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Abstract
Agricultural products are perishable and easily contaminated by spoilagemicroorganisms or foodborne pathogens, causing decay
of food and illness in consumers. Chlorine dioxide (ClO2) has many advantages as a fungicide in comparison to chlorine, NaClO,
and ozone, and it can be used for sterilization and preservation due to its strong oxidizing properties. ClO2 gas is more widely
used in food safety and food preservation than its aqueous solutions. However, the ClO2 gas produced on a large scale from a
chemical reactor cannot be applied to food in small packages. Several recent reports have discussed the use of ClO2 self-releasing
packaging. This article highlights the systematic evaluation of the performance of ClO2 alone and in combination with other
treatments, such as 1-MCP, chitosan, and UV irradiation, in maintaining food safety and freshness of agricultural products. This
article also focuses on the biological functions and mechanisms of ClO2-mediated preservation of plant or animal food, including
damage to the cell wall and the membrane of pathogens, inhibition of ethylene biosynthesis, restoration of redox balance, and
change of the compound structure of toxins, such as pesticides, insecticides, and mycotoxins.
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Introduction

Food safety is an area of major focus worldwide. Agricultural
products are the most important source of our daily food.
These products are highly perishable due to environmental
changes and are easily contaminated by microorganisms
through pre-harvest and wound infection as well as by human
pathogens during the different steps of food production, such
as processing, transportation, and packaging. Pathogens can
cause foodborne illness outbreak and induce an unfavorable
impact on the development of the entire food industry.
Consequently, various antimicrobial agents are needed to en-
sure food safety and maintain food quality. To reduce micro-
bial load and to better maintain freshness of agricultural

products, sodium hypochlorite (NaClO) is commonly used
as a disinfectant due to its low cost and ease of use; however,
its toxicity and loss of effectivity with time limit its use (Duan
et al. 2016; Zhang and Fu 2018). Chorine (Cl2) is also widely
applied in the food industry and has broad spectrum antibac-
terial properties (Ramos et al. 2013). However, it is corrosive
and produces toxic by-products (carcinogenic and mutagenic
chlorinated compounds) upon reacting with other organic
compounds (Bull et al. 2011; Legay et al. 2010). Besides, it
has limited efficiency in decreasing the microbial population
(Yaron and Römling 2014). Ozone is an efficient bactericide
and preservative at only small concentrations ranging from 1
to 5 mg L−1 when dissolved in water. However, it can cause
discoloration and deterioration of product quality and produce
irritation, which can harm the human body (Artés et al. 2009;
Sun et al. 2018). Chlorine dioxide (ClO2) is an efficient dis-
infectant that has a strong oxidation capacity at low concen-
trations (0.1 mg L−1) (Artés et al. 2009) and in a wide pH
range (pH 3–8) (Aieta and Berg 1986; Huang et al. 1997;
Ölmez and Kretzschmar 2009).

At room temperature, ClO2 exists as a yellowish to reddish
gas that readily dissolves in water at large concentrations. The
gas has an irritating nature and its color changes as the
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concentration increases (WHO 2000). However, it is unstable
and explosive at high concentrations (more than 10% v/v) and
cannot be stored and transported over long distances (Deshwal
and Lee 2004; Wang and Hu 2008). ClO2 is commonly utilized
as a bleaching agent in water treatment plants, paper industry,
etc. It is also employed as a disinfectant in laboratories, hospitals,
public places, and other areas (Gómez-López et al. 2009). ClO2

is identified as a highly efficient antibacterial agent, bleaching
agent, and antioxidant. In USA, Food and Drug Administration
(FDA) approved it as a disinfectant for agricultural products due
to its safe and efficient properties (FDA 2008).

Many authors reported the applications of gaseous and
dissolved ClO2 in food safety and preservation. Sun et al.
(2018) chiefly evaluated the action mechanisms of ClO2

against microorganisms and the effects of gaseous ClO2

treatment on quality of fruit and vegetables. Praeger et al.
(2016) mainly reported that the impacts of aqueous ClO2

alone or combined with other treatments on microorganisms
and nutrients for horticultural produce. However, other bio-
logical functions and mechanisms of ClO2 in plant or animal
food safety and preservation as well as the range of ClO2

applications have not been widely reported.
In this review article, we summarized the current knowl-

edge regarding the production and the applications of both
gaseous and dissolved ClO2 in ensuring safety and quality of
food, including fruits, vegetables, dairy products, edible
flowers, food crops, aquatic products, condiments, livestock,
and poultry products. This article also discusses the use of
ClO2 in the inhibition of the ripening of green pepper and
sprouting of potato tubers, thereby improving their shelf lives.

Production Methods for and Action
Mechanisms of Chlorine Dioxide

Production Methods

ClO2 gas is widely used in food decontamination due to its
high penetration ability compared to its aqueous solutions
(Gómez-López et al. 2009; Han et al. 2001). Practically,
ClO2 is, e.g., produced with a chemical reactor using a chem-
ical negative pressure aeration process (Wang and Guo 2001)
employing hydrochloric acid reacted with either sodium chlo-
rite or sodium chlorate (Tan 2018). In addition, ClO2 is also
produced with an electrolytic reactor by the decomposition of
aqueous solutions of NaCl via a special diaphragm electrolyzer
(Li et al. 2014). The practical use of the latter is, however,
limited because of the relative low purity of generated gas
(Deshwal and Lee 2004; Li et al. 2014). And, in fact, there
are many systems commercially available. As shown in Fig. 1,
a typical chemical generator consists mainly of two parts: the
reactor, which contains a mixture of sodium chlorite or sodium
chlorate and reducing substances, such as sulfur dioxide,

methanol, oxalic acid, and hydrogen peroxide and the absorb-
er, which collects the gases by absorbing solution (ca. 2%
carbonate buffered potassium iodide) (Deshwal and Lee 2004).

Several other methods of ClO2 production have been prac-
tically used. The production of gaseous ClO2 involves a direct
reaction between sodium chlorite and solid acid, but the speed
and amount of ClO2 ejected from the reactor cannot be con-
trolled (Li et al. 2012a). The production efficacy of ClO2 gas
depends on several factors, such as pH, temperature, concen-
tration, humidity (Shirasaki et al. 2016), and production
methods.

Wu et al. (2010) reported a ClO2-based food preservative,
i.e., ClO2 generated by reducing chlorate using sulfite
(Na2S2O5) to release SO2 gas. Deshwal and Lee (2005) sug-
gested a multilayered bio-based packaging material that may
directly generated ClO2 from NaClO2 and an acid within food
packages. Saade et al. (2018) proposed the combination of
functional layers of pectin (contains citric acid) and gelatin
(sodium chlorite) as well as optional barrier gelation layers
(without sodium chlorite) inserted between the two. The the-
oretical yield of ClO2 gas calculated via this activation was up
to 81%, which is a considerably optimization in concentration
and release-rate of ClO2 compared with the method men-
tioned by Saade et al. (2017). Similarly, Zhou et al. (2018)
proposed another approach in which the respirational carbon
dioxide and water vapor released from fresh fruit form car-
bonic acid, which then could react with sodium chlorite
(NaClO2) to generate ClO2 gas under acidic conditions.

Antimicrobial Mechanisms

The sanitationmechanisms of ClO2may be based on its strong
oxidizing power, which is over 2.5 times that of chlorine in
HOCl (Wu and Rioux 2010). The capacity of oxidation de-
pends on the structural characteristics. ClO2 molecule has 19
valence electrons and an unpaired valence electron, which
exists as a monomeric free radical. Free radicals themselves
have strong oxidative properties, thus causing the strong oxi-
dizing ability of ClO2 (Shan and Lu 2013).

The cell membrane is recognized as a significant target of
ClO2 against microorganisms. ClO2 gas can permeate and
oxidize proteins localized in the cell surface, resulting in the
metabolism disorder of the cells (Vandekinderen et al. 2009;
Sun et al. 2018). Moreover, ClO2 not only penetrates the mi-
crobial cell membrane and inhibits respiration and deteriorates
the trans-membrane ion gradients (Berg et al. 1986), it also
modifies the conformation of proteins and lipids of the outer
membrane (Praeger et al. 2016).

ClO2 can oxidize amino acids, especially tyrosine, thus
affecting the synthesis of microbial proteins and microbial
metabolism (Fu and Du 2004). ClO2 was found to oxidize
the mercapto groups of enzymes to develop disulfide analogs,
damaging the normal physiological function of those enzymes
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(Huang et al. 1997). In addition, ClO2 may also damage pro-
tein by oxidation, causing genotoxicity (Buschini et al. 2004),
degradation of viral RNA (Simonet and Gantzer 2006), dis-
ruption of important compounds in biochemical reactions
(Sharma and Sohn 2012), and thereby mediating microbial
death (Sun et al. 2018).

Guntiyaa et al. (2016) reported that electrolyte leakage, the
activation of the pathogen cell wall damaging enzymes
chitinase (CHI) and glucanase (GLU), and the inhibition of
mycelial growth and spore germination were vital events in
controlling Cladosporium spp., Fusarium spp., and
Lasiodiplodia spp. on harvested ‘Daw’ logan fruit with ClO2

gaseous treatment.
In addition, Zhang and Fu (2018) noted that ClO2 signifi-

cantly reduced the diameter of lesions resulting from
Penicillium expansum, a destructive fungus, causing severe
fruit rot. The effect of ClO2 treatment was more obvious as
the concentration (0–200 mg L−1) of ClO2 was increased. The
mycelial growth, germ tube length, spore germination rate,
and spore yields of P. expansum were reduced. Besides, the
mycelial morphology, the integrity of plasma membranes, and
the mitochondrial membrane potential were changed after
ClO2 treatment, as observed through scanning electron mi-
croscopy (SEM), PI, and rhodamine 123 staining. Referring
to the mechanism of inactivation of fungi, Wen et al. (2017)
noted that the fungal spores in groundwater were effectively
inactivated due to the leakage of intracellular substances, in-
crease in extracellular substances (adenosine triphosphate/
DNA/proteins), and change in shape from smooth to rough
as observed through SEM.

Preservation Mechanisms

Ethylene is essential to regulate the physiological and bio-
chemical changes that occur during maturation and

senescence of fruits (Bleecker et al. 1988). Therefore, inhibi-
tion of ethylene biosynthesis is beneficial for the preservation
of fruits and vegetables after harvest. Ethylene is enzymatical-
ly synthesized from the amino acid methionine via the
intermediated steps S-adenosyl-L-methionine (SAM) and 1-
aminocyclopropane-1-carboxylic acid (ACC) (Adams and
Yang 1979). ClO2 treatment can prevent methionine conver-
sion, and eliminate ethylene and other substances quickly and
effectively (Fu and Du 2004). Guo et al. (2014b) suggested
that ClO2 inhibited ethylene biosynthesis by down regulating
the relevant genes (LeACS2, LeACS4, and LeACO1) in har-
vested tomatoes.

A stable adenylate metabolismwould guarantee a prolonged
metabolic activity in fruits. Chumyam et al. (2016) reported that
treating longan fruit with gaseous ClO2 activated respiration-
related enzymes like succinate dehydrogenase (SDH) and cy-
tochrome c oxidase (CCO) during storage besides restoring the
cellular redox balance via increasing the ratios of pyridine nu-
cleotide (NAD/NADH) and ubiquinone (Q/QH2) to maintain
quality and extend the shelf life of the fruit.

Toxins Degradation Mechanisms

ClO2 degraded mycotoxins by decreasing the production of
toxins or damaging their structure. Patulin, a secondary prod-
uct, is produced by P. expansum and has violent toxicity in
humans and animals (Barad et al. 2014). Zhang and Fu (2018)
noted that patulin production in both apple juice and potato
dextrose broth (PDB) medium was observably decreased as
the concentration (100–400 mg L−1) of ClO2 increased.
Nevertheless, the degradation rate of pure patulin in an apple
juice reduced slightly after ClO2 treatment at different concen-
trations (Zhang et al. 2018a).

The mechanism of ClO2 action in degrading trichothecene
mycotoxins mainly includes (1) ClO2 oxidized the epoxide

Fig. 1 A kind of chemical generator of ClO2 gaseous in industrial system and experimental system, respectively (Deshwal and Lee 2004; Li et al. 2014)
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group in the trichothecene structure, opening the ring thus
destroying the whole molecule structure (Swanson et al.
1988). (2) The major chemical groups in trichothecene, such
as oxygen and hydroxyl groups, are altered by the oxidation.
(3) ClO2 solution had a better effect on the removal of myco-
toxins than its gaseous form due to the increase in production
of free radicals (Wilson et al. 2005).

ClO2 degrades pesticides (tebuconazole) by damaging the
C–C bond linked to the tertiary OH group and producing the
tertiary butyl cation and p-chlorobenzyl, thereby distorting the
structure of the compound completely. The removal of E and
Z isomers of dimethomorph was reported byWei et al. (2018).
Similarly, Tian et al. (2014) noted that phenylurea herbicides
(chlortoluron, isoproturon, and diuron) were degraded by
ClO2-mediated oxidation followed by electron transfer, chem-
ical bond cleavage, and atomic substitution.

Chloral hydrate, an important drinking water disinfec-
tion by-product, was removed up to 14.3% at 0.4 mg L−1

ClO2 owing to its ability to oxidize hydrophilic sub-
stances, besides also oxidizing the C=C and C=O bonds
of unsaturated aromatic substances and microbial metab-
olites (Huang et al. 2018).

Application of Chlorine Dioxide in Food
Safety

No Lasting Chemical Residues Production

In the process of application, ClO2 forms much chloride, but
little chlorite and/or chlorate. The hypothesis that application
of aqueous and gaseous ClO2 does not cause lasting chemical
residues (ClO2, ClO2

−, and ClO3
−) in fruits and vegetables is

reasonable (Praeger et al. 2016). Chen et al. (2011) reported
that no residues were detected in plum fruits following a 10-
min treatment with a combination of aqueous ClO2 (40 mg
L−1) and ultrasonic treatment (100W). In addition, Smith et al.
(2015) noted that in tomatoes and cantaloupes treated by gas
36ClO2, chlorate residues are found at concentrations of less
than 60 and 30 ng g−1, respectively, and there was no signif-
icant difference between the treated and control products.

Human and Plant Pathogens Elimination

It has been reported that ClO2 can control bacterial pathogens
such as Escherichia coli O157:H7, Alternaria alternata,
Salmonella enterica, Listeria monocytogenes, and Bacillus
subtilis in fresh food (Smith et al. 2015; Sun et al. 2017c).
Kim and Song (2017) mentioned that the load of
L. monocytogenes and E. coli O157:H7 inoculated onto plum
fruits was lowered by 6.26 and 5.48 log CFU g−1, respectively,
after 20-min treatment with 0.08 mg L−1 ClO2 gas, 0.5%
fumaric acid, and UV-C (10 kJ m−2). Moreover, Cho et al.

(2017) noted that E. coli, Salmonella typhimurium, and
L. monocytogenes were reduced on the surface of carrots
washed for 30 min with 100 to 400 mg L−1 aerosolized
ClO2, and decontamination effects increased with the ClO2

concentration. In addition, a more than 5 log CFU per potato
reduction of natural microorganisms was achieved after a 5-h
treatment with 40 mg L−1 of gaseous ClO2 (Wu and Rioux
2010) . Pathogens (E. col i , S. typhimurium , and
L. monocytogenes) inoculated on the leaves of spinach were
reduced to below detection limit (1 log CFU g−1) within
15 min of treatment with ClO2 gas at 0.13 mg L−1 under
90% relative humidity (Park and Kang 2015). Park et al.
(2018a) indicated that the inhibiting effect of ClO2 treatment
on three pathogens (E. coli , S. typhimurium , and
L. monocytogenes) was connected to RH (50–90%), ClO2

concentration (0.01–0.08 mg L−1), and treatment time in
tomatoes.

E. coli and S. enteritidis on alfalfa and mung bean sprouts
were inactivated by a combination treatment of aqueous ClO2

and ultrasound, which was more effective than when each one
was used alone (Millan-Sangoa et al. 2017). Additionally,
Kim et al. (2009) reported that 50 mg L−1 aqueous ClO2 com-
bined with 0.5% fumaric acid significantly had a better effect
against two common pathogens (S. typhimurium and
L. monocytogenes) on sprouts of broccoli than with the sepa-
rate use of ClO2 and fumaric acid.

Kingsley et al. (2018) noted that ClO2 released from acid-
ifying NaClO2 (1 mg) decreased the virus population on the
inoculated blueberries more than 2.2 log CFU after 15 min;
however, the high concentrations of ClO2 (≥ 10 mg acidified
NaClO2) would damage their appearance and overall quality.

Toxic Substances Degradation

Many authors have shown that ClO2 can remove or signifi-
cantly degrade pesticides, including insecticides and herbi-
cides on fresh agricultural products and in water (Table 1),
including diclofenac, deltamethrin (Wang et al. 2014),
chlortoluron, isoproturon, diuron (Tian et al. 2014), and
dimethomorph. ClO2 degraded these compounds mainly
through the oxidation reaction rather than the chlorine substi-
tution reaction without producing any chlorinated by-products
(Tian et al. 2014; Wei et al. 2018).

Application of Chlorine Dioxide in Food
Preservation

Fruit and Vegetables

ClO2 is not only used alone, but also combined with other
preservatives. A combination of ClO2 and 1-MCP could retain
the visual appearance (Fig. 2) and inhibit microbial growth as
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well as regulate enzyme activities, maintaining higher super-
oxide dismutase (SOD), ascorbate peroxidase (APX), and
phenylalanine ammonia lyase (PAL) activities and lower poly-
phenol oxidase (PPO) activity in strawberries during storage
at 4 °C, and thus improve their shelf life (Yang et al. 2018).

Fruits

Different results described the effects of ClO2 treatment on the
color of berries. Bleaching is the main cause affecting the
color of berries. Chiabrando et al. (2018) found that white
bleaching was observed on the surface of strawberries treated
by ClO2 after 8 and 12 days of storage at 2 °C. Chen et al.
(2011) also reported that the white damage of mulberries treat-
ed for 15 min with 80 mg L−1 ClO2 was more obvious than
after 60 mg L−1 ClO2 treatment for 15 min, which was similar
to the report of Chen and Zhu (2011). The main reason for this
is that higher concentrations of ClO2 can cause oxidation of
different oligosaccharides (i.e., cellulose, hemicellulose).
However, Mahmoud et al. (2007) found that 5 mg L−1 ClO2

treatment did not influence the exterior color and visual ap-
pearance of strawberries at 4 °C after 16 days. Similarly, Islam
et al. (2017) said that 5 mg L−1 ClO2 gas treatment of tomatoes
for 12 h maintained their skin color and freshness.

Nutritional compounds, like vitamin C and phenolics, can
be oxidized by ClO2 (Gómez-López et al. 2009). However,
several authors reported that ClO2 treatment could maintain
high stability of these compounds. Chen et al. (2011) reported
that titratable acid (TA) contents of mulberry fruit treated by
60 and 80 mg L−1 aqueous ClO2 were higher compared with
those after 20 mg L−1 treatment for 6 days. Time and concen-
tration of ClO2 treatment played a key role in affecting the
nutritional compounds of the berries. A similar result was
obtained for blueberries treated with a combination of ClO2

and UV-C (Xu et al. 2016). The increase in concentration of
total soluble solids (TSS) in grapes treated with ClO2 gas was
retained for 7 days and the highest content was observed after
21 days (Wei et al. 2018). Treatment with ClO2 solution main-
tains reducing sugar concentrations in the treated products.
Chen et al. (2011) reported that mulberry treated with ClO2

for 5 min at different concentrations (60 mg L−1 or 80 mg L−1)
retained higher reducing sugar concentrations compared with
the controls.

Phenolic compounds may be connected with the stress re-
action in plants. Mulberry fruit treated with 60 and 80 mg L−1

ClO2 for 10–15 min effectively retained flavonoid content
after 6 days (Chen et al. 2011). Chiabrando et al. (2018) re-
ported no significant differences in the total phenolic content
of strawberries between ClO2 gaseous (gas-generating pad)
treated and control groups during the short storage period at
4 °C. Furthermore, treatment of blueberries with ClO2 effec-
tively maintained the anthocyanin content of blueberries when
stored at 4 °C (Chun et al. 2013a).Ta
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Various studies confirmed that the applications of gas-
eous ClO2 can maintain higher fruit quality of drupe fruits
during storage, such as longan fruit (Saengnil et al. 2014),
apricot (Wu et al. 2015), bayberry (Lai et al. 2015), winter
jujube (Feng et al. 2010), flat peaches (Xiao et al. 2009),
and plum fruit (Chen and Zhu 2011). Furthermore,
Chomkitichaia et al. (2014) reported that the redox status
in longan fruit after gas ClO2 treatment was altered, which
enhanced the antioxidant defense system for preventing
pericarp browning. Similarly, Chumyam et al. (2016) not-
ed that the pericarp browning of longan fruit was reduced
and delayed by ClO2 gas, which increased the ATP con-
tent, lowered reactive oxygen metabolism, and maintained
redox stability.

Many authors mentioned that ClO2 inhibits browning
by reducing the activities of PPO and POD enzymes,
but this depends on the cultivars of fruit. For example,
Remorini et al. (2015) reported that treatment with
100 mg L−1 ClO2 combined with 3% ascorbic acid
(AA) significantly slowed the browning of fresh-cut ap-
ples of two cultivars (‘Red Delicious’ and ‘Granny
Smith’) at 4 °C for 96 h, and this treatment had better
effects on ‘Red Delicious’ than ‘Granny Smith’.

Sun et al. (2017b) studied the effects of ClO2 gas on
the grapefruit quality during storage and found that
5 mg L−1 pure ClO2 completely inhibited the growth

of E. coli and P. digitatum inoculated on grapefruit,
and treatment with up to 60 mg L−1 of ClO2 absolutely
inactivated Xanthomonas citri ssp. citri (Xcc) that
causes the canker lesion of citrus fruit. Furthermore,
the author also reported that slow-release of ClO2 gas
maintained a higher visual quality and reduced the mi-
crobial population compared with fast and fast/slow-
release treatments.

Jiang et al. (2015) reported that the total flavonoid
and phenol contents of green walnuts treated with ClO2

were increased, whereas the antioxidant activity was not
the same. Qu et al. (2016) discussing the effect of the
combination of 1-MCP and ClO2 or NaHSO3 on lipid
oxidation and antioxidant activities of green walnut ker-
nel mentioned that 1-MCP plus ClO2 significantly re-
duced acid value and peroxide value of fresh walnut
kernels and inhibited the activity of LOX. Besides,
ClO2 had a greater influence on the synthesis of pheno-
lic substances in green walnuts and improved reducing
power and radical scavenging in the middle of storage
at 4 °C and RH 70–80%.

Vegetables

Yang et al. (2015) reported that treating the shoots of
fresh-cut bamboo (Phyllostachys praecox f. prevernalis)
by aqueous ClO2 (28 mg L−1) plus chitosan coating
inhibited the activities of PAL, CAD, POD, and poly-
phenol oxidase (PPO) enzymes that cause bamboo
shoots senescence and delayed the browning and ligni-
fication during the storage time.

Minimal treatment of lettuce and cabbage with gas-
eous ClO2 caused browning (Gomez-Lopez 2002;
Gómez-López et al. 2007). Therefore, they were im-
mersed in a solution containing L-cysteine to inhibit
browning. Browning is one of the important factors af-
fecting the visual quality of fruits and vegetables. The
reason for browning of these is that ClO2 oxidizes phe-
nols, after which melanin is formed, which causes dam-
age to the nutrients and the visual quality. However, it
is reported that ClO2 oxidizes the polyphenol oxidase
(PPO) active site amino acid and (or) disulfide bonds
to inhibit the enzymatic browning of fresh-cut products
(Praeger et al. 2016). Reduced PPO activity and
inhibited browning were also observed for fresh-cut lo-
tus (Du et al. 2009).

Upon treatment of Lanzhou Lily bulb with 6 mg L−1 of
gaseous ClO2, titratable acid (TA) was increased, ascorbic
acid loss was reduced, and the visible edible quality was main-
tained at − 3 ± 1 °C during storage (Gong et al. 2011).
However, ClO2 treatment had no impact on the ascorbic acid
content of fresh-cut iceberg lettuce at a concentration of 30mg
L−1 of aqueous ClO2 after 3 min (Hassenberg et al. 2014).

Fig. 2 Effects of 1-MCP and 1-MCP plus ClO2 on visual appearance of
strawberries fruits. Fruits were kept as controls or treated with 1mg L−1 1-
MCP or and ClO2 at 33 μL L−1 (1 g per tablet) at 4 °C. Photographs were
taken after storage of 16 days at 4 °C (Yang et al. 2018)
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ClO2-treated green bell peppers resulted in fast loss of
ascorbic acid in the first 10 days of storage, but high amounts
of ascorbic acid were restored after 40 days (Du et al. 2007).
However, Zhang et al. (2018b) reported that in green peppers,
upon gas ClO2 (30 mg L−1) plus 1-MCP (1 mg L−1) treatment,
the contents of TA and vitamin C were both maintained,
resulting in higher shelf lives compared to the control and
treatment groups with any one of them alone at 23 ± 1 °C.

Medicinal plants are infected easily by bacteria and fungi.
Chun et al. (2013b) found that the combined treatment (aqueous
50 mg L−1 ClO2 and 5 kJ m−2 UV-C) decreased total aerobic
bacteria and coliform bacteria of yam (Dioscorea japonica
Thunb) by 3.2 and 3.8 log CFU g−1, respectively. The result
was similar to the microbial inactivation of buckwheat (common
and bitter) (Bai et al. 2013; Guo et al. 2014a), of common buck-
wheat sprouts (Chun and Song 2014), of lotus roots (Zhang and
Zhang 2016), and of mulberry leaf (Huang et al. 2010).

Currently, studies on ClO2 have focused on understanding
the mechanism of disinfection, but the mechanism of interac-
tion between ClO2 and plant cells has not been investigated
systematically. More recent work in our lab showed that 30
μL L−1 of ClO2 can delay the ripening of long pepper fruit by
slowing down the degradation of chlorophyll, reducing the
synthesis of capsaicin and β-carotene, and significantly
inhibiting the accumulation of carotenoids in chili peppers
(Capsicum annuum L.), as shown in Fig. 3 (Wei, Yan, and
Li, et al. unpublished data). Li et al. (2017a) studied the inhib-
itory effect of ClO2 on the sprouting of potato tubers during
storage, noting that the sprouting time of potato tubers was
delayed. ClO2 treatment decreased the sprouting rate, as well
as significantly reduced the length of shoots and the number of
sprouts on each tuber with a concentration ranging from 30 to
150 mg kg−1, compared with the control group without any
treatment at 18 ± 1 °C and RH 80–85%.

Edible Fungus

Edible fungi, such as Agaricus bisporus Sing or Tremella
fuciformis Berk., are vulnerable to deterioration of quality by
microbial contamination. Fumigation with ClO2 effectively re-
duced the microbial load (Cliffe-Byrnes and O’Beirne 2008),
inhibiting browning of Agaricus bisporus Sing by decreasing
the activities of the PPO enzyme (Ku et al. 2006) as well as the
rate of cap opening (Li et al. 2012b), and controlling the accu-
mulation of phenolic oxidation products, thereby extending the
shelf life (Li et al. 2012b). In the case of T. fuciformisBerk, Shen
andYan (2001) showed that ClO2 could oxidize certain pigments
after dehydration and prevent decay.

Livestock and Poultry Products

The original bacteria on the body surface and the
microorganisms acquired from the environment multiply when
the livestock and poultry are slaughtered, thereby posing a great
threat to food safety and public health. However, soaking of
livestock and poultry with aqueous ClO2 could effectively
control the growth of microorganisms, extend the shelf life, and
prevent the loss of taste. For example, Visvalingam and Holley
(2018) noted that fumigating beef with 200 and 400 mg L−1

ClO2 solution decreased pathogen loads by 0.73 and 1.25 log
CFU g−1, respectively. Hu et al. (2016) reported that 70 mg L−1

ClO2 solution and modified atmosphere packaging (MAP) have
the best effect on giant salamander meat during storage. Pork and
beef tenderloin samples were treated with 30, 50, and 100 mg
L−1 of ClO2 each and stored at 4 ± 1 °C. During storage, a
decrease of total aerobic bacteria, yeast, andmold counts on pork
and beef samples was observedwith the increasing concentration
of ClO2 (Lee et al. 2007). The shelf lives of pork, cattle stomach,
and duck intestines by aqueous ClO2 treatment under cold

Fig. 3 Effect of ClO2 on redness
of chili pepper (Capsicum
annuum L.). Chili pepper fruit
were kept as control or treated
with ClO2 at 30 μL L−1 for 24 h at
20 °C. Photographs were taken
after storage of 12 days at 20 °C
(Wei, Yan, Li et al. unpublished
data)
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conditions were extended to 6, 10, and 9 days, respectively
(Chen et al. 2010). Park et al. (2018b) noted that the combined
treatment of 2.0 kGyX-ray and 20mgL−1 ClO2 could be applied
in the egg production, processing, and distribution without caus-
ing changes to the exterior color and shell thickness of eggshells.
Similarly, eggs contaminated on the surface by S. enterica (5.8
log CFU egg−1), arising from fecal matter, were treated with
ClO2 gas from 5% sulfuric acid and 10,000 mg L−1 sodium
chlorite solution at 100% RH and 55 °C. Decontamination was
observed within 1 h (Park et al. 2017).

Dairy Products

Boddie et al. (2000) reported that ClO2 treatment with 0.7%
sodium chlorite of cow’s milk resulted in 80 to 90% reduction
caused by Staphylococcus aureus and Streptococcus
agalactiae, thereby extending the shelf life. Wang et al.
(2002) mentioned that raw milk mixed with 0.05–0.1%
ClO2 could retain freshness for 24 h. Furthermore, ClO2 was
removed completely within 3–4 h without any residues in the
raw milk.

Aquatic Products

In seafood, ClO2 treatment did not accelerate lipid oxidation or
reduce the availability of three omega-3 fatty acids, although
some vitamins were reduced (George 2005). Furthermore,
ClO2 effectively controls microbes on aquatic products, thus,
prolonging their preservation time and increasing food safety.
Vibrio parahaemolyticus that bio-accumulated in different tis-
sues of oyster could be completely degraded after 6-h treat-
ment with 20 mg L−1 of ClO2 (Wang et al. 2010a). Shin et al.
(2004) reported that ClO2 solution at 100 mg L−1 reduced the
load of three pathogenic bacteria (E. coli, Salmonella, and L.
monocytogenes) on the surface of fish, thereby increasing their
safety for consumption. Kim et al. (1999) also noted that treat-
ment with 20 or 200 mg L−1 aqueous ClO2 instead of chlorine
of Atlantic frog and red-painted fish can significantly decrease
the loads with E. coli and Salmonella. Similarly, Ji et al. (2018)
noted that the total initial colonies of pomfret were reduced by
2 log CFU g−1 in 30 μg mL−1 ClO2 treatment. Luo et al.
(2017) indicated that ClO2 was beneficial in retaining the sen-
sory quality, preventing melanosis, and delaying texture dete-
rioration of Penaeus vannamei stored at 0 °C, and the effect
increased with concentrations.

Food Crops

Insects and microorganisms, in particular mycotoxin-
producing fungi, decreased the quality of grains such as
wheat and rice during storage. Compared with methyl
bromide and phosphine, Han et al. (2018) reported that the
viability of rice and wheat seeds treated with ClO2 gas was

suppressed within 50 or 100 mg L−1 after 12 h, whereas the
viability of rice seeding was not significantly influenced.
Furthermore, residues of ClO2 after treatment were not detect-
ed in either rice or wheat. Sun et al. (2017a) noted that aqueous
ClO2 (15 mg L−1) significantly inactivated Fusarium
graminearum F7875, which produces mycotoxin and causes
grain disease. Cao et al. (2010) noted that ClO2 reduced the
microbial population better than other treatments (hydrogen
peroxide, peroxyacetic acid), but caused severely lower solu-
ble solids content (SSC) and higher lignification in sliced few-
flower wild rice (Zizania latifolia Turcz.). Conversely, Liu
et al. (2010) noted that 100 mg L−1 aqueous ClO2 and
80 mg L−1 peroxyacetic acid effectively retained tenderness
and alleviated the lignification and fibrosis of few-flower wild
rice (FFW) by inhibiting the activities of PAL, POD, and PPO
enzymes, enhancing the activities of SOD and CAT enzymes.

Edible Flowers

ClO2 extended the life of fresh-cut flowers by reducing bac-
terial accumulation in vase water and on the peduncles. Nian
et al. (2017) found that 50mg L−1 of ClO2 solution could slow
down ethylene production and increase soluble protein con-
tent and antioxidant activities in petals to extend the best view
of tree peony cut flowers.

Condiments

Liu (2005) reported that a 5-min treatment with ClO2 solution
of shallots and sliced ginger decreased the number of total
colonies significantly. Similarly, Lian et al. (2007) found that
treatment of low-salted garlic by 30 mg kg−1 ClO2 resulted in
a decrease of the total numbers of colonies that were larger
than that observed for other preservatives, SB (sodium benzo-
ate) and PS (potassium sorbate). In addition, ClO2 inhibits the
browning of garlic during storage as reported in recent studies
(Lian et al. 2007).

Conclusions

ClO2 is extensively utilized commercially in several countries
all over the world in order to inactivate microorganisms and
maintain the quality of food. However, further work will be
needed to develop new formulations and portable equipment
able to detect actual pathogen concentrations, and to improve
the use and application guidelines of ClO2 treatment for dif-
ferent agricultural products. In addition, intensive research is
needed to understand the regulation mechanism of physiolog-
ical and biochemical changes in genomics and proteomics of
agricultural products after ClO2 treatment and the regulation
of changes in appearance and colors as well as intrinsic nutri-
tion is also required.
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