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1 | INTRODUCTION

Abstract

Microbial quality assurance has always been an important subject in the production,
trade, and consumption of medicinal and aromatic plants (MAPs). Most MAPs have
therapeutic and nutritional properties due to the presence of active substances such
as essential oils, flavonoids, alkaloids, etc. However, MAPs can become infected with
microorganisms due to poor hygienic conditions during cultivation and postharvest
processes. This problem reduces the shelf life and effective ingredients of the prod-
uct. To overcome these problems, several technologies such as using ethylene oxide
gas, gamma irradiation, and steam heating have been used. However, these technolo-
gies have disadvantages such as the formation of toxic by-products, low consumer
acceptance, or may have a negative effect on the quality of MAPs. This requires a
need for novel decontamination technology which can effectively reduce the biologi-
cal contamination and minimize the food quality losses. In recent years, new technolo-
gies such as ozonation, cold plasma, ultraviolet, infrared, microwave, radiofrequency
and combination of these technologies have been developed. In this review, biologi-
cal contamination of MAPs and technologies used for their decontamination were
studied. Also, the mechanism of inactivation of microorganisms and the efficacy of
decontamination techniques on the qualitative and microbial characteristics of MAPs

were investigated.
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and nutrients, have therapeutic and nutritional properties with
regard to their structure (Barata et al., 2016; Embuscado, 2015;

The use of medicinal and aromatic plants (MAPs) dates back to the Yilmaz, 2020). These properties are obtained from different parts
ancient Egyptians and today they are used in most countries in of the plant, such as leaves, roots, flowers, fruits, and seeds (Saha &
the food and pharmaceutical industries. MAPs, due to their active Basak, 2020). According to the World Health Organization (WHO),
substances such as essential oils, flavonoids, alkaloids, minerals, approximately 60% of the world's population rely on these plants
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and the demand on their derivatives is increasing noticeably because
of their nutritional and medicinal values (Kiani et al., 2016; Shrestha
& Dhillion, 2003).

MAPs are considered as one of the most important strategies
with respect to the health and trade in all countries of the world.
So, their exports play a chief role in a country's economy. According
to the International Trade Center, MAPs are traded annually in the
world for 4 billion dollars and are anticipated to grow to about 6.5
billion dollars in the near future (Jack, 2006). Global imports of MAPs
in 2016 were reported at 660,261 metric tons worth $ 2.9 billion
and exports at 537,149 metric tons worth $ 3 billion. China, India,
Canada, the United States, and Germany, with about 60% of global
exports, are the main suppliers of MAPs. Germany, the United States,
China, Japan, and Singapore also accounted for 50% of global imports
(Nguyen et al., 2019). Currently, the most important MAPs for world
trade are black pepper, cardamom, vanilla, cloves, ginger, cinnamon,
cassia, and turmeric found in the tropics, and coriander, cumin, sage,
thyme, and mints in the nontropical regions (Embuscado, 2015).

MAPs, like other agricultural products, may be exposed to a wide
range of contaminants, such as pesticides and herbicides, heavy
metals, biological contamination, polycyclic aromatic hydrocarbons,
and other environmental contaminants (Chan, 2003; Smith-Hall
et al., 2012). Studies have shown that biological and chemical aspects
share the greatest part of contamination. Biological contamination
of MAPs such as fungi, yeast, viruses, bacteria and their spores, and
insects (living or dead) can occur at any stage during production
and marketing (Chmielewski & Migdat, 2005; de Freitas Aradjo &
Bauab, 2012). Factors that lead to an increase in these contaminants
include the delay in drying time, improper drying, postharvest pro-
cesses, exposure to contaminated surfaces, inappropriate transporta-
tion, and moisture absorption during storage. Storage and processing
conditions basically determine the quality of the final MAPs. These
problems are more prevalent in tropical and subtropical regions, be-
cause the high temperature and moisture contents are favorable to
fungal growth and toxin production (Zhang et al., 2012). Microbial
contamination of MAPs is an important subject with respect to con-
sumer safety, negative impacts on active substances, and nutritional
properties of these plants, their export, and the quality standards of
importing countries. Additionally, it reduces the shelf life of the prod-
uct and also the accumulation of mycotoxins (Kneifel et al., 2002;
Kosalec et al., 2009; Stepien et al., 2011; Waskiewicz et al., 2008).

Mycotoxins are secondary metabolites that are formed by a wide
range of contaminating fungi in a variety of foods and agricultural
products around the world and potentially endanger human health
(Science, 2003). According to the Food and Agriculture Organization
of the United Nations, about 25% of the world's crops have been
contaminated by mycotoxins during growth or storage (Wu, 2007).
Therefore, the microbial load in the product must be minimized or
completely eliminated. Although the use of preventive measures
such as good manufacturing practice (GMP) and guidelines on good
agricultural and collection practices (GACP) can control these con-
taminants, the necessary infrastructure has not yet been provided
in many areas of the world (Kosalec et al., 2009). Considering that

medicinal plants and spices are collected from different areas of the
world, their quality control and microbial safety play an important
role in their trade and consumption. A lot of equipment and tech-
niques have been employed to decontamination of medicinal and
aromatic plants and their derived products. The most common com-
mercially available methods for decontaminating MAPs are ethylene
oxide and methyl bromide, heat treatment, and gamma irradiation.

Ethylene oxide and methyl bromide fumigation is currently
banned in the United States and the European Union due to the for-
mation of toxic and carcinogenic by-products (Sanchez-Maldonado
et al., 2018; Shirkole et al., 2020). In the gamma-irradiation method,
the maximum dose used should not exceed 10 kGy, as it endangers
the health of consumers and can also cause structural damage to
the food products such as, odor, color, flavor, and the reduction of
volatile compounds regarding these technologies. Also, high cost of
the decontamination process, formation of radioactive materials in
packaged products, and a poor consumer acceptance toward irri-
tated foods have been reported (Cho et al., 2017; Verma et al., 2021).
Steam treatment also has adverse effects on physicochemical qual-
ities, nutritional properties, and quality parameters of the product.
Furthermore, it requires a heat treatment step because of damp-
ened surface of the product, which does necessitate high energy
consumption (Cheon et al., 2015; Molnar et al., 2018; Schweiggert
et al., 2007). This requires a need for a new decontamination tech-
nology that can effectively reduce the biological contamination and
minimize the food quality losses.

In recent years, new methods include: physical (ultraviolet, cold
plasma), chemical (ozone), and thermal methods (infrared, micro-
wave, and radiofrequency) or a combination of them (combination
of two or more technologies to achieve synergistic effects) which
have been used by the researcher. Novel technologies for decon-
tamination have attracted the attention of a lot of food manufactur-
ers. Some new technologies are all under research in laboratories,
while other novel technologies are still undergoing initial testing.
To the best of our knowledge, no comprehensive research has been
done on the equipment and systems used to decontaminate MAPs.
Hence, the path taken in this article is to review the technologies
used in MAPs' decontamination and their effects on the physico-

chemical and microbial properties of MAPs.

2 | COMMON METHODS FOR
DECONTAMINATION

2.1 | Ethylene oxide and methyl bromide injection
Ethylene oxide and methyl bromide treatment is a decontamination
method that has been commonly used to decrease microbial infec-
tion in MAPs due to its efficiency and relatively low cost. Despite
the above advantages, this method was banned for the formation
of toxic by-products, carcinogenicity, safety, and environmental

issues in 1991 by the European Union and many other countries
(Schweiggert et al., 2007; Asill et al., 2013).
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2.2 | Gamma irradiation

Irradiation is the amount of energy required for ionization that is trans-
ferred from the radiation source (¢°Co or *¥’Cs) to the food. Its main
mechanism of inactivation of microorganisms is damaging the DNA
of the cell (Khawory et al., 2020). Gamma irradiation was approved in
1983 by the Codex Alimentarius Commission (CAC) for microbiologi-
cal decontamination of MAPs and is currently used in at least 51 coun-
tries up to a maximum dosage of 10 kGy (Khawory et al., 2020). One of
the main advantages of gamma irradiation is its effective penetration
depth and also its power to decontaminate the internal parts of the
product. Numerous studies have shown the positive effects of gamma
irradiation on reducing the microbial load of MAPs (Al-Bachir, 2007,
Al-Bachir et al., 2004; Kamat et al., 2003). Irradiation reduces the
damage caused by microbial contamination and insects. In addition,
this method is fast, convenient, and user-friendly. As well, the chance
of recontamination of MAPs reduces because disinfestation takes
place after packaging (Farkas, 1998; Khattak & Simpson, 20009).
Gamma irradiation can be used at controlled doses, and higher doses
can only be used in certain cases. In other words, in gamma irradia-
tion, the maximum amount of absorption for food should not exceed
10 kGy, as it endangers the health of consumers and affects the struc-
tural and sensory characteristics of food. However, irradiation has
been reported to have disadvantages such as potential impacts on
the quality of MAPs, the high cost of the process, the formation of
radioactive materials in packaged products, and the general lack of
acceptance of products by consumers (Akbas & Ozdemir, 2008; Ban
et al., 2018; Chytiri et al., 2005; Gumus et al., 2011).

2.3 | Steam heating

The steam heating system has been successfully used in the MAPs’
industries for decontamination. Depending on the operation tem-
perature, steam heating systems are divided into two categories:
saturated steam (SS) and superheated steam (SHS). Saturated
steam is a common method used for decontaminating spices in the

United States and Europe in two ways: continuous or batch (Abba

E Band heater
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. Pump
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et al., 2009; Schweiggert et al., 2007). The general schematic of the
saturated steam/superheated steam decontamination machinery
with its components is shown in Figure (1).

The amount of steam produced in this system varies according
to the inlet power to the system (inlet power to the boiler and su-
perheater) and the capacity of the boiler. The working mechanism
of this method is executed on the basis of steam use at a tempera-
ture of 100-200°C. For this purpose, the steam flow conveys heat to
the surface of the product (convective heat transfer) to increase the
temperature of the product and also to decontaminate it. Microbial
contamination in plants has been reduced greatly with respect to
temperature and time treatments, and gradually settled within the
standard range. However, treatment with steam heating system en-
counters some disadvantages such as high energy consumption, com-
plexity of equipment, color and sensory alterations, and reduction of
volatile compounds (Ban & Kang, 2016; Brodowska et al., 2014; Rico
et al., 2010; Tateo & Bononi, 2006; Waje et al., 2008).

There are some companies which manufacture steam sys-
tems to decontaminate MAPs, such as Napasol AG (Rotosol® and
Statisol®), Ventilex® (Ventilex continuous steam sterilizing system),
Log5® (continuous HT-ST “In-Flow” steam TEMA Process BV decon-
tamination process), ETIA (Safesteril®), Revtech (Revtech®), etc. In
these technologies, saturated steam is used for decontamination,
and additional equipment is taken to control condensation and the
uniformity of the decontamination operation. Also, these systems
are useful for decontamination of MAPs, but they are expensive.
Therefore, the development of new technologies is needed consid-
ering environmental issues, optimal energy consumption, and pro-

duction of high-quality goods.

3 | NEW TECHNOLOGIES

3.1 | Ozone injection
The use of ozone in 2001 in both gaseous and water-soluble forms
has been approved by the US Food and Drug Administration as a

strong oxidation for decontamination and food processing (Khadre
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et al., 2001). Using ozone as a safe method, to inactivate microor-
ganisms, has been increased with respect to the food industry,
especially for fluid foods. The schematic diagram of the ozone
treatment system (water-soluble) is shown in Figure (2). The system
consists of four main parts: an oxygen chamber, an ozone detector,
an ozone generator, and a treatment chamber. For this purpose, all
the oxygen molecules enter the generator and decompose to sin-
gle oxygen molecules during reactions by ultraviolet (UV) irradia-
tion, then the oxygen atoms react with each other to form ozone
molecules (Mohammadi et al., 2017). The produced ozone is then
injected into the chamber and the decontamination process trig-
gered subsequently. Ozone antimicrobial property is associated
with the oxidation of double-bond cellular compounds such as
phenolic rings and sulfhydryl groups, which ultimately lead to cell
death (Aponte et al., 2018; Pandiselvam, Mayookha, et al., 2020).
Ozonation has been reported to decrease the microbial load on food
powders (Akbas & Ozdemir, 2008; Ha & Kang, 2014; Pandiselvam,
Subhashini, et al., 2019; Proctor et al., 2004; Tiwari et al., 2010).
Decontamination efficiency with ozone technology is affected by
factors such as the type of microorganisms, the amount of micro-
bial contaminations, temperature, pH medium, relative humidity,
additives, and the amount of organic matter around the cell (Han
et al.,, 2002; Kim et al., 1999; Manousaridis et al., 2005). However,
the main disadvantage of this technique is the potential toxicity of

FIGURE 2 Schematic diagram of the

ozone molecules to the operator. Therefore, the decontamination
process should only be performed in an isolated and well-ventilated
chamber. Ozone should also be allowed to be decomposed to oxy-
gen molecules, which usually takes 20 to 50 min at room tempera-
ture (Skara & Rosnes, 2016; Thanushree et al., 2019).

3.2 | Cold plasma

Since the mid-1990s, plasma has been used to inactivate microor-
ganisms. However, this method has recently been studied in the
food industry (Li & Farid, 2016). In general, plasma is of two types:
cold plasma and thermal plasma. Cold plasma is a relatively ionized
gas that is coupled from energy sources such as corona discharge,
dielectric barrier discharge (DBD), microwave discharge, pulse dis-
charge, high-frequency discharge with gaseous medium such as
nitrogen, oxygen, air, hydrogen, halogen, argon, or combination of
them (Sakudo et al., 2020; Scholtz et al., 2015). Common electri-
cal discharge equipment for the generation of cold plasma is shown
in Figure (3). Reactions of various plasma compounds such as free
radicals, charged particles, ultraviolet photons, ions, and heat lead
to the oxidation of microbial cell membrane, DNA alteration, and
thus inactivating microorganisms (Gallagher et al., 2007; Laroussi
& Leipold, 2004; Lee et al., 2015). Cold plasma is a relatively fast,
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environmentally safe, and low-temperature processing method
that has been successfully recruited to inactivate microorganisms
of MAPs (Kalkaslief-Souza et al., 2007; Kim et al., 2014; Pankaj &
Keener, 2018). Plasma decontamination efficiency depends mainly
on the type of gas, voltage, the energy source, gas composition,
treatment time, type of product, and the relative humidity (Li &
Farid, 2016; Patil et al., 2014).

However, cold plasma has disadvantages such as poor penetra-
tion capacity into food (especially solid foods) and unavailability on
a commercial scale. In addition, information about its impact on the
quantity and quality of active substances of product is limited (Ebadi
etal., 2019).

3.3 | Ultraviolet irradiation

Ultraviolet irradiation was first used in France in 1906 to decon-
taminate beverages (Li & Farid, 2016). Ultraviolet is a nonthermal
technology that uses electromagnetic spectrum (100-400 nm) to
inactivate microorganisms. Its antimicrobial effect has been effec-
tively confirmed within the range of 200-280 nm (ultraviolet-C)
(Pedrés-Garrido et al., 2018). Inactivation of microorganisms comes
from the ability of ultraviolet to penetrate the cell membrane and to
damage the DNA or RNA of microorganisms, thus preventing their
proliferation (Escalona et al., 2010; Gabriel, David, et al., 2020). This
method can potently inactivate microbes and has recently been
successfully used to decrease the microbial load of solid food sam-
ples (Fonseca & Rushing, 2006; Gabriel et al., 2017; Pérez-Gregorio
et al., 2011). Decontamination efficiency by ultraviolet depends on
factors such as the type of microorganisms, ultraviolet dose, and
temperature of the treatment and the surface characteristics of the
food (Fan et al., 2017). Failure to expose the total and effective sur-

face of the product to ultraviolet and nonuniform decontamination

Air flow outlet

Filter

UV-lamps

Fluidized spice flow

Quartz tube

Air flow inlet

FIGURE 4 Schematic diagram of the ultraviolet (UV-C) system

operations are among the disadvantages of ultraviolet irradiation.
To solve this problem, it is proposed to use a combined fluidized bed
system with ultraviolet (Figure 4). However, this method has a low
penetration depth and its application is limited to inactivating sur-
face microorganisms (Guerrero-Beltr-and Barbosa-C:novas, 2004).

3.4 | Infrared radiation

In recent years, infrared radiation (IR) has been studied as a new
technology for MAPs’ decontamination. IR is a region of electro-
magnetic spectrum with a wavelength in the range of 0.76 pm-1 mm
between ultraviolet and microwaves. IR is generally divided into 3
spectral regions: near-infrared sections (0.76-2 um), mid-infrared
(2-4 um), and far-infrared (4-1000 pm) (Eliasson et al., 2015). In
general, far-infrared is used for food processing because most food
compounds absorb radiant energy within this range. Infrared radia-
tion is absorbed by organic compounds in low-water activity foods
such as protein, lipids, and sugars. The mechanism of infrared inacti-
vation takes place through the absorption of energy by organic food
compounds and damage to DNA, RNA, and proteins in microbial
cells (Gurtler et al., 2014; Rifna et al., 2019; Sandu, 1986). The sche-
matic of the IR heating system is shown in Figure (5). Several studies
had examined the antimicrobial effects of infrared radiation (Bingol
et al.,, 2011; Brandl et al., 2008; Eliasson et al., 2015; Erdogdu &
Ekiz, 2013; Ha et al., 2012). Infrared decontamination efficiency de-
pends on parameters such as decontamination temperature, infra-
red power, distance from the source, etc. (Rifna et al., 2019). Infrared
heating has a penetration depth of 0.31-4.76 mm depending on the
product and the wavelength used, so infrared heating is considered
as a surface heating technology (Eliasson et al., 2015). However, in-

frared radiation has not been widely used as an alone energy source.

O ?

/

-—-d

a: IR lamp
c : Sample

b : Heating distance
d : Extendable jack

FIGURE 5 Schematic of infrared (IR) heating equipment
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3.5 | Microwave heating

Microwaves are a type of nonionizing radiation of electromagnetic
waves with wavelengths and frequencies in the range of 1 mm-1 m
and 300 MHz-30 GHz, respectively. In general, two frequencies,
915 and 2450 MHz, have been employed for medical, industrial, and
scientific applications (Pankaj et al., 2018). The wavelength related
to these frequencies is in the range of 12-24 cm. A schematic of a
microwave heating system is shown in Figure (6). A conventional mi-
crowave heating system consists of three main components: a mag-
netron, a waveguide, and a sample chamber (Stefanoiu et al., 2016).
Electromagnetic waves are generated by a magnetron and transmit-
ted to the surface of the product via a waveguide.

The interaction of microwaves with the sample depends on the
wave characteristics (frequency and wavelength) and the nature of
the sample. Microwaves penetrate foods and generate heat inside
the product. Due to the interaction of electromagnetic waves with
the sample, the heat is generated in the food via dipolar rotation
and ionic conduction. In microwave heating, the major mechanism of
heat generation is the rotation of dipoles, in which the dipole mol-
ecules rotate in the presence of an electromagnetic field and the
friction caused by them leads to the generation of heat. The amount
of heat generated is a function of the electromagnetic frequency,
dielectric properties of the material, and the intensity of the electric
field (Dev et al., 2012). In microwave heating, the mechanism of in-
activation of microorganisms is based on the electroporation of cell
membranes, which, based on the intensity of the electric field used,
leads to the formation of reversible or irreversible pores (Palgan
etal., 2012).

For the volumetric heating mechanism and low processing time,
microwave heating (dielectric heating) has been extensively hired in
pasteurization and sterilization of food. The microwave sterilization
process takes place in the temperature range of 110-130°C. This
method effectuates more preservation of nutrients, vitamins, and

aromatic compounds in solid foods compared to conventional heat

MW absorber

Circulator
MW meter

~

Mw
generator

treatments. The following is a summary of research on decontamina-
tion using a microwave heating system.

Eliasson et al. (2015) examined two methods of microwave heat-
ing and infrared heating (98°C for 20 min) in order to reduce the mi-
crobial load of paprika powder. The results showed that microwave
and infrared treatments reduced the total number of mesophilic
bacteria by 4.8 and 3.8 log units, respectively.

Jeevitha et al. (2016) investigated the effect of different micro-
wave treatments such as microwave power (663 and 800 W), treat-
ment time of 1-15 min, and moisture content (110 and 260 g/kg on a
wet basis) on the microbial load of black pepper. The results showed
that the power level of 663 W for 12.5 min reduces the microbial
load down to the standard level. Eventually, it was reported that mi-
crowave heating can be recruited effectively to lessen the microbial
load of black pepper without affecting its quality properties.

Behera et al. (2017) investigated the effect of different micro-
wave treatments such as microwave power density (10, 33.5, and
57 W/g), treatment time (10, 20, and 30 s), and product thickness
(1, 2, and 3 mm) on the microbial and physical properties of dried
turmeric powder. The results showed that the decrease of more than
one log in the total number of yeast and molds leads to a signifi-
cant reduction in the product's moisture. Microwave power density
significantly affected water activity, final product temperature, and
the number of yeast and molds. However, the sample thickness and
treatment time only exerted influence on the final product tem-
perature, water activity, and total moisture losses. The results of
numerical optimization revealed that the power density of 57 (W/g),
thickness of 1.64 mm, and treatment time of 30 s bring on the opti-
mal values of the dependent variables.

The efficacy of microwave treatment depends on factors such as
treatment time, product geometry, type of microorganism, power,
and frequency range hired (Jiang et al., 2018). However, microwave
heating has disadvantages including nonuniform heating and the
formation of cold spots inside food, which has limited the industrial
use of this method for disinfection.

Tuning screws

FIGURE 6 Components of an industrial
microwave heating system

— MW cavity

Food material
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3.6 | Radiofrequency heating

Radiofrequency is a type of dielectric heating, which has the po-
tential for uniform and rapid heating of solid and semisolid samples.
Radiofrequency is part of electromagnetic waves with a frequency
in the range of 30 kHz-300 MHz. Usually, three frequencies of
13.56, 27.27, and 40.68 MHz are used in food processing (Stefanoiu
et al., 2016). In this method, unlike microwave heating, ionic con-
duction is the main mechanism of heat produced inside the product
(Dev et al., 2012). The displacement of ions with opposite charges
in the presence of an alternating electric field leads to an increase
in the kinetic energy of the molecules and thus to an increase in
the temperature of the product. In radiofrequency heating, the heat
generated inside the food as a result of radiofrequency radiation is
absorbed by the DNA of microorganisms, and subsequently it leads
to a change in their physical structure and reduced function (Rifna
etal., 2019).

A schematic of the radiofrequency heating system is shown
in Figure (7). A conventional radiofrequency system consists of
a radiofrequency generator, an adapter, and an applicator (Dev
et al., 2012). The applicator consists of two metal plates between
which the product is placed. These plates (electrodes) form a capac-
itor with the food. In radiofrequency heating, the electrodes do not
come into contact with food, so they can easily be used for solid and
liquid foods. The structure of the radiofrequency heating system is
simpler compared to the microwave, in addition to being able to pen-
etrate deeper into the food because of its longer wavelengths and
more uniform field patterns. Radiofrequency heating is now gener-
ally used on an industrial scale for drying processes in the textile,
paper, and biscuit industries (Orsat & Raghavan, 2014). Recently, this
method has been employed to decontaminate solid foods.

The following is a summary of the research carried out in the
field of decontamination hiring a radiofrequency heating system.

Verma et al. (2021) investigated the effect of radiofrequency
heating treatment on the microbial load and quality parameters of
dried basil leaves such as color, total phenol, and antioxidant activity
at three-time levels (45, 55, and 65 s). The temperature of the sam-
ples reached 65, 80, and 100°C during the treatment, respectively.
The results showed that during 55 s, the population of Salmonella
and E. faecium population decreased by 4.8 and 2.7 CFU/g, respec-
tively. Treatment for 65 s also reduced both types of microorganisms

HV transformer

Oscillator tube Tuned circuit

Rectifier

3liE -

Line =

= =RF _[TE

to the desired level without significant changes in product quality
parameters.

Liu et al. (2021) used radiofrequency heating followed by hot air
flow to control the natural microflora of Sichuan pepper. For this,
radiofrequency treatment was applied at 50°C for 10 min, followed
by hot air at 50°C for 10 h. In order to evaluate the desired treat-
ments, microbial load and quality characteristics were compared
with those of the control treatment (50°C for 10 h). The amount
of microbial load in radiofrequency treatment and control sample
was 2.45 + 0.19 log CFU/g (d.b) and 2.95 + 0.20 log CFU/g (d.b),
respectively. However, radiofrequency treatment led to a significant
reduction in color and flavor of the product. Finally, it was reported
that the combination of these two methods can effectively control
the microorganisms of the product, but a remarkable effect will be
observed in the quality parameters of the product.

Decontamination efficiency using radiofrequency treatment
depends on factors such as radiofrequency temperature, sample
geometry, sample moisture, equipment capacity, and the desired
microorganisms (Rifna et al., 2019). However, the dielectric proper-
ties of food change continuously with temperature, and this should
be considered in the design of dielectric heating systems as it might
affect the processing time and uniformity of heating. Therefore,
applying this technology to food decontamination on an industrial
scale requires computer simulation of temperature dependence on

the dielectric properties of materials.

4 | EFFECT OF DECONTAMINATION
TECHNIQUES ON THE QUALITATIVE AND
MICROBIAL CHARACTERISTICS OF MAPS

MAPs which are produced in different regions, besides their physical
and chemical properties, should be evaluated for their microbial con-
tamination. Table (1) provides an overview of the most prominent
studies on the decontamination of MAPs and the impact of these
methods on the qualitative and microbial characteristics of pro-
cessed plants. In addition to reducing the microbial load, the quali-
tative characteristics of the product are affected, so selecting the
most appropriate technology is of great importance for the type of
product. However, an optimal relationship between the qualitative
and microbial characteristics of the product is required. Therefore,
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i
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FIGURE 7 Components of a
radiofrequency heating system
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along with the reduction of the microbial load, the minimization
of the damage to the qualitative characteristics of the product is

achieved subsequently.

5 | COMPARISON OF TECHNOLOGIES

In 2012, Germany, Turkey, Sweden, and Spain launched a joint pro-
ject called GreenFoodec to overcome the limitation of conventional
technologies for MAPs’ decontamination. In this project, whole black
pepper (seed), paprika (powder), and oregano (herb) were decon-
taminated using four technologies: High pressure CO, + ultrasound,
cold plasma, microwave, and infrared radiation. Then, the most ap-
propriate technology for each product was identified on the basis of
physicochemical and microbial parameters of the samples. For this
purpose, cold plasma was suggested for the treatment of black pep-
per (60 min of indirect plasma treatment), CO, + ultrasound for the
treatment of paprika powder (30 min high-pressure carbon dioxide
treatment at 80°C and 150 bar with a power of ultrasounds of 75V),
and infrared treatment for oregano (90°C for a 10-min holding time).
Finally, it was reported that these treatment conditions could be
held as a reference for other specific products. Molnar et al. (2018)
examined the effect of irradiation technologies (1, 5, and 10 kGy),
steam (108-125°C, 20-120 s), microwave (95°C, total treatment
time 100 s), radiofrequency (95, 105, and 115°C for 50-90 s), and
enhanced microwave (moisture (20, 30%), temperature (80, 95°C),
time (0,10 min)) on microbial load, color, aroma, and bioactive com-
ponents (carotenoids, tocopherols, vitamin C) of paprika. Irradiation
has been reported to be the most effective way to reduce micro-
bial load (2-4 orders of magnitude) followed by steam (two orders
of magnitude), enhanced microwave treatment, and radiofrequency
(one magnitude). However, a significant reduction in bioactive com-
ponents (carotenoids, tocopherols) was observed in gamma irra-
diation, volatile aroma compounds in steam, and physicochemical
changes in enhanced microwave treatment and radiofrequency.
Rico et al. (2010) investigated the impact of gamma-irradiation
technology (10 kGy with a dose rate of 2.5 kGy/h) and steam (100°C
for 16 min) on the microbial and physicochemical properties of dried
red pepper during storage at ambient temperature (20 + 2°C) and re-
frigerator (4 + 2°C) conditions for 6 months. The results showed that
gamma irradiation at 10 kGy dose was more effective in the reduc-
tion of initial microbial load than steam treatment with 5-log and 1-2
log, respectively. However, gamma irradiation reduced the content
of capsanthin. In addition, color changes were reported along with
a decrease in sensory parameter in steam-treated samples (room
storage). Finally, gamma irradiation and refrigerated storage were
proposed to minimize physicochemical changes for red pepper pow-
der. Valiasill et al. (2017) studied the effect of two technologies of
decontamination gamma irradiation (3, 7, 10, and 15 kGy) and ozone
gas (0.3, 0.6, and 0.9 mg/L for 10 and 30 min) on the microbial load
of Melissa officinalis. The results showed that ozonation had a greater

effect in reducing the microbial load of M. officinalis. The highest

effects of gamma irradiation and ozone gas were obtained at 15 kGy
and 0.9 mg/L for 30 min, respectively. In the end, the use of ozone
gas was reported on the decontamination of M. officinalis plant due
to the low cost of the process and suitable disinfection techniques
than gamma irradiation.

Combined systems are among the technologies that have re-
cently been used in the decontamination of MAPs. Erdogdu and
Ekiz (2013) used ultraviolet, far-infrared, and the combination of far-
infrared and ultraviolet technologies in the decontamination of black
pepper seeds. In this research, black pepper samples were exposed
to infrared radiation (300°C for 2.78 to 5.88 min, and 350°C for 1.88
to 4.33 min), followed by 2 h of ultraviolet irradiation in intensity
of 10.5 mW/cm?. Infrared radiation for 3.5 and 4.7 min at 350 and
300°C reduced total mesophilic aerobic bacteria to the 10* CFU/g,
while no significant change was observed in color and volatile oils.
However, no significant reduction in total mesophilic aerobic bacte-
ria was observed by ultraviolet irradiation alone or in combination
with infrared technology. Lastly, far-infrared technology was pro-
posed as an appropriate technique for reducing the microbial load of
black pepper seeds without affecting the qualitative characteristics
(moisture content and volatile oils). Ha and Kang (2013) investigated
the impacts of near-infrared and ultraviolet irradiation on food-
borne pathogens and the quality parameter of red pepper powder.
Combination treatments over a 5-min period resulted in a reduction
of 2.78 and 3.34 log CFU Escherichia coli O157: H7 and Salmonella
typhimurium, respectively. Moreover, no significant changes with re-
spect to color parameters, and capsaicin and dihydrocapsaicin con-
tent were observed compared to the control sample (p > .05). Cheon
et al. (2015) hired combined systems of ultraviolet (UV-C) with a ra-
diation intensity of 3.40 mW/cm? accompanying thermal treatments
of 25, 35, 45, 55, and 65°C for 5 and 10 min to cause inactivation
of foodborne pathogens (S. typhimurium and E. coli O157: H7) in
red pepper powder. The results showed that combined treatments
(65°C and 3.40 mW/cm?) reduced the levels of S. typhimurium and
E. coli O157: H7 to 3.06 and 2.88 log CFU/g, respectively. Though
in ultraviolet alone (10 min at intensity of 20.4 kJ/m?), the decrease
in these values was reported to be 0.29 and 0.22 log CFU/g, re-
spectively. There was no significant difference between the color
of the samples in the control sample and the samples treated with
the combined system. Eventually, it was reported that the combined
system is more effective than ultraviolet irradiation alone for de-
contaminating microorganisms without degrading the quality of the
powder, and has been suggested as an alternative to conventional
methods (superheated steam). Choi et al. (2018) examined the ef-
fect of the combined radiofrequency treatments (500, 1000, and
1500 W for 2 min) and cold plasma (700, 1000, and 1500 W for
2 min) on qualitative parameters and microbial characteristics of
red pepper powder. In the combined system, the samples were first
exposed to different radiofrequency powers and instantly placed in
the refrigerator for 5 min. Finally, the samples were transferred into
a cold plasma system. The results revealed that the combined radiof-

requency system and cold plasma were more effective in reducing
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microbial load rather than individual treatments. In addition, the
combined system led to minor changes in the color parameters of
the samples. Eventually, it was reported that the best condition to
reduce the microbial load (S. aureus counts and E. coli 0157: H7 to
3.19 and 3.73 log CFU/g, respectively.) without significant changes
in color parameter or antioxidant activity of red pepper powder was
when using the power of 1500 W in the radiofrequency system and
a power of 1000 W in the cold plasma system. Watson et al. (2020)
examined the combination of ozone, ultraviolet, infrared, and flu-
idized bed systems for decontamination of chili flakes. Treatment
with each method effectively reduced the microbial load to 6 logs
(CFU/g) in <20 min for ozone, 7 logs (CFU/g) in <40 min for UV, and
7 logs (CFU/g) in <20 min for IR. The combination of infrared and
ultraviolet treatments also improved performance compared to in-
dividual treatments. Finally, the combination of infrared and ultra-
violet treatments followed by ozonation (UV and IR for 10 min and
ozone 10 min) was reported to be an effective way to decrease the
contamination in chili flakes; this is due to more effective reduction
in microbial load for infrared and ultraviolet (0.80 log (CFU/g)) com-
pared to ozone first (0.13 log (CFU/g)).

6 | CONCLUSION

MAPs, like other agricultural products, are prone to contamina-
tion with germs, insects, etc. at any step in the production chain.
Therefore, decontamination of MAPs with the aim of reducing ad-
verse effects on raw material compounds, less waste, and more
added value along with consumer health is necessitated. Fumigation
with ethylene oxide and methyl bromide, heat treatment with steam,
and gamma irradiation are common technologies that have been
used on a commercial scale for the decontamination of MAPs. These
technologies have disadvantages such as the formation of toxic by-
products and carcinogenicity, poor acceptance among consumers,
and also the impact on the quality of the product. New technolo-
gies such as ozonation, cold plasma, ultraviolet, infrared, microwave,
and radiofrequency have been used in order for decontamination
of MAPs to overcome these limitations. These technologies have
improved product quality parameters compared to conventional
methods. However, these technologies are limited to a specific prod-
uct (powder, seed, and leaf) and some of them have been used on a
laboratory scale. Combined technologies have recently been studied
for the decontamination of MAPs. It is to be hoped that with the
development of such a system, a major step will be taken to amelio-
rate the quality control of MAPs and thus increase the added value
of the product. Further research is required to develop the system,
by taking into consideration environmental issues, the optimal rela-
tionship between product quality and microbial properties, energy
consumption and continuous process. In addition, after the develop-
ment of such a system, the obstacles that cause the transfer of this
technology should be examined from the laboratory to the industrial
scale, as well as the equipment required on an industrial scale and
the initial economic evaluation of the process.

ACKNOWLEDGEMENT
We thank the Department of Biosystem Engineering, Tarbiat

Modares University, Iran.

CONFLICT OF INTEREST
The authors declare that they have no conflict of interest.

ETHICAL APPROVAL

This study did not involve any human or animal testing.

DATA AVAILABILITY STATEMENT
Data sharing is not applicable to this article, as no datasets were

generated or analyzed during the current study.

ORCID
Edris Rahmati
Mohammad Hadi Khoshtaghaza
org/0000-0001-6754-6401
Ahmad Banakar " https://orcid.org/0000-0002-2536-3305
Mohammad-Taghi Ebadi “= https://orcid.
org/0000-0003-4979-7367

https://orcid.org/0000-0003-2370-5831
https://orcid.

REFERENCES

Abba, D., Inabo, H., Yakubu, S., & Olonitola, O. (2009). Contamination
of herbal medicinal products marketed in Kaduna metropolis
with selected pathogenic bacteria. African Journal of Traditional,
Complementary and Alternative Medicines, 6(1), 70-77.

Akbas, M. Y., & Ozdemir, M. (2008). Effect of gaseous ozone on microbial
inactivation and sensory of flaked red peppers. International Journal
of Food Science & Technology, 43(9), 1657-1662.

Al-Bachir, M. (2007). Effect of gamma irradiation on microbial load and
sensory characteristics of aniseed (Pimpinella anisum). Bioresource
Technology, 98(10), 1871-1876.

Al-Bachir, M., Al-Adawi, M., & Al-Kaid, A. (2004). Effect of gamma ir-
radiation on microbiological, chemical and sensory characteristics
of licorice root product. Radiation Physics and Chemistry, 69(4),
333-338.

Aponte, M., Anastasio, A., Marrone, R., Mercogliano, R., Peruzy, M. F.,
& Murru, N. (2018). Impact of gaseous ozone coupled to passive
refrigeration system to maximize shelf-life and quality of four dif-
ferent fresh fish products. LWT, 93, 412-419.

Ban, C,, Lee, D. H,, Jo, Y., Bae, H., Seong, H., Kim, S. O,, Lim, S., & Choi,
Y. J. (2018). Use of superheated steam to inactivate Salmonella en-
terica serovars Typhimurium and Enteritidis contamination on black
peppercorns, pecans, and almonds. Journal of Food Engineering, 222,
284-291.

Ban, G.-H., & Kang, D.-H. (2016). Effectiveness of superheated steam for
inactivation of Escherichia coli O157: H7, Salmonella Typhimurium,
Salmonella Enteritidis phage type 30, and Listeria monocyto-
genes on almonds and pistachios. International Journal of Food
Microbiology, 220, 19-25.

Barata, A. M., Rocha, F., Lopes, V., & Carvalho, A. M. (2016). Conservation
and sustainable uses of medicinal and aromatic plants genetic re-
sources on the worldwide for human welfare. Industrial Crops and
Products, 88, 8-11.

Behera, G., Sutar, P.,, & Aditya, S. (2017). Development of novel high
power-short time (HPST) microwave assisted commercial decon-
tamination process for dried turmeric powder (Curcuma Longa L.).
Journal of Food Science and Technology, 54(12), 4078-4091.


https://orcid.org/0000-0003-2370-5831
https://orcid.org/0000-0003-2370-5831
https://orcid.org/0000-0001-6754-6401
https://orcid.org/0000-0001-6754-6401
https://orcid.org/0000-0001-6754-6401
https://orcid.org/0000-0002-2536-3305
https://orcid.org/0000-0002-2536-3305
https://orcid.org/0000-0003-4979-7367
https://orcid.org/0000-0003-4979-7367
https://orcid.org/0000-0003-4979-7367

RAHMATI ET AL.

Bingol, G., Yang, J., Brandl, M. T, Pan, Z., Wang, H., & McHugh, T. H.
(2011). Infrared pasteurization of raw almonds. Journal of Food
Engineering, 104(3), 387-393.

Brandl, M. T, Pan, Z., Huynh, S., Zhu, Y. I., & Mchugh, T. H. (2008).
Reduction of Salmonella Enteritidis population sizes on almond ker-
nels with infrared heat. Journal of Food Protection, 71(5), 897-902.

Brodowska, A., Smigielski, K., & Nowak, A. (2014). Comparison of meth-
ods of herbs and spices decontamination. Chemik, 68(2), 97-102.

Chan, K. (2003). Some aspects of toxic contaminants in herbal medicines.
Chemosphere, 52(9), 1361-1371.

Cheon, H.-L., Shin, J.-Y., Park, K.-H., Chung, M.-S., & Kang, D.-H. (2015).
Inactivation of foodborne pathogens in powdered red pepper
(Capsicum annuum L.) using combined UV-C irradiation and mild
heat treatment. Food Control, 50, 441-445.

Chmielewski, A., & Migdat, W. (2005). Radiation decontamination of
herbs and spices. Nukleonika, 50(4), 179-184.

Cho, G., Kim, J. H., Park, T. S., & Cho, K. (2017). Proposing a simple radi-
ation scale for the public: Radiation index. Nuclear Engineering and
Technology, 49(3), 598-608.

Choi, E. J,, Yang, H. S., Park, H. W., & Chun, H. H. (2018). Inactivation of
Escherichia coli O157: H7 and Staphylococcus aureus in red pepper
powder using a combination of radio frequency thermal and indi-
rect dielectric barrier discharge plasma non-thermal treatments.
LWT, 93, 477-484.

Chytiri, S., Goulas, A., Badeka, A., Riganakos, K., & Kontominas, M.
(2005). Volatile and non-volatile radiolysis products in irradiated
multilayer coextruded food-packaging films containing a buried
layer of recycled low-density polyethylene. Food Additives and
Contaminants, 22(12), 1264-1273.

De Freitas Aratjo, M. G., & Bauab, T. M. (2012). Microbial quality of me-
dicinal plant materials. In I. Akyar (Ed.), Latest Research into Quality
Control (pp. 67-81). BoD - Books on Demand.

Deyv, S., Birla, S., Raghavan, G., & Subbiah, J. (2012). Microbial decontam-
ination of food by microwave (MW) and radio frequency (RF). In A.
Demirci & M. O. Ngadi (Eds.), Microbial decontamination in the food
industry (pp. 274-299). Elsevier.

Dogu-Baykut, E., & Gunes, G. (2019). Ultraviolet (UV-C) radiation as a
practical alternative to decontaminate thyme (Thymus vulgaris L.).
Journal of Food Processing and Preservation, 43(6), 1-8.

Dogu-Baykut, E., Gunes, G., & Decker, E. A. (2014). Impact of shortwave
ultraviolet (UV-C) radiation on the antioxidant activity of thyme
(Thymus vulgaris L.). Food Chemistry, 157, 167-173.

Ebadi, M. T., Abbasi, S., Harouni, A., & Sefidkon, F. (2019). Effect of cold
plasma on essential oil content and composition of lemon verbena.
Food Science & Nutrition, 7(4), 1166-1171.

Eliasson, L., Isaksson, S., Lévenklev, M., & Ahrné, L. (2015). A comparative
study of infrared and microwave heating for microbial decontami-
nation of paprika powder. Frontiers in Microbiology, 6, 1071, 1-8.

Eliasson, L., Libander, P., Lévenklev, M., Isaksson, S., & Ahrné, L. (2014).
Infrared decontamination of oregano: Effects on Bacillus cereus
spores, water activity, color, and volatile compounds. Journal of
Food Science, 79(12), 2447-2455.

Embuscado, M. E. (2015). Herbs and spices as antioxidants for food pres-
ervation. In F. Shahidi (Ed.), Handbook of antioxidants for food preser-
vation (pp. 251-283). Elsevier.

Erdogdu, S. B., & Ekiz, H. I. (2013). Far infrared and ultraviolet radiation
as a combined method for surface pasteurization of black pepper
seeds. Journal of Food Engineering, 116(2), 310-314.

Escalona, V. H., Aguayo, E., Martinez-Hernandez, G. B., & Artés, F. (2010).
UV-C doses to reduce pathogen and spoilage bacterial growth in
vitro and in baby spinach. Postharvest Biology and Technology, 56(3),
223-231.

Esmaeili, S., Barzegar, M., Sahari, M. A., & Berengi-Ardestani, S. (2018).
Effect of gamma irradiation under various atmospheres of pack-
aging on the microbial and physicochemical properties of turmeric
powder. Radiation Physics and Chemistry, 148, 60-67.

-Wi LEYM

Fan, X., Huang, R., & Chen, H. (2017). Application of ultraviolet C tech-
nology for surface decontamination of fresh produce. Trends in
Food Science & Technology, 70, 9-19.

Farkas, J. (1998). Irradiation as a method for decontaminating food: A
review. International Journal of Food Microbiology, 44(3), 189-204.

Fonseca, J. M., & Rushing, J. W. (2006). Effect of ultraviolet-C light
on quality and microbial population of fresh-cut watermelon.
Postharvest Biology and Technology, 40(3), 256-261.

Gabriel, A. A, David, M. M. C,, Elpa, M. S. C., & Michelena, J. C. D. (2020).
Decontamination of dried whole black peppercorns using ultravio-
let-c irradiation. Food Microbiology, 88, 103401, 1-8.

Gabriel, A. A., Melo, K. M. D., & Michelena, J. C. D. (2020). Determination
of the utility of ultraviolet-C irradiation for dried bay leaves micro-
bial decontamination through safety and quality evaluations. LWT,
117,108634, 1-7.

Gabriel, A. A., Tongco, A. M. P, & Barnes, A. A. Jr (2017). Utility of UV-C
radiation as anti-Salmonella decontamination treatment for desic-
cated coconut flakes. Food Control, 71, 117-123.

Gallagher, M. J., Vaze, N., Gangoli, S., Vasilets, V. N., Gutsol, A. F,,
Milovanova, T. N., Anandan, S., Murasko, D. M., & Fridman, A. A.
(2007). Rapid inactivation of airborne bacteria using atmospheric
pressure dielectric barrier grating discharge. IEEE Transactions on
Plasma Science, 35(5), 1501-1510.

Guerrero-Beltrn, J. A., & Barbosa-C-novas, G. V. (2004). Advantages
and limitations on processing foods by UV light. Food Science and
Technology International, 10(3), 137-147.

Gumus, T., Albayrak, S., Sagdic, O., & Arici, M. (2011). Effect of gamma
irradiation on total phenolic contents and antioxidant activities of
Satureja hortensis, Thymus vulgaris, and Thymbra spicata from
Turkey. International Journal of Food Properties, 14(4), 830-839.

Gurtler, J. B., Doyle, M. P., & Kornacki, J. L. (2014). The microbiological
safety of low water activity foods and spices (pp. 3-13). Springer.

Ha, J.-W., & Kang, D.-H. (2013). Simultaneous near-infrared radiant heat-
ing and UV radiation for inactivating Escherichia coli O157: H7 and
Salmonella enterica serovar Typhimurium in powdered red pep-
per (Capsicum annuum L.). Applied and Environment Microbiology,
79(21), 6568-6575.

Ha, J.-W., & Kang, D.-H. (2014). Synergistic bactericidal effect of simul-
taneous near-infrared radiant heating and UV radiation against
Cronobacter sakazakii in powdered infant formula. Applied and
Environment Microbiology, 80(6), 1858-1863.

Ha, J.-W.,, Ryu, S.-R., & Kang, D.-H. (2012). Evaluation of near-infrared
pasteurization in controlling Escherichia coli O157: H7, Salmonella
enterica serovar Typhimurium, and Listeria monocytogenes in
ready-to-eat sliced ham. Applied and Environment Microbiology,
78(18), 6458-6465.

Han, Y., Floros, J., Linton, R., Nielsen, S., & Nelson, P. (2002). Response
surface modeling for the inactivation of Escherichia coli O157: H7
on green peppers (Capsicum annuum) by ozone gas treatment.
Journal of Food Science, 67(3), 1188-1193.

Hemmati Moghadam, A., Asefi, N., & Hanifian, S. (2017). Effect of ozone
treatment on quality features and microbial load of sumac, cumin
and pepper spices. Food Hygiene, 7(3(27)), 37-47.

Hertwig, C., Reineke, K., Ehlbeck, J., Erdogdu, B., Rauh, C., & Schliter,
0. (2015). Impact of remote plasma treatment on natural microbial
load and quality parameters of selected herbs and spices. Journal of
Food Engineering, 167, 12-17.

Jack, M. (2006). Marketing manual and web directory for organic spices, cu-
linary herbs and essential oils. International Trade Center. UNCTAD/
WTO.

Jeevitha, G. C., Sowbhagya, H. B., & Hebbar, H. U. (2016). Application of mi-
crowaves for microbial load reduction in black pepper (Piper nigrum
L.). Journal of the Science of Food and Agriculture, 96(12), 4243-4249.

Jiang, H., Liu, Z., & Wang, S. (2018). Microwave processing: Effects and
impacts on food components. Critical Reviews in Food Science and
Nutrition, 58(14), 2476-2489.



RAHMATI ET AL.

ﬂWl LEY-

Kalkaslief-Souza, S. B., Kikuchi, I. S., Mansano, R. D., Moreira, A. J.,
Nemtanu, M. R., & Pinto, T. J. A. (2007). Microbial decontamina-
tion study of some medicinal plants by plasma treatment (pp. 205-
212). International Medicinal and Aromatic Plants Conference on
Culinary Herbs 826.

Kamat, A., Pingulkar, K., Bhushan, B., Gholap, A., & Thomas, P. (2003).
Potential application of low dose gamma irradiation to improve the
microbiological safety of fresh coriander leaves. Food Control, 14(8),
529-537.

Kashfi, A. S., Ramezan, Y., & Khani, M. R. (2020). Simultaneous study
of the antioxidant activity, microbial decontamination and color
of dried peppermint (Mentha piperita L.) using low pressure cold
plasma. LWT, 123, 109121, 1-6.

Kazi, M., Parlapani, F. F., Boziaris, I. S., Vellios, E. K., & Lykas, C. (2018).
Effect of ozone on the microbiological status of five dried aromatic
plants. Journal of the Science of Food and Agriculture, 98(4), 1369-1373.

Khadre, M., Yousef, A., & Kim, J. G. (2001). Microbiological aspects of
ozone applications in food: A review. Journal of Food Science, 66(9),
1242-1252.

Khattak, K. F., & Simpson, T. J. (2009). Effect of gamma irradiation on the
microbial load, nutrient composition and free radical scavenging ac-
tivity of Nelumbo nucifera rhizome. Radiation Physics and Chemistry,
78(3),206-212.

Khawory, M. H,, Sain, A. A, Rosli, M. A. A., Ishak, M. S., Noordin, M. |,
& Wahab, H. A. (2020). Effects of gamma radiation treatment on
three different medicinal plants: Microbial limit test, total phenolic
content, in vitro cytotoxicity effect and antioxidant assay. Applied
Radiation and Isotopes, 157, 109013, 1-30.

Kiani, S., Minaei, S., & Ghasemi-Varnamkhasti, M. (2016). Application
of electronic nose systems for assessing quality of medicinal and
aromatic plant products: A review. Journal of Applied Research on
Medicinal and Aromatic Plants, 3(1), 1-9.

Kim, J. E., Lee, D.-U., & Min, S. C. (2014). Microbial decontamination of
red pepper powder by cold plasma. Food Microbiology, 38, 128-136.

Kim, J. E., Oh, Y. J,, Song, A. Y., & Min, S. C. (2019). Preservation of red
pepper flakes using microwave-combined cold plasma treatment.
Journal of the Science of Food and Agriculture, 99(4), 1577-1585.

Kim, J.-G., Yousef, A. E., & Dave, S. (1999). Application of ozone for en-
hancing the microbiological safety and quality of foods: A review.
Journal of Food Protection, 62(9), 1071-1087.

Kneifel, W., Czech, E., & Kopp, B. (2002). Microbial contamination of me-
dicinal plants-a review. Planta Medica, 68(1), 5-15.

Kosalec, I., Cvek, J., & Tomi¢, S. (2009). Contaminants of medicinal herbs
and herbal products. Arhiv za higijenu rada i toksikologiju, 60(4),
485-500.

Lange, H., Schwarzer, K., Dammann, A., Muller, U., Richert-Poggeler, K.,
& Kriger, H. (2012). Effects of steam and vacuum administration
during decontamination on essential oil content in herbal medi-
cines. Journal of Applied Botany and Food Quality, 85(1), 34-40.

Laroussi, M., & Leipold, F. (2004). Evaluation of the roles of reactive spe-
cies, heat, and UV radiation in the inactivation of bacterial cells by
air plasmas at atmospheric pressure. International Journal of Mass
Spectrometry, 233(1-3), 81-86.

Lee, H., Kim, J. E., Chung, M.-S., & Min, S. C. (2015). Cold plasma treat-
ment for the microbiological safety of cabbage, lettuce, and dried
figs. Food Microbiology, 51, 74-80.

Li, X., & Farid, M. (2016). A review on recent development in non-
conventional food sterilization technologies. Journal of Food
Engineering, 182, 33-45.

Liu, S., Wang, H., Ma, S., Dai, J.,, Zhang, Q., & Qin, W. (2021).
Radiofrequency-assisted hot-air drying of Sichuan pepper (Huajiao).
LWT, 135, 110158, 1-8.

Manousaridis, G., Nerantzaki, A., Paleologos, E., Tsiotsias, A., Savvaidis,
l., & Kontominas, M. (2005). Effect of ozone on microbial, chemi-
cal and sensory attributes of shucked mussels. Food Microbiology,
22(1), 1-9.

Mohammadi, H., Mazloomi, S. M., Eskandari, M. H., Aminlari, M., &
Niakousari, M. (2017). The effect of ozone on aflatoxin M1, oxida-
tive stability, carotenoid content and the microbial count of milk.
Ozone: Science & Engineering, 39(6), 447-453.

Molnar, H., Bata-Vidacs, |, Baka, E., Cserhalmi, Z., Ferenczi, S.,
Tomoskozi-Farkas, R., Adanyi, N., & Székacs, A. (2018). The effect
of different decontamination methods on the microbial load, bioac-
tive components, aroma and colour of spice paprika. Food Control,
83, 131-140.

Mosovska, S., Medvecka, V., Haliaszova, N., Durina, P, Valik, L.,
Mikulajova, A., & Zahoranova, A. (2018). Cold atmospheric pres-
sure ambient air plasma inhibition of pathogenic bacteria on the
surface of black pepper. Food Research International, 106, 862-869.

Newkirk, J. J., Wu, J., Acuff, J. C., Caver, C. B., Mallikarjunan, K., Wiersema,
B. D., Williams, R. C., & Ponder, M. A. (2018). Inactivation of
Salmonella enterica and surrogate Enterococcus faecium on whole
black peppercorns and cumin seeds using vacuum steam pasteuri-
zation. Frontiers in Sustainable Food Systems, 2(48), 1-12.

Nguyen, L., Duong, L. T., & Mentreddy, R. S. (2019). The US import de-
mand for spices and herbs by differentiated sources. Journal of
Applied Research on Medicinal and Aromatic Plants, 12, 13-20.

Orsat, V., & Raghavan, G. V. (2014). Radio-frequency processing. In D. W.
Sun (Ed.), Emerging technologies for food processing (pp. 385-398).
Elsevier.

Palgan, I., Muioz, A., Noci, F., Whyte, P., Morgan, D., Cronin, D., & Lyng,
J. (2012). Effectiveness of combined pulsed electric field (PEF) and
manothermosonication (MTS) for the control of Listeria innocua in
a smoothie type beverage. Food Control, 25(2), 621-625.

Pandiselvam, R., Mayookha, V., Kothakota, A., Sharmila, L., Ramesh, S.,
Bharathi, C., Gomathy, K. & Srikanth, V. (2020). Impact of ozone
treatment on seed germination-a systematic review. Ozone: Science
& Engineering, 42(4), 331-346.

Pandiselvam, R., Subhashini, S., Banuu Priya, E., Kothakota, A., Ramesh,
S., & Shahir, S. (2019). Ozone based food preservation: A promis-
ing green technology for enhanced food safety. Ozone: Science &
Engineering, 41(1), 17-34.

Pankaj, S. K., & Keener, K. M. (2018). Cold plasma processing of fruit
juices. In G. Rajauria & B. K. Tiwari (Eds.), Fruit juices (pp. 529-537).
Elsevier.

Pankaj, S., Shi, H., & Keener, K. M. (2018). A review of novel physical and
chemical decontamination technologies for aflatoxin in food. Trends
in Food Science & Technology, 71, 73-83.

Patil, S., Moiseev, T., Misra, N., Cullen, P., Mosnier, J., Keener, K., &
Bourke, P. (2014). Influence of high voltage atmospheric cold
plasma process parameters and role of relative humidity on in-
activation of Bacillus atrophaeus spores inside a sealed package.
Journal of Hospital Infection, 88(3), 162-169.

Pedrés-Garrido, S., Condén-Abanto, S., Clemente, |., Beltran, J. A, Lyng,
J. G., Bolton, D., Brunton, N., & Whyte, P. (2018). Efficacy of ul-
traviolet light (UV-C) and pulsed light (PL) for the microbiological
decontamination of raw salmon (Salmo salar) and food contact sur-
face materials. Innovative Food Science & Emerging Technologies, 50,
124-131.

Pereira, E., Antonio, A. L., Rafalski, A., Barreira, J. C., Barros, L., & Ferreira,
I. C. (2015). Extending the use of irradiation to preserve chemical
and bioactive properties of medicinal and aromatic plants: A case
study with four species submitted to electron beam. Industrial
Crops and Products, 77, 972-982.

Pereira, E., Barros, L., Duefas, M., Antonio, A. L., Santos-Buelga, C., &
Ferreira, I. C. (2015). Gamma irradiation improves the extractabil-
ity of phenolic compounds in Ginkgo biloba L. Industrial Crops and
Products, 74, 144-149.

Pérez-Gregorio, M., Gonzélez-Barreiro, C., Rial-Otero, R., & Simal-
Gandara, J. (2011). Comparison of sanitizing technologies on the
quality appearance and antioxidant levels in onion slices. Food
Control, 22(12), 2052-2058.



RAHMATI ET AL.

Proctor, A. D., Ahmedna, M., Kumar, J. V., & Goktepe, |. (2004).
Degradation of aflatoxins in peanut kernels/flour by gaseous ozo-
nation and mild heat treatment. Food Additives and Contaminants,
21(8), 786-793.

Rezaee, Z. (2019). Application of non-thermal plasma for decontamina-
tion of thyme and paprika. International Journal of Food and Allied
Sciences, 4(1), 28-30.

Rico, C. W,, Kim, G.-R., Ahn, J.-J., Kim, H.-K., Furuta, M., & Kwon, J.-H.
(2010). The comparative effect of steaming and irradiation on the
physicochemical and microbiological properties of dried red pepper
(Capsicum annum L.). Food Chemistry, 119(3), 1012-1016.

Rifna, E., Singh, S. K., Chakraborty, S., & Dwivedi, M. (2019). Effect
of thermal and non-thermal techniques for microbial safety in
food powder: Recent advances. Food Research International, 126,
108654, 1-21.

Saha, A., & Basak, B. B. (2020). Scope of value addition and utilization
of residual biomass from medicinal and aromatic plants. Industrial
Crops and Products, 145, 111979, 1-16.

Sajjabut, S., pewlong, W., Eamsiri, J., Chookaew, S., Kemtong, K., &
Maikaeo, L. (2019). Induction of gamma irradiation for microor-
ganism decontamination of dried lotus pollen (Nelumbo nucifera).
Journal of Physics: Conference Series, 1285(1), 1-5.

Sakudo, A., Misawa, T., & Yagyu, Y. (2020). Equipment design for cold
plasma disinfection of food products. In D. Bermudez-Aguirre (Ed.),
Advances in cold plasma applications for food safety and preservation
(pp. 289-307). Elsevier.

Sanchez-Maldonado, A. F., Lee, A., & Farber, J. M. (2018). Methods for
the control of foodborne pathogens in low-moisture foods. Annual
Review of Food Science and Technology, 9, 177-208.

Sandu, C. (1986). Infrared radiative drying in food engineering: A process
analysis. Biotechnology Progress, 2(3), 109-119.

Scholtz, V., Pazlarova, J., Souskova, H., Khun, J., & Julak, J. (2015).
Nonthermal plasma—A tool for decontamination and disinfection.
Biotechnology Advances, 33(6), 1108-1119.

Schweiggert, U., Carle, R., & Schieber, A. (2007). Conventional and al-
ternative processes for spice production-a review. Trends in Food
Science & Technology, 18(5), 260-268.

Science, C. f. A. (2003). Mycotoxins: Risks in plant, animal, and human sys-
tems. Council for Agricultural.

Shavandi, M., Kashaninejad, M., Sadeghi, A., Jafari, S. M., & Hasani, M.
(2019). Decontamination of Bacillus cereus in cardamom (Elettaria
cardamomum) seeds by infrared radiation and modeling of mi-
crobial inactivation through experimental models. Journal of Food
Safety, 40, e12730, 1-11.

Shirkole, S. S., Jayabalan, R., & Sutar, P. P. (2020). Dry sterilization of
paprika (Capsicum annuum L.) by short time-intensive microwave-
infrared radiation: Establishment of process using glass transition,
sorption, and quality degradation kinetic parameters. Innovative
Food Science & Emerging Technologies, 62, 102345, 1-12.

Shrestha, P. M., & Dhillion, S. S. (2003). Medicinal plant diversity
and use in the highlands of Dolakha district, Nepal. Journal of
Ethnopharmacology, 86(1), 81-96.

Skara, T., & Rosnes, J. T. (2016). Emerging methods and principles in food
contact surface decontamination/prevention. In C. E. Leadley (Ed.),
Innovation and future trends in food manufacturing and supply chain
technologies (pp. 151-172). Elsevier.

Smith-Hall, C., Larsen, H. O., & Pouliot, M. (2012). People, plants and
health: A conceptual framework for assessing changes in medicinal
plant consumption. Journal of Ethnobiology and Ethnomedicine, 8(1),
1-11.

Stefanoiu, G.-A., Tanase, E. E., Mitelut, A. C., & Popa, M. E. (2016).
Unconventional treatments of food: Microwave vs. radiofrequency.
Agriculture and Agricultural Science Procedia, 10, 503-510.

Stepien, t., Koczyk, G., & Waskiewicz, A. (2011). Genetic and phenotypic
variation of Fusarium proliferatum isolates from different host spe-
cies. Journal of Applied Genetics, 52(4), 487-496.

-Wi LEYﬂ

Tateo, F., & Bononi, M. (2006). Determination of ethylene chlorohydrin
as marker of spices fumigation with ethylene oxide. Journal of Food
Composition and Analysis, 19(1), 83-87.

Thanushree, M. P, Sailendri, D., Yoha, K. S.,, Moses, J. A, &
Anandharamakrishnan, C. (2019). Mycotoxin contamination in
food: An exposition on spices. Trends in Food Science & Technology,
93, 69-80.

Tiwari, B. K., Brennan, C. S., Curran, T., Gallagher, E., Cullen, P. J., & O'
Donnell, C. P. (2010). Application of ozone in grain processing.
Journal of Cereal Science, 51(3), 248-255.

Torlak, E., Sert, D., & Ulca, P. (2013). Efficacy of gaseous ozone against
Salmonella and microbial population on dried oregano. International
Journal of Food Microbiology, 165(3), 276-280.

Vali asill, R., Azizi, M., Bahreini, M., & Arouiee, H. (2013). The investiga-
tion of decontamination effects of ozone gas on microbial load and
essential oil of several medicinal plants. Notulae Scientia Biologicae,
5(1), 34-38.

Valiasill, R., Azizi, M., Aroiee, H., Bahraini, M., & Morabaian, M. (2017).
The disinfectants effect of gamma radiation and ozone gas on mi-
crobial load of meliss (Melissa officinalis). Journal of Horticulture
Science, 31(2), 226-234. (in persian).

Verma, T., Chaves, B. D., Irmak, S., & Subbiah, J. (2021). Pasteurization
of dried basil leaves using radio frequency heating: A microbial
challenge study and quality analysis. Food Control, 124, 107932,
1-10.

Waje, C. K., Kim, H.-K., Kim, K.-S., Todoriki, S., & Kwon, J.-H. (2008).
Physicochemical and microbiological qualities of steamed and irra-
diated ground black pepper (Piper nigrum L.). Journal of Agricultural
and Food Chemistry, 56(12), 4592-4596.

Waskiewicz, A., Irzykowska, L., Karolewski, Z., Bocianowski, J., Kostecki,
M., Golinski, P., Knaflewski, M. & Weber, Z. (2008). Fusarium
spp. and mycotoxins present in asparagus spears. Cereal Research
Communications, 36, 405-407.

Watson, |., Kamble, P., Shanks, C., Khan, Z., & El Darra, N. (2020).
Decontamination of chilli flakes in a fluidized bed using combined
technologies: Infrared, UV and ozone. Innovative Food Science &
Emerging Technologies, 59, 102248, 1-8.

Wau, F. (2007). Measuring the economic impacts of Fusarium toxins in an-
imal feeds. Animal Feed Science and Technology, 137(3-4), 363-374.

Xie, J., & Hung, Y. C. (2020). Efficacy of pulsed-ultraviolet light for inac-
tivation of Salmonella spp on black peppercorns. Journal of Food
Science, 85(3), 755-761.

Yilmaz, M. A. (2020). Simultaneous quantitative screening of 53 phy-
tochemicals in 33 species of medicinal and aromatic plants: A de-
tailed, robust and comprehensive LC-MS/MS method validation.
Industrial Crops and Products, 149, 112347, 1-13.

Zhang, J., Wider, B., Shang, H., Li, X., & Ernst, E. (2012). Quality of herbal
medicines: Challenges and solutions. Complementary Therapies in
Medicine, 20(1-2), 100-106.

Zhou, Z., Zuber, S., Campagnoli, M., Putallaz, T., Devlieghere, F., &
Uyttendaele, M. (2019). Effect of mild steaming treatment on the
inactivation of Salmonella, Listeria monocytogenes, Escherichia
coli O157: H7 and their surrogates on black peppercorns. Food
Control, 106, 106726, 1-8.

How to cite this article: Rahmati, E., Khoshtaghaza, M. H.,
Banakar, A., & Ebadi, M.-T. (2022). Decontamination
technologies for medicinal and aromatic plants: A review. Food
Science & Nutrition, 10, 784-799. https://doi.org/10.1002/
fsn3.2707



https://doi.org/10.1002/fsn3.2707
https://doi.org/10.1002/fsn3.2707

