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NON-THERMAL OZONE TREATMENT FOR PRESERVATION OF FRUITS AND VEGETABLES: A REVIEW
ABSTRACT 

	Ozone treatment is a safe and efficient alternative for reducing microbial contamination and pesticide residues in fruits and vegetables. Ozone demonstrates superior efficacy compared to conventional disinfectants like chlorine, requiring lower concentrations and shorter exposure durations to achieve significant reductions. It can be applied as a gas or in aqueous form, effectively minimizing microbial activity and pesticide levels while enhancing produce quality and safety for consumption. Ozone exhibits remarkable potency against resistant microorganisms, including amoebic cysts and viruses. Its integration into postharvest processing and storage extends shelf life, preserves sensory attributes, and leaves no harmful residues in the environment, making it a sustainable and advantageous solution for the agricultural and food industries.
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1. INTRODUCTION 

The fruits and vegetables (F& V) are considered to be essential constituents in India diet and a major component of food industry.  World fruit production recorded a growth of 30 percent from 2010 to 2023 with a total production volume of 952 million tonnes in 2023 (FAO, 2024). India is the second largest producer of fruits and vegetables in the world. Fruits and vegetables are considered to be the store house of vitamins, minerals, dietary fibres and rich in flavonoids, Phenolic compounds and antioxidants.  It was recommended by the World Health Organization (WHO) that daily intake of 400g of fruits and vegetables will reduce the risk of non-chronic illnesses including cancer, cardiovascular disease, inflammation, etc. (Ahn-Jarvis et al., 2019). The fruits and vegetables are highly perishable with short shelf-life and prone to spoilage causing 2–8 % of foodborne illness (Denis et al., 2016). Apart from this, there are lot of chemical residues deposited on the surface of fruits and vegetables which need to be washed out for safe intake of them (Cano-Lamadrid & Artés-Hernández, 2022). 
[bookmark: _GoBack]The global agricultural sector relies heavily on pesticides to protect crops from pests, diseases, and weeds, ensuring higher yields and improved food security (TK et al., 2022). In 2022, total pesticides use in agriculture was 3.70 million tonnes (Mt) of active ingredients, marking a 4 percent increase with respect to 2021, a 13 percent increase in a decade, and a doubling since 1990 (FAO, 2023). India used over 61, 000 tonnes of pesticides in 2020 (FAO, 2023). Pesticides, including insecticides, herbicides, and fungicides, are widely used in fruit and vegetable cultivation to minimize pre-harvest losses and enhance the overall quality of produce (Aktar et al., 2018). Despite their advantages, pesticide residues on harvested produce, pose significant health risks to consumers, including chronic toxicity, hormonal disruptions, and carcinogenic effects (World Health Organization [WHO], 2020). To address these concerns, effective cleaning and decontamination strategies are critical to minimize pesticide residues while preserving the nutritional and sensory qualities of fruits and vegetables (Chacha et al., 2021).
In addition to pesticide residues, microbial contamination is a major challenge in maintaining the safety and quality of fresh produce. Fruits and vegetables can be contaminated with various pathogenic and spoilage microorganisms—such as bacteria, fungi, and viruses—that may originate from sources like irrigation water, soil, or improper post-harvest handling (Zhang et al., 2021). Effective disinfection methods are essential to eliminate microbial contaminants and reduce the risks of outbreaks associated with fresh produce.
There are more than 1000 pesticides used around the world to ensure the food to be not damaged or destroyed by pests. Each pesticide has different properties and toxicological effects (World Health Organization [WHO], 2020). The toxicity of a pesticide depends on its function and other factors. For example, insecticides tend to be more toxic to humans than herbicides. The same chemical can have different effects at different doses, that is, the amount of chemical to which a person is exposed. Toxicity can also depend on the route by which the exposure occurs, such as by swallowing, inhaling or direct contact with the skin. None of the pesticides currently authorized for use on food in international trade are genotoxic (damaging to DNA, which can cause mutations or cancer). When people come into contact with large quantities of pesticide, the result may be acute poisoning or long-term health effects that may include cancer and adverse effects on reproduction (World Health Organization [WHO], 2020).
This interplay of pesticide residues and microbial activity underscores the need for advanced post-harvest treatments to ensure the safety and quality of fruits and vegetables. In food processing sector, thermal and non-thermal methodologies are applied to eliminate pesticide residues. Conventional thermal process technologies such as drying, blanching, boiling and roasting were proved to reduce pesticide extensively. However, results in quality parameters of fruits and vegetables adversely. Modern non-thermal technologies such as ultrasound, cold plasma, high pressure process, pulsed electric field and ozone treatments have high ability to eliminate pesticide residues with minimal effect on quality parameters. 
The development of innovative technologies, such as ozone treatment, offers promising solutions to address these dual challenges of pesticide residues and microbial load, promoting food safety and sustainability in the agricultural sector as low cost of investment.

1.1 Physico-Chemical Properties of Ozone
Ozone (O3) is a triatomic molecule composed of three oxygen atoms, characterized by its pale blue colour in the gaseous state and distinct sharp odour. It is a highly reactive and unstable gas under normal conditions due to its strong oxidizing potential. This reactivity enables ozone to participate in various chemical reactions, making it a powerful disinfectant and oxidizer in both industrial and environmental applications. Ozone is a polar molecule with a bent structure, where the oxygen-oxygen bond length is approximately 1.278 A°, and the bond angle is about 116.8°. Its molar mass is 48 g/mol, and it has a density of 2.144 g/L at standard temperature and pressure (STP) (Haynes, 2021). Ozone is moderately soluble in water, with its solubility decreasing as the temperature increases. However, in water, ozone decomposes quickly, generating oxygen (O2) and reactive oxygen species like hydroxyl radicals (•OH). The rate of decomposition is affected by factors such as pH, temperature, and the presence of impurities or catalysts (Zhou et al., 2021). 
Ozone, with its strong oxidation potential of 2.07 V, effectively reacts with organic and inorganic compounds, breaking down pollutants, pesticides, and microorganisms. However, this high reactivity also contributes to its short half-life, typically ranging from 20 to 30 minutes at room temperature (Zhang et al., 2021). Ozone has a boiling point of -112°C and a melting point of -192.2°C, which makes it exist as a gas under standard atmospheric conditions. Its vapour pressure at -50°C is approximately 53.8 kPa (Dauphin and Mancuso, 2021). Ozone decomposes into molecular oxygen both in air and water. The rate of this decomposition is influenced by environmental factors such as light exposure, temperature, and the presence of reactive substances. In aqueous solutions, this decomposition produces reactive intermediates that enhance its effectiveness as a sanitizer (Huang, 2021).

1.2 Principle of ozone generation
Ozone can be generated artificially using various methods, with the corona discharge method being one of the most commonly employed techniques. This method operates on the principle of silent corona discharge, where an electric discharge splits oxygen molecules (O2) in the air into individual oxygen atoms (Figure. 1). These atoms then combine with other oxygen molecules to form ozone (O3).
Technical ozone, produced for its oxidizing properties, is highly unstable and quickly decomposes back into diatomic oxygen. Due to this instability, ozone must be generated on-site where it is required, as it cannot be stored or transported like other industrial gases. The process of ozone generation involves an endothermic reaction, requiring a continuous energy input.
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     ∆Ho = +142.2 kJ mol-1 (at 1.013 × 105 Pa) ∆s° = -69.9kJ mol-1 k-1  -----(1)
           (Source: https://www.oxidationtech.com/)
Figure. 1 Ozone Generation from Corona Discharge Method

Oxygen molecules (O3) are broken apart into oxygen atoms, which then bond with other oxygen molecules to form ozone (O3). Another natural process of ozone formation occurs when oxygen rises into the atmosphere and is transformed into ozone by exposure to ultraviolet (UV) radiation (Sarron et al., 2021).

Ozone can be produced artificially using the corona discharge method, where air or oxygen is passed through a high-voltage electric field. In this process, stable oxygen molecules are split into oxygen radicals, which then combine to form ozone (O3). Corona discharge involves two electrodes, one high-tension and the other low-tension, separated by a dielectric material within a narrow discharge gap. When electrons gain enough energy to break apart oxygen molecules, a portion of these collisions leads to the formation of ozone from individual oxygen atoms. Apart from photochemical and electrical discharge methods, ozone can also be produced through chemical, thermal, chemonuclear, and electrolytic processes.
While ozone is relatively stable in air, it decomposes rapidly in water, making it highly unstable. As a result, it cannot be stored and must be generated on demand. The decomposition of ozone leaves only oxygen as a by-product, ensuring that food products treated with it remain free of disinfectant residues. At room and refrigeration temperatures, ozone exists in a gaseous state and is partially soluble in water.
	The generated ozone can be used in two different methods such as ozone in gas and ozone in water.

2.  Different modes of ozone application

2.1 Ozone in gas
Ozone gas is generated and applied directly to fruits and vegetables placed in treatment chamber (Figure.2). Before applying ozone, fruits and vegetables should be thoroughly washed to eliminate dirt and organic residues that might reduce ozone's effectiveness (Tiwari et al., 2010). A food-grade ozone generator, designed to accurately control ozone concentration, is used to produce ozone gas, which is then directed into a treatment chamber. For safety, the generator should be installed in a well-ventilated area (Zhao et al., 2020). To ensure even ozone exposure, produce should be placed in perforated trays or baskets and arranged within an ozone-compatible chamber, maintaining sufficient spacing to facilitate proper airflow (Cebulski and Cyklis, 2024). Ozone treatments of shorter duration (1–15 minutes) are typically used to reduce microbial loads, while extended exposure (up to 48 hours) helps to suppress ethylene production and prolong shelf life (Horvitz & Cantalejo, 2014).
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        (Source: https://www.mdpi.com/2304-8158/10/4/748)
Figure. 2 Cleaning of fruits and vegetables by using ozone in gaseous form.

2.2 Ozone in water
	Ozone is produced using an ozone generator and then dissolved in water to create ozonated water, with its concentration adjusted according to the requirements of the specific application (Byun, 2023) (Figure. 3). Immersing fresh-cut produce in ozonated water for 1 to 5 minutes has been shown to significantly reduce microbial populations and pesticide residues (Liu et al., 2021). Gentle water circulation or agitation during the process ensures even exposure to ozone. For industrial applications, rotary drums or perforated trays are often employed for continuous treatment (Karaca et al., 2011). After treatment, the produce is removed from the water, and excess moisture is allowed to drain.
	While ozone is highly effective, factors such as exposure time, ozone concentration, temperature, and the type of microorganism can influence its efficacy. Overexposure to ozone can lead to oxidative damage in some food matrices, demanding controlled application.
[image: Ozone Mixing System | Ozonation Accessories |India](Source: https://www.oz-air.com/washing-fruits-and-vegetables.html)
Figure. 3 Cleaning of fruits and vegetables by using ozone in aqueous form.

3. Effect of ozone treatment on quality parameters

3.1 Effect of Ozone on Physico-chemical and antioxidant properties
Ozone treatment on fruits and vegetables has significant effects on physic-chemical properties such as colour, texture and nutritional parameters. Ozone suppresses polyphenol oxidase (PPO), the enzyme responsible for enzymatic browning and thus the visual colour of fruits and vegetables will be maintained. However, excess ozone exposure may degrade chlorophyll and anthocyanins, leading to loss in colour especially for delicate fruits. Similarly ozone has capacity to toughen the cell wall of fruits, thus maintaining fruit firmness. However, exposure for more time may lead to softening of cell tissues and causes shrinkage of fruits and vegetables. Hence, ozone treatment at optimized condition can significantly inhibit polyphenol oxidase (PPO) activity, maintain high total phenols (TPs) and flavonoids, improve the antioxidant capacity of fruit, and maintain fruit quality (Piechowiak et al., 2020). To ensure uniform ozone exposure and effective airflow, produce should be arranged in perforated trays or baskets with adequate spacing within an ozone-compatible chamber (Cebulski and Cyklis, 2024). Studies proved that ozone gas treatment at optimum conditions will delay physiological metabolism, and improves the shelf-life of fresh-cut fruits.

3.2 Effect of Ozone on Microbial Activity
	Ozone (O3), a potent oxidizing agent, has been widely studied for its antimicrobial properties. It is effective against a broad spectrum of microorganisms, including bacteria, fungi, viruses, and spores. The efficacy of ozone as an antimicrobial agent is attributed to its strong oxidative potential, which disrupts microbial cell structures and metabolic functions.
	Ozone’s strong oxidizing action targets key microbial components—lipids, proteins (including envelope and capsid structures), and nucleic acids—disrupting cell walls and membranes to increase permeability and induce lysis, while oxidative damage to viral capsids and genomic material renders viruses non-infectious (Cebulski and Cyklis, 2022). Ozone's strong oxidative properties enable it to effectively eliminate common pathogens such as Escherichia coli, Listeria monocytogenes, and Salmonella, making it a valuable tool in food safety applications (Zhou et al., 2021). Ozone effectively inactivates fungal spores by disrupting cell walls and membranes, leading to the release of intracellular contents. However, spores exhibit greater resistance to ozone treatment compared to vegetative cells, necessitating higher ozone concentrations or extended exposure times for effective inactivation (Wen et al., 2020). Ozone inactivates viruses by oxidizing critical components: it disrupts the lipid envelope and protein capsid of enveloped viruses, leading to structural damage and loss of infectivity. In contrast, non-enveloped viruses, such as poliovirus, exhibit greater resistance due to their more robust protein capsids, requiring higher ozone concentrations or extended exposure for effective inactivation (Kong et al., 2021).
	Ozone is used to reduce microbial load on fresh produce, extending shelf life without leaving harmful residues. It can be applied as gaseous ozone or dissolved in water for washing fruits and vegetables. Studies have shown that ozone treatment effectively reduces microbial contamination while maintaining the sensory and nutritional quality of the produce (Karaca & Velioglu, 2007).
3.3 Effect of Ozone on the Pesticide Residues
	Ozone, a powerful oxidizing agent, has gained attention as an effective method for reducing pesticide residues on fruits and vegetables. Its use ensures the safety of produce for consumers while addressing environmental concerns related to conventional chemical washing methods. Ozone treatment is particularly advantageous because it degrades pesticides into non-toxic by-products such as carbon dioxide, water, and simpler organic compounds.
	Ozone acts on pesticide residues through direct oxidation or by generating reactive oxygen species (ROS) like hydroxyl radicals. These reactive species attack specific chemical bonds, such as double bonds or aromatic rings, in pesticide molecules, breaking them into less harmful substances (Wang et al., 2019). Ozone is highly effective against organophosphate pesticides such as chlorpyrifos and malathion. Studies have demonstrated removal efficiencies of 90% or higher for chlorpyrifos on fruits after 15–20 minutes of ozone treatment (Karaca & Velioglu, 2007). Ozonation effectively degrades carbaryl in aqueous solutions, with complete degradation achieved within 75 seconds at an initial concentration of 40 mgL-1 (Solpan et al., 2020). Cypermethrin, a pyrethroid pesticide, exhibits greater stability compared to other pesticides. However, ozonated water treatment can achieve up to 92% removal under optimal conditions, with higher ozone concentrations and extended exposure times enhancing degradation efficiency (Wu et al., 2020).
	Many factors like ozone concentration, treatment time, produce surface and water solubility of pesticides determines the percentage of pesticides removal. Higher ozone concentrations improve the rate and extent of pesticide degradation. Prolonged exposure enhances pesticide removal. However, excessive treatment can affect the sensory qualities of the produce. Smooth surfaces allow better pesticide removal, while waxy or uneven surfaces may retain residues. Pesticides with higher water solubility are more susceptible to degradation in ozonated water.
	Ozone treatment is effective in reducing pesticide residues on apples, grapes, and strawberries. For instance, ozone microbubble treatment achieved up to 95% reduction in pesticide residues on strawberries under optimal conditions (Zhao et al., 2023). Ozonated water effectively removes pesticide residues from leafy vegetables like lettuce and spinach, achieving up to 85% reduction. Compared to traditional chlorine-based methods, ozone treatment is more effective in removing organic pesticides and does not produce harmful chlorinated by-products (Siddique et al., 2021).
	Numerous studies were conducted to investigate the effectiveness of ozone against various kinds of microorganisms and pesticides and on physic-chemical properties and nutritional parameters. Studies on microbial inactivation and pesticide removal, antioxidant activity by ozone in fruits and vegetables are summarized in Table 1.







Table 1. Studies on microbial inactivation and pesticide removal by using ozone in fruits and vegetables.

	Fruit or Vegetable 
	Treatment
	Results
	Reference 

	Grapes 
	Three ozone concentration levels in water: 3, 5 and 10 mg/L were used for two-time durations i.e 5 and 10 min.
	Using 3 mg/L ozonated water to wash grapes for 10 min represented the optimal degradation conditions and reduces the percentage of pesticides gradually. 
	Caponio et al., 2023

	Carrots 
	Carrots were exposed to ozone for 10 min in a closed container. Ozone was applied in spray and soaking methods. 
	Ozone treatment effectively extends the shelf life of carrots by preserving their organoleptic and physical qualities. On the 5th day of storage, carrots treated with ozone showed reduced mass loss (58%), hardness decrease (35%), and pH change (22%), demonstrating its effectiveness. 
	Astuti et al., 2023

	Soybean 
	Treated with the ozone (300-550 mg/L) up to a period of 30 min to reduce the pesticide residues.
	Reduction in 50% of pesticide residues after 30 min of treatment at 550 mg/L concentration. 
	Anbarasan et al., 2022

	Chinese white cabbage and green-stem bok choy
	Cleaning was done for a period of 15 min at two ozone concentrations i.e 250 and 500 mg/h.
	At 250 mg/h concentration removal efficiencies were 60% for chlorfluazuron and 55% for chlorothalonil. When the ozone production rate was 500 mg/h, removal efficiencies were 75% for chlorfluazuron and 77% for chlorothalonil. Also, the pesticide removal capacity increases from 2-9 % to 24 % because of the pump recirculation.
	Chen et al., 2013

	Lettuce, cherry tomatoes, and strawberries
	Lettuce, cherry tomatoes and strawberries were treated with the ozonated water at 2.0 ppm ozone concentration.
	Ozone microbubbles effectively removed residual pesticides not only from leafy vegetables but also from fruity vegetables.
	Ikeura et al., 2011 

	Grapes 
	Grape berries were sprayed with a mixture of boscalid, iprodione, fenhexamid, cyprodinil, and pyrimethanil solutions, dried in air for 24 h, and packed in plastic clamshell containers in expanded polystyrene boxes. The boxes were stored either in ozone or in ambient air atmosphere (2 °C, 95% RH) for 36 d.
	Residue analyses were done initially and at 12-d intervals using gas chromatography–mass spectrometry. Residues of boscalid, iprodione, fenhexamid, and pyrimethanil declined during storage in air, but cyprodinil residues did not change significantly during 36-d storage. Fenhexamid declined in both air and ozone more rapidly than the other fungicides; at the end of storage period, only 59.2% or 35.5% of the initial residue remained after air or ozone storage, respectively.
	Karaca et al., 2012

	Lemon, Orange and Grapes
	The lemon, orange and grapefruits were primarily treated with chloropyrifos ethyl, tetradifon and chlorothalonil respectively. Then the fruits were ozonated for a period of 5 min. 
	All of chlorothalonil residues adsorbed onto the orange matrix were completely removed after 5 min ozonation. The highest removal percentages of tetradifon and chloropyrifos ethyl were achieved as 98.6 and 94.2%, respectively for the lemon and grapefruit matrices.
	Kusvuran et al., 2012

	Citrus fruits, peaches,
 nectarines and table
 grapes
	The fruits were submerged in a tank containing ozonated water with concentrations ranging from 1.5 to 10 ppm. After immersion, they were air-dried and subsequently stored at temperatures of 10°C and 20°C for periods of 7 to 21 days.
	A 20-minute immersion in 1.5 ppm ozonated water showed no reduction in green mold and sour rot on citrus fruits. However, a 1-minute immersion in 1.5 ppm ozone reduced the incidence of brown rot from 10.9% to 5.4%. Immersing the fruits in 5 ppm ozonated water for 1 or 5 minutes decreased aerobic bacteria populations by 1.1 and 1.6 log units, respectively. A 1-minute immersion in 10 ppm ozonated water effectively reduced gray mold incidence from 35% to 10%.
	Smilanick et al., 2002 

	Strawberries 
	Strawberries were stored in two separate cold rooms maintained at a temperature of 2 °C with 90% relative humidity. One room was kept ozone-free as a control, while the other was set at an ozone concentration of 0.35 ppm. After a 3-day period in the cold storage, simulating transportation conditions, the fruits were transferred to a 20 °C environment for 4 days to replicate retail shelf-life conditions.
	Ozone exposure at a concentration of 0.35 ppm for 3 days at 2 °C demonstrated partial effectiveness in inhibiting fungal growth after the fruits were stored for 2 days at 20 °C, resulting in a 15% reduction in fungal decay compared to untreated fruits.
	Perez et al., 1999

	Celery 
	Fresh cut celery was dipped in ozonated water and stored at 4 °C. celery was treated at ozone concentrations of 0.03, 0.08 and 0.18 ppm and for the duration of 2, 6, 10 min at the temperature of 17 °C.
	The use of ozonated water significantly reduced polyphenol oxidase (PPO) activity and the respiration rate in fresh-cut celery. Ozone-treated celery exhibited superior sensory quality compared to untreated samples. The optimal preservation effect was observed with water containing 0.18 ppm of ozone, which reduced the microbial population to 1.69 Log CFU/g.
	Zhang et al., 2005 




4. LIMITATIONS
Ozone treatment of fruits and vegetables can help in reduction of pesticide residues and microbial load, but cannot completely remove them. Ozone treatment of fruit or vegetable requires extensive study on several factors such as ozone dosage level, time and temperature. Some studies revealed the excessive dosage of ozone results in adverse effects on sensory properties of the produce. Excessive ozone concentration for longer periods causes cell damage. As a result the fruits become softer, with colour and textural degradation especially in delicate fruits.  Also, the ozone has the ability to erode any metal except ferro-chrome, hence, the ozone treatment chamber and ozone generator should be made of ferrochrome stainless steel which contains 25% chromium. Ozone being strong oxidation agent can react with cellular tissues of body. Hence, persons exposed to ozone for longer period will have adverse effect on health. The Food and Drug Administration (FDA) has specified the acceptable exposure threshold of ozone levels at 0.05 ppm for 8 h for safety reasons. As ozone is highly unstable with short life span, it cannot be stored and the ozone generated should be utilized in the site itself. 
5.CONCLUSION
With the increasing health consciousness of consumers, there is a great demand for fresh and chemical free fruits & vegetables. However, the storage of fruits and vegetables is a challengeable issue as they are highly perishable causing huge post-harvest losses. Conventional methods leads to production of undesirable chemical residues on fruits & vegetables.Previous studies have shown that ozone serves as a safe and effective solution for reducing microbial growth and pesticide residues in fruits and vegetables in addition to increasing antioxidant properties (Tzortzakis & Chrysargyris, 2017). Compared to chlorine and other disinfectants, ozone requires lower concentrations and shorter exposure times to achieve significant microbial and pesticide reduction. Furthermore, ozone proves more effective than many disinfectants against resistant organisms like amoebic cysts and viruses. Ozone application at industrial level is spreading in a slow pace due to high capital investment. However, ozone treatment combined with other non-thermal treatments such as ultrasound, UV radiation, and high-pressure treatment need to be explored to preserve the quality of fruits and vegetables.  In future, its application during processing or storage extends the shelf life of produce while maintaining sensory quality and leaves no harmful residues in the environment.
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Ozone is formed via an electrical discharge that is diffused over an area using a dielectric to
create a corona discharge. Oxygen passed through this corona discharge is converted to ozone.




image2.png
GA Aqueous ozone (up) and gaseous ozone (down) treatments of fresh cut fruits and vegetables

8%
®

generator

Check valvi

Venturi
Injection

Injection pump





