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ABSTRACT	 ARTICLE HISTOR Y 

Consu mers' aw areness t owa rd nut rit ionally superior food s and improved know ledg e of hum an Received 31 May 2021 
health have enhanced the inclusion of fru its and vegetab les as an integral part of regular dietary Accepted 12 October 2021 

inta ke. However, con cerns regardi ng t he safety and quality of foo ds especially w ith ref erence to the 
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outbreak of foodborn e ill nesses cause a major comp licat ion in t he consum pti on o f f ruit s and
 Ozone; oxidation; fruits; 
veg etable s. Ot he r m ajor concerns, besides t he safety of foo d from food born e pathogen s, include vegetables; half-life; oxygen; 
spoilage due to microbes and chemical pe sticide residu es. Tradition ally, fresh fru it s and veget ables pesticide residue 
are sanit ized using chemica ls, viz., chlo rine, pe racet ic acid, elect rolyzed w ater, hydrogen peroxide, 
etc. All these chem icals have been p roven to exh ib it ill effe ct s over t he consumers and the 
environm ent over a period of t im e. and thus, there is a gre at need for a safe alte rnat ive tech niq ue, 
wh ich is eco-friend ly and sustai nable indust rial ly. Ozo ne t reatment is on e such green tec hnology 
available wi th m ulti p le benefi ts such as antimicrobial nature, she lf life extension, pes t icide resid ue 
removal, star ch m odifi cat ion , waste water tr eatm ent, and m any other ind ust rial app licat ions. It w as 
also approved by FDA as a Generally Recogn ized As Safe (GRAS) san it izer because of its eco- frien dly 
na ture (degradati on into nonharm ful oxygen after a short half-li fe) in add it ion to it s inherent 
antim icrobia l and ant ie thy lene act ivity . Th is revi ew focou ses on ozone, its m ode of act ion, and it s 
applicat ions in differen t horticu lt ura l crops w it h po tent ial ind ustr ial use. 

Introduction	 appreciated due to their pleasing sensory char acterist ics 
contrib uted by the ir taste, aro ma , textu re, colo r, gloss, 

In the recent past, consumption of horticultural com ­
an d shape. 

modi ties such as fruits an d vegetables has inc reased 
Consumers aro u nd the globe pay a grea t deal of atten­

considerably fro m 60.3 to 72.9% (by mass) with the 
tion to the appearance or color of these products. 

significant growth in fam ily income (Ansai and 
However, their lim ited shelf life and microbial quality 

Wa m bogo 202 J). Further consumers are becoming 
are of major co ncern , as a large numb er of foodborne 

aware of the abi lity of horticultural produce in fight ing 
illness outbreaks had been associated with the consum p­

ch ronic diseases, vi z.. ca rdiovascular d iseases, cancer, 
tion of these prod uce (Den is et al, 2016). Thus, the major 

d iabetes, and obesity (Kalrnpourtzidou, Eilander, and 
focus has been on the tech nologies to eradicate the j nci­

Ta lsma 2020). Bence, with the increasing de mand for 
dena of foodb orn e illness triggered by food pathogens, 

fres h fruit s and vege tables, there arc cons tant innova­
chemicals , and waste water. Traditionally, water with dis­

lions in the ir production technologies, result ing in sur­
solved sanitizers, vzz., chlorine, peracetic acid, electrolyzed 

plus production. However, a huge pro portion of fresh 
water, hydrogen peroxide, etc. is being used for washing 

frui ts and vegetables are being d isposed off at var ious 
fresh fru its and vegetables. Ch lorine water, being the most 

stages of prod uctio n starting from farmer's field to the 
widely used sanitizing solution arou nd the world , has 

end con su mer plate (Pandiselvarn ct al. 20 17). Regular 
lim itatio ns in killing the micro bes p resen t over the sur face 

consum ptio n of fru its an d vegetables has been p roven to 
of frui ts/vege tables. Chlorine provides a maximum of J or 

red uce the risk of certai n noncom municable d iseases 
2 log red uctio n within the perm itted lim its, bu t the ir 

su ch as card iovascular diseases and cert ain kinds of 
residual by-products have negative effects on the environ­

cancer; additionally, they assist ill prevention of weight 
ment and h um an health (Pandi selvam ct al. 2017; Sarron , 

gain and ultimately reducing the risk of obesity (H artley 
Gado nn a-Widehe m, and Aussenac 202 1). 

el al. 20 13). Horticu lt ura l co mmodities are well-
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With the increased awareness of the consumers 
regard ing the ill effects of these synthetic add it ives 
on health and environment , the use of these additives 
in food products was restricted in a few developed 
nations (Ma et al. 2017). Chlorine is known to react 
with organic matter, bromides, a nd iodides in the 
waste water to form harmful toxic compounds, viz., 
brominated and iodinated disinfection by-products 
(Shen et al. 2016; Yang et al. 2014). Thus, there is 
a gre at concern for dev eloping novel alternative 
green technologies for preserving the safety and qual ­
ity of horticultural commodities such as fruits and 
vegeta bles. Hence, considering the extant technolo­
gies for r;isinfecting food products, ozone tre atment 
appears to be the mo st relevant technique, whi ch is 
gaining gre ater momentum in th e horticultural 
industry (M iller, Silva, and Brandao 2013 ; 
Pandiselvam et al. 2020, 2017). 

Ozone is a triatomic molecule of oxygen (0.,) with 
high reactivi ty. It reacts rapidly with the targeted 
microbes/organic debris due to its greater oxidative 
potential and decomposes instantaneou sly into diatomic 
harmle ss oxygen (0 2) molecules (Pandiselvarn et al. 
2019; Raghu nathan et al. 2021; Sivaranjani et a1. 2021 ). 
T radit ionally, it is bei ng used for deco ntami nating 
drinking water supplied by municipalities, industrially 
processed water, bo ttled drinking water, and water in 
swim ming pools. However, recently, this safe disin fec­
tion treatment has been adopted widely in the treatment 
of industrial effluent, medical waterlinstruments, indus­
trial p rocess equipment, aqu aculture units , water recre a­
tion pa rks, and private and publ ic spas (Pandiselvam 
et al. 2020) . 

The sanitizing power of ozone is optimum in the 
range of 0.5-2.0 ppm. As it is sparingly soluble in 
water at 20 °C, it requires to be efficientl y dispersed for 
achieving required antim icrobial acti vity. In general, 
ozone has bee n proven to exh ibit antibacterial, antifun ­
gal, an tipro tozoan, an d antiviral activities (Kaavya et a1. 
2021; Nivcd itha et al. 202 1; Pandiselvam et al. 2020 , 
2017) relatable to fresh horticultural produce and their 
products. Wani et a1. (2015 ) reported efficacy of ozone 
agains t certain Gram-positive and Gram-negative bac­
teria along with some other pathogenic m icrobes. 
Addit ionally, it was also found to effectively degrade 
mycot oxins and arr est pest infestation during sto rage 
(Sujayasree et al. 2021). The sanit izing effects of ozone 
rem ain und isturbed when the pH of water is in the range 
of 6.0- 8.5. The major advantage with ozone treatment is 
that its half-life is very low, i.e., about 20 minutes, and 
leaves no residues in the fru its/vegetables after that per ­
iod. H owever, it is known to generate few partly oxi­
dized complexes on react ion with certa in organic 

compounds and they ma y persist in the produce. 
Ozone is fou nd to be ext remely co rro sive to equip ment 
and fatal to human beings at concentration s greater than 
4.0 pp m for prolonged periods. Human s can de tec t the 
ozone concentratio ns in the range of 0.01 to 0.04 ppm 
due to sensitive olfactory sensors. Ozone wa. found to 
exhibit a pu ngent unpleasant odor at 1.0 ppm arid irri­
tat es eyes and th roat (Reddy, Rao, and Sharma 2017). 
Thus, when used with appropriate caution, this ozo ne 
technology has the potential to cater the needs of the 
horticultural industry. This review discusses the pro­
spects of ozone as a po tent disinfectan t agent for -arious 
horticult ural commoditie . 

Mode of action 

Ozone ox idizes various micro bial cellular compo nents 
and chemical compounds cha racterized with double 
bo nds, sulfhydryl groups, and ph enol ic rings. Thu s, 
ozone targets the genetic material of t he m icrobes, phos­
ph olipids present in th eir membran es, and in tracell ular 
enzyme s. All these reactions lead to the destruction of 
m icrobial cells and ult imately their deat h. Since the 
ozone molecules are highly un table in gaseo us an d 
solution form , it decomposes into free radicals with 
high oxidizing power/ reactivity , viz., hydroxyl (OO H ), 

superoxide (OO~ "). and hyd ro peroxy (OH0 2 ) rad ical ' 
(Manousarid is et al. 2005). 

The complex proces;, of mi crobial inactivatio n by 
ozone involves its action on various cell membranes 
an d their constituents (fatty acids) along with ell co m ­
ponents (enzymes and nucleic acids ). Bacter ia are sin­
gle-celled microbeswith a strong cell membr ane. Ozo ne 
acts on these microscopic organi sms by hampering their 
cellular metabolism through inhibition/b lockage o f 
en zyme systems . Adequate quantities of ozone break 
through their cell membrane, resul ting in their inactiva­
tion/destruction. T he mechanism by which ozone ann i­
hilates the target mi crobes cou ld be explained in two 
ways: (i) the proteins, peptides, and other amino acids of 
vital en zym es are broken into sm aller peptidcs thro ugh 
the oxidat ion process and (ii) the polyun satu rated fatt y 
acids are oxid ized to acid peroxidases (Che n et al, 2007). 
H armful microbes are deactivated by d isru ption of 
plasma membranes or by the process o f cell d isin tegra­
t ion (Figure 1). Ozone was also hown to effectively 
deactivate the bacterial spores, viz., Bacillus sp. 
T ransmission Elect ro n Microscopy (TEM ) stud ies indi ­
cated that ozone acts on the ou ter com po nen t of the 
bacterial spores, which constitutes 50% of spore vol ume 
and ultimately results in exp osing the sensitive cortex 
and core com ponents to ozone (Khadre, Yousef, and 
Kim 2001 ). Young and Setlow (2004) hypothesized that 
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Intact ph osph olipid m embrane Healthy Bacterial cell 

Oxidation of ph ospholipid membrane by 
ozone molecules 

Bacterial cell membrane rupturing 
and cell ly..sis 

Figure 1. Mechanism of bacter ial cell lysis induced by ozone oxidation reactions. 

ozone acts by destroying the germinabil ity of the micro­
bia l spores rather than d irectly killing th ro ugh DNA 
oxidatio n/ mu tation. Resear chers ha ve fur ther proved 
the damage caused to inn er component s of spores (cor­
tex and :corc) by ruptur e that negatively in fluenced the 

germ ina tion. 

The antimicrobial act ivity of ozone is ascribed to its 
direct (ozone molecule) and indirect (free radicals) 
mechan isms. At times, the free radicals are observed to 
exh ibit greater oxidation po tential than the mo lecular 
ozone, Although both the oxida tion reactions (direct and 
indirect) occur simultaneously, one of them wou ld dom­
inate based on certain con trolling factors such as composi­
tion, pH, and tem perature of the solution/medium (Ozkan, 
Smilanick, and Karabulut 2011). The disruptive action of 
ozone thro ugh oxidation is far quicker than with other 
d isinfectants having similar mode of action, i.e., their per­
mea tion thro ugh the cell envelopes for effective rupture 
(Pascua l. Llorca, and Canut 2007). Wi th respect to the 
range/spectra of antim icrobial action, there is a huge varia­
tiun based on their inherent sensitivity to the oxidation 
proc ess. For exam ple, yeast and fungi exhibit considerable 
resistance compared to the bacteria. Similarly, Gram­
negative bacteria exhibit greater tolerance to ozon e com­
pared to Gram -positive bacteria. Because of th is special 
mode of act ion, wherein ozone kills the microbes through 
ell disruption , no resistance has been developed by 

microbes so far to ozone (Rojas-Valencia 2011). 
Ozo ne is also known to deactivate enveloped and 

non cnvelop ed viruses present in water (Blanchard et al. 
2(20). Basically, viral part icles are of miniscule nature and 
made up of crystals/p rotein coats and some macromole­
cules. Contra ry to othe r microorgan isms, these viral par­
ticles pr oliferate by hijacking and transforming the host 

cell proteins. H igher do ses of ozone have the ability to 
dest roy the viral protein she lls/capsid through the oxida­
tion process, thu s expos ing thei r sensi tive genetic materi al 
(DNA! RNA) for destruction . Research over the years has 
explor ed the efficacy of ozo ne against various bacter io­
phages, enveloped viral species like influe nza A virus, 
bov ine rhino trache itis virus , vesicular s tomatitis virus, 
and no nenveloped viruses, viz., canine hepa titis virus, 
pol io type I etc. (Dubuis et al. 202 1). Sim ilarly, 
Blanchard et al. (2020) have reported that viru s particles 
without lipid coatings are found to be relatively less sus­
cep tible to ozone .han the enveloped ones. 

The action of ozone on hydrocarbons resulted in the 
formation of carboxyl and carboxyl oxides. Carboxyl 
oxid e is a cr iegee intermediate, wh ich is either isomer­
ized in to keto-hydroperoxide or decom poses to hydro ­
carb onic acid. During ozonolysis of ethylene, ozone 
cleaves the dou ble bond of ethylene and forms an 
unstable cyclic primary ozon oide , i.e., 1,2,3-trioxolane, 
which quickly gets tr ansformed into formal dehyde 
(HC HO) an d an unsta ble hyd ropero xyacetald eh yde 
(CHzOO +). W ith prolon ged ozono lysis, the h ydrope r­
oxyacetaldeh yde m ight reco m bine with forma ldehyde to 
form secondary ozonoide- an isomer of primary ozo­
noide, i.e., 1,2,4-t rioxolane or dec omposes to for m free 
rad icals and carbon gases (Alam et al. 20 11) (Figure 2). 

Beneficial effects of ozone 

Effect of ozone on pathogenic and spoilage 
microorganisms 

Generally, fruits and vegetables are consumed raw or as 
minimally processed products (fresh-cut fruit s/salads) by 
a large segment of consumers. As they are loaded with 
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Figure 2. Illustration depict ing ozonolysis of ethylene molecules. 

various kinds of m icro bes during the journe y from the field 

to end consum ers, there arc greater chances for foodbom e 

pathogen ou tbreaks. The most commonly encountered 
m icrobes include mesophiles, coliforms, mold , an d yeast 

(Bintsis 2018) . T hese food safety m icrobes are reported to 

be present in the co ncen tration rang ing lrorn 103 to 109 

CFU/g. 

T he disin fection property of ozone toward various food­

born e pathogens was prim arily repo rted d uring lii73 by 

Benjam in Corne lius Fox, a renowned chem ist of Britain 

(Bialoszewski ct at. 20 LO). Ozone , in both forms (gaseous as 

well as aqueous), was known to effectively inactivate most 

of the hum an and food safety -re lated pathogens, viz; 
E. coli, Listeria, Salmonella, Staphylococcus, 
Campylobacter, Pseudomonas, Aspergillus, Brettanomyces, 
Trichophyton, Bacillus, Adenovirus, and Norovi rus (Table 

1). Various factors such as the natu re of fruits/vegetables, 

initial load of the pa thogen , the con ditions of incubation , 

ozone concen tration, m ethod of application (gas/ aqu­

eous), du ra tion of expos ure, an d water tem perature are 

known to affect the efficacy of ozo ne treatment 

(Pandiselvarn ct a1. 2017, 2019). 

T he bacterial spores po ssess great er resistance to 

zone co m par ed to their vegetative fo rm s (Khad rc, 

You sef, and Kim 200 1). Likew ise, the vegeta tive cells of 

bacteria in the sta tio nary phase are mo re resi stant to 

ozo ne than those in th e exponen tial ph ase (Ccb rian, 

Manas, and Con don 20 16) . T he spo res of Bacillus stear­
oth erm oph ilus are known to exhibit ma ximu m resis­

tance an d a re hence co ns idered as indica to r m icrobes 

fo r checking the efficacy of ozo ne trea tments (Khadre 

and Yousef 200 l) . 

Co ro na-Vasquez et aJ. (2002) reported 90 tH) deacti va ­

tio n of Cryptosporldium parvum (p ro tozoan parasit e) 

with 1 pp m ozone in aqueo us form fo r 5 minutes. 

Alt ho ugh the oocysts of . parvlII/1 are res ist ant to 

ch lor inated water. in itial exp os ure to ozone in aqueo us 

form has rend ered them suscep tible. Likewise, coupling 

of ozone treatmen t with wa ter filtra tio n co uld lessen the 

de m and fo r ozo ne in organ ic debris-rich wate r to 

im p rove its q ualit y fo r recy cled use (Zucker et al. 20 1S). 

Ozone was p roven to be fatal agai nst the vegetative 

cells o f bacteria, viz., E coli, B. Ce1"l' lIS , and B. megaterium 
a t lower concent rations (0.12- 0.19 ppm ) with a contact 

pe r iod of 5 m in utes. However. the o rganic matte r pre ­

se nt in water re nders the trea tmen t ineffec ti ve d ue to its 

inter ference (Broadwater. H oeh n, and King 1973). 

Oz onated water also killed sp oilage ca us ing m icroorgan­

isms such as Pseudomonas aerugillosa, yea st , 

Zygosaccharomyces, bacilli, feca l co n tam inan ts, 

Enterococcus [aecalis, and food -bo rne pa th ogen s such 

as Listeria monocytogenes, Yersinia enterocolitica, and 

Staphylococcus aureus (Akbas and O zdemir 200H). 

Typ ically. ozone co uld ca use 5-7 10g lO reduction of 

viable cells if th ere is no inter fe ren ce by the organ ic 

matter in aq ueous medi a. The ozone has varying degree 

o f inactiva tion po tential depe nding on the m icrobes. 

H owever, the efficacy of oxid izing p ro perties of ozo ne 

to war d the m icroorgan isms gets reduced when the 

o rga n isms remain ad hered to fru its/vegetables. T his 

ad herence of mic roo rgan isms o n the foo d prod uct was 

k nown to reduce their viabi lity by 1 10glO com pared to 
th e contro l situat io n. Karaca and Veliogl u (2014) inocu­

lated lett uce, sp inach, an d parsley with Escherichia coli 

,
 



Tablet. Effect of ozone on pathogenic and spoilage microbes present in horticultural produce. 

Cropl Product Pathogen/Disease Ozone treatment Response Reference (s) , 
Apple cv. golden delicious E. coli 0 157:H7 and Aqueous ozone (3 mg I" ) Significant reduction in microbial populations Rodgers et al. (2004) 

L. monocytogenes 
Apple cv. royal gala, golden Penicillium expansum Gaseous ozone (0.5 fll I ' ) Reduced losses during postharvest storage and patulin production Yasee n et al. (20151 

delicious, and fUji 
Avocado Stem end rot and Body rot Fruit dip in 0.5 mg/L ozone. Reduced the rots when the disea se pressure i ~ low. Pak and Dixon (2001) 
Baby carrots Escherichia coli Gaseousozone (2.1 . 5.2 and 7.6 mg L ' . 22 C, Lethal effect toward Singh et al. (2002) 

80% RH, 5, 10, or 15 min) Es cherichia coli and exhibited log reduction from 7.8 to 1.1 1- 2.64 log CFU 
g , 

Blueberries Yetsinia enterocotitica Aqueous ozone (I mg r ') Reduced surface contaminatio n Crowe et al. (2007) 
Carrots S. sclerotiorum and B. cinerea Gaseous ozone [450 or 600 ppb, 5 or 20 ·C,97% Growth rate reduced by 53.2% with 450 ppb ozone and Sharpe et al. (2009) 

RH, 48 h) resulted in the decrease of the lesion size and height of aerial mycelium. 
Carrots (baby cut ) E. coli, Listeria, and Gaseous ozone (428 or 856 mg Ill ' 1, 2.5 or 5 h) E. coli exhibited 1.2 log CFU g- I reduction, while Listeria and Salmonella by Bridges, RaneB, and Wu 

Salmonella 0.8 and 0.5 log CFU g I , respectively. (2018) 
Citrus Penicillium rot Low-level ozone enrichment (180- 200 ppb) Spoilage reduction of citrus fruits stored in a semicommercial environment Metzger et al. (2007) 
Cit rus Penicillium diqitotum and Continuous ozone exposure (1.0 ppm) at 10 °C The incidence of green and blue molds was delayed by 1 week. Palou et al. (2001) 

P. italicum in an export container 
Date fruits E. coli and S tap hy ' o coccu~ Gaseous ozone (5 ppm, 60 min.) Reduction in total count Najafi and Khodaparast 

aureus (2009) 
Fig E. coli and Bacillus cereus Gaseous ozone treatment (1.0- 9.0 fl l/ L) B. cereus was found to be highly sensitive to ozone init ially but requires Akbasand Ozdemir (2008) 

higher concentrations for effective control 
Fig cv. Sa rilop-Cahmyrna E. coli, aerobic mesophiles, Gaseous ozone treatment (5 mg/ L) Significant reduction in microbial count Oztekin, Zorluqenc, and 

yeast, and mold Zorlugen<; (2006) 
Fresh-cut papaya Mesophilic & Coliform Gaseous ozone treatment (9.2 ul/L, 20 min.) More effective on coli form than in mesophilic bacteria Yeoh, Ali, and Forney 

" bacteria (2014) 
rapes Bottytis cinerea Gaseous ozone application at 5000 pUL for Graymold incidence reduced by 50% Gabler et al. (2010) 

60 min 
Grapes cv. autumn seedlessl Penicillium digitarum, Gaseous ozone (200-3 50 ul I ') Inhibited the germination ability of fungal conidia. Penicillium species have Ozkan, Smilanick, and 

scarlet royal P. italicum, and B. cinerea more resistance compared to Barrytis cinerea. Karabulut (2011 ) 
Ozone efficacy was increased at higher relative humidity 

Kiwifruit B. cinerea causing stem end Gaseous ozone (0.3 IJL/Ll Delayed the occurrence of disease and reduced it by Minas et al. (2010) 

Strawber 

Potato cv. Altesse 
Spinach cv. Clermont 

Papaya 

Tomato 

Onion 

E. coli 0 157:H7 and S. enterica 
E. coli and Listeria spp. 

rot 
Surface fungal pathogens 

E. coli 0 157:H7 and 
L. monocytogenes 

Botryti: cinerea 

Papaya rot 

Exposure to low-level ozone atmosphere 
(0.1 urnol mol- ') 

Ozonized water (3 ppm, 5 min.) 

50 nlll during the day and 200-25 0 nll l during 
the night 

Gaseous ozone (500 rnq/rn' ) 
Ozonized water (1 mg/L) 

Aqueous ozone (1.9 mg 1- ' ) 
Gaseous ozone (1- 10 fll I- ' ) 

Ozonized water treatment was more effective. 

56%. 
Decreased surface fungal infections with no effect on internal decay 

Supressed the growth of microbes 
Bacterial populations were controll ed with higher concentrations of ozone 

exposed for shorter periods and populat ions 
Microbial population exhibited 5 log reduction 

Reduction in the development of observable lesions and multi plication 

Rodgers et al. (2004) 

Bataller et al, (2012) 

Fan et 31. (2001) 

Selma et al. (2006) 
Calatayud et al. (2004) 

Tzortzakis, Singleton, and 
Barnes (2007) 
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and Listeria innocua and observed th at veget ables t rea­
ted with ozon e exh ibi ted 2 log redu ction of E.coli. The 
mic rob ial disinfection abili ty of ozone was foun d to be 
very high (up to 7 logl o CFU/m! reductions) when the 
target m icrobes were ad hered to nonreactive metallic 
surfaces, viz ., stainless steel, and thus, it cou ld be very 
well utilized for disi nfecting th e surfaces of food proces­
sing m achines (Pa ndiselvarn et al. 2019). Simi larly, 
Rod gers et al. (2004) repo rted that the application of 
ozone to shredde d lett uce red uced the Salmonella con­
centration by 5 log CFU/g. Zh an g et al. (2005) reported 
that intac t celery sticks when treated with aqueo us ozo ne 
(0.18 pp m ) have reduced the bacterial population by 
1.69 log CFU/g and exten ded their shelf life for 9 days 
under 4 C. Likewise, minimally proce ssed lett uce when 
treated with aqueo us ozo ne (5.0 ppm) for 5 minu tes was 
repo rted to reduce th e population of Shigella sonnei by 
1.8 log CFU/g (Selma et al. 2007). 

Effect on postharvest physiology and shelf life of 
produce 

Th e advantage of using ozone treatment for cold rooms/ 
storage facilities co uld be either d irect or indirect, 
W herein the efficacy of ozone treatmen t var ies to 
a large extent depend ing on its concentrat ion, exposure 
time, and method of ap plication (Pandiselvam et al. 
2020). Moreover, it also depends on th e inherent prop­
erties of the prod uce itself. The destructive action of 
ozone on ethylene pre sent in air filtr ation systems 
could be d irectly co rre lated wit h the preservation of 
d ifferent ethyle ne sensit ive commo dities . There is no 
signi ficant posit ive effect of injec ting perm itted levels 
of ozo ne gas into th e com mo n air of cold roo ms, but it 
was shown to tr igger the synthesis of natural pla nt 
defense substa nces th at ar e proven to ind uce res istance 
against p athogens causing postharvest deca y. H owever, 
exposur e of the fresh fruits and vegetables to higher 
conce ntra tions of ozone and/or for long er per iods 
could da mage th e fru it tissues and thus ultimately affect 
their senso ry and storage qualities (Reddy, Rao, and 
Sharma 20 17). 

Th e abi lity of ozo ne to trigger the genes related to 
senescence and self-defense or interaction with harm ful 
react ive oxygen spec ies an d ethylene was documen ted 
( astagna et al. 2007). Addi tio na lly, researchers have 
explored its potenti al to be used as a postharvest pre ­
storage tre atment for fresh fru its and vegetab les. 
However, the exact m ode of action of ozone in inac tiva­
tion of ha rm ful patho gen s is not yet clearly known . With 
the increasing use of ozone d uring the pa st few decades, 
it was p rove d to red uce the rat e of respir atio n (Zhang 
et al. 2005) , eliminate th e harmful path ogen s, promote 

ethyl ene oxida tion during sto rage (Skog ancl Chu 2001), 
stimulate sucrose metabolism an d red uce flavor volat ile 
production (Perez et al. 1999), trigger antioxidant pro ­
du ctio n (Allende et al. 2007; Artes-Hernan dcz et al. 
2007), and modulate the profiles of various en zymes 
and proteins (Baur et al. 2004; Zhang et al, 2005). 

i t has been hypothesized and successfully proven th at 
the efficacy of ozon e tre atment fo r exten d ing the shelf 
life/ storage life of fresh fru its and vegetables, viz., apple. , 
pears , gra pes, o ra nges , cucumb er, broccoli, and berries 
like str awb erry and raspberry, relie s on its ability to 
red uce the microbi al inoculum and degrad e th e gener­
ated ethylene Cr able 2) (Skog and Chu 2001). 
Appl ication of aqueous ozone as a sanitizing agent Cor 
the m inimally proc essed fru its and/ or vegetables has 
resulted in the reduction of microbial loads along with 
an ex tended shelf life (Beltran et al. 2005aa). 

Effect on nutritional and sensory quality 

H orticult ural com modities suc h as fruits and vegeta­
bles act as a majo r so urce of vita l nutrients, vi z., m iner­
als and vitamins in our regular int ake . Sim ult an eously, 
it is crucia l to ensure th at th e postharve t treat ments 
imposed for extension of . helf life/ retardation of spoi ­
lage should not affect the sens ory ch arac terist ics and 
nutritive valu e of the fresh p rod uce . Hen ce, the inves­
tigation for unco nventional decontamination technol­
ogies for fresh and min im ally p rocessed p re du e s 
should an alyze their effects on n utritional and sensory 
qu alities along with their antim icrobial properties 
(Tab le 3). In general, ozone appl ication was fou nd to 
have no deleteriou s effects on th e ital nutr ient s such as 
vitami n C and pigmen ts such as Carotene in mi ni mally 
processed vegetables except for sliced carr ots ( hauhan 
et al. 20 11). Zhang et a1. (2005) rep orted the protective 
act ion of ozo ne on vit am in C conten t thro ugh inh ibi ­
tory actio n over th e enzyme polyphenol oxida se (PPO ) 
and slowing do wn of the tissue metabolic processes. 
H owever, th is act ion of ozone was hig hly depen den t on 
the co nce ntra t ion and expos ure perio d. 

Ozone treatment imp roved the quality and sto rage 
life of blackberries an d persimmon (Salvador et al. 
2006) . Likewise, ozone treatment delayed the frui t soft­
en ing of strawberr ies (Nadas , Olmo, and Ga rcia 2003) 
and improved their ascorbic and fum aric acid co n ten t 
(Aguayo, Escalona, and Artes 2006) . Ho wever, the 
arom a compo nent of strawberries was significan tly 
reduced. T here were no deleterious effects of ozone on 
respira tory and ethylene production ra tes of grapes an d 
peaches as well as on orga nic acid compositions o f citrus 
and tomato fru its (Sm ilani ck 2003). Minimally pro­
cessed papaya frui ts on exposur e to ozone have shown 
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Table 2. Physiological effects of ozone treatment on fruits and vegetables during storage. , 
Crop/Culti var Ozone t reatme nt Storage Result/ Effect Reference 

Apple cv. Empi re/ 
Delicio us 

Asparagus cv. UC800 

Bell pepp er/ Capsicum cv. 
Ferrari 

Aqueou s ozone (1 mg 1- ') 

Gaseous ozone (0.1- 0J umol mol" ) 

Gaseous ozone (O A ~ I r ') 

3°C 

14 "C 

a ' C No effect on internal et hylene producti on and ot her quality parameters, viz., TS5, acidity and text ure; 
however, the re is a signifi cant reduct ion in ethylene content o f storage environment 

The lignification acti vity was decelerated, w hile th e enzymes, viz; ascorbate peroxidase, superoxide 
dismu tase (SOD) redu ct ase, and phenyl alanine amm onia lyase (PALl. were sustained. 

Higher con centr ation s pr omoted weight loss w ith no signifi cant effects on texture and color 

Skog and Chu (2001) 

An, Zhang, and Lu 
(2007) 

Glowacz et al. 
(2015b) 

Broccoli 
Broccoli cv. Everest, Regal 
Carrot 

Gaseous ozone (0.4 ~ I 1-' ) 
Gaseous ozone (200 nll- ' ) 
Gaseous ozone (1- 5 mg L ', 3.9- 24.1 °(, 

3 and 10 ' ( 
12 T 

18 ± 2 T 

Significant inhibit ion of color tran sform at ion from green to yellow and amplified brow ning in its base 
No signifi cant effect on color change, mositure loss, eth ylene production rate, and rate of respirat ion 
Increased t heir shelf iif e for 5 days 

Skog and Chu (2001) 
Forney et al. (2003) 
De Souza et al. (2018) 

9.5-110.5 min ) 
Carrot cv. Pusa Ke sa r Aqueous ozone (200 mg h - ') 6 °C Redu ced lignificat ion, maintained quality , redu ced respiration and ethylene produ ctio n rates, levels of Chauhan et al. (2011) 

carote noi ds and v itami n C, and oxidat ive enzyme acti vit ies 
Carrot cv. Sunrise 
Cilantro/c or iand er 

Gaseous ozone (1000 ni l- I) 
Aqu eous ozone 

lOT 
o' C 

Reduction in firmness and sugars w it h increased producti on of stress vo laules and respiration 
Color, quality, and aroma are main tained altho ugh ther e is significant electrolyte leakage 

rate Forney et al. (2007) 
Wang, Feng, and Luo 

(2004) 
Cucumber cv. Highjack Gaseous ozone (0.1- 0J urnol mol" ' ) 12 "C Reduced weight loss and texture loss with an increase in fructose and glucose concent rat ions at 0.1 urnol 

mol -I 
Glow acz et al. (2015) 

Europ ean pear cv. Qiushui Gaseous ozone (6.42 mg m- 3 
) Ambi ent Prolonged storage life with bett er quali ty retentio n and induced greater ant ioxidant potential whi le Zhao et al. (2013) 

Grapes cv. Thomp son Gaseous ozone (0.3 ~ II - I) 5 "C 
repressed polyphenol oxid ase (PPO) act ivity 

Amp lifie d physio logical loss in weigh t and no phyt otoxic inj uries Palou et al. (2002) 
Sr edless/ Flame 
Seed less 

Highbush blu eberr ies cv. Gaseous ozone (700 ni l- I) o°C Increased storage life, sti mulated respirati on and ethanol producti on, and no phytot oxicity Fan et al. (2001) 
Coville 

Highbush blu eberries cv. Gaseous ozone (4.0 ~I I -I ) 4 and 12 ' C Reduced physiologi cal loss in weig ht and loss of firmness Concha-Meyer et al. 
Ozark Blue (2015) 

Kiwifruit cv. Hayward Gaseous ozone (OJ ~I per liter) o°C and Redu ced ripening rate and blocked ethy lene activity and increased anti oxidant acti vi ty rlliinas et al. (2012) 
90- 95% 

RH 

\ 

Lettu ce 

Lettu ce 

Nashi pear cv. Anjou and 
Bosc 

Onio n Gaseous ozone (50 nlll du ring th e day and 

Aqueou s ozone (1 mg I- I) 

Gaseous ozone (0.4 ~I I - ' ) 

Aqueous ozone (10 mg I"' ) 

10 "C 

o 'C 

o°C 

4'C 

The enzymes such as pecti n met hylesterase (PME). pol yp henol oxidase (PPO). and peroxidase we re 
inhibited. 

Decrease in t he sto rage room eth ylene concentrat ion wi th no eff ect on intern al eth ylene, firmness, and TSS; 
no phytotoxicity 

Decreased moist ure loss w ith no significant effect on it s sprout inhi bit ion 

Sustained visua l quality and fir m ness, increased bro w ning, and reduced rate of respira tion 

Fan et al. (2001) 

Skog and Chu (2001) 

Beltran et al. (2005a); 
Wei et al. (2007) 

Rico et al. (2006) 
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Papaya cv. Golden 
200-250 nlll during t he night) 

Aqueous ozone (4 ~I I- I) 45-65 'C No substan t ial variations in th e wax coating and cut icular arrangement over the fru it surface 

(Continued) 

Kechinski et al. (201 2) 
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Table 2. (Continued). 

Crop!Cult ivar Ozone treatment Sto rage Result/Effect Reference 

Peach cv. Elegant l ady! Gaseous ozone (0.3 pi I ' ) 5 ·C Increased PLW with no effect on rates of ethylene produ ction and respiration . No phytotoxicity Palau et al, (2002) 
Zee Lady! O'Henry 

Persimmon cv. Roj o Gaseous ozone (0.1S pi 1- ' ) Ambient Maint ained textu re, increased PI.W, and electrolyte leakage from fruits Salvador et al, (2006) 
Brillante 

Pomegranate cv. Hicaznar Gaseous ozone (S.2 and 10.4 mg h I rn ~ 3 ) 5 · ( Sup pressed stress volat iles causing off fl avors and maintained low acetaldehyde Ozon .1I1 d Kafkas 
(2015) 

Raspberries Aqueous ozone (21 mg I ~ ' for 64 min) Decrease in the storage room ethylene concentration w it h no effect on internal ethylene, firmn ess, and TSS; Bialka and Dem irci 
11 0 phytotoxicity (2007) 

Strawberry cv. Carnarosa Gaseous ozone (1.5 111 1 I) 2 ­c Reduced PLW and fruit soft ening and aroma Nadas, Olrno, and 
Garcia (2003) 

St rawberry cv. Fengxiang Aqueous ozone (4.3 mg m - 3) 4 "C Prolonged the storage life and hindered anthocyanin degr adation and t itr atable acidity Zhang, Xiao, dnd 
Salokhe (2006) 

Sweet orange cv, Valencia! Aqueous ozone (0.6 mg 1-' ) 5 ­c Reduced senescence and PLW Di Renzo et al, (2004) 
Ovale 

Tangeri ne CII. Sai Nam Gaseous ozone (200 pi I ') Ambient Improved activ ities of superoxide dlsrnutas« (SOD), cata lase (( AT), and ascorbate peroxidase Boonkorn et aI. 
Pung (2012) 

Tomato Gaseous ozon e (' 0 pi I ' for 10 min) 20 · ( Reduced physiological loss in weight, tr iggered buildup of phenolics, hindered softening, and reduced Rod on i et al.(2010) 
pectin methylesterase activity (PME) 

Tomato Gaseous ozone (25. 3S, and 50 pi I ' ) Ambient Delayed colo r change from green to red and fruit rotting Zambr e, ve nkatesh, 
and Shah (2010) 

Zucchini cv. Prometheus Gaseous ozone (0.1- 0.3 urnol mol l ) 8 ' ( Reduced physiological loss in weight at 0.1 urnol rnol' and textu re loss Glowaa et al. (201S) 
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J decl ine in vitam in C content by 2.3%, while the total 

phen ol ics were inc reased by 10.3% compared to that o f 
untreated co n trol frui t (Yea h, Ali, and Fo rney 20 14). 
H ow ever, a few research er s have repo rted the increased 

loss of moisture with the ozone treatmen t o f fru its and 
vegetables (Palo u et al, 2( 02). 

Although ozone wa s no t known to hamper the sen ­

sory q uality o f the fresh and fres h-cut prod ucts, higher 
doses o f ozone tr eat ment co uld alter the sensory attri­
butes of certa in produce. A no tewo rth y effect o f ozo ne 
o bserved on th e sensory quality of th e treated product is 

the loss of aroma . Loss of aroma was obse rved in o range 
juice stored in co ld rooms enriched with ozone gas (Pall 
et nl. 2020). wh ich could be att ribu ted to the process of 
oxidat io n o f vola tile com po unds, Apart fro m the visua l 
qua lity, browning, texture, and aro ma were the pre­

Ierre d pa rameters for test ing o f the sensory q uality. 
Lett uce leaves exhibi t b row ning on their edge s and sur­
faces. which is di rectly co rrelat ed with the phen ylalan ine 

am monia lyase (PAL) activity in general an d negatively 
co rre lated with the ir sensory acceptab ility an d thei r sh elf 
life (Beltran ct al. 2005 a). However, ap plicat ion of ozone 

gas was fou nd to be effective in red ucing the let tuce leaf 
brown ing compared to trad itio nal ch lo rine treatments 
(O lme z and Akbas 2009) . This red uct io n of bro wn ing by 

ozon e could be due to inhi bitio n of br owning enzyme s, 
viz., polypheno l oxidases (PPO) an d peroxidases (PO D) 
(Liu et al. 2020) . Application of ozone has successfully 

co nt ro lled the unw anted color ch an ge o f brocco li fro m 
green to yello w (Salvador et al. 2006) with n o effect on 
the di scoloration of fru its like peaches (Pano u, 

Kara bagias, and Riga nakos 2018) and vegetables like 
ca rro ts (De Souza et al, 2018). 

Role of ozone in processing industries 

Fruit and vegetable pro cessing 

Of late , the demand for processed food p rod ucts is 
increasing da y-by- da y. Ozone is one of the powerful 

p rese rvative systems with br oad -spectrum an timi crobial 
ac tivity pertinent to fresh horticultural produce 
(Pa nd iselvam et al. 2019), Wani et al. (20 15) reported 

the efficacy o f ozone aga inst bacteria (Gra m -positive and 
G ram- negative), fungi, and virus. Additionally, ozone 
was also fou nd to have the ability to des troy storage 

pests and degrade the m yco toxins, Hence, it is preferred 
ove r most o f th e pop ular d isinfect ants, vi z., chlorine, due 
to inefficacy of ch lo rine co ncen trations lim ited by the 

aws of foo d reg ulation. 
Ozonized water is be ing used normally fo r wash ing 

di fferen t hor ticult ural commod it ies such as fru its and 
vege ta bles p rio r to storage (Karaca and Velioglu 2007) . 
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Its applicatio ns arc extended to min imally processed 
fru its and vegetables, as it aids fu lly in reducing the 
micr obi al populat io ns an d extend ing their storage life 
(Beltran et al. 2005a, 2005b). Repo rts o f reduction in 

bac terial po pulations of ozo ne water-t reated fruits, viz., 

grapes. blackb erries, black pepper, broc coli, carro ts, 
tomato, an d sh redded lett uce, were found. Fruit bev­

erages can also be ozonized by inject ing an appropria te 
amount of ozone in to the fruit jui ce th ro ugh an asp ira­
tor. Thus, appro val of ozo ne as a direct food add itive 

(FDA 200 1) has led to its applicatio n in processing o f 
vario us fruit juices, viz., ap ple juice (Cataldo 2008) , 
strawberr y ju ice (T iwari et al. 2009b), black berry juice 
(Tiwari et al. 2009a), orange juice (Pat il et al. 200 9a, 

2009b; T iwari et al. 2008), an d ap ple cide r (Cho i and 
Nielsen 2005 ; Steenstrup and Floras 2004). 

Wine processing 

Ma in tenance of hygiene in wine indu st ries is of m ajor 
con cern like in an y ot her food ind ustry. Main tenance of 

steri lity and qu ality th ro ugho ut the winery is of para­
mount importance for better wine prod uction an d sales. 
The major concern in the wine industry is cross­

con tam ination with the natu ral/w ild yeast, i.e., 
Brettanomyces spp., wh ich causes the wine spoilage by 
developing an off-flavor typ ically referred to as 'b urnt 
plastic'z'wet wool'z'lcathery.' Ge nerally, these wild yeasts 

were found to grow in very low num bers whe n wine is 
stored in barrels/bo ttles for the aging pr ocess (Sm ith­
McC ollum 2007). 

In win ery, ozo ne may be used for barr el sanit iza ­
tio n and surface steriliza tio n of p laces. Co ns ideri ng 
the dis infectio n po te n tia l o f ozone , m ost of the wine 

ind ustr ies have ado pted ozone t reatme n t as a majo r 
opera tio n in their barr el wash ing p ro tocols, Al though , 

th e standard barrel wash ing p rotoco ls va ry from 
wine ry to winery, it generally includes a ho t water 

rins ing unde r high p ressure followed by the applica­
tio n of ozonized water t reatm en t. D ur ing ozo n ized 
wa ter tre a tm en t of barrels, th e concent ra tio n o f 

ozone to be used and the time period o f exposu re 
are p rimari ly determin ed by the level of co n tam ina ­

tio n present in the ba rrels . Fo r exam ple, at 10.0 ppm , 
the rins e tim e fo r healthy barrel is 30 seconds and at 
5.0 ppm , it wou ld be one mi n ut e. Ge ne rally, the 

healthy barrels were t reated wi th 2.5 ppm ozon e for 
2 m in utes after hot water rinse, while a typically 

co n ta m inated ba rr el req uires 5.0 p pm trea tm ent fo r 
the sa mc tim e period (Cullen and Norto n 20 12) . T he 
ozonized wate r is bei ng used for di sinfectio n o f 

a wide range o f eq uip me nt and working surfaces in 
the win eries o n a regula r basis for control of 
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un wante d microbes and to avoid cross-co ntamination 
with wild yeast. The ozo n ized wat er could be ve ry 
easily used for decontam ination of walls , floor. bins , 
ta nks, crushers, drains, and any other wettable com­
po nents of a typical winery unit. In general , the 
winery equipment is typically cleaned in the first 
step followed by a final rinse with ozonized water. 

Sim ilarly, wineries are equipped with heavy machi­
neries, which cou ld not be separated/moved ap nrt for 
regular cleaning. Thus, there is a nece ssity for cleaning 
altern atives with minimal or no residues. Th e principal 
threat in the wine making p rocess is the cross­
contamination occurring during the long production 
processes, which extend from harvest to tank to barrel 
to final bottling. T he major risk is encountered during 
the transfer of wine between different tanks or barrels 
for creatio n of the uni que blend of flavor s sou ght in 
a fine bottle of wine (Cullen and Norton 2012). To 
mitigate th is risk, most of the wineries adopt stri ct 
measures in th eir CIP (clean in place ) protocols . In 
order to disin fect these tanks, pip es, hoses, bottl ing 
lines. tillers, pump system s, filters, etc., they must be 
cleaned -in-place wit h soaps, detergents , surfactants, 
pressurized water, and/o r chem icals such as chlorine or 
iodaphore solutions and thoroughly rinsed with hot 
wate r or steam to remove residues. For final decontami­
nation, ozonized water is recirculated throughout the 
equipment usin g a closed loop of pipe or hose. The 
d ispersed ozone reacts with organic material pre sent in 
the equipment and disintegrates it. The use of ozonized 
water for the Cl P process red uces expen diture and saves 
t ime with no chemical residues (Smith -McCollum 
2007). 

Removal of pesticide residues 

Several pesticides are used for increasing the quality and 
quantity of various food crops. These pesticides were 
known to have adverse effects on the environment as well 
as on human beings, animals, and aquatic organisms 
(Ikeura, Kobayashi, and Tamaki 2011b). Also, a part of 
the appl ied pesticide remains in the harvested produce 
even after harvest and these residues are equally harmful 
when consumed by the people, and thus, the pesticide 
residues in the food crops have become a global conc ern 
today. 

Some chronic effects of consuming pesticide residues 
include neurotoxicity, carc inogenesis. abnormal repro­
duction, and cell development (Bur rows et al. 2002 ). 
Hence, the contamination by pesticide residues is 
a major concern for both th e farmers and the consu ­
mers . There are several ways to reduce pesticide resi­
dues. For example, washing of harv ested produce with 

or without chlorine has shown to reduce the pest icide 
residues (Kaushik, Satya, and Naik 2009). Househo ld 
preparations containing different proportions of vine ­
gar, common salt, and tap water or refrigeration fol­
lowed by multiple stir frying has shown to rem ove 
a ma jor portion of pesticide residues from vegeta bles 
(Zhang, Liu, and Hong 2007). Similarly, nanofiltration 
(Chen et al. 2004), activated carbon filtration (POD an d 
Hameed 2010), reverse osmosis (Bonne et al. 20( 0), 
distillation , adsorption (Tepus, Simonic, and Petrinic 
2009), photocatalyt ic degradation (Devipriya and 
Yesodharan 2005), photodegradation (Tanaka an d 
Reddy 2002), ionizing irra diation (Basfar, Khalcd , and 
Al-Saqer 2012), gamma irradiation , biod enitrificat ion 
reacto rs (Asian and T urkman 2006), electro lysis adsorp ­
tion (Vlyssides et al. 2005), microwaving (Salvador ct al. 
2002), electrochemical oxidation (Arapoglou et al. 
2003 ), and ozonation (Ikeura, Kobayashi , and Ta ma ki 
2011a ; Wu et al. 2007a) are few other app roaches used 
commercially to dec rease th e load of residues. 

Among these methods, ozonation could be the safe and 
promising method for cost-effective removal of pesticide 
residues from the perishable horticultural produce 
(Pandiselvam et al. 2020). The efficacy of ozonized and 
chlo rinated water dip in the disintegration of ha rmful 
pest icides, viz; bifenthrin and delta methrin, was repo rted 
by De Avila et al. (2017) in fresh and processed apple 
fruits. Destruction of cert ain nutritional clemen ts with the 
appli cation of high levels of oxidants is one of the major 
concerns. The feasibility of usin g low d issolved ozone in 
the range of 1.4-2.0 mg/ L for the elimination of some 
common pesticide residu es, viz; diazinon, me thyl para­
thion , parathion, and cyperrnethrin, fro m vegetable sur­
faces iBrassica rapa) was reported by Wu et al. (2007b). 
T he sam e report revealed that >60% cypcr rn ethrin and 
27-55% of diazinon, me thyl parathion, and para thion 
were successfully removed from vegetables using low 
concentrations of ozone. 

T he efficacy of different wash treatments, vrz., CI, 
CI0 2, CH3CO, H, and 0 3 in elim ination of few pesti­
cides such as ethylene thiourea and themancozeb fro m 
fresh and processed apples was studied by Hwang, Cas h, 
and Zabik (2001). Th ey found that am on g all the wash 
treatments , 3.0 ppm ozone (03) was found to be effective 
in thoroughly elim inating ethylene-th iourea (100%) and 
parti al reduction of mancozeb by 56-97%. 

The efficacy of an ozone microbubble (OM B) p rodu ­
cer in removing the residual feni trothion fro m lett uce, 
cherry tomatoes, and strawberries was studied by l keura, 
Kobayashi, and Tamaki (20 II a). Among the two types 
developed, th e decompression typ e was proved to be 
efficient in pest icide residue removal compared to the 
gas- water circulat ion type. Thi s cou ld be mainly due to 
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generation of a large number of smaller ozone micro­
bubbles through decom pression, which have the poten­
tial to per meate into the vegetables compared to the gas­
water type. Additio nally, OMB treatment solutions gen­
era te hydroxyl rad icals that are extremely useful in dis­
in tegrating organic compounds, com prising pesticide 
residues (Ikeura, Kobayashi, and Tamaki 2011b; 
Surn ikura et al. 2007; Takahashi , Chiba, and Li 2007). 
As 1110St of the pesticides applied over fruits and vege­
tables are water soluble, cleaning with ozonized water 
has dou ble benefits, viz ., primary removal of soil and 
pesticides through simple dissolution and secondary 
through oxidat ive degradat ion of organic residues pre­
sent on their surface. 

Ozone residues and their toxic byproducts 

The multiple benefits of ozone have turned it to an indis­
pensible agent in many fruit and vegetable processing 
industries. The most comm only used disinfectant chlor­
inc on reacting with the organic com pounds produces 
carcinogenic byproducts, viz., trihalornethanes and haloa­
eerie acids (Hua and Reckhow 2007), while the ozone does 
not produce these halogenated byproducts in water 
(Richaridson 2003). However, little amount of haloge­
nated byprod ucts are generated in the presence of high 
levels of brom ide in water (Zhang et al. 2020). Some of the 
major organic byproducts associated with the use of 
ozone in fruit and vegetable processing industries com­
prise carb oxylic acids, aldoketo acids, and aldehydes. 
Brornina ted byproducts have exhibited greater potential 
of carcinogenic and mutagenic activities, and thus, they 
are the only regulated byprodu ct from the ozone treated 
water (Huang, Chang, and Shih 2009; Zhang et al. 2020). 

However, latest research has exposed larger carcino­
genic po tential of iodinated byproducts than their 
chlorinated and bromina ted anal og (Plewa et al. 2004; 
Richardso n 2003). Th ese iodinated byproducts are 
formed by the reaction of iodides with the d isinfectants, 
and their levels are very low from ozone compared to 
chlor ine and chlorine dioxide used in conventi onal 
cleaning of horticultural processing un its (Krasner 
2009). Ozo ne was also found to possess the potential to 
destroy chlorine byproducts, pesticides, and other toxic 
orga nic molecules present in the trea tment water with­
out any lethal residues (Remondino and Valdenassi 
20 [8). 

Health and safety aspects of ozone 

Since ozo ne is a noxious gas, it shou ld be carefully 
supervised in the treatment plants dur ing its usage. It 
is one of the most important crit eria for approval of 
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ozone in fruit and vegetable pr ocessing units . It is essen­
tial to monitor individ uals coming in contact with ozone 
in their workplaces. However, there were no reports of 
deaths due to hyperozone exposure in the past century 
of its indu strial use. The safe limits for ozone exposure 
in workplaces have been set up by Occupational Safety 
and Health Admin istration (OSHA). The set limits 
include not more than 0.1 ppm of continuous exposure 
to ozone (8-hour work period) or a short-term exposure 
limit at 0.3 ppm ozone for 15 minutes and not to exceed 
mo re than twice per eight-hour work day (Rice 20! 2). In 
hum ans , ozon e chiefly affects the respiratory tract. 
Major indications of ozone toxicity comprise headache, 
gidd iness, a burning sensation of eyes and throat, 
a sharp taste and smell, and cough. Prolonged toxicity 
indicators are headache, paleness, memory loss, 
increased prevalence of bronchitis, and incre ased mus­
cular excitability (Zhang, Wei, and Fang 2019). 

Accordingly, ozone usage necessitates continuous 
monitoring in the fruit and vegetable treatment plants, 
if it is used for environmental/equipment disinfectio n. 

zone dos imeters/ monitors are available, which need to 
be installed randomly in the treatment plants/processing 
units for detection of ozone in the worki ng atmosph ere. 
They sho uld be equipped with suitable alar ming systems 
so that they could warn the industrial workers once they 
detect a high concentration of ozone in the working 
atmosphere. The industry should also possess 
a manual/guide with all the pertinent safety information 
and stepwise operational instructions for working with 
ozonating system s (Xu 1999). The processing units 
should be monitored regularly for ozone off-gas, and 
assurance on its safe limit s should be ensured The 
ozone generator should be periodically checked for its 
calibration in terms of ozone con centration production 
and its flow rate. Also, they should ensure accountability 
of complete ozone produced by checking for leaks if any 
and through proper ann ihilation of excess ozone (Rice 
2012). 

When ozone is used for fumigat ion purposes in san i­
tization of godowns or cellar rooms to be used for 
storage of fresh fruits and vegetables , it should be care­
fully monitored till the far end of the room with an 
app ropriate feedback control mechanism. Ho wever, 
when it is used after dissolving in water, there will always 
be a certain pro portion of it that remains undissolved, 
which requires to be separated/destroyed or degassed 
before using the ozone dissolved water for intended 
purposes . This could be achieved easily with thcrrnoca­
talytic ozone destruct units, which are small and effi ­
cient. If used appropriately, the ozone disinfecting 
systems are far safer compared to the conventional che­
mical (chlorine and caustics) or heat-based disinfection 

.­



Table 3. Effect of ozone on nutrit ional and sensory characterist ics of the treated produce. 
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Crop/Cult ivar Ozone t reatment Storage Result /Effect Reference o 
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Banana 

Grapes cv. Autumn Seedless 

Grapes cv. Superior 

Grapes cv. Superior seedless/Regina 
Victorial Cardinal CL80 

Guava 

Longan cv. Daw 

Mango cv. Palmer 
Papaya cv. Sekaki 

Pineapple 

Red bell peppers 

Strawberries 

Strawberry 

Strawberry 

I c mato cv. Carousel 

Tomato cv. Elegance 

Tomato cv. Thomas 

Gaseous ozone (8 ml s" J 

Gaseous ozone (0.1 fl l
r ') 

3.88 g h- ' for 5 h 

Gaseous al one (2 ul r') 

Gaseousalone (8 ml s ' ) 

Gaseous alone (200 fll 
I- I) 

Aqueous ozone 
Gaseous ozone (2.5 1-11 

I ') 
Gaseous ozone (8 ml s ' ) 

Aqueous ozone (1 mg 
1" ) 

Aqueous al one (8 and 
10 mg I ') 

Gaseous ozone 
treatment (4 mg I f) 

Gaseous ozone 
t reatment (40 mg I I) 

Gaseous alone (1 IlmOI 
mol ') 

Gaseous ozone (0.5 mg 
g.l ) 

Gaseous ozone (4 1-111" ) 

Ambient 

DOC 

22 ' C and 
95% RH 
5 °C 

Ambient 

25 -c 

ambien 
Ambient 
conditions 
Ambient 
conditions 

Cold storage 

Ambient 
and 4 °C 

Cold storage 

Ambient 

13 °C 

15 °C 

5 · C 

Increase in phenolics and flavonoid compounds, enriched nutritional properties,and ascorbic acid content 
degraded at greater concentrations/ exposure periods 

Enhanced to ta l phenols and flavonoid content but nonsignificant in cont rolling fungal spoilage 

Stimulated stilbenoid biosynthesis (t rans-resveratrol and piceatannol) and viniferinas (resveratrol 
dehydrodimers and dehydrotr imers) 

Increased resveratrol, physiological loss in weight, and decreased sensory values 

Increase in total flavonoid was observed with 10 min exposure while prolonged exposures decreased 
phenolics and nutrit ional propert ies 

Decreased browning and oxalic acid content 

Greater T5S, titratable acidity, ascorbic acid content, flavonoids. carotenoids, and total antioxidant activity 
Maintained higher total soluble solids, vitamin C content, p-carolene, Iycopene, total antioxidant activity, 

and visual quality 
Enhanced nut rit ional value wit h an increase in total flavonoids and phenolic compounds 

Retained quality characteristics 

No influence over advantageous biothiol (cysteine and y·glutamylcysteinylglycine) levels and other quality 
parameters 

Sustained vitamin C content, peroxidase (POD), catalase (CAn activities, and reduced malondialdehyde 
(MDAl content 

Sustained optimal levels of advantageous biothols (cysteine and v-qlutarnylcysteinylqlycine) 

Maintained glucose and fructose levels in the fruits with transient raise in ~ -caro ten e, lutein, and Iycopene 
content 

Improved glucose and fructose levels 

Sustained quality in terms of fructose, glucose, fumaric acid, and vitamin Ccontent and prevented off-flavor 
development 

m..,Alothman et al. (2010) 
» 
r-' 

Artes-Hernandez et al. 
(2007) 

Gonzalez-Barrio et al. 
(2006) 

Cayuela et al. (2009) 

Alothman et al. (2010) 

Whangchai, Saengnil, and 
Uthaibutra (2006) 

Monaco et al. (2014) 
Ali, Ong, and Forney (2014) 

Alothman et al. (2010) 

Alexandre et aJ. (2011) 

Demirkol e t al. (2008); Wei 
et al. (2007) 

Zhang et al. (2011) 

Demirkol et al. (2008) 

Tzortzakis, Singleton, and 
Barnes (2007) 

Shalluf (2012) 

Aguayo, Escalona, and 
Artes (2006) 

# 
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vysterns , Also, ozone is no t considered as a carci nogen or 
mutagen as it docs no t accumulate in fatty tissue or 
cause long-term chro nic effects (Cohen et al. 2003). 
T hus, it is clear that ozone can be used safely . 
. ~ever th cles s , mea sures must be taken to avoid needless 
xp os urc to ozone in the wor k area . Prop er personnel 

p rot ective equipment , exhausting systems, destruct 
units, and monitors should be used whi le operat ing 
wit h ozone in fresh produce storage units (Xu 1999). 

Imp act of ozone on the environment 

Environ men tal and health organizations wer e expre s­
sing concerns about the byp roduc t» form ed with tradi­
tio nal sanit izing age n ts such as trihalomethanes in the 
wastewa te r generated in p rocessing un its and thei r 
retu rn to the en vironment cau sing water po llution 
(Zhang et al. 2020) . The bui ldup of such deadly chem i­
ca ls in . the water bod ies has resu lted in serious issues 
and attrac ted worldwide attention towa rd the safe use 
of d isinfectants, sanit izcrs, bleach ing agent s. and o ther 
chem icals used in the food processing ind ustry on 
a reg ular ba sis. T he processing ind ustries arc greatly 
ala rmed about the risk of im pen ding regu latory restric­
tions wit h the tr adit ional disi n fec tan t che mical 

chl or ine. 
Th is. growi ng con cern about the release of chemical 

res idues and o ther lethal byp ro ducts with the use of 
traditio nal chlorine-based washing systems has created 
a huge concern regard ing possible gro und water and 
env iro nmental poll ution. Since the ozo na tion technol­
ogy was proved to be free from residues an d aids in 
degradation of pesticide/o ther chemical residues, it is 
being widely accepted as an ceo -frie ndly alterna tive to 
the conventional chlorine-based dis in fectants in the 
processing industr ies (Zhang et al. 2020). 

Regulatory and legislative issues of ozone 

Since 1906, ozo ne is bein g used commercially for ster­
ilization o f water in itia lly and later exte nded to the foo 
ind ustry for preservat ion of the produce and sanit ization 
of the produce -co nta ct surfaces (H ill an d Rice 1982). 
T he legislations govern ing ozo ne application in the hor­
ticulture ind ustry were developed in respon se to the 
growing usage of ozo ne as a m ult ifun ctional preservative 
and sanitizing age nt. With the in tro duction of appro­
pri ate legislations on usage of ozo ne for food processing, 
there wou ld be more regu larization and enco ur agement 
of its use in the fruit and veget able processing industries 
as an alternative for the conventional sanit izers (Tiwari 
and Rice 2012) . Thus, the food processors are directed to 
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consult the governi ng bodies to determ ine whether the 
limitat ions, if any. exis t in their proposed process of 
product development. 

The US Food and Drug Adm inistration (FDA) has 
per mitted the usage of ozone fo r sur face san itization of 
fresh fruits and vegetables, d isin fection of packing sup­
plies, decontaminat ion of process water, processing 
equ ipmen t, and food sto rage areas (Mahapatra, 

I uthukumarapp an, an d Julson 2005 ). In the United 
States, FDA has permitted the usage of ozone as an 
antim icrobi al agent for fresh and fresh-cut fru its as 
well as vegetables. Ozo ne also has the status of GRAS 
(Generally Recogn ized as Safe ) in USA for d isinfect ion 
of bottle d water an d as a disinfectant for water bo ttling 
indust ries (FDA 1995). Howeve r, it was given GRAS 
status fo r usc in d irect contact with foods during 1997, 
by an independe nt expert panel set up by Electric Power 
Research Instit ute (EPR1) (Graham et al. 1997). In 
response to the petition filed by the EPRI during 200 1, 
FDA has released an ultimate legislation mo d ifying all 
ot her previous regulations related to food additives and 
granted perm ission for ozone to be used as an antim i­
crobial di sinfecta nt in d irec t con tact of food materials 
(FDA 200 1; Hampson 2001). 

He nce, a Global Ha rm onization Initiative (GH I) was 
initiated in 2004 by in tern ational division of US-based 
[nstitute of Food Tech nologists (I F f) in collaboration 
with the European Federation of Food . Science and 
Techno logy (EFFoST). This network of scientific bod ies 
and individual scientists work for promoting the har­
mony with world food safety rules and regulations. T he 
GHI strives to ensure the easy availabi lity of safe and 
delic iou s food to consumers all over the world (Tiwari 
and Rice 20 12). 

Conclusion 

Although ozone treatment was known for more than 
a century. its recognition was d riven lately by th e envir­
on mentalists and researchers after investigating its high 
reactivity and impulsive disin tegration in to non toxic 
byprod ucts. It was also found to be highly reactive and 
possess good penet ration power. This ozone technology 
was found to have po tent ial for replacing the conventional 
chemical-based sanitizcrs in fru it and vegetable proces­
sing industries. Suitab le exploration of industrialized 
usage of gaseous and aqueous ozone has ensured greater 
disinfection competencies with minor injury to fresh p ro ­
duce and environmental safety. Being identified as an 
altern ate sani tizer , ozone has replaced all the traditional 
sanitizing agents used for sur face decontam ina tion of the ' 
fresh horticulture produce and the pro cessing equipment 
including recycling of the food-processed waste water. It 
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was also approved as a Generally Recognized As Safe 
(GRAS) sanitizer by FDA because of its eco-friendly nat­
ure (degradation into nonha rmful oxygen after a short 
half-life) in addition to its inherent antimicrobi al and 
antiethylene activity. All these benefit s turn it very lucra­
tive to the food industry, and conclusivel y, international 
food scienti sts are now endorsing the usage of ozone as 
a potential food processing agent. However, research 
should be emphasized toward standardization of opti ­
mum ozo ne concen tration, mode of applicat ion (gas­
eous/aqueous), and time of exposure specific to the 
com modi ties. 
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