catalysts or promoters. Some physical processes such as radiolysis,
sonolysis, photolysis or supercritical water oxidation can directly
initiate the production of "OH radicals in aqueous phase without the
presence of any catalysts or promoters. As shown in Fig. 1, the produced
‘OH radicals degrade organic molecules and pathogenic substances via
hydrogen abstraction.

The degradation of contaminant illustrated in Fig. 1 only applies
during homogeneous photolysis of HyO, into "‘OH radicals. In case of
olefins and aromatic compounds, addition of the radical to the molecule
is another pathway of degradation (Munter, 2001). Fig. 2 illustrates the
sulfate radical addition to olefinic volatile organic compounds in sec-
ondary organic aerosol (SOA) producing a number of intermediate and
tertiary degradation products along with molecular oxygen and water
(Ren et al., 2021). The addition of "‘OH radicals was identified as an
efficient pathway of degradation of ciprofloxacin in wastewater (An
et al., 2010).

We emphasize that the AOP induced degradation is also possible via
other pathways, for example that includes ozone, peroxone (ozone +
H30,), Fenton, photo-Fenton and heterogeneous photocatalysis. The
radical and non-radical pathways of different AOPs play an important
role in their industrial scalability. In this regard, Wan et al. (2023)
demonstrated the prospect of tuneable Cu-subnanometer particles
(Cu-SNPs) to achieve the favourable non-radical degradation pathway of
tetracycline via activation of peroxymonosulfate immobilised on
Cu-SNP surface. Although the use of advanced functional materials in
AOP such as, Cu-SNPs (Wan et al., 2023) or various eco-friendly ab-
sorbents (Sun et al., 2022) are still in laboratory stages to date, we
envisage that further research on electron transfer behaviour, selectivity
of advanced materials towards different chemicals as well as studies on
their stability will enable the use of these materials in large scale AOPs.

Fig. 3 illustrates various AOP technologies that have been developed
and implemented in the industries to date. The application of light
sources is a differentiating factor in grouping AOPs into photolytic and
non-photolytic categories (Munter, 2001; Quiroz et al., 2011). AOP
technologies are implemented mainly through two modes of operation,
namely, batch mode and continuous-flow mode. In conventional batch
reactors, the AOP is undertaken in a single vessel for chemical oxidation
of the target contaminants or pathogens. The batch reactors facilitating
AOPs are then connected to a series of interconnected vessels, known as
sequencing batch reactors or SBRs, that enhance the subsequent bio-
logical and/or physical treatment of liquid effluent (Christensen et al.,
2009; Bernardes and Klapwijk, 1996; Singh and Srivastava, 2011).

To the contrary, the available technologies for scalable continuous-
flow mode reactors are continuously evolving and research and devel-
opment in continuous-flow reactors are ongoing in Europe and USA
(Hofman-Caris and Beerendonk, 2011). Notable continuous-flow tech-
nologies employed for AOPs for treatment of wastewater are fixed-bed
reactors, fluidized-bed reactors as well as membrane separation
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Fig. 1. Simplified example schematic of the functional role of hydroxyl radical formed by photolysis of hydrogen peroxide, to destroy a target organic contaminant

or pathogen.
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Fig. 2. Sulfate radical addition scheme to destroy olefinic volatile organic
compounds adapted from Ren et al. (2021) with permission.

reactors. In the context of membrane separation, a relatively recent
technology incorporating advanced photocatalysts with membranes in
tandem that induces AOPs to treat persistent organic pollutants and
foulants in natural and wastewater has been investigated in laboratory
scales (Nyamutswa et al., 2021; Subramaniam et al., 2022). Fig. 4
demonstrates schematic diagram of continuous flow reactor in pilot
scale.

Fig. 4 is an example of in-situ production of *‘OH radicals from Hy04
using UV reactor consisting of advanced light sources. In fact, both the
photolytic and non-photolytic batch/continuous systems illustrated
earlier in Fig. 3 can be implemented for in-situ production of various
radicals from their parent materials. Later in section 3 we provide a list
of these reactive oxygen species (ROS) and their formation pathways in
Table 1. Recently, microwave (MW) assisted catalytic digestion of
contaminant antibiotics found in wastewater such as, oxytetracycline
(OTC) using sodium persulfate (NayS>0Og) and sodium hypochlorite
(NaClO) in presence of laboratory synthesised Cu-biochar catalysts

showed around 100% and 73% total organic carbon (TOC) removal from
the OTC structure, respectively (Zhang et al., 2023a). In this context, we
emphasize the fact that although MW assisted catalytic digestion dem-
onstrates prospect in AOP efficiencies, further investigation needs to be
undertaken on isolation of thermal degradation from the catalytic
degradation at high temperature of MW assisted digestion as well as
industrial production of divalent transition metal cation loaded biochars
for energy efficient MW-based contaminant degradation during AOPs.

3. AOP inducing reactive oxygen species (ROS)

The core function of an AOP is its ability to produce ROS. In Table 1,
we observe that the reactive oxygen and sulfate species (all of them are
termed as ROS that include free radicals and non-radicals herewith) are
the principle reactive species utilised in AOP. From the reported half-
lives of these ROS, it is interesting to note that only hydrogen
peroxide, ozone, hypochlorous and hypobromous acids can be employed
in portable manner from their point of production to the point of
application. All other ROS must be produced in-situ at the location of
their application due to their extremely short half-lives. While short half-
lives are not problematic in AOPs (sometimes can be beneficial), this fact
needs to be taken into consideration during engineering design of
continuous-flow reactors for scalable production of radical species.

Table 1 also illustrates the equally important chemical/physical
precursors of ROS as well as their predominant reactive/formative
pathways. This information is important to ascertain the production
efficiencies of ROS from their parent materials and the mineralisation
efficiencies of AOP operations. ROS’ accurate measurement techniques
result the determination of such production or mineralisation effi-
ciencies during AOP operations. Additionally, the capability of facile
and rapid measurement of ROS produced/employed in-situ will ensure
scalability of AOP operations when the up/downscaling of oxidation of
target species become necessary. However, there is lack of reported
capability of in-situ, rapid and inexpensive measurement of ROS used in
AOP operations, which particularly hinders the scalable application of
useful radicals for the purpose. We discuss the measurement techniques
of the ROS in the following section with a view to identify the techno-
logical capacity gaps and measures taken to date to overcome these

gaps.

3.1. Hydroxyl (OH) radical

There have been a number of electrochemical (EC), photometric
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Fig. 4. Continuous-flow reactor scheme adapted from Hofman-Caris and Beerendonk (2011) with permission.

(PM), HPLC-UV as well as spectroscopic (SP) detection systems devel-
oped for detection of "OH radical. The EC detection schemes employed 4-
hydroxybenzoic acid (4-HBA) (Hu et al., 2008), and salicylic acid (SA)
(Ai et al., 2005) as the ‘OH radical trap. Hantzsch reaction of formal-
dehyde derived from "OH radical and dimethyl sulfoxide, and subse-
quent addition of ammonia and 1,3-cyclohexanedione (CHD) at pH of
4.5 was employed by Tai et al. (2002) to determine "OH radical via
characteristic fluorescence with its excitation and emission wavelength
at 400.4 and 452.3 nm, respectively. Indirect detection of para-
chlorobenzoic acid (pCBA) via HPLC-UV during ozonation was proposed

as a mean for measuring ‘OH radicals by Elovitz and Von Gunten (1999).
The principle of SP detection schemes via nuclear magnetic resonance
(NMR) involves trapping the ‘OH radical to form stable adducts before
their subsequent detection and quantification. For example, Argyr-
opoulos et al. (2006) employed NMR spin trapping agent 5-diisopropox-
y-phosphoryl-5-methyl-1-pyrroline-N-oxide (DIPPMPO) for "OH radical
quantitation via *'P NMR method. To the contrary, one of the SP
detection schemes via resonance scattering (RS) method involves so-
dium iodide (NaI) and H205 in HCI-NaAc buffer (pH = 4.95) to allow
resulting I3 reacting with rhodamine S (RhS) to form particles that



P. Mahbub and M. Duke

Journal of Environmental Management 345 (2023) 118861

Table 1
List of reactive oxygen species utilised in AOPs.
Reactive Oxygen Chemical/physical precursors or Main formative/reactive pathways Half-lives, Remark on application level References
Y8 phy: 2 p Y pp
Species catalysts sec
Hydroxyl radical ~ Hydrogen peroxide H,0,—-HOO™ + H' 10710 Extremely reactive radical; not Phaniendra et al., (2015);
HOO™ + Hy05— OH+ H505 + O, suitable for portability, used in aniendra et al., o
disinfection of pathogens Mahbub et al., (2022); Liao
and Gurol (1995)
Superoxide Negative charge at conduction e, + Osabsorbed) Mo 10°° Extremely reactive radical; not Phaniendra et al., (2015);
anion radical band of TiO, semiconductor under b {absorbe 2 suitable for portability, used in haniendra et al., (2015);
UV radiation disinfection of pathogens Deng and Zhao (2015)
. - 6 . -
osirdial  Grbnde ettt oo, 0 ey e 0y e, 00
’ ? > CH3COONO, + ROH—CH3COOH + ’ . .
peroxides, hydroperoxides ROISVO 2 i biomedical applications Gray and Williams (1959);
2 Lee et al. (2021)
RONO,™:RO" + ‘NO,
el - O ¢ .
Peroxyl radical Organic hydroperoxide ROOH—RO + ‘OH 17 Less reactive radical; not suitable Chamulitrat et al. (1989):
RO + ROOH—ROH + ROO for scalability, used in an?u itrat et al., ( )i
2RO0O —-ROOR + 0, biomedical applications Phaniendra et al., (2015)
Hydrogen UV radiation and/or divalent h stable Reactive non-radical suitable for
y g. L. / . H202*L’2 OH . . Phaniendra et al., (2015);
peroxide transition metal cations P 34 _ portability, used in aquaculture,
Fe * + HyOp—Fe™ + OH+ OH mining, dye and leather industry ~ D¢ng and Zhao (2015)
Fe** + Hy0,—Fe* + HOO + H* ’
2HOO —H,0;5 + 0,
Singlet oxygen Hydrogen peroxide or dye H, 0 + NaOCl—NaCl + H,0 + 10, 10°° Extremely reactive non-radical; X
. . . . Phaniendra et al., (2015);
sensitized photooxidation not suitable for portability
Greer (2006)
intersystem 3
Sens™S 1Sens -, sgens % Senseio,
Ozone High voltage dielectric corona high voltage 420-600 Reactive non-radical suitable for Weschler (2000): Rekt
discharge, UV radiation 5 corona discharge portability, used in wastewater eschler ( ); Rekhate
Air/Oy 02/05 treatment and pathogen and Srivastava (2020);
302£203 disinfection Eliasson and Kogelschatz
(1991)
Hypochlorous Chlorine (Cl,) in aqueous solution Cly + H,O=HCIO+ H" + Cl” 6 x 10%-6 x Reactive non-radical suitable for . .
. 5 o . Ishihara et al., (2017); Fair
acid 10 portability, used in pathogen
control in swimming pool and etal, (1948)
drinking water
Hypobromous Bromine (Bry) in aqueous solution,  Bry + H,O=HBrO + HBr Few seconds Reactive non-radical suitable for Von Gunten and Oliver:
acid bromide (Br™) ions, HyO,, HCIO Br~ + H,O,=HBrO+ OH~ to several portability, used in pathogen on Gun 4en and Dliveras
Br~ + HCIO—HBrO + Cl- hours control in swimming pool and (1997); Liu et al., (2021)
drinking water
persulfates Peroxymonosulfates, 5,02~ ™95 0 30 x 107°- moderately reactive non-radical; - SN
peroxydisulfates 278 4 40 x 107° not suitable for portability, used Xiaetal., (2020); Leeetal,,

HSO; .8 0 +OH
5,02 2.5 05 + 502
HSO; 2.8 05 + OH-

(2020); Nawaz and
Sengupta (2021); Ike et al.,
(2018)

in wastewater treatment
industry

exhibit strong RS spectra at Ap,x = 650 nm (Liang et al., 2006).

Difficulties in portability and the non-linearity of the above-
mentioned "OH radical detection schemes at very high concentrations
(>0.5 mM) is a limiting factor in their deployment for in-situ measure-
ment of "OH radical at large industrial scale. In this context, Mahbub
et al. (2022) proposed a simple and portable approach for measuring up
to 0.9 mM "OH radical in-situ using continuous-flow photoreactor and
simple acid-base titration. As the half-lives of ‘OH radicals are extremely
short (0.1 ns), the batch production and transport of *‘OH radicals from
one place to another via tubes or containers is not an option for their
large-scale industrial use. Therefore, further studies that include devel-
opment of inexpensive, portable and scalable continuous-flow reactors
facilitating in-situ industrial production and deployment of ‘OH radicals
are extremely important.

3.2. Superoxide anion radical (03)

Hayyan et al. (2016) have classified four main detection mechanisms
to detect O3 radicals, namely, electrochemical (EC), absorbance-based
UV/Vis spectroscopic, luminescence-based colorimetric and vibra-
tional spectroscopic methods. These detection schemes mainly target O3

radicals in chemical and biological systems with ultra-low detection
limits. To date, there are no reports on investigations of the use of O3
radicals in large scale industrial processes. This is mainly attributed to
the extremely short half-lives of O3 radicals and unlike "OH radicals, O3
radicals are mainly generated as an intermediate during HyO, decom-
position. O3 radicals can also act as precursors of hydroperoxyl radicals
(HOO') via protonation of O3 although further protonation leads to-
wards Hy03 in aqueous media (Fernandez-Castro et al., 2015). Electron
spin resonance (ESR) spectroscopy were employed for measurement of
HOO' in aqueous samples (Dimic et al., 2021). ESR is not a rapid and
portable method and hence, it is not suitable during the large-scale use
of radicals in AOP. In this context, we highlight the use of flow injection
analysis-chemiluminescence (FIA-CL) based portable platform for lab-
oratory scale trace measurement of HOO' by Zheng et al. (2003). Further
investigations on FIA-CL based measurement of Ozand HOO" in aqueous
samples can be undertaken as this FIA-CL method is extremely suitable
for field deployment.

3.3. Alkoxyl radical (RO')

Electron spin resonance (ESR) of several alcohols and spin trapping
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method using 2-nitroso-2-methylpropane was proposed by Sargent and
Gardy (1974) as an efficient detection mechanism of RO radicals. The
spin trapping of RO" radicals for ESR detection has application in med-
ical industry as it was later employed by Tortolani et al. (1993) to detect
alkoxyl and carbon-centered free radicals in coronary sinus blood.
However, there are no reports on investigations of the use of RO" radicals
in large scale industrial processes to date. ESR detection of RO" radicals
is not a rapid or portable method. Recently, RO" radical production from
Ce(IV)-alkoxide complexes in CeCls/n-BusNCl/ROH catalytic conditions
under 400 nm photo absorption and the subsequent transient absorption
(TA) spectroscopic characterisation of RO" radicals were reported by An
et al. (2023). We emphasize that TA spectroscopy can be a suitable
technique for in-situ measurement of RO radicals in large-scale AOP
operations.

3.4. Peroxyl radical (ROO)

Peroxyl radicals are mainly formed via lipid peroxidation inside
living cells and several fluorescence probes have been developed for
detection of ROO" radicals. For example, Gomes et al. (2005) reported
parinaric acid (cis-PnA), 4,4-difluoro-5-(4-phenyl-1,3-butadienyl)-4--
bora-3a,4a-diaza-s-indacene3-undecanoic acid (C11-BODIPY5), dipyr-
idamole, diphenyl-1-pyrenylphosphine (DPP), B-phycoerythrin, and
fluorescein/6-carboxyfluorescein with varying excitation and emission
wavelengths. Peroxyl radicals can also form via iron catalysed decom-
position of organic peroxides, namely tert-butyl hydroperoxide
(t-BuOOH), methyl ethyl ketone peroxide (MEKP), and cumene hydro-
peroxide (Akaike et al., 1992). They demonstrated that ROO" radicals
generated in heme iron-organic peroxide system remained high in
concentrations for up to 30 min and displayed strong bactericidal action
against gram-positive bacteria. Considering these findings, we empha-
size that such heme iron-organic peroxide system can be further inves-
tigated for continuous production of ROO" radicals in industrial scale
using continuous-flow reactors. As the above-mentioned fluorescence
probes generally detect ROO' radicals in micro to nano-molar ranges, for
detection of ROO" radicals in high millimolar concentrations, electron
spin resonance (ESR) spin trapping with 5,6-dimethyl-1-pyrroline-N-ox-
ide (DMPO) would be more suitable than fluorescence probes.

3.5. Singlet oxygen (*02)

Singlet molecular oxygen (10y) is an important intermediate in
photooxidation of ground state triplate oxygen ((0y). Greer (2006)
elucidated two distinct routes of production of 'O,: 1. Dye-sensitized
photooxidation of ground state oxygen, and 2. A chemical reaction be-
tween NaOCl and Hy0,. Earlier, Thomas (2000) proposed a polymeric
coating for large scale production of 10, under low intensity visible light
targeting mineralisation of range of organic compounds in drinking water.
An alternative method of 10, generation from storable calcium peroxide
diperoxyhydrate (CaO2.2H203) was proposed by Pierlot et al. (2002).
Molecular phosphorescence at 1270 nm has been employed as a direct
detection method of 'O, whilst indirect methods using spectrophoto-
metric, fluorescent or chemiluminescent probes were also reported by Wu
et al. (2011). The quantum yield of formation of 105 from its ground state
is reported extremely low (10 °to 10’7), and hence the direct detection
of 102 suffers from low sensitivity (Jiménez-Banzo et al., 2008). To the
contrary, fluorescence probes have been employed commercially for se-
lective and sensitive detection of '0,. For example, 9-[2-(3-carboxy-9,
10-diphenyD)anthryl]-6-hydroxy-3H-xanthen-3-one (DPAX) and
9-[2-(3-carboxy-9,10-dimethyl)  anthryl]-6-hydroxy-3H-xanthen-3-one
(DMAX) were employed by Tanaka et al. (2001) and Thermo Fisher has
introduced Singlet Oxygen Sensor Green (SOSG) fluorescence probe
which, according to the vendor, does not show any appreciable response
to "OH or O3. Although not reported yet, we envisage that SOSG fluo-
rescence probe can be investigated in measuring production efficiency of
10, during its generation in large scale.
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3.6. Hydrogen peroxide (H202)

H-0, is a versatile oxidiser/reducer used in the disinfection of
pathogens as well as breaking down both organic and inorganic com-
pounds achieved through their oxidation or reduction in aqueous solu-
tions. Due to the reportedly long stability of HoO5 in aqueous solutions,
significant initiatives have already been undertaken to facilitate its
large-scale industrial production. For measuring the high concentrations
(up to 30% H303), SOLVAY has reported a ceric sulfate-based titration
using Ferroin indicator (phenanthroline monohydrate added to the
ferrous sulfate solution). To the contrary, permanganate-based titration
of HyO> is a direct titration method for highly concentrated samples
without the need for any indicator. Even though interference of chloride
anions and stability of permanganate over time have been reported as
some drawbacks in permanganate titration of HyO, (Cox, 1985),
Huckaba and Keyes (1948) reported periodic standardisation of per-
manganate by sodium oxalate resulted high accuracy in measuring up to
90% H,0, concentrations.

Many reports have been published on trace detection of HyO3 in
aqueous (e.g., freshwater) and biological samples (e.g., blood serum) via
electrochemical (EC) detection on various novel metal organic and
doped carbon frameworks (Sherino et al., 2018; Tujunen et al., 2015;
Neal et al., 2017). Additionally, spectroscopic (SP) methods using azo
dyes (Wang et al., 2019) and colorimetric (CL) methods using silver
nanoparticles (Nitinaivinij et al., 2014) were developed for indirect
determination of trace HpO, in water. Simultaneously, horseradish
peroxidase (HRP)-based enzymatic methods hyphenated with EC plat-
form (HRP-EC) for trace detection of H20; in biological systems (Xin
et al.,, 2013) are also proposed. Considering the reported range of
detection by these SP (0.3-175 pM), CL (1.6-80 pM) and HRP-EC
methods (0.02-2.5 mM), we emphasize that only the enzymatic
degradation-based EC methods can be employed as a portable alterna-
tive of the titrimetric method during quality control steps of large-scale
industrial production of highly concentrated Hy0,. Investigations of
improved nanostructures to immobilise HRP on various electrodes can
be undertaken with a view to facilitate in-situ high molar detection
ranges for commercially produced Hy0o.

3.7. Ozone (0O3)

Dissolved Oz in water has found its widespread implications as an
effective disinfection agent in aquaculture. Buchan et al. (2005) have
compared amongst iodometric, colorimetric and oxidation/reduction
potential (ORP) measurements to detect dissolved Os in water, and
found that N, N-diethyl-p-phenylenediamine (DPD)-based colorimetric
method resulted most accurate detection of O3 in non-laboratory con-
ditions. Bader and Hoigné (1981) reported O3 detection via spectro-
photometric determination of decolorization of indigo trisulfonate with
a range of 0.005-30 ppm in aqueous solutions. Dow et al. (2015) also
employed indigo method for measuring O3 around ceramic membranes
in a pilot plant for real secondary wastewater treatment. Currently,
commercial instruments for measuring O3 in gas phase are available.
Zahn et al. (2012) have characterised a sensitive and fast atmospheric O3
measuring equipment that employed coumarin-47 dye-based dry
chemiluminescence (CL). To the contrary, Jiménez et al. (1997) re-
ported luminescent agent such as, ethylene and nitrogen
monoxide-based dry CL for measuring gas phase Os. However,
requirement of high accuracy in gas flowrates as well as difficulty in
in-situ gas handling during the gas phase CL detection of O3 warrant
investments in research and investigation of liquid phase O3 measure-
ment using dye-based colorimetric and/or luminescent agent-based CL
techniques. Flow injection analysis (FIA) is a versatile technique for CL
detection of numerous species including dissolved O3 in aqueous phase
(Fletcher et al., 2001). In this context, we envisage FIA-CL poses the
prospect of developing fast, selective, inexpensive, and portable plat-
form capable of accurate quantitation of high molar concentrations of



P. Mahbub and M. Duke
dissolved Os.
3.8. Hypochlorous acid (HCIO)

HCIO is formed via hydrolysis of molecular chlorine in aqueous so-
lution and at the typical pH of most types of water (i.e., from pH 3-9),
HCIO and hypochlorite ions (CIO™) predominantly remain in the solu-
tion (Kodera et al., 2005). Using Ag/AgCl electrode in NaClO4 as
background electrolyte via cyclic voltammetry (CV), Kodera et al.
(2005) reported a portable method for detection of low free-chlorine as
HCIO concentrations between 0.2 and 5 mg/dm?. Earlier, Sournia-Sa-
quet et al. (1999) employed CV and chronoamperometry and estab-
lished a linear range of 1-50 ppm detection of HCIO in 3 gm/L NaCl
background electrolyte. Both of these EC methods of HCIO measurement
are applicable to monitor the chlorine levels in swimming pool and
drinking water industry whose limit must be lower than 5 ppm.
Although these electrochemical methods of measuring HCIO facilitated
precision in trace level, these methods would not be suitable for
measuring high concentrations that might be required in large industrial
scale. Lengthy and laborious potassium permanganate (KMnOjy) titra-
tion of excess HyO, during its reaction with (ClO™) in acidic pH resulted
indirect detection of HCIO at higher concentration range (1.9 mM-19
mM) (Jonnalagadda and Gengan, 2010). They also replaced the titri-
metric method with photometric method employing absorbance mea-
surement of residual H,O with fixed amount of excess KMnOy, resulting
a four-stage calibration procedure with varying linear range for each
step. With the advances in portable and miniature spectrophotometers,
the photometric method poses the prospect of rapid, inexpensive and
in-situ measurement of HCIO with single-step linear concentration range.
Investigations of lengthening optical path length in microfluidic scale (e.
g., substrate integrated hollow waveguide reported by Ribessi et al.
(2016)) targeting an increased linear absorbance range of photometric
methods can be undertaken.

3.9. Hypobromous acid (HBrO)

Hydrolysis of molecular bromine (Br) is a major source of HBrO in
aqueous solutions. HBrO may also form when ubiquitous bromide (Br™)
ions present in water react with HCIO during chlorination (Liu et al.,
2021). Although HBrO is a highly reactive agent that oxidizes wide
varieties of organic matters and pathogens, undesirable and carcino-
genic disinfection-by-products (DBPs) such as bromate and brominated
organic compounds form via nucleophilic addition or oxidation of HBrO
in presence of HyO, (Von Gunten and Oliveras, 1997). At alkaline pH of
8, high rate of reduction of HBrO into Br~ avoids production of bromate
or brominated organic compounds. However, at low to moderate pH of
5, half-life of HBrO increases to several hours, thereby increasing the
chance of formation of hazardous bromine compounds in aqueous so-
lutions. Although Pinkernell and Von Gunten (1999) reported addition
of ammonia as one of the possible control options for mitigating bromate
formation during water disinfection, we envisage that utilisation of
HBrO as a water disinfectant poses increased cost and high risks to
human health and environment.

Pinkernell et al. (2000) have demonstrated trace level detection
(1-20 pM) of total reactive bromine as sum of HBrO and three
bromo-amine species (NHyBr, NHBr;, NBr3) using photometric method
where bromine species reacted with ABTS (2,2-azino-bis(3-ethyl-
benzothiazoline)-6-sulfonic acid-diammonium salt) to form a green
coloured product that was measured at 405 or 728 nm. However,
chlorine species also reacted with ABTS, thus interfered with reactive
bromine detection in their studies. To date, there are no reports on se-
lective detection of HBrO in aqueous solutions. In blood plasma, selec-
tive fluorescence probes for HBrO were developed by Huo et al. (2020)
by stirring a coumarin derivative in hydroxyl amine and methanol for 8
h. We envisage that FIA-CL would be a much faster and in-situ method
for selective measurement of HBrO during large-scale AOP operations
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that employ aqueous Br; solutions. In this regard, we highlight the fact
that Takahashi et al. (2008) proposed electrogeneration of HBrO in pH
5-7 in aqueous solution of Brp and the simultaneous detection of
ammonium ion via CL reaction between HBrO and NH,4CI in a micro
FIA-CL system. Therefore, this same CL reaction scheme can also be
implemented for in-situ measurement of HBrO for a known concentra-
tion of ammonium ion in the cases of HBrO based AOP systems.

3.10. Persulfates

Peroxymonosulfates (PMS) and peroxydisulfates (PDS) are the pre-
cursors of sulfate (SO3) radicals and both PMS and PDS have been uti-
lised as viable alternatives of "OH radical based advanced oxidation
processes in aqueous solutions (Lee et al., 2020). Due to the relatively
longer half-lives (30-40 ps) of SO; radicals compared to that of ‘OH
radical (0.1 ns) (Xia et al., 2020), a number of analytical methods have
been developed for selective and sensitive detection of SOj radicals in
aqueous samples. These include electron paramagnetic resonance (EPR)
detection of SOy radicals in UV-PMS and UV-PDS systems (Chen et al.,
2022), benzoic acid (BA)-PMS-Co** system for fluorescence detection of
resulting salicylic acid as indirect detection of SO; radicals (Huang et al.,
2018), UV or visible spectroscopic detection e.g., oxidative decoloriza-
tion of methyl orange (MO) with SOz radicals at 507 nm (Zhang et al.,
2016) as well as UV absorption of cerium(IIl) sulfate at 325 nm (Wang
et al., 2018) or that of barium chloranilate at 332 millimicrons or nm
(Bertolacini and Barney, 1958). A radiometric determination of SOy
radicals was proposed by Bogen and Welford (1978), where SOz radicals
were quantitatively measured by gamma counting of excess 13Ba that
precipitates with SOz radicals. The radioactive method is not suitable for
in-situ and rapid measurement of SOy radicals as it required overnight
sample preparation as well as tedious yield correction calculation using
355 tracers. The abovementioned visible spectroscopic method using MO
at 507 nm (Zhang et al., 2016) is a fast and simple method with linear
range 0.5-100 pM and we emphasize that both spectroscopic and fluo-
rometric methods pose the prospect of rapid, in-situ and accurate
detection of SOj radicals in aqueous solutions.

In summary, fast and facile in-situ methods for reliable measurement
of AOP inducing ROS is a prerequisite for developing scalable AOP
technology. Capacity gaps exist in current initiatives for in-situ mea-
surement of ‘OH and SOj radicals during implementation of such ‘short-
lived’ radicals via continuous flow-based reactors. Amongst the other
‘long-lived’ oxidisers such as HyO,, O3, HBrO and HCIO, facile in-situ
methods for reliable measurement of HyO2 currently exists for its scal-
able implementation via both batch and continuous flow-based reactor
systems.

4. Parameters controlling the scalability of AOP
4.1. Conversion efficiency from parent materials

Irrespective of ease and/or accuracy of measuring high concentra-
tions of radical products (e.g., "OH, SOz, Os etc.) inducing AOP, the
percentage conversion (either in terms of product formed or contami-
nant mineralised/initial concentration of parent materials, or conver-
sion efficiency) plays a very crucial role in scalability of the
corresponding AOPs. Comparisons amongst conversion efficiency of
various AOPs will require standardised investigations of radicals/oxi-
disers produced via similar platforms, e.g., continuous-flow or batch
reactors. Although the chemistry of the kinetics of conversion of radicals
are very different from each other, using the similar conversion platform
will facilitate practical comparison amongst suitable radicals for large-
scale use in the industry. Currently, such standardised comparisons
are not available. Table 2 illustrates % conversion of various radicals
and oxidisers achieved through different conversion platforms.

From Table 2, we observe that except for the Zhang et al. (2013)
study, the radical conversion efficiencies in either batch or continuous
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modes were within comparable ranges between 5 and 20%. Zhang et al.
(2013) employed magnetically separable CuFe;O4 spinel in water that
apparently enhanced the % conversion of PMS into SOz radicals. The
synthesis of CuFe;04 spinel was tedious process and the method was
evaluated in laboratory scale of 200 mL only. Other metal-oxide
framework (MOFs) such as, siderite, magnetite and Fe?™ were
employed by Feng et al. (2018) in batch reactors for activating persul-
fates (PS). lke et al. (2018) explored the role of silver, iron and copper
based activation of PS, as well as metal-free activation using nanocarbon
materials. They reported that PS can also be activated by UV or waste
heat, with waste heat being proposed as the most sustainable option for
pollutant degradation. Electrogeneration of SO; radicals from PMS
and/or PDS in batch electrolysis at current densities >10 mA cm~2 and
energy consumption ranging 41-190 kW h m~2 has been discussed in
detail by Divyapriya and Nidheesh (2021). In this context, we highlight
that the prospect of continuous-flow reactors in increasing the % con-
version of PMS/PDS into SO radicals hasn’t been reported yet.

We envisage that there is scope for scalability studies of converting
PMS and/or PDS to SOj by incorporating reactor coils and mixing
chambers via continuous-flow systems to enhance mixing of PMS and/or
PDS with MOFs with a view to increase % conversion. Physical or
chemical mechanisms of activating the PMS/PDS such as, UV, ultra-
sound, heating, MOFs or carbon-based materials resulting various de-
grees of PMS/PDS activation should be investigated via continuous-flow
modes to enhance scalability of the systems. Various energy and electron
transfer mechanisms for activating PMS/PDS systems are listed in Xia
et al. (2020) and Lee et al. (2020) studies. The conversion principles of
H20; into "OH radicals using multilayer continuous-flow UV reactor was
thoroughly investigated by Mahbub et al. (2022), where they demon-
strated that the initial concentration of HyO5, pH of the solution as well
as non-linear regime of Beer-Lambert law of photo-absorption of mole-
cules played important roles in conversion of HoO5 into ‘OH radicals.
Fig. 5 demonstrates the non-liner trend of photoconversion of HyO5.

Here in Fig. 5, we observe that the homogeneous photoconversion of
H50, into "OH radical is a non-linear function of initial concentration of
H,0, as the parent material in a continuous flow-based photoreactor.
This information has economic implications in scalable production of
‘OH radical, as there seems to be an optimised reactor condition in Fig. 5
that produces maximum concentration of radicals from minimum con-
centration of parent materials. Such relationships may also exist in the
conversion of other ROS shown in Table 2, e.g., O3 from O3, SO3 from
PMS/PDS and HOCI from NaOCl/NaCl via continuous flow reactors.
Therefore, further research focussed on optimising the conversion effi-
ciency of the reactors is required in order to achieve scalable AOP
operations.

4.2. Location of radical production
The capability of transporting radicals from point of production to

point of delivery as well as the capability of their efficient dosing will
have an impact on the scalable application of different radicals for
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industrial purposes. The half-lives of radicals will directly affect their
transport and efficient dosing. For example, radicals with short half-lives
such as ‘OH radicals (10~* psec), SOy radicals (30-40 psec) need to be
produced in-situ for effective transport and dosing, whereas radicals/
oxidisers with longer half-lives such as O3 (7-10 min), H,O, (stable for
several hours), HCIO (10 min —17 h) can be transported after production
at locations different from dosing. Therefore, batch reactor system can
be easily implemented for O3, H,O2 and HCIO, whilst it is imperative to
employ continuous-flow reactor for in-situ production and dosing of "OH
and SOj radicals. An example of industrial scale electrochemical pro-
duction of HCIO via batch reactors for agricultural and food industries is
reported by Al-Haq et al. (2005) and their reactor system is illustrated in
Fig. 6.

The transport of radicals and/or oxidisers is extremely important for
efficient aquaculture processes, particularly disease control of fisheries
and environmental sustainability of aquaculture effluents worldwide.
Mahbub et al. (2022) proposed use of ‘OH radicals produced via
continuous-flow photoreactor for treatment of amoebic gill disease
(AGD) in Atlantic Salmons. Researchers also investigated other oxi-
disers, such as HyOo (Wynne et al., 2020), peracetic acid (Lazado et al.,
2019) and sodium percarbonate (Taylor et al., 2021) in batch reactor
mode to treat AGD. 60% concentrated HoO5 is commercially used to
treat and control skin and gill flukes of Yellowtail Kingfish. Except for
‘OH radicals, all other oxidisers were transported from their point of
production to point of application. This allowed their large-scale in-
dustrial use in very large volume ranging from 2000 L to 10,000 L per
day. AOPs involving radicals with short half-lives and not suitable for
transportation (e.g.,OH and SOz radicals), must demonstrate in-
novations in terms of in-situ production of highly concentrated radicals
from low cost and portable oxidisers to achieve scalability in large-scale
industry applications. In this context, Mahbub et al. (2022) have
demonstrated production of concentrated ‘OH radicals (40-83 mM)
from relatively low concentrations of HyO» (0.1-5 M) using scalable
photoreactors consisting of serially connected mercury (Hg) UV radia-
tion. To date, there are no report on scalable production of SO7 radicals
from PMS/PDS as mentioned in previous section. Hence, the prospect of
continuous-flow reactor technology incorporating advanced micro-
fluidics, radiometrically characterised light/radiation sources, metal
oxide frameworks (MOFs) to immobilise radicals and their subsequent
release to enhance portability, physical measures such as micro-
wave/ultrasound as well as serial/parallel reactor set-up need to be
investigated to produce highly concentrated "OH and SOy radicals from
relatively low concentrations of HyO» and PMS/PDS, respectively.

4.3. Advanced micro- and mesoporous structures for efficient delivery of
radicals in AOP

Maintaining the effective concentration of radicals until reaching the
target is a major obstacle in the development of highly efficient AOPs
particularly since the concentration of radicals/oxidisers attenuates
with time as well as during transport from their point of production to

Table 2
Suitable platforms for AOP inducing radicals/oxidisers.
AOP inducing substance/ Parent Percentage conversion of parent materials into radicals/ Platform used References
radicals materials oxidisers (%)
‘OH H,0, 18 Continuous-flow Hg-UV (254 nm) Mahbub et al., (2022)
reactor
H>0, 14.8 Batch reactor-anatase TiO,-UV (365 Hiroyuki et al., (1994)
nm)
H,O0 4.6 Batch reactor-anatase TiO,-UV (365
nm)
O3 (o2} 10-20 Continuous-flow Gibalov and Peitsch
(2006)
HOCI NaCl, NaOCl 5-20 (batch) Block and Rowan (2020)
SOy PMS 100 (batch) Zhang et al., (2013)
PMS and PDS 12.9-16.4 (batch) Feng et al., (2018)
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Fig. 6. Electrochemical batch reactor for large-scale production of HCIO (adapted from Al-Haq et al. (2005) with permission) termed as “acid electrolysed water”

from tap water and NaCl.

point of application. Yaghi et al. (1995) reported selective binding and
removal of functional groups by microporous materials, such as metal
organic frameworks (MOFs), zeolites, carbons, and amorphous glasses
due to their extremely narrow pore size distributions ranging 0.5-2 nm.
Selective binding of hydroxyl ‘OH radical is also reported via in-house
synthesis of Cu-SBA-15 mesoporous materials showing favourable cat-
alytic activity in oxidative degradation of organic dye (Miao et al.,
2019). Indirectly, the potential of 0-2% wt graphene entrapping FeOOH
particles (alternately known as iron sludge) during Fenton-based
wastewater treatment resulting more than 90% degradation of organic

contaminants was reported by Guo et al. (2017). Although mesoporous
structures facilitate favourable outcome in terms of degrading organic
compounds in laboratory scale, the capacity of micro/mesoporous
structures for efficient delivery of radicals during AOPs in the context of
their industrial applications hasn’t been reported yet. The capabilities of
delivering drugs using mesoporous materials such as, MCM-41, SBA-15,
MCM-48 as well as some MOFs as systemic-delivery and implantable
local-delivery systems for humans have been discussed by Vallet-Regi
et al. (2007). Due to their inertness, these mesoporous materials are
excellent candidates for carrying "OH and SOy radicals for disease and
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pest control in aquaculture as well as in wastewater disinfection
industries.

The use of oxidisers for disease control in aquaculture industry is
ever evolving and researchers are working on finding new and improved
methods of applying various oxidisers and radicals such as, HyOy
(Wynne et al., 2020), peracetic acid (Lazado et al., 2019), sodium per-
carbonate (Taylor et al., 2021) as well as "OH radicals (Mahbub and
Yeager, 2023) in in-vitro, laboratory, pilot and industry scale containers
used for fish bathing. Achieving reproducible outcomes in terms of
disease control and fish health were the main obstacle in these reports to
date, which we attribute to the dose efficacy of radicals/oxidisers and
degree of deactivation of the pathogens. The efficacy of radical dose and
pathogen deactivation in aquaculture industry can be greatly benefited
from the potential of micro- and mesoporous inert materials to bind and
deliver radicals and oxidisers to the point of application. Zhang et al.
(2023b) have listed the micro-and mesoporous structures (e.g.,
MCM-41, SBA-15, Ce-MOFs, Fe304, CuO to name a few) employed by
researchers to date to overcome the inefficiencies of AOPs that suffer
from the low availability due to the ultrashort lifetime of radicals. In our
opinion, their complex and costly synthesis as well as cytotoxicity pose
the major obstacles in employing these advanced structures for
enhancing performances of AOPs in industrial scale. In this context, the
biocompatibility and safety of silica-based materials such as, SBA-15 and
MCM-48 have facilitated their use as drug carriers and controlled release
systems in human body (Vallet-Regi et al., 2007). Therefore, we
envisage that future investigations should focus on radical immobilisa-
tion and their subsequent release mechanisms using the biocompatible
and non-toxic silica-based mesoporous structures namely, SBA-15 and
MCM-48 with a view to utilise these materials in industry scale and
efficient AOP operations.

4.4. Cost

Mousset et al. (2021) introduced laboratory scale cost comparison of
five AOPs using accumulated oxygen-equivalent chemical-oxidation
dose (AOCD) as a standardisation parameter amongst the AOPs. Using
the AOCD criteria, the total cost of chemicals used, power employed and
sludge managed for 50%, 75% and 99% mineralisation of a model
contaminant (in this case phenol) was compared and Mousset et al.
(2021) found that electro-Fenton incurred the lowest cost. Canizares
et al. (2009) coined a similar standardisation parameter termed as
oxygen-equivalent chemical-oxidation capacity (OCC) whilst comparing
conductive-diamond electrochemical oxidation, ozonation and Fenton
oxidation. However, these abovementioned cost-comparisons did not
include the operation and maintenance cost of equipment over the
design period of the AOP plant. Therefore, we emphasize that the
laboratory-based AOCD/OCC cost of different AOPs are unable to pre-
dict the industry scale cost of corresponding AOPs correctly. Addition-
ally, the social, environmental, economic and greenhouse gas emission
impact of large-scale AOP plants need to be assessed as part of their
feasibility studies which cannot be estimated from laboratory scale cost
investigations.

Life cycle costing (LCC) (Mahbub and Sharma, 2019) and assessment
(LCA) (Sharma et al., 2009) of capital infrastructure required for AOP
plants that includes their social, environmental and economic impact
can be a suitable approach to estimate the long-term industry scale cost
to help business owners to take their investment decisions. In this
context, Mahbub and Sharma (2019) have demonstrated use of
well-established LCC approach to predict the cost of civil and water
infrastructures as well as the equivalent CO, (eCO3) emission (as frac-
tion of total emissions from energy embodied in the process) for sourcing
freshwater from various sources for fish bathing in a large aquaculture
industry of Australia for a 10-year life cycle. We emphasize the fact that
contaminant types and load, sludge load, initial reagent used such as
H»0,, Cly, Bry, peroxy mono- and disulfates, catalyst used such FeSOy,
radiation source characteristics, input voltage for corona discharge as
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well as electrode surface employed will incur continuous operational
cost over the design life of AOP plants during scaling-up. The total en-
ergy embodied in producing the AOP operational infrastructure will also
incur costs during AOP operations. Hence, any LCC or LCA-based
large-scale study investigating long term operational cost of industrial
AOP operation should consider the abovementioned parameters.

In Summary, existing conversion efficiencies of various AOP opera-
tions range between 5% and 20%. Technologies are still evolving for the
production of highly concentrated ‘OH and SO radicals from relatively
low concentrations of HyO5 and PMS/PDS, respectively. It will be
interesting to observe the potential of silica based biocompatible micro/
mesoporous structures in improving the conversion efficiency and
portability of both short and long-lived radicals during scalable AOP
operations. Additionally, scalable AOP operations must consider the
associated costs in industry scale as existing technological advances for
radical production and conversion are confined within laboratory scales.
Herein, we highlight the fact that innovations in scalable production of
radical via advanced reactor technology (Mahbub et al., 2022), as well
as radical binding and transport using micro- and/or mesoporous ma-
terials will have a positive impact via reducing the scale-up cost of AOP
plants in future.

4.5. Further challenges in AOP scale-up

In-situ production of ROS from parent materials in both economically
and environmentally sustainable manner is a big challenge in AOP scale
up. Various batch/continuous processes mentioned earlier in Fig. 3 e.g.,
water photolysis in vacuum UV, UV + H203, UV + O3, Ho02+03, Fen-
ton, elctro/photo Fenton as well as fluidized bed Fenton can enable such
in-situ production of ROS. Further research on continuous flow-based
reactor design with a view to achieve efficient radical conversion from
parent materials as well as research on advanced functional micro/
mesoporous biocompatible silica-based materials to achieve effective
radical dosing and portability will eventually result towards sustainable
and scaled-up AOP operations. The graphical abstract illustrates the
summary of these future challenges in achieving scalable AOPs.

5. Conclusions

The conversion efficiency of AOPs and portability of radicals/oxi-
disers in terms of their delivery to the points of applications are the two
primary parameters for upscaling AOP technologies from laboratory
scale to industry scale. Innovative designs in batch or continuous-flow
reactors will certainly facilitate efficient conversion of parent mate-
rials into useful radicals inducing AOPs. The application of micro- and/
or mesoporous structures for selective binding and delivering radicals
from their place of production to place to application will become a
game changer in AOP upscaling, as such initiative would result huge cost
reduction during AOP scale-up. Hence, we envisage that modern AOP-
based research targeting large scale industrial applications will incor-
porate the conversion efficiency of AOPs via innovative continuous-flow
reactors as well as portability of radicals/oxidisers via advanced micro/
mesoporous structures to overcome the existing scalability challenges.
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