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Abstract Freezing is a very well established food preserva-
tion process that produces high-quality nutritious foods that
offer the advantage of a long storage life. However, freezing is
not suitable for all foods, and freezing does cause physical and
chemical changes in many foods that are perceived as reduc-
ing the quality of the thawed material. Many innovative
freezing processes are currently being researched and devel-
oped throughout the world to overcome these problems. One
of these is dehydrofreezing. Dehydrofreezing is an adjunct to
freezing in which a food is first dehydrated to a desirable
moisture content and then frozen. It is particularly suited
to fruits and vegetables. Since fresh fruits and vegeta-
bles contain more water than meat, and their cellular
structure is less elastic, they are prone to more damage
during freezing than meat. Removing some of the water
prior to freezing theoretically allows the ice crystals to
form and expand without damaging the cellular struc-
ture. Reducing the water content prior to freezing also
has the potential to reduce the freezing time, the initial
freezing point, and the amount of ice formed within the
product. Despite being often cited as a new, novel or
emerging technology, the concept of dehydrofreezing
was developed in the 1940s. However, it has remained
a niche process being commercially applied to products
such as potatoes, carrots, and onions. In recent years
there has been renewed interest in dehydrofreezing, and
this review looks at the most recent innovations in
dehydrofreezing research.
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Introduction

The process of freezing partially dehydrated foods is known as
dehydrofreezing. If the drying/dehydrating pre-treatment is
specifically osmotic, the whole process may also be termed
osmodehydrofreezing. The process was developed, and term
coined, at the Western Regional Research Laboratory of the
US Department of Agriculture and first described by Howard
and Campbell in 1946. The process was patented in 1949
(Howard et al. 1949). Full details of the process at the time
are presented in Tressler and Evers’ Third Edition of The
Freezing Preservation of Foods (1957). Dehydrofreezing of
carrots, peas and potatoes are given as examples in the original
patent (Howard et al. 1949). Work on apples, cherries, apricots
and pimientos have also been cited (McGrath and Kerr 1963).

Despite being developed in the 1940s, and commercial
products being available since the 1950s (McGrath and Kerr
1963), dehydrofreezing appears to have received limited in-
terest in the scientific literature (beyond the initial series of
articles and papers produced by the Western Regional Re-
search Laboratory) until the 1990s. Since then, a wide range of
fruits and vegetables has been studied (Table 1), with apple,
kiwifruit and strawberry receiving the most interest.

It is claimed that dehydrofrozen fruits and vegetables have
a better quality over conventionally frozen products (Li and
Sun 2002), and that dehydrofreezing may be particularly
suitable for sensitive fruits and vegetables, such as cucumber
(Dermesonlouoglou et al. 2008).

In this review, we first address the different dehydration
pre-treatments that have been studied and compare these
methods. Freezing treatments and methods are then compared.
Finally, current commercial production and developments are
discussed, followed by an overall comparison of the effects of
dehydrofreezing compared to conventional freezing.

Dehydration Pre-treatments

The original dehydrofreezing processes utilised air drying as
the dehydration pre-treatment (Tressler and Evers 1957).
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Table 1 Fruits and vegetables

Torreggiani et al. 1987; Crivelli et al. 1987a; Tregunno and Goft 1996; Spiazzi et al. 1998;

Agnelli et al. 2001; Marani et al. 2001; Bunger et al. 2004; Agnelli et al. 2005; Marani

investigated in published Food Reference
dehydrofreezing studies
Apple
etal. 2007;
Apricots Forni et al. 1997
Aubergine Wau et al. 2009
Broccoli
Carrot
Cucumber

Green beans

Ohnishi and Miyawaki 2005

Spiazzi et al. 1998; Ohnishi and Miyawaki 2005; Ando et al. 2012

Dermesonlouoglou et al. 2008

Biswal and Bozorgmehr 1989; Biswal et al. 1991

Torreggiani et al. 1987; Crivelli et al. 1987a; Robbers et al. 1997; Spiazzi et al. 1998; Chiralt

et al. 2001; Marani et al. 2001; Talens et al. 2001; Talens et al. 2003; Marani et al. 2007,

Chiralt et al. 2001; Floury et al. 2008; Rincon and Kerr 2010

Torreggiani et al. 1987; Crivelli et al. 1987a; Bolin and Huxsoll 1993; Agnelli et al. 2005;

Torreggiani et al. 1987; Crivelli et al. 1987a
Spiazzi et al. 1998; Giannakourou and Taoukis 2003

Spiazzi et al. 1998; Ohnishi and Miyawaki 2005; Ben Ammar et al. 2010
Shizuka et al. 2008; Uemura et al. 2012

Sormani et al. 1999; Chiralt et al. 2001; Xie et al. 2004; Moraga et al. 2006; Marani et al.

Kiwifruit
Mango
Melon (Musk)  Maestrelli et al. 2001
Melon (Water) ~ Dermesonlouoglou et al. 2007b
Melon (White)  Spiazzi et al. 1998
Pear
Marani et al. 2007;
Peach
Peas
Pineapple Ramallo and Mascheroni 2010
Potato
Radish
Rambutan Lowithun and Charoenrein 2009
Strawberry
2007;Blanda et al. 2009
Tomato

Dermesonlouoglou et al. 2007a, ¢

However, most recent published studies have removed
water from the fruits and vegetables prior to freezing by
osmotic dehydration (Table 2). Osmotic dehydration is
carried out by immersing the product in a hypertonic
(osmotic) solution. The most commonly used osmotic
solutes are sugars, such as sucrose, glucose, fructose,
sorbitol, corn syrup, and salts, such as sodium chloride
(Table 3). Osmotic dehydration methods have generally
been preferred over air drying, since they are more
adaptable to a wider variety of products and require
less energy (Li and Sun 2002). However, some studies
have shown quality advantages of air dehydration over
osmotic dehydration (Ramallo and Mascheroni 2010).
The amount of dehydration required prior to freezing ap-
pears to depend on the product, the dehydration pre-treatment,
and the freezing method. Many studies claim that at least 30 to
50 % of the water must be removed to improve texture after
freezing and thawing (Torreggiani et al. 1987; Bolin and
Huxsoll 1993; Spiazzi et al. 1998; Pham 2008; Ramallo and
Mascheroni 2010; Rincon and Kerr 2010). This appears to be
based on the original patented process (Howard et al. 1949).
Other studies claim that only a 2 to 10 % loss by weight is
required (Dermesonlouoglou et al. 2007¢; Anmella 2010).

@ Springer

Physical Dehydration Pre-treatments

As previously stated, the original dehydrofreezing processes
utilised air drying as the dehydration pre-treatment. Other
physical dehydration pre-treatments that have been studied
are vacuum drying (Wu et al. 2009; Uemura and Tagawa
2012) and vacuum-microwave drying (Uemura and Tagawa
2012). Given the wide range of physical drying methods
(Sagar and Suresh Kumar 2010), it is surprising that few other
methods appear to have been studied for pre-treatment of
dehydrofrozen products. One method that does appear to
warrant obvious investigation is infrared; since the feasibility
ofinfrared heating for combined blanching and dehydration of
fruits and vegetables has been demonstrated (Zhu et al. 2010;
Wau et al. 2013). Since many dehydrofrozen products require
blanching, a combined blanching-dehydration treatment
would appear advantageous.

Relatively few published dehydrofreezing studies have
compared different physical drying methods. In one of the
few studies on different physical drying methods, Uemura and
Tagawa (2012) compared three dehydration methods (vacuum
drying, microwave drying and vacuum-microwave drying) on
the physical properties of dehydrofrozen radish. The vacuum-
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Table 3 Sugars and salts used in published osmodehydrofreezing studies

Sugar Product Reference
Sucrose Apple, apricots, broccoli, carrot, kiwifruit, mango, Bolin and Huxsoll 1993; Tregunno and Goff 1996; Forni et al. 1997;
melon, papaya, pear, pineapple, potato, rambutan, Robbers et al. 1997; Spiazzi et al. 1998; Agnelli et al. 2001; Marani
strawberry etal. 2001; Maestrelli et al. 2001; Chiralt et al. 2001; Talens et al. 2001;
Agnelli etal. 2001; Moyano et al. 2002; Talens et al. 2003; Bunger et al.
2004; Ohnishi and Miyawaki 2005; Agnelli et al. 2005; Moraga et al.
2006; Marani et al. 2007; Floury et al. 2008; Tocci and Mascheroni
2008; Blanda et al. 2009; Lowithun and Charoenrein 2009; Rincon and
Kerr 2010; Ramallo and Mascheroni 2010; Ando et al. 2012
Glucose Apple, kiwifruit, melon, pear, strawberry, tomato Sormani et al. 1999; Agnelli et al. 2001; Marani et al. 2001; Agnelli et al.
2005; Dermesonlouoglou et al. 2007a, b
Oligofructose/ Peas, tomato Giannakourou and Taoukis 2003; Dermesonlouoglou et al. 2007a
trehalose
Oligofructose Cucumber, melon, peas Giannakourou and Taoukis 2003; Dermesonlouoglou et al. 2007b;
Dermesonlouoglou et al. 2008
Trehalose Rambutan Lowithun and Charoenrein 2009
High dextrose Cucumber, tomato Dermesonlouoglou et al. 2007a, b, ¢; Dermesonlouoglou et al. 2008
equivalent
maltodextrin
Maltose Apricots Forni et al. 1997
Maltitol Peas, rambutan Giannakourou and Taoukis 2003; Lowithun and Charoenrein 2009
Sorbitol Apple, apricots Tregunno and Goff 1996; Forni et al. 1997
Corn syrup Apple, kiwiftuit, pear, strawberry Tregunno and Goff 1996; Marani et al. 2001; Xie et al. 2004; Marani et al.
2007;
Sucrose/salt Carrot, peas, potato Spiazzi et al. 1998;
Salt (Na Cl) Green beans, potato Biswal and Bozorgmehr 1989; Biswal et al. 1991; Ben Ammar et al. 2010

microwave drying method was found to have the “least impact
on the physical properties and loss of L-ascorbic acid (vitamin
C) after freezing”. It has been recently reported that a com-
mercial processor of frozen vegetables is looking to utilise a
combined vacuum-microwave drying system for produc-
ing dehydrofrozen products (as will be discussed further
in this review).

A number of studies have compared air and osmotic dehy-
dration pre-treatments. In a study of osmotic and air dehydra-
tion of pineapple, ascorbic acid (vitamin C) losses were less
during air dehydration than with osmotic dehydration
(Ramallo and Mascheroni 2010). In addition, after thawing,
drip was less from hot air dehydrofrozen samples than osmotic
dehydrofrozen samples. Drip loss was greater in frozen pine-
apple samples treated to 1 h of osmotic dehydration than those
that had not been pre-treated. Robbers et al. (1997) reported
that air dehydration always resulted in a firmer product after
freezing of kiwifruit, but that a combination of a long air-
drying period (at 30 °C) followed by dehydration in a 72 °Brix
osmotic sucrose solution was best to maintain fruit firmness.
Sormani et al. (1999) reported that air dehydration and a
combination of osmotic and air dehydration gave the highest
texture improvement of frozen strawberries after thawing.
Conversely, Bolin and Huxsoll (1993) found that while hot-
air drying, in combination with osmotic drying or alone, was
more rapid than osmotic dehydration alone, it did not keep

@ Springer

treated pears from darkening or from becoming soft on freez-
ing and thawing. Osmotic dehydration has also been reported
to be more advantageous than air dehydration for pre-treating
frozen melon (Maestrelli et al. 2001). Air dehydration caused
a significant increase of alcohols and these negative aroma
compounds were stable in the osmotically treated samples.
Osmotic pre-treatment also prevented an increase of alcohols
during the freezing process. Osmotically pre-treated fruit had
a higher sensory acceptability when compared with those
which were air dehydrated. While Torreggiani et al. (1987)
found that air drying was suitable for pears and peaches, it
caused colour and texture defects in kiwifruit. Osmotic dehy-
dration was found improve quality in this fruit in subsequent
research (Crivelli et al. 1987a).

Osmotic Dehydration Pre-treatments

The principles of osmotic dehydration of fruits and vegetables
have been recently reviewed by Falade and Igbeka (2007),
Tortoe (2010) and Khan (2012). A wide range of sugars and
salt have been utilised (Table 3). The most used sugar, unsur-
prisingly, has been sucrose. Trehalose, a non-reducing disac-
charide, which has 45 % of the sweetness of sucrose, has
recently received much attention, owing to its protective role
during freezing of membranes and proteins (Ferrando and
Spiess 2001; Mazzobre et al. 1997; Dermesonlouoglou et al.
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2007a; Lowithun and Charoenrein 2009). Oligofructose, a
non-digestible oligosaccharide, with exceptional dietary fibre
properties and prebiotic activity has also been used
(Giannakourou and Taoukis 2003; Dermesonlouoglou et al.
2007b; 2008). Another sugar investigated is maltitol, a type of
polyol or sugar alcohol with a sweetness similar to sucrose
that is widely used in food for diabetics because it is hydro-
lysed and absorbed more slowly than sucrose or glucose in
humans (Lowithun and Charoenrein 2009).

A comparison of sucrose, trehalose and maltitol pre-
treatments of rambutan by Lowithun and Charoenrein
(2009) showed similar rates of water loss and solid gain for
all treatments. However, osmodehydrofrozen rambutan pre-
treated with sucrose had the highest firmness value after
storage for 3 and 60 days. In a comparison of sucrose, sorbitol
and maltose for pre-treating dehydrofrozen apricots (Forni
et al. 1997), maltose was shown to have a higher protective
effect on vitamin C retention and colour stability during frozen
storage than the other two sugars. Forni et al. (1997) found
that the water loss and solid gain of apricots pre-treated with
65 % sorbitol at atmospheric pressure were higher than that of
samples treated with sucrose and maltose syrups. In sensory
tests, the pre-treatment of watermelon with maltodextrin and
oligofructose before freezing resulted in the most desirable
sensory characteristics in comparison with sucrose
(Dermesonlouoglou et al. 2007b). Osmotic pre-treatment in-
creased colour intensity leading to higher sensory scores than
untreated.

Osmotic dehydration, depending on the temperature and
concentration of the solution, is a relatively fast process with
most drying happening within the first hour (Tortoe 2010). In
general, higher osmotic solution concentrations result in in-
creased water loss and faster drying rates.

The ratio of osmotic solution to sample mass will affect the
solid gain and water loss in osmotic dehydration (Tortoe
2010). To avoid significant dilution of the medium and sub-
sequent decrease of the (osmotic) driving force during the
process, a large ratio (at least 30:1) is required. Although some
investigators use a much lower solution to product ratio (4:1
or 3:1) in order to control mass transfer.

Osmotic dehydration can be conducted at low temperatures
and is therefore a less energy-intensive process than air or
vacuum drying (Tortoe 2010). The most important variable
affecting the kinetics of mass transfer during osmotic dehy-
dration is temperature. Osmotic dehydration treatments have
generally been carried out at 30 °C for 1 to 24 h. After
investigating a range of conditions, Bunger et al. (2004)
identified that the optimum treatment for apple was to be
treated with a sucrose solution of 55 °Brix at 35 °C for
60 min followed by cryogenic freezing. While Moyano et al.
(2002), using the same method to investigate process condi-
tions, did not find that temperature was important in treating
papaya. Treatment temperature may depend on whether the

product is liable to enzymic browning. If the product is sen-
sitive then higher temperatures have been shown to be advan-
tageous (Bunger et al. 2004). However, high temperatures
may affect the texture. Apple slices subjected to a 50 °C
osmotic treatment were found to be less firm than untreated
frozen samples (Tregunno and Goff 1996). High concentra-
tion of the osmotic medium has been shown to increase
firmness and help to preserve colour, however it also increases
the adsorption of the medium (sugar or salt). A small number
of studies have investigated treatments at chilled temperatures
(5 °C), usually for 24 h. Blanda et al. (2009) claimed that
chilled treatment presented the highest weight loss to sucrose
gain ratio, in comparison to treatments at higher temperatures,
thus permitting a greater extent of dehydration without intro-
ducing excessive amounts of sucrose into the product.

A number of studies have supplemented sugar solutions
with low concentrations of calcium salts to improve texture
(Falade and Igbeka 2007; Dermesonlouoglou et al. 2007a, b).
Calcium is able to interact with pectins and other cellular wall
components modifying the structural and mechanical proper-
ties of plant cellular matrix (Gras et al. 2003; Izumi and Wtada
1995; Falade and Igbeka 2007). Calcium chloride is used as an
economical processing aid in the fresh-cut produce industry to
minimize tissue damage during processing. The concentration
of the calcium dip depends on the fruit or vegetable being
treated, and studies report that 1-2 % calcium salts are most
effective for products such as diced tomatoes (Castaldo et al.
1996). The addition of ascorbic and citric acid as antioxidants
in the osmotic solution has been shown to prevent browning
and significant loss of ascorbic acid during osmotic drying
(Robbers et al. 1997).

A number of pre-treatments have been investigated to
improve osmotic dehydration, including vacuum treatments
(in a series of linked studies by Chiralt et al. 2001, Talens et al.
2001, and Talens et al. 2003), pulsed electric fields (Ben
Ammar et al. 2010), pre-freezing (Saurel et al. 1994; Falade
and Adelakun 2007) and blanching (Falade and Igbeka 2007).

In pulsed vacuum osmotic dehydration (PVOD), a vacuum
is applied at the beginning of the process for a short time, after
which the osmotic process continues at atmospheric condi-
tions (Falade and Igbeka 2007). During the vacuum pulse,
expansion and subsequent compression of occluded gas in the
product pores occurs due to the action of hydrodynamic
mechanisms enhanced by pressure changes. This promotes
the exchange of the pore gas/liquid for the external liquid (Fito
et al. 1994). Vacuum impregnation of fruits and vegetables
with an osmotic solution accelerates the mass transfer rate,
thus reducing the temperature requirements and reducing pro-
cess times (Falade and Igbeka 2007). The application of a
vacuum for a short period at the beginning of an osmotic
dehydration process has been reported to have beneficial
effects on process kinetics and fruit quality in many fruits
(Chiralt et al. 2001). However, Talens et al. (2001) found that
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the a pulsed vacuum treatment prior to osmotic dehydration
had a negative effect on frozen kiwifruit, in terms of increas-
ing drip loss and mechanical damage, and resulting in a darker
less vivid product colour.

Freezing Treatments

Despite the wide range of drying methods covered in some
studies, surprisingly few studies have looked at a range of
freezing methods and rates (Table 4). The majority of studies
have used air freezing, some using blast freezers, others using
cabinet or chest storage freezers. The most common operating
temperature is —40 °C, under both static and blast (air speeds
up to 6.5 ms ') conditions (Table 4). Only a few studies
(Biswal and Bozorgmehr 1989; Biswal et al. 1991; Moyano
et al. 2002; Bunger et al. 2004; Blanda et al. 2009) have
utilised cryogenic freezing. No studies appear to have inves-
tigated combining dehydration pre-treatments with the many
innovative rapid freezing technologies available, such as im-
pingement, hydro-fluidisation, high pressure assisted, ultra-
sonic assisted, etc. (Li and Sun 2002; Sun 2012; James and
James 2012). The potential advantages of combining osmotic
dehydration with immersion freezing was highlighted by Lu-
cas and Raoult-Wack (1998) in their review of immersion
freezing. One of the few studies to look at this method has
been Blanda et al. (2009). Mass transfer is much slower at
lower temperatures, although osmotic dehydration at 5 °C has
been shown to be effective (Blanda et al. 2009; Lucas and
Raoult-Wack 1998).

Effect of Freezing Rate on the Quality of Dehydrofrozen
Products

There is little published data on whether the quality of
dehydrofrozen fruits or vegetables is affected by freezing rate
or freezing method. The majority of published studies have
utilised what the authors would consider to be relatively slow
freezing methods. However, the studies that have compared
different freezing rates appear to show that freezing rate is
important. Moyano et al. (2002) reported that freezing rate had
the most significant effect of all parameters (osmotic pre-
treatment parameters) on sensory quality (flavour, texture
and overall quality), instrumental texture (maximum strength
and area) and water activity of papaya. Going from a slow to a
fast freezing rate improved the overall quality of the product
by 16.5 %.

The original work on the dehydrofreezing process did not
indicate that freezing rates of dehydrofrozen products were
“substantially slower or faster than those of comparable con-
ventionally frozen fruits or vegetables” (Tressler and Evers
1957). However, there is evidence that the freezing time of
dehydrofrozen products is faster than that of untreated product
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since there is less water to freeze (Pham 2008; Shizuka et al.
2008; Wu et al. 2009; Ramallo and Mascheroni 2010).
Ramallo and Mascheroni’s (2010) data shows a clear relation-
ship between water content of treated pineapple and freezing
time (Fig. 1). The freezing time of dehydrofrozen pineapple
pieces was almost half that of conventionally frozen samples.

Temperature Modelling of Dehydrofreezing

The suitability of a range of existing empirical and numerical
freezing models for predicting freezing times of partially
dehydrated produce has been compared by Ilicali and Icer
(2010). The method proposed by Salvadori and Mascheroni
(1991) gave the most accurate predictions for experimental
fresh papaya puree freezing times. While the Pham (1984)
method was generally the best performing method in
predicting the experimental freezing times. A successive mass
and heat transfer modelling approach was developed to de-
scribe the osmodehydrofreezing process by Goula and
Lazarides (2012).

Commercial Applications of Dehydrofreezing

The authors have found very few details of current commer-
cial dehydrofreezing systems. Currently, most manufacturers
of dehydrofrozen vegetables and fruits appear to be North
American (not surprisingly since the process was developed
in the USA). While the companies give few details of the
dehydrating pre-treatments used, given the types of product
produced and product descriptions it is likely that most pro-
cessors currently utilise physical drying methods rather than
osmotic pre-treatments. Some drying equipment manufac-
turers do market their systems for dehydrofreezing applica-
tions (such as Biihler).

Commercially available dehydrofrozen products are main-
ly diced and sliced vegetables and fruits intended as food
ingredients for use in soups, chowders, potato pies, stews,
casseroles, salsas and salads, and as pizza toppings. The
following products are advertised as commercially available
(from companies such as the Oregon Potato Company (Board-
man, Oregon, USA), Fruvemex (Mexicali, Mexico), and Gil-
roy Foods; Gilroy, California, USA): aubergine, courgettes
(zucchini), hot peppers, onions, peppers (capsicums), pota-
toes, sweet corn, strawberries, and tomatoes. Most manufac-
turers describe their products as dehydrofrozen, although one
(Gilroy Foods) describes their products as “Controlled Mois-
ture™ (CM)” vegetables. Products such as diced and sliced
potatoes are blanched and sodium acid pyrophosphate is used
as a processing aid and chelating agent to prevent greying
during storage.

Current manufacturers of dehydrofrozen products claim
that their products offer numerous advantages in comparison
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Table 4 Details of freezing methods used for dehydrofreezing foods

Food Drying method Freezing details Reference
Apricot Osmotic, vacuum impregnated + Air blast at =40 °C and 4 m/s followed by storage at Formni et al. 1997
osmotic, air —20 °C for 8 months
Apple Air =35 °C for 15 min followed by storage at —20 °C Torreggiani et al. 1987; Crivelli
etal. 1987a
Apple Osmotic —35 °C at a cooling rate of between 2 °C/min and Tregunno and Goff 1996
4 °C/min followed by storage at =35 °C
Apple Osmotic Air blast at =30 °C and 3 m/s Spiazzi et al. 1998
Apple Osmotic Air blast at =40 °C Agnelli et al. 2001
Apple Osmotic Air blast at =28 °C and 0.55 nv/s for 1.5 h (slow) Bunger et al. 2004
followed by conventional storage at —18 °C for
15 days
Liquid nitrogen at —63 °C for 10 min (fast) followed by
conventional storage at —18 °C for 15 days
Apple Osmotic Air blast at =40 °C Marani et al. 2007
Apple Osmotic Air blast at =40 °C Agnelli et al. 2005
Aubergine Vacuum Laboratory cabinet freezer at —40 °C, or immersed in Wu et al. 2009
ethanol and frozen in cabinet freezer at —40 °C
Broccoli Osmotic Freezer at —10 °C or —18 °C Ohnishi and Miyawaki 2005
Carrot Osmotic Air blast at =30 °C and 3 m/s Spiazzi et al. 1998
Carrot Osmotic Freezer at —10 °C or —18 °C Ohnishi and Miyawaki 2005
Carrot Osmotic Freezer at —18 °C Ando et al. 2012
Cucumber Osmotic Freezer at —40 °C for 24 h followed by storage Dermesonlouoglou et al. 2008
at =5 °C, -8 °C, —12 °C and —15 °C
Green beans ~ Osmotic Liquid nitrogen followed by storage at —17 °C for 2 and Biswal and Bozorgmehr 1989;
4 months Biswal et al. 1991
Kiwifruit Air, osmotic —35 °C for 15 min followed by storage at —20 °C Torreggiani et al. 1987; Crivelli
etal. 1987a
Kiwifruit Osmotic, air, combined Air blast at =40 °C and 6.5 m/s Robbers et al. 1997
Kiwifruit Osmotic Air blast at =30 °C and 3 m/s Spiazzi et al. 1998
Kiwifruit Osmotic, vacuum impregnated + —40 °C at a cooling rate of 4 °C/min followed by storage  Chiralt et al. 2001
osmotic at —18 °C for 24 h and 1 month
Kiwifruit Osmotic, vacuum impregnated + Forced-air —40 °C at a cooling rate of 4 °C/min Talens et al. 2001
osmotic followed by storage at —18 °C for 24 h and 1 month
Kiwifruit Osmotic, vacuum impregnated + Forced-air —40 °C at a cooling rate of 4 °C/min Talens et al. 2003
osmotic followed by storage at —18 °C for 30 days
Mango Osmotic, vacuum impregnated + Forced-air —40 °C at a cooling rate of 4 °C/min Chiralt et al. 2001
osmotic followed by storage at —18 °C for 24 h and 1 month
Mango Osmotic Static walk-in freezer at —18 °C Floury et al. 2008
Mango Osmotic Air blast freezer (no details given) followed by storage at ~ Rincon and Kerr 2010
—18 °C for 20 weeks
Melon (musk) Osmotic, air, combined osmotic air  Air blast at =48 °C and 4 m/s for 15 min followed by Maestrelli et al. 2001

Melon (water)

Melon (white)
Papaya

Pear

Pear
Peach

Peas

Osmotic

Osmotic
Osmotic

Air

Osmotic
Air

Osmotic

conventional storage at —20 °C for 4 months

Laboratory cabinet freezer at =40 °C for 24 h followed
by conventional storage at —5 °C, —8 °C, —12 °C,
—15 °C, =20 °C

Air blast at =30 °C and 3 m/s

Air blast freezer at —28 °C and 0.55 m/s for 1.5 h (slow)
followed by conventional storage at —18 °C for
15 days

Liquid nitrogen at —63 °C for 10 min (fast) followed by
conventional storage at —18 °C for 15 days

—35 °C for 15 min followed by storage at —20 °C

Air blast at =40 °C
—35 °C for 15 min followed by storage at —20 °C

Air blast at =30 °C and 3 m/s

Dermesonlouoglou et al. 2007b

Spiazzi et al. 1998
Moyano et al. 2002

Torreggiani et al. 1987; Crivelli
etal. 1987a

Agnelli et al. 2005

Torreggiani et al. 1987; Crivelli
etal. 1987a

Spiazzi et al. 1998
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Table 4 (continued)

Food Drying method Freezing details Reference
Peas Osmotic Laboratory cabinet freezer at —40 °C for 2 h followed by = Giannakourou and Taoukis 2003
conventional storage at =3 °C, =5 °C, =8 °C, —12 °C,
—18 °C, —24 °C
Pineapple Osmotic, air drying Air blast at =31.5+£2 °C for 2 h Ramallo and Mascheroni 2010
Potato Osmotic Air blast at =30 °C and 3 m/s Spiazzi et al. 1998
Potato Osmotic Freezer at —10 °C or —18 °C Ohnishi and Miyawaki 2005
Potato Pulsed electric field (PEF)+osmotic ~ Air blast freezer at —80 °C and 2 m/s Ben Ammar et al. 2010
Radish Vacuum drying, microwave drying — — Uemura et al. 2012
and vacuum-microwave drying
Rambutan Osmotic Liquid nitrogen at —40 °C for about 25 min followed by =~ Lowithun and Charoenrein 2009
conventional storage at —18 °C for 3, 60, and 120 days
Strawberry Osmotic, air, osmotic+air Air blast at =48 °C and 4 m/s for 15 min followed by Sormani et al. 1999
storage at —20 °C
Strawberry Osmotic, vacuum impregnated+ —40 °C at a cooling rate of 4 °C/min followed by storage ~ Chiralt et al. 2001
osmotic, air at —18 °C for 24 h and 1 month
Strawberry Vacuum impregnated +osmotic Air blast at —23 °C for 30 min Xie et al. 2004
Strawberry Osmotic, vacuum impregnated+ Solid CO, for 30 min followed by conventional storage at Blanda et al. 2009
osmotic —18 °C for 1 month
Strawberry Immersion frozen Immersion sucrose at —19 °C for 24 h followed by Blanda et al. 2009
conventional storage at —18 °C for 1 month
Strawberry Osmotic, air drying, osmotic+ —40 °C at a rate of 4 °C/min for 24 h, followed by Moraga et al. 2006
air drying conventional storage at —18 °C for 1 to 6 months
Tomato Osmotic Laboratory cabinet freezer at —40 °C for 24 h followed by ~Dermesonlouoglou et al. 2007a
conventional storage at —12 °C and —20 °C for 3, 6 and
12 months
Tomato Osmotic Laboratory cabinet freezer at =40 °C for 24 h followed by Dermesonlouoglou et al. 2007c

conventional storage at =5 °C, —8 °C, —12 °C, —15 °C,
and —20 °C for 3, 6 and 12 months

with conventionally frozen products, including: lower water
loss, better colour, better texture, more product per weight,
quicker cooking times, better retention in particle cohesive-
ness during retorting and cooking, etc.

One innovation in commercial dehydrofreezing has just
recently been announced. According to reports (Anon 2013;
Durance 2013), Bonduelle, a Canada-based frozen vegetable
producer, has been granted the exclusive global rights to
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Fig. 1 Comparison of freezing time (time required to diminish product
temperature from 0 to —18 °C) and moisture content of pineapple slices,
untreated or dehydrated through hot air and through sucrose syrup (os-
motic) for different process times prior to freezing (adapted from Ramallo
and Mascheroni 2010)
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develop and launch dehydrofrozen vegetables using EnWave
Corporation’s Radiant Energy Vacuum (“REVT™”) technolo-
gy. This technology is a form of vacuum-microwave drying,
this method has advantages over conventional air drying as in
being rapid and operating at low temperatures (Anon 2014).
The principles of combined vacuum-microwave drying have
been described by Scaman and Durance (2005).

Comparison of the Effects of Dehydrofreezing
with Conventional Freezing

When developed at the Western Regional Research Labora-
tory of the US Department of Agriculture in the 1940s, the
chief advantage of dehydrofreezing was claimed to be the cost
savings, ‘“no other process offers a product of comparable
quality at as low a cost to the user” (Tressler and Evers
1957). This claim was mainly based on the weight and volume
saving in comparison with conventionally frozen products,
which reduced the refrigeration and transport costs. Since
then, more emphasis has been placed on quality advantages
of dehydrofreezing versus conventional freezing.

It is clear from the published studies that dehydrofreezing
of food potentially offers numerous advantages over
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conventional freezing, both in terms of product quality
and processing efficiencies (Table 5), and may cause
beneficial changes to the thermo-physical properties of
treated food (Table 6).

Effects of Dehydrofreezing on Freezing Time

There is evidence that dehydrofreezing times are shorter than
conventional freezing times for the same product, since there
is less water to freeze (Pham 2008; Shizuka et al. 2008; Wu
et al. 2009; Ramallo and Mascheroni 2010). Reduced freezing
times of 20 to 30 %, and even 50 %, have been reported in
comparison with freezing times of untreated products (Spiazzi
et al. 1998; Ramallo and Mascheroni 2010).

Effects of Dehydrofreezing on Energy

Reducing the water load of the food through dehydrating pre-
treatments will reduce the heat load and thus the amount of
energy required to freeze it (Huxsoll 1982). Crivelli et al.
(1987b) estimated energy savings of 27 % for
dehydrofreezing as compared with conventional freezing.
Such savings are significant and it is disappointing that there
appear to have been no further studies into the energy saving
potential of dehydrofreezing.

Effects of Dehydrofreezing on Thermo-physical Properties

Dehydration pre-treatments may produce potentially advanta-
geous changes to the thermal properties of the treated produce.
Some of these are shown in Tocci and Mascheroni’s (2008)
comparison of the thermal properties of fresh and osmotically
dehydrated Kiwifruit. The water reduction reduces the enthal-
py and heat capacity, and, combined with absorption of sugars
and salts in the case of osmotic dehydration pre-treatments,

leads to a lowering of the freezing point temperature (Table 7).

Osmotic pre-treatment of fruits and vegetables may also
raise the glass transition temperature (7). For frozen foods, as
the temperature is reduced during freezing, the formation of
ice results in an increase in the concentration of the water-

Table 5 Claimed main advantages of dehydrofreezing in comparison
with conventional freezing

Quality advantages Processing advantages

Reduced drip loss
Improved texture

Reduced weight/volume
Shorter freezing time
Improved colour Reduced heat load (potential energy saving)
Improved nutrient retention

Reduced enzymic
browning

Table 6 Changes caused to treated products by pre-dehydrating
treatments

Changes

Lower water content (lower specific heat content)
Lower freezing point
Increase in glass transition temperature

May promote supercooling

soluble solutes and viscosity of the unfrozen matrix, this
unfrozen matrix forms an amorphous glassy state (Lim et al.
2006). The temperature range at which this change takes place
is the glass transition of the maximally concentrated phase, 7y
(Giannakourou and Taoukis 2003). Deterioration processes
that are diffusion-controlled occur very slowly in a glassy
state as opposed to a rubbery state, theoretically resulting in
a longer stable frozen storage life. Storage close to or below 7,
» for example has been shown to result in optimum colour and
vitamin C retention in peas (Lim et al. 2006). In peas Ty
values are quite high, between —20 and —26 °C (Lim et al.
2006), however if the normal 7, for a food is not practically
achievable it may be possible to modify the food “formula-
tion” by increasing this glass transition temperature above a
practical storage temperature (Forni et al. 1997). Osmotic pre-
treatment in carbohydrate solutions lead to tissue modifica-
tion, due to partial water removal and solid uptake, that
increases the value of 7y (Forni et al. 1997, del Valle et al.
1998; Torreggiani et al. 1999; Giannakourou and Taoukis
2003; Lowithun and Charoenrein 2009). Increases in the
glass transition temperature have been demonstrated in
apple (del Valle et al. 1998; Table 8, Bunger et al.
2004), apricots (Table 9, Forni et al. 1997), peas
(Giannakourou and Taoukis 2003), papaya (Table 8,
Moyano et al. 2002) and rambutan (Lowithun and
Charoenrein 2009). However, the glass transition tem-
peratures for these fruits and vegetables in these studies
are still generally very low, and the increase in Ty less
than 10 °C. None of these studies demonstrated practi-
cally whether storage in a glassy state of
osmodehydrofrozen food was advantageous or practical.

Table 7 Relationship between water and soluble solids content of os-
motically dehydrated kiwifruit and freezing point (adapted from Tocci
and Mascheroni 2008)

Water content (%) Soluble solids (°Brix) Freezing point (°C)
84.0 (untreated) 12.5 -1.5
71.0 17.5 22
67.6 26.0 -34
58.1 36.0 —6.1
50.6 44.0 -10.1
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Table 8 Effect of osmodehydration treatment on the glass transition
temperature of apple and papaya (adapted from Bunger et al. 2004 and
Moyano et al. 2002)

Treatment Peak temperature (end point) of
the exothermal transition (7y), °C

Apple  Control —44.45

55 °Brix, 35 °C, 60 min  —41.89

65 °Brix, 35 °C, 60 min  —38.97

65 °Brix, 45 °C, 60 min  —37.12
Papaya  Control —45.52

55 °Brix, 20 °C, 30 min  —36.64

55 °Brix, 20 °C, 60 min  —34.67

65 °Brix, 20 °C, 60 min  —33.74

Dehydrofreezing may also promote supercooling during
freezing (Pham 2008) and this may potentially improve frozen
food quality (Martins et al. 2011). However, we have identi-
fied no specific published data on the effect of
dehydrofreezing on supercooling.

Effects of Dehydrofreezing on Product Quality

The protective effect of osmotic dehydrofreezing against
freeze-thawing-induced texture softening has been reported
to be effective in apples (Marani et al. 2007), aubergine (Wu
et al. 2009), broccoli (Ohnishi and Miyawaki 2005), carrots
(Ohnishi and Miyawaki 2005; Ando et al. 2012), cucumbers
(Dermesonlouoglou et al. 2008) and peas (Giannakourou and
Taoukis 2003). Giannakourou and Taoukis (2003) reported
that parameters such as hardness and cohesiveness of osmot-
ically pre-treated peas were 20 to 30 % higher than the
respective non-treated samples when measured after they were
thawed, and 10 % to 15 % when measured after cooking.
However, this effect has not been observed in pears (Marani

Table 9 Effect of osmodehydration treatment on the glass transition
temperature of apricot (adapted from Forni et al. 1997)

Treatment time  Carbohydrate Glass transition Peak temperature

(onset) of the  (end point) of the
unfrozen phase exothermal transition
(Ty), °C (Ty), °C
15 min, vacuum Sucrose —52.47 —35.58
Maltose —48.82 —34.64
Sorbitol —60.80 -39.14
45 min Sucrose —52.09 —35.39
Maltose —48.51 —34.32
Sorbitol —61.08 —41.96
120 min Sucrose —51.60 -35.67
Maltose —48.04 —34.04
Sorbitol -61.34 —43.10
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et al. 2007), potatoes (Ohnishi and Miyawaki 2005) and
strawberries (Marani et al. 2007). Contradictory results have
been reported for kiwifruit, with some studies reporting ben-
eficial results (Talens et al. 2001) while others do not (Spiazzi
et al. 1998; Marani et al. 2007). Ando et al. (2012) attributed
these contradictory results to “‘an unclear understanding of the
mechanisms of freezing and osmotic dehydration damage as it
pertains to vegetable tissues”.

A number of studies have examined tissue structure of
dehydrofrozen fruits and vegetables in detail (Tregunno and
Goff 1996; Sormani et al. 1999; Ohnishi and Miyawaki 2005;
Ben Ammar et al. 2010; Ando et al. 2012). Tregunno and Goff
(1996) observed that the type of solute used for
osmodehydrofreezing may affect where ice crystals are
formed during freezing. Cryo-scanning electron microscopy
showed that ice formation in sucrose and sorbitol treated
apples was mainly intracellular, while it was extracellular in
corn syrup solids treated samples. The authors postulated that
the solute may act as a nucleating agent and that since corn
syrup solids molecules are large, they remain outside of cells,
causing ice to preferentially form there. The light photomicro-
graphs of freeze-thawed strawberry tissue by Sormani et al.
(1999) clearly indicated a reduction of freezing damage in air
dried samples. Ohnishi and Miyawaki’s (2005) light photo-
micrographs of treated and untreated carrot, broccoli and
potato showed that although there was some shrinkage of
the cell wall in carrot and broccoli samples the cellular struc-
ture was much better than untreated samples after freezing;
however, potato samples were shown to be affected by the
osmotic process. In particular, the researchers noted that “the
broccoli tissue after dehydration-rehydration seemed almost
the same as fresh tissue”. Ando et al. (2012) evaluated cell
membrane damage in carrot tissue as a result of
osmodehydrofreezing using water permeability, as determined
by pulsed field gradient-nuclear magnetic resonance (PFG-
NMR) measurement. They also observed cell structure using
light microscopy. Their study showed that although
dehydrofreezing protected texture from freezing damage, the
effect was only observed with respect to fracture stress, with
exhibited values close to those for raw tissue. However, there
was no protective effect on initial modulus and water perme-
ability, in which values did not differ from those of cell
membrane-free tissue. More specifically, osmotic
dehydrofreezing had no effect on the cell membrane changes
induced by freeze-thawing.

Dehydrofreezing has been reported to reduce drip loss in a
range of fruits and vegetables, such as apples (Marani et al.
2007), aubergine (Wu et al. 2009), broccoli (Ohnishi and
Miyawaki 2005), carrots (Ohnishi and Miyawaki 2005), ki-
wifruit (Talens et al. 2001; Marani et al. 2007), melon (Spiazzi
et al. 1998; Maestrelli et al. 2001), pears (Marani et al. 2007),
rambutan (Lowithun and Charoenrein 2009) and strawberries
(Xie et al. 2004; Moraga et al. 2006; Marani et al. 2007). For
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Fig. 2 Retention of vitamin C
content in untreated and
dehydrofrozen (DHF) tomato
(adapted from Dermesonlouoglou
et al. 2007a)

DHF oligofructose/trehalose W
DHF high dextrose equivalent maltodextrin ﬁ

example, drip loss in fresh strawberries without pre-treatment
was 38 %, while drip loss in strawberries impregnated with
50 % w/w high-fructose corn syrup solutions was about 20 %
(Xie et al. 2004). However, osmodehydrofreezing of pineap-
ple has been reported to increase drip loss (Ramallo and
Mascheroni 2010).

There are a number of claims of improved nutrient reten-
tion, usually vitamin C, in comparison with conventionally
frozen samples (Giannakourou and Taoukis 2003;
Dermesonlouoglou et al. 2007a; 2007b; Rincon and Kerr
2010). The absorption of sugars during osmotic dehydration
pre-treatments has been shown to have a protective effect on L-
ascorbic acid/vitamin C retention during frozen storage. Forni
et al. (1997) reported maltose to be more effective than sucrose
and sorbitol. Improved retention of vitamin C content (Fig. 2)
in dehydrofrozen tomato has also been reported
(Dermesonlouoglou et al. 2007a). The rate of L-ascorbic acid
loss (vitamin C) in dehydrofrozen peas has been reported to
have been reduced by as much as threefold (Giannakourou and
Taoukis 2003). Osmotic pre-treatment improved nutrient reten-
tion (lycopene, an antioxidant) in frozen watermelon
(Dermesonlouoglou et al. 2007b). However, some osmotic
pre-treatments may have an adverse effect on vitamin C con-
tent. The use of salt has also been reported to accelerate the
oxidisation of ascorbic acid (Biswal and Bozorgmehr 1989).

There is evidence that dehydrofreezing retains and im-
proves colour in aubergine (Wu et al. 2009), melon (water)
(Dermesonlouoglou et al. 2007b), pear (Bolin and Huxsoll
1993) and peas (Giannakourou and Taoukis 2003; Talens et al.
2001). It may also decrease enzymic browning in some pro-
duce, such as apples (Marani et al. 2007).

Few studies have addressed the importance of ripeness or
cultivar. Maestrelli et al. (2001) found that the cultivar of
muskmelon used was of crucial importance. Fruits of the
Rony cultivar had higher acceptability scores and proved to
be more suitable for both freezing and dehydrofreezing than
those of the Mirado cultivar. Studies (Rincon and Kerr 2010)

Blanched frozen

Untreated frozen ﬁ
DHF oligofructose ﬁ

DHF Glucose ——————————

0 20 40 60 80 100
Retention of initial vitamin C content (%)

have shown that less ripe fruit may be softened somewhat by
osmotic treatment, with firmness and cohesiveness being
maintained through frozen storage. In their study of mango
slices, treated less ripe fruit had a lower acid content and
higher vitamin C levels than more mature fruit.

Finally, it has been postulated that the impregnation of
solutes, through osmotic dehydration pre-treatment processes,
may be used as a method to improve overall quality of frozen
foods and develop functional frozen foods through the enrich-
ment of fruit and vegetable products with physiologically
active components such as pre-biotics, vitamins and minerals,
dietary fibre, fish oils and plant sterols (Chiralt et al. 2001; Fito
et al. 2001).

Conclusions

On reviewing the published literature on dehydrofreezing,
whilst it is clear that dehydrofreezing of fruits and vegetables
potentially offers numerous advantages over conventional
freezing, it is a little disappointing from a refrigeration aspect
to see so few studies address the freezing process itself, and
the dearth of studies that have investigated the importance of
freezing rate, or method, on dehydrofrozen foods. Many stud-
ies have investigated a range of dehydrating pre-treatment
parameters while ignoring key freezing parameters and
whether there is any interaction between the two. The freezing
methods employed have often been very perfunctory and not
representative of standard commercial freezing methods. Giv-
en the vast literature on the importance of freezing rate on the
quality of frozen fruits and vegetables it is also surprising that
so few dehydrofreezing studies have utilised cryogenic freez-
ing methods, or other more novel rapid freezing methods,
such as impingement, hydro-fluidisation, high pressure
assisted, ultrasonic assisted, etc. It is to be hoped that these
issues will be addressed in future studies.
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