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1 INTRODUCTION & OBJECTIVES 
      

 
 

“Manufacturers would be wise to highlight and promote the fruit content of their 
product” an editor wrote recently (Sloan, 2001). This reflects the growing interest in 
fruit and berries as ingredients both in industrial recipes and in home cooking. As 
consumers are turning more and more towards “natural” ingredients, healthy, 
convenient and safe foods, the food industry is realising that fruit and berries will have 
a primary place in the preparation of tomorrow’s meals. This trend is confirmed by 
food industry suppliers (Anonymous, 2002), who report that they have received most 
enquiries from the cereal & bakery, dairy and baby food sectors.  

 Fruit products provide our diet with nutrients, colour, flavour and variety, so 
attention is focused on their appearance and functional properties when quality 
assessments are made of semi-finished fruit and berry products. Numerous products 
from the food industry contain fruits and/or berries as a filling or ingredient, for 
example, yoghurt, some bakery products and ice cream. 

 Since ancient times, many techniques have been used and developed to preserve 
fruits with minimal damaging effect on quality (Ratti & Mujumdar, 1996): drying, 
concentration, freezing, fermentation, and chemical preservation with vinegar, wine, 
sugars, and spices. Thermal processing, such as sterilisation and pasteurisation, is a 
relatively recent technique used for fruit preservation, but it has proven to be one of 
the most effective (Ramaswamy & Abbatemarco, 1996). New processes, such as 
combined-methods technology (Alzamora, Tapia, Argaiz & Welli, 1993), are 
continually being introduced, especially for heat-sensitive products such as delicate 
fruits and fruit juices to preserve overall colour, flavour, and other quality attributes. In 
general, fruits are commodities with special sensory properties that must be carefully 
preserved. 

 Today, in their endeavour to enhance their finished products with an added-value 
ingredient, product developers are increasingly attracted by the use of fruit ingredients. 
But this choice is often challenging. In fact the food manufacturer is dependent upon 
the supplier who, in turn, is dependent upon the elements, affecting supplies and 
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prices. Equally, many types of fruit are difficult to store and process, with the result 
that their flavour and colour are lost by the time they reach the end of the process line. 
Another hurdle is the ability of the fruit ingredient to harmonise with the finished 
product. 

 Fruit presents many different features depending on species, maturation grade, 
origin, which must be taken into account when selecting the process and its operating 
conditions. However, general characteristics can be drawn for fresh fruit: 

o very high initial moisture content, 
o high-temperature sensitivity (colour, flavour, texture, lowered nutritional value), 
o high susceptibility to microbial attack, 
o high sugar content (problems of stickiness, fermentation, etc.), 
o presence of a “skin” that is poorly permeable to water on some fruits (e.g. 

grapes, blueberries). 

The most appropriate strategy for stabilising plant products is to remove part of the 
water. Traditional drying techniques applied to fruits or vegetables in pieces include 
solar drying, hot-air drying, fluidised-bed drying, explosion puffing or freeze-drying 
(Jayaraman & Das Gupta, 1995). In order to minimise the tissue damage, alternative 
gentle techniques can be used, possibly in combination with more traditional 
dehydration techniques. 

 Osmotic treatment (OT) has been widely studied as a single process or in 
combination with other techniques (Ponting, 1973; Bolin & Huxsoll, 1993; 
Giangiacomo, Torreggiani, Erba & Messina ,1994; Lenart, 1996; Sankat, Castaigne & 
Maharaj ,1996; Simal, Deya, Frau & Rossello, 1997; Mavroudis, Gekas & Sjoholm, 
1998; Venkatachalapathy & Raghavan, 1998; Reppa, Mandala, Kostaropoulos & 
Saravacos, 1999). Osmotic treatment can be described as the partial dehydration of 
foodstuffs through the process of osmosis, which involves immersion for a given 
period of time in a hypertonic solution – often sugar solution. The application of OT to 
fruits and, to a lesser extent, to vegetables has received considerable attention in recent 
years as a technique for production of intermediate moisture foods (IMF) and shelf-
stable products (SSP), or as a pre-drying (pre-concentration) treatment to reduce 
energy consumption and/or heat damage in other traditional drying processes. In food 
processing, OT is almost synonymous with osmotic dehydration but only if the 
simultaneous solute uptake is ignored. The description “Dewatering Impregnation 
Soaking” (DIS) has been suggested by Raoult-Wack, Guilbert & Le Maguer (1991) 
and describes more closely what is desirable: to have a controlled transport of both 
solute and solvent (water). For better comprehension the term “Osmotic Treatment” 
will be used throughout this thesis. Vacuum impregnation in combination with 
osmotic treatment is another way of changing the composition of fruits and vegetables 
without affecting their structure to a higher extent. After the pre-treatment, a 
conventional drying method such as hot air-drying is necessary to produce shelf-stable 
fruit products, and the simultaneous use of microwaves allows a faster and controlled 
drying.  
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1.1 Objectives 
The overall objective of the present work was to increase knowledge about realistic 
processing methods, or combination of processes, available for the production of 
stable fruit ingredients destined for the food industry. The target product should have 
an acceptable ability to rehydrate and to regain a “near-to-fresh” rehydrated texture. 
The effect of pre-treatments such as osmotic treatment with sugars, ethanol 
dehydration, calcium infusion and freezing combined with air drying and microwave 
drying on the kinetics of mass transfer and product quality was studied. Having in 
mind that the topic is wide, the specific objectives of this study were to: 

 Present a critical state-of-the-art report on the structural and textural effects of 
different types of dehydration processes on edible plant products and propose a 
basis for preventing the collapse phenomenon (Paper I); 

 Evaluate the effect of different pre-treatments prior to microwave-assisted 
drying on microstructure, drying kinetics, rehydration and texture (Papers II-
IV); 

 Study the effects of a novel osmotic agent, trehalose, and compare it to with the 
most commonly used agent, sucrose, in terms of water activity, solid gain and 
moisture loss (Paper V); 

 Evaluate if a traditional sorption isotherm model can be applied to the osmotic 
treatment of apples, although water activity levels are higher than the one 
commonly studied in desorption contexts (Paper VI); 

 Assess the effect of vacuum impregnation of the apple tissue prior to further 
dehydration and investigate if it can enhance the quality in terms of porosity 
and structural collapse (Paper VII). 
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1.2 Overview of the studies comprising this thesis 
A summary of the content of papers I to VII is presented in table 1. 
 
Table 1. Overview 
Papers I II III IV V VI VII 
PRE-TREATMENT        
Osmotic treatment ● ●   ● ● ● 
Vacuum       ● 
Freezing   ●     
Blanching    ●    
Calcium ●   ●    
MAIN PROCESS        
Air-drying ● ● ● ●   ● 
Microwaves ● ● ● ●    
EVALUATION        
Water activity ●    ● ●  
Volume ●    ● ●  
Texture ● ● ● ●    
Microstructure ● ● ●     
Moisture diffusivity  ● ● ●    
Porosity ●      ● 
Rehydration ● ● ●     
Sensory evaluation  ●      
Modelling      ●  
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2 BACKGROUND 
      

 
 
 
 
 
 
 
2.1 The fruit tissue and its dehydration 
This section aims at describing the relevant aspects of the plant cellular tissue 
subjected to dehydration. A more complete description can be found in Paper I. 
 
2.1.1 Structure of the fruit tissue: role of the cell wall 
The living tissue often consists of well-organised cellular structures, which is a 
condition for its overall functionality. Fruits and vegetables generally consist of 
parenchyma, which is an unspecialised tissue whose primary function is to store water 
and nutrients (Ilker & Szczesniak, 1990). It is usually interspersed with intercellular 
gas-filled spaces and vascular tissue.  A schematic representation of parenchyma tissue 
is given in Figure 1.  

 Crapiste, Whitaker & Rotstein (1988) described and simplified the cellular tissue 
as a four-phase system: vacuole, cytoplasm, cell wall and intercellular spaces. The 
vacuole is an aqueous solution of different materials such as sugars, organic acids and 
salts. The cytoplasm is a complex viscous fluid or gel matrix containing cell organelles 
and reserve materials such as starch and proteins. Two thin permeable membranes 
limit the cytoplasm: the tonoplast and the plasmalemma. The plasmalemma membrane 
is a protein-lipid layer that regulates the contact between the cytoplasm and the 
environment. 
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Figure 1 A schematic representation of the parenchyma 
tissue of apple. is: Intercellular space; cw: cell wall; pl: 
plasmalemma; vac: vacuole; cyt: cytoplasm. 

   
The cell wall is not a static structure (Aguilera & Stanley, 2000). Rather, it is a 

dynamic organelle vital to cell growth, metabolism, attachment, shape, and disease and 
stress resistance. Carpita & Gibeaut (1993) proposed a model for the structure of the 
cell wall consisting of three structurally independent but interacting domains  (Fig. 2). 
In their model, hemicelluloses constitute the main interlocking component, and their 
highly branched but linear conformation is oriented in the same way as the cellulose 
microfibrils to which they bind. The resulting cellulose-hemicellulose domain 
constitutes 50-65% of the dry weight of the wall depending on the maturity of the 
plant tissue. Some 50-60% of the cellulose in the plant cell wall is in a crystalline state, 
interconnected with amorphous regions. In some materials, such as apples, cellulose in 
cell walls lacks amorphous regions (Newman, Ha & Melton, 1994). This cellulose-
hemicellulose domain is embedded in a second domain composed of pectic substances, 
which account for an additional 30% of the wall mass. Pectin cross-linking mostly 
occurs via Ca2+-bridging to form junction zones. A third structural domain consists of 
extensin units covalently cross-linked and oriented radially within the wall matrix. 
Extensin cross-linking is involved in locking the cell wall in a fixed shape once cell 
growth is complete. The interstices between the cellulose fibrils are filled with 
polysaccharides such as hemicelluloses and pectins. 
 The adjacent cells are glued to each other with a thin layer of material called the 
middle lamella. The gluing material is largely pectinous in nature, and its composition 
strongly affects the texture of the tissue. Plasmadesmatas are cytoplasmic connections 
that link adjacent plant cells through their common cell wall. They create an 
intercellular continuum and regulate the transfer of water, small molecules, and ions 
between cells (Aguilera & Stanley, 2000). The contact between adjacent cells is not 
complete, and intercellular spaces are found. The intercellular spaces form a system of 
channels that are filled with air. The spaces occupy less than 1% of the tissue volume 
of carrots and potatoes but up to 25% in apple tissue. 
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Figure 2 A model of the cell wall structure called the expanding type I cell wall and 
proposed by Carpita and Gibeaut (1993). PGA: Polygalacturonic acid; RG: 
Rhamnogalacturonan. Adapted from the reference above. 
 
 
2.1.2 Fundamentals of water transfer in plant tissue during dehydration 
As previously described, cellular materials such as fruit parenchyma tissue have a very 
complex structure. This means that water and water vapour are transfered by several 
mechanisms simultaneously. Furthermore, the structure and the physical properties 
change during the operation.  
From a plant physiology point of view, attempts have been made to describe the 
transport of water in the tissue. Crapiste et al. (1988) presented an interesting approach 
to explain the water flux inside the plant tissue during drying. They divided it into 
three types of transport: Intercellular refers to the water vapour flow through the 
intercellular spaces; Wall-to-Wall indicates the capillary flux of water inside the cell 
walls; and Cell-to-Cell represents the resulting flux of liquid water through the 
vacuoles, the cytoplasms and the cell membranes. Another perspective was presented 
by Le Maguer & Yao (1995), who described three possible ways for the movement of 
water into and out of cells: apoplastic transport, symplastic transport and 
transmembrane transport. Apoplastic transport, or the cell wall pathway, is external to 
the cell membrane (plasmalemma) and is interpreted as the movement within the 
extracellular volume (cell wall and free space). Symplastic transport is internal to the 
cell membrane and defined as the transport of water between two neighbouring cells 
via cytoplasmic strands or plasmodesmatas. Mass flow across the cell membrane is 
called transmembrane flux. 
From an engineering point of view, three phenomena are of primary interest when 
studying the movement of water inside and out of a foodstuff (Hallström, 1990). These 
are: 

Cellulose 

RG I and 
arabinogalactan

Extensin 

PGA junction zone
Xyloglucan 
network 
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o the transfer of water within the product – the “apparent” or “effective” diffusion 
coefficient, 

o the transfer of water (vapour) between the surface of the product and the 
surrounding atmosphere – the surface mass transfer coefficient, 

o the final water content of the product in equilibrium with the surroundings air 
as defined by the sorption isotherm. For hygroscopic material such as a 
foodstuff, the sorption isotherm describes the equilibrium between the water 
content of the material and the water content of the surroundings. 

  
2.2 Choice of appropriate techniques 
Processing of fresh fruit into particulate products to be included in industrial recipes 
limits the wide range of available food processing methods. The techniques 
traditionally used for the processing of fruits (whole or in pieces) are blanching, 
canning, freezing, air-drying, sun-drying, freeze-drying and vacuum-drying. The 
chosen techniques should meet several specific requirements in order to be able to 
produce the target product:  

 decrease moisture content and water activity, since high original values of fresh 
fruit or vegetables are responsible for their high instability and perishability 
after cutting operations, 

 the process should be physically and chemically gentle. In particular, the use of 
high temperatures (>70°C) should be avoided because of the radical changes 
they can cause in cellular tissues, 

 produce acceptable products for the food industry and also, indirectly, for the 
consumer in terms of minimal use of additives, for instance. 

 if possible, the techniques should help to improve some quality parameters of 
fruit and vegetables, making them even more appealing, convenient and 
nutritionally-rich, 

 the techniques should also be realistic in an industrial context, in terms of 
capital costs, running costs, legislation and environmental aspects. 

Following these requirements or preferences and based on the knowledge gathered in 
Paper I, some techniques were selected. The processing techniques used and 
developed in this work were osmotic treatment and microwave-assisted air drying, in 
combination with different pre-treatments, including vacuum infusion and calcium 
enrichment.  
Considering the effects of the different techniques at the macro-structural level, the 
Figure 3 represents the exchanges of mass occurring between the plant tissue and its 
direct surroundings. 
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Figure 3 Schematicised representation of mass transfer during different processing 
methods. MW=Microwave. 

 
2.2.1 Osmotic treatment (OT) 
2.2.1.1 General 
OT, also called osmotic dehydration or dewatering and impregnation soaking (DIS), 
has been described as the immersion of foodstuff in liquids with a water activity lower 
than that of the foodstuff (Garrote, Silva & Bertone, 1992). It creates, simultaneously, 
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large-scale transfer of water out of the tissue into the solution and, to a smaller extent, 
counter-current transfer of solutes. The process may occur at low temperatures and 
does not involve the phase change usual in conventional drying. Osmotic treatment has 
been studied for many types of fruit, including apples (Lenart, 1996; Simal et al. , 
1997; Nieto, Salvatori, Castro, & Alzamora, 1998; Reppa et al. , 1999), pears (Bolin & 
Huxsoll, 1993), bananas (Sankat et al., 1996), strawberries (Alvarez, Aguerre, Gomez, 
Vidales, Alzamora & Gerschenson, 1995), blueberries (Ramaswamy & Nsonzi, 1998), 
peaches and apricots (Giangiacomo et al., 1994), papayas (Heng, Guilbert & Cuq, 
1990), mango (Welti, Palou, Lopez-Malo & Balseira, 1995), coconuts (Rastogi & 
Raghavarao, 1996). The use of OT as a pre-treatment is also reported: prior to freezing 
(Tregunno & Goff, 1996; Robbers, Singh & Cunha, 1998), air-drying (Bolin & 
Huxsoll, 1993; Welti et al., 1995; Lenart, 1996; Nieto et al., 1998), microwave-drying 
(Venkatachalapathy & Raghavan, 1998), freeze-drying (Hawkes & Flink, 1978). For 
economic reasons, the process is used for partial moisture removal prior to further 
processing and distribution. Equipment design for osmotic treatment was very well 
reviewed by Marouzé, Giroux, Collignan & Rivier (2001) and some seventeen 
different techniques could be differentiated and compared.  
2.2.1.2 Theoretical aspects of osmosis 
In theory, osmosis is a process in which a solvent diffuses from a diluted to a 
concentrated solution through a semi-permeable membrane to equalise the chemical 
potential of the solute (Aguilera & Stanley, 2000). In osmosis, the excess pressure 
needed to reach the state of equilibrium between a pure solvent and a solution is called 
osmotic pressure (π): 

a
V
RT ln−=π              (1) 

where V and a are the molar volume and activity of the solvent, respectively and R is 
the gas constant. Since in foods the solvent is water, equation (1) can be expressed as 
(Lewicki & Lenart, 1995) 

waT ln106063.4 5⋅−=π           (2) 

where aw is the water activity (T is in °K and π in MPa). Osmotic pressure is related to 
the molar mass of the solute; i.e. at equal concentrations the smaller the mass, the 
higher the osmotic pressure. Electrolytes show higher osmotic pressure than non-
electrolytes. 
2.2.1.3 Mass transfer during osmotic treatment 
As it is shown in Figures 3 & 4, three types of mass transfer take place during OT of 
cellular foodstuffs such as fruit and vegetables. The most important one is the water 
transfer from a diluted solution in the plant cells to the surrounding osmotic medium. 
In addition to dewatering, solutes penetrate from the solution into the tissue. The third 
mass transfer, which is often considered as negligible, is the leaching of natural water-
soluble solids into the medium. In general, driving force and structure represent the 
two major factors that control mass transfer during OT. The cellular structure of the 
plant determines the pathways of both water and solids transfer (Toupin, Marcotte & 
Le Maguer, 1989; Mavroudis, Gekas & Sjoholm, 1998). The mechanisms underlying 
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the taking up of the osmotic solutes by the plant tissue have been reported to be two-
fold: free convection and diffusion (Mavroudis, Wadsö, Gekas & Sjöholm, 1998). The 
existence of both mechanisms is not contradictory since, due to the complex structure, 
several types of mass transfer exist simultaneously for the same component 
(Hallström, 1990). Aguilera & Stanley (2000) had a very interesting description of 
different types of mass transfer during osmotic dehydration at four levels: 

o membranes: diffusion, active and passive transport through proteins, 
o cell walls: symplastic and apoplastic transport, 
o intercellular spaces and pores, 
o whole tissue. 

 
Figure 4 Mass exchanges between the plant tissue and the solution during 
osmotic treatment. 

 

2.2.1.4 Reuse of the infusing solution 
The osmotic treatment actually generates two products. The primary product is an 
intermediate moisture fruit piece. The secondary one is the diluted osmotic liquid. The 
process of re-concentrating and reusing is one of the most common applications for the 
spent solution (sugar syrup in the case of fruit processing). Concentration requires 
heat, which can darken or brown the colour, as well as drive off flavour volatiles. 
Filtration removes most of the particulates and foreign matter. In general, the syrup 
will impart some of the characteristics it gained during earlier treatments to the 
product. This may not have an entirely negative effect, especially if it replaces some of 
the flavour lost during the osmotic process. Other options exist - syrups for fruit 
fillings or beverage bases, for example. 
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2.2.2 Fundamentals of Air-drying of solids 
2.2.2.1 General 
Convective (air) dehydration is possibly the most common technique for dehydration 
of particulate foods (Mujumdar & Menon, 1995). During the drying of a wet solid in 
heated air, the air supplies the necessary sensible and latent heat and also acts as a 
barrier for the water vapour formed, moving it away from the drying surface and 
permitting further evaporation to occur. The transfer of energy (heat) depends on the 
air temperature, air humidity, air flow rate, exposed area of food material and pressure 
(Okos, Narsimhan, Singh & Weitnauer, 1992). 
2.2.2.2 Sorptional equilibrium 
A wet material is called hygroscopic if the water that it contains is bound to the solid 
matrix such that the vapour pressure it exerts is lower than that of pure water at the 
same temperature (Ratti & Mujumdar, 1996). Fruits are hygroscopic materials. 
Sorptional equilibrium data for water vapour-foodstuff systems are used to describe 
the hygroscopic properties of a product. The sorption isotherm of a food material is a 
curve showing the equilibrium moisture content versus the relative humidity or water 
activity of the vapour space surrounding the material (Okos et al., 1992). The concept 
of water activity that is most commonly used by researchers and processors in the food 
industry can be defined by the following equation: 

 
100

(%)

0

ERH
p
p

aw ==             (3) 

where p is the water vapour pressure in food material (N.m-2), p0 the vapour pressure 
of pure water, and ERH the relative humidity. 
The process of increasing moisture content (water gain) is termed adsorption, and that 
of decreasing moisture content (water loss), desorption. The term describing 
differences between adsorption and desorption is hysteresis. Generally adsorption 
isotherms exhibit a lower moisture content than do desorption isotherms at a given 
water activity. In high sugar/high pectin foods such as air-dried apple, hysteresis 
occurs mainly in the region of monomolecular water layer (Okos et al., 1992). 
2.2.2.3 Shrinkage 
Changes of shape and size of plant materials during drying modify both dimensions 
and transport properties of individual pieces and also thickness of the packed bed in 
the dryer (Ratti & Mujumdar, 1996). Volume change of these pieces is usually 
expressed as the ratio of sample volume at any time to initial volume (V/V0). It has 
been suggested that the shrinkage of foods during dehydration is caused by the high 
surface tension of water (Anglea, 1994). Ratti (1994) reported that an important 
parameter in the design of dryers is the particle surface area to volume ratio. This 
parameter was shown to be independent of the drying conditions but to be practically 
dependent on the sample geometry and type of fruit. 
2.2.2.4 Air-drying kinetics 
The typical drying cycle consists of three stages: heating of the food to the drying 
temperature; evaporation of the moisture from the product surface occurring at a rate 
proportional to the moisture content (constant rate period); and once the critical 
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moisture point is reached, the falling of the drying rate (falling rate period). The 
critical moisture point depends greatly on the drying rate since high drying rates will 
raise the critical moisture point, and inversely. 
Usually, in food dehydration operations, a large proportion of the drying takes place 
under falling rate conditions (Brennan, 1994). Many mathematical models have been 
proposed to represent drying under falling rate conditions. These can be put into two 
categories:  

 those that relate to the mechanisms of moisture movement within the solid. 
Several modes of moisture transfer have been proposed but the mechanism which 
has received widest acceptance is diffusion due to concentration gradients. Such 
diffusion may be represented by Fick’s second law: 

  2

2

dl
WdD

dt
dW

=           (4) 

where W is the moisture content; t is the time; l is the distance; D is the liquid 
diffusivity. A solution to this equation is developed in chapter 5.1.4. 

 those that are empirical and are obtained by fitting expressions to drying curves 
constructed from experimental data. Many models are available in the literature 
(Lewis, 1921; Shimazu & Sterling, 1967; Alvarez & Legues, 1986). In general, 
such equations are applicable only under conditions close to those used when 
obtaining the experimental data. Many are specific to a particular food material or 
closely related materials. Within these limitations, they can be useful in predicting 
drying times 

 
2.2.3 Microwave-assisted Air-Drying 
2.2.3.1 General 
Microwave energy in food dehydration has been reported to reduce energy 
consumption, reduce the space required for process equipment, prevent discoloration, 
reduce the microbial count, and facilitate sanitation (Decareau, 1985). All these 
advantages are, directly or indirectly, due to faster and more efficient drying compared 
with traditional drying methods (Huxsoll & Morgan Jr, 1968; Tulasidas, Ratti & 
Raghavan, 1997; Funebo & Ohlsson, 1998). The possible drawbacks linked to the 
application of microwaves in drying are the non-uniformity of heating and high capital 
costs (Schiffman, 1995). The non-uniformity of heating might lead to discoloration 
during the process and microbiological problems after drying (Funebo, 2000). 

2.2.3.2 Microwave drying in the food industry 
Although microwave drying is now a well-known technology with many applications, 
the potential is still high in the food industry. The specific drying applications of 
products from plants are presented in the Table 2.  
 Microwaves are used to dry pasta products, and there are many operational 
industrial systems. The systems use microwaves and hot air of controlled humidity to 
dry pasta with tremendous gains in drying time (Schiffman, 1995). Other food industry 
drying applications include drying of onions, molasses, pet food, vegetables, fruit and 
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fruit concentrate, chicken protein, sugar cubes, seaweed, and potato chips (Bengtsson, 
1993, updated 2002 by personal communication). The drying of onions is particularly 
interesting in providing substantial benefits in terms of moisture levelling, a 30 % 
reduction in energy costs in the final drying, when the moisture content is below 0.1 
g/[g dry matter] (Schiffman, 1995). 
 

Table 2. Microwave dehydration of plant material in the food industry throughout the world 
(Bengtsson, 1993, updated 2002 by personal communication) 

Product Combination Scale Country 
Vegetables Air, vacuum Industrial (I) UK, France, Germany, Japan 
Fruit and berries Vacuum I Germany, France, USA 
Juice concentrate Vacuum I France, UK, USA 
Potato slices (low fat chips) Air I Germany, UK, USA 
Potato chips Frying (I) Not in operation today 
French fries Pre-drying Pilot plant (P) Netherlands 
Onions Hot-air I USA 
Pasta Hot-air I USA and Italy 
Rice Hot-air I UK, USA 
Snacks Puffing I USA 
Tomato purée Hot-air P - 
Grain, peanuts Vacuum P USA, Canada 
Cocoa, coffee Roasting I - 
Molasses Hot air I Australia 
Sugar cubes Hot air I France 
Biscuits Post-baking I World-wide 
 

2.2.3.3 Some fundamentals of microwave heating 
The energy released in microwave heating (P) is directly related to the frequency (f), 
the field strength in the material (E) and to the dielectric loss factor of the material 
(ε’’) as follows: 

  2'' EfkP ⋅⋅⋅= ε            (5) 

where k is a constant. 
The microwave penetration into the material is a function of the frequency, the relative 
permittivity (ε’) and the loss factor (ε’’), the penetration depth decreasing with 
increasing frequency, permittivity and loss factor. The relation between the two 
dielectric properties coefficients ε’ and ε’’ is given the complex permittivity ε: 
  ''' εεε j−=             (6) 

The loss tangent or dissipation factor tan δ: 

  
'
''tan

ε
εδ =             (7) 
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The efficiency of microwave heating depends on a variety of parameters such as the 
geometry (Ohlsson & Risman, 1978), moisture content, density, temperature, 
conductivity, and specific heat of the samples. 
Considering moisture content, a crucial parameter in drying technology, a few rules of 
thumb are proposed by Schiffman (1995): 

o the higher the moisture content, usually the higher is the complex permittivity, 
o the loss factor usually increases with increasing moisture content but levels off 

at intermediate moisture and may decrease at higher moisture, 
o the complex permittivity of a mixture usually lies between that of its 

components. 
More basic theory on how microwave energy is converted into heat can be obtained 
from Metaxas & Meredith (1985) or Roussy & Pearce (1995).  

2.2.3.4 Microwave drying of plant materials 
Drying combines heat and mass transfer. The driving force for heat transfer is the 
temperature gradient between the material surface and the ambient air, while mass 
transfer is driven by the moisture gradient between the food interior and surface. Rapid 
generation of heat, internally, using microwave energy establishes a large driving force 
resulting in rapid water transfer and possibly other effects without deleterious effects 
due to overheating of the surface (Al-Duri & McIntyre, 1992). These high 
temperatures strongly affect internal heat and moisture transfer, producing pressures 
that will drive water out in both the liquid and gas phase. These effects are responsible 
for increased product throughput and a more uniform moisture distribution than in 
conventional drying operations. 
 Funebo & Ohlsson (1998) compared microwave-assisted air-drying with air-
drying for apple and mushroom and observed that microwaves help to reduce the 
drying time by a factor of two at 60°C and 1 m/s. Studying the quality parameters of 
dehydrated apples, they could find a slight relation between long drying time and high 
bulk density. The drying time for mushroom dehydration (Riva, Schiraldi & Di Cesare 
, 1991) using a combination of microwave energy and air-drying was less than half 
that of air-drying, a factor that could contribute to minimising tissue collapse, as it is a 
time-dependent process. Their explanation was that the thermal gradients within the 
sample were minimised using microwave energy, the structure was maintained, 
increasing moisture diffusivity and decreasing the drying time.  
 Riva et al. (1991) also found that a combination of microwave energy and air-
drying improved the properties of mushrooms more effectively than conventional air-
drying. Their explanation for the improvement was that the combined method induces 
limited thermal stress on the product structure thereby preserving porosity. The 
increased rehydration volume may be due to partial destruction of the cellular make-up 
because of the pressure of vaporised water within the tissue (Huxsoll & Morgan Jr, 
1968; Riva et al., 1991). The resulting rehydration properties and perhaps shrinkage 
would be similar to those of freeze-dried products in which the cellular structure has 
been partially destroyed by ice crystal formation. Huxsoll & Morgan Jr (1968) also 
showed improved structural characteristics and better rehydration properties of apple 
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and potato that had been dried using partial microwave energy rather than 
conventional drying techniques. The samples that were microwave-treated (after air-
drying to 47% moisture at 82°C and 3.25 m/s) shrunk much less, the sides were flat, 
and sometimes even convex. In the microwave-puffed apples (after air-drying to 25% 
moisture), the samples showed a 50% greater volume than their air-dried counterparts. 
The authors explained it by the fact that the vapour pressure caused expansion of the 
sample. 
 
2.2.4 Pre-treatments and related quality effects  
Osmotic treatment removes substantial amounts of water from a product while adding 
minimal amounts of solids. Instead of merely taking water out, impregnation or 
infusion maximises the flows in both directions so solutes move into the food. This 
yields a different set of characteristics in the finished product. The end goal of osmotic 
treatment is the removal of water to make the product stable. In infusion, water 
removal is sometimes desired but the main goal is to add a functional solute to the fruit 
tissue.  
 
2.2.4.1 Vacuum impregnation 
Vacuum impregnation, also called vacuum infusion, is a method causing the 
evacuation of the occluded gas naturally present in many fruit and vegetables and 
replacing it by a chosen solution. Vacuum impregnation has been used for a long time 
in the treatment of various industrial materials such as wood or metal (Saurel, 2002). 
In the fruit and vegetable sector, vacuum impregnation was rarely studied in the past. 
It has received new interest for its potential to improve the organoleptic quality of 
foods and in the design of minimally processed products. The solution can be, for 
example, a texture enhancer, a water activity depresser, a flavour or colour 
improver/stabiliser.  
 This technique is based on hydrodynamic mechanisms (Fito, 1994; Fito & Pastor, 
1994). Mass transfer during osmotic treatment under vacuum has been reported to be 
quicker than under ambient pressure (Fito, 1994; Rastogi, Raghavarao, Niranjan & 
Knorr, 2002). Fito and coworkers have explained this on the basis of pressure gradient 
and capillary flow. The reduction in pressure causes the occluded gas to expand and 
escape. When the pressure is restored, the pores can be occupied by an osmotic 
solution, increasing the mass transfer surface area. Rastogi & Raghavarao (1996) 
showed that the vacuum affects only the rate at which the equilibrium is attained and 
not the equilibrium osmotic pressure. 
 
2.2.4.2 Calcium infusion 
Calcium can be added to fruit and vegetables by dipping them in calcium solutions. 
The importance of calcium in controlling fruit and vegetable softening has been known 
for decades. Nevertheless, the mechanism of calcium action in decreasing softening is 
still not fully understood. There is some evidence that calcium action is in part due to 
its effect on cell wall structure and membrane integrity (Knee & Bartley , 1981).  
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 Few studies have been done regarding the effect of calcium pre-treatment before 
dehydration of fruit and vegetables, but blanching of fruit and vegetables in calcium or 
acidic alum salts is a common pre-treatment preceding further techniques of 
preservation, such as canning and freezing. The effect of calcium salts in inhibiting 
softening during thermal processing has been extensively studied in several vegetables 
(Hugues, Faulks & Grant, 1975; McFeeters & Fleming, 1989, 1990). Calcium chloride 
treatments have also been used successfully after harvesting, to control the softening 
of apples that occurs during storage. 
 The combined effect of pectin methylesterase, PME, on pectin and the ability of 
calcium to cross-link adjacent pectin have been used to explain the effect of calcium in 
improving the texture of vegetables during mild heat treatment. The egg-box model, 
allowing co-operative sequential insertion of the calcium in the middle lamella, may 
improve the cell adhesion, thereby preventing cell separation during cooking.  

2.2.4.3 Other pre-treatments 
Pre-treatments may also be used in order to increase the drying rates of further drying 
or for practical reasons (freeze-storage), even if it is often detrimental to the final 
quality of the plant material. 
 A way to reduce the drying rate is to replace part of the water by a compound 
with lower surface tension. Surfactants may be used as tools for lowering the 
resistance to water removal at the surface of the fruit or vegetable piece. Pre-treatment 
with surface-active agents prior to drying has produced contradictory results 
(Saravacos & Charm, 1962; Haas, Prescott Jr & Cante, 1974). Nargual & Ooraikul 
(1996) reported that a combination of surfactant and glycerol pre-treatment of potato 
slices made the air-drying faster and more complete while preventing collapse of the 
potato tissue. Surfactants and alkali give a definite effect on the drying rates of fruits 
when they are dried whole, with the skin, such as grapes, prunes and blueberries (Masi 
& Riva, 1988). A faster drying rate gives rise to more porous structure, which, in turn, 
favours water mobility and results in much better rehydratability of pre-treated grapes 
in comparison with those untreated (Masi & Riva, 1988). The surface tension of pure 
ethanol is about 20 mN/m compared to about 70 mN/m for water at around 50°C 
(Lide, 1993). Furthermore, it seems that a pre-treatment with ethanol improved the 
rehydration properties and increased the porosity of dehydrated apples (Kabbert, 
Herrmuth & Kunzek, 1993); the rehydration capacity was increased threefold 
compared to non-ethanol-treated apples dried at 85°C. Furthermore, Kabbert and 
colleagues observed that if 98 % ethanol was used instead of 84 % for pre-treatment 
before dehydration, the rehydration capacity of apple increased with ethanol 
concentration. Another area where ethanol has been studied is in dehydrofreezing of 
plant material (Biswal & Le Maguer, 1989).  
 Freezing is a process which is well known to damage the cellular structure of 
foods by ice crystal growth (Fellows, 1988). However, freezing is sometime a 
necessity for a convenient and realistic post-harvest handling. It can also have 
beneficial effects on drying rates. The influence of freezing on the diffusivity of 
soluble components in carrot was studied by Oliveira & Silva (1992). They found that 
freezing lowered the activation energy for diffusion, and that frozen carrots showed a 
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Fickian diffusional behaviour even at low temperatures, probably due to rupture in the 
carrot tissue. In contrast, Eshtiagi, Stute & Knorr (1994) reported that freezing before 
drying increased the drying rate for potato and green beans but not for carrot, 
compared to non-frozen samples. At the same time freezing and subsequent 
dehydration resulted in a higher rehydration capacity for potato, green beans, and for 
carrot, compared to no pre-treatment (Eshtiaghi et al., 1994). This indicates a higher 
mass transfer ratio due to tissue damage, even for carrots. Thus, depending on the 
plant tissue composition affects the diffusion and drying rate to varying degrees by 
freezing before dehydration. 
 
2.3 The final product 
Fruit ingredients can bring several advantages to the design of a food product. Fruit 
can be added to muesli mixes, baked goods and mixes, ice cream and other dairy 
products, and energy bars, and some kinds can even be eaten as they are. The main 
consideration is that the process must result in a finished product that fits the specific 
application. Furthermore, the fruit have to fit through the manufacturer’s mixing or 
filling equipment. 
 In terms of dehydrated ingredients traditional hot-air drying is the method that is 
most used. However, the quality of air-dehydrated products is often low, with 
shrunken, shriveled, darkened materials of poor rehydration ability (Van Ardsel, 
Copley & Morgan, 1973; Nijhuis & Torringa, 1996). Furthermore, long-time shelf-life 
of dehydrated fruits such as of apples and pineapples presents a drawback for the food 
manufacturer. Over time these fruits lose their colour and have a tendency to turn 
brown. Other dried fruits, such as blueberries and strawberries, cannot tolerate many 
processing techniques and lose their integrity, tending to shrivel during the drying 
process.  
 Texture and water activity are important concerns. In most cases, the piece 
should maintain its texture and not change the surrounding product. A fruit piece will 
have to have its moisture adjusted so that there is no water to diffuse out into the rest 
of the application (O'Caroll, 1998b). Syneresis has to be controlled to give an 
attractive product with an adequate shelf-life.  
 Other characteristics can become important depending on the application. 
Rehydration capacity can be important in applications such as batters or dairy 
products. Bulk density should not be very different from the overall density of the 
application. If used in batter, cakes, or even yoghurt the fruit should not float on the 
surface or sink to the bottom but be uniformly distributed. For pieces to be included in 
breads and bakeries the thermostability should be high (O'Caroll, 1998a). Additionally, 
stability in thawing is required for frozen goods (Viberg, Freuler, Gekas & Sjöholm, 
1998). 
 Mild processing techniques may not only improve texture and functionality over 
conventional drying, they can bring improvements in colour and flavour, too. The 
infusion of non-reducing sugars may help to stabilise natural colours in the plant 
tissue.  
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The general set-up of the different process paths studied in the whole project is 
schematised in the Figure 5.  

Osmotic 
Dehydration

 Sizing/Sample 
preparation

Vacuum 
Impregnation

Final Drying
(Air-Drying assisted with Microwaves)

fresh fruit

Calcium 
InfusionFreezing Blanching

Fruit ingredients

 
Figure 5. Experimental plan. 
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3.1 Raw materials 
Apples were used as a model fruit because of their relatively homogeneous flesh 
structure and because standardised (in size and shape) samples could be conveniently 
obtained from them. The specific varieties (Golden Delicious and Mutsu) were 
selected for their good post-harvest stability in terms of maturity and hardness. 
Imported Golden Delicious apples were used in the first set of experiments (Papers II-
IV). Swedish Mutsu apples produced in the Kivik region were used in the experiments 
for Papers V-VI and also Paper VII. All fruits were stored at 4°C at a relative humidity 
of around 95%. It was always ensured that apples of satisfactory and equivalent quality 
in terms of firmness, colour and size were chosen. In order to evaluate the quality of 
the apples, the degree Brix was always measured, and only apples with Brix 12.8 +/- 
1.0 were used.  
 
3.2 Sample preparation 
Sample preparation is described in detail in Papers II-V and Paper VII. Only radial 
orientation was used, i.e. the samples were cut equatorially from the surface into the 
core so as to sample the parenchymatic tissue (Figure 1). From each radial cylinder or 
parallelepiped one apple sample was produced with the help of a cutting device by 
cutting at the point were the vascular tissue is at its densest, thus obtaining a sample 
from the periphery of the parenchyma. The cutting device was specially built in order 
to cut cylinders without applying compression forces to the samples during the 
preparation stage. The blades that were used were suitable for the microtome. In the 
first set of experiments (Papers II-IV), cubes with 13 mm edges were produced. In the 
second (Papers V-VI) and third (Paper VII) series, disks with an average diameter of 
13 mm and average width of 10 mm were cut from the extracted cylinders. The 
samples were placed in a moisture-saturated place to prevent dehydration until all the 
samples were cut. 

 

3.3 Effect of pre-treatments on Microwave-assisted air 
drying (Papers II-IV) 

For the first series of experiments, our purpose was to study the effect of different pre-
treatments on the final microwave-assisted air drying. We co-varied the air 
temperature and the microwave output power to accomplish 50, 60, and 70°C in the 
oven and in the cubes of apple and potato (Paper II-IV). These temperatures were 
chosen because the maximum activity for the enzyme pectin methyl esterase (PME) is 
thought to be in this range of temperature.  It is known that the maximum activity of 
PME lies somewhere around 60°C (Castaldo, Espinosa & Altisent, 1989; Tijskens et 
al., 1999), although it has also been stated that PME is active in the region 70-82°C 
(Lindsay, 1985). Microwave energy was used to reach the desired temperature inside 
the cubes of apple or potato within a few seconds, and to maintain the same 
temperature throughout the experiments. Air velocity was always 2 m/s impinging 
velocity. The drying kinetics were studied by taking out two cubes from the dryer 
every hour and measuring the water content using the same method as previously 
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described. The apple cubes were dried for up to 5 hours. The moisture effective 
diffusivities of apple cubes as well as activation energies were calculated by applying 
Fick’s second law and Newman’s law. The different pre-treatments in paper II-IV 
were:  

o Osmotic treatment in commercial grade sucrose solutions (Paper II). The 
concentrations used corresponded to 50 g/100 g solution and a water activity of 
0.936. The osmotic treatment took place at 22°C under constant agitation for 16 
hours. 

o Pre-treatment with ethanol to remove resistance towards diffusion (alcohol 
solubles), lower the surface tension inside the product, and accomplish osmotic 
pre-drying (paper III). Our assumption was that ethanol would lower the surface 
tension substantially and provide reasonable microwave heating properties, 
thereby decreasing the shrinkage, accomplishing a fast drying process, and 
increasing the rehydration capacity of dried apples. The apple cubes were 
immersed in 95 % ethanol for 14 hours before dehydration. 

o Pre-treatment of apple cubes with slow freezing at –18°C and then slow 
thawing to determine the influence of mechanical damage to plant cells on the 
drying kinetics and physical properties (paper III).  

o Pre-treatment with calcium (CaCl2) in cold solution (22°C), to determine the 
influence of calcium and heat treatment on drying kinetics and physical 
properties (paper IV). Apple cubes were immersed in a solution with 1 % 
calcium chloride (CaCl2) in deionised water for 14 hours before dehydration. 
The purpose was to use knowledge from pre-treatment of potato with calcium, 
and its impact on physical properties on a system with another product (apple), 
and to observe the impact of microwave energy on a foodstuff high in calcium. 
Calcium could possibly be preferentially heated by microwaves, because of its 
ionic properties in solution. 

o Pre-treatment with blanching of apple and potato cubes at 70°C in an aqueous 
solution (1 % CaCl2) for 2 minutes (paper IV). The purpose was similar to that 
for the preceding pre-treatment above. 

Temperature control with Microwave-assisted air-drying (MW-AD)  
The final drying was done in a specially designed, semi-continuous, hot air and microwave 
oven as described by Funebo & Ohlsson (1998). Both pre-treated and untreated samples were 
dried at three different temperatures: 50, 60 or 70°C. The centre temperature of three 
untreated apple cubes was used to control the microwave power level in order to keep the 
temperature of the cubes at 50, 60 or 70°C. The temperature inside the apple cubes was 
monitored with fibre optic probes (Luxtron 790, Luxtron Co., USA). The microwave output 
power was not constant. Instead, a power level varying from 0.1 to 1.0 W/g apple was applied 
sufficient to keep a constant temperature inside the apple cubes. The microwave power was 
measured by the IEC-test (Buffler, 1993). The air velocity was fixed at 2 m/s, and the air 
temperature was set at the same temperature as the cubes, 50, 60 or 70°C, respectively. The 
relative humidity (RH) of the air in the oven was always lowered as much as possible by 
running the condensing unit on maximum condensing capacity. The final RH in the air was 
usually 8-10 % when dehydration was stopped.  
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3.4 Osmotic treatment and Water activity (Papers V and VI) 
Two osmotic mediums were tested in this set of experiment. One of the osmotic 
mediums, a 50% w/w sucrose solution corresponding to a water activity value of 
aw=0.939 +/- 0.001 at 24°C, was prepared by mixing grade sucrose with distilled 
water. The other osmotic medium, a trehalose solution, corresponding to the same 
value of water activity, was prepared by warming up the solution under agitation until 
total dissolution of the crystals. Although reported solubility values of trehalose at 
25°C imply that it is not soluble in water at the chosen concentration, it was observed 
that the crystallisation rate was relatively slow, the first visible crystals appearing after 
approximately 10 hours. Bottles with a volume of 250 cm3 were filled with both 
samples and osmotic solution. In each bottle six samples were immersed in 125 ml 
osmotic medium, which corresponds to a 1:8 volume ratio. Since the apple samples 
have a lower density than the osmotic solution, a net was used in order to keep them 
immersed in the solution. The bottles were placed in a shaking water bath with 80 
rotations per minute (rpm). Experiments were carried out at temperatures of 25, 45 and 
65oC. The osmotic treatment took place over a period of 24 hours. Furthermore, an 
experiment using powder sucrose and trehalose as osmotic medium was carried out, at 
25oC without agitation, with the same volume ratio as used in the previous 
experiments. 

3.5 Vacuum impregnation (Paper VII) 
A 40% (w/w) solution was prepared from crystalline sucrose of commercial grade in 
distilled water. A vacuum chamber was coupled to a vacuum pump with jolt-free 
pressure drop (Smärgel, 2001). The experimental set-up is described in more detail in 
Paper VII. Two different methods for applying vacuum were used: 

o Samples were immersed in the solution before the vacuum was applied for three 
minutes, abbreviated FSV (Fruit-Solution-Vacuum), 

o Samples were set under vacuum without solution for three minutes before the 
solution was “sucked” into the chamber and the pressure went back to 
atmospheric; abbreviated FVS (Fruit-Vacuum-Solution). 

When the pressure returned to atmospheric pressure (t0 for osmotic treatment), both 
samples and solution were transferred to a special recipient. The osmotic process 
temperature was 22.0 ±. 1.0°C. Samples were taken at 60, 120 and 240 minutes. The 
volume ratio product:solution was 1:20. After removal from the osmotic medium, the 
samples were washed with distilled water, to remove excess solution, and blotted with 
absorbent tissue to remove excess water, after which their weight and Brix were 
measured. 

 

3.6 Product Evaluation 
 

Quality and efficiency evaluations were done using the methods listed in Table 3.  
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Table 3. Methods of analyses of the studied parameters 

Analyse Apparatus Type Our Working Range Ref. 
Paper 

Moisture content 
Vacuum oven, 

balance 
Dried weight 0.2-6.5 g / g init. dm II-VII 

Water activity CX2-TE Decagon Dew point 0.945-0.985 V, VI 

Volume pycnometer Water replacement 0.3-1.8 cm3 V, VII 

Texture 
TA-TX2 

Stable Microsystems 
Puncture test 50-2800 g II-V 

Microstructure TSD4 Leica CLSM Cell wall staining II 

Rehydration  Excess of dist water Weight difference 3-9 g / g dry weight II-III 

 
Excess of plain 

yoghurt 
Weight difference 3-5 g / g dry weight II 

Water holding 
capacity 

Centrifuge Weight difference 0.5-0.9 III 

Colour CR-10 Minolta L*a*b* multiple II 

 Dr Lange L*a*b* multiple VII 

Sensory analyse Panel 3 pers. Visual 0-5  
init dm = initial dry matter 
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4 MECHANISMS AND PREVENTION  

OF COLLAPSE IN DEHYDRATION 
          

 
 
Fruit and vegetables are porous cellular tissues, which tend to collapse when subjected 
to dehydration. The effects of dehydration on plant tissues were reviewed in Paper I.  
 
4.1 Structural collapse 
A major problem in air dehydration of solid foods is the considerable shrinkage caused 
by the collapse of cells and pores following the loss of water. Once the natural 
turgidity is lost it cannot be restored (Reeve, 1970). Poor rehydration of the dried 
product and limitations of the drying rate, as the moisture content decreases, are 
difficulties associated with shrinkage. 
 Based on microstructure studies and the mechanism of moisture removal during 
dehydration and moisture absorption during reconstitution, Jen et al. (1989) stated that 
good quality dehydrated products which reconstitute well upon rehydration should 
have the following characteristics: cells must not be totally collapsed, cell walls must 
remain intact, and intercellular spaces must be maintained in the dried product. The 
latter will allow capillary action to draw water into the vicinity of the cells during the 
process of rehydration. Water can then diffuse along and across the cell walls into the 
cells. Apparently the apple cell wall framework is sufficiently flexible that loss of 
water from the vacuole results in shrinkage of the whole tissue rather than simply an 
increase in the volume of inter-cellular air-gaps with little or no shrinkage (Hills & 
Remigereau, 1997). 
 Shrinkage during drying can be classified into three different types (Gekas, 
1992): one-dimensional when the volume change follows the direction of diffusion; 
(2) isotropic or three-dimensional; and (3) anisotropic or arbitrary. Volume reduction 
patterns for fruit and vegetables are often of type (3) and to a lesser extent type (2). 
Shrinkage of apple parenchyma, for example, was found to be highly anisotropic 
(Mavroudis, Gekas & Sjoholm , 1998; Moreira, Figueiredo & Sereno, 2000). 
Numerous authors have studied the evolution of shrinkage as a function of water 
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content, and their models are reviewed in Paper I. All the reported models show a 
linear shrinkage profile for the greater part of the moisture content range. 
 A representation of the shrinkage behaviour is presented in Figure 6. Lozano, 
Rotstein & Urbicain (1980) showed that overall shrinkage of the sample and cellular 
shrinkage cooperate, resulting in an increase in porosity as the moisture content 
decreases: from full turgor to moisture content > 1.5 g/g the cells shrink faster than the 
overall structure. The decrease in moisture content proceeds without structural change, 
i.e. the basic structure changes in size but not in shape or arrangement.  
   

 
Figure 6. A Schematic representation of the shrinkage behaviour as 
related to cellular and capillary collapse during moisture removal. This 
may apply to all drying methods except freeze-drying. 

 
Slowing of shrinkage toward the very end of drying is evident in some 

investigations, indicating increasing collapse resistance, probably connected with the 
proximity to the glass transition temperature. The glassy state that can occur in the 
final stages of drying adds substantially to the mechanical strength of the material 
(Lewicki, 1998). Hence, the shrinkage is hindered and porosity increases. As the 
moisture content decreases and the average glass transition temperature of the material 
(neglecting moisture gradients in the material) rises above the drying temperature, the 
rate of shrinkage decreases. At this point, further moisture is not compensated by 
shrinkage, and vapour space formation in the material starts. This transition point is 
often called the critical moisture content. It is not reached in the case of intermediate 
moisture foods. 
 
 
4.2 Textural collapse 
As previously mentioned, drying causes different degrees of structural  change. Thus, 
when a dried tissue appears structurally well preserved, it does not mean that the 
microstructure is not damaged (Paper I). For example, a freeze-dried product that does 
not show any structural collapse is texturally very fragile and, if rehydrated, will have 
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a soft and loose texture showing that the cellular structure is injured. This is explained 
by the damage caused by the ice crystals during the freezing stage. The following 
sublimation induces the replacement of ice by vacuum - and then air - in pores 
naturally present in the tissue, on the one hand, and in newly created pores, on the 
other. This process leaves an extremely porous product. Hills & Remigereau (1997) 
compared the effect of freeze-drying and fluidised-bed drying on apple microstructure 
with the help of NMR (Nuclear Magnetic Resonance) analysis. They found that 
freeze-drying allowed much lower water content than fluidised-bed drying, but the 
NMR data confirm that it destroys membrane integrity and causes cell wall collapse. 
The degree of damage depends on the freezing rate and conditions. The term “textural 
collapse” was chosen in this thesis to describe the latter phenomenon in addition to the 
structural collapse previously described. 
 Rehydration may be considered as a measure of the injury to the material caused 
by drying and treatments preceding dehydration (Krokida & Maroulis, 1999). It is 
generally accepted that the degree of rehydration is dependent on the degree of cellular 
and structural disruption. Investigations correlating the duration and the severity of the 
drying process with the rate and the degree of rehydration indicate faster and more 
complete rehydration with decreased drying time. Furthermore, damage to the tissue 
during drying becomes more severe as drying progresses, as shown by the less 
complete rehydration of more thoroughly dried celery (Haas et al., 1974). Little 
research has been done on the rehydration of fruit and berries, but numerous studies 
have focused on the rehydration of vegetables included in dehydrated instant soups. 
For the latter application, rapid and complete rehydration is required when the pieces 
come in contact with hot water. 
 In practice, most of the changes are irreversible, and following the structural and 
biochemical changes caused by drying, the effects of the submersion of the dry 
material in water will always result in a product differing from the fresh one. Willis & 
Teixeira (1988) reported their own theory on the irreversibility of plant tissue damage. 
They claimed that lysis of membranes (plasmalemma and tonoplast) occurs during 
rehydration and not during dehydration. In their study, it was possible for dehydrated 
celery to regain its fresh, crisp texture on rehydration provided that water activity was 
not lowered below 0.987. 
 

4.3 Collapse prevention 
Prevention of collapse during the dehydration of the fruit structure was also reviewed 
(Paper I). This collapse may be prevented in two ways. The first is to raise the porosity 
of the tissue with techniques such as freeze-drying, explosion puff-drying or 
pressurised gas freezing. However, in these cases a second type of collapse will take 
place, i.e. the textural collapse during rehydration. The second is to reinforce the cell 
walls and fill the intercellular spaces with carbohydrate solutions or other biopolymers 
before dehydration with methods such as osmotic treatment or vacuum infusion. 
Collapse will then be hindered to some extent but may not be completely prevented.  
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5 RESULTS AND DISCUSSION 
         

 
 
The treatment methods studied in this thesis were: osmotic treatment (OT); OT and 
air-drying (AD); and OT and microwave-assisted air-drying (MW-AD), along with 
different pre-treatments, i.e. vacuum impregnation, calcium infusion, blanching and 
freezing. These techniques had very different effects on the product in terms of mass 
transfer, tissue damage and overall quality. This chapter highlights the most interesting 
results of this work and discusses the outputs. 
 
5.1 Mass transfer 
Depending on the treatment method used, mass transfer in plant tissues such as fruit 
and vegetable pieces occurs in various phases (liquid or vapour), at various rates and 
in different directions (inwards or outwards). In this work the following paths were 
considered: 

 Water transfer outwards (All dehydration methods) 
 Solute transfer inwards (osmotic treatment and solute infusion) 
 Hydrodynamic transfer of a solution inward (Vacuum infusion) 

 
5.1.1 Mass Transfer in Osmotic Treatment (Papers II, V and VI) 
Osmosis is the basis of osmotic treatment (OT). Water transfer takes place through 
semi-permeable cell membranes of fruit and vegetable tissue due to differences in 
osmotic pressure (or water activity). The mass transfer throughout the plant tissue 
towards the surrounding phase is the result of both capillary flow and liquid diffusion. 
Due to the complexity of the mechanisms involved in OT of plant tissues, mass 
transfer is usually evaluated by following the variation in water and solid content 
during the process. Water transfer in osmotic treatment is usually evaluated in terms of 
water loss (WL), which is calculated as: 
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where, M0 and Mτ are the initial mass of the sample and the mass at equilibrium, 
respectively, and w0 and wτ are their respective water contents. 
 Simultaneously, counter-current mass transfer occurs in the form of osmotic 
solute from the outside to the inside of the piece, and in most publications it is 
quantified by the solid gain (SG). Solid gain expressed per unit of initial dry matter 
content is calculated from the equation: 
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The dehydration efficiency (DE) of the osmotic process is usually evaluated as: 
 

 
SG
WLDE =            (10) 

 

 However, it is important to note that “efficiency” is a relative term and depends 
on the application. For instance, candying needs high solid gain, whereas dehydration 
requires high water loss. An example of the effect of the osmotic treatment on water 
loss, solid gain and weight reduction for apples dehydrated at 22°C for 16 hours is 
shown in Table 4 (Paper II). Calculation of the dehydration efficiency index (WL/SG) 
showed that the average value of the samples dehydrated by osmosis (5.488± 0.920) 
was comparable with values reported in the literature (Lazarides, N, Katsanidis & 
Nickolaidis, 1995; Mavroudis, Gekas & Sjoholm, 1998). This index gives an 
indication of the efficiency of the water removal with minimal sugar uptake. The 
moisture content of the sample after osmotic treatment was reduced from 89 % to 
approximately 71 % (w/w).  
 
Table 4. Effects of osmotic treatment with sucrose solution (50g/100g solution) at 22°C for 
16 hours on Water Loss, Solid Gain and Weight Reduction of Golden Delicious apple cubes. 
Error values are confidence intervals (p<0.05). Values in g/[g initial dry matter] 

Samples Weight 
Reduction  

Solid Gain Water Loss Dehydration 
Efficiency 

apple cubes  4.34 ± 0.21 0.97 ± 0.13 5.31 ± 0.13 5.49±0.92 
 

WL and SG can also be plotted during time as shown in Figure 7. This plot is typical 
of mass transfer processes where a state of quasi-equilibrium is reached between the 
fruit pieces and the solution. After the optimal dehydration time (approx. 8 hours in 
this example) no significant changes in WL occur.  
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Figure 7. Evolution of water loss (WL) and solid gain 
(SG) during time of osmotic treatment in sucrose solution 
(50%w/w) at 45°C. 

 
5.1.2 Effects of temperature and osmotic agent on mass transfer    

(Paper V) 
The parameters that influence mass transfer in osmotic treatment can be summarised 
as (Rastogi et al., 2002): 

 concentration and temperature of the osmotic solution,  
 nature and molecular weight of the osmotic solute, 
 food structure (porosity, etc.), 
 shape and size (which determine surface area and resistance for mass transfer 

in the form of thickness), 
 agitation, 
 food to osmotic solution ratio, 
 pressure (high pressure, ambient or vacuum). 

In this study we chose to focus on two parameters: the type and state of the osmotic 
agent and the processing temperature. The effect of three temperatures on SG and WL 
is shown in Figure 8 for two different osmotic solutions, sucrose and trehalose, 
respectively. The comparative effect of crystalline sugars (dry) at 25°C is also 
reported. 
As expected, temperature had a strong effect on mass transfer, which is in good 
agreement with previous reports (Rastogi & Raghavaro, 1994; Saurel, Raoult-Wack, 
Rios & Guilbert, 1994). 
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Figure 8. Effect of osmotic treatment on water loss (WL) and solid gain (SG) 
at equilibrium for 50% solutions of sucrose and trehalose at different 
temperatures and for crystalline sugar (dry). 

 

 Both water loss and solid gain are enhanced by increasing the temperature from 
25°C to 65°C, using sucrose or trehalose as the osmotic agent. Trehalose solutions 
proved to be suitable osmotic agents, showing the highest dehydration efficiency at 
45°C. When crystalline sugar powder is used as the osmotic medium, dehydration 
efficiency values (WL/SG) are much higher than those obtained with solutions. The 
high efficiency of dry sucrose, previously reported by Hawkes & Flink (1978), is 
mostly caused by much lower solid gains. The explanation could be that it requires 
some water from the apples to solubilise the crystals before sugar molecules can be 
taken up by the tissue. Furthermore, WL was significantly higher for crystalline 
sucrose than for crystalline trehalose, probably due to the much higher hygroscopicity 
of sucrose (Paper V). From these results, we can conclude that trehalose is a suitable 
osmotic agent compared with the more traditional sucrose. 
 
5.1.3 Vacuum infusion as a way to enhance mass transfer in OT     

(Paper VII) 
Apple pieces in contact with a solution and subjected to vacuum were shown to 
acquire a higher density (Table 5). This is explained by the replacement of occluded 
gas in the tissue by the surrounding solution. This hydrodynamic transfer of solution 
into the tissue is caused by the change in pressure. Diffusion phenomena or capillary 
transfer are negligible here (Fito & Pastor, 1994). 
 The vacuum pre-treatment had a significant effect on the composition of the 
pieces. The level of vacuum significantly influenced the mass gain since, for a lower 
pressure (213 mbar), the sample gained 11 % in mass compared with 9 % at 413 mbar 
(Table 5). A slight shrinkage in the volume of the vacuum-treated samples was 
observed, which, together with mass gain, explains the rise in density. 



RESULTS AND DISCUSSION 

 

33

 
Table 5. Physical characteristics of apple samples before and after two different vacuum 
impregnation treatments with sucrose solution 40 % (w/w) at 22°C, for 3 min. 

 Initial 413mbar 213mbar 
Mass gain (g/g initial mass) 0 0.09 ± 0.01 0.11 ± 0.01 
Water Gain (g/g initial dry matter) 0 0.23 ± 0.02 0.29 ± 0.01 
Solid Gain (g / g initial dry matter) 0 0.46 ± 0.11 0.59 ± 0.07 
Density (g/cm3) 0.85 ± 0.01 0.99 ± 0.06 1.07 ± 0.01 
Porosity 0.19 ± 0.01 0.08 ± 0.01 0.03 ± 0.02 
 
 It is reported that the penetration of the solution occurs in the extracellular spaces 
(Saurel, 2002), and the calculation of the pore volume (porosity) gives an assessment 
of the efficiency of the process (Table 5). The vacuum treatment also increases the 
water lost during the following osmotic treatment, as shown in Figure 9. However, the 
level of vacuum pressure did not show significant differences at the values studied, 
213 and 413 mbar. 
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Figure 9. Moisture content on dry basis of apple 
samples during osmotic treatment after vacuum pre-
treatment at atmospheric pressure, 413 mbar and 213 
mbar, respectively, for 3 min. dm: dry matter. 

 
5.1.4 Mass tranfer during air-drying and microwave-assisted air-drying 

(Papers II-IV) 
Drying curves for apple cubes during air-drying (AD) with or without the assistance of 
microwaves (MW) are presented in Figures 10a and 10b. The effect of an osmotic 
pre-treatment (OT) was also considered. Drying rates can be evaluated from the slope 
of the curves. Since samples were collected every hour, the moisture values can only 
be discussed for these particular points in time. However, for easier understanding, the 
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curves were divided into three parts: Part I (0-60 min.), Part II (60-120 min.) and Part 
III (120–300 min.).  
 The first aspect that can be deducted from these two graphs is that OT allows 
lower initial moisture content as a result of water loss and also, to a smaller extent, of 
solid gain. An interesting result is that the use of OT prior to AD causes a higher 
drying rate during Part I than when AD was used alone. It is possible that this 
difference in rates is true only at the beginning of Part I, as shown by Lenart (1994). 
However, the contrary was observed for Part II of the curves, where the drying rate 
was shown to be lower for OT samples. This could be explained by the formation of a 
sugar layer on the surface of the samples hindering water transfer out. Consequently, 
osmotic pre-treatment of the samples decreased the time of the final drying during the 
first two parts although similar moisture contents were observed in all the samples 
during Part III. 
 In addition to AD, the application of controlled microwaves enhanced the drying 
rate of the apple samples (Fig 10b). This was observed especially in part I of the 
curves, showing that microwaves induced rapid mass transfer at the very beginning of 
the drying process by increasing the temperature “instantly” inside the pieces. This has 
been reported by Funebo & Ohlsson (1998). It is obvious here that the application of 
microwaves allowed a faster drying rate. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figures 10a & 10b. Drying curves of apple cubes at 70°C using air-drying (AD only), microwave-
assisted air-drying (MW-AD only), osmotic treatment followed by air-drying (OT&AD), osmotic 
treatment followed by microwave assisted air-drying. (OT&MW-AD); OT = Osmotic Treatment: 
Sucrose 50%, 22°C, 16h. 
 
 When microwaves were applied during the final drying of osmotically 
dehydrated samples, the drying time required to reach 10% water content was reduced 
by half compared with air-drying. The drying rate during the first part was much 
higher for microwave-assisted drying than for air-drying. It is possible that the 
formation of a sugar layer, so-called case hardening, which is a well-known problem 
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in air-drying of foods, did not occur when the microwaves were first applied because 
of the immediate water transfer outwards. 
 Another interesting fact shown in Figure 10b is the much higher rate obtained 
for MW drying of OT samples compared to NT samples. This should mean that 
microwaves are more efficient in driving out the moisture from samples with higher 
sugar concentrations. Since control of temperature was based on the temperature at the 
centre of non-treated apples (cf. Chapter 3), it is reasonable to assume that the OT 
samples absorbed more microwave energy, leading to a higher temperature and faster 
drying. 
 The effect of different drying temperatures (50-70°C) during MW-AD on 
effective diffusivities was also investigated. Diffusivity was determined by linear 
regression of the drying data (cf. shaded box on next page). Some results are shown in 
Table 6.  
 
Table 6. Moisture Effective Diffusivity (Deff) and Activation energy (Ea) depending on the pre-
treatments of apple cubes during Microwave-assisted Air-drying at 50, 60 and 70°C  

  Non-  
treated  

Osmotic 
treated 

Pre-
Freezed 

Ethanol-
treated 

Calcium-
infused 

Calcium-
blanched 

Deff 50°C 1.6 ± 0.1 1.3 ± 0.9 3.2 ± 0.4 1.9 ± 0.2 1.6 ± 0.1 1.7 ± 0.3 
(x109 m2/s) 60°C 2.9 ± 0.3 2.2 ± 0.6 4.6 ± 0.7 2.2 ± 0.6 2.7 ± 0.4 2.8 ± 0.5 
 70°C 4.4 ± 0.9 4.9 ± 0.8 5.4 ± 0.8 3.5 ± 1.0 4.1 ± 1.1 4.2 ± 0.7 
Ea  44.8 61.0 24.2 27.1 41.0 44.8 
 
 Firstly, and not surprisingly, the diffusivity increases with temperature. 
Difference in the effective moisture diffusivities between OT and NT was not 
significant but it seems that the temperature dependence was higher for the osmotically 
treated samples, as it is shown by the higher activation energy. Freezing had a strong 
impact on diffusivity in apple tissue and causes the tissue to dry much faster. 
Diffusivity values of ethanol-treated samples are difficult to compare since the water 
content of apple cubes after 14 h in ethanol was only about 18%. As expected, the pre-
treatments with calcium did not significantly change the diffusivity of water during 
drying. The activation energy values, calculated using an Arrhenius equation, were 
shown to be in concordance with the literature (Okos et al, 1992). The activation 
energy is a measure of the temperature dependence of the diffusion phenomena. 
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Calculation of moisture effective diffusivity and activation energy during drying 

The dimensionless concentration M*, is defined as: 
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where M is the water content on a dry basis at time t (kg water/kg dry matter), Me is the water content on a dry 
basis at equilibrium (in this case 0.1 kg/kg dry matter for untreated samples), and M0 is the water content on a 
dry basis before drying. This dimensionless moisture content was then used for developing the drying curves. 

A constant decrease in water content was observed during the complete drying process. The constant rate period 
typical in air-drying has only been observed during the first minute of microwave drying (Bouraoui, Richard & 
Durance, 1994). Thus, the internal diffusion may be assumed to be the mechanism responsible for the loss of 
water during the dehydration process. The water diffusivity (D) can be calculated from the experimental drying 
data using a solution of Fick’s second law. Assuming uniform initial water distribution and negligible external 
resistance, the solution proposed by Aguilera & Stanley (2000) for a semi-infinite slab is: 
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where D is the water diffusivity (m2/s), L is the thickness of the cube (m), and t is the drying time (s). For a 
finite geometry, such as a cube, the dimensionless water content is given by (Singh & Heldman, 1993): 
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Equation (13) is given by taking the first term of the series solution of equation (10) and adjusting the equation 
for a cube according to Singh & Heldman (1993). The first term in the series solution can be simplified where 
M* is smaller than 0.6 (Aguilera & Stanley, 2000). This corresponds to about 85 minutes in this work, where 
the total dehydration time was 3-5 hours. Thus, the approximation is rough but still useful to be able to compare 
diffusivities in different processes. 
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The representation of (M*)(1/3) versus time on a semilogarithmic graph allows the determination of the 
diffusivity (D) from the slope of the curves. Furthermore, the activation energy can be calculated assuming 
Ahrenius dependence of the activation energy, and the activation energy determined from the slope of the 
curve: 
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where D0 is the diffusivity at initial conditions, which is not needed to determine the activation energy. The 
activation energy is given by the slope of the curve in the semilogarithmic linear relationship developed from 
equation (15). 
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5.2 Impact of the osmotic process on water activity  
5.2.1 Water activity changes 
Water activity was found to be a better parameter to evaluate the effectiveness of the 
process compared to the only assessment of water loss and solid gain. The water 
activity of a foodstuff is defined as the ratio of vapour pressure of water in the food to 
the vapour pressure of pure water at the same temperature, as described by equation 
(3) in Chapter 2.2.2.2. All foods contain water, and it is well recognised that those 
most susceptible to degradation (both physical and chemical) are of high water 
content. Despite the availability of a variety of water based criteria which can give an 
indication of the stability of food, (including water content, solute concentration and 
osmotic pressure) it is widely accepted that water activity is the most effective and 
useful measurement of water in foods, with particular regard to microbiological 
growth and enzyme activity (Wang & Brennan, 1991).  
 The water activity of fruit pieces immersed in a sucrose solution of lower water 
activity tends towards an equilibrium value which is the water activity of the solution, 
as shown in the Figure 11. This is explained by the fact that the driving force for the 
transfer of water from the tissue into the solution is provided by the higher osmotic 
pressure of the hypertonic solution (Rastogi et al., 2002), which is a result of the 
difference in the chemical potential of water, i.e. the water activity (Gekas, 2001).  
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Figure 11. Evolution of water activity in apple cylinders 
and the 50%-sucrose solution at 45°C. 

 
 An interesting question here is how fast the overall water activity of the apple 
samples will reach the same water activity as the solution. One hypothesis is that it 
could be dependent on the degree of damage to the membranes. As reported in the 
literature, the membrane loses its functionality as a result of applying high 
temperatures and osmotic forces (Salvatori & Alzamora, 2000). The fact that the water 
activity in the apples tends to equal the water activity of the solution was observed at 
45 and 65°C but not at 25°C (Paper V). This could be explained by the loss of 
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functionality of the cell membranes. At 65°C plasmolysis is a fact and the lost 
functionality is irreversible (Salvatori & Alzamora, 2000). The cellular tissue can then 
be compared to a cell-wall network where transfer of sugars and water is not hindered 
by membranes. The water activity of the structure tends naturally towards the water 
activity value of the solution. At 25°C, no plasmolysis is thought to occur. Except for 
the cells in direct contact with the osmotic solutions, the cellular membranes are still 
fulfilling their function and control the transfer of water out of the cells. This limiting 
factor hindered the cell content from reaching the same water activity as the solution, 
at least for the first two days of osmotic drying. At 45°C, the situation is close to the 
65°C one. However, the equilibrium was reached later at 45°C, implying that the loss 
of functionality of the membranes was more gradual.  
 Another way of evaluating the equilibrium value and of relating water activity to 
the composition of the samples was found by plotting moisture and solids on a dry 
basis versus water activity (Figure 12). Other measurements were made at 25 and 
65°C, and the results are presented in Paper V. 
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Figure 12. Moisture and solids content on a dry 
basis vs water activity during osmotic treatment 
with sucrose at different temperatures. 

 
 As stated in the literature (Fennema, 1985), fruit ingredients are 
microbiologically stable at aw = 0.60-0.70 at room temperature. A way to reach this 
goal is presented in the Figure 13. The profile of moisture versus water activity of 
vacuum-assisted osmotic treatment followed by air-drying is presented there. It is 
obvious that the osmotic process causes a considerable loss in moisture but not in 
water activity. The final air-drying treatment allows the water activity to drop 
significantly until stable levels are attained.  
 In the particular example shown in figure 12, the optimum parameters for 
obtaining a product with aw=0.7 were: 1 minute vacuum treatment (213 mbar), 16 
hours OT (sucrose 50%), and air-drying (70°C, 2 m/s) for 2.2 hours. 
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Figure 13. Moisture content on a dry basis as a function of water activity during vacuum-
assisted osmotic treatment (vacuum 213 mb for 1 min. and osmotic treatment in 50%-sucrose 
for 16 h) followed by air-drying at 70°C, 2 m/s. 

 
 

5.2.2 Modelling the relationship between water activity and moisture 
content (Paper VI) 

The GAB (Guggenheim, Anderson and de Boer) model was applied in order to 
evaluate if a traditional sorption isotherm model can be used in the particular case of 
osmotic treatment where dewatering is completed by solid gain. 
The GAB equation was used to describe the dry basis moisture content (X) as a 
function of water activity (aw): 
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where C and k are constants and X0 is the monolayer moisture content on a dry basis 
(kg/kg) as described in the literature. 
An example is shown in the Figure 14, where experimental and predicted values are 
compared for 50%-sucrose solution at 45°C. Good fits were also obtained for other 
temperatures, as described in Paper VI. The model could be used to compare the 
decrease in the water activity of apple products during osmotic treatment with different 
sugar solutions and processing methods, leading to a better understanding of the 
osmotic process. 
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Figure 14. Comparison of experimental and predicted 
(GAB model) water “desorption” data of apple samples 
subjected to osmotic treatment. 

 

5.3 Impact on the overall quality 
The overall quality of the final product in both its dehydrated and rehydrated forms 
was evaluated. The most relevant quality parameters are presented here, i.e. volume 
and structure of the dehydrated samples and texture, rehydration capacity, structure 
and organoleptic characteristics of the rehydrated ones. 

5.3.1 Dehydrated product 
5.3.1.1 Volume 
Volume change/Shrinkage is associated with some negative characteristics of the 
dehydrated product. When the pre-treated samples were dried with air-drying, the 
osmotic agents exerted a preventive effect on structural collapse since shrinkage was 
limited by up to 15%, as can be seen in the Table 7. 

 

Table 7. Shrinkage of apple samples after air-drying 6 h at 50°C. NT: No Treatment; OT = Osmotic 
treatment 15h; VOT = vacuum-initiated osmotic treatment 15h. 
 NT OT VOT 413mbar VOT 213mbar 
Volume  
(cm3 dried/cm3 fresh) 

 
0.21 ± 0.01 

 
0.36 ± 0.01 

 
0.29 ± 0.03 

 
0.33 ± 0.02 

 
 
 The volume of samples dried to moisture content <0.2 g/[g dry matter] can also 
be used as a reference method to assess the effect of OT on shrinkage. Figure 14 
shows the volume of the samples when the reference is non-pre-treated samples. One 
can observe that, for both the osmotic media used and at all temperatures tested, 
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osmotic treatment prevents sample shrinkage to a higher or lower extent. The osmotic 
pre-treatment has a beneficial effect on the structural cohesiveness of the apple tissue 
compared with non-treated samples, which is in good accordance with the literature 
(Lewicki, 1998; Reppa et al., 1999). The influence of the osmotic processing 
temperatures on the dehydrated volume is not significant when sucrose is used as the 
osmotic agent at 25 and 45°C or as dry sugar.  
 However, in the case of trehalose the differences are significant at p<0.05 for all 
temperatures, excepted for dry trehalose. In other words, processing temperatures in 
the range 25°C-65°C influence the final dehydrated volume in a positive way. More 
remarkable is the difference that is observed at 65°C between the two media, with 
trehalose-treated products showing very little shrinkage after vacuum treatment. One 
reason could be that trehalose, which is present in higher concentration at 65°C than at 
45°C (higher solid gain see Figure 7), attained a vitreous state, which made the whole 
structure more resistant to collapse. 
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Figure 15. Volume of cylinders dried to <0.2 g water/g dry matter as a 
function of the osmotic pre-treatment: osmotic agents (Sucrose or trehalose) 
and osmotic treatment temperatures; NT= No pre-treatment; P25= Osmotic 
treatment with pure dry sucrose. 

 
5.3.1.2 Structure 
The microstructure of apple cubes studied using Confocal Laser Scanning Microscopy 
(CLSM) showed that osmotic drying did not damage the cell wall. In Figures 16, the 
structure of raw apple (Figure 16a) and osmotically dehydrated apple can be 
compared (Figure 16b). A thickening of the cell wall can be observed due to the 
infusion of sugar, as well as a decrease in cell size.  This decrease is difficult to 
quantify due to the large differences in cell size within the apple tissue. A significant 
decrease in sample size was also observed after osmotic treatment.  
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 The impact of the infused trehalose on the cellular material compared with 
sucrose is still unknown, but trehalose has at least equivalent ability to strengthen the 
cell-wall network, as shown by the decrease in shrinkage after drying (Fig. 15). 
Furthermore, at 45°C, trehalose showed a peculiar ability to provide the tissue with 
higher firmness on reconstitution. 

 

5.3.2 Rehydrated product 
5.3.2.1 Texture 
The texture of the rehydrated apple cubes in the first set of experiments (Papers II-IV) 
was evaluated by a puncture test and some results are shown in Figure 17. They are 
expressed in relation to the texture of fresh apple. This means that a value of one 
represents the firmness of the fresh apple.  
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Figure 17. Relative texture of rehydrated apple cubes after drying, 
without pre-treatment (NT) and with osmotic pre-treatment (OT), 
for different drying temperatures. The values of the maximum 
force are related to the values obtained with fresh apple. Error bars 
are confidence intervals (p<0.05). 

 

Figure 16a. Confocal Laser 
Scanning Microscopy (CLSM) 
micrograph of raw apple. 

 

Figure 16b. CLSM micrograph of 
osmotic dehydrated apple (Sucrose 
50%, 22°C, 16 h). 
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 For a drying temperature of 50°C, the firmness of the pre-treated samples was 
equal to that of the untreated ones. But at 60°C a significant softening of the 
osmotically pre-treated tissue was observed after rehydration, whereas the non-treated 
samples retained more of their original texture. At 70°C the softening trend was 
accentuated for both samples. The difference in texture between samples from 
different treatments could be due to the lower calcium content of the osmotically pre-
treated samples. In fact, during the osmotic stage, leaching of calcium ions into the 
osmotic solution is expected to take place. This lower concentration of calcium ions 
inside the tissue could in turn cause a softening of the tissue in the further drying steps 
due to the action of pectin methyl esterase (PME) (Whitaker, 1996). PME causes the 
hydrolysis of pectin to pectic acid. In the presence of Ca2+, this hydrolysis leads to an 
increase in textural strength, due to the cross bridges formed between Ca2+ and the 
carboxyl groups of pectic acid. In this study, the effect of temperature and water loss 
during the final dehydration undoubtedly influenced the enzymatic activity. The 
maximum activity of PME in peaches was found to be in the range 55-60°C (Tijskens 
et al., 1999). But at 70°C the enzyme is partially denaturated. Apple and peach have 
been shown to be quite similar when it comes to the concentration and activity of 
pectic enzymes inside the tissue (Polacsek, 1976). Due to the drying temperatures, the 
integrity of the cell structure may also be damaged, which can in turn give rise to the 
activity of the pectic enzymes as long as there is enough water for their action. No data 
on the influence of water activity on the PME activity were found in the literature. 
 More complete results from the puncture test of the first series of experiments are 
presented in Figure 18. One can see that calcium treatment is the most texture-
enhancing one, since the results showed that the pieces infused with calcium were 
firmer than the fresh ones.  
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Figure 18. Relative texture of rehydrated apple cubes after drying, after different 
pre-treatments for different drying temperatures. NT = No pre-treatment; Fr = 
Freezing; Bl = Blanching; Et = Ethanol soaking; OT = Osmotic treatment; Ca = 
Calcium infusion. The values of the maximum force (puncture) are related to the 
values obtained with fresh apple. Error bars are confidence intervals (p<0.05). 
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5.3.2.2 Rehydration capacity 
Results from rehydration capacity measurements indicate that there is a significant 
difference (p<0.05) between the non-treated samples and the osmosed samples, i.e., 
the samples which were osmotically dehydrated prior to drying rehydrated less than 
the non-treated ones (Paper II). This phenomenon could be explained by the fact that 
the osmosed samples are less porous, since the sugar solution diffuses into the 
intercellular spaces and along the cell walls. The cell walls are less permeable to water 
due to the interaction/adsorption of sucrose molecules on the cell wall material. Figure 
16b shows that the cell walls seem thicker after sucrose uptake. This thickness could 
in turn explain that the shrunken cells have more difficulty in swelling compared to the 
untreated ones. Similar results were obtained by Venkatachalapathy & Raghavan 
(1998) for osmotically pre-treated blueberries. 
 
Table 8. Dimensionless ratio [rehydration capacity in yoghurt / rehydration capacity in water] 
Final MW-drying 
temperature 

Non-pretreated Osmotically treated 

50°C 0.75 ± 0.05 0.80 ± 0.01 
60°C 0.75 ± 0.04 0.83 ± 0.03 
70°C 0.69 ± 0.03 0.83 ± 0.09 
 
 Rehydration in water and in yoghurt was also compared. Rehydration capacities 
were significantly higher in water than in yoghurt (Paper II). Table 8 shows the ratio 
[rehydration capacity in yoghurt / rehydration capacity in water]. A clear observation 
is that the osmosed samples are less affected by the replacement of the rehydration 
medium than the non-treated samples. This is of importance since the use of these 
semi-finished products is potentially of interest to the dairy industry. Factors such as 
the viscosity, pH, protein network, lactose and salt content of the dairy medium 
certainly play an important role in the rehydration process, and it would be interesting 
to investigate which of these are the key factors in the rehydration ability.  
 It is also interesting to note that, for the non-treated samples, the differences in 
rehydration capacities caused by the replacement of the rehydration medium become 
higher with increasing drying temperature. This was not the case for the osmotically 
pre-treated samples, since the increasing drying temperature did not influence their 
rehydration capacity.  
 When it comes to the volume of rehydrated apples (Table 9) after different OT 
treatments and quasi-complete dehydration by vacuum drying, the pieces treated 
osmotically acquired a higher volume than did the non-treated samples. Furthermore, 
when temperatures of 45 and 65°C were applied, the rehydrated volume of sucrose-
treated samples was lower than for 25°C, whereas for trehalose no significant changes 
in volume were observed. Even at 65°C, trehalose-treated samples showed a non-
significant tendency to have a higher volume. 
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Figure 19a. CLSM micrograph of 
apple after osmotic treatment and air-
drying (rehydrated) 

 
Table 9. Degree of reconstitution in distilled water of osmotically-treated (OT) at different temperatures 
(25, 45, 65°C) and non-osmotically treated pieces after quasi-complete dehydration with vacuum 
drying. POT: osmotic treatment with dry sugar. The reference (=1.000) corresponds to the volume of a 
fresh sample. Error values are confidence intervals (P < 0.05) 
 OT25 OT45 OT65 POT25  
Sucrose 0.85±0.02 0.82±0.01 0.82±0.05 0.79±0.05  
Trehalose 0.84±0.03 0.85±0.01 0.84±0.04 0.84±0.04  
No osmotic treatment     0.77±0.02 

 

 
5.3.2.3 Microstructure 
The microstructure of rehydrated apple cubes was studied using Confocal Laser 
Scanning Microscopy (CLSM). When the rehydrated structure of the osmotically 
dehydrated samples after air-drying (Figure 19a) and microwave-assisted air-drying 
(Figure 19b) was compared, more cell wall separation and less cell wall rupture were 
observed in microwave-dried samples than in air-dried samples.  
 
 
 
 

 
 

 
 
 
 
 
 
 
 

 
 
 
5.3.2.4 Organoleptic characteristics 
Colour measurements of the rehydrated samples were assessed (Papers II & VII) and 
some results are compiled in Table 10. The samples dried at a temperature of 50°C 
were more brownish than for the other temperatures, as shown by higher L* and a* 
values, possibly due to a longer drying time The samples which were less brown were 
the osmotically pre-treated samples dried at 60 and 70°C. On the other hand, these OT 
samples showed higher b*-values, although not significant for 70°C. This means that 
the osmotic treatment with sucrose gives more yellowish samples. 
 

Figure 19b. CLSM micrograph of 
apple tissue after osmotic treatment 
and microwave-assisted air drying 
(rehydrated). 
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Table 10. Colour evaluation of rehydrated samples after drying at different temperatures. Both non-
treated (NT) and osmotically treated (OT) samples are represented here. The reference is a standard 
white colour. L*, a* and b* indicates brightness, redness and yellowness, respectively. ∆E is the total 
colour difference. Errors are confidence intervals (p<0.05) 
 ∆E L* a* b* 
50°C NT 38.8 ± 4.5 68.8 ± 3.4 10.3 ± 2.3 20.5 ± 3.3 
50°C OT 42.8 ± 2.6 67.2 ± 2.3 12.3 ± 1.6 24.5 ± 1.6 
60°C NT 30.8 ± 4.7 73.7 ± 3.8 5.5 ± 2.21 14.4 ± 4.8 
60°C OT 33.5 ± 3.9 77.0 ± 2.9 3.5 ± 1.9 24.0 ± 3.0 
70°C NT 32.4 ± 4.1  72.1 ±  3.2 5.9 ± 1.9 15.2 ± 3.4 
70°C OT 30.9 ± 4.0 76.2 ± 3.8 1.7 ± 1.2 19.5 ± 2.5 
 
Colour, shape and taste were simply assessed sensorily in the first set of experiments 
(Figure 20). The preference for osmotic-treated samples was important for the drying 
temperature of 50°C. At 70°C the colour was appreciated but shape and taste could not 
be differentiated. 
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Figure 20. Relative preference of a panel of three persons among 
six products: No pre-treatment and drying at 50, 60 or 70°C; 
Osmotic treatment and drying at 50, 60 and 70°C. The evaluation 
parameters were the colour, shape and taste of the cubes. 
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6 CONCLUSIONS AND FUTURE OUTLOOK 
             

 

 

 Prevention of collapse during the dehydration of the fruit structure was reviewed 
and studied (Paper I). This collapse may be prevented in two ways. The first is to raise 
the porosity of the tissue with techniques such as freeze-drying, explosion puff-drying 
or pressurised gas freezing. However, in these cases a second type of collapse will take 
place, i.e. the textural collapse during rehydration. The second is to reinforce the cell 
walls and fill the intercellular spaces with carbohydrate solutions or other biopolymers 
before dehydration with methods such as osmotic treatment or vacuum infusion. 
Collapse will then be hindered to some extent but may not be completely prevented.  

 The combination of osmotic treatment and microwave-assisted air-drying 
produced dehydrated samples of improved appearance and higher volume compared 
with the products obtained without osmotic pre-treatment (Paper II). Osmotic 
treatment was a beneficial pre-treatment, since it shortened the time of the final air-
drying in combination with microwaves. It produced dehydrated samples of improved 
appearance, softer rehydrated texture and lower rehydration capacity compared to the 
products obtained without osmotic pre-treatment. The rehydration values showed that 
the choice of the rehydration medium is of importance when aiming at restoring the 
original texture, since rehydration in yoghurt and in water gave different results 
depending on the pre-treatment.  

 Other pre-treatments were also studied in combination with microwave-assisted 
air-drying (Papers III-IV), and the best results were obtained with calcium infusion at 
ambient temperature. This was true especially concerning the rehydrated texture. The 
strengthening of the cell walls by calcium did not influence moisture diffusivity during 
further drying. The effects of ethanol soaking were difficult to quantify but it 
facilitated the removal of water at the very end of the drying stage. Pre-freezing was 
the most damaging process for the apple tissue.    

  When used as an osmotic agent (Paper V) trehalose was shown to be at least as 
efficient as sucrose in removing water except when applied in crystalline form. 
Trehalose and sucrose are both non-reducing disaccharides and have the same 
molecular weight but quite different physical properties. Furthermore, trehalose-
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treated samples showed a peculiar ability to protect the textural resistance to puncture 
when osmotic treatment was applied at 45°C.  

 Modelling of the relation between water activity and moisture content during 
osmotic treatment was evaluated in Paper VI. The use of a traditional sorption 
isotherm was shown to fit our experimental measurement very well, opening up the 
possibility of valuable prediction of water activity during the process. 

 The use of vacuum in combination to osmotic treatment had an immediate and 
significant effect on the composition of the samples (Paper VII). It enhanced the solid 
gain by filling most of the extracellular spaces. The level of vacuum was shown to 
have some effect on the penetration of the solution, but the use of even milder levels of 
vacuum should be considered.  

 

Future Outlook 
More research is needed for a better comprehension of the complexity of plant tissue 
and its behaviour during processing. Compared to the knowledge that has accumulated 
about one- or two-phase systems, the studies of changes in cellular systems are rare 
and have long been considered to be a “black box”. Dehydration of fruits and 
vegetables should be optimised towards tissue damage prevention, in addition to safety 
and nutritional aspects, to satisfy the increasing consumer demands for higher quality 
products. 

 Used in combination, the pre-treatments are surely the key to better quality of 
semi-finished fruits and vegetables. The use of suitable osmotic solutions should be 
further studied. Future work should try to verify if trehalose really has a strengthening 
effect under the processing conditions studied, or if it depends on other parameters. 
Parameters such as temperature, concentration, pressure, fruit variety, final drying 
method could be further evaluated. The exact mechanisms of the texture- enhancing 
effect of calcium should also obtain a full explanation with more research. 

 The assistance of microwaves for moisture removal is now a well-tested method, 
and this technique offers promising perspectives for the food industry providing 
flexibility with ever-improving heating homogeneity. More specifically for fruit tissue, 
future work should focus on the optimisation of the parameters of the microwave-
assisted air-drying around temperatures 50-60°C, where quality-enhancing enzymatic 
activity is thought to be at its maximum.  

 Vacuum impregnation is interesting since it allows controlled penetration of 
functional molecules such as calcium ions or pectins, which can strengthen the cell 
wall network. Further studies are necessary in order to select the optimal parameters 
for each particular plant material to be processed. 

 The processing methods studied in this work should also be applied to other fruit, 
berries and vegetables because their characteristics (structure, size, texture, surface, 
initial water content, starch content, etc.) can be radically different.  
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 Very important is to keep in mind the applications where the aim is to include 
fruit ingredients. Depending on whether the final product is a dairy product or a dry 
cereal preparation, the specifications of the fruit ingredient will be very different, 
concerning water activity, texture, rehydration characteristics, etc. Some applications 
are proposed in Table 11 for the fruit ingredients destined to be included in industrial 
recipes. These proposals are grounded mainly on the results of this work but also 
partly on intelligent (!) guesswork; they should be regarded as a basis for discussion. 
 
Table 11. Recommendations from the author on the use of some processing technologies for different 
final products. MA = packaged in modified atmosphere 
 Cereals/ 

Muesli 
Bread/ 
Bakery 

Baby  
instant food 

Ice cream Dairy 
products 

Fruit salad 
(chilled or 

MA) 
Osmotic 
treatment + + + + + + + + + + + + + + 

Vacuum 
Impregnation − + − + + + + + + 

Calcium 
Infusion − + + + + + + + + + + 

Final Drying + + + + + + + + − − + + − − − 

Final 
Freezing* − − − − − − − − + + + + − − − 

*not studied in this work. 
 

 Feasibility studies concerning the set-up of the different processing methods and 
their scaling-up toward a fully functional production line should of course be made 
considering qualitative, quantitative and economic aspects. A simple schematic draft 
of a batch-wise production line is proposed in the Figure 20.  
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Figure 20.  Proposed industrial line for the production of fruit ingredients. 
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 Finally, the energy and environmental aspects of the different processes should 
also be carefully evaluated. An important aspect, for example, is the reuse of the pre-
treatment solution. Furthermore, an environmental Life Cycle Assessment (LCA) of 
the fruit products would help to quantify the use of energy and assess the 
environmental impact throughout the product chain. 
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