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Abstract

The food processing industry is currently facing challenges in delivering safe, healthy, and high-quality food. Constant
monitoring at each step of the supply chain of food is vital to resolve the issue of food contamination. To achieve this aim
and to meet consumer prospects, the technologies promoting the concept of clean label food have been widely cherished.
Ozonation is one such advanced technology that assists in maintaining food product quality and safety. Its manifold approach
and zero-by-product production make it a promising food disinfectant technique. Ozone due to its oxidative property has been
widely used in sanitizing, washing, odor removal, water treatment, and in equipment, fruits, vegetable, and meat processing
disinfection. Ozonation in foods is done in such a way that no nutritional, sensory, and physicochemical characteristics are
altered. In this review, an attempt is made to give an overview of the impact and contribution of ozone as a disinfectant in
food processing while comparing it with conventional disinfectants and its overall application in the food industry.
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Introduction

Food preservation is the process of extending of shelf-life
of food products in prepared as well as raw form, beyond
their natural decay period. The actual preservation of food
products has been a tough task for mankind for ages. The
food industries are usually focused on either killing or inac-
tivating microbes and enzymes as a mode of preservation.
several methods that involve heat (Sgltoft-Jensen & Hansen,
2005). Advanced novel techniques, including flash pas-
teurization, steam pasteurization, and steam vacuuming,
continue to depend on the heat for the reduction of harmful
microbes which are responsible for food deterioration. How-
ever, the application of thermal-based technologies leads to
the various transformation of food products triggering
side reaction that causes undesired changes in nutritional,
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physicochemical, and sensory attributes. In a report, this
has been suggested that thermal treatment leads to the
reduction of total phenolic content and antioxidant activity
in several fruits and vegetables (Al-Juhaimi et al., 2018).
Conversely, non-thermal technologies such as high-pressure
processing, ultrasonication, pulse electric field, and cold
plasm technology involve the processing of food near room
temperature. Hence, there is no damage caused by heat sen-
sitivity (Jan et al., 2017). But the lack of cost-effectiveness
is a key point for consideration when it comes to commer-
cialization. On the other hand in chemical treatments, a
cost-effective strategy to achieve contamination-free food
products by affecting the cellular activity and composition
of pathogens is also there (Kaavya et al., 2021). However,
due to the hesitation for the use of artificial chemical pre-
servatives in foods, the consumers demand safe and fresh-
like products (Sgltoft-Jensen & Hansen, 2005). Also, the
advent of clean label Food has been widely valued as a
global food trend. It embraces minimal processing and the
use of natural ingredients in food processing to achieve a
higher consumer preference for healthy foods (Aschemann-
witzel et al., 2019). The pandemic phase of COVID-19 has
also added to the evolution of this clean label trend. Accord-
ing to Food and Health survey by IFIC (International Food
Information Council) in the year 2020, around 85 percent of
consumers have changed their eating and food preparation
habits due to COVID-19 (Ific, 2020).
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Consequently, innovative technologies in the food indus-
try are vital to meet consumers’ desires. The requirement
has sped up the research and has led the studies toward the
innovation of promising alternative technologies for food
processing and disinfection (Leadley & Williams, 2006).
Keeping in view all these concerns, ozone technology is one
such technique that has become a focal point as an effective
sanitizer that may fulfill the prospects of Food industries,
regulating authorities, and consumers. Ozone, due to its
sporicidal activity, is an efficient disinfectant and sanitizer
which can be effective against harmful pathogens includ-
ing their spores and can act as an excellent antimicrobial
agent (Owais et al., 2018). Ozone treatment has been found
effective in most food products during processing as well
as storage and to maintain the quality, safety, and shelf-life
of these products. Besides the inactivation of microbes,
ozone also reduces the level of pesticides in fresh produce.
Ozone treatment is very effective in decreasing the biologi-
cal and chemical oxygen demand of water used in process-
ing and washing. Ozone acts as a promising eco-friendly
sanitizer but its efficacy in sanitization depends on dosage
and type of products (Gongalves, 2009). The main purpose
of this review is to provide limelight on the ozonation as
an advanced green technology along with its promising
and multi-dimensional applicability in the food industries.
Commercialization of ozone technology will ensure a safe,
contamination-free food supply chain along with an eco-
friendly approach.

Conventional Chemical Disinfectants

The purpose of cleaning and disinfection is to produce safe
and contamination-free products along with better shelf
life and quality. Food industries generally have the trend of
longer production runs with short recesses for sanitization.
Cleaning schedules should be of the shortest possible time,
with low chemical usage and without producing residue
(Moerman & Mager, 2016). The mechanical and chemical
power, temperature, and contact time in the disinfection pro-
cess should be wisely chosen to attain an adequate cleaning
effect (Wirtanen, 2008). The usage of effective disinfecting
agents minimizes the contamination caused due to microor-
ganisms attached to the surface of food product, enhances
shelf life, and ultimately reduces risks of foodborne illness
(O'Donnell et al., 2012; Rice et al., 2002). Choice of disin-
fectant for use in food industries depends on several factors
such as pH range, stability on dilution and reactivity, effec-
tiveness at high temperatures, spectrum of action, and espe-
cially safety. Challenge for food industry involves excess use
of water and wastewater discharge rates, constituting chemi-
cal residues. Even in some of the sectors, the use of water
in the industry is more than that of agriculture. Among the

industries, food industry ranks third in water consumption
and wastewater discharge rates preceded by the chemical and
refinery industries (Gil et al., 2015). Conventional chemi-
cal disinfectants like chlorine, chlorine dioxides, peracetic
acid, and hydrogen peroxides are some of the most widely
used chemical disinfectants in the industries. But in the
recent years, outbreaks related to contaminating pathogens
in food products raised apprehensions about the efficacy of
conventional disinfectants in assuring safety of the prod-
ucts. Such as a multistate outbreak of salmonella Kottbus
infection caused due to inadequate seed disinfection by heat
and chlorine. Use of conventional chemical disinfectants is
also linked with the production of high amounts of waste-
water with extreme levels of chemical residue in the form
of hazardous disinfection by-products (DBP) and biological
oxygen demand (BOD). Production of DBP by chlorine and
its dioxides, low antimicrobial efficacy of organic acids, per-
acetic acid, and hydrogen peroxide are some of the limita-
tions associated with the conventional chemical disinfectants
in food industries (Olmez & Kretzschmar, 2009) (Table 1).
Due to the environmental and health risks posed by the
use of conventional chemical disinfectants, their use in the
organic product is prohibited. The natural organic matter
serves as a precursor in water for DBP production. This
DBP has certain limits such as for total trihalomethanes, it
is 0.080 mg/L; for haloacetic acids, it is 0.069 mg/L; and for
bromate and chlorite, it is 0.010 and 1.0 mg/L respectively
(Gee, 2016). The food processing sector is now seeking
alternatives to conventional chemical disinfectants which
may assure the safety of the products and, maintain the qual-
ity enabling shelf-life, besides minimizing the consumption
rates of water in processing. Keeping in view these preposi-
tions, the ozonation technique seems to be a potential pros-
pect for the solution of these problems. Ozone is an evolving
alternative chemical disinfectant that has already gained the
generally recognized safe (GRAS) status and its usage in
foods has also been approved. The Food and Drug Admin-
istration (FDA) has amended the food additive regulations
to provide for the safe use of ozone in gaseous as well as
aqueous phases as an antimicrobial agent in food, including
meat and poultry, and also in raw agricultural commodities
in the preparation, packing, or holding of these products for
commercial purposes (Olmez & Kretzschmar, 2009).

Ozonation: an Evolving Disinfectant
Technology for the Food Industry

The name ozone was given by Christian Friedrich Schon-
bein, a German-Swiss chemist, derived from the Greek
word “ozein” which stands for “smell” (Kaur, 2014). Ozone
serves as a strong anti-microbial agent due to its powerful
oxidizing capacity. In the year 1982, use of ozone in bottled
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'(I?!a.le 1 Cor‘lventiona}l chemical S. no Conventional chemical
.151.nfe.ctants and their disinfectant
limitations
1 Chlorine
2 Chlorine dioxides
3 Organic acid
4 Peracetic acid
5 Hydrogen Peroxide

Hazardous disinfection by-product generation at high levels
High reactivity towards the organic matter

Efficiency is affected by the presence of organic matter
Corrosive in nature

pH dependant activity

Formation of residue like chlorite, and chlorate
Not suitable for organic products

Not efficient for fresh produce

Explosive in nature

Post-treatment rinsing with water is required

Prolong contact time

Affect the sensory quality

Low antimicrobial efficiency
Not suitable for organic products

Low antimicrobial effectiveness for vegetables at permitted levels
Not allowed for organic products

Low antimicrobial effectiveness

Prolong contact time

Generate phytotoxicity

Negative impact on the overall quality

Residual H,O, removal is required after processing
Not suitable for organic products

water was granted GRAS by FDA. It was decreed by a
panel of experts in 1997 that under good manufacturing
practices (GMP), ozone can be used as both disinfectants
and as a sanitizer for food (Guzel et al., 2004). Ozone is an
endorsed sanitizer with little or no lethal residue. Ozone is
naturally formed in the stratosphere due to the irradiation
of Ultra-Violet rays (< 240 nm) on oxygen molecules. The
stability of ozone in water depends on the purity of water
as the requirement of ozone is least in pure water compared
to other solutions (Pandiselvam et al., 2020).

Ozonation (ozone treatment) is a chemical food decon-
tamination method in which the exposure of contaminated
edibles (perishable/non-perishable) to ozone (O;) is done
either in the aqueous or the gaseous phase. In the gase-
ous phase of ozone treatment, deactivation of microbes is
attained at specified ozone concentration, constant pressure,
flow rate, and the caused contamination level (Brodowska
et al., 2015). In contrast to chlorine which is an extensively
used traditional decontaminating agent, the use of ozone
(2.07 V) has tremendously increased due to its stronger
oxidative properties compared to Chlorine (1.36 V). Fur-
thermore, the US FDA 2001 recognized and authorized
ozone for its strong antimicrobial property and its use in
food products. The effectiveness of ozone as an antibacte-
rial agent is based on its action on a wide range of bacteria
such as Gram-positive, Gram-negative, and even the spores
of bacteria (Guzel-Seydim et al., 2004). Besides microbial
decontamination, ozone is also used in reducing the pesti-
cides level potentially, such as captan, ethylene thiourea,
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formetanate hydrochloride, and azinphosmethyl from the
fresh produce (James et al., 2013).

Antimicrobial Activity Mechanism of Ozone

A wide-range spectrum of antimicrobial activities of
ozone is due to its high oxidation potential (2.07 V) for
free radicals. The high reactivity and instability of ozone
tend to decay into the radicals of hydroperoxyl, superox-
ide, and hydroxyl (Pirani, 2010). However, the main inac-
tivator of microorganisms is claimed to be the molecular
ozone. Researchers had revealed that highly reactive by-
products are formed during the disintegration of ozone
(Pirani, 2010).

02 +O_) 03

03_)O_+02

The inactivation of microbes by the ozone treatment
involves the attack of ozone in the gas or liquid phase on
the cell membrane, cell envelopes, cytoplasm, spore coat,
and other constituents of microorganisms (Guzel-Seydim
et al., 2004). As per the researchers, the inactivation of
microorganisms can be done through ozone by two possible
mechanisms (Fig. 1):
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Fig.1 A schematic representation of the formation of ozone and its antimicrobial action

e The first mechanism embraces the oxidation of amino
acids and sulfhydryl groups of peptides, proteins, and
enzymes to yield small peptides at the time of ozone
exposure.

e The second mechanism embraces the poly-unsaturated
fatty acids oxidation and the formation of acid peroxides.

Deactivation of microorganisms is caused due to the
damage to the cell envelope which will eventually result in
the consequential leakage of cellular material or cell lysis
(Pandiselvam et al., 2020). Particularly, double-bonded unsat-
urated lipids are more susceptible to ozone exposure (Lanni
et al., 2019). Potent destruction or damage of nucleic acid and
oxidation of cellular proteins extensively lead to rapid cellular
death. Thymine is the most sensitive nucleic acid to the ozone
(Pandiselvam et al., 2020). Alteration in polypeptide chains of
a viral protein coat and RNA destruction of the virus is also
caused by ozone (Guzel-Seydim et al., 2004).

Effectiveness Against Coronavirus
(COVID-19)

The issue of shielding the individual against air-borne trans-
mission has now become a great matter of concern due to the
recent outbreak of the Coronavirus also known as COVID-19

(Rabail et al., 2021). The transmission of COVID-19 occurs
when droplets that contain the virus enter the respiratory tract
of humans. During this pandemic phase, fruits and vegeta-
bles are brought home directly by people from the vendors.
This inevitable contact may increase the chance of associa-
tion between the people and the contaminating body. Since
a contamination-free food supply chain is the first and fore-
most step of food processing it is essential to disinfect the
food produced just after it is harvested. Reports have sug-
gested that ozone due to strong virucidal activity is capable
of inactivating the virus as well as bacteria (Hudson et al.,
2009; Yaneva et al., 2022; Alimohammadi & Naderi, 2021).
Considering this challenge, the Central Institute of Post har-
vesting Engineering and Technology (CIPHET), India, has
developed an ozone-based fruit and vegetable washer-cum-
purifier known as Ozo-C, which is a portable and economi-
cal machine (ICAR-CIPHET, 2020). It is a venerable device
working on the principle of the corona discharge method and
removes the virus, bacteria, pesticides, and chemicals from
food surfaces such as fruits, vegetables, meat, and seafood.
The general mechanism of virucidal activity consists of the
denaturation of virus lipid, and the formation of protein per-
oxide (Turkmen et al., 2015). The enveloped viruses possess
cysteine, an amino acid with sulfthydryl as a functional group,
also known as the thiol group, which is liable to oxidation by
ozone (Yaneva et al., 2022; Alimohammadi & Maziar, 2021).

@ Springer



2106

Food and Bioprocess Technology (2022) 15:2102-2113

Compared to non-enveloped viruses, COVID-19, an envel-
oped virus is sensitive to chemical disinfectants. Sensitivity
is due to the intact lipid envelope of the virus infecting host
cells, which can be affected by the use of strong disinfectors
like ozone.

Methods of Ozone Generation

The generation of ozone is done by the air present in the
atmosphere, subjected to the high-energy electrical field
or ultraviolet (UV) radiation (Khadre et al., 2001). How-
ever, due to the rapid degradation of ozone into oxygen,
the production of ozone has to be continuous at the time of
its utilization as it cannot be collected. To generate ozone,
various methods such as Ultraviolet radiation, corona dis-
charge, and electrolysis method are used (Fig. 2). Among
these, ultraviolet radiation and corona discharge methods
are most widely used in food processing industries due to
their cost-efficiency. Along with it, many domestic types of
ozone-generating facilities are also being invented in form of
different equipment which can be procured in homes, small-
scale shops, vendors, etc. More particularly the aim of mak-
ing fresh food produces sanitized and disinfected as a habit
of its processing (Okpala et al., 2015).

Corona Discharge Method

Corona discharge method has been widely used for the gen-
eration of ozone in large amounts. It comprises two elec-
trodes of low and high tension. These electrodes are parted
by a dielectric medium made of ceramic and a discharge

gap (Goncalves, 2009). When in presence of oxygen, a high
voltage alternate current flows through the discharge gap, the
electrons of oxygen excite and therefore, initiate the split-
ting of molecules of oxygen. These cleaved oxygen atoms
are associated with other oxygen molecules and lead to the
formation of ozone molecules. The production of ozone is
influenced by various factors such as voltage, current fre-
quency, discharge gap, thickness, and property of the mate-
rial used as dielectric (Khadre et al., 2001). Production of
ozone is 1-4% when air is passed through the generator as a
feed gas. The utilization of oxygen in the pure form for the
production of ozone allows a rise in the yield and reaches
6-14%. It is observed that the ozone spontaneously degrades
back to oxygen and, thus, cannot be stored (Guzel-Seydim
et al., 2004).

Ultraviolet Radiation Method

The ultraviolet (UV) radiation method involves the transfor-
mation of oxygen into ozone with the help of a UV lamp of
wavelength 188 nm. The generation of ozone is done by the
ventilation of electric discharge of high voltage in fresh air
(20% O,) or pure oxygen (Gongalves, 2009; Guzel-Seydim
et al., 2004). The atmospheric oxygen molecules are affected
by the effect of radiation and produce splitting, then after the
separation of molecules into atoms of oxygen. These oxygen
atoms in free form collide with other oxygen molecules and
result in the formation of ozone (Chawla et al., 2007). The
reaction mechanism of ozone generation by UV radiation
method involves the cleavage of diatomic oxygen molecules
first and then the formation of free radicals of oxygen. This
means the resultant radical of oxygen is free to react further
with other oxygen molecules for the formation of ozone.

Ultraviolet Lamp
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Fig.2 A schematic representation of ozone generation methods
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Although higher energy is required to break the bond of
diatomic oxygen molecules (Gongalves, 2009).

Electrolysis Method

The electrolysis method has been first familiarized by
Lynntech, Inc. (College Station, Tex.). It involves the
splitting of water (H,0O) molecules by the phenomenon
of electrolysis, into the atoms of hydrogen and oxygen.
The hydrogen atom is then parted from the molecule of
water and the oxygen atom is combined to form ozone
molecules. One of the major advantages stated by the pro-
ducer of ozone via this method is that it produces 3—4 times
higher ozone i.e., 10-18% than that of the corona discharge
method (Pandiselvam et al., 2017a, b).

Application of Ozone in the Food Industry
Applicability in the Disinfection of Food Products

The food processing sector is the major platform to give
momentum to the ozone treatment as an advancement.
Technologies derived from ozone are coming in limelight
as the chemical-free, cost-effective, and safe way to ensure
food safety (Gonclave, 2009). The safety level of ozone on
food and humans is limited up to a certain concentration and
exposure time. Ozone is applied in the food industries either
in gaseous or aqueous form. The preference for the form
of ozone treatment must be chosen according to the type
of food commodity and required action. Usually, aqueous
ozone is found to be more effective on food-related micro-
organisms than gaseous one. But to achieve a significant
effect, high concentration or long exposure times of gaseous
ozone are required (Panebianco et al., 2022). Therefore, the
utilization of ozone in various sectors of food processing
industries along with the safety level of its usage is a matter
of concern and requires more research.

Meat and Poultry Industry

Meat and poultry products’ safety continues with the
global concern of the ailments related to several nasty
pathogens such as Salmonella, E. coli, and Listeria
Campylobacter. This fear has led the meat industry to
continue its research and implement newer strategies to
fight against pathogens. The applicability of ozone in
storage is seen in warehouses and freezing chambers of
the meat industry. The key goal is to reduce the bacte-
riological level in storage and attain the peak durability
of foods in fresh storage, freezing, or refrigeration. This
as a result will help in eliminating the growth of bacteria
and molds in meat products (Chawla et al., 2007). In a

comparative study, 12% trisodium phosphate, 5% hydrogen
peroxide, 2% acetic acid, 0.5% ozonated water, and 0.3%
commercial sanitizer were observed for their antimicrobial
efficacy on beef brisket against E. coli. Results indicated
that hydrogen peroxide and ozonated water were most
effective in the reduction of bacterial counts (Hassenberg
et al., 2007; Castillo et al., 2003) (Table 2). Ozone in aque-
ous form was effective in the decline of Salmonella count
on the skin surface of chicken drumsticks below the detect-
able limit when treated with 8 ppm concentration along
with the combination of lactic acid (Megahed et al., 2020)
(Table 2). The application of ozone can also be perceived
before cooking, as a pre-treatment step for meat to check
for any activity of spoiling microorganisms. In a study,
beef surfaces are treated with ozone and then cooked at 45
to 75 °C. A decline of Clostridium perfringens by 1-2 log
CFU/g was observed while treating with aqueous ozone
treatment and 45-75 °C of heat treatment. Additionally,
a reduction in the spore count was also recorded but in a
small quantity (Novak & Yuan, 2004). An observation of
a study on turkey breast meat results stated an improved
microbial quality with the reduction of the log by 2.9, 2.3,
and 1.9 in the counts of yeast, mold, Enterobacteriaceae,
and aerobic mesophilic bacteria respectively when treated
with ozone for 8 h (Ayranci et al., 2020) (Table 2).

Vegetables and Fruit Industry

Vegetables and fruits are perishables and are liable to water
loss, physiological deterioration, and mechanical injury. The
physiology and quality that affect the fruits and vegetables
attributed to the exposure to ozone have been studied. Chlo-
rine water has been commonly used as a vegetable and fruit
washer in food processing industries as sanitization (Garcia &
Heredia, 2017). Ozone is proven to be an excellent alternate
sanitizer for fresh fruits and vegetables as chlorine produces
trihalomethanes, a residual by-product that is carcinogenic
(Han et al., 2002). Zhang and his team in a study observed
that treating fresh-cut celery with ozone inhibits its respira-
tion rate (Zhang et al., 2005). Also, in peach, respiration rate
remains unchanged by exposure to ozone (0.3 ppm) for about
three weeks (Palou et al., 2002). In the storage of fruits, it
was observed that ozone can help in reducing the ethylene
level in a cold storage room which ultimately leads to a longer
storage time. Another issue for perishable commodities is the
color change caused due to enzymatic browning, by the action
polyphenol oxidase enzyme. It is observed that ozone-treated
fresh-cut celery had an inhibiting effect on polyphenol oxidase
activity (Zhang et al., 2005). In a study, it was reported that
during storage, the browning and visual appearance of fresh-
cut cabbage was maintained by ozonated water (Nie et al.,
2020).
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Grain Processing Industry

Ozone has an excellent application as a fumigant for grains
and its storage by the inactivation of microbial pathogens,
destruction of mycotoxin, and insect without affecting the
quality of the grains. Studies have shown that ozone offers a
unique benefit for the processing of grain by addressing the
major concerns associated with the usage of harmful pesti-
cides. Usually, organophosphate, methyl bromide, dichlor-
vos, phosphine, and malathion are used as insect controllers
for stored grains. The feasibility of ozone in grain storage
has been an emphasis in some studies due to its high reac-
tivity, strong oxidizing property, and insecticidal activity.
Several studies reported ozone as a capable fumigant against
insects like Tribolium castaneum, Rhyzopertha Dominica,
Ephestia elutella, Sitophilus oryzae, and Oryzaephilus suri-
namensis. Among insect species, Rhyzopertha Dominica, a
lesser grain borer, was hard to kill as it closes spiracles for
long period, which leads to lacking ozone to attain target tis-
sue in an effective concentration (Pandiselvam et al., 2017a,
b). A study has shown that Plodia interpunctella, an Indian
meal moth, in wheat when exposed to a concentration of
50 ppm ozone for 3 days has achieved high mortality at its
larval stage (Kells et al., 2001). However, eggs of Plodia
interpunctella required an ozone concentration of 1800 ppm
for 3 h (McDonough et al., 2011). It can be concluded that
ozone efficacy as a fumigant varies with different species of
insects and their respective life stage.

Fruit Juice Industry

Treatment of juices with ozone to regulate the juice quality
is an active application of ozone technology. The rich nutri-
ent content of fruit juices is supposed to support microbial
activities and growth. Therefore, microbial inactivation dur-
ing processing is necessary for maintaining the safety and
nutritional quality of juices (Roobab et al., 2018). Ozone
treatment in the juice processing industries is used in gase-
ous form (Miller et al., 2013). With the approval of ozone
to be used as a direct additive by the FDA, the applicabil-
ity of ozone has been explored widely in juice processing
industries. Several studies showed that pathogenic species
present in juices can be cut to 5 times when treated with
ozone (Tiwari & Muthukumarappan, 2012). In other stud-
ies, clarified and unclarified watermelon juice was exposed
to ozone for five successive durations (5-25 min). Yeast and
mold count of clarified and unclarified ozonated watermelon
juices showed a log reduction of 3.411 and 3.046 respec-
tively with an exposure time of 25 min (Lee et al., 2021). In
another study for sugarcane juice, ozone treatment of 10, 20,
and 30% concentrations for 5, 12.5, and 20 min respectively
result in the deactivation of the PPO (polyphenol oxidase)
enzyme by 67.8% and a decline in Total Plate Count (TPC)

by 3.72 logs (Panigrahi et al., 2020). The effect of ozona-
tion has also been studied on the processing of many juices
for the extension of shelf life including apple, tomato, and
orange juice (Choi & Nielsen, 2005; Tiwari et al., 2009; Patil
et al., 2010; Song et al., 2015).

Applicability in the Disinfection of Plant Equipment

Industrial wastewater contains harmful metals and natural
pollutants in massive amounts as a result of industrial pro-
cesses. The presence of these organic and inorganic impuri-
ties makes it difficult to reuse water (Tripathi et al., 2020).
Cleaning in place (CIP) is an operation that involves the use
of water, chemicals, and heat in blends for cleaning machin-
ery, hose, and vessels without dismantling the plant. Ozone
can be preferred as an alternative to other pre-existing disin-
fectants or sanitizers for CIP due to its environmental leads.
Ozone efficiency in the CIP system of the wine industry was
tested by Guillen and his team. The hosepipe in which wine
is conveyed was exposed to various treatments of peracetic
acid along with the solution of caustic soda, peracetic acid,
and ozonated water (28 + 1 °C). The outcomes reported that
the treatment with ozonated water is the most effective of
all (Guillen et al., 2010). It includes a quick breakdown of
ozone into oxygen without any undesirable residue. Since
it does not necessitate the final rinse to eliminate leftover
residues and this makes it favorable for the food industry
over other traditional disinfectants. As it does not leave
any residues, disinfection of air is also a vital part of the
food industry for hazard analysis and critical control point
(HACCP). Ozone gas was shown to be effective against air-
borne microbes and can also be applied for the prevention
of secondary impurities during food manufacturing (Naito
& Takahara, 2006).

Applicability in the Disinfection of Food Packaging

Sterilization of packaging materials is another range of
widely studied applications of ozone. According to an
observation, when plastic packaging films are treated with
ozonated water, a five-log reduction in the bacterial count
has been noticed (Natha et al., 2014). When ozone interacts
with the packaging material (polymer) surface, it causes
alteration in the properties of the packaging material sur-
face in terms of surface tension and polarity. Treating poly-
mers like polyethylene, polypropylene, and polyethylene
terephthalate with ozone significantly increases the surface
tension, and hydrophilicity and improves their adhesion
properties (Ozen et al., 2002). According to study, ozona-
tion on packaging material (molten LDPE and aluminium
foil) leads to the establishment of a carbon-oxygen bond
which makes the basic composition oxidized and ultimately
improved adhesion (Nordin, 2010). The low surface tension
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of plastic films leads to poor adhesion properties which are
caused due to the oxidation of polymer comprising func-
tional group and degradation of polymer chains which var-
ies with the chemical structure of the polymer. It was also
observed that biofilms contaminated with Pseudomonas
fluorescence on multi-laminated packaging material; when
exposed to repeated ozone flow, contamination was reduced
up to 188 colony forming units per area of 12.5 cm? (Khadre
et al., 2001). This proves the potential of ozonation in the
sanitization of packaging materials.

Challenges of Ozonation
Instability of Ozone

Ozone can either oxidize or decompose the compound to
oxygen in the form of free radicals. The mechanism of ozone
decomposition is a complicated process. The decomposition
rate of ozone is influenced by many factors like the type of
radical formation in the solution and the type of organic mat-
ter present in the medium, pH, and temperature (Am Water
Works Res et al., 1991). Organic matter in the medium helps
in initiating, inhibiting, or promoting radical chain reactions.
It is, therefore, not easy to specify a specific ozone con-
centration that will always be effective in the inhibition of
microbes of definite concentration in a food product. In a
study, each ozone and heat sterilized water was inoculated
with water bacteria of a normal population. A prominent
bacterial growth was noticed in the ozone sterilized water of
the same origin (Kim et al., 1999). The observation showed
that the products obtain after the breakdown of organic con-
taminants of water during ozonation are a good source of
nutrients for water bacteria. In a report, this has been shown
that the secondary half-life (time for reduction of concentra-
tion) of ozone is affected by pH. In an alkaline condition (pH
10), it has been observed to be about 25 s; in neutral (pH
7), itis 17 min; and in an acidic medium (pH 4), it took 7 h
(Von Sonntag & Von Gunten, 2012).

Safety Limit of Ozone

Ozone shows high reactivity towards organic bodies such as
the human body. Hence, monitoring the environment as well as
people coming in contact with ozone is important. The human
respiratory tract gets affected by ozone gas; therefore, working
with ozone or being exposed to it requires specific care (Zhu,
2018). The toxicity of ozone, either acute or in chronic form,
depends on the exposure time and concentration of ozone.
Burning sensations in the eyes and throat, headache, cough,
and dizziness are the common symptoms of ozone toxicity.
Symptoms of chronic toxicity involve memory loss, bronchitis,
and muscular excitability (Guzel-Seydim et al., 2004). Based
on the ozone concentration in an environment, three different
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zones of health effects are categorized are acceptable zone,
hazardous zone, and critical zone (White, 2007). Occupational
Safety and Health Administration (OSHA) has recognized a
0.1 ppm concentration of ozone gas as an endorsed limit with
a time of 8 h of exposure at the workplace in the food industry
(Namdari et al., 2020). Fumigation of crops with ozone in the
storage room is executed in the absence of workers or during
the night. High pressure and warm water raise the ozone toxic-
ity chances. Hence, it is advised to cover the area of applica-
tion in such a way that air can be easily liberated (Smilanick,
2003). Researchers use potassium iodine solution in labs to
absorb an excess ozone gas liberated while testing to prevent
its release into the air (Khadre et al., 2001). Therefore, while
working with aqueous ozone, ensuring all the safety precau-
tions is highly endorsed.

Time-Temperature and Concentration Dependency
of Ozone

Ozone exposure time, temperature, and concentration are
the key points to analyze the efficiency of ozonolysis. High
temperature (> 50 °C) leads to the rapid decomposition of
ozone into the free radicals and elevates the effectiveness
of the ozone treatment (Diao et al., 2013). A high rate of
degradation of Aflatoxin B1 was stated for peanut flour and
kernels at above 50 °C (Proctor et al., 2004). The solubil-
ity of ozone has an inverse relationship that is higher the
temperature lower the solubility of ozone and vice versa
(Brodowska et al., 2018). High temperatures are not ideal
for the majority of agricultural products, as it shows unde-
sirable outcomes on the quality attributes of the food prod-
ucts. Ozonation is, thus, preferred at room temperature, and
the effectiveness increases along with its concentration and
exposure time. However, adverse effects have been observed
on the quality of food products due to extended exposure and
higher concentration of ozone treatment. High pigmented
food such as fruits and vegetables are more susceptible to
ozone and lead to decoloration after treatment due to their
strong oxidizing potential; at the same time, it is found to
affect the stability of high fat-containing food such as dairy
products (Panebianco et al., 2022). Hence, the application of
ozone should not exceed the recommended threshold limit of
products (Diao et al., 2013). Optimization of the ozonation
is thus a significant issue that will result in utmost benefits
without altering the quality and nutritional content of food
products.

Future Perspectives of Ozonation

As discussed above, ozone is a likely solution for various
operations in the food industry. Its potential to assurance of
the microbial quality of the various products, potent sanitizer
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for plant equipment, disinfection of wash water, wastewater
recycling, and treatment indicates that ozonation has a per-
spective and a bright future in food processing industries.
However few conditions need to be resolved. Like as ozone
effectiveness for the different community of produce need
to be emphasized more by the researcher. Ozone has been
shown to hinder the quality of some food products. On the
other hand, process operation and system design challenges
are faced by the operators working on ozone in a plant.
Hence, their safety needs to be assured by studying the effect
of ozone on humans as well. Also, consumers’ acceptability
of ozone-treated food products is an area that needs to be
focused on. Rigorous research work is requisite to determine
the interface between ozone and the food constituents along
with the effect of final compounds during the process of
inactivation. The process parameters need to be optimized
that follow more effective and specific process-related stud-
ies on its action mechanisms. Improper utilization of ozone
may lead to lethal effects on the physiology and quality of
the food products, so for the safe and effective utilization in
food processing, contact time, the optimal concentration of
ozone, and various other parameters of treatment must be
well-defined for different types of food products.

Conclusion

Ozonation is an advanced technology that assists in main-
taining a contamination-free food supply chain without
harming the environment. Ozone has been extensively used
in sanitizing, washing, water treatment, odor removal, in-
plant equipment, fruits, vegetable, and meat processing dis-
infection. The regulatory approval of ozone utilization in
food by the FDA and by FSIS/USDA clears all the regulatory
hurdles in its industrial application. Due to the diverse effec-
tive factors, the applicability of ozone has surely accelerated.
It has acted as an effective sanitizer/disinfectant in food pro-
cessing industries for vegetables, fruits, cereal, meat, and its
products, fish, and processing plants. No special handling,
generation of absolutely no hazardous residue, eco-friendly,
and its hurdle applicability make it more valuable for sani-
tation purposes in the food industry than other chemical
sensitization methods. The most vital point that needs to
be considered for the ozone process is the concentration of
ozone varies with the type of treated materials, environmen-
tal conditions, microorganisms, and contaminants present
in the product. Research needs to be more focused on the
product-based optimization of ozone treatment which can
lead to headway of ozonation as the absolute disinfection
technique in the food processing industries.
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