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ARTICLE INFO ABSTRACT

Keywords: Ozone — a powerful antimicrobial agent, has been extensively applied for decontamination purposes in several

Ozone industries (including food, water treatment, pharmaceuticals, textiles, healthcare, and the medical sectors). The

Ozone dosage ) advent of the COVID-19 pandemic has led to recent developments in the deployment of different ozone-based
Personal Protective Equipment (PPE) . s . . . .

O technologies for the decontamination of surfaces, materials and indoor environments. The pandemic has also
Microbial inactivation L . . . . . s

Decontamination highlighted the therapeutic potential of ozone for the treatment of COVID-19 patients, with astonishing results

observed. The key objective of this review is to summarize recent advances in the utilisation of ozone for

decontamination applications in the above-listed industries while emphasising the impact of key parameters

affecting microbial reduction efficiency and ozone stability for prolonged action. We realise that aqueous

ozonation has received higher research attention, compared to the gaseous application of ozone. This can be

attributed to the fact that water treatment represents one of its earliest applications. Furthermore, the application

of gaseous ozone for personal protective equipment (PPE) and medical device disinfection has not received a

significant number of contributions compared to other applications. This presents a challenge for which the

correct application of ozonation can mitigate. In this review, a critical discussion of these challenges is presented,

as well as key knowledge gaps and open research problems/opportunities.

1. Introduction

Ozone (O3) is a triatomic gas — an allotrope of oxygen, with a
distinctively pungent odour. At —112 °C, the condensation of ozone
occurs yielding a dark blue liquid, with explosive properties. Although
not usually noticeable at the concentrations typically produced, ozone
gas also possesses a bluish colour at room temperature [1]. The physical
and chemical properties of ozone are summarised in Table 1. Ozone is
significantly less stable than atmospheric oxygen [2]; this instability
implies that it does not accumulate substantially and must be generated
on demand via an ozone-generating system [3]. Ozone, automatically
and rapidly decomposes to oxygen in both air and water, with an
oxidation potential of 2.07 V. This high oxidative power and rapid
decomposition make it effective against a broad spectrum of microor-
ganisms [4]; hence its wide application for decontamination of indoor
spaces, materials/surfaces, food, and water. Ozone yields faster micro-
bial inactivation kinetics, compared to other oxidative agents used in
chemical disinfectants (Table 2) and has been shown to be effective on
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notably resistant microorganisms such as Clostridium difficile [5]. It can
react up to 3000 times faster with organic matter and is considered safer
than chlorine, which produces harmful disinfection by-products [6].
Beyond, decontamination, ozone also possesses bleaching and deodor-
ising properties, increasing its versatility in various industries. None-
theless, the use of ozone for decontamination represents the most
prevalent reason for its application.

One of the key attributes of ozone, which makes it a widely applied
antimicrobial agent, is its potency in both air and water. Moreover, very
few disinfectants possess this property. Thus, industries with the flexi-
bility of utilising either medium can apply ozone, depending on the
particular attributes of the process or substrate to be decontaminated.
However, the sensitivity of ozone to organic matter present in air or
water implies it is more readily used up; thus reducing its concentration
for the target action. Ozone generation in air is mainly carried out via
ultraviolet radiation (185 nm) and corona discharge methods - the latter
being more efficient (particularly for large-scale production) than the
former. In water, ozone may be generated via electrolytic methods or by
carefully bubbling the gas through water to enable dissolution [16,17].
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Nomenclature ORP Oxidation-reduction potential
OSHA  Occupational safety and health administration

DBP Disinfection by-products PBS Phosphate buffered saline

FDA Food and drug administration PFU Plaque forming unit

GRAS Generally recognised as safe PEL Permissible exposure limit

HAI Hospital-acquired infections PPE Personal protective equipment

HLD High-level disinfection RAQS Recirculating aquacultural systems

ILD Intermediate-level disinfection REL Recommended exposure limit

LLD Low-level disinfection RH Relative humidity

MAHT  Major autohemotherapy RI Rectal insufflation

MCV Murine coronavirus ROS Reactive oxidative species

MiAHT Minor autohemotherapy SAL Sterility assurance level

OPA Orthophthaldehyde uvc Ultraviolet radiation — C

OPEX Operating expenditure

Table 1 Table 2
Physical and chemical properties of ozone [1,3,7-12]. Oxidation potential of ozone compared to other oxidizing agents [1,8,18].

Property Value Oxidizing agent Oxidation potential (V)
Molecular weight (g/mol) 48 Fluorine (F3) 3.06
Gaseous density (kg/m>) at 0 °C and 1 atm 2.14 Hydroxyl radical (OH") 2.80
Solid density at —195.7 °C (kg/m%) 1728 Superoxide radical (03) 2.40
Melting point (°C) —-192.5 + 0.4 Ozone (03) 2.07
Boiling point (°C) —-111.9 £ 0.3 Hydrogen peroxide (H205) 1.80
Critical pressure (atm) 54.6 Peracetic acid (CH3COzH) 1.76
Critical temperature (°C) -12.1 Hypochlorite ion (ClO") 1.70
Thermal conductivity at —183 °C (°C/m) 0.000531 Perhydroxyl radical (HO3) 1.70
Half-life in air (min) 20 - 1524 Permanganate ion (MnOj) 1.67
Half-life in water (min) 10-80 Chlorine dioxide (Cl0O5) 1.50
Dielectric constant at —183 °C 4.74 Hypochlorous acid (HCIO) 1.49
Heat of evaporation (kcal/mol) 3.63 Chlorine gas (Cly) 1.36
Vapour pressure at —192.5 °C (atm) 1.13 x 10 Oxygen gas (02) 1.23
Dipole moment (Debye) 0.53 Hydroperoxide ion (HO2) 0.88
:le;zlllilt;yh:egii:f@t)e,fgirgt(usg%)l atm & 6 wi%% Os) 33.462 Some of these radicals (for example, O3, OH’, HO3) are products of ozone
Solubility in water @ 20 °C (mg/L) 20.592 decomposition. They are produced to varying extents depending on the
Solubility in water @ 30 °C (mg/L) 12.870 ambient humidity, (during gaseous ozonation) and water properties (during
Solubility (effect of pressure @ 15 °C & 6 wt% Os) aqueous ozonation).
Solubility in water @ 1 atm (mg/L) 26.598
zgizgﬁig i;‘ xz:; g § ::E E:E;B ;g:;gi parameters depending on the medium of application. While tempera-
Solubility (effect of ozone concentration @ 1 atm & 5 °C) ture, pressure, and relative humidity appear to be the main ambient
Solubility in water @ 3 wt% O3 (mg/L) 21.450 factors affecting gaseous ozonation, the efficiency of aqueous ozone
Solubility in water @ 9 wt% Oj (mg/L) 64.350 application is affected by additional parameters such as the pH, con-
Solubility in water @ 15 wt% O (mg/L) 107.25 ductivity, and organic matter composition. Besides these ambient con-
Solubility ratio (@ 1 atm) . Y g . P K
Solubility ratio @ 10 °C (m® Os/m® Hy0) 0.390 ditions, the type and properties of the material substrate to be
Solubility ratio @ 20 °C (m® 03/m® H,0) 0.240 decontaminated (adsorbent or non-adsorbent), the nature of the
Solubility ratio @ 30 °C (m® Os/m® H,0) 0.150 microorganism, method of substrate contamination (droplets, wet,

The solubility of ozone depends on the temperature of water, pressure of water,
ionic strength, presence and type of ionic salts and ozone gas concentration.
Ozone dissolution in water closely follows Henry’s law; thus it is important to
determine a saturation ratio. pH and organic loading are other factors that will
affect the realisable solubility, relative to the theoretical maximum. Also,
various half-lives have been reported by different researchers [13-15] and these
tend to depend on the ambient conditions (pH, temperature, pressure, relative
humidity, airflow, method of ozone dissolution and sterility of the
environment).

Both methods result in the generation of ozone bubbles of different sizes,
which in turn determine the stability of ozone in the aqueous phase.
Ozone’s poor solubility in water is also a key determinant of the
attainable concentration levels in aqueous solutions and the corre-
sponding decontamination efficiency. However, this low solubility in
the aqueous phase induces the formation of ozone bubbles, which also
have antimicrobial properties, particularly when they collapse on the
surface of the substrate to be treated.

The antimicrobial performance of ozone is affected by several

dried), method of ozone generation, exposure dosage (a product of
ozone concentration and exposure duration) are other key factors
affecting the efficiency of the ozonation process. Fig. 1 classifies these
parameters into 3 main categories — ambient conditions, substrate/
material-related properties, and operational properties. It is worth
clarifying that these parameters may affect the process, by altering the
stability of ozone in the medium of its application (air or water) or the
attainable microbial inactivation efficiency, or both. Ozone inhalation
may cause severe irritation of the respiratory tract as well as lung
damage; coughing and chest tightness are characteristics of uncontrolled
exposure to ozone [19]. Thus, it is important that appropriate personal
protective equipment (PPE) is worn when working with ozone.
Furthermore, sufficient conversion to oxygen (residual ozone concen-
tration < OSHA worker exposure limits of 0.1 ppmv over an 8-hr shift)
should be ensured, particularly during gaseous ozonation processes to
prevent toxic exposure. A sequel to this review article (under develop-
ment) by the authors separately explores the design and implementation
considerations for small- and large-scale ozone decontamination
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Fig. 1. Factors affecting the efficiency of microbial inactivation during gaseous and aqueous ozonation of materials.

systems.

Since the main context of ozone’s application discussed herein is its
antimicrobial action, it becomes necessary to clearly differentiate be-
tween cleaning, disinfection, sterilisation, and decontamination — ter-
minologies used to highlight the different levels of microbial
inactivation, as reported in several studies. While cleaning refers to the
removal of contamination from an item, to the extent required for
further processing, disinfection is the reduction in the number of viable
microorganisms on a product/material to a level specified as appro-
priate for its reuse [20]. It is usually recommended that cleaning be
performed before disinfection and sterilisation [21]. Moreover, disin-
fection has been categorised in the literature into high-, intermediate-,
and low-level [21,22].

Sterilisation is the complete removal of all viable microorganisms on
the product/material. Researchers have mainly adopted a concept
known as the sterility assurance level (SAL), particularly because ab-
solute sterility is hardly attainable [23]. SAL is defined as the ‘proba-
bility of a single viable micro-organism occurring on an item after
sterilisation” [24]. For example, a treated surgical instrument is
considered sterile when a SAL of 10 is reached [25]. Decontamination
is regarded as the combination of all 3 processes (cleaning, disinfection,
and sterilisation) to make a reusable item safer for subsequent usage
[20,26]. In a clinical setting, disinfection may be further categorized
into high-level (HLD), intermediate-level (ILD) and low-level disinfec-
tion (LLD). HLD destroys viruses, vegetative bacteria, and viruses, but
not necessarily bacterial spores; ILD destroys all pathogenic vegetative
bacteria, fungi and most viruses, except some non-enveloped viruses and
bacterial spores; LLD eliminates most vegetative bacteria, some viruses
and some fungi [22]. According to Spaulding classification [27], medi-
cal instruments that come in contact with skin are termed noncritical
and require LLD or ILD. Instruments that contact mucous membranes are
semi-critical and require HLD; whereas instruments that enter sterile
tissue (critical), must be sterilized [28].

Ozone is capable of cleaning, disinfecting, and sterilising materials
and surfaces, depending on the utilised medium and the dosage of its
application. This review aims to elucidate the influence of these pa-
rameters by presenting recent advances in ozone’s utilisation in different
industries. In our discussion, all ozone concentration values in parts per
million or per billion are on a volume basis. Furthermore, engineering
considerations required for large-scale implementation of ozone
decontamination systems are critically discussed. The main knowledge
gaps worthy of further investigation as well as recommendations for
technology advancement are also presented.

1.1. Mechanisms of ozone’s antimicrobial action

Besides the direct action of ozone on the microorganisms of interest
(direct electrophilic inactivation), microbial inactivation by ozone may
also be indirect. Indirect inactivation involves the effect of the reactive
oxidative species ((ROS) including OH', HO3, O, O3’, HO3, H205, O )

that may form during spontaneous ozone decomposition in water or air
[3,29-32]. It is worth pointing out the specific set of reactive oxidative
species formed depend on the medium of application (air or water) and
tend to be different [29,30,32,33]. The hydroxyl radical (OH"), for
example, is highly unstable and readily reacts with other compounds to
gain the missing electron [31,34]. It has a higher oxidation potential
(2.80 V) compared to ozone itself (2.07 V). During ozone treatments,
these reactive species destroy the cell membranes of the microorganism,
eventually leading to their inactivation.

Several propositions have been made regarding ozone’s mechanism
of microbial inactivation on various microorganisms (including bacte-
ria, viruses, and fungi). We highlight some key findings from studies that
present evidence of ozone’s action via electron microscopy. According to
Fig. 2 (a-1) (bacterial and fungal inactivation), progressive oxidation of
vital cellular compounds, from the cell surface, appears to be a common
observation. Pages et al. [43] highlighted that ozone first attacks the
polyunsaturated fatty acids (cell lipid peroxidation), thereby modifying
the cell membrane. This further initiates a chain reaction, which trans-
forms these fatty acids into malondialdehyde (MDA), which eventually
leads to their inactivation.

Oxygen radicals also induce cellular lysis via penetration in the cell
membrane in the presence of moisture; this affects the cell’s osmotic
stability and alters its metabolism [37]. Patil et al. [35] observed surface
alteration (roughening) of E. coli cells on exposure to aqueous/dissolved
ozone (6 ppm for 30 sec) compared to non-ozonated cells of the same
bacteria (Fig. 2a). In our recent study [36], we observed similar
morphological changes in E. coli cells, but additionally demonstrated the
leakage of the cell constituents as a result of gaseous ozone exposure at
20 ppmv for 8 mins (Fig. 2b). dos-Santos [37] observed morphological
and structural changes (via cell wall disruption), leading to the high
presence of cell debris (S. aureus and C. albicans - Fig. 2c and e); aqueous
ozone (0.8 ppm) was utilised in their study. Vesicle formation on the cell
surface of C. albicans was observed by dos Santos — an indication of the
increase in permeability of the plasma membrane. Nonetheless, the
intracellular cell damage mechanisms via protein oxidation, DNA dam-
age, and disruptions to enzymatic activities also ensue, albeit not
observable by SEM [44,45].

Growth inhibition, deformations and cell lysis were also observed in
the scanning electron micrographs of Thanomsub [38] (Fig. 2d and f) for
B. subtilis and Salmonella sp. after aqueous ozone treatment (0.167 ppm/
min for 30 and 60 mins). The inactivation of Fusarium fujikuroi (the
fungus that causes the rice bakanae disease) by aqueous ozone, also
shows significant cell surface deformation via peroxidation of the
membrane phospholipids (Fig. 2i) [41]. In Fig. 2g, it can be seen that the
structural deformation of E. coli cells by gaseous ozone also occurs, in the
presence of fibres, which may act as shields against ozone action [39].
Although the above studies consistently show structural damage of
bacterial and fungal cells exposed to ozone, this was not observed in the
work of Mahfoudh et al. [40] (Fig. 2h). Their study involved the expo-
sure of bacterial spores (Bacillus atrophaeus, Bacillus pumilus, Geobacillus
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Fig. 2. Scanning electron microscopy (SEM) bacteria and fungi, showing the cell morphological defects imposed by ozone treatment and the resulting exploded
debris — Db (a) E. coli, 6 ppmv aqueous O3 for 30 s [35]; (b) E. coli, 20 ppmv gaseous O3 for 8 min [36]; (c) C. albicans, 0.8 ppm aqueous ozone [37]; (d) B. subtilis,
0.167 ppm/min aqueous O3 for 30 and 60 mins [38]; (e) S. aureus 0.8 ppm aqueous O3 [371; (f) Salmonella sp., 0.167 ppm/min aqueous O3 for 30 and 60 min [38];
(g) E. coli on textile fibres, 20 ppmv gaseous O3 for 8 min [39]; (h) B. atrophaeus, 4000 ppmv gaseous ozone for 3 h [401; (i) F. fujikuroi, 1 L/min aqueous Os for 30 s
[411; () P. aeruginosa, 10 ppmv gaseous ozone for 10 mins [42]; (k) C. albicans, 10 ppmv gaseous ozone for 10 mins [42]; (1) S. aureus, 10 ppmv gaseous ozone for 10

mins [42].

stearothermophilus and Deinococcus radiodurans) to dry gaseous ozone
(4,000 ppmv, 3 h, relative humidity < 2 %). Thus, cell lysis (the
breakdown of the cell membrane) may be bypassed during gaseous
ozone inactivation of bacteria, because of ozone’s direct diffusion into
the cell for the oxidative damage of the intracellular components.
However, under humidified ozone application, spore swelling was
evident; thus allowing for increased passage of the reactive oxidative
species, and eventual collapse/rupture. Furthermore, Patil et al. [35],
remarked that cell lysis was not the major inactivation mechanism of
ozone on E. coli; rather, the deletion of oxidative stress-related genes was
highlighted as the main reason for the increased sensitivity of E. coli cells
to ozone treatment. This was a significant improvement to the general

understanding of ozone’s activity, particularly in light of previous
studies which suggested that the primary target of ozone’s action was
the cell surface [46,47].

Ozone and its reactive oxidative species can attack enveloped or non-
enveloped viruses at different sites (Fig. 3) in their structure, rendering
them unable to infect a host [49]. As with bacteria and fungi, this may
occur via lipid and protein peroxidation, which damages the lipid viral
envelope and protein capsid [50]. This leads to further penetration by
the ROS, which damages the genome capsid, and RNA, ultimately
affecting its ability to reproduce. Their reaction with ROS may also yield
secondary reactive species that propagate the inactivation process [48].
The destructive impact of ozone on viral nucleic acid has been
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Fig. 3. Oxidative action of ozone on the SARS-CoV-2 virus, showing a potential mechanism for its inactivation, via direct and indirect oxidation (adapted from

Farooq and Tizaoui [48]).

highlighted as the inactivation mechanism of the poliovirus [51].
Ozone’s attack on the genome has also been demonstrated by Young
etal. [52] for viral inactivation. Furthermore, since viruses are unable to
repair damages induced by oxidation, they are very susceptible to ozone
treatments compared to other microorganisms [53]. A recent molecular
simulation study by Tizaoui [50] has also confirmed that ozone can
disrupt the protein and lipid structures of the virus by attacking sulf-
hydryl and amino acids (especially methionine, cysteine, tryptophan,
and fatty acids). The above studies provide strong evidence of ozone’s
effectiveness against a wide range of microorganisms.

1.2. How ogzone'’s inactivation mechanism compares to other
decontamination methods

Fig. 4 further illustrates the mechanisms of ozone inactivation of a
bacterial cell relative to other decontamination methods. It can be
observed that the generation and transfer of reactive oxidative species is
a common mechanism, and this effect is facilitated by the increase in the
ambient humidity, as demonstrated by several studies [40,54,55]. The
combined application of these methods has been shown to generally
improve the efficiency of microbial inactivation relative to their inde-
pendent application [56]. Of the different possible combinations, Ozone

-+ UVC, Ozone + Hy0, and UVC + Hy0, have received considerable
research attention, and are particularly useful for water and surface
disinfection. Other frequently applied methods include ozone + plasma
and ozone + ultrasound [21,57,58]. The general microbial inactivation
efficiency via ozone can be increased by optimising the ambient con-
ditions captured in Fig. 1, depending on the medium of ozone’s appli-
cation. For example, low temperatures enhance ozone stability in air and
water; thus reducing the spontaneous decomposition rate to oxygen
[13,32]. The use of additives (citric acid, carbonate salts, surfactants)
have also been explored for the improvement of aqueous ozone stability
[13,15,59] for prolonged microbial inactivation. Furthermore, the
penetration of ozone into porous substrates can be achieved by the
creation of a pressure difference between a chamber’s pressure and the
entry pressure of the ozone gas feed [60]. The application of ozone
nanobubbles also holds tremendous potential for improving the anti-
microbial efficacy of dissolved/aqueous ozone as well as its stability
[16,42,61].
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Fig. 4. Mechanism of ozone decontamination relative to other disinfection methods (adapted from [55]).
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2. Industrial applications of ozone
2.1. Treatment of drinking water and wastewater

Drinking water treatment represents one of the earliest deployments
of ozone in many municipalities particularly for heavy metal removal,
taste and odour removal, as well as disinfection (the antimicrobial
properties of ozone, are vital for this type of treatment). One of the key
challenges facing the abatement of organic micropollutants during
ozonation, is the formation of transformation products and/or disin-
fection by-products (DBP) (Fig. 5a) — some of which have unknown
toxicological consequences [62,63]. These could even be more toxic
than their parent compounds. For example, bromide-containing waters
will produce bromate (a human carcinogen) during ozone treatment; its
removal after formation is not viable [63,64]. Thus, brominated by-
products must be minimised as much as possible. Although the use of
hybrid processes such as O3-H05 can significantly lower bromate for-
mation, it was banned in France for the treatment of source waters
containing pesticides [63,65]. Incomplete mineralisation of the desired
target compounds and the formation of transformation products
(including: bromates, dioxane, atrazine, methyl tert-butyl ether, alde-
hydes, ketones, carboxylic acids) were the key reasons for this decision.
Besides by-product formation, the energy requirements for these hybrid-
based processes is crucial factor that determines their large-scale
applicability. For example, although UV-H50, processes do not pro-
duce bromates, they can be up to 4 times more energy intensive than Os-
Ho0, processes [65]. Thus, there exists a trade-off between target
pollutant removal efficiency, by-product formation, and energy re-
quirements when deciding on the optimal treatment route to adopt, as
illustrated in (Fig. 5).

Despite the above limitations, the application of ozone has been
regularly shown to outperform chlorine in most primary disinfection
campaigns; for example, chlorine-resistant bacteria Bacillus cereus was
more readily inactivated by ozone, for the disinfection of drinking water
[67]. It has been claimed that up to 3000 times higher CT values may be
required for chlorine to yield similar microbial inactivation efficiency as
ozone [68]. However, the review by Collivignarelli et al. [69] illustrated
approximately 10 times higher CT values for the inactivation (4-log) of
viruses. Despite this disparity between both reports, already established
CT values for the inactivation of several bacteria and viruses by chlorine,
can be replaced with considerably lower CT values when ozone is uti-
lised. The corresponding ozone CT value is dependent on the target
organism, and it must be accurately determined for the specific appli-
cation. Furthermore, the kinetics of fungal inactivation (Fig. 6) by ozone
and chlorine was compared in the study by Wen et al. [66]. It can be
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observed that ozone significantly outperforms chlorine for the 3 fungal
species tested (inactivation rate constants are between 2.5 and 15.5
times those of chlorine).

Furthermore, the concept of ozone bubble stabilisation (via the cre-
ation of ozone nanobubbles) for prolonged antimicrobial action be-
comes important here, particularly when considering the rapid
decomposition of ozone that ensues when larger ozone bubbles are
created in water [61]. The application of ozone nanobubbles enhances
the gas’ solubility, with concentrations as high as 53 ppm attained at
room temperature [16]. This is significantly higher than concentrations
attainable with conventional ozone-contact methods [37] that generate
larger micro-/macrobubbles. Ozone has also been shown to enhance
biofilter performance for the removal of a wide range of contaminants
during drinking water treatment [70] as well as a clogging control
strategy for gas biofilters [71]. Wang et al. [70] reported that ozone
below 120 mg/m? enhanced biofilter performance during the removal of
chlorobenzene. Zanacic et al. [72] emphasised the importance of esti-
mating the ozone dosage requirements on a routine basis to capture
changes in dissolved organic carbon and alkalinity during ozone-assisted
biofiltration for potable water treatment. Despite these reported bene-
fits, excessive ozone dosing may adversely affect the biofilter perfor-
mance [73]. Another reason for controlling the ozone dosage
administered for drinking water treatment is to ensure its complete
decomposition, before it reaches the point of consumption. Usually, a
very small ozone residual is maintained until disinfection is complete, at
which point, all ozone disappears; a small chlorine dose is also added at
this point to keep a residual in the distribution system. Additional ad-
vantages of ozonation for this application include its capability of
decreasing chlorinated disinfection by-products [74], the excellent
water quality aesthetics (including odour, colour, taste, turbidity) it
confers post-treatment [75], and the exceptional capability to degrade a
series of emerging contaminants that threaten water supplies [76,77].
For these reasons, ozone has been more widely considered in drinking
water than wastewater treatment. Moreover, many of the largest man-
ufacturers of ozone generation equipment focus on drinking water
treatment as the key/target application. The extensive implementation
of ozone for drinking water treatment served as the impetus for
extending ozonation to other industries, including wastewater treat-
ment. The interested reader is referred to the following papers
[16,63,78], which provide good overviews of ozone treatment of
drinking water.

The interest in ozonation for wastewater treatment is growing,
particularly for sludge reduction, the removal of recalcitrant compounds
and emerging contaminants (e.g. synthetic dyes, carboxylic acids, phe-
nolics, amoxicillin, and other pharmaceuticals) [79-85]. These tend to
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Fig. 5. (a) Comparison of various oxidation processes for micropollutant abatement in municipal water treatment; (b) comparison of O3-H;05 and UV-H305 AOPs for

disinfection and micropollutant abatement [63].
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have a high chemical oxygen demand, a low biological oxygen demand,
and a low biodegradability index and are usually resistant to biological
treatments. Effective mineralisation of these compounds by ozone is
important for wastewater reclamation; however, achieving full miner-
alisation at an industrial scale will be extremely difficult, as the ozone
dosage requirements will be too high to achieve economically [76].
Thus, ozone may be applied to break these compounds into others that
can be further degraded by the microorganisms in the wastewater
treatment process [86-88]. The increasing reliance on ozone for
wastewater treatment in recent years can be attributed to decreasing
costs of ozone generation and its environmental benefits relative to
chlorine [6,79]. However, mass transfer limitations, selectivity towards
certain contaminants, slow reaction rates, and relatively higher costs
(capital and operating) are some drawbacks attributable to ozonation
alone [31]. This has led to the prevalent application of hybrid ozonation
process involving the combination of ozone, with other processes and
compounds for effective water treatment. These are otherwise termed
advanced oxidation processes (AOP) and involve the application of
ozone with UV, sonolysis, electrocoagulation, HyO9, photocatalysts (e.g.
TiO,), metal ion (Cu?*, Mn?*, Zn?* Fe?") homogeneous catalysts, and
metal oxide heterogeneous catalysts (including activated carbon)
[3,31]. The main purpose of this hybridisation is to further induce ozone
decomposition and the consequent production of hydroxyl radicals
(OH") for the oxidation of these recalcitrant compounds. A detailed
explanation of the decomposition mechanisms with and without a
catalyst can be found in [3,31,78,79]. Furthermore, some of these AOPs
(depending on the intended objective) have also been reported to be
more cost-effective than the independent application of ozonation
[89,90].

Direct ozonation of raw hospital wastewater containing cyclophos-
phamide was utilised for effective treatment in the work of Ferre-Aracil
et al. [91], with 97 % removal achieved. Furthermore, the degradation
of amoxicillin (32 % mineralisation) by ozonation was demonstrated in
the work of Kidak and Dogan [57]; whereas the combination of ozone
and ultrasound performed better (45 % mineralisation). Conversely, the
excellent degradation of pharmaceutics in hospital water by ozone alone
was demonstrated by Khan et al. [92] to be more effective than the
hybrid ozone/hydrogen-peroxide treatment. Catalytic ozonation (an
AOP involving the combination of ozone and granular activated carbon)
was found to improve micropollutant removal in municipal wastewater
effluent [93]. Besides the respective contributions by the high adsorp-
tion capacity of activated carbon, and the oxidation power of ozone
(during catalytic ozonation), ozone may also be transformed into sec-
ondary oxidants such as (OH’). This facilitates the subsequent degra-
dation of aqueous and adsorbed contaminants, eventually converting
these compounds to water and carbon dioxide (mineralisation) [94].
The extensive review by Beltran et al. demonstrated the effectiveness of
catalytic ozonation for the elimination of disinfection by-products in
water treatment industries [95]. Laundry wastewater (from commercial
textile treatment facilities) containing anionic, cationic and nonionic
surfactants has also been effectively treated with ozone [3]; up to 55 %
removal of dodecyl benzene sulfonate has been reported in Rivera-
Utrilla et al. [96] via the application of ozonation and biodegradation,
whereas, ~95 % of nonylphenol was removed by ozonation (1 mg/L for
90 min) in the work of Wang et al. [97]. The bleaching effect of ozone on
textile wastewater (containing dyes) has been demonstrated by
numerous studies [98-100]; the pH appears to be a key parameter
influencing the efficiency of decolourisation process. Tannery and
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photochemical wastewater have also been effectively treated by cata-
lytic ozonation, as documented in [101,102]. Ozone is also routinely
applied for wastewater treatment in the pulp and paper industry, as well
as for bleaching purposes [103,104]. This discussion demonstrates the
applicability of ozonation for the mineralisation of a wide range of
pollutants from several chemical industries.

2.2. Aquaculture

Compared to pond or cage-based aquaculture, recirculating aqua-
cultural systems (RAQS) (Fig. 7) allow for more efficient water usage,
with lower effluent volumes and better environmental control [105].
These systems require frequent water exchange to avoid the build-up of
pathogens and parasites from food and faecal waste [106]. An
economically-viable alternative is the breakdown of these organic
wastes using a decontaminant such as ozone [2]. Several studies have
demonstrated ozone’s capability to improve fish egg hatching rate and
larva survival and reduce bacterial loading and viral particles on the fish
(infection and disease rates), thereby fostering fish growth and survival
in RAQS. Additionally, ozone has been used to reduce organic matter in
RAQS, by promoting flocculation of organic matter [73]; thus reducing
the total suspended solids (TSS), chemical oxygen demand (COD) and
dissolved organic carbon (DOC); the load on the biofilters and oxygen-
ators is also reduced via ozonation [105]. The application of ozone for
shellfish depuration [107], removal of algal toxins [108], the improve-
ment of fish taste and odour [109], and water colour elimination [110]
have also been reported. More importantly, the overall enhancement of
the water quality via disinfection against bacteria and viruses (including
Aeromonas hydrophilia [111], Vibrio parahaemolyticus [73] and Motile
Aeromonas septicaemia [112]) is well documented. However, for this to
be achieved, higher ozone dosages are required to overcome the organic
demand in water, for the sustenance of ozone concentration levels
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capable of significant bacterial and viral inactivation [105]. In addition,
the detrimental effects of ozone on fish health, imply the residual ozone
will have to be stripped from the water before returning the water to the
culture tank. This process needs to happen separately while keeping the
fish in a separate container until this disinfected water (now ozone free)
is ready for the fish (Fig. 7c).

Conversely, there are reports of direct ozone application to aqua-
culture systems yielding similar benefits to RAQS; however, it is
imperative to determine a safety window or therapeutic index with re-
gard to the applied ozone dose [2,113]. This dose will usually be specific
to the fish species, the life stage or size, the fish population in the system,
and also the type of biofilter used. (Pumkaew et al. [73] demonstrated
the importance of determining this ozone concentration threshold for
sustained biofilter performance; in their study, this threshold was 0.3
mg/L). Direct ozone exposure as low as 1 ppbv may induce behavioural
anomalies in the fish, as well as physiological changes, tissue damage
(including gill damage and osmolality imbalances), and even mortality
[114,115]. Some authors do not recommend direct ozone treatment of
the culture tank with ozone [105].

These lethal effects of ozone have warranted the application of
proportional-integral (PI) control systems for the automatic adjustment
of ozone concentrations in RAQS [115]. Another potential drawback is
the production of toxic disinfection by-products such as oxidised halide
species and bromates (which are carcinogenic) may cause pH depression
and hamper fish health [2]. Thus, UV radiation [116] and activated
carbon filtration [117] may be adopted for pre-treatment, particularly if
sea water (usually high in Br) is to be utilised. These pre-treatment
methods are also effective for increasing the decomposition rate of re-
sidual ozone in the treated water, before feeding back to the main cul-
ture tank of the RAQS. However, it is worth emphasising that ozone
readily outperforms UV application for microbial load reduction pur-
poses, as noted by Teitge et al. [118]. In summary, while the
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implications of accidental ozone overdose in RAQS can be severely
detrimental, ozonation appears to be gaining acceptance, as demon-
strated by the increasing number of research contributions, and full-
scale utilisations worldwide.

2.3. Food

The inactivation of spoilage-causing and pathogenic microorgan-
isms, for food contamination control and the prevention of foodborne
illnesses, is paramount to the food industry. Sanitisation techniques,
such as ozonation, play a huge role in achieving these objectives during
production, transportation, and storage (including shelf-life extension)
of fresh produce [17,121]. Although chlorinated water has been heavily
relied on for microbial load reduction, it fails to fully satisfy the
decontamination and safety requirements in most food industries. For
example, its reduced effectiveness against spore-forming microbes
[6,67,122], viruses and protozoan cysts coupled with its harmful
(carcinogenic) disinfection by-products such as trihalomethanes and
haloacetic acids make it undesirable [1,122]. Thus, strict regulations
aimed at limiting the use of chlorine have been enforced by the Euro-
pean Union [123]. Conversely, ozone has non-residual properties and is
the most promising disinfection technology capable of improving food
safety and quality [124]. It is also listed as “Generally Recognized as
Safe” (GRAS) for food matrix disinfection [125]. Ozone’s inactivation of
food microorganisms depends on the type of microorganisms, the degree
of attachment of the microorganisms to the food, and the composition
and nature of the food surface [4]. We briefly highlight some studies on
the application of gaseous and aqueous ozone for the decontamination
of meat, dairy, fruit and vegetables and dry foods. Some reports on the
impact of ozone on the nutritional components and sensory attributes of
a variety of foods are also briefly presented.

Utilising a bespoke fresh produce ozone (<2 mg/L) and chlorine
(~100 mg/L) treatment system, Rosenblum et al. demonstrated
improved inactivation of Bacillus subtilis spores on lettuce via ozonation
(1.56 log reduction) compared to chlorination (1.30 log reduction); an
analysis of the wastewater quality after the treatment duration of 10 —
40 mins, showed improved physicochemical and microbial quality,
using ozone compared to chlorine [6]. Ozone treatment for 0.5 — 4 min
was effective against 3 fungal species (Venturia inaequalis, Botrytis cin-
erea, and Neofabreae alba) known to attack apples; a 50 % reduction in
the spore germination was observed at ozone concentrations of 0.01,
0.03, and 0.07 mg/ml, respectively [43]. Munhos et al. [126] demon-
strated the inactivation (1 log reduction) of Pseudomonas aeruginosa on
skimmed and whole milk by ozone (28 mg/L for 5 min). Ozone treat-
ment has also been recommended as a suitable alternative to pasteur-
isation [127,128]. Cantalejo et al. [129] highlighted the effectiveness of
a hybrid treatment procedure (0.6 ppm ozone and lyophilisation), which
extended the shelf life of chicken meat fillets by up to 8 months, in
comparison to lyophilisation alone; total aerobic mesophilic bacteria
and lactic acid bacteria were the tested organisms. Ribero et al.
demonstrated the application of ozone for the control of fungal growth
(Fusarium verticillioides, Penicillium spp. and Aspergillus flavus) on maize
produce and as a detoxifying agent against fumonisins [130]; ozone
(13.5 mg/L for 24 h) was deemed an effective fungicidal agent with up
to 86 % reduction in fumonisin B2.

As suggested by Aslam et al. [17], food decontamination by ozone for
prolonged durations may affect their nutritional content; however, a
necessary balance has to be maintained between food safety and the
retention of nutritional aspects. Although Shynkaryk et al. [131]
demonstrated that such modifications by ozone are restricted to the
surface only, with no penetration into the bulk of the material observed,
a 40 % reduction in the ascorbic acid (Vitamin C) contents in parsley has
been reported by Karaca and Velioglu [132], after ozonation (950 + 12
uL/L, 20 min). Despite these accounts, ozone’s interference with the
protein content and quality of food has hardly been reported. With re-
gard to sensory attributes, there have also been mixed accounts on the
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effect of ozone on different food; nonetheless, degradation in colour,
odour, firmness, weight, and texture of fruits and vegetables, have been
mitigated by ozone’s application. As demonstrated by de Souza et al.
[133], gaseous (0 — 5 mg/L) and aqueous (0 — 10 mg/L) ozone treatment
did not alter the weight, firmness, pH, and colour of carrots, resulting in
prolonged shelf life. Conversely, the colour of chicken and duck meat
was reported to be affected by gaseous ozone exposure — redness
reduction associated with the oxidation of myoglobin and oxymyoglobin
[134]. Ozone has also been extensively utilised for the removal of food
residues from various surfaces encountered in the food processing in-
dustry, particularly because ineffective cleaning processes, may lead to
the formation of biofilms on food equipment surfaces [10]. The removal
of heat-denatured whey protein concentrates on stainless steel coupons
was demonstrated using ozonated water (40 NL/h, 80 g/Nms, 30 min) in
the work of Jurado-Almeda et al. [135] It is worth mentioning that the
application of aqueous or gaseous ozone for food processing depends on
the type of food and the purpose of storage; nonetheless, the increased
stability of ozone in the gaseous phases makes it somewhat preferrable.
The interested reader is referred to the following critical reviews
[17,43,124,136-139] for an expanded discussion on this subject.

2.4. Medical equipment

Reusable and non-reusable medical devices and surgical instruments
that come in contact with a patient’s sterile tissue, mucus membranes, or
skin must undergo sterilisation and disinfection before reuse or disposal
to avoid infections (by pathogens) and further transmission [27,28]. As
reported by Rutala and Weber [28], there are approximately 99,000,000
inpatient and outpatient surgeries in the US each year; thus creating the
need for continuous equipment sterilisation on a daily basis. Gastroin-
testinal endoscopes, bronchoscopes, endocavitary probes, catheters,
perforators, blood pressure cuffs, dental braces, and implants are some
of the equipment requiring decontamination. Furthermore, the steri-
lisation of PPE such as surgical facemasks, gowns, and hand gloves, may
reduce waste and costs. While steam has been predominantly applied for
the sterilisation of heat-tolerant medical equipment, ethylene oxide
(EtO) appears to be the most implemented method for sterilising heat-
sensitive materials [22]. However, it is flammable, explosive, and
considered a carcinogen; thus constituting a significant safety hazard,
particularly in the event of accidental exposure [22,23,28]. In response
to this limitation, the food and drug administration (FDA) launched a
sponsored innovation challenge aimed at reducing the dependence on
EtO for sterilisation applications [140]. Despite the sterilisation poten-
tial of ozone, our literature search has indicated that its application for
the sterilisation of medical devices has been hardly investigated. One of
the few studies to address this gap was that of Thill and Spaltenstein
[23]. They developed a compact ozone sterilisation system that utilises
mercury-free V-UV excimer lamps (172 nm) for ozone generation (100 —
1000 ppmv). They achieved full sterilisation of a device contaminated
with Geobacillus stearothermophilus spores (which is considered the most
resistant microorganism to ozone [141]), based on the standards [24]
for medical device sterilisation (Fig. 8c; SAL = 10%0ra12 log reduction,
based on extrapolation of the survivor curves). Fig. 8 illustrates the
impact of temperature and ozone concentration, on microbial reduction
as obtained in their work. A lag phase (during which the bacteria pop-
ulation remains constant) during the treatment can be noticed. This lag
reduces with increased temperature and ozone concentration.

Ljungberg [143] studied the gaseous ozone disinfection of blood
pressure cuffs, a drug pump, an X-ray neck collar and a CPAP bag
(continuous positive airway pressure); these were originally contami-
nated with Geobacillus stearothermophilus spores. Applying an ozone
concentration of 56 ppmv yielded a ~ 83 % reduction (after 40 min) and
~ 98 % reduction after 240 min. A study by Lopes et al. [21] applied a
hybrid ozonation process to disinfect corrugated tubing from
mechanically-ventilated tracheostomised patients. After cleaning the
device, gaseous ozone (33 mg/L for 15 min) was applied, and compared
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Fig. 8. The impact of (a) temperature and (b) gaseous ozone centration on the survival population of Geobacillus stearothermophilus spores, showing a lag phase and
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indicator for the determination of the sterility assurance level (SAL) (adapted from [142]).

with 0.2 % peracetic acid, ultrasound for 60 min, ultrasound and ozone
(for 30 and 15 min, respectively, and 60 and 15 min, respectively).
Ozone was deemed the most advantageous method, yielding up to 5 log
microbial reduction. Similarly, the hybrid application of ozone (50-500
ppmv ozone and 3 % hydrogen peroxide) has been applied for the
disinfection of healthcare spaces and surfaces contaminated with
vancomycin-resistant enterococcus, Clostridioides difficile, methicillin-
resistant Staphylococcus aureus, Pseudomonas aeruginosa, Bacillus sub-
tilis, and E. coli [144]. It was shown that 80-ppmv ozone and 1 %
hydrogen peroxide achieved > 6 log;o reduction during 30 — 90 min
exposure.

In a recent review by Rubio-Romero et al. [147], ozone was identi-
fied as a promising method for the disinfection and sterilisation of per-
sonal protective equipment (PPE), including facemasks; compared to
other low-temperature sterilisation methods, which may compromise
the filtration efficiency of facemasks during disinfection, gaseous ozone
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concentration as high as 500 ppmv has been reported to have no
degradative effects on the filtration efficiency of N95 filters [148]. This
retainment of filtration properties was also reported by other authors
[146,149]. In the study of Blanchard et al. [146], gaseous ozone expo-
sure (20 ppmv for 40 min) yielded 4 log reduction of the influenza-A and
respiratory syncytial virus. However, irreversible damage to the elastic
bands of the facemask may occur, particularly when stretched during
treatment (Fig. 9); stretching causes increased exposure of the polymer
bonds to ozone attack, eventually leading to failures during active usage,
thus leaving the wearer unprotected. It is recommended that ozone-
resistant elastic materials such as silicone are utilised in the
manufacturing process to increase the possible number of treatment
cycles for facemasks, without compromising the functionalities of its
different parts. The following studies provide an expanded discussion on
ozone sterilisation of facemasks, particularly as necessitated by the
COVID-19 pandemic [147,150,151].
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Gaseous disinfectants appear to be the preferred method for medical
device sterilisation. This is because of the highly diffusive and pene-
trative ability of the gas compared to immersion-based disinfection in a
liquid disinfectant, in which case the liquid may not be able to efficiently
navigate the contaminated micro-channels of thin tubing equipment.
Fig. 10 pictorially illustrates some of the gaseous ozone disinfection
chambers reported in the literature; where available, schematic repre-
sentations are also shown.

2.5. Textile processing

Ozone is applied in a variety of ways to different fibre types in the
textile industry. Textile effluent/wastewater treatment, bleaching/
decolourisation, disinfection, and deodorisation during laundering op-
erations. Since the treatment of textile-related wastewater has already
been highlighted in Section 2.1 of this review, we focus on the other
applications of ozone, which have to do with the fabric itself. As a result
of the high oxidising power of ozone, it can break down the olefin groups
of the indigo dye; thus making it useful for the bleaching of denim
clothing (dry bleaching) [152,153]. Ozonation has been described as a
process with reduced environmental impact because it does not require
steam and water compared to conventional denim bleaching (a wet
process), which generates large volumes of wastewater [152].

Several fabric types such as polyester, cotton, mohair, polyethylene
terephthalate (PET), silk and lyocell have been successfully bleached
using ozone [58,155-158]. Relative to other textile materials, it has
been shown that polyethylene terephthalate (PET) degrades during
fading treatments with ozone; thus it has been recommended for denim
manufacturing [155]. As demonstrated by Perincek et al. [159] ozone
increases the degree of whiteness and dyeability of protein fibres. A
water pick-up value (WPV) of 60 % and a pH of 7 appear to be well-
accepted conditions for ozone bleaching; whereas, the time of expo-
sure tends to be material-dependent. Hmida et al. [160] observed that
ozone bleaching performance on denim textiles at WPV of 60 % is more
efficient than dry ozonation. It has been shown that acidic pH of 3 during
ozone treatment (85 g/m3 for 30 min) provides optimal decolourization
results (Fig. 11) against reactive dyes on cotton fabric swatches, with
less damage; however, a slight yellow colouration after treatment was
observed [154]. An analysis of the physical and mechanical properties of

11

denim fabric after ozone bleaching (10 — 100 g/m>; 5 — 30 min), revealed
a significant shrinkage (~30 %) and a profound decrease in the bagging
resistance of the fabric (~40 %) [153]; this indicates that mechanical
degradation occurs with ozone treatment — ozone dosage should be
carefully chosen to mitigate these effects. Furthermore, Ozone has been
shown to be more effective when combined with ultrasound energy
[161,162]. This is attributable to the enhancement in ozone penetration
into the fabric, produced by the ultrasonic energy. As shown in the
following studies [15,163], some stains may prove difficult for ozone
action such as the oily silicone polymers found in temporary board
markers, sizing agents, natural waxes and oils.

The antimicrobial and bleaching properties of ozone are also well-
suited to laundry operations. Compared to conventional high-
temperature/thermal disinfection laundry cycles (71 °C), ozone laun-
dering can be performed at low temperatures (15 °C). Cold-water wash
cycles imply significant savings in energy cost and are reported to be as
high as 90 % in the USA, and up to £21 k in an 800-bed commercial hotel
[164]. Similar benefits have also been experienced by ACS Clothing (a
prominent rental fulfilment and clothing renewal specialist in the UK).
As a powerful bleaching agent and oxidiser (ozone), there is reduced
consumption of other chemicals (detergents, pH stabilisers and other
toxic bleaching agents); this translates to fewer rinse cycles and lower
water consumption [5]. Furthermore, the reduced exposure of the fab-
rics to mechanical action (via fewer wash/rinse cycles and lower tem-
perature treatment), extends the life of garments [165]. This is
particularly important to the ongoing garment rental model adopted by
various fashion brands in the UK. Ozone treatment is playing a key role
in prolonging garments’ lives and reuse. Organic and inorganic odour-
causing compounds can also be broken down by ozone; thus deodor-
ising fabrics/garments. In addition, higher dissolved oxygen levels in the
discharged laundry wastewater enhance the biodegradability of the
contained pollutants; this can potentially lower sewage treatment ca-
pacities and costs [3].

The inactivation of Clostridioides difficile (commonly resistant to
conventional thermal laundering) has been extensively demonstrated in
the work of Cardis et al. [164] using a commercially available ozone
washing machine (ECOTEX, by JLA limited). Several case studies in
different healthcare establishments were presented, with excellent
benefits observed (up to 7 log bacterial reduction). While Epelle et al.
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[15] and Eriksson [59] have demonstrated the stabilising effect of a
surfactant on the ozone concentration, uncontrolled detergent addition
will lead to consumption of ozone in solution, thus making it less
available for fabric disinfection. Neral [166] also pointed out that the
simultaneous use of ozone and surfactants may cause decreased deter-
gency compared to the sole application of the surfactant. Thus, ozone
disinfection may be left for the rinsing cycle, to improve ozone disin-
fection efficiency, while residual surfactant carried over from the main
wash cycle will facilitate ozone’s aqueous stability/retention, alongside
the low temperature. With ozone’s bleaching properties already
demonstrated, its careful dosage control when washing coloured
clothing, becomes paramount, compared to white-coloured clothing.
Rice et al. [5] observed colour loss during ozone disinfection wash cy-
cles; thus, the use of oxidation-resistant dyes may be further explored.
They also reported that the microfibre integrity was unaffected during
ozone washing [5]. However, Neral [166] reported the degradation of
yarn tensile strength after prolonged exposure to ozone. This was
attributed to the weak links introduced in the amorphous regions of the
fibres. Although this damage was lower than that of conventional
washing, it is worth considering this possibility during ozone laundering
operations. It is also important to mention that this application will
depend on the chemistry of the fibres, as ozone may also degrade spe-
cific constituents during the disinfection process.

Epelle et al. demonstrated typical contamination levels (Fig. 12), in
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different regions of worn garments prone to contamination (e.g. armpit
and groin areas); they examined the penetration and disinfection effi-
ciency attainable using ozone [39]. It was discovered that the amount of
ozone reaching these contamination-prone areas, may be 40 % lower
than the ambient ozone concentration in a disinfection chamber. They
highlighted the hanging orientation, garment packing density and the
weave structure as critical parameters affecting the penetration and
eventual disinfection of ozone gas. A similar study [36] by the same
authors on cotton-polyester fabrics showed that an ozone dose of 80
ppmv.min (160 g.min/m>) was sufficient to fully inactivate a heavily
contaminated fabric swatch (containing A. fumigatus, C. albicans, E. coli
& S.aureus). Such gaseous ozonation procedures are also important for
large-scale deodorisation applications. A key consideration when car-
rying out gaseous ozonation of textiles is the effect of the treatment on
the structural integrity of the fibres (Fig. 13). Besides the recent
heightened interest in the reuse of personal protective equipment
(geared towards waste reduction), the clothing industry is also actively
seeking to adopt a rental model for garments, as a means of promoting
communal end-use, extending their lifespan and reducing landfill waste.
The application of gaseous ozonation holds considerable potential for
this purpose, while reducing the reliance of high-water consuming
laundry processes for disinfection purposes. However, it should be noted
that unless the fibres of these materials are made of materials not
affected by strong oxidants, ozonation may not work as expected.
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Fig. 11. Images of the dyed fabrics before and after aqueous ozone treatment, showing ozone’s bleaching properties under the different experimental conditions; OD

represents the ozone dosage (adapted from [154]).
3. Ozone in the era of COVID-19

As the COVID-19 pandemic (officially labelled as Severe Acute Res-
piratory Syndrome-related Coronavirus-SARS-CoV-2) continues to
ravage the world, ozone sanitisation (gaseous and aqueous) of envi-
ronments, surfaces, and various objects has become paramount, in
addition to other preventive and protective measures. Since viruses are
unable to repair oxidative damage, ozonation is considered a good
candidate for their inactivation. Although ozone has been readily
applied for the inactivation of different viruses [44,146,167] for a very
long time, this section mainly focuses on the findings of studies that
utilised ozone to inactivate the novel SARS-CoV-2 virus, while briefly
highlighting key studies that applied ozone to inactivate SARS-CoV-1. It
is worth mentioning that the handling of SARS-CoV-2 requires biosafety
level 3 facilities; thus some studies [149,168-170] have employed bio-
safe substitutes/surrogates, with similar form, structure and function to
the SARS-CoV-2 virus.

One of the earliest studies to demonstrate the effectiveness of ozone
against the SARS-CoV-1 virus was that of Zhang et al. They reported that
a concentration of 27.73 mg/L of aqueous ozone could kill the virus in 4
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min [171]. A similar study by Hudson et al. using gaseous ozone showed
that 20-25 ppmv of ozone (at RH > 90 %) was able to inactivate (>3 log
reduction) the Murine Coronavirus (MCV) on different adsorbent and
non-adsorbent surfaces within 40 min [172]. The success of ozone
treatment on the SARS-CoV-1 (2002) virus, incentivised researchers in
this field to investigate the action of ozone against SARS-CoV-2 (2019);
also the 80 % genome sequence similarity between both viruses was a
promising indication of success [173,174].

Yano et al. were the first study to demonstrate the inactivation (3 log
reduction) of the SARS CoV-2 virus on stainless steel plates, utilising 6
ppmv of ozone gas for 55 mins and 60-80 % RH (from 2 x 10% PFU/mL
to 1 x 10° PFU/mL) [175]. A subsequent study by Martins et al. [176]
demonstrated the efficacy of ozonated water against the SARS-CoV-2
virus. 0.2 — 0.8 ppm of ozonated water yielded 2 log reduction upon
1 min of exposure. The inactivation of the SARS-COV-2 virus by aqueous
and gaseous ozone was also demonstrated in the work of Tizaoui et al.
[54]. The virus was suspended in liquid and also dried on several sur-
faces (glass, plastic (polystyrene), copper, stainless steel, and coupons of
ambulance seats and floor). While the liquid treatment inactivated the
virus at a rate of 0.92 + 0.11 log reduction per ozone dose (CT value —
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A: inoculated fabric swatch F: fan (for gas circulation)

B: paper clip G: power supplies
C: hanging rail H: Ozone generating cells
D: cabinet shelf I: Ozone chamber/cabinet
E: remote ozone sensor J: remote receiver
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Fig. 12. (a) Application of gaseous ozone for the decontamination of garments (adapted with permission from [39]), showing (b) contamination levels in different
regions of used garments (adapted from [36]).

Fig. 13. Impact of gaseous ozone treatment on the structural integrity of the cotton-polyester fibres (F); (a) shows Candida albicans cells (C) after applying an ozone
doze of 100 ppmv.min; whereas (b) shows damaged fibre (DF) regions after 160 ppmv.min treatment in the presence of E.coli cells (C) (adapted with permission from
[39]). Fabric swatches had undergone up to 10 previous ozone treatment cycles before this image was taken.
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mg.min/L), the surface treatment yielded inactivation rates between
0.01 and 0.27 log reduction per ozone dose, for the RH range of 17 % —
70 %. They realised that rigid inert surfaces gave similar inactivation
results — this was also observed in the work of Hudson et al. [172].
Fig. 14a shows the synergistic effect of ozone dosage and RH on the
inactivation efficiency of the virus on a plastic surface, whereas Fig. 11b-
e illustrate the effect of ozone on ozone treatment of facemasks infected
with SARS-CoV-2.

Westover et al. also observed significant RNA degradation of syn-
thetic SARS-CoV-2 RNA within 60 min of ozone exposure at 20 ppmv
[177]. More recently, Wolfgruber et al. [178] showed that SARS-CoV-2
contaminated facemasks (cotton and FFP3, Fig. 14b), and glass slides
can be decontaminated by 800 ppmv gaseous ozone between 10 and 60
min. A > 6 log reduction was demonstrated under these conditions. They
also highlighted that the surface tension that ensues when viral droplets
are placed on glass, prevented the inactivation of the virus by ozone.
Additional studies highlighting the efficacy of ozone against the novel
SARS-CoV-2 virus are summarised in Table 3.

It is worth pointing out that some studies have demonstrated the
ineffectiveness of ozone against certain viruses (HIV-1, HBV, EV71,
MHV) [179-182]. A possible reason for this observation is ozone con-
sumption by the culture media (required by the cells that harbour the
virus); thus making reducing ozone’s availability for inactivation of the
virus. Further work is required to improve the general understanding of
ozone’s inactivation mechanisms and the possible reasons for these
failures. This is important considering the potential for mutations of the
SARS-CoV-2 virus, and the efficient control and prevention of future
pandemics.

Furthermore, the therapeutic applications of ozone for the treatment
of SARS-CoV-2 patients have been demonstrated in several studies
[193-197]. The administration of the ozone for the treatment of the
virus can be performed via several routes, including, major autohemo-
therapy (MAHT), minor autohemotherapy (MiAHT), rectal insufflation
(RI), ozonated saline and ozonated oils [198]. Intravenous, intramus-
cular, intrapleural, intra-articular, interpleural, intradiscal, infiltration
and extravascular methods [199] have also been applied for the thera-
peutic utilisation of ozone against various illnesses such as rheumatism,
Parkinson’s cancer, gangrene, osteomyelitis and several body infections
[200,201]. It has been pointed out that the human body is capable of
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producing ozone for protection against infectious agents [202,203].
Despite being a powerful oxidant, ozone has been shown to possess
paradoxical activity during interactions with organic molecules - this
yields a pronounced antioxidant and anti-inflammatory response [203].

Ozone concentrations as high as 23 — 40 pg/mL have been success-
fully utilised in MAHT, MiAHT and RI treatments, regularly interspersed
over days to months for a diverse range of patients [193,194,204,205].
Saline treatments however tend to utilise lower concentrations (1 -5 pg/
mL) [195,206]. This is necessary to prevent the excessive formation of
H50- and HOCI', which could induce irritative effects in the endothe-
lium, and phlebitis [207]. Expedited hospital discharge, mortality rate
improvement, reduced Taylor’s radiological scale, increased blood ox-
ygen saturation as well as the reduction in the overall symptoms of
COVID-19 have been reported as the benefits of ozone therapy against
the virus [208,209]. It has also been highlighted that ozone therapy
provided synergistic effects with antivirals and anticoagulants conven-
tionally applied for the treatment of the SARS-CoV-2 virus
[198,201,210]. Only negligible side effects such as minor meteorism and
bloating have been recorded in patients so far [196,198,205]. In sum-
mary, MAHT appears to be the most prevalent method of administering
ozone for COVID-19 treatment; followed by RI and MiAHT.

4. Open research problems, opportunities & recommendations

The following points constitute the open research problems identi-
fied in this review. Furthermore, the industrial experience of the authors
in the operation of industrial-scale aqueous and gaseous ozone disin-
fection systems has facilitated the herein provided recommendations for
future exploration.

Further research contributions are needed on the utilisation of
gaseous and aqueous ozone for the decontamination of medical equip-
ment/instruments and textiles. Relative to the numerous research con-
tributions on ozone’s application in the food industry and for drinking
water treatment, those targeting these areas were fewer than expected.
Notwithstanding, the use of ozone in the food industry is expected to
increase in the coming years, particularly as its impact on overall food
quality has been deemed minimal; thus, novel ozone contacting equip-
ment for the treatment of various food types are required. The food in-
dustry will benefit from additional studies that further elucidate the
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Fig. 14. (a) Combined effect of gaseous ozone dosage (CT) and RH on the inactivation of SARS-CoV-2 by ozone; these tests were carried out on a plastic (polystyrene)
surface (adapted with permission from [54]). (b-c) Positive control repeats for SARS-CoV-2 virus inactivation assay; red stains indicate infected cells (VeroE6), which
were stained with the virus’ nucleocapsid antibody on cotton face masks (adapted from [178]). (d-e) Effect of heat-drying (40 °C) and gaseous ozone inactivation
(~800 ppmv, 100 min) on the recovery of SARS-CoV-2 virus from cotton face masks; the samples are void of infection after treatment; d and e are repeats. [178].
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Table 3
Ozone’s application for the inactivation of SARS-CoV-2 virus on different surfaces and in different liquid media.

Reference & Ozonation Ozone conc., Time T RH Material/substrate/media Key result

year phase output, or dose (sec, min, (°C) (%)
(ppmv, mg/h, g. h)
min/m3)

Percivalle et al. Gaseous 0.5, 1, 2 ppmv 40, 60 24°C 55 % Painted aluminium, non-painted ~85 — 90 % viability reduction at 60 min for
[183] min aluminium FFP2 masks, glass, all surfaces at all concentrations.

(2021) plastic, surgical gown, Plexiglas,
stainless steel

Sallustio et al. Gaseous 400 mg/h 4 min - - Swabs Negative result on real-time detection kit.
[184]

(2021) 3.6 L/min

Westover et al. Gaseous 20 ppmv 30, 60, - - Blankets, catheters, remotes, and ~99 % capsid RNA degradation at 240 min.
[177]1 120, 180, syringes
(2020) 240 min

Volkoff et al. Gaseous & 4.5 and 9 ppmv 10-90 —* 40 - 60 Polyester, stainless steel, plastic, 0 % virus RNA recovery from plastic surface
[185] Aqueous min % and paper. Water treatment was after 4.5 and 9 ppmv O3 exposure for 60 — 90
(2021) also performed min.

Inagaki et al. Aqueous 1,4,7,10 mg/L 5-20sec - - Virus stock solution prepared in Virus tier reduction rates of 81.4 %, 93.2 %,
[186] MEM containing 2 % FBS, 1x 96.6 %, and 96.6 % at 1, 4, 7, and 10 mg/L,
(2021) NEAA, 20 mM HEPES, respectively.

and 1x P/S

Criscuolo et al. Gaseous 0.2 and 4 ppmv 30-120 —* - Wood, Gauze, fleece, glass and 4 ppmv Ozone exposure for 30 min yielded a
[187] min plastic 90 % reduction of viral titres for all materials.
(2021)

Clavo et al. Gaseous 4-12 ppmv & 05,1, 5, 22.0 53-65 PPE gowns and facemasks No amplification of the virus after O3
[188] 500 - 40,000 10 min -23.7 % exposures (at 2000 ppmv or higher). At lower
(2020) ppmv oC concentrations (4 — 12 ppmv), inactivation

significantly depends on RH.

Hu et al. [189] Aqueous 4.5,9, 18, 36 mg/ 1,5,10 - - Virus solution inoculated into Vero Full inactivation of virus stock (4 x 10° PFU/
(2021) L min E6 cells) mL) in<1 min, by 36 mg/L aqueous

ozonation.

Nicolo et al. Gaseous 5g/hina 15, 30 - - Aerosol sampling The virus was fully eliminated after 30 mins of
[190] chamber of 0.033 min ozone exposure.

(2022) m®

Takeda et al. Glycerol 200, 500, 1000, 20 sec, 1 - - Virus solution in DMEM and FBS >99.91 % of the virus was inactivated by
[191] 2000 ppm h,&24h media ozonated glycerol (500 ppm, 1 h) at 20 % of
(2021) FBS concentration.

Yano et al. Gaseous 1, 6 ppmv 55, 60 25°C 60 — 80 Stainless steel 6 ppmv of ozone gas for 55 mins yielded a 3-
[175] min % log1o reduction (PFU/mL) in the viral load.
(2020)

Martins et al. Aqueous 0.2 - 0.8 ppm 1 min —* - Virus solution in DMEM media & 2 logy reduction in virus infectivity was
[176] FBS media observed after 0.6 ppm ozone treatment for 1
(2021) min.

Tizaoui et al. Gaseous and 0.5-20 g.min/m® 3, 5, 20 26 °C 0-100 Stainless steel, glass, copper, Up to 2 log reduction was observed on
[54] aqueous min % plastic, coupons of ambulance seat  stainless steel and glass at 15 g.min/m? of
(2022) and floor; in liquid, virus cultures ozone and 81 % RH. In liquid, the rate

in DMEM media was used. constant of inactivation was 7 x 10° M~ 's™1.,

De Forni et al. Gaseous 0-5.5 ppmv 0-45 21°C 50 % + Virus suspensions in well plates 3.18 ppmv of ozone inactivated > 99 % of the
[192] (2021) min +1°C 1% virus within 20 min.

Wolfgruber Gaseous 800 ppmv 10-60 22-24 45 % Cotton facemasks, FFP3 facemasks, > 6 log reduction is demonstrated within 10 —
etal. [178] min oC glass slides 60 min of ozone exposure at 800 ppmv.
(2022)

Murata et al. Gaseous & 0.05 ppmv to 2 10s-20 -* 55-80 Stainless steel for gaseous 1 & 2 ppm ozonated water yielded 2 & 3 log
(2020) Aqueous ppmv h % exposure; virus solution (with reductions in 10 s. Whereas, 0.05 & 0.1 ppmv

DMEM, FBS & VeroE6/ TMPRSS2
cells) mixed with ozonated water.

O3 gas yielded 95 % inactivation in 10 and 20

—* means room temperature is quoted, but the exact value was not stated; — denotes missing information.

penetrative or surface impacts of ozone treatments on a wide range of
fruits and vegetables (e.g. the potential for vitamin content reduction,
after ozone decontamination). In aquacultural systems, the potential for
controlled ozonation to mitigate the impact of fish lice (e.g. Lepeoph-
theirus salmonis and Paramoeba perurans, which cause amoebic gill dis-
ease) on fish health has hardly been investigated. This could be applied
in combination with conventional cage and tank systems for improved
survival. If successful, the dependence on Diflubenzuron (an insecticide
used to control parasites in fish farms), can be reduced.

Advancements in chemical reaction kinetics (novel computational
methods) are required to facilitate accurate predictions of trans-
formation product and by-product formation during drinking water and
wastewater treatment by existing and emerging oxidation technologies.
The combined application of these computational-based methods with
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advanced analytical techniques (e.g. for ozone nanobubble characteri-
sation) will also facilitate the evaluation of the relative toxicities of these
products; thus, ensuring the safe application of hybrid oxidation
processes.

Ozone inactivation mechanisms of fungi, protozoa, and parasitic
organisms require further elucidations. More research contributions are
also required to determine the inherent factors instigating the antimi-
crobial resistance to ozone. Increased defensive enzyme (catalase) pro-
duction as well as cell wall property modification (thickness, porosity
and orientation) are potential cell defensive mechanisms to additionally
investigate upon controlled/repeated ozone exposure. Viral inactivation
kinetics via ozonation has been hardly studied in the literature, partic-
ularly the kinetics of SARS-CoV-2 inactivation (given its novelty).
Although the rapid inactivation rates make it difficult to measure, such
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efforts will go a long way towards improving the general understanding
of ozone’s antiviral action; thus facilitating improved designs of ozone
contacting equipment. The viral inactivation curve proposed by
Grignani et al. [211] and Tizaoui et al. [54] may constitute a good
starting point for such endeavours. More insights at a molecular level are
required to further substantiate the proposed mechanisms of ozone
inactivation of different organisms in gaseous and aqueous conditions.
The use of molecular simulations could be pursued in this regard.

There appear to be large disparities between several studies on the
half-life of ozone in water (from a few minutes to some hours). This may
be attributed to the method of ozone generation, and the capability of
forming microbubbles or nanobubbles, which tend to be more stable
than macrobubbles. Also, the half-life is affected by the presence of
organic contaminants which consume ozone. Thus, reports on the half-
life of ozone in water may be accompanied by details of the ozone
generation method utilised, the water quality and the measured prop-
erties. Similarly, accounts of ozone’s decomposition kinetics in air
should be accompanied with relevant parameters (Fig. 1). Furthermore,
the impact of ozone on the fibres/microfibres of different fabric types
has not been effectively studied. Similar studies to those performed to
examine the integrity of facemasks bands are important for different
compositions of fabric fibres. This will enable the determination of the
critical ozone dosage, particularly in light of extending garment
longevity.

Our review has highlighted the absence of key experimental pa-
rameters in published studies. This has hindered insightful and accurate
comparisons between separate studies, particularly with regard to the
efficacy of ozone treatment. Thus, it is recommended that all parameters
shown in Fig. 1 be reported in subsequent studies to provide readers
with a better understanding of the author(s) methodologies and to guide
the interpretation of their results. Furthermore, a database of suitable/
appropriate biological indicators for ascertaining sterility after ozone
application will go a long way towards ensuring the validity of ozone
doses claimed to yield sterility.

Studies presenting ozone’s applicability from a microbiological
perspective are numerous; more engineering-based studies on ozone’s
application are required (particularly for the textile, medical equipment,
pulp and paper and food industries). For example, detailed techno-
economic analyses are required for the large-scale application of
ozone in these industries. Depending on the intended application, the
determination of the specific ozone dosage requirements is vital, and its
importance cannot be overemphasized. Erroneous ozone application
may lead to detrimental results compared to the intended outcome.
Overdosing and underdosing should be avoided if the best benefits are to
be observed. As shown in Fig. 15, we provide a broad classification of the
adopted concentration ranges for different applications in the reviewed
literature. Although ozone concentration should not be solely consid-
ered as the key determinant of successful ozone deployment (as expo-
sure duration is also critical), this classification will hopefully assist
experimental endeavours geared at determining the full dosage (C & t)
requirements.

5. Conclusions

In response to the global need for improved decontamination tech-
niques, this review has summarised key recent studies that demonstrate
the effectiveness of ozone against a variety of microorganisms, organic
and inorganic pollutants, and its applicability to a wide range of in-
dustries, including its therapeutic potential in the healthcare sector.
Although several lab-scale studies outlining the impact of ozone inac-
tivation on a variety of organisms and contaminants exist, there are few
reports on the industrial deployment of this disinfection method, which
expound on the practical lessons learned (particularly for the textile,
medical equipment, pulp and paper and food industries). Mainly the
water/wastewater treatment and aquaculture industries have been
extensively studied ozonation at an industrial scale; thus, more
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Fig. 15. Summary of widely applied ozone concentrations for various appli-
cations at laboratory and industrial scale relative to naturally occurring ozone
and Occupational Safety and Health Administration (OSHA) recommended
exposure limits. It should be noted that drinking water disinfection would
require rather small concentrations between 1 and 3 mg/L in a typical case;
whereas wastewater disinfection (given its organic content) may require up to
10 mg/L. Higher doses than this are typically applied for industrial wastes when
the oxidation of specific constituents is desired.

implementation reports and insights on other industries are required.
Generally, the large-scale application of ozone-related technology for
disinfection is still limited by insufficient advances in the development
of automated systems capable of cycle time reduction and rapid disin-
fection. Furthermore, the determination of the correct ozone dosage
requirements (concentration x exposure time) and its controlled
application during decontamination operations are essential if the
benefits of this eco-friendly and cost-effective technique must be
maximised.
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