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Abstract: Dried fruits, vegetables, herbs, and spices are produced in and sourced from many countries worldwide, but
they have been increasingly reported to be involved in outbreaks and alerts due to the presence of foodborne pathogens
such as Salmonella. These dried products are mainly produced by solar drying and conventional air drying, but a wide
range of drying technologies are available. From a technological point of view the general trend is to optimize and
standardize the drying process to ensure high-quality products to be offered. Drying technologies are mainly evaluated
for their performance to reduce water activity at low energy cost while maintaining good sensorial quality of the dried
product. However, as low water activity foods are increasingly recognized to support microbial survival and dried products
are often consumed as they are, or are used as ingredients in many ready-to-eat foods, there is increasing attention to the
microbiological quality and safety aspects of these products. This review presents traditional and emerging technologies to
dry fruits, vegetables, herbs, and spices and discusses their potential to inactivate bacteria and viruses throughout the drying
process. Overall, the microbial inactivation effect of the presented technologies has not yet been thoroughly assessed,
even for traditional methods like solar drying, conventional air drying, or freeze-drying. Emerging technologies such as
dielectric (assisted) drying and low-pressure superheated steam drying have been shown to reduce microbial populations;
however, the number of studies is still low. Very few studies have focused on viral inactivation during drying processes.
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Introduction
Lowering the water activity of food is among the oldest and

the most common forms of food preservation. A decreased water
activity inhibits the growth of most bacteria, yeasts, and molds,
which are unable to grow below 0.87, 0.88, and 0.80, respectively
(Beuchat and others 2013). Moreover, water removal reduces the
weight of a product, facilitating economical storage, and transport
(Brown and others 2008) and thereby offering a wider distribution
potential (Jayaraman and Das Gupta 1992, 2014). A reduced water
activity also inhibits oxidative and enzymatic reactions, thereby
considerably increasing product shelf-life (Sagar and Suresh Kumar
2010; Jayaraman and Das Gupta 2014; Sokhansanj and Jayas 2014).

Drying and dehydration are complex processes involving simul-
taneous heat and mass transfer to remove moisture from a wet
feedstock (Mujumdar 2014a). The terms drying and dehydration
are not identical. Indeed, in food science the term drying refers to
the removal of free or unbound water, whereas dehydration is used
for removing the moisture to reach 2% to 5% of the initial weight
(Vega-Mercado and others 2001). Although these terms have
different meanings, they are often used interchangeably (Saravacos
and Kostaropoulos 2002).
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The 1st technique to reduce moisture in foodstuffs was sun dry-
ing used as early as 20000 BC (Hayashi 1989). Heat was supplied
by sunlight and wind served as a convective agent. The major
drawbacks of sun drying are dependence on the weather, long
drying time, and low quality of the final products (Hayashi 1989;
Belessiotis and Delyannis 2011; Vijayavenkataraman and others
2012). To avoid the weather dependence and reduce the treatment
time, air drying was introduced. Nowadays, the so-called convec-
tive air drying is the most commonly used drying operation in the
food industry. However, despite low capital costs and low operat-
ing costs, this technique is not energy efficient (Zhang and others
2006; Mujumdar 2014a) and gives physically and chemically al-
tered products due to the high temperatures involved (Brown and
others 2008) and the presence of oxygen (Sagar and Suresh Kumar
2010).

Since the late 19th century, many other techniques were de-
veloped in order to improve the efficiency of the drying without
damaging the quality of the products (Hayashi 1989). A few exam-
ples are vacuum drying, freeze-drying, and fluidized bed drying.
An excellent overview of these dryers and their applications can
be found in the Handbook of Industrial Drying by Mujumdar
and others (2014a). However, in order to minimize organoleptic
changes during drying, the conditions are kept as mild as possible
and many microorganisms may survive the dehydration process
(Morgan and others 2006; Jayaraman and Das Gupta 2014).

Although microbial growth is prevented or retarded in dry prod-
ucts, when a sufficient number of pathogenic microorganisms are

1056 Comprehensive Reviews in Food Science and Food Safety � Vol. 15, 2016
C© 2016 Institute of Food Technologists®

doi: 10.1111/1541-4337.12224



Drying technologies and microbial safety . . .

present after the drying process this may pose a threat to the
consumer. Once in a desiccated state, microbial growth is inhib-
ited, but vegetative cells and spores can remain viable for months
(Beuchat and others 2013). Moreover, when dried materials are
used to prepare foods with a high final water activity, the growth of
surviving organisms may be promoted. This can lead to a quicker
spoilage and/or a higher risk of consumer infection. The prepara-
tion of semidried foods without a pretreatment and/or posttreat-
ment is even more questionable because the drying conditions
are milder, thus potentially increasing the number of microbial
survivors and the risk of human infection.

The risks associated with low water activity foods have been
extensively studied for such products as powdered infant formula
with Salmonella and Cronobacter sakazakii (Iversen and Forsythe
2003, 2004; Oonaka and others 2010; Beuchat and others 2013)
and chocolate with Salmonella (da Silva do Nascimento and others
2010); and this is a well-known problem in many other com-
modities and other pathogens (Farakos and Frank 2014). In these
products, however, the contamination may occur as a posttreat-
ment contamination because the raw materials are pasteurized be-
fore processing (Nascimento and others 2012; Beuchat and others
2013). For herbs, spices, fruits, and vegetables, the microbial con-
taminants are usually introduced during primary production or
during harvesting, storage, and transportation. If after harvest and
during storage no further washing or decontamination treatment
is applied, the drying of the material may be the single step for
reducing the present microbiota. Surprisingly, few studies have fo-
cused on the pasteurization effect of the drying processes. Even for
old techniques like sun/solar drying and air drying, the behavior
of microorganisms on solid food matrices has been scarcely studied
during dehydration. This review presents old and emerging drying
technologies for fruits, vegetables, herbs, and spices and discusses
the inactivation of microorganisms after drying, with a focus on
foodborne pathogens and viruses.

Outbreaks and Recalls Associated with Dried Fruits,
Vegetables, Herbs, and Spices

Concern about the microbial safety of dried fruits, vegetables,
herbs, and spices has risen in recent years. Table 1 and 2 list,
respectively, the foodborne outbreaks and the recalls associated
with these dried products based on analysis of the peer-reviewed
literature and reports of competent food safety authorities. It
has to be noted that most of the reported outbreaks and recalls
are from North America and Europe, probably due to higher
awareness, enforced border controls, and better reporting systems.
Thus, this information is probably the top of the iceberg of the
actual incidence of microbial food safety issues and foodborne
pathogens associated with dried fruits, vegetables, herbs, and spices
worldwide. As shown in Table 1 and 2, the foodborne pathogens
identified as the most prominent hazards related to these dried
products are Salmonella, Bacillus cereus, Clostridium perfringens, and
Hepatitis A virus, although the latter has only been reported for
the specific case of semidried tomatoes. All of these pathogens are
known to persist and survive well in low-moisture foods and the
related production environment (Koopmans and Duizer 2004;
Farakos and Frank 2014). Therefore, although it is known that
a condition of low water activity (< 0.7) can inhibit microbial
growth, pathogens introduced in the raw materials can survive the
drying process, and remain viable during storage afterward and
thus may cause foodborne diseases upon consumption of these
dried foods as such or if used as an ingredient in ready-to-eat foods.

Description of Relevant Drying Technologies
The technologies reviewed here focus on reducing the water

activity of thermo-sensitive solid foodstuffs—namely, vegetables,
fruits, herbs, and spices. This restriction excludes drying tech-
niques of liquids and slurries (such as spray-drying, drum drying,
refractance window drying, foam drying) and techniques involv-
ing high temperatures (such as roasting, superheated steam drying
(SSD) at near atmospheric, and high pressure).

Convective air drying
Nowadays, drying of fruits, vegetables, herbs, and spices is

mostly accomplished by convective air drying (Nijhuis and
others 1998). In convective air drying of a hygroscopic agricul-
tural product, a flow of heated air is passed over or through the
material from which it removes water by vaporization as long as
the saturation vapor pressure of the moisture is less than the oper-
ating pressure. A typical drying process for hygroscopic products
can be depicted as follows. First, the free moisture contained on
the surface is removed by vaporization. The drying rate is limited
by the diffusion of vapor through the moisture–air interface and if
the contact surface remains constant, the drying rate is constant.
When the material’s moisture reaches the critical moisture content
some dry spots appear on the surface of the product. Because the
moisture–air interface is reduced, the drying rate decreases: this
is the beginning of the falling rate period. When the surface is
completely dried, the remaining moisture must diffuse through
the solid to the surface, following a concentration gradient. The
drying rate is then controlled by the diffusion of moisture and
by the heat transfer from the surface to the deeper parts of the
material. The drying stops when the partial pressure of the vapor
in the solid is equal to the partial pressure of the vapor in the
gas. These periods can be extended or absent, depending on the
characteristics of the material, its moisture content, and the drying
conditions (Mujumdar 2014a; Sokhansanj and Jayas 2014).

Air drying of fruits and vegetables can be carried out at at-
mospheric pressure in several dryers (such as tray dryer, cabinet
dryer, tunnel dryer, conveyor belt dryer) at 40 to 80 °C (Saravacos
and Kostaropoulos 2002; Jarayaman and Das Gupta 2014). During
convective air drying, the material temperature cannot be higher
than that of the drying air. Typical drying times range from a few
hours to a day (Saravacos and Kostaropoulos 2002).

Heat pump drying and fluidized bed drying apply the same
principle as convective air drying and are commonly used in the
industry. Heat pump dryers are closed or semiclosed systems in
which a flow of air is used to dry a product and is then recycled in a
heat pump. This system allows the recuperation of the latent heat of
vaporization of water; therefore, increasing the thermal efficiency
(Perera and Rahman 1997; Lewicki 2006; Sagar and Suresh Kumar
2010), and allows better control of the drying conditions than
conventional air drying (Chou and Chua 2001).

In a conventional fluidized bed dryer, an upward flow of gas
(usually air) is passed through a bed of granular material (50 μm to
10 mm). The maximum drying rate occurs when the air velocity
is high enough to fluidize the bed, that is, to blow the grains in
the vessel. The levitating grains are isolated in the drying medium
producing an intimate contact between the grains and the medium.
The larger surface contact significantly increases the heat and mass
transfer compared with conventional air drying. As a result, the
drying time is decreased to 2 to 300 min (Vega-Mercado and others
2001; Saravacos and Kostaropoulos 2002; Law and Mujumdar
2014).

C© 2016 Institute of Food Technologists® Vol. 15, 2016 � Comprehensive Reviews in Food Science and Food Safety 1057



Drying technologies and microbial safety . . .

Table 1–Food borne outbreaks related with dried fruits, vegetables, herbs, and spices

Pathogen Food commodity Year Country Number of cases Reference

S. Oranienburg Black pepper 1981 Norway 126 Gustavsen and others 1984
S. Saintpaul Paprika and paprika-powdered potato chips 1993 Germany >1000 Lehmacher and others 1995
S. Rubislaw
S. Javiana
S. Senftenberg Not specified spices and dry herbs 2007 Denmark 3 EFSA, 2013
S. Montevideo Black and red pepper 2009–2010 USA (44 states and DC) 272 CDC, 2010
S. Enteritidis Spice mix containing dried vegetables 2015 Sweden 174 Jernberg and others 2015
B. cereus Not specified spices and dry herbs 2007 France 146 EFSA, 2013
B. cereus Curry 2009 Belgium 7 EFSA, 2013
B. cereus White pepper 2010 Denmark 112 EFSA, 2013
B. cereus Turmeric/curcuma 2011 Finland 19 EFSA, 2013
B. cereus Turmeric/curcuma 2011 Finland 4 EFSA, 2013
B. cereus Jeera ground cumin 2011 Finland 3 EFSA, 2013
B. cereus Pepper 2011 Denmark 52 EFSA, 2013
C. perfringens Not specified spices and dry herbs 2007 France 19 EFSA, 2013
Hepatitis A virus Semi-dried tomatoes in oil 2010 Netherlands 13 Petrignani and others 2010
Hepatitis A virus Semi-dried tomatoes 2011 England 2 Carvalho and others 2012

Table 2–Recalls of dried fruits, vegetables, herbs, and spices in EU (RASFF) and US (FDA)

Pathogen Food commodity Year Reporting country Country of origin

S. Agona Minced dehydrated white onions 2007 Denmark India
Salmonella Parsley powder dehydrated bulk 2007 USA Unknown
S. Thompson Mild chilli powder 2008 UK China
Salmonella White and black pepper 2009 USA Unknown
Salmonella Ground coriander 2010 UK Russian Federation
Salmonella Black pepper 2010 USA Unknown
Salmonella Galic powder 2010 USA Unknown
Salmonella Ground cumin 2011 UK Syria
Salmonella Ground cumin 2011 The Netherlands Netherlands
Salmonella Coriander powder 2011 UK India
Salmonella Pepper powder 2011 Belgium France
Salmonella Dried organic sage 2012 Denmark Turkey
Salmonella Whole black pepper 2012 Denmark Brazil
Salmonella Crush roasted Thai red pepper 2012 USA Unknown
S. Typhimurium Dried ginger powder 2014 Finland Spain
Salmonella Chilli powder 2014 Germany UK
Salmonella Ground black pepper 2014 USA Unknown
Salmonella Ground oregano 2014 USA Unknown
Salmonella Sweet Paprika Powder 2014 USA Unknown
Salmonella Crushed Chili Powder 2014 USA Unknown
S. Infantis Ground turmeric root 2015 Germany Unknown
Salmonella Garlic powder 2015 USA Unknown
B. cereus Dried mu-err mushrooms 2007 Germany Vietnam
B. cereus Ground cumin 2010 UK India
B. cereus Garlic powder 2011 Italy China
B. cereus Mild paprika powder 2014 France Peru
B. cereus, C. perfringens, S. Caracas Ground cumin 2011 Finland UK

Sun and solar drying
Open-air solar drying, or sun drying, uses solar radiation to di-

rectly heat the material. The product is spread out on large outdoor
surfaces on the ground or on trays and left there to dry until the de-
sired moisture content is achieved. Regularly the material is turned
over to expose different sides and increase the drying efficiency
(Ekechukwu and Norton 1999; Saravacos and Kostaropoulos
2002; Belessiotis and Delyannis 2011). This method is extensively
used for grapes, figs, dates, and other fruits in low-income and
middle-income countries (Hussein and others 1986; Ekechukwu
and Norton 1999; Doymaz 2005; Belessiotis and Delyannis 2011).
The major drawbacks of sun drying are the long drying times (up
to 30 d), the weather dependence, and exposure to rain, dust,
insects, and other animals (Belessiotis and Delyannis 2011).

In direct solar drying, the product is dried in a cabinet with
a transparent cover to protect the material from rain, wind, dust,
insects, and animals. The transparent cover partly allows the passage
of solar radiation. This will heat the material and the atmosphere
of the cabinet. The moisture vaporizes and is carried away by
natural convection of air (Sharma and others 2009). Typical drying

times range from 10 to 30 d (Belessiotis and Delyannis 2011). For
both direct solar drying and sun drying, the product temperature
depends on the intensity of solar radiation and it ranges from 40 to
80 °C (Ekechukwu and Norton 1999; Belessiotis and Delyannis
2011).

With indirect solar drying the material is not directly exposed
to solar radiation. Adjacent unit(s) with solar collectors are used
to heat the drying air. The heated air flows over the material in
the cabinet (Sharma and others 2009), thus the material is dried
by convective air drying. This technique is also dependent on the
direct sun light but the drying times are reduced to 15 to 30 h
(Belessiotis and Delyannis 2011). Some systems include electric
heater(s) to bring the air to the desired temperature when the col-
lected solar energy is insufficient. The typical temperature of the
drying air can be 20 to 30 °C above ambient temperature (Fudholi
and others 2010). Detailed reviews on sun and solar drying and on
particular solar dryers have been performed by Ekechukwu and
Norton (1999), Sharma and others (2009), Fudholi and others
(2010), Belessiotis and Delyannis (2011), and VijayaVenkataRa-
man and others (2012).
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Vacuum drying
During vacuum drying, vacuum replaces the air to remove

moisture from the product. The applied vacuum reduces the va-
por pressure saturation at a given temperature and water vapor is
constantly eliminated from the drying vessel. Thus, for a given
drying rate, materials in a vacuum can be dried at a lower tem-
perature compared with the required temperature at atmospheric
pressure. Heat is supplied by conduction or by radiation (Saravacos
and Kostaropoulos 2002; Zhang and others 2006). Temperature is
usually between 35 and 60 °C (Sokhansanj and Jayas 2014) and
the process may require up to 24 h (Saravacos and Kostaropoulos
2002; Lewicki 2006).

Freeze-drying
The principles and designs of freeze-dryers have been exten-

sively reviewed (Nail and others 2002; Liapis and Brutini 2014).
In freeze-drying, the moisture of a material is removed by subli-
mation. Conventionally, the material in a closed vessel is rapidly
frozen at −10 °C or lower. Then the pressure is reduced below
the vapor pressure of ice at the operating temperature and heat is
slowly supplied by conduction: ice sublimes and leaves the ma-
terial. When ice has been entirely removed, this is the end of
the primary drying: the heat of sublimation is no longer needed
and the product temperature increases. The secondary drying, the
removal of the unfrozen water (10% to 35% of the initial water
content), is carried out under vacuum at 50 °C or 10 to 35 °C for
heat-sensitive products (Nail and others 2002; Liapis and Brutini
2014). The overall drying times range from 4 to 24 h (Saravacos
and Kostaropoulos 2002).

Dielectric drying
Dielectric drying is an electronic drying method based on ra-

diofrequencies (RF) and microwaves (MW). Dielectric drying
takes advantage of the polarization at the atomic and molecu-
lar scales (Piyasena and others 2003). In an oscillating electric
field, the permanently polarized dipolar molecules, like water,
constantly align themselves with the polarity of the electric field.
With high frequencies oscillations, typically 915 and 2450 MHz
for MW and 13.56, 27.12, and 40.68 MHz for RF (Piyasena
and others 2003), the polarized molecules reorient millions of
times per second, generating heat inside the material. Heat can
also be produced by migration of oscillatory ions (Nijhuis and
others 1998; Datta and Davidson 2000; Piyasena and others 2003;
Chandrasekaran and others 2013). MW drying is considered use-
ful during the falling rate period because the heat is generated
where water is present, this is, in the deeper parts of the prod-
uct: the limiting heat transfer from the drying medium to the
product is bypassed (Zhang and others 2006; Chandrasekaran and
others 2013; Schiffman 2014). However, MW drying alone has 3
major drawbacks: (1) uneven heating in the MW cavity, (2) pos-
sible structural damage by puffing (Nijhuis and others 1998), and
(3) limited penetration depth (Piyasena and others 2003; Zhang
and others 2006). To overcome such limitations, MW drying may
be combined with other techniques, such as air drying, freeze-
drying, spouted bed drying, vacuum drying, and osmotic dehy-
dration (Zhang and others 2006; Chandrasekaran and others 2013;
Schiffman 2014).

Infrared drying
Along with microwaves and radiofrequencies, infrared radia-

tion (IR) transfers thermal energy in the form of electromag-
netic waves (Sakai and Hanzawa 1994). The drying times can be

shortened compared with air drying and the control of the material
temperature is improved. IR can be classified into near-infrared,
mid-infrared, and far-infrared (FIR) with the ranges 0.75 to 1.4,
1.4 to 8, and 8 to 1000 μm, respectively (Krishnamurthy and
others 2008). Currently, FIR waves are the most used in the food
industry because most food components absorb radiative energy
in this region (Krishnamurthy and others 2008). When a food
is exposed to IR radiations, the food components absorb the IR
waves through the mechanism of changes in the molecular vibra-
tional state and heat is produced (Sakai and Hanzawa 1994). A
flow of gas or vacuum is used to remove the vaporized moisture.
In comparison to MW and RF, which can generate heat volumet-
rically, IR radiations mostly generate heat on the surface of the
material (Nowak and Lewicki 2004), limiting the applications to
thin products or slices. According to Krishnamurthy and others
(2008), FIR drying operations have been performed on potatoes,
kiwi, apples, onions, and other vegetables.

Low-pressure SSD
SSD is carried out with superheated steam as the drying medium

instead of hot air (Mujumdar 2014b). In SSD, the temperature of
the steam is above the corresponding saturation temperature at the
operating pressure, that is, the operating pressure is lower than the
saturation pressure at the processing temperature. Thus, a decrease
in temperature does not result in condensation as long as it re-
mains above the saturation temperature. The moisture contained
in the product evaporates and mixes with the drying medium,
increasing the pressure. If the pressure reaches the saturation pres-
sure at the operating temperature during the process, the steam
becomes saturated and no more drying can take place. To pre-
vent that, the pressure can be kept below a set value by pumping
away or releasing the excess steam (Pronyk and others 2004). The
process can be operated at low pressure, near atmospheric pres-
sure, or high pressure (Mujumdar 2014b). At near atmospheric
pressure and beyond, this drying method is essentially for drying
non-thermosensitive materials because the steam temperature is
above 100 °C. For thermosensitive materials, the operating pres-
sure may be reduced below the atmospheric pressure to work at
a lower temperature (60 to 90 °C). Low-pressure SSD has been
studied with slices of white cabbage (Phungamngoen and others
2011b, 2012) and banana (Nimmol and others 2007a, 2007b),
basil (Barbieri and others 2007), cubes of carrots (Devahastin and
others 2004), and potato chips (Leeratanarak and others 2006;
Pimpaporn and others 2007).

Osmotic dehydration
Removal of unbound moisture by immersion of the material in a

hypertonic solution is known as osmotic dehydration. The product
is placed in a processing tank in a flow of hypertonic solution. The
osmotic agents must have a high solubility: sugars and common
salts are often used for fruits and vegetables, respectively (Yadav
and Singh 2014). The immersion induces counter-current mass
transfer of both water and solutes between the product and the
solution. The speed of diffusion may be increased by pressure
variations, high intensity electrical field pulses, and pretreatments,
such as supercritical CO2 treatment, blanching, and freezing (Sagar
and Suresh Kumar 2010; Yadav and Singh 2014). Materials dried
with osmotic dehydration require a posttreatment to increase their
shelf-life (Jayaraman and Das Gupta 2014).
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Supercritical carbon dioxide drying
Supercritical fluids (SCF) have been used in the food industry

as extraction solvents since the early 1980s. One of the 1st appli-
cations was the decaffeination of green coffee beans (Palmer and
Ting 1995; Sihvonen and others 1999). SCF behave like a gas but
have liquid-like densities. Moreover, the SCF viscosity is 10 to 100
times lower and the SCF diffusivity is 10 times greater than that of
a liquid. Consequently, the mass transfer is better in SCF. Finally,
the liquid-like densities of SCF offer them a good solvent power.
Almost all food processing applications of SCF use supercritical
carbon dioxide (scCO2) because it is a Generally Recognized As
Safe (GRAS) solvent (Palmer and Ting 1995; Raventos and others
2002).

The drying process in scCO2 drying is an extraction process. In-
deed, water is not removed by vaporization or sublimation but is
dissolved in the scCO2 (Benali and Boumghar 2014). The ma-
jor drawback of this process is the low solubility of water in
scCO2, which can be estimated at 1.8 mg/g at 40 °C, 10 Mpa and
2.45 mg/g at 40 °C, 10 MPa (King and others 1992; Sabirzyanov
and others 2002). Although few have discussed dehydration in
food processing (Brown and others 2008; Khalloufi and others
2010) and only one patent was found (Agterof and others 2012),
drying of gels with scCO2 has been increasingly studied for the
past 20 y (Van Bommel and de Haan 1995; Brown and others
2010; Garciá-González and others 2012; Benali and Boumghar
2014; Griffin and others 2014; Ozbakir and Erkey 2015). The
drying process could be described with the following steps: (1)
dry supercritical carbon dioxide is continuously introduced in
the drying vessel at conditions above the critical point (31.1 °C,
7.38 MPa; Benali and Boumghar 2014). In the drying vessel, (2)
water is dissolved in the scCO2 and exits the product. The amount
of moisture dissolved depends on its solubility in scCO2 and on
the contact time. Then (3) the mixture of scCO2 and water exits
the vessel. At this point 2 possibilities arise. The effluent may be
expanded so that the density of scCO2 rapidly decreases until CO2

turns gaseous and loses its solvent properties. The effluent splits
into 2 phases: a gaseous CO2-rich phase and a liquid water-rich
phase. In the 2nd possibility, scCO2 is not expanded but enters
a 2nd vessel to be recycled. Water can be removed from scCO2

by flowing through solid water adsorbents or by bubbling through
liquid desiccants (Hofland and others 2013).

Brown and others (2008) investigated scCO2 dehydration of
fresh carrot slices. In a pure scCO2 environment at 50 °C,
20 MPa, over half of the original moisture content was lost in
150 min. In another study, Brown and others (2010) showed that
agar gels (2% agar w/v) could also be dried using scCO2 down
to a normalized moisture content of 0.1 in 180 min with pure
scCO2 at 50 °C, 20 MPa.

Inactivation of Microorganisms during Drying
Processes

Although the dehydration mechanisms of inactivation and the
survivability of microorganisms during drying have been studied
in the field of preservation of microbial cultures (Lievense and
Riet 1994; Morgan and others 2006), most of the studies focused
on cultures in liquid or semi-liquid media and, more importantly,
aimed to preserve the microorganisms. There is a lack of infor-
mation concerning the survivability of microorganisms during
drying at mild temperatures of complex solid matrices such as
solid foodstuffs (Smelt and Brul 2014). Table 3 lists the studies that
were found concerning inactivation of microorganisms on fruits,

vegetables, herbs, and spices, as accomplished during different
drying techniques.

Dehydration of bacterial cells may affect different cellular com-
ponents and has been reviewed by Lievense and Riet (1994).
Removal of water can induce DNA and RNA breakdown, pro-
tein denaturation, cytoplasmic membrane alteration, and cell wall
damage. The latter review also highlighted the increasing con-
centration of acids and toxic compounds in the cell and the risk
of oxidation reactions occurring during drying. However, many
compounds found in fruits and vegetables may increase the surviv-
ability of the microorganisms during dehydration. Indeed, sucrose
and other sugars, polypeptides, polyalcohols, amino acids, glycerol,
and carboxylic acids have been shown to increase the survivability
of bacteria during the drying of pure cultures (Lievense and Riet
1994; Morgan and others 2006). However, acidic fruits like berries
exhibit a low pH, which can be detrimental to microorganisms.
Therefore, one may expect a great variability in the survival of mi-
croorganisms during drying of fruits, vegetables, herbs, and spices
due to their complex structures and compositions.

To study inactivation during drying processes, one must remem-
ber that the decreasing water activity is not the only stress applied
to the microorganisms. Depending on the technologies, microor-
ganisms may be exposed to temperature and pressure variations,
atmosphere changes such as increased CO2 or N2 concentrations
and/or electromagnetic waves. The presence of several stresses
at the same time makes the interpretation of inactivation results
difficult because these stresses could act synergistically or antago-
nistically. For example, during convective air drying, thermal in-
activation and dehydration inactivation may occur simultaneously.
It is generally assumed that thermal damage can occur at 4 pri-
mary sites: DNA, RNA and rRNA, proteins, and cell membrane
(Lievense and Riet 1994). However, a reduced water activity could
enhance heat resistance of microorganisms: dehydration processes
may act competitively with heat pasteurization processes. Indeed,
at water activity values between 0.2 and 0.4 both spores and veg-
etative cells are more resistant to thermal stress (Smelt and Brul
2014; Syamaladevi and others 2016). Hence, the inactivation of
spoilage organisms and pathogens for heat pasteurization alone
cannot be extended to thermal drying processes without verifica-
tion in actual drying conditions. Similar antagonistic effects could
be observed for other stress combinations. Therefore, there is a
need to study drying processes to grasp the individual and con-
jugated effects of the decreasing water activity and the stressful
conditions.

Burnham and others (2001) reported that dehydrating Gala ap-
ple slices at 62.8 °C for 6 h caused a 3.2 log reduction of Escherichia
coli O157:H7 populations. When they applied a predrying immer-
sion in a 3.4% ascorbic acid solution, the reduction increased to
6.6 to 6.8 log CFU/g after 6 h of drying at 62.8 °C. Derrikson-
Tharrington and others (2005) reported that E. coli O157:H7
populations were reduced by 2.5 to 3.1 log CFU/g after 6 h at
62.8 °C and by 7.2 to 7.3 CFU/g if the product was dipped in
2.8% ascorbic acid solution before the drying. They concluded that
the acid stress may sensitize the cells to subsequent water activity
reduction. Similar results were found for other bacteria such as
for Salmonella enterica in Roma tomatoes (Yoon and others 2004),
in Nantes carrot slices (DiPersio and others 2007), and in white
cabbage slices (Chewchian and Morakotjinda 2009; Phungamn-
goen and others 2013), and for Listeria monocytogenes in peach slices
(DiPersio and others 2004). Overall, these studies suggested that
convective air drying at low temperature (50 to 60 °C) alone is
not an effective method to combine pasteurization and drying.
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Table 3–Studies related to the inactivation of microorganisms during and after drying processes

Log reduction
Product Drying process Conditions Microorganisms (CFU/g) Reference

Apple slices Convective air drying 62.8 °C for 6 h E. coli O157:H7 3.3–3.5 Burnham and others 2001
Apple slices (Gala) Convective air drying 60 °C for 6 h S. typhimurium 4–4.2 DiPersio and others 2003
Apple slices (Gala) Convective air drying 62.8 °C for 6 h E. coli O157:H7 2.5–3.1 Derrickson-Tharrington, 2005
Apricot

(Hacihaliloglu)
Open-air solar drying 38 °C (d), 29 °C (night) for

182 h
Mesophilic bacteria Increase in

microbial
contamination

Karabulut and others 2007
Yeasts and molds

Convective air drying 70 °C for 20 h Mesophilic bacteria >3
Yeasts and molds >1

Cowpea Open-air solar drying 33 °C (average) for
1h/day during 3 d;
40% RH

S. typhimurium 2.5 Wachuku and others 2003
Bacillus spp No reduction
Enterobacter spp 2.2
Staphylococcus spp Complete

inactivation
(>3)

Cabbage slices MW freeze-drying
(2450 MHz)

700 W at 100 Pa for 6 h Mesophilic bacteria 0.9 Duan and others 2007

Freeze-drying 60 °C at 100 Pa for 15 h No reduction
Cabbage slices Convective air drying 60 °C for 3 h S. anatum >4 Chiewchan and others 2009
Cabbage slices Convective air drying 70 °C for 2,5 h S. anatum >4 Hawaree and others 2009
Cabbage slices Convective air drying 70 °C for 4 h S. anatum 6.33 Phungamngoen and others

2011bVacuum drying 70 °C at 10 kPa for 1.5 h 3.59
LPSS drying 70 °C at 10 kPa for 1.75 h 6.75

Cabbage slices Convective air drying 60 °C for 6 h S. anatum 5 Phungamngoen and others
2013

Vacuum drying 60 °C at 10 kPa for 2,1 h 3.4
LPSS drying 60 °C at 10 kPa for 3 h 5.2

Carrot slices (Nantes) Convective air drying 60 °C for 6 h S. typhimurium 1.7–2.4 DiPersio and others 2005
Carrot slices (Nantes) Convective air drying 60 °C for 6 h S. typhimurium 1.6–1.7 DiPersio and others 2007
Carrot slices (Ithaca) MW vacuum-drying

(2450 MHz)
1800 W at 8 to

15 kPa for 58 min
Total aerobic count 1.7 Yaghmaee and Durance,

2007Yeasts and molds 1.5–2.2

MW static air drying
followed by MW
vacuum drying
(2450 MHz)

1800 W for 12 min then
for 46 min at 8 to
15 kPa

Total aerobic count 4

Yeasts and molds 1.3–3.9

Carrot sticks (Daucus
carota var. Sativa)

Convective air drying 60 °C for 10 to
12 h

S. anatum 3.3–4.2 Phungamngoen and others
2011a

Unpeeled ginger Open-air solar drying 30.8 °C (average) for 11 d Total aerobic count No reduction Eze and others 2011
Direct solar drying 43.2 °C (average) for 11 d <1

Onion (Southport
White Globe)

Catalytic infrared drying
(average 2226 W/m²)

80 °C for 40 min Mesophilic bacteria 2 log CFU/10 g Gabel and others 2006
Coliforms 3 log CFU/10 g
Yeasts and molds <1 log CFU/10 g

Green onion (Alium
fistolosum)

Convective air drying 70 °C for 3.8 h Mesophilic bacteria 2–3 Garćıa and others 2010
Coliforms 2–3
Yeasts and molds 1

Green onion Convective air drying 47.8 °C for 20 h Hepatitis A 1 Laird and others 2011
55.1 °C for 20 h 2
62.4 °C for 20 h 3

Parsley MW vacuum-drying
(2450 MHz)

1500 W at 8 to
15 kPa for 20 min

Total aerobic count 2.5 Yaghmaee and Durance,
2007Yeasts and molds 2.7

Potato Osmotic dehydration 40 °C for 3 h in sucrose
50 °Brix (ratio solution
13:1)

Mesophilic bacteria 1.67 log CFU/cm² Mitrakas and others 2008

Tomato (Roma) Convective air drying 60 °C for 14 h S. typhimurium 3.2–4.5 Yoon and others 2004
Tomatoes Indirect solar drying 55 °C for 5 d Mesophilic bacteria >2 Sohail and others 2011

Yeasts and molds >3
Culinary herbs

(11 sorts)
Convective air drying 38 °C for 48 h Mesophilic bacteria 0–2 Deans and others 1991
MW static air drying

(2450 MHz)
650 W for 7.5 min Mesophilic bacteria 1–4.5

However, they demonstrated that an adequate pretreatment can
produce safer dried products. Other studies using a higher tem-
perature (up to 70 °C) showed increased reduction and rate of
reduction (Hawaree and others 2009; Phungamngoen and others
2011a, 2011b; Phungamngoen and others 2013).

It is well known that bacterial species differ in sensitivity to
heating and drying and the prior growth conditions also influence

this sensitivity (Lievense and Riet 1994; Smelt and Brul 2014).
So, one may expect different survivability during (thermal) dry-
ing processes for different strains. However, no general tendencies
can be drawn with the current studies on solid foodstuffs. Fur-
thermore, the food itself may influence the survivability positively
(such as by offering protective compounds and structures) or neg-
atively (as with a low pH).
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Although conventional fluidized bed drying is based on air dry-
ing, the treatment times can be substantially lower (2 to 300 min).
Consequently, the microbial reduction at mild temperatures
(60 to 70 °C) could be significantly lower. No studies assess-
ing the changes in microbial load during fluidized bed drying of
fruits and vegetables were found.

As mentioned earlier, solar drying can be classified as open-air
solar drying, direct solar drying and indirect solar drying (Sharma
and others 2009). The latter is, in fact, a convective air drying
technique using solar energy to heat air. However, in open-air
solar drying and direct solar drying, the energy is directly taken
from the sun radiations to the product. Consequently, materials are
exposed to ultra-violet (UV) radiations. Although UV light can
be absorbed by a wide range of cell components, the most direct
damage is due to reactions occurring when nucleic acids absorb
UV radiation. When the UV radiations are absorbed, dimers of
pyrimidine bases (thymine and cytosine in DNA, or uracil and
cytosine in RNA) are formed preventing the microorganisms to
replicate. When DNA is damaged beyond repair, it leads to the
death of the cell (Gómez and others 2010). The absorption peak of
nucleic acids occurs at 260 nm: exposing the food products to ra-
diations with a peak wavelength at 260 nm is most likely to provide
the best germicidal effect. The sun emits 3 types of UV radiations:
UVC (200 to 280 nm), UVB (280 to 320 nm), and UVA (320
to 400 nm). UVC—and UVB to a lesser extent—are absorbed
in the upper and middle atmospheres by ozone and molecular
oxygen. The material is therefore mostly irradiated by UVA, the
least effective UV wavelengths to kill microorganisms (Bintsis and
others 2000). Furthermore, the penetration depth of UVA radi-
ations is low: they do not reach the inner part of the material,
exerting their small lethal effect only on the surface. Moreover,
rough surfaces can offer shadow areas where microorganisms are
not exposed to UV (Adhikari and others 2015). Consequently,
during sun drying, some microorganisms may be inactivated by
heat and slightly by UVA radiations, but the exposure to rain,
wind, dust, insects, and other animals may lead to a final increase
in microbial populations. Contamination may also be introduced
by food handlers or drying platforms with low sanitary standards.
This was confirmed by Karabulut and others (2007) and Eze and
Agbo (2011) who found an increase in natural microbiota after
sun drying. They concluded that higher levels of microbial con-
tamination were inevitable during traditional sun drying.

However, in direct solar drying processes, the material is pro-
tected in a cabinet (Sharma and others 2009). The UVA radiations
partly pass through the transparent cover and hit the surface of the
material, but the amount is even smaller than in sun drying. This
irradiation could also induce a small inactivation of some microor-
ganisms. Ginger, dried in a solar dryer for 11 d at 40 °C on average,
exhibited a slight reduction (<1 log CFU/g) in microbial pop-
ulations (Eze and Agbo 2011). Nevertheless, in both cases, there
is no UV exposure and temperature drops at nights, allowing the
microorganisms to grow after a daytime period of stress. Given
the high amount of fruits, vegetables, herbs, and spices dried with
solar techniques in many areas of developing countries and the
often insufficient standards of hygiene in the regions using them,
there is a lack of information on microbial survivability during
solar drying.

Phungamngoen and others (2011b) compared the effect of
convective air drying, vacuum drying, and low-pressure SSD on
Salmonella Anatum populations in white cabbage. They found that
the inactivation rate was significantly higher for vacuum and low
pressure SSD. They attributed this higher reduction to the rapid

rise in temperature on the cabbage surface. Moreover, the bacterial
cells were damaged in the early stages of drying for both meth-
ods. Although vacuum drying exhibited a higher drying rate than
low-pressure SSD and air drying, it could not completely elimi-
nate Salmonella and only low pressure SSD and air drying at 70 °C
achieved the desired elimination (>5 log CFU/g). These results
suggest that designing drying processes to obtain shorter drying
times can be detrimental in terms of inactivation of pathogens.
The application of a pretreatment—blanching or immersion in
acetic acid—significantly increased the inactivation during drying
and resulted in better product quality (Phungamngoen and others
2013). The work of Phungamngoen and others (2011a, 2011b,
2013) also highlights the difference between dry heat and moist
heat. Indeed, it is general knowledge that microorganisms are far
more resistant to dry heat than moist heat (Smelt and Brul 2014).
Although superheated steam is considered a dry-heat process, dur-
ing low-pressure SSD, the higher water activity on the food surface
could help enhance protein denaturation and membrane deterio-
ration (Phungamngoen and others 2011b; Smelt and Brul 2014).
As a consequence, low-pressure SSD could offer an efficient way
to dry and pasteurize thermo-sensitive materials at mild tempera-
tures (40 to 70 °C). However, this process involves more expensive
operating costs due to the low pressures in the drying chamber and
is often only of interest for medium to high-added value products.

During freeze-drying, cells are frozen and dried, thus freez-
ing and dehydration can influence the inactivation (Lievense and
Riet 1994). To enhance the appearance of freeze-dried products,
they can be frozen slowly inside the drying chamber to allow ice
crystal growth. Large ice crystal formation may damage the cell
membranes, thus reducing the cell viability (Morgan and others
2006).

Nevertheless, freeze-drying is the preferred method to preserve
microorganisms for culture collections because it offers the best
survivability (Morgan and others 2006). Duan and others (2007)
compared drying of slices of washed white cabbage by freeze-
drying and MW-assisted freeze-drying to a final moisture con-
tent of 6% (wet basis). They showed that freeze-drying alone at
100 Pa/60 °C could not reduce the natural contamination of
washed white cabbage slices. When combined with MW drying
in the same conditions, they noticed a log decimal reduction of
0.9 unit. These results indicate that freeze-drying alone may not
be an effective technique to reduce pre-drying contamination,
but that MW-assisted freeze-drying could combine drying and
pasteurization (Duan and others 2007).

Microwaves have been applied in pasteurization systems for
fruit juices and milk and in the sterilization of packed food
products (Chandrasekaran and others 2013), so the inactivation
of microorganisms induced by MW in MW-assisted drying is
not surprising. The destruction of microorganisms with MW
radiations at sublethal temperatures has been explained by selective
heating, electroporation, cell membrane rupture, and disruption
of internal components (Chandrasekaran and others 2013).
Several studies (Table 3) showed that combining MW drying with
vacuum drying or static air drying can reduce the microorganisms
to a greater extent and can shorten the drying time compared
with conventional air drying processes (Deans and others 1991;
Daglioglu and others 2002; Yaghmaee and Durance 2007). In
particular, Yaghmaee and Durance (2007) dried carrots and parsley
with MW vacuum drying and a combination of MW vacuum
drying and MW drying at atmospheric pressure. They obtained a
higher microbial reduction with the combination process within
the first 5 min, that is, at atmospheric pressure. They related this
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observation with the higher temperature reached at atmospheric
pressure than that under vacuum. More studies are needed to
assess the inactivation of vegetative cells, spores, and viruses in
solid foods during MW drying and MW-assisted drying.

Infrared radiations are used to inactivate bacteria, spores, yeasts,
and molds in solid foods (Krishnamurthy and others 2008). The
parameters influencing the microbial inactivation are the power
level, the peak wavelength, the temperature of the food material,
the types and history of microorganisms, the sample depth, the
moisture content, and the type of food material (Krishnamurthy
and others 2008). Gabel and others (2006) compared catalytic
infrared dehydration of onions with conventional air drying until
10% moisture content (dry basis) was obtained. They found that for
both drying methods at 80 °C, the aerobic plate counts decreased
by an average of 1.7 log CFU/10 g. The same observation was
made for coliforms with a reduction of 3 log CFU/10 g. For
yeasts and molds, however, a significant difference was observed
between IR drying and air drying with a reduction of 0.9 and 0.3
log CFU/10 g, respectively. IR drying and IR-assisted drying are
still scarcely studied in terms of inactivation of microorganisms.

Microbial reduction obtained with osmotic dehydration is sim-
ilar to that obtained with washing (Mitrakas and others 2008;
Yadav and Singh 2014). Mitrakas and others (2008) reported a
reduction from 3.31 to 1.64 log CFU/cm² in a 50 °Brix sucrose
solution at 40 °C for 3 h and concluded that this reduction was
due to a “wash-out” effect. It was also reported by Kucner and
others (2013) that recycling the osmotic solution could lead to
cross-contamination of the products. Without a proper pasteur-
ization process of the osmotic solution, the solution can contain
increasing numbers of microorganisms. Osmotic dehydration has
been extensively studied to improve the microbial stability of prod-
ucts during the storage (Yadav and Singh 2014) and the changes
in microbial quality of the osmotic solutions (Kucner and others
2013) but the actual microbial reductions in products during the
process itself have not been systematically reported. More stud-
ies focusing on this critical step and on the risks associated with
cross-contamination are needed.

To our knowledge, the inactivation of microorganisms during
supercritical CO2 drying has not been studied, either for liquid or
solid foods. However, pasteurization with supercritical CO2 has
been extensively studied for various liquid (Garcia-Gonzalez and
others 2007; Perrut, 2012) and solid (Ferrentino and Spilimbergo
2011) products. In liquid media, the proposed mechanism of inac-
tivation involves 7 steps: (1) solubilization of CO2 in the external
liquid phase decreasing the extracellular pH, (2) cell membrane
modification due to diffusion of CO2 into the cellular membrane,
(3) diffusion of CO2 into the cell decreasing the intracellular pH,
(4) disruption of the metabolism due to internal pH lowering,
(5) direct effect of molecular CO2 and HCO3

− on cell metabolic
pathways, (6) precipitation of CO3

2− with inorganic electrolytes
and Ca2+-binding proteins disordering the intracellular balance of
electrolytes, and (7) extraction of vital constituents such as phos-
pholipids and hydrophobic compounds from the cell membranes
and walls. A detailed description of these steps is available in the
reviews of Damar and Balaban (2006) and Garcia-Gonzalez and
others (2007). The mechanisms of inactivation in solid media still
needs to be unraveled, but a correlation between water activ-
ity and inactivation was found. Indeed, according to Calvo and
Torres (2010), pressurized CO2 exhibited microbicidal effects on
the natural microbiota in paprika powder only in the presence of
water, and a higher water content resulted in better reduction.
Similar observations were reported for the natural microbiota

of wheat flour and pear inoculated with Saccharomyces cereviseae
(Ferrentino and Spilimbergo 2011). Hence, if more studies sup-
port this assumption that a higher water activity exerts a stronger
microbicidal effect, one may want to keep a low drying rate in the
beginning of the drying process when water activity is high.

Supercritical CO2 has also been used to inactivate viruses
of medical interest: HIV-1, Sindbis virus, polio Sabin type I
virus, and pseudorabies virus, on bones (Fages and others 1998)
and Encephalomyocarditis viruses in acellular dermal matrices
(Qiu and others 2009). According to Perrut (2012), supercriti-
cal CO2 is more effective on enveloped viruses because of the
interaction with the lipids making up the envelope. Nevertheless,
supercritical CO2 drying is a recent development in the food in-
dustry and more studies are needed to evaluate its potential as a
pasteurization technique for bacteria and viruses.

Perspectives
Dried fruits, vegetables, herbs, and spices are increasingly traded

and consumed as such or are used as ingredients in various ready-
to-eat foods throughout the world. There have been several out-
breaks and recalls due to the presence of microbial hazards associ-
ated with these products and, although some studies have assessed
microbial reduction after drying, there is a lack of information on
the inactivation induced by drying processes. Moreover, most of
these studies have focused on bacteria and the virus inactivation
has not really been assessed. Even for bacteria, only a few species
or pathogens have been addressed. The results should be verified
with a wider range of bacterial species or specific strains thereof,
because they may differ in sensitivity to the treatment as it is the
case for heat pasteurization.

It is also known that the heat resistance of microorganisms
increases upon dehydration. As such, extrapolating results from
pasteurization processes should be avoided. The conditions of a
drying process (drying time, temperature profile, pressure profile,
pretreatment, and prior history of microbes) and their effect on
the microbial reduction should be assessed in a systematic way
first and then compared with pasteurization processes in order to
determine synergetic or antagonistic effects between a decreas-
ing water activity and the stressful conditions. Moreover, the food
products themselves may induce a protective or destructive effect
upon drying. Depending on their structure and their composition,
the products could offer protective compounds (such as sugars) or
habitats (for example, pores). The pH and redox potential of the
product may also play a significant role in the survival of bacteria
and viruses. Therefore, the reduction induced by a process should
be studied for several types of products with different properties
before drawing general conclusions.

Low-added-value products are currently dried with cheap
air drying and solar drying processes. Freeze-drying is preferred
for the high-added-value products. Between these 2 extremes,
various drying technologies offering products at moderate costs
are available. They should be further evaluated whether they can
deliver high sensory quality in dried foods and at the same time
ensure sufficient overall microbial quality and safety. Overall, this
review showed that information is still scarce and more research
is needed on the effect of drying technologies in relationship
to microbial inactivation as an input to validate this step in
the framework of an effective food safety management system.
With increasing reports on the dried fruits, vegetables, herbs,
and spices being contaminated with pathogens and provoking
foodborne outbreaks, there is a need to collect information to
determine to which extent a particular drying process, if properly
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implemented, is capable of controlling the hazard to a specified
outcome. More evidence is needed that the drying process can
contribute to reduce or eliminate specific foodborne pathogens
to reduce the risk for foodborne infection associated with dried
fruits, vegetables, herbs, and spices when consumed as such or
when used further in the food supply chain as ingredients.
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