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Preface

This book discusses dehydration processes. Chapter 1 examines the significance of 
water and dehydration processes in general. It reviews the two dehydration processes 
of food dehydration and hydrogel dehydration. It presents the physical basics of 
dehydration and discusses the state of water in food and hydrogels. Regarding food 
dehydration, the chapter demonstrates the significance of controlling the structural-
kinetic states of water and their effect on the structural and sensing properties of 
dehydrated food. Regarding hydrogel dehydration, the chapter discusses its practical 
and theoretical importance and suitability for modeling the kinetics of food dehy-
dration. The chapter also presents novel kinetic models that can describe hydrogel 
dehydration with great precision and reliability.

Chapter 2 presents recent developments in energy-efficient drying technologies for 
food dehydration. The authors discuss conventional dehydration processes based 
on solar dehydration, trash drying, smoke, drum, spray dehydration, fluidized bed 
drying, and freeze drying. They also describe advanced drying processes that include 
infrared, microwave, ultrasonic and other non-conventional drying techniques. 
Innovative food dehydrating methods use less energy and therefore contribute to 
environmental protection. During the dehydration process, some changes in dried 
food products may occur. Novel dehydration methods better conserve the chemical 
structure, color, taste, flavor, and appearance of the dried product. The chapter shows 
that the various dehydration techniques do not affect the fundamental structure of 
polysaccharides and that certain foods subjected to dehydration processes exhibit 
increased total phenolic content.

Chapter 3 reviews the state of the art in dehydration assisted by microwave (MW), 
infrared radiation (IR), and radio frequency (RF) applied to food drying, specifically 
to foods such as bananas and apples. It discusses the advantages and disadvantages of 
each method compared to conventional drying systems. IR dehydration in compari-
son to conventional dehydration exhibits certain advantages, such as a higher heating 
rate, shorter drying time, and greater quality of the dried product. As such, IR drying 
techniques are increasingly being used method for drying food, vegetables, grains, 
fruits, and other high-value products. MW has also been widely applied in the drying 
of various foods and is a proven method for improving the drying process and quality 
of dried products. RF has also been studied and applied in food processing. Each of 
the methods discussed in this chapter can be combined with other drying methods, 
such as hot air drying, heat pump drying, vacuum drying, and freeze drying.

Chapter 4 presents the theoretical basis of hybrid drying techniques based on MW 
drying, which can be enhanced via combination with other drying methods such as 
hot air drying, freeze drying, vacuum drying, and fluidized bed drying. Using MW 
in hybrid drying significantly enhances drying rates, making it a novel approach 
to retaining the quality of dried products. Each hybrid drying method has its own 
advantages. For example, hot air drying speeds up the removal of moisture from 
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the core of the food to the surface, whereas freeze drying assists in preserving the 
bioactive compounds and nutritional status of products. Fluidized bed drying and 
vacuum drying are preferable techniques in cases when a better rehydration ratio and 
uniform heating of the products are required. The chapter describes why the holistic 
approach is crucial to developing smart hybrid drying systems that bring together 
the efficiency of drying and the quality of the dried products.

Chapter 5 examines the effects of pre-treatment by ultrasound (US) in different 
media (water and ethanol) in the convective drying of BRS Vitória grapes. The study 
shows that pre-treatment with the US increased the efficiency of convective drying 
of the grapes by reducing drying time up to 61% when using ethanol as media. The 
pre-treatment did not result in any significant effects of media on the texture, color, 
soluble solids, and water activity of the grapes. Pre-treatment with ethanol is thus 
revealed as effective in obtaining raisins, reducing drying time, maintaining the 
quality of the product, and promoting more retention of nutrients. There was no 
observed loss of phenolic content in grapes after drying. US combined with ethanol 
exhibited the highest phenolic content of the treatments. Regarding the kinetics 
of the investigated drying process, the chapter study establishes that the logarithm 
model is the best to describe the kinetics of the grape drying process when compared 
to other mathematical models.

Finally, Chapter 6 summarizes investigations in the kinetics of absorbed water 
dehydration from different hydrogels, including equilibrium swollen hydrogels of 
poly(acrylic acid) hydrogel (PAAH), poly(acrylic-co-methacrylic acid) (PAMAH), 
and poly(acrylic acid)-g-gelatin (PAAGH). The complex kinetics of dehydration of 
hydrogels are described by a series of novel kinetic models: distribution apparent 
energy activation model (DAEM), Webull’s distribution of reaction times, the depen-
dence of the degree of conversion (α) on the temperature defined by the logistic 
function, coupled single step-approximation, and iso-conversion curve. The chapter 
explains the complex kinetics of dehydration of hydrogels in terms of the fluctuating 
structure of the hydrogel, the phase state of the absorbed water, and the thermal 
activation of the hydrogel.

Jelena D. Jovanović
Research Professor,

Institute of General and Physical Chemistry,
Belgrade, Serbia
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Chapter 1

Introductory Chapter: A 
Comprehensive Review of the 
Versatile Dehydration Processes
Jelena D. Jovanović and Borivoj K. Adnadjević

1. Introduction

Water is the most abundant substance on the Earth and the main component of 
plant and animal tissues, in which it plays a role as a solvent and a reagent. The unique 
role of water in natural processes is related to its physical and chemical properties and 
its widespread. As a result, most materials in the natural conditions contain water 
either as chemically bound or retained in pores due to intermolecular interactions [1]. 
The presence of water in food and foodstuffs plays a significant role in the physico-
chemical and biological processes that take place during their storage [2].

Dehydration is a complex reversible and endothermic physicochemical process of 
removing water from the material, which takes place under conditions of simulated 
energy exchange (especially heat) and mass transfer between the material and the 
external environment [3]. The removal of water is a kinetically complex process 
characterized by either rapid nucleation of water molecules at the reaction boundary 
phase (RBP) or nucleation at certain locations of the boundary phase (RBP), after 
which there is an increase in the size of the nucleus, which leads to the removal of 
water from the material. The most important feature of the dehydration process is 
the dominant influence of the dehydration product on the mechanism and kinetics of 
water removal from the material [4].

2. Food dehydration

The water content in food, fruits, vegetables, foodstuffs, and in agricultural 
 products varies in a wide range from 60 to 98% by mass. The dominant content of 
water indicates the key role of water on the physicochemical, biological, and nutri-
tional and sensing properties of the food. Water is, first of all, the most important 
medium in which chemicals (ions, salts, vitamins, etc.,) and biological reagents 
(sugars, proteins, lipids, DNA, enzymes, etc.,) move, collide, and react. In addi-
tion, water participates such as (a) reagent and coreagent in a series of degradation 
reactions (hydrolysis of lipids, Maillard reactions, enzymatic browning, vitamin 
degradation, etc.,); (b) stabilizes the most important biological structures, (enzymes, 
proteins, DNA, and cellular membrane); (c) control the growth of pathogens and 
other microorganisms; (d) significantly changes the physical and chemical proper-
ties of the material (thermal conductivity, thermal capacity, electrical and dielectric 
properties), etc. [2]

XIV
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In regard to that, it is unambiguous that state of water and its physical–chemical 
(structural–kinetic) during the dehydration of the material has the key influence 
on dehydration process, chemical and biological reactions, and nutritional and 
sensory properties of food. Water in food and foodstuffs exists in three different 
structural-kinetic states, namely bond water, intermediate, and freeze water. Bound 
water is formed as a consequence of the formation of hydrogen bonds between water 
molecules and polar groups on RBP. Free water is formed by a mutual interaction 
between water molecules and is similar in structure to bulk water. Intermediate water 
is formed from water molecules that interact weekly with RBP. Different structural-
kinetic states of water lead to different interactions between water molecules and 
chemical components of food [5]. In order to understand and govern food dehydra-
tion process, it is necessary to focus further research on expanding and deepening 
the knowledge to (a) structural-kinetic state of water in food, (b) change in the 
structural-kinetic state of water due to dehydration; (c) interaction of different states 
of water with chemical and biological components of food.

The term “drying” is a synonym for food dehydration by application of heat and 
is the oldest method for preserving food. The main reason for drying food is to extend 
the shelf life of fresh materials without the use of cooling and storage, because the 
reduction of water content inhibits growth and the development of spoilage and 
pathogens microorganism reduces the activity of enzymes and reduces unwanted 
degradation reactions. The process of drying food also leads to a reduction in the 
weight and volume of food, which significantly affects the costs of packaging, stor-
age, and transportation of food. Drying food leads to a change in color, texture, and 
smell compared to fresh material and a reduction in the nutritional value of food [6].

Drying is an energy-consuming process and the cost of used energy compared 
to other storage methods is relatively high with predictable growth for the near 
future. Accordingly, with aim to reducing specific energy consumption of drying and 
obtaining a product with preserved nutritional and sensory properties, a number of 
conventional (sun, hot-air, spray-draying, freeze-drying, fluidized-bed drying, and 
osmotic dehydration) and innovative (microwave drying, infrared drying, solar dry-
ing, electric and magnetic field dewatering, and ultrasonic dehydration) food-drying 
methods have been developed. In order to improve the existing technological pro-
cesses of food drying and developing new ones, further research should be focused 
on the (a) development and advancement of new processes of uniform volume of 
heating of food; (b) determination and control of the physical-chemical state of water 
molecules inside the tissue during dehydration and the ones that move inside the 
material when leaving; (c) understanding and managing of the process of changing 
the state of the matrix during dehydration.

3. Kinetics models of hydrogel dehydration

Hydrogels are mainly defined as three-dimensional, cross-linked hydrophilic 
polymeric networks which have the ability to absorb a significant amount of water 
or other aqueous fluids (swelling) without dissolving or losing structural integrity 
[7]. Hydrogels are extremely prominent against other polymeric materials because 
of their characteristic properties such as smart response to external stimuli, swelling 
ability, high water content, biocompatibility, adjustable porosity, and mechanical 
properties. The most outstanding are their high swelling capacity and resemblance 
to living tissues more than any other type of artificial biomaterials. Because of these 
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distinguishing properties, hydrogels have been widely used in versatile applications 
from biomedical to green energy. Their use are mostly recognizable in pharmacy, 
medicine, and biomedical applications [8, 9], especially in controlled and targeted 
drug release [10], regenerative medicine and tissue engineering, contact lenses, 
biosensors, etc. [11]. Hydrogels are excellent for applications in biotechnology, envi-
ronmental protection, agrochemistry, horticulture, cosmetics, as superabsorbents in 
hygiene products, packaging materials for food storage, in textile materials, in sensor 
materials, etc. In recent times, the applications of hydrogels and hydrogel-derived 
materials present novel materials for electrochemical energy conversion systems due 
to their specific and tailorable physicochemical properties [12].

Due to high water content, hydrogels should be assumed as model systems suitable 
for modeling the description of the kinetics of food dehydration. Similarly, as in food, 
water in hydrogels can be classified generally into three types: (a) bound water, which 
involves strongly bound and weakly bound; (b) associated water, involving strongly 
associated and weakly associated water; and (c) free water. According to their phase 
transition behavior, three types of water in hydrogels have been identified: nonfreez-
ing, freezing bound, and free non-bound water [13]. Many physical properties of 
hydrogels depend on the organization of water within and at the surface of hydrogels 
[14]. The structures of the polymer network and the embedded water are important 
factors governing the physicochemical properties of hydrogel materials [15].

Knowledge and governing of the hydrogel dehydration process is of extraordi-
nary practical and theoretical importance. In the literature, the kinetics of dehy-
dration of hydrogels is most often described by the diffusion kinetic model [16]. 
However, new kinetic models have been developed that can describe hydrogel dehy-
dration more precisely and with a higher degree of reliability. The complex kinetics 
of dehydration of hydrogels was described by a series of novel kinetic models: dis-
tribution apparent energy activation model, Webull’s distribution of reaction times, 
the dependence of the degree of conversion (α) on the temperature which is defined 
by the logistic function, coupled single step-approximation with iso-conversional 
curve. These models were applied to evaluate the dehydration kinetics of differ-
ent hydrogels: poly(acrylic acid) hydrogel, poly(acrylic-co-methacrylic acid), and 
poly(acrylic acid)-g-gelatin. It was determined that these new kinetic models can 
very appropriately describe the kinetics of dehydration of the investigated hydrogels 
covering the whole range of the dehydration process. The correlations among the 
values of the rate constants (k), activation energy (Ea), preexponential factor (lnA), 
with the primary structural properties of the investigated xerogels (hydrogels in dry 
state) were determined [17–22].

4. Conclusions

Understanding and governing the possibility of controlling the structural–kinetic 
states of water in food has a key role (key-role) in the mechanism and kinetics of food 
dehydration and preservation.

Dehydration is one of the most important operations in food science. Dehydration 
enables extension of shelf life and preservation of their physicochemical, biological, 
nutritional, and sensing properties. Understanding and managing the possibility of 
controlling the structural-kinetic states of water in food has a key role (key-role) in 
the mechanism and kinetics of food dehydration and the preservation of physico-
chemical, biological, and nutritional and sensing properties.
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Abstract

Dehydration of organic material is undoubtedly a controlled attempt to conserve 
or construct a novel construct that will satisfy functional devotions. Food dehydration 
is reviewed in light of the latest progress in food materials research. Understanding 
the mechanics behind the drying process is crucial in food and agricultural product 
dehydration. Among the most crucial steps in preserving food is dehydration. Food 
drying innovations include photovoltaic, thermal imaging, microwave-assisted, and 
comparable hybrid technologies. According to a recent study, unique food dehydra-
tion technologies might increase drying efficiency by decreasing energy usage while 
improving product quality. Unique drying methods reduce food component degrada-
tion and create novel items for customers. Each method’s use of specific foods will be 
reviewed in this chapter.

Keywords: food dehydration, novel technologies, benefits, application, food product

1. Introduction

Dehydrating is essential in many agricultural, food, biotechnological, mineral 
processing, pulp, wood, polymer, ceramics, pharmaceutical, paper, and chemical 
applications [1]. Perhaps dehydration is chemical science’s oldest and most versatile 
way of drying procedures [2]. The fruit has many valuable chemicals, making it an 
essential element of the human diet [3]. Since the moisture content of fresh fruits 
exceeds 80%, they are considered perishable foods [4]. Around 40% of postharvest 
losses account for total fruit output in developing nations, such as India, significantly 
reducing the availability of fruits to customers [5]. During the entire seasons, fruits 
are gathered, but due to an absence of storage [6] and preservation accommoda-
tions, the marketplaces get congested, and the fruits start decaying before the end 
buyers can reach them [7]. During the drying process, reduction in the moisture 
content and, therefore, water activity permits the microbial activity in food materi-
als to stabilize while also controlling supplementary deteriorative processes, such as 
browning, enzymatic and nonenzymatic reactions, lipid oxidation, and many more. 
Dehydrating food helps prevent bacterial growth that causes changes in chemicals 
and the occurrence of spoilage and the in food by reducing the moisture content 
of dietary items [8]. There are several goals for dehydrating dietary products. The 
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most obvious is food preservation by dehydration. The dehydration technique limits 
microbial activity and other effects by lowering the humidity level of the item [9]. 
This method not only preserves the food from a microbiological aspect but also 
preserves its flavor and nutritional properties. The process of removal of water with 
heat is defined as dehydration. The earliest known method of food preservation was 
probably dehydration [10]. Fruits can also be sun-dried, and fish and meat can be 
smoked using well-known traditional methods [11]. A dehydrated food item has the 
benefit of being lightweight, which reduces shipping costs. However, the quality 
of the dried product is frequently diminished because high temperature is required 
in most conventional drying processes [12]. Many alternative approaches must be 
considered for potential application in the food industry [13, 14]. Vegetable drying 
was first recorded in the eighteenth century. Following that [15], scenarios of a world 
war were inextricably linked to the expansion of the drying industry [13]. During the 
Crimean War (1854–1856), British troops received dry vegetables from home; during 
the Boer War (1899–1902), Canada sent dried vegetables to South Africa; and during 
World War 1, the United States shipped about 4500 tons of dehydrated vegetables 
[16]. Potatoes, cabbage, spinach, turnips, carrots, celery, sweet corn, green beans, 
and soup mixtures were among the products processed in the United States [8].

2. Dehydration of food and food products

Keeping food fresh is the best way to protect its nutritional value, but most storage 
procedures call for relatively lower temperatures, which are unable to preserve all 
over the supply chain [8]. Preprocessing techniques, such as osmotic dehydration, 
before freeze drying, may partially remove the water before the final drying stage 
[17]. When choosing a dryer, consider the material’s physical features, manufactur-
ing capability, initial moisture content, particle size distribution, drying attributes, 
maximum permissible product heating rate, and explosion character traits (such as 
spray or fluid bed dryings) [18]. When dehydrating food, it is essential to consider 
factors, such as moisture content, glass transition temperature, dehydration method-
ologies and hypotheses, and physical and chemical changes [19]. The drying process 
affects the product’s chemical and physical characteristics and water content. Some 
characteristics that have been utilized to classify dried foods include water activ-
ity, isotherms, sorption, deterioration of microbes, enzymatic and nonenzymatic 
reactions, structural and physical phenomena, and degeneration of nutrient levels, 
perfumery, and tastes [20, 21].

Moisture diffusion influences the process of drying during the rate of the first 
falling stage. According to Fick’s second law of diffusion, the tortuosity, intercellular 
space, and distortion of tissues of vegetables, as well as the structure and chemi-
cal composition of the food, all impact moisture transport during the dehydration 
process [22]. It is crucial to examine the compatibility of intrinsic barriers and how 
to alter them given the number of food items that have undergone evaporation and 
dehydration in command to maximize the benefits of drying and dehydration [23]. 
High latent heat of vaporization of water is the primary method of removing water 
from food was climate change. Climate change needs much energy, for example, 
2.26 MJ/100°C [24]. Mechanical pressing was commonly employed before thermal 
drying to remove 20–30% of the water from solid food wastes. The variety of food 
drying procedures and equipment demonstrates the complexity of handling and 
processing solid foods. As well as the unique criteria for various food products. 
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Furthermore, economic issues are a big concern, given the high amount of low-cost 
goods, such as skim milk [25].

Some water may be kept together by interactions between water molecules, 
resulting in a multilayer of water molecules. At the same temperature, this type of 
water, referred to as “bound water,” has a lower partial pressure than pure water [26]. 
Additionally, the heat of vaporization for bound water is higher than pure water 
during similar temperatures. A food product’s chemical composition directly affects 
how much bound water is present in it [27]. A product retains free moisture over its 
equilibrium moisture content. Only free moisture in a product may be eliminated 
during a specific dehydration technique [28]. The product type, temperature, and 
concentration of water vapor in the air influence the free moisture content of a 
product [28]. The bonded water in a food product is removed with considerable effort 
during the dehydration process [28]. Dried foods have various advantages, including 
improved storage stability, reduced packing requirements, and reduced transit bulk. 
Figure 1 shows the osmotic dehydration process in food.

3. Conventional food dehydration processes

3.1 Solar dehydration

Between the end of the 1800s and the start of the 1990s, artificial dehydration 
took the place of sun dehydration [29]. Vegetables were first mechanically dried in the 
eighteenth century, an improvement over solar drying. It is a monitored and efficient 
solar energy system. Solar driers may produce hotter air and lower relative humidity 
[30]. The oldest industrial technique still in use is probably this one. It has been used 
with various things since antiquity, comprising meat, fruits, plants, and fish [31, 32]. 
However, this strategy significant downsides bound its application to industrial 
manufacturing. Among all are the prerequisites for vast amounts of heavy labor 

Figure 1. 
Schematic demonstration of the osmotic dehydration process.
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inputs and space, the challenge of monitoring the drying frequency, pest infestations, 
and microbial contamination [33].

3.2 Tray drying

It has a simple design and can dry much stuff. The first hot air dehydrator was 
invented in 1795 and used to dry fruit and vegetables, such as raisins and prunes [29]. 
The proper operation of the tray dryer depends on an even distribution of airflow 
over the trays [29]. Colak and Hepbasli developed a green olive model in 2007. The 
energy efficiency first study of dehydrators in 1921 by Christie and Cruss [34]. At the 
time, heated forced-air dehydrators were used to dry prunes instead of sun use [8]. 
The prime problem of the tray dryer is irregular drying brought on by inadequate air-
flow dispersion in the drying chamber [29]. The efficiency of a tray dryer system can 
be increased and drying nonuniformity minimized. Due to the systems’ low operating 
costs, many dryer structures have been created using solar energy [8].

3.3 Smoke dehydrating

To preserve food through smoking is almost as ancient as direct-air dehydration. 
The two strategies are frequently employed in tandem [35]. Smoke has the additional 
benefit of giving attractive tastes to meals [5]. Furthermore, some of the chemicals 
produced by smoking have antibacterial characteristics [36]. While primarily not 
employed to lower the food content of moisture, the heat involved in smoke produc-
tion has a drying impact [36]. Smoking always associates with fish and meat.

3.4 Drum dehydrating

Drum drying began 120 years ago, in the early 1900s, with Just Hatmaker devel-
oping the first drum dryer in 1902 [29]. Initially, a double drum dryer was created 
with feed going into the nip. It was less suitable for viscous liquids, so in 1945 a single 
barrel with top feed was developed to handle viscous products [29]. Feed was applied 
using dipping, splashing, spraying, and bottom feed rolls in a single drum. The feed’s 
viscosity typically dictates the feeding method [37]. Food dried with drum qualities, 
such as bulk density, solubility, moisture content [37], and particle size, is affected by 
drum dryers’ attributes, such as drying air temperature, rotation speed, feed ability, 
feed rate to focus, and ambient air quality [37].

3.5 Spray dehydrating

Spray dehydrating is essential to repeatable, continuous, scalable, time-saving, 
and economical technology for creating dry ultrafine powders [38]. Depending on 
the nature of the components as well as the required final attributes, numerous types 
of dryers can be used to dry them [39]. The spray drying procedure maximizes heat 
transmission and may be utilized for any substance with a liquid-like characteristic 
[38]. Because of its versatility and speed, it is the most commonly utilized drying 
technology for various heat-sensitive constituents. Spray drying has an advantage 
over other dehydration procedures due to its superior product quality, consistent 
texture, and quick rehydration [39]. Spray-drying technology has also been used in 
the chemical, pharmaceutical, food, cosmetic, and taste sectors. The approach has 
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several advantages, including being fast, continuous, and repeatable [40]. As a result, 
it has been effectively implemented at both laboratory and industrial sizes.

3.6 Fluidized-bed drying

By forcing air through the plate’s pores, this dryer, which has a drying chamber 
with a saturated layer design, dries food by heating it until it becomes liquid-like [41]. 
Typically, crushed materials have a water content of 10–20% in a fluidized bed and 
2–5% in the final product [42]. Whey, cocoa, cheese, dessert powders, potato bits, 
and dried powdered milk are all dried using this drying mechanism [43]. High-water-
content foods cannot be dried by fluidized bed drying, but items with low humidity 
can be dried more gently than other methods, and the materials can be serially 
ground, chilled, and categorized as they are transported [43].

3.7 Freeze-drying

Although it takes hours, freeze drying has the least amount of protein denaturation 
as it is done at temperature changes between −30°C and − 40°C and is predicated on 
vaporization pressure [44]. It also costs between four and six times as much as dry-
ing. Freeze drying, correspondingly stated as lyophilization, is a popular method for 
producing the best quality food solids and powders [45, 46]. Because it functions at 
lower temperatures and beneath higher pressure, it is the desired technique for dehy-
drating foods with thermally delicate chemicals and lying to oxidation. Food quality 
varies as a result of dehydration. Due to the lack of water, oxygen-free atmosphere, 
and lower temperature conditions, the dehydration of fruits and vegetables through 
freeze-drying is the optimum method to keep an optimum bio compound content in 
the final goods [47]. Freeze-drying is a popular method for dehydrating plant-based 
goods, such as spices, fruits, vegetables, and some unusual meals. Despite its lengthy 
process time and hefty cost, it is favored for its best final quality [3, 48, 49].

3.8 Novel technology for food dehydration

Consumer desire for processed goods that retain the majority of the unique 
features of fresh plants has risen in recent years [50]. As a result, drying must be done 
correctly to keep the plants’ flavor, aroma, color, look, and nutritional content as 
possible [12]. Traditional dehydration processes need extensive drying times and high 
energy use, resulting in dehydrated items of poor quality [12, 51]. Novel food dehy-
dration methods are a reaction to the newest customer expectations for high-quality 
dried goods that are also ecologically and economically sustainable [52]. As well as 
other cutting-edge new drying techniques for food dehydration, the most recent 
applications of microwave-assisted, solar-assisted, and various drying source-assisted 
hybrid drying technologies are discussed [53].

3.9 Osmotic dehydration

Osmotic dehydration is a straightforward process that permits fruits to be man-
aged while retaining their natural properties, for example, color, fragrance, nutri-
tional content, and texture [54]. The material derives into contact with a lower water 
activity mixture during osmotic dehydration when a counter-current mass transfer 
happens [55] from the product to the solution when water is transported. In the 
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osmotic solution, the soluble solids are assimilated into the foodstuff reversely [55]. 
As soon as the osmotic pressure of a hypertonic solution is raised, tissue flows water 
into the solution [55].

3.10 Microwave drying

More and more food items are being dried in the microwave to remove moisture 
[56]. Microwaves have electromagnetic radiation through frequencies between 
300 MHz and 300 GHz and wavelengths between 1 m and 1 mm [57]. Microwave 
drying provides several benefits over traditional drying processes, including a faster 
dehydration rate [58]. Microwave drying has numerous downsides, including non-
uniform heating, textural degradation, and a restricted microwave penetration depth 
into materials [59, 60]. A chamber of production in which the material is equipped, a 
system that measures, controls, and monitors the dehydrating time, and a system that 
places the product in the dehydrating chamber are the components that make up a 
typical MWD system [59].

In contrast to drying with hot air, microwaves result in faster drying times and 
better product quality [61]. When used in place of hot air, microwaves fasten the 
dehydrating process, reduce oxidation, and increase the dried material’s characteris-
tics [62]. These characteristics include density, pore volume, tensile and reconstitu-
tion capabilities, color, and the number of bioactive substances present [62]. It is 
possible that the worth of dried product could be significantly increased with some 
careful consideration of variables, such as microwave power, an electromagnetic 
method, temp, humidity ratio, and so on [63].

3.11 Pulsed electric field (PEF)

This method of food preservation is a novel nonthermal method that employs 
electric current for microbial inactivation [64, 65]. It has been discovered to have 
little or no negative impact on the quality of food materials [64, 66, 67]. This method 
primarily processes liquid and semiliquid food products [64, 68, 69]. PEF-assisted 
drying helps preserve the dried products’ physicochemical properties, color, and 
bioactive compounds (Figure 2) [70, 71]. PEF-assisted drying also improves the 
kinetics of drying and stimulates rehydration. Moreover, also allows selective cell 
disintegration while keeping the quality of a product [72]. PEF pretreatment inac-
tivates enzymes and microbes; also controls respiratory movement, which may take 
part in preservation [73]. Despite multiple benefits, the applicability and efficiency of 
PEF-assisted drying can be enhanced in the future.

3.12 Ball drying

A screw conveyor transports the material that needs to be dried to the top of 
the drying chamber [74]. It is possible to bypass the conveyor and feed the material 
directly into the drying chamber; however, doing so will result in the product being 
fed at a more erratic pace [41]. In addition to that, heated air is constantly being 
blown into the space that is being examined [75]. The material is brought into contact 
with heated ceramic balls or other heat-conductive balls while in the dehydrating 
chamber. The most critical component of the dehydrating process is convection [75]. 
The large screw located within the chamber spins while the drying procedure is being 
carried out, and the rate of rotation controls the amount of time the product spends 
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inside the chamber [75]. When the item reaches the end of the chamber, it is taken out 
along with the balls and then collected [75].

3.13 Ultrasonic drying

The use of ultrasound has shown promise in the inactivation of microorganisms 
at temperatures close to those of the human body, the enhancement of energy effi-
ciency, the reduction of thermal deterioration of food components, and the mainte-
nance of the site nutritional and sensory integrity of food materials [76–78]. For food 
dehydration, a technology using stepped-plate transducers to link ultrasonic energy 
to food samples directly has proven to be an extremely effective method [76, 79]. 
Plate radiators have a tremendous amount of surface area, which is one of the primary 
reasons this technology is so advantageous [76, 80]. Other benefits of this technology 
include the possibility for large-scale industrial applications [76, 81].

3.14 Solar-assisted

Since ancient times, people have relied on the sun’s heat to dry out food. Solar 
energy works by increasing the temperature of the product being dried, which 
causes an increase in vapor pressure [82]. Vapor pressure is the driving force behind 
the moisture transfer process [83]. Traditional methods of preserving perishable 
vegetables include sun dehydration, which involves exposing the vegetables directly 
to the sun to absorb its radiation [8]. Grapes, prunes, and figs, among other dried 
fruits, have been preserved using this method to an extensive degree in recent years 
[8]. Some have been dried using hot-air dehydrators rather than sun drying in recent 
years because the fruit dries faster with the former, and problems caused by inclement 
weather are avoided with the latter [84]. Because there is a good chance that future 
energy limits will be reached, the availability of fossil fuels and natural gas used in 
dehydration may be severely restricted. If this occurs, a different energy source will be 
necessary to heat the air used for drying the goods [8]. Heat source from solar energy 
for hot-air drying appears appealing due to the fact that fruits are typically grown in 

Figure 2. 
Proposed mechanism of PEF-assisted drying.
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regions that are warm and sunny, as well as the fact that they are dried and harvested 
through a time in the year when there is an abundance of solar radiation [8].

3.15 Infrared-assisted

The use of hybrid drying methods, such as infrared-freeze drying, has proven to 
be successful in increasing the efficiency of the dehydration process [85]. The prin-
ciple behind infrared (IR) dehydration is that IR radiation from a heat source raises 
the temperature of the object being dried, which helps the moisture evaporate [86]. 
During the evaporation of water, infrared rays can pierce to a greater depth in the wet 
sample, which causes the sample’s temperature to rise without simultaneously heating 
the air around it [87]. As the moisture content of the materials decreases and diffuses 
out into the air, the rate of water diffusion through the material will increase, and 
the radiation characteristics of the samples will change [88]. Numerous industries 
frequently use infrared heating because it is widely acknowledged to deliver superior 
final product quality in addition to countless energy efficiency and cost-effectiveness 
than convective heating. Several of these industries include [89]. The advantages and 
disadvantages of common drying techniques are presented in Table 1.

4. Hybrid drying technologies

The primary objective in the development of hybrid drying technologies is to slow 
the deterioration of products while simultaneously producing goods with the desired 

Methods Advantages Disadvantages

Freeze drying Polysaccharide does not lose activity Long processing cycle

Oven drying Easy to operate Incomplete drying

Smoking Added flavors Difficult to control, slow

Vacuum drying No oxidation Low efficiency and high cost

Drum drying Continuous It may require modification of 
the liquid

Spray drying Fast drying Easy to decrease the activity of 
polysaccharides

Ball drying Rapid, continuous, and comparatively low 
temperature

Loss of product integrity, 
difficulty to control

Microwave vacuum drying Even drying Low efficiency and low cost

Ultrasound Reserves antioxidant properties and 
bioactive compounds

It will affect the antioxidant 
activity

Pulsed-electric field • Highly operative for refining drying 
rates

• Short-time handling

Can affect the structure and 
activity of nutrient

Microwave • It can improve the yield Human hazards

Table 1. 
Advantages and disadvantages of common drying approaches of food dehydration.
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level of moisture content. When using various drying methods to produce quality-dried 
goods, some of the most important factors to consider are the characteristics of food 
quality criteria [90]. Figure 3 displays an overall Classification of hybrid drying.

The term “hybrid drying technique” refers to the practice of combining two or 
more distinct drying methods in such a way that they cooperate to reduce the amount 
of time required and the amount of energy used for drying while maintaining the 
majority of the product’s quality characteristics, such as its flavor, nutrition, color, 
fragrance, and texture [56]. It has been demonstrated that combined effect and 
combination drying processes that have been optimized use a low specific amount 
of energy [91]. The product’s characteristics required to be dried play a role in the 
decision-making process for selecting an appropriate drying method [92]. Efforts are 
being made to advance hybrid drying technologies to mitigate the disadvantages of 
more conventional drying procedures, reduce the rate at which products deteriorate, 
and ensure that end products have the appropriate residual moisture level [56]. The 
term “hybrid drying” refers to a category of drying processes that include not only 
those that use multiple modes of heat transmission but also those that use two or more 
drying phases to achieve the desired level of dryness, product quality, drying time, 
and production process. A more common definition of hybrid drying is the effective 
integration or clever combination of two or more conventional drying methods [93]. 
This one factor may result in the development of an entirely new breed of hybrid 
drying techniques.

Figure 3. 
Hybrid drying technologies scheme of classification.
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5. Changes in a structure after dehydration of food substance

Various dehydration processes can potentially alter the qualities of foods with a 
high moisture content [94]. Because moisture removal from a material frequently 
results in changes to the material properties, these changes play an essential part 
in the design and prediction of heat and mass transfer processes that occur during 
dehydration [95]. Additionally, these changes help determine how the methods used 
to dehydrate products influence the quality properties of dried goods [45]. During 
the drying process, structural and thermos physical properties such as mass-
volume-area-related parameters involved in heat transport are among those that 
change [96]. Most of these qualities indicate shifts on scales ranging from microscopic 
to macroscopic in the chemical composition and the structural organization of 
dried items [97]. Micro and macrostructure observations of the surfaces and cross-
sections of fruits and vegetables are frequently included to generate information on 
the influence of dehydration procedures and circumstances on the textural features 
of dehydrated samples [56]. These observations can be made at different scales. In 
addition, morphological parameters are recorded so that an analysis can be performed 
to determine how the drying processes and environmental factors affect the size 
and shape of the samples. Drying methods can change primary food attributes: bulk 
characteristics, flow property, moisture, appearance, aroma, structure, rehydra-
tion ability, nutrients, and volatile chemical retention [12]. In terms of nutritional 
properties, oxygen, extreme heat, and cell injury are common opponents of bioactive 
component retention during processing. As a result, dehydration can have an effect 
on the stability of important chemicals in plant-based diets [98]. Phenolic substances 
may be susceptible to enzymatic breakdown due to polyphenol oxidase activity [98].

The various dehydration techniques unaffected the fundamental structure of 
polysaccharides [99]. However, different dehydration strategies may change crude 
polysaccharides’ output, protein concentration, and ash concentration [4, 100]. The 
elimination of vitamin C and carotenoids throughout dehydration procedures is influ-
enced mainly by water concentration and temperature. It is also hypothesized that the 
structural and thermal physical characteristics of fruits and vegetables change during 
the drying process based on the chemical composition, the physical organization of 
the structure, the phase distribution of the system, the internal and exterior pore 
space represented by the porosity, and other factors [101].

Certain foods subjected to heat treatment have the potential to exhibit an 
increased total phenolic content [102]. There is a possibility that the drying processes 
that hasten the breakdown of cellular components are to blame for the rise in the total 
phenol concentration in samples that have been dried [103–106]. It is possible that the 
rise can be attributed to the heat-induced breakdown of complex phenolic tannins, 
which leads to an increased amount of phenolics being extracted [107]. Additionally, 
the increase in total phenolic content might be explained by the production of 
Maillard reaction products, which would result in the synthesis of new phenolics 
from precursors during heat treatments. Compared to conventional dehydration, the 
color loss that occurs during novel-assisted dehydration is significantly less [108].

6. Future prospective

Osmotic dehydration can extract juice from osmotically concentrated fruits in 
which juice is ejected from pre-concentrated fruits using osmotic dehydration. It 
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essentially allows the production of high-concentration juice without heat, preserving 
the nutritional and organoleptic properties of the juice.

7. Conclusion

Dehydration is a simultaneous mass transfer procedure that primarily stimulates 
the movement of water particles from the meal, resulting in a final item with high 
sensory characteristics and physiological qualities. In the processing of dried foods, 
dehydration of food is one of the utmost significant alternative food preservation and 
treatment techniques. Numerous food dehydration processes are necessary to produce 
high-quality dried foodstuffs at a low cost. This study discusses recent developments 
in energy-efficient drying technologies for dehydrating food, including solar, infra-
red, microwave, and other assisted drying techniques. A new dehydrating method 
uses less energy and preserves the dried product’s chemical, color, taste, flavor, 
and appearance components. Innovative food drying technology can contribute to 
environmental protection.
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Chapter 3

A Review of Drying Methods 
Assisted by Infrared Radiation, 
Microwave and Radio Frequency
Nguyen Hay, Le Quang Huy and Pham Van Kien

Abstract

The study focused on reviewing modern and effective drying methods assisted 
by infrared radiation, microwave and radio frequency. In which, the drying results of 
previous studies were reviewed to clarify the drying efficiency of drying methods with 
the support of infrared radiation, microwave and radio frequency. The review results 
showed that the radiant heating mechanism of infrared radiation and the volumetric 
heating mechanism of microwave and radio frequency supported the process of 
material heating and moisture diffusion within the material. As a result, the drying 
process achieved high drying efficiency, the drying time was significantly shortened 
and the quality of the dried products was improved both in terms of sensory quality and 
nutritional quality. The study of the application of infrared radiation, microwave and 
radio frequency in drying technique had a high scientific, technological and practical 
significance. This would be the foundation for finding suitable drying methods and dry-
ing modes to improve drying efficiency as well as the quality of dried products.

Keywords: infrared radiation, microwave, radio frequency, drying efficiency, 
volumetric heating mechanism, product quality, energy consumption

1. Introduction

The fresh harvested agricultural products often contain high moisture content, 
which can easily spoil the products by the risk of decay as oxidation, hydrolyzation, 
and microbial spoilage during processing, transit, and storage [1]. Nowadays prolong-
ing the storage time of products and increasing the product quality both in terms of 
sensory quality and nutritional quality has been becoming an important target of a 
sustainable agriculture.

Drying has played an important role in food processing and preservation. Drying 
can reduce the water activity in order to improve the stability of drying products and 
long-time preservation. Because the harmful microbial activity would be signifi-
cantly decreased at lowering water activity during storage [2]. In the drying process, 
the drying methods and drying parameters should be considered to achieve the 
effective drying process as drying rate and product quality [3].

Generally, a suitable and effective drying technique should achieve several 
requirements such as high drying rate, required final moisture content, high retention 
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in color, appearance, flavor, long shelf life and high ingredient retention of dried 
products, as well as low energy consumption [4]. In the drying of agricultural prod-
ucts, hot air drying, solar drying, vacuum drying, freeze drying and fluidized bed 
drying are popular conventional drying techniques [5, 6]. In the conventional drying, 
the heat from drying air will transfer to the drying material and the moisture of the 
material evaporates back to the drying air by convection and conduction. However, 
the convective drying method has many drawbacks such as longer drying time, low 
product quality, low efficiency and high energy consumption [7, 8]. Hot air and solar 
drying with the heating convection mechanism have been becoming common drying 
methods because of low cost of equipment, large drying capacity and simple opera-
tion [9]. However, the hot air drying offers a time and energy consuming because 
of the large amount of heat losses to the air [10]. The solar drying can save energy 
consumption, but the solar dryer works in natural environment, which makes dried 
products be affected by insects and microorganisms. Besides, hot air drying and 
solar drying methods can easily cause shrinkage, surface hardening, microstructure 
collapse, high color change index and nutrient degradation [11]. Vacuum and freeze-
drying methods with low drying temperature are suitable drying methods for the 
preservation of nutritional components, but the requirement of special operation 
condition as low temperatures or pressures cause high energy consumption and cost 
of equipment. Fluidized bed drying could improve the energy efficiency with the 
contact between the air and materials, but this drying method is almost appropriate 
for granular food [5]. Thus, many new drying techniques have been created by the 
combination between the conventional drying and infrared radiation (IR) drying, 
microwave (MW) drying, radio frequency (RF) drying and ultrasound wave dry-
ing [12]. In which, effective heating mechanism of IR, MW and RF would support 
the drying process effectively and could enhance the efficiency of drying process as 
high drying rate, high dried product quality and low energy consumption. However, 
the application of these hybrid drying methods has been studied and continues to 
be studied to perfect both drying technology and drying parameters to achieve the 
highest drying efficiency.

2.  The heating principle of infrared radiation, microwave and radio 
frequency

2.1 The heating principle of infrared radiation

The infrared region lies between the visible and microwave region of the electro-
magnetic spectrum. Infrared waves have a wavelength ranging from 0.75 to 1000 μm. 
Generally, IR can be divided into three different categories such as: near-infrared 
(NIR), mid-infrared (MIR) and far-infrared (FIR) corresponding to the wavelength 
of 0.75–2 μm, 2–4 μm and 4–1000 μm (see Figure 1) [13].

The effect of the electromagnetic radiation on drying material surface causes 
changes in the electronic, rotational and vibrational states of atoms and molecules 
[14]. The different type of electromagnetic radiation wavelength has different heating 
mechanism. The heating mechanism of IR radiation is the changes in the vibrational 
state of the molecule in material. When the materials absorb IR radiation energy, the 
constituent molecules will vibrate at a frequency of 60,000–150,000 MHz and the 
intermolecular friction occurs which results in the internal heating within material 
[15]. In which, the surface temperature increases quickly, which is much faster than 
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that in conduction and convection heat transfer [16]. IR radiation can propagate into 
the material without any medium and heating the surrounding air [17]. The most 
important advantages of infrared radiation are preventing the energy losses and 
maintaining the quality of the drying product.

The IR radiation has a specific penetration depth (PD) at which the radiation 
intensity inside the material reaches the value of approximately 37% of its value at the 
surface [18, 19]. PD of IR radiation depends on the composition of material such as 
solid, liquid or gas, and the properties of material such as density, porosity and water 
content [20].

2.2 The heating principle of microwave and radio frequency

Radio frequency (RF) and microwave (MW) are two kinds of electromag-
netic waves. In which, RF has frequencies varying from 10 to 300 MHz and only 
three radio frequencies of 13.56 MHz ± 6.68 kHz, 27.12 MHz ±160.00 kHz and 
40.68 MHz ± 20.00 kHz were applied in industrial, scientific, and medical applica-
tions [21]. Microwave has the frequency range of 300 MHz to 300 GHz and MW with 
frequency of 2450 MHz was the most commonly used in the heating technique. The 
frequency range of RF and MW was described in Figure 2.

RF heating mechanism is volumetric heating and is described in Figure 3. In 
which, the RF is generated between two electrodes of an RF operator. The material 
is placed between the electrodes and absorbed RF energy. RF energy causes the wet 
molecules within material to migrate and rotate continuously at high speeds under the 
effect of the RF alternating electric field. The volumetric heat was generated within 
the material by the friction resulting from the movement of the molecules and the 
space-charge displacement.

In the case of microwaves, the electric field interacts with molecules of mate-
rial via two modes as dipolar rotation and ionic conduction (Figure 4). In dipolar 
rotation, the molecules within material rotate back and forth constantly under the 

Figure 1. 
The infrared region.
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ever-oscillating electric field. The friction of rotating molecules results in heat genera-
tion through the material mass. In ionic conduction, a free ion or ionic species moves 
translationally through space under the alternating electric field. The friction of these 
moving species results in heat generation.

Both RF and MW heating mechanism is volumetric heating. In which, the heating 
rate is high and the moisture gradient and temperature gradient are in the same direc-
tion, which supports the moisture diffusion. Thus, the drying rate and the quality of 
the drying product would significantly increase.

Figure 2. 
The frequency range of electromagnetic wave.

Figure 3. 
RF heating mechanism.

Figure 4. 
MW heating mechanism.
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3.  Review of the drying techniques using infrared radiation, microwave 
and radio frequency

3.1 Review of the drying techniques using infrared radiation

The drying techniques using infrared radiation has several advantages compared 
to conventional drying system such as higher heating rate, shorter drying time and 
higher drying product quality [22]. Thus, the drying techniques using infrared 
radiation have become one of the popular methods of drying of food, vegetables, 
grains, fruits and other high-value products [23–25]. Combining IR with other drying 
methods as hot air drying, heat pump drying, vacuum drying and freeze drying can 
give an effective drying process [26–29].

Wanyo et al. [30] conducted the experimental drying of mulberry leaves by two 
drying methods as far IR-hot air drying and hot air-only drying. The results showed 
that the far IR-hot air-drying time was only 50 min and the higher total phenolic 
content within mulberry leaves was retained, while hot air-drying time required 
6 hours. Chen et al. [31] studied the drying kinetics and quality product in drying of 
jujube slices by hot-air and short-and medium-wave infrared radiation and the results 
showed that the short- and medium-wave IR drying time could reduce 17–67% as 
compared with hot air drying. Orikasa et al. [32] reported that the far infrared (FIR) 
drying of Komatsuna leaves consumed 17% less energy consumption and achieved 
the higher product quality with higher cyclic adenosine monophosphate content 
within Komatsuna leaves after drying as compared with hot air drying.

The combination between vacuum drying and IR heating could result in high 
drying rate, improvement of energy efficiency and product quality [33]. Salehi and 
Kashaninejad [34] studied the drying kinetics during the combined infrared-vacuum 
drying of lemon slices and the results confirmed that the moisture diffusivity within 
material increased from 2.92 × 10−10 to 1.58 × 10−9 m2/s and the color change index 
decreased appreciably when the IR lamp power was increased from 300 to 400 W, 
which improved the drying rate considerably Salehi and Kashaninejad [35] investi-
gated the effects of IR-vacuum drying parameters with infrared power of 300–400 W 
on the drying kinetics of grapefruit slices. The results were that the effective moisture 
diffusivity increased in the range of 5.83 × 10−10 and 2.13 × 10−9 m2/s and the color 
change intensity of dried material decreased as IR power increased.

The combined IR-freeze drying could improve the freeze-drying process that 
could reduce drying time and energy consumption. Wu et al. [28] compared the effect 
of the freeze drying and the IR-freeze drying of Cordyceps militaries, in which, the 
IR-freeze dryer used infrared lamps replacing the electric heating plate and the dry-
ing parameters as drying time, energy consumption and nutritional properties were 
considered. The results indicated that IR-freeze drying achieved high-quality dried 
products and more effective drying process such as the drying time could be reduced 
7.21–17.78% and the energy consumption was reduced 1.88–18.37% at a constant dry-
ing temperature in comparison with the freeze drying.

Khampakool et al. [36] conducted the producing process of banana snacks using 
IR-assisted freeze drying, in which, the drying kinetics, energy consumption, and 
product quality were estimated. The results indicated that the continuous IR-assisted 
freeze drying could save the electrical energy consumption appreciably and reduce 
the drying time up to 213 min as compared with freeze drying (696 min). Besides, the 
crispness of banana snacks could be improved in IR-assisted freeze drying.
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Antal (2015) [37] compared the effect of three drying of apple cubes methods as 
IR-assisted freeze drying, hot air-assisted freeze drying and single-stage freeze drying 
and the results reported that the drying time was reduced by 45.5 and 27.3% and 
energy consumption by 45.1 and 34.5% corresponding to IR-assisted freeze drying, 
hot air–assisted freeze drying as compared with FD.

Krsti (2002) [38] proposed a prototype rotary dryer with combining IR with heat 
pump drying method for drying of herbs and vegetables (leaves of birch, rosebay 
willowherb, dandelion, red beet and carrot). The results showed that the drying time 
was shortened significantly and the quality of the dried products as color and ingredi-
ent retention within the material got requirement.

Based on the results of the previous studies mentioned above, IR heating is an 
effective supporting technique when combined with other drying methods such as 
hot air drying, heat pump drying, vacuum drying and freeze drying to significantly 
improve drying efficiency including drying rate and product quality as well as saving 
energy consumption of drying process as compared with drying methods without IR 
assistance. In particular, IR heating assistance could reduce the drying time by 67% 
and the energy consumption by 17% as compared to hot-air drying. The combination 
between vacuum drying and IR heating could significantly improve the effective 
moisture diffusivity of drying material and the quality of the dried products. In 
the combined IR-freeze drying, the drying time could be reduced by 45.5% and the 
energy consumption reduced by 45.1% in comparison with the freeze drying. The 
combining IR with heat pump drying method could shorten the drying time signifi-
cantly and retain the color and ingredient content within the material. Besides, the 
assistance of IR improved the quality of the dried products as color and nutrients, 
that is one of the most important factors of drying technique.

3.2 Review of the drying techniques using microwave

The volumetric heating mechanism of MW has many advantages compared to 
conventional methods. MW has been widely applied in drying technique for dry-
ing food, vegetable, fruit and high-value material. When MW combines with other 
conventional drying methods, MW heating mechanism can improve the efficiency of 
drying process as heating rate, drying rate and quality of dried products [39]. There 
have been many studies of drying techniques using MW to find out the suitable dying 
methods and drying parameters to improve the drying process and quality of dried 
products.

Soysal (2004) [40] studied the effects of MW output power on drying time, dry-
ing rate and color of product in MW drying of parsley leaves, in which, seven differ-
ent MW output powers were used ranging from 360 to 900 W. The results indicated 
that drying time considerably decreased with the increase in the MW output power 
and a good green color was maintained close to that of the original fresh parsley 
leaves.

Yanyang et al. [41] studied the wild cabbage drying method by a combination of 
hot-air drying and microwave vacuum drying. The results confirmed that the com-
bination of drying with hot air drying followed by microwave-vacuum drying could 
shorten drying time and greatly retain the content of chlorophyll and ascorbic acid 
within the dried product.

Therdthai and Zhou (2009) [42] carried out the drying of mint leaves with 
MW-vacuum drying (8.0 W/g, 9.6 W/g and 11.2 W/g at pressure 13.33 kPa) and hot 
air drying (60°C and 70°C). The MW-vacuum drying could reduce drying time by 
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85–90% as compared with the hot air drying. The color of dried mint leaves was 
retained in light green/yellow color while the hot air-dried mint leaves were changed 
in to dark brown.

Wang et al., (2009) [43] dehydrated instant vegetable soup mix using the  
MW–freeze drying. The vegetable soup was successfully dried and the drying process 
achieved a shorter drying time as MW power increased. The energy consumption of 
MW-freeze dryer reduced significantly as compared to freeze dryer.

Patil et al., (2015) [44] carried out the experimental drying of green leafy veg-
etable (fenugreek, coriander, spinach, mint, shepu and curry leaves). The results 
reported that as the MW power increased from 135 to 675 W, the drying time reduced 
appreciably by 64% and the dried green leafy vegetables could be stored for about 
21 days in metalized polyester under the condition of 45°C and 95% RH. Besides, the 
shelf life of dried green leafy vegetables could last up to 6 months as being stored in 
metalized polyester under the condition of 65% RH and 30°C.

Akal and Kahveci (2016) [45] conducted the microwave drying of carrot slices, in 
which, MW power levels were 350, 460 and 600 W and thickness of carrot slices was 
1 and 2 cm. The results showed that the drying rate increased as the drying thickness 
decreased and MW power increased. When MW power increased from 350 to 600 W, 
the drying time reduced up to 50%.

Horuz et al., (2017) [46] determined the effect of hybrid (MW convectional) 
and convectional drying of sour cherries, in which, the MW power was 120, 150 
and 180 W and hot air was 50, 60 and 70°C. The results determined that the energy 
consumption efficiency of hybrid drying technique was higher than the convectional 
drying method and in hybrid drying, the drying time was reduced significantly and 
the dried products could achieve the higher quality parameters as total phenoliccon-
tent, antioxidant capacity and vitamin C.

Deepika and Sutar (2018) [47] conducted the drying of lemon slices using IR, MW 
and hot air combination, in which, IR–hot air drying was implemented and followed 
by MW–hot air to complete the drying process. The results found that the drying 
process could save energy consumption and drying time and the quality of the dried 
product was also maintained as compared to hot air drying.

Rodriguez et al., (2019) [48] evaluated the effect of solar drying and microwave 
drying of raspberries. The results showed that MW drying method could significantly 
reduce the drying time as compared to solar drying. The quality of dried products 
indicated that in both drying methods, the surface color of dried products was 
retained close to the color of fresh raspberries.

Jinwoo et al., (2021) [49] studied the influence of microwave power in 
MW-assisted freeze drying of biopharmaceuticals. The results showed that the 
combination between MW volumetric heating and heat conduction reduced drying 
times by 80% as compared to freeze drying. While the quality of dried products in 
MW-assisted freeze drying was close to freeze drying.

Based on the results of the previous studies mentioned above, the drying tech-
nique using MW showed its outstanding advantages that have greatly improved 
drying efficiencies such as appreciably shortening drying time, saving energy 
consumption and improving the quality of dried products in terms of color and the 
content of important nutrients within the dried products. Drying technique using 
MW could be considered as a suitable and effective drying method for many types of 
materials such as food, vegetable, fruit and high-value material. In particular, MW 
heating assistance could reduce the drying time by 64% as increasing MW power 
in specific value range. The combining MW with other drying methods as hot-air 
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drying, vacuum drying, solar drying and freeze drying could improve the drying rate 
by shortening the drying time by 80% and achieve the higher quality dried products 
as color, vitamin and nutrients as compared to the drying method without MW 
assistance.

3.3 Review of the drying techniques using radio frequency

Radio frequency has been studied and applied for various purposes in food 
processing such as cooking [50], tempering [51], stabilization [52], disinfestation 
[53], pasteurization [54], roasting [55] and drying [56]. Drying using RF was one of 
the most important and effective application of RF. RF has been applied in combining 
with other drying methods as hot air drying, heat pump drying, vacuum drying and 
freeze drying in order to achieve the high drying efficiency.

Roknul et al. (2014) [57] compared the effect of four drying methods including 
hot-air drying, hot-air-assisted IR drying, hot-air-assisted MW drying and hot-air-
assisted RF drying of stem lettuce slices, in which, the drying characteristics and 
quality of stem lettuce slices were considered. The results showed that the drying 
time of hot-air-assisted RF drying was the shortest (120 min), following by hot-air-
assisted MW drying (140 min), hot-air-assisted IR drying (180 min), and hot-air 
drying (360 min). In the hot-air-assisted RF drying, the heating was uniform and the 
color change index of dried samples got the smallest value.

Zhou et al., (2018) [58] carried out the experimental drying of kiwifruit slices 
using RF-vacuum drying and hot air drying, in which, RF had the working parameter 
of 27.12 MHz, 3 kW. The results demonstrated that RF-vacuum drying was supported 
by RF volumetric heating and achieved a rapid drying resulting in 65% reduction 
of hot air drying (60°C) time. Moreover, RF-vacuum drying dried kiwifruit slices 
retained a better color stability, higher content of vitamin C as compared with hot-
air-dried samples.

Zhou et al., (2018) [59] compared three drying methods including hot air drying, 
vacuum drying and hot air-assisted RF drying, which were experimentally compared 
and analyzed for drying of in-shell walnuts. The results showed that the drying time 
of the hot air-assisted RF drying method was the shortest (138 min), followed by 
vacuum drying method (185 min) and hot air-drying method (300 min). The walnuts 
after hot air-assisted RF drying process contained more unsaturated fatty acid than 
those by hot air-drying process and the vacuum drying, and hot air-assisted RF dry-
ing had little effect on the total antioxidant capacity and total phenolic concentration 
of walnuts during the drying process and storage.

Zhou et al., (2019) [60] determined the drying time, energy efficiency and 
product quality of three drying methods as RF-vacuum drying, hot air drying and 
RF-vacuum + hot air drying in drying of 6 mm thick kiwifruit slices. The results 
indicated that the total drying time of RF-vacuum drying was the shortest (480 min), 
followed by RF-vacuum + hot air drying (600 min; 20% longer) and hot air drying 
(900 min, almost double). In the RF-vacuum + hot air-drying process, a more uni-
form moisture distribution within the fruit slices and better product quality as color 
retention, shrinkage ratio was achieved. Besides, RF-vacuum + hot air-drying method 
could save the average energy efficiency up to 22.93% as compared to hot air-drying 
method.

Zhang et al., (2019) [61] studied the hot air-assisted RF as the second stage drying 
method for mango slices, in which, hot-air drying was used in the first drying stage 
to reduce the moisture content to about 40% (w.b), then hot air-assisted RF drying 
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was used to reduce moisture content to 18%. The results showed that the drying time 
of the two-stage drying process was about 5 hours, which was lower than that of 
hot-air drying (8 hr) or vacuum drying (7 hr). The quality of dried mango slices after 
the two-stage drying was better than that after hot-air drying, and close to that after 
vacuum drying, in which, the minor vitamin C retention rate achieved 91%.

Ran et al., (2019) [62] applied the hybrid drying method of RF-assisted vacuum 
drying to produce chicken powders. The results showed that the total drying time of 
RF-assisted vacuum drying was the shorter (100 min) while that for vacuum drying 
was 180 min. Besides, RF-assisted vacuum-dried chicken powders had a high quality 
with a maximum umami flavor among the obtained powders.

Peng et al., (2019) [63] proposed a hybrid drying method for apple slices (6 mm 
thickness), in which, air jet impingement (65°C) was applied at the first drying stage, 
and hot air-assisted RF (hot air temperature of 60°C) was used at the second drying 
stage to complete the drying process. The result found that apple slices dried by the 
air jet impingement combined hot air-assisted RF drying achieved the shortest drying 
time and the best product quality including color, total phenolic and Vc retention.

Wang et al., (2020) [64] conducted the experimental drying of inshell hazelnuts 
with hot air drying and hot air-assisted RF drying. The results found that as compared 
to hot air drying, hot air-assisted RF drying achieved much higher drying rate and 
effective moisture diffusion with lower energy consumption. Besides, hot air-assisted 
RF-dried nuts retained higher total phenolic content (0.43 mg GAE/g dry kernel) 
than that of hot air drying.

Wang et al., (2021) [65] investigated the efficiency of hot air-assisted RF drying 
of carrot. In which, the hot air (60°C)-assisted RF heating at the electrode gap of 
100 mm was used for drying of carrot slices for 270 min first and then followed by 
hot air drying to complete the drying process. The results showed that the combined 
drying method could improve the drying rate up to 30% and maintain higher content 
of heat-sensitive ingredient within carrot slices.

Shewale et al., (2021) [66] studied the efficiency of the sequential drying method 
using RF and low-humidity air (LHA, 40°C) for drying of apple slices. The com-
bined drying method of LHA + RF could reduce the drying time by 37% and energy 
consumption by 52% as compared to LHA. The LHA + RF dried apple slices were 
preserved the polyphenols (98%), flavonoids (87%) and ascorbic acid (77%) and the 
color change index was so small (ΔE = 7.4 ± 0.7).

Le Anh Duc et al., (2022) [67] studied thin layer drying model for RF-assisted heat 
pump drying of Ganoderma lucidum, in which, drying parameters included drying 
temperature of 40, 45 and 50°C and RF power of 0.65, 1.3 and 1.95 kW. The results 
indicated that the effective moisture diffusivity value increased with an increase in 
RF power that reduced the drying time by 10% and 21% at RF power of 1.95 kW as 
compared to RF power of 1.3 kW and 0.65 kW.

Nguyen Hay et al., (2022) [3] studied the RF-assisted heat pump drying of 
Ganoderma lucidum, in which, the drying parameters included drying air tempera-
ture of 40°C, air velocity of 1.2 m/s, and an RF power of 1.95 kW, 0.65 and 0 kW. 
The results showed that the increasing in RF power improved the heating rate and 
shortened the drying time significantly. In RF-assisted heat pump drying, the dried 
material got a uniform moisture distribution and temperature distribution and the 
color of dried products also maintained with the original red-brown color of fresh 
Ganoderma lucidum.

Based on the results of the previous studies mentioned above, RF heating 
technique is a suitable and effective choice for drying technology, in which, RF is 
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combined with different drying methods to dry different types of materials. The 
advantage of RF volumetric heating mechanism can improve the heating rate, drying 
rate and quality of dried products both in terms of sensory quality and nutritional 
quality as well as the shelf life of dried products. In particular, the combination 
between RF with other drying methods as hot-air, vacuum and heat pump drying 
could reduce the drying time by 67% and the dried products got the higher quality as 
color, surface appearance and high ingredient retention of 98% as compared with the 
drying methods without RF assistance. However, the drying method using RF has to 
invest a high-cost equipment and the safety in operating RF drier must be considered 
as RF drier operates at high electric voltage.

4. Conclusions

With the increasing requirements of the agricultural and food processing industry, 
product quality in terms of sensory quality and nutritional quality as well as long stor-
age time would play a crucial role. Besides, the cost of energy consumption also plays 
a significant role in reducing the processing cost and the price of dried products. The 
studies for finding out a suitable and the most effective drying technique has been, is 
and will be done. In particular, the hybrid drying technique with the combination of 
traditional drying technologies and IR, MW and RF has created a breakthrough both 
in terms of technology and economy. The effective support of the heating mechanism 
of IR, MW and RF greatly improves the drying efficiency such as high heating rate, 
short drying time, high drying product quality as well as saving considerable energy 
consumption of the drying system. The research, application and development of 
these hybrid drying technologies will certainly create a breakthrough for the agricul-
tural and food processing industry in the future.
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Chapter 4

Role of Food Microwave Drying in
Hybrid Drying Technology
Bandita Bagchi Banerjee and Sandeep Janghu

Abstract

Dehydration is the key to food preservation reducing volume and increasing shelf
life. Dehydration technology has witnessed renaissance with the development of
advanced technology such as microwave drying, freeze drying, fluidized bed drying,
and refractance window drying. Combination of drying methods has increased the
versatility of dehydration process of which field-based drying methods have always
been hyped and microwave drying being the most adorned of all, considering its ease
of fabrication and drying efficiency. Synergizing it with methods such as hot air
drying, freeze drying, fluidized bed drying, or vacuum drying enhances its perfor-
mance and the quality of the dried product. The merits and functionality of each
method in hybrid drying with microwave have been discussed in the chapter.

Keywords: drying, moisture, microwave, hybrid, efficiency

1. Introduction

Dehydration is proclaimed as the key to increased shelf life of perishable food,
pertaining to the reduction of available moisture for microbial growth. It has been one
of the most ancient apt techniques for food preservation, the conventional methods
being air drying, solar drying, etc. Dehydration has not only contributed to the
extended life of fresh food and throughout the year availability of seasonal products
[1] but also has minimized the hassle of voluminous handling of raw and processed
products, thus paving its way to reach end consumers like space researchers in space-
ships, marine staff, war zones, and needy ones in far flung inaccessible areas.

Researchers and scientists have experimented with dehydration methods such as
fluidized bed drying, freeze drying, osmotic dehydration, drying by natural radiation,
spray drying, to understand the compatibility of the methods with the different kinds
of food in terms of nutrient retention, operation cost, efficiency, shelf life, and final
quality of the dehydrated product. Each method or device projected for dehydration
has evolved with time. The relentless efforts to attain maximum efficiency have paved
way for the advanced dehydration methods and gradually have ignited the concept of
combining the individual methods, hence introducing the hybrid drying technology.
The amalgamation of two to more drying techniques has also added to the versatility
of the methods. The demand to adhere to the norms and policies in relation to
environment, government regulation, increased throughput, quality, etc., has
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necessitated enumeration of methodologies such as hybrid drying technique for
achieving optimum results. The conventional convective hot air drying has been
improvised many times by researchers with combination of nonthermal drying tech-
niques such as ultrasound, ultraviolet radiation, or pulse electric field [2], which
proved to produce better quality dried products in lesser drying time compared to
single-operation system of hot air drying. Subsequently, the prospects of combining
the nonthermal technologies with other kinds of drying techniques have been
explored by thinkers. Of all methods, field-based drying methods have received ample
attention by researchers due to the profound advantages of these techniques such as
improved drying kinetics, efficient rehydration ratio, and high-quality end product.
The promising scope of synergized drying methods using field-based methods has
encouraged experimentation with different combination sets of which microwave
drying has been popular, due to the ease of fabrication, nutrient retention of food, and
cost effectivity. Hybrid dehydration processes with microwave treatment envisage to
minimize loss of heat-sensitive food components. This chapter focusses on microwave
drying hybridization with other drying methods, thus compounding an insight herein
on the breaches attended and the lags yet to be addressed through further research.

2. Advancement in dehydration technology

The ardent efforts on improvisation of dehydration technique and application to
different kinds of foods have been relentless, thus nearing perfection from all aspects
inch by inch. The traditional sun-drying method inspired designing of solar dryers by
intervention of science and technology. Conventional air drying method accentuated
with the introduction of hot air dryers and oven dryers to reduce dependency on
natural sources. However, the process being energy-driven involved huge amount of
recurring cost due to the immense consumption of high-priced electric energy, thus
subsequently bringing in novel technologies such as vacuum drying, freeze drying,
spray drying, and ample of advanced methods, which enhanced the drying behavior
further with comparatively lesser energy need [1]. Energy efficiency of the drying
method has always been the focus point to optimize the operation cost without
compromising on product quality. The heat pump dehumidifiers and superheated
steam drying proved to be energy-efficient methods, resulting in dried products with
better rehydration properties and nutritional content. The heat pump dehumidifiers
enabled recycling of air by adding and rejecting heat during the process through heat
pumps and condensers resulting in minimization of energy consumption. Superheated
steam drying has shown promising results in terms of retention of heat-sensitive
compounds of food such as vitamin C, thus encouraging its implementation in the
food industry [3–5]. Microwave drying is known for its deep penetration characteris-
tic within food layers and plays an important role in food drying, especially when in
combination with other drying methods. Microwave vacuum drying is reported to be
efficient at 26–52°C. When subjected at 640–710 W to orange juice concentrates for
the production of fruit gel, the color of the gel has been attractive and lighter as
compared to the ones prepared by air drying [6]. Plate-transducer power ultrasonic
generators aided the generation of high-intensity ultrasound waves, which added new
dimension to dehydration of vegetables. Several techniques on application of high-
intensity ultrasound waves directly to vegetable surfaces have been explored by sci-
entists as ultrasounds increase the evaporation rate of moisture substantially reducing
the duration of drying [7]. Refractance window drying system has gained popularity
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over the years because of its efficiency in terms of quality retention and inexpensive
equipment setup. It has shown impressive performance in the conversion of liquid
products such as juice, puree, to flakes, leather, sheets, etc., having attractive color,
aroma, and antioxidant activity. It is used for the production of egg powder, fruit
powder, herbal extract, etc. [8]. Nonthermal drying technologies like osmotic drying
have been effective for fruits like apricot with an initial pretreatment of drying
material. Dielectric drying through radio frequency (RF) and microwave systems has
been extensively used in food industry, wherein electrical energy is converted to heat
energy by polarizing the electric dipoles in the food material with electric fields. The
techniques are apt enough to be successfully replicated for other kinds of high-value
fruits as studied in apricot drying [9].

3. Advancement in hybrid dehydration methods

Hybrid methods of drying are prevalent to envisage the merits at the maximum
extent and have a versatile approach toward efficient drying. Combination of two or
three drying methods not only reduces the sole dependency on hot air drying but also
increases energy efficiency and better nutritional retention in comparison with the hot
air-dried products that are more susceptible to nutritional loss, shrinkage, color
change, flavor change, and texture hardness [10]. The approach of hybrid drying
thrives to conglomerate the merits of individual drying techniques, minimizing the
demerits of each. Coupling of convective drying with field-based drying methods has
been reported to be effective to retain nutritional and functional components of fruits
and vegetables. Application of ultrasounds is a nonthermal method of dehydration.
Subjecting apple slices to ultrasonication after convective air drying has shown
reduced processing time and better quality retention [11]. Infrared radiation is also
implemented to heat-sensitive food products for drying in a synergistic way with
freeze drying and vacuum drying. It is being used for drying of high-value herbs such
as Ginkgo biloba and Cordyceps militaris [12]. Microwave drying has been the most
sought after dehydration method to synergize with other methods. Electromagnetic
waves penetrate food, causing oscillation of molecules which in turn generate heat
inside the food. The technology coupled with other drying methods increase drying
efficiency manifold. For drying of spices, microwave drying has proved to be
effective when conjugated with drying methods such as infrared drying or fluidized
bed drying [13].

4. Hybrid drying with field-based drying methods

The field-based drying methods are the ones that employ electromagnetic energy
and acoustic energy such as microwave, infrared radiation, radio frequency (RF), and
ultrasound for nonthermal drying. These kinds of drying techniques exhibit better
food quality in terms of appearance and nutrition value. In addition, the techniques
have rapid drying kinetics and improved thermal efficiency in comparison with the
conventional hot air drying. Individually, each technique has its own set of advan-
tages. Introduction of field-based drying methods to the conventional techniques
imbibes its own benefits such as increased drying efficiency and low energy con-
sumption.
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4.1 Benefits of field-based drying technology

4.1.1 Microwave drying

i. Generates internal vapor

ii. Heating is volumetric

iii. Drying rate is high

4.1.2 Drying with radio frequency

i. Wavelength employed is longer than microwave

ii. Penetrates the food deep

4.1.3 Infrared drying

i. Transfer medium is not required for energy deliver

ii. Specific areas on food surface can be targeted

4.1.4 Ultrasonic drying

i. Strongly adhered moisture can be removed [10]

5. Hybrid drying with microwaves

Fabrication of field-based drying models calls for considerable technical inputs and
high costs. Sophisticated equipment setups are required to run the drying system [14].
Maintenance and running of the hybrid setups with field-based drying requires tech-
nical knowledge and expertise. Considering the ease of modeling and feasibility of
hybrid drying with field-based methods, microwave drying is best suited for minia-
ture setups as well as extensive layouts. However, microwave drying if employed
solely lacks energy efficiency, because removal of water using microwaves is costly
considering the high rates of electric energy. Moreover, useful heat is not generated
from all the emitted microwaves [15]. Microwave drying shows best result when
combined with other formats of drying.

5.1 Heat features of microwave

The operating frequency of microwave is 300 MHz to 300 GHz. The domestic
microwave oven induces microwaves of frequency 2450 MHz, whereas in commercial
large-scale level microwaves of range 900 MHz are deployed.

The heating mechanism involves absorption of microwave energy by the water
present in the food cavities, resulting in evaporation of water due to temperature rise.
Microwave heating is a dielectric heating system, wherein the molecules carrying
negative and positive charge (such as sugar, fat, and water molecules) align them-
selves to the alternating electric field subjected by the microwaves. The process in turn
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generates heat as the rotating molecules strike other molecules and set them in motion
causing difference in vapor pressure between the central and surface layers of food.
This causes moisture in the food to travel out of it fast making microwave drying a
rapid, uniform, and energy complacent method in comparison with hot air drying.
Penetration of microwaves into food depends on the composition of food and also the
frequency of microwave. The microwaves with lower frequency penetrate deeper into
the food in comparison with the ones of higher frequencies.

The electromagnetic energy is converted to heat energy for temperature rise.
Hence, the heat generation rate per unit volume Q determines the rate of temperature
increase. The Q value can be enumerated as follows [16]:

Q ¼ 2πƒƐ0Ɛ
00E2

rms (1)

where Q = heat generated per unit volume.
ƒ = frequency
Ɛ0 = 8.854 x 10–12 F/m (free space permittivity)
Ɛ″ = material’s dielectric loss factor
Erms = root mean square of electric field intensity at the location
The temperature increases as time increases for any given location in the food

which is expressed as follows [16]:

Q ¼ ρCp
ΔT
Δt

(2)

where ρ = material density
Cp = specific heat capacity
T = temperature
t = time
Replacing Eq. (1) with Eqs. (2) and (3) is obtained [16]:

ρCp
ΔT
Δt

¼ 2πfε0ε00E2
rms (3)

From Eq. 3, the change in temperature with respect to time can be calculated for
any location of food subjected to microwave heating [16, 17].

5.2 Microwave with hot air drying

Hot air drying in itself is a time-consuming and energy-demanding process. The
extensive exposure to high temperature causes loss of nutrients and heat-sensitive
compounds of the food. Migration of solutes to food surface occurs resulting into case
hardening. Rehydration of the dehydrated food becomes a challenge due to shrinkage
of the food during drying. Microwaves in conjunction with hot air drying minimize
the drawbacks of both kinds of method. Application of this hybrid format of drying is
gaining popularity in the industries and factories. The drying time is considerably
reduced with accelerated energy flow to the evaporating point of the food structure
even when in moving state within the product. The microwave drying drives moisture
from the center to the surface from where it is deliberately removed by the airflow
from hot air dryer. The moisture carrying capacity of the airflow is determined by its
velocity and temperature that need to be controlled keeping in consideration the heat
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sensitivity of the volatile components and phytochemicals present in the product.
Herein, optimization of airflow, temperature, and microwave power density is crucial
for success of the process [15].

Apart from continuous microwave drying, intermittent microwave drying is also
gaining popularity for its efficient performance with convective hot air drying. It
overcomes the drawbacks of continuous microwave drying such as humidity and
uneven temperature distribution, through the power-off phases in the working cycles
during which there is a chance of even distribution of moisture and heat by the
continuous hot airflow. This subsequently enhances the drying characteristic of inter-
mittent microwave heating in comparison with continuous microwave in terms of
nutrient retention and quality standards, though the time involved is longer in inter-
mittent microwave heating when coupled with hot air drying [14]. Food quality might
be susceptible to constant microwave heating for long duration which is, however, not
so as in case of subjection to intermittent microwaves. Studies on osmotic dehydrated
strawberries showed that intermittent microwave drying with magnetron at switched
off condition for almost 74% of the time enumerated high-quality strawberries in
terms of retention of phenolics, antioxidants, and anthocyanins [18]. Similarly in case
of parsley subjected to hybrid drying conditions such as convective hot air microwave
drying and intermittent microwave drying showed that retention of vitamin C, color,
and rehydration property was the best for the ones with intermittent microwave
drying [19].

5.3 Microwave with freeze drying

Freeze drying is the freezing of moisture in food to ice and subsequent conver-
sion of ice to vapor on lowering the pressure. Freeze drying by itself is an energy
consuming method, hence subjected to high-value products such as cocoa, coffee
beans, and nutraceutical herbs. The dehydration rate is low, and cost incurred is
high. In spite of being cost-intensive, it is the most sought after drying method for
heat-sensitive products because of its acclaimed capacity to conserve the macronu-
trients, micronutrients, color, antioxidative properties, and functional properties of
the food. The advantage of the method is the sublimation stage of the ice crystals
without involvement of oxygen, which enables successful retention of the quality
attributes of a product such as structure, color, flavor, and aroma and help easy
rehydration [10].

Combining freeze drying with microwave drying process accentuates its efficacy
by minimizing its disadvantages in terms of time duration, energy efficiency, and
cost. Conventional freeze drying occurs by transfer of energy subsequently from the
dried layer to the low-conductive frozen layer through the bulk of the food involving
long drying duration and energy requirement [20]. Microwaves when employed
together with freeze drying reduce the drying time as compared to freeze drying [21]
due to the volumetric heating by microwaves. As ice has low loss factor, microwave
energy penetrates only the organic portion of the frozen food, thus warming up all
regions of the food instead of layer-by-layer heating in case of conventional freeze dry
method. The merits of microwave freeze drying are enumerated as follows:

a. Microwaves penetrate deep into the frozen product

b. The energy is dissipated rapidly through the food material
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c. Microwaves adapting automatically to the products dynamic dielectric property

d. Less of energy required during efficient drying at the falling rate stage [22]

Microwaves in freeze drying can be subjected in two ways:

a. Simultaneously microwave drying and freeze drying of food wherein the
microwave is applied right from the onset of the freeze drying occurring in
vacuum condition, to provide necessary energy for sublimation.

b. Two-phased drying initiated with freeze drying followed by microwave drying.
Herein, freezing of the product is first completed followed by introduction of
microwave energy at vacuum condition in the storage chamber containing the
dried product. As the energy from microwaves heat the frozen food, its bulk
temperature starts increasing and the frozen water gets evaporated directly to
gaseous state escaping in the vacuum chamber. The transition creates an
interface between frozen part and dried part, which gradually reduces with time
to finally obtain a uniformly dried product (Figure 1)

Wang and Chen (2007) [21] proposed use of dielectric bars or spheres for micro-
wave freeze drying of materials lower in solid content or solid products having low
loss factor, thus demonstrating 20% reduction in drying time. Skim milk was micro-
wave freeze-dried using silicon carbide as the dielectric material, wherein the drying
time was significantly lesser then freeze drying. Duan et al. 2007 [22] reported appli-
cation of microwave freeze drying to cabbages, which exhibited lower drying time
and sterilization effect. Similar was the finding by Duan and Zhang (2008) [23],
wherein drying time was reduced to almost half in comparison with conventional
freeze drying of sea cucumbers.

5.4 Microwave fluidized bed drying

The prime drawback faced during microwave drying is the nonuniform drying of
the product at a given time. Such kind of demerit is overcome by combining fluidized
bed drying to the microwave process. In fluidized drying process, the food to be dried
is subjected to hot air at high pressure through a porous bed causing agitation to the
food particles at which if microwave is introduced, each particle will receive the
radiation leading to uniform heating and a subsequent reduction in the diffusion time
of drying [24]. The disadvantage of fluidized bed drying is the undesirable size
reduction of food particles due to the collision among the particles. Hence, drawbacks
of both kinds of drying techniques are minimized in the hybrid drying as described by

Figure 1.
Steps in hybrid dying by microwave freeze drying [20].
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Goksu et al. (2004) [25] who studied the drying pattern of macaroni beads subjected
to fluidized bed and microwave drying. On comparison of drying time, it was
observed that it reduced by 50% when both the methods were applied synergistically
with 2.1 and 3.5 W/g of microwave energy in a fluidized bed dryer as against applica-
tion of microwave and fluidized bed drying individually. Rehydration capacity is
another determining factor to ensure the success of a given drying process.
Khoshtaghaza et al. (2015) [24] observed that microwave-fluidized drying of
soyabeans had better rehydration ratio when subjected to high power of microwave
and low velocity of air, because expansion of cell walls occurred as its elasticity and
starch hydration increased due to the applied heat and high pressure generated inter-
nally in the kernels by the microwave energy.

The selection of microwave energy and temperature of hot air in fluidized bed
drying is crucial to obtain the ideal combination for energy efficiency and uniform
drying. On application of high-power microwave, the temperature of the particles on
surface will be higher than the air temperature of fluidized bed dryer; thus, airflow
cools the particles instead of evaporating moisture. Taheri et al. (2019) [26] designed a
fluidized bed microwave dryer, as depicted in Figure 2, to study the drying curves and
moisture diffusivity of lentil seed at different exposure time. Drying was experimented
with 0, 300, 400, and 500Wmicrowave powers at 50 and 60°C fluidized hot air, which
aided disinfection along with drying of lentil seeds. Moisture diffusivity varied from
0.44 � 10�10 (when subjected only to air heated to 50°C) to 3.06 � 10�10 m2/s (when
microwave power of 500 W is used with air heated to 60°C) by considering convective
boundary condition for the seeds as per Fick’s second law of diffusion [26].

5.5 Microwave with vacuum drying

The volume heating in case of vacuum drying is apt for bulk-drying of products
with low thermal conductivity and high heat sensitivity such as the viscous and

Figure 2.
Schematic diagram of fluidized bed microwave dryer [26]. Where 1 = magnetron, 2 = waveguide, 3 = tuner,
4 = power monitor, 5 = data and microwave power control system, 6 = microwave cavity, 7 = sample holder,
8 = fiber optic probes, 9 = temperature monitor, 10 = vents, 11 = airblower, 12 = air speed potentiometer, 13 = air
temperature potentiometer, 14 = inlet air temperature monitor.
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sugar-rich products [27]. In vacuum, moisture evaporates at temperatures lower than
that at atmospheric pressure, thus protecting the products from high temperatures. As
air is not involved in this format of drying, incidence of oxidation reactions is elimi-
nated which helps to keep the taste, flavor, color, etc., intact [28] favoring its appli-
cation in horticultural produces. The advantages of vacuum drying if imbibed into the
microwave drying method are the merits of the hybrid model is manifold in terms of
rapid heating, energy efficiency, quality retention, and uniform heating. The moisture
in food is rapidly heated to vaporize at the requisite low temperature of vacuum
environment by developing microwave-induced electric field on the food’s water
molecules [29].

The benefits of the process are almost equal to freeze drying method in terms of
minimization of nutrient loss, structural and flavor change due to short heating
duration at low temperatures, but with comparatively lower cost indulgence. More-
over, structural collapse is reduced with the development of porous structure as the
moisture migrates from the high-pressure core zone of the food, developed by micro-
wave heating, to the vacuum zone surrounding the material, the phenomenon being
referred to as “puffing” [30]. Efficiency of a microwave vacuum dryer calls for
consideration on the following details:

a. The dielectric property of sample

b. Distribution of microwave energy homogeneously through the cross section of
sample bed

c. The rate of product throughput

d. Vacuum depth

e. Use of DC microwaves to avoid peaks in electric fields as vacuum reduces
breakdown field strength, hence, if exceeded may result plasma or sparks

The microwave vacuum dryers can be either fabricated as static dryers or rotary
dryers. The static dryers are similar to the domestic microwave oven with an additional
vacuum chamber. The design is cost-effective and efficient for thin-layer products.
The basic schematic representation of the design is represented in Figure 3 [31, 32].
With samples having multiple layers, the design is challenging as drying duration
increases due to the long time taken by microwaves to penetrate the layers causing

Figure 3.
Schematic diagram of static microwave vacuum dryer [31, 32].
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nonuniform temperature spectrum. The disadvantage of static dryers have given way
to the development of rotary microwave vacuum dryers, wherein a rotating mecha-
nism is introduced for rotation of the cylindrical basket or high HDPE drum inside the
microwave oven. The rotational speed of the rotary system is controlled to avoid
electric arc damage and ensure uniform heating of drying sample through homoge-
neous dissemination of microwave energy, which penetrates the multiple layers of
food diligently [33]. The schematic representation of the design is represented in
Figure 4 [27].

This hybrid method of drying has shown impressive results. Monteiro et al. (2015)
[27] designed the model as in Figure 4 and experimented with samples such as grapes,
banana, tomato, and carrot slices to obtain dried products close to the quality of
freeze-dried products within 20 minutes as against 14–16 hours in freeze drying.
Cranberries dried in microwave vacuum system retained the antioxidant activity and
the bioactive compounds, which is not the case when dried solely with microwaves
[34]. Drying process of garlic granules from 21 percent moisture content to 3 percent
was the most efficient by microwave vacuum drying in comparison with microwave
hot air drying as related to drying rate and product temperature [35]. By
implementing automatic temperature control in microwave vacuum drying of straw-
berry, moisture could be reduced to 6.85 and the rehydration achieved about 55%
keeping color, texture, and flavor intact [28].

5.6 Advantages of microwave energy

The microwave heating has its own set of advantages, tapping of which is feasible
by imbibing into other drying methods. The advantages of this volume heating can be
glanced to note as follows.

1.A high partial pressure is developed in the product due to higher internal
temperatures as compared to the surface, which drives the moisture out from
within the material, thus enabling to maintain permeable surface layers instead
of over drying of surfaces.

Figure 4.
Schematic diagram of rotary microwave vacuum dryer [27].
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2.Deep penetration by microwaves

3.Selective heating of water and organic solvents because of waters’ higher
dielectric losses compared with other molecules

4.Efficient drying of high-moisture products with low thermal conductivity

5.Control of energy transport speed feasible

6.Automation feasible

7.Shorter processing duration

6. Conclusion

Microwave energy synergized with different drying methods augments the drying
efficiency by tapping its adventitious characteristics. The positive features of the
technique also neutralize its certain negative features such as nonuniform drying and
high electric charge rates. Imbibing microwave drying into hybrid drying technology
is not only a way to enhance the drying rates but also a novel approach to retain the
quality of the product. Hot air drying accelerates the escape of moisture from the core
to the surface and then to the environment, while freeze drying aids to conserve the
bioactive compounds and nutritional status of the products. Fluidized bed drying and
vacuum drying help attaining better rehydration ratio and uniform heating of the
products. Hence, holistic approach is the key to a profound hybrid drying setup
bringing in efficiency and quality together.

Hybrid drying has embarked and popularized in recent times due to its immense
versatility and drying efficiency. Its potency will enhance further in the future time if
there is more of studies on the combination of different drying methods in a single or
multiple setup and if more of initiative is exhibited on the transfer of technology to
implementation level which is the need of the hour. Minimization of the fabrication
cost will boost the use of hybrid drying in small-scale food industries as well. The
individual methods in hybrid drying should be selected considering the need to obtain
quality finished product with minimum environment stress. The efficiency of the
techniques can further enhance with the use of sensors to keep a real-time check on
the quality, hence adding a new perspective to it. The deterioration of quality and
degradation of heat-sensitive nutrients have always been cause of concern and decid-
ing factors for judging the efficiency of drying methods. Hence, the implication of
sensors is manifold for detecting deterioration of molecules such as ascorbic acid,
phytochemicals, or other such heat-sensitive antioxidant compounds during runtime,
which can subsequently be communicated to the operator or automatically process
optimized through the use of appropriate software [36].
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Chapter 5

Effects of Pretreatments with 
Ethanol and Ultrasound on 
Convective Drying of BRS Vitória 
Grapes
Nathalia Barbosa da Silva, Patrícia Moreira Azoubel  
and Maria Inês Sucupira Maciel

Abstract

The objective of this study was to evaluate the effect of ethanol and ultrasound as 
pretreatment to improve the convective drying of the BRS Vitória grape. The drying 
kinetics, rehydration, quality parameters, and phenolic compounds were evaluated. 
Before drying, grapes cv. BRS Vitória was ultrasound treated using two separate 
means, with ethanol (99.5% v/v) and distilled water. After pretreatment, the grapes 
were dried at 60°C and 0.1 m/s. The Logarithmic model provided a better prediction 
to describe the drying of grapes. Peleg’s model showed satisfactory adjustments to 
predict rehydration. Compared to the Control, pretreatment using the combination of 
ultrasound and ethanol decreased the drying time of the grapes by 61%. The pretreat-
ments did not influence in quality parameters. In contrast, phenolic retention was 
observed in samples with ethanol. These results open new perspectives on the drying 
process and product quality by combining ethanol and ultrasound.

Keywords: ultrasound, dehydration, ethanol pretreatment, raisin, logarithmic model

1. Introduction

Grape is a berry belonging to the Vitaceae family and is widely cultivated and fre-
quently consumed in the world. According to the Food and Agriculture Organization 
(FAO), its world production in 2020 was approximately 100 million tons. The princi-
pal producers are China, Italy, Spain, and France. Currently, Brazil occupies the 15th 
position of grape producers, with a production of 1,435,596.00 tons in 2020 [1].

In Brazil, grapes are consumed in fresh or processed form as juices, vines, jams, 
and raisins. Part of the production of grapes in Brazil comes from the São Francisco 
valley, a region in northeastern Brazil with productive potential for different grape 
cultivars [2]. Therefore, Research Institutions have been developing grape cultivars 
adapted to Brazilian conditions to meet the high demand of the foreign market [3].

Grape cv. BRS Vitória was developed by a Brazilian agricultural research company 
(EMBRAPA) in 2012 to increase the production and improve climate adaptation of grapes in 
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the country. Seedless grape, the productivity of this cultivar can exceed 30 t/ha and shows 
good tolerance to berry splitting and downy mildew. The berry is spherical, black in color, 
with thick and resistant skin and colorless pulp. This fruit could provide health-related 
benefits (rich in phenolics, anthocyanins, and flavonoids with antioxidant properties) [4].

However, the grapes have a high moisture and sugar content, reducing the shelf 
life of the fruit [5]. Drying is one of the most used conservation methods to increase 
the shelf life of perishable foods such as grapes. Drying reduces the food moisture 
content to a level that allows safe storage for an extended period, reducing weight and 
volume, and minimizing packaging, storage, and transport costs [6].

For food drying to occur effectively, it is necessary to evaluate the following issues: 
the drying kinetics and factors that affect the drying rate; product quality, since water 
removal is not the only consequence of the process. Other important quality-related 
changes in taste, flavor, appearance, texture, structure, and nutritive value may occur 
in the course of drying [7].

The intrinsic characteristics of the berries also influenced the drying process. 
Grapes have waxy skin, which makes it difficult to mass transfer [8, 9]. To remove 
the waxy layer and accelerate the dehydration process of the grapes, several pretreat-
ments have already been applied and investigated, such as blanching, the alkaline 
emulsion of ethyl oleate solution (AEEO), abrasion, and carbonic maceration [10–12].

Some novel non-thermal technology like ultrasound has been employed to 
enhance the drying process. This technology could be used with pretreatment 
for their benefit in enhancing heat and mass transfer in the course of dehydra-
tion [13–15]. Ultrasonic waves cause structural changes in the products, enabling 
increased permeability of the material. This effect can be obtained due to the “sponge 
effect,” cavitation phenomenon, and the effects accompanying cavitation, such as the 
formation of microchannels, facilitating mass, and/or heat transfer [16]. Ultrasound 
applications allow reducing drying time and energy consumption, obtaining high-
quality dried materials [17]. This technology has been applied as a pretreatment in 
the drying of sweet potatoes [18], bitter melon [19], and kiwifruits [20]. The studies 
revealed that ultrasound pretreatment was effective to improve the process.

There are different types of immersion mediums used in ultrasound. Ethanol is an 
organic solvent with lower surface tension than water and facilitates the solvent into 
the food. Ren et al. [21] investigated the effects of different pretreatment methods 
on the drying process and the quality of catalytic infrared dried ginger slices. They 
observed sample pretreatment by ethanol + US had the highest drying efficiency and 
highest bioactive content retention. However, no studies have examined the effect of 
ultrasound combination as pretreatment on drying kinetics, quality parameters, and 
phenolic compounds from grapes.

Thus, the objective of this study was to evaluate the application of ultrasound 
as pretreatment to improve the convective drying of BRS Vitória grapes. For this 
purpose, the effect of an aqueous medium (ethanol and water) on drying kinetics, 
quality parameters, and phenolic compounds of raisins have been studied.

2. Materials and methods

2.1 Materials

For this study, grape cv. BRS Vitória was produced in the São Francisco Valley 
region (Latitude 09° 09 ‘South; Longitude 40° 22’ West). The grapes were washed 
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to remove surface impurities and sanitized with sodium hypochlorite (200 ppm) for 
10 minutes. Then they were dried with absorbent paper, packed in polyethylene bags, 
and stored at −18 ± 1°C, until use.

2.2 Pretreatments

The pretreatments were conducted to evaluate the effect of ultrasound with 
different solvents (ethanol and distilled water). The sample (100 g) was placed in 
a beaker containing 200 mL of ethanol (99.5% v/v) encoded as US+ETOH. This 
beaker was then positioned in a thermostatic bath to maintain −5°C during sonica-
tion. The same process was conducted with 200 mL of distilled water and encoded as 
US+WATER. An ultrasonic probe (QR1000 Ultronique, Ecosonics, Brazil) with a con-
stant frequency of 20 kHz, maximum power of 550 W, and microdot with a diameter 
of 25.4 mm was used. The operating time on the ultrasound was 30 minutes.

2.3 Drying process

Drying was performed for pretreated and untreated (control) grapes at 
60°C ~ 1 m/s. For each batch, 100 g of grapes were placed on a metal net in a drying 
oven (MA035, Marconi, Brazil), with air circulation and renewal. All drying processes 
were performed by periodic weight (every 1 h). The initial moisture content was 
determined according to AOAC [22]. All experiments were repeated three times at the 
respective temperature, and the average measurements are contained within this study.

2.4 Mathematical modeling

To calculate the moisture content (MR) of the grape, the following equation was 
used (1).

 −
=

−0

Mt MeMR
M Me
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Where Mt., M0, and Me are the moisture content at a given drying time (g water/100 g 
dry matter), the initial moisture content (g water/100 g dry matter), and the balance 
moisture content (g water/100 g dry matter), respectively. The drying curves were fitted 
with eight distinct thin layer dehydration equations to test which system most accurately 
described the drying process. These equations are listed in Table 1.

Various statistical parameters including the Coefficient of Determination (R2) 
and root mean square error (RMSE) were used to describe the best fit. The higher 
value of R2 and the lower value of RMSE indicate the goodness of fit. R2 and RMSE 
equations can be described by eqs. (2) and (3).
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Where N and z are the number of experimental data values and the number of 
constants, respectively. MRexp,i, MRpre,i, and MRexp are the experimental moisture 
ratio, predicted moisture ratio at time t, and the mean of experimental moisture ratio, 
respectively.

2.5 Quality parameters

The quality parameters were evaluated in fresh and processed samples. For quality 
analyses, grapes were dried until a final moisture content of 20% (wet basis), which 
is a value within the range allowed by Brazilian legislation [27]. Water activity (aw) 
was determined in three repetitions for every sample (fresh and dried grapes) at a 
temperature 25°C, using equipment Aqualab 4TE (Meter group, USA) according to 
the manufacturer’s instructions. One sample of the tested material was placed into the 
chamber of the apparatus and closed. After about 5 min, the results were determined 
[28]. The soluble solids data were obtained using a digital refractometer (r2 i300, 
Reichert, USA). Juice from the sample was extracted and inserted into the equipment 
for reading, and the results were expressed in °Brix [29]. All measurements were 
carried out in triplicate.

2.5.1 Texture

The texture was evaluated using a texture meter (CT3–1000, Brookfield, USA), 
with the aid of data acquisition software of the same equipment brand. The hardness 
of fresh grapes was evaluated according to the methodology described by Rolle et al. 
[30]. For raisins, the method described by Wang et al. [31] with some modifications 
was used. Compression tests were carried out by compressing the raisin to 5 mm on 
the mid-axis with a cylindrical probe of 25.4 mm in diameter, with a waiting time of 
5 seconds between the two bites, and at a speed rate of 1 mm.s−1 to determine hardness.

2.5.2 Color

The color parameters of grapes were determined by using a colorimeter (CR-400, 
Konica Minolta Sensing, Japan). The samples were analyzed and expressed as color 
coordinates in the CIELAB space where L* (brightness–darkness), a* (+a*: red, − a*: 
green), and b* (+b*: yellow, − b*: blue). White tile was used as a standard (Y = 93,40; 
x = 0,3136; y = 0,3196). The parameters L (Luminosity), a*, and b* allowed the calcu-
lation of the Hue angle, that is, the color tone using the following eq. (4) [32]:

 
∗

−
∗

 
=  

 
1tan bh

a
  (4)

Models Equations References

Newton MR = exp.(−k t) [23]

Page MR = exp.(−k t n) [24]

Henderson and Pabis MR = a exp.(−k t) [25]

Logarithmic MR = a exp.(−k t) + c [26]

Table 1. 
Mathematical models provided by several authors for drying curves.
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2.6 Total phenolic content

The phenolic compounds were extracted using an ultrasonic bath (USC-2850A, 
Unique, Brazil) and as a solvent, ethanol (60% acidified with 0.1% HCL). The total 
phenolics content present in this extract was quantified according to the methodology 
proposed by Wettasinghe & Shahidi [33] using Folin-Ciocalteu reagent and gallic acid 
as a reference standard. 0.5 mL of the extract was homogenized with 8 mL of distilled 
water, 0.5 mL of Folin Ciocalteau reagent, and 1 mL of saturated sodium carbon-
ate solution. The flasks were shaken and then kept at rest, in the dark, for 1 h. The 
absorbance at 765 nm was measured using a UV-vis spectrophotometer (UV-1900i, 
Shimadzu, Japan), and the results were expressed in mg of total phenolics in gallic 
acid equivalent (EAG) per 100 g of fresh grape and 100 g of raisin of dry matter.

2.7 Statistical analysis

Nonlinear regression was used to find model parameters to fit drying kinetics 
data. For this, Origin Pro 2019b software (Origin lab Inc., USA) was used. All deter-
minations were performed in triplicate, and the data were submitted to the two-way 
Analysis of Variance (ANOVA) and Tukey post hoc test at a 5% significance level 
using Statistica 10.0 software (StatSoft Inc., USA).

3. Results and discussion

3.1 Drying kinetics

Fresh grape samples used in this work presented a moisture content of 
84.33 ± 0.9% (w.b), which was in the range (80.04 ± 1.10–84.01 ± 1.6%) reported 
by Okzan et al. [34] and Adietta et al. [5] for black “Isabel” and Red Globe grapes, 
respectively. Before starting drying, the ultrasound with different mediums (water 
and ethanol) was applied. The effect of each pretreatment on the processing time was 
compared with the control treatment, as shown in Figure 1.

Grapes have high moisture and require a long drying time. To reach equilibrium 
moisture, the time required for the control sample under drying conditions (60°C and 
1 m/s) was 41 hours. Figure 1 shows there was an effect on drying time reduction, 
indicating that ethanol was the medium that reduced the time by 61%, with a process-
ing time of 16 hours, while the medium with water reduced the drying time by 17% 
(34 hours).

Rojas, Silveira and Augusto [35] studied the application of ethanol and ultrasound 
combined as pretreatment in the drying kinetics of pumpkin using air at 50°C. The 
authors observed that the combination of ethanol and ultrasound for 30 minutes 
reduced the drying time of pumpkin by 59% compared to the control. Da Cunha et al. 
[36] evaluated the effectiveness of the use of ethanol, ultrasound, and/or vacuum as 
a pretreatment to melon drying. They observed a reduction of 44.62% in drying time 
with the use of ultrasound associated with ethanol. The authors reported a positive 
effect on the drying rate with the combination of medium and ultrasound, similar to 
the results found in this study.

The moisture kinetics of grape cv. BRS Vitória under different treatments is illus-
trated in Figure 2. The moisture ratio with time showed an exponentially decreasing 
trend in all treatments. Figure 2, it was observed similar behavior on the drying curve 
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for control and US+WATER samples. However, the longest drying time was obtained 
for the control sample. Drying kinetics is an important task to observe the behavior of 
the product during drying. The use of mathematical models is useful to design drying 
systems and analyze the complex phenomena of heat and mass transfer [37]. Table 2 
shows the statistical parameters estimated for the comparison between the four math-
ematical models of drying.

The best mathematical model was selected based on a comparison of the statistical 
values of the coefficient of determination (R2) and root mean square error (RMSE). 

Figure 2. 
Convective drying kinetics for all treatments. The values presented refer to the arithmetic mean of three 
determinations ± standard deviation.

Figure 1. 
Drying time reduction for all treatments. The values presented refer to the arithmetic mean of three 
determinations ± standard deviation. Equal letters do not differ statistically from each other at a 5% probability 
level by the Tukey test (ANOVA p < 0.05).
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The models fitted to the experimental data presented R2 values between 0.962 and 
0.999 and the RMSE values were between 0.008 and 0.057, indicating that a good fit 
was obtained for all the proposed models. The logarithmic model presented the best 
fit for the drying processes performed in different treatments, indicating that in this 
model, changes in the moisture content of the grapes could be predicted with the dry-
ing time. The values of the constant k of the Logarithmic model indicated that with 
the decrease in the drying time, the constant increases. This behavior was observed 
with the pretreatment with ultrasound-assisted and ethanol medium.

3.2 Quality parameters

The results of the soluble solids content of fresh grapes and raisins in different 
treatments shown in Figure 3. In fruit drying, with the removal of moisture, the food 
content is concentrated and increases in the soluble solids content [38]. The soluble 
solids of BRS Vitória grapes dried with different treatments increased significantly 
than fresh grapes (p < 0.05). However, there was no difference between the treat-
ments used and the control sample (p > 0.05). This result indicates that the media 
used do not affect the soluble solids content.

Water activity is an intrinsic factor in the food and indicates the free water contained 
in the food. This parameter is relevant to assess the stability of the product after process-
ing [39]. Water activity below 0.6 can prevent the growth of microorganisms, increasing 
the shelf-life of dehydrated products during storage [40]. Figure 4 compares the water 
activity of different treatments and fresh grapes. The water activity content for fresh 
grapes was 0.96. The treated samples ranged from 0.55 to 0.59 after drying. All dehy-
drated samples obtained water activity results below 0.6, guaranteeing the stability of 
the raisin. No significant differences were found between samples treated with different 
mediums and control samples. Similar behavior occurred in the soluble solids content.

Treatment Models* Constants R2 RMSE

k n a c

Control Newton 0.0014 — — — 0.966 0.049

Page 0.0015 0.9862 — — 0.966 0.049

Henderson e Pabis 0.0013 — 0.9447 — 0.971 0.045

Logarithmic 0.0007 — 1.1526 −0.2671 0.991 0.025

US+ETOH Newton 0.0033 — — — 0.986 0.035

Page 0.0009 1.2093 — — 0.996 0.020

Henderson e Pabis 0.0034 — 1.0400 — 0.988 0.033

Logarithmic 0.0028 — 1.0828 −0.0685 0.995 0.021

US+WATER Newton 0.0012 — — — 0.962 0.057

Page 0.0003 1.1965 — — 0.981 0.039

Henderson e Pabis 0.0012 — 1.0533 — 0.971 0.053

Logarithmic 0.0004 — 1.7728 −0.7994 0.999 0.008

* All models were significant p < 0.05.

Table 2. 
Estimated parameters, coefficient of determination (R2) and root mean square error (RMSE), for mathematical 
models with and without ultrasound pretreatment.
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The instrumental color is one of the most important parameters to analyze the 
drying process. Color is measured using the L*a*b* system, in which L* indicates light-
ness, a* indicates color from green (−a*) to red (a*), and b* indicates color from blue 
(−b*) to yellow (b*). The changes in the values   of the color parameters, mainly in the* 
and b* coordinates, it is possible to predict pigmentation changes or the occurrence of 
enzymatic or non-enzymatic browning reactions [37].

The results of the color parameters are shown in Table 3. The luminosity value 
(L*) of all samples decreased with drying. This result indicates that the raisins became 

Figure 4. 
Water activity of BRS Vitória grapes in different treatments. The values presented refer to the arithmetic mean 
of three determinations ± standard deviation. Equal letters do not differ statistically from each other at a 5% 
probability level by the Tukey test (ANOVA p < 0.05).

Figure 3. 
Soluble solids content of BRS Vitória grapes in different treatments. The values presented refer to the arithmetic 
mean of three determinations ± standard deviation. Equal letters do not differ statistically from each other at a 
5% probability level by the Tukey test (ANOVA p < 0.05).
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opaquer. However, this coordinate showed no statistical difference. The values of a* 
coordinate for the control, ethanol, and water samples increased compared to fresh 
grapes, but no significant difference between the treatments (p > 0.05). There were 
no significant changes in the b* coordinate. The values obtained of hue angle for fresh 
grapes differed statistically from raisins (p < 0.05), showing a change in hue as an 
effect of drying. The results indicate that the drying of the grape causes changes in the 
luminosity, making it darker, with reddish and bluish nuances and with changes in 
tonality, regardless of the treatment used.

The hardness and chewiness of dried samples were evaluated by texture profile 
analysis TPA (Figure 5). The dried grapes presented values between 14.77 N and 
31.65 N and the US+WATER treatment showed the highest value of hardness. There 
was a significant difference between the two treatments using ultrasound (p < 0.05). 
In the drying process, structural changes occur with the shrinkage of the product. The 
removal of moisture causes the surface of the sample to harden. Thus, the adhesive 
force between the cells forms a compact tissue when the water is removed [41]. It was 
observed that the raisin treated with ultrasound and ethanol is the one that neces-
sitates less force for deformation.

In chewiness, raisins using ultrasound with ethanol had the highest average 
(p < 0.05), showing that the sample treated with ethanol needs more energy for the 
mastication forces. According to [42], the application of ultrasound pretreatment 
can cause significant changes in physical characteristics such as the hardness and 
chewiness of fresh food when subjected to drying. This behavior occurs due to the 
simultaneous transfer of heat and water during drying leading to tension and shrink-
age, increasing the texture of the dehydrated products. However, in sonicated fruits, 
most of the cell walls are broken during ultrasonic vibration, and there is a network 
of micro-channels in the plant tissue, which favors the formation of a softer dried 
product.

3.3 Total phenolic content

The results of the total phenolic contents of BRS Vitória grape are presented in 
Figure 6. Total phenolic content was in the range of 340.98–1794.80 mg EAG/100 g. 
The TPC concentration of grape BRS Vitória increased with the drying process. 
Our results were in agreement with Serni et al. [43] determined TPC in dried grape 
pinot blanc skin during ripening in the range from 582.33 to 705.50 mg GAE/100 g 
and Ozakan et al. [34], who reported TPC for black Isabel grape of 351.89 ± 35.12 to 

Fresh Control US+WATER US+ETOH

L* 2.29 ± 0.84 19.57 ± 2.39 21.42 ± 18.54 18.50 ± 1.59

a* - 0.66 ± 0.17b 1.58 ± 1.28ª 1.05 ± 0.20ª 1.37 ± 0.08a

b* 1.61 ± 0.08 1.54 ± 0.15 1.44 ± 0.40 1.42 ± 0.32

Hue 112.00 ± 5.11ª 42.23 ± 26.23b 53.09 ± 1.62b 45.52 ± 7.33b

**ANOVA p value<0.05. Means on lines followed by the same letters do not differ statistically from each other at the 5% 
probability level by the Tukey test.
***values without letters were not significant p  >  0.05.*The values presented refer to the arithmetic mean of three 
determinations ± standard deviation.

Table 3. 
Color parameters of BRS Vitória grape in different treatments.
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1101.61 ± 35.12 mg GAE/100 g. However, in this study, all drying methods reduced 
TPC concentration significantly. It should be noted that the US+ETOH treatment 
increased the TPC compared to the control and US+WATER samples (p < 0.05). It 
is due to the shortest drying time observed for US+ETOH treatment, as fewer phe-
nolics were exposed to the heat, which increased the retention. Ren et al. [21] and 
Granella et al. [17] observed similar behavior for Chinese ginger and banana slices, 
respectively.

Figure 6. 
Total phenolic content in BRS Vitória grape in different treatments. The values presented refer to the arithmetic 
mean of three determinations ± standard deviation. Equal letters do not differ statistically from each other at a 
5% probability level by the Tukey test (ANOVA p < 0.05).

Figure 5. 
Texture profile analysis (hardness and chewiness) of BRS Vitória grape in different treatments. The values 
presented refer to the arithmetic mean of three determinations ± standard deviation. Equal letters do not differ 
statistically from each other at a 5% probability level by the Tukey test (ANOVA p < 0.05).
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4. Conclusion

This work evaluated the effect of ultrasound with different media (water and 
ethanol) as a pretreatment in the convective drying of the BRS Vitória grape. The 
pretreatment with ultrasound in the different media increased the efficiency of con-
vective drying of the BRS Vitória grape, reducing its drying time by up to 61% using 
ethanol. In addition, it was observed that, of all the mathematical models evaluated, 
the Logarithm was the best adjusted to the grape drying process when compared to 
the other models. In quality parameters of the raisin, no significant differences were 
observed between the media used and the control sample regarding texture, color, 
soluble solids, and water activity. Compared to fresh, no loss of phenolic content in 
grapes after drying. Ultrasound with ethanol combined showed the highest phenolic 
content between the treatments. Therefore, pretreatment with ethanol proved to 
be effective in obtaining raisins, reducing the drying time, not altering the quality 
characteristics of the product, and promoted more retention of nutrients.
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Chapter 6

Summary of Investigations in
Regard to the Kinetics of Absorbed
Water Dehydration from Different
Hydrogels
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Abstract

A review of novel kinetics models of dehydration (DH) of equilibrium swollen
hydrogels: poly(acrylic acid) hydrogel (PAAH), poly(acrylic-co-methacrylic acid)
(PAMAH), and poly(acrylic acid)-g-gelatin (PAAGH), is presented. Kinetic curves of
isothermal and non-isothermal dehydration of hydrogels were measured using
thermogravimetric methods. The kinetic complexity of the dehydration process was
analyzed by different methods: integral, differential, Kissinger-Assakura-Sanura
(KAS), and Vyzovkin’s method. The complex kinetics of dehydration of hydrogels
was described by a series of new kinetic models: distribution apparent energy activa-
tion model (DAEM), Webull’s distribution of reaction times, the dependence of the
degree of conversion (α) on the temperature which is defined by the logistic function,
coupled single step-approximation and iso conversion curve. Procedures were devel-
oped for calculating the function of the density distribution of probability (g(Ea)) of
apparent activation energy (Ea). The relationship between the phase state of the
absorbed water in hydrogel and the form of function of distribution of apparent Ea

and kinetic parameters of dehydration was analyzed.

Keywords: dehydration, hydrogel, kinetics, models, water

1. Introduction

The existence of hydrogels dates from the 1960s when Wichterle and Lim first
hypothesized the possibility of using the cross-linked hydrophilic polymer poly(2-
hydroxyethyl methacrylate) (PHEMA) for contact lenses [1]. Hydrogels are three-
dimensional (3D) cross-linked structures that are mainly composed of hydrophilic
homopolymers or copolymers connected by chemical or physical bonds, which have
the ability to absorb a significant amount of water or other biological fluids, without
dissolving or losing their structural integrity (swelling) [2]. They represent a unique
class of macromolecular materials with specific physicochemical properties: the ability
to retain a large amount of water solution in their structure (from 20% to several
10,000% in relation to the weight in the dry state), the ability to possess a high degree
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of flexibility similar to natural tissue and exhibit physical, chemical and mechanical
stability in the swollen state [3]. The amount of water that these materials can absorb
and thus increase their initial volume is fascinating and exceeds by several orders of
magnitude the amount of aqueous solution that other gels can. They are also called
“smart”, “intelligent”, “stimuli-responsive” or “environmental-sensitive” and
attracted great attention in recent years [4].

Due to the large amount of water that they can absorb, hydrogels are often called
superabsorbent materials. The hydrogels’ ability to absorb huge amounts of water
results from the presence of side hydrophilic functional groups on their polymer
chains. On the contrary, their resistance to dissolution is a consequence of crosslinking
between the polymers’ chains. The water inside the hydrogel allows free diffusion of
dissolved molecules, while the polymer acts as a matrix that holds the water [5].

Hydrogel in the dry state is called xerogel, and it is a solid and brittle material that
shows the typical properties of solid substances that are the result of cross-linking.
Hydrogels are called permanent or chemical gels when they are covalently
crosslinked, or physical gels when entanglements, weak associations of the van der
Waals type, or hydrogen bonds formed a network. Crosslinks between polymer chains
create the structure of the hydrogel network and give them physical integrity [6, 7].
Hydrogels can be natural, synthetic, semi-synthetic, or their combinations. Hydrogels
can give a response i.e. react to external stimuli (temperature, nature of the solvent,
pH value, ionic strength, electric or magnetic field action, light, biological agents,
radiation, etc. through notable changes in their macroscopic properties, which are
most frequently manifested through the changes in volume [8, 9]. Depending on the
design of the polymer network, these volume changes can occur continuously or
discontinuously over a certain range of stimulus changes or at a certain critical value
of the stimulus.

Due to their specific properties, hydrogels become one of the upcoming classes of
materials that have found wide applications in various fields. Among the numerous
areas of application of hydrogels, the ones in the field of medicine and pharmacy are
particularly significant [10, 11], especially in controlled and targeted drug release
[12, 13], regenerative medicine and tissue engineering, contact lenses, biosensors, etc.
[14]. Beyond their biomedical applications [15, 16], hydrogel represents an ideal basis
for new materials for applications in biotechnology, environmental protection, agri-
culture, agrochemistry, horticulture, cosmetics, as superabsorbent in hygiene prod-
ucts, packaging materials for storing food, textile materials for special purposes, in
sensor materials, etc. In recent times, the applications of hydrogels and hydrogel-
derived materials (HDM) presents emerging novel materials platform in electro-
chemical energy conversion systems, including metal-air batteries, fuel cells, and
water-splitting electrolyzers, due to their specific and tailorable physicochemical
properties [17].

The broadest functional applications of hydrogels are founded on their
distinguishing capability to reversibly absorb (swell) and release (dehydrate) water.
Exactly because of that, and since water removal and uptake includes fundamental
principles of physics, knowledge of the mechanism and kinetics of both swelling and
dehydration of hydrogels is of the utmost importance, in order to be able to optimize
their efficiency in particular applications. Despite the fact that the phenomenon of
swelling of hydrogels, including its mechanism and kinetics, is among the most stud-
ied from a fundamental aspect in the field of hydrogels [18, 19], on the contrary,
however, the same cannot be said for the dehydration of hydrogels. Hydrogel dehy-
dration itself has been much less studied, since the analysis of the dehydration process
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in hydrogel materials is an extremely difficult task requiring complex approaches
[20], and in particular there is a very limited number of published papers in the
literature that deal with the issue of the mechanism and kinetics of dehydration.

Since the discovery and first application of hydrogels are related to contact lenses,
and the state of hydration, that is dehydration, is very important for this application,
there are a number of works dealing with the dehydration of contact lenses. However,
on the one hand, they mostly relate to bio-medical and physiological aspects, [21–23]
and they primarily relate to silicone lenses [24], while physicochemical studies of the
kinetics of dehydration are much rarer.

In vitro dehydration of new and worn contact lenses by using different types of
hydrogels including one silicone-hydrogel was investigated. It was found that contact
lenses based on hydrogels exhibited different dehydration behavior, the different
behavior during dehydration that was manifested corresponds to different rates of
dehydration and stages of dehydration [21].

The dehydration process in hydrogels used in ophthalmology as intraocular lenses
were investigated by Chamerski et al., using equilibrium-swelled hydrogels in
deionized water and saline solution. Studies of the dehydration process were carried
out by use of gravimetric analysis, Fourier-Transform Infrared, and Positron Annihi-
lation Lifetime Spectroscopy. Obtained results revealed changes in hydrogen bonding
structure and free volume holes induced by saline solution ingredients. Observation of
the process at the molecular level has given information about water transport in the
free volume holes on the basis of changes in hydrogen bonds and demonstrated a more
filled and hydrogen-bonded structure in the case of fluid containing inorganic com-
pounds. More stable network formation can be explained by the influence of such
compounds on changes in water binding, and thus in internal structure transforma-
tion toward its improvement [20].

The dehydration kinetics of the poly(vinyl alcohol) (PVA) hydrogel aimed at
wound dressing materials has been investigated. The effects of the thickness and
initial water content amount on the dehydration process were evaluated. The results
showed that the dehydration rate of the PVA hydrogel wound dressing has an inverse
dependency on the hydrogel’s thickness while the initial water content has no signif-
icant effect. The authors developed a mathematical model on the basis of the diffusion
mechanism to predict the dehydration process of the wound dressings and the
obtained results confirmed that the main phenomenon governing the dehydration of
the wound dressings is diffusion [25].

Hawlader et al. [26] used the one-dimensional diffusion model to describe the
transfer of heat and mass from the wet to the dry region of the hydrogel during
dehydration. Water diffusion during the dehydration of polyacrylamide (PAAm)
hydrogel was investigated by Roques et al. [27]. Based on the obtained results, they
suggested a mathematical model that was able to well describe the diffusion kinetics
of water during hydrogel dehydration. Kept et al. examined the applicability of
different kinetic models for mathematically describing the kinetics of hydrogel
dehydration/ drying [28]. The research group of Peckan developed a fluorescence
technique for in situ monitoring gelation, swelling, and dehydration processes of
various hydrogel based on determining changes of fluorescent spectra of gels formed
by solution-free copolymerization, [29], dehydration of κ-carrageenan gels at
different temperatures [30], and dehydration of PAAm hydrogels with various
cross-linking degrees [31].

The kinetics of non-isothermal dehydration (NIT) of polyacrylic acid hydrogels
(PAAH) has been investigated using various kinetic methods such as Kissinger,
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Coats-Redfern, Van-Krevelen, and Horowitz-Metzger [32, 33]. Kinetic of
non-isothermal dehydration of a silver nanocomposite hydrogel of poly(acrylic acid)
grafted onto salep which was not possible to describe the complete dehydration
process by a single mechanism have been investigated [34].

Dehydration of chitosan fibers-enhanced gellan gum hydrogel and chitosan fibers-
enhanced polysaccharide hydrogels have been investigated and established two dis-
tinct kinetics stages: diffusion and nucleation [35, 36]. Ma et al. investigated dehydra-
tion kinetics of poly(vinyl alcohol)/poly(vinyl pyrrolidone)/hydroxyapatite
composite hydrogel and found that consists of water diffusion through hydrogel
network and evaporation [37].

Non-isothermal dehydration of equilibrium swollen PAAH [38, 39], poly(acrylic-
co-methacrylic acid) (PAMAH) [38], and poly(acrylic acid)-g-gelatin (PAAGH) [33]
hydrogel has been investigated. The kinetics of isothermal dehydration of equilibrium
swollen PAAH [40] and PAMAH [41] was presented. The comparative kinetic study
of NIT and isothermal dehydration (IT) of PAAH was performed [42, 43], as well as
on IT kinetics of water evaporation and PAAGH [44]. The fluctuating (changing)
structure of hydrogels during dehydration has been found [42].

Belich et al. extensively investigated the dehydration of alginate hydrogels includ-
ing various approaches. The effects of operational procedures and other parameters,
calcium, and alginate concentration, and the addition of biopolymer co-solutes on
water evaporation from alginate gel beads have been investigated [45]. The non-
isothermal water evaporation for a series of alginate-based gel beads was performed
aimed at understanding the state of water. The observed shoulders at high tempera-
tures of thermogravimetric curves (TG) have been ascribed to evaporation of water
molecules [45]. The investigations of water evaporation from alginate gel beads
showed that calorimetric approach to hydrogel matrix release properties can be used
as the predicting tool for the diffusion of solvents [46]. The quasi-isothermal dehy-
dration of thin films of pure water and aqueous sugar solutions was investigated.
The effect of sugar on the dehydration process was evaluated. It was established that
the trehalose molecules slow down the diffusion of water molecules through the
substrate [47].

Jovanovic and Adnadjevic et al. investigated NIT of Ca-alginate hydrogel for the
first time. The dependence of apparent activation energy on the degree of dehydration
was determined by Friedman’s differential iso conversion method. It was shown for
the first time that the kinetics of NIT of Ca-alginate hydrogel can be successfully
described entirely by the statistical model of hydrogel dehydration. The existence of
two-phase states of water absorbed on the Ca-alginate hydrogel was confirmed and
related to the observed changes in the values of kinetic parameters, at a constant
heating rate, with temperature [48].

The effects of e microwave irradiation on hydrogel DH were investigated by
Adnadjevic and Jovanovic and co-workers. The isothermal kinetic of water evapora-
tion and PAAGH dehydration were investigated under microwave heating conditions
(MWH). The IT kinetic curves of water evaporation and hydrogel DH have been
mathematically described complete by the Polanyi–Winger equation. The resonant
transfer of a certain energy amount from the reaction system to the libration vibration
of molecules of water is suggested as the mechanism of water molecules’ activation,
both for evaporation and dehydration [49].

The main goal of this chapter is to get a deeper insight into the essence of newly
established kinetic models of hydrogel dehydration in order to expand knowledge
about the mechanism and kinetics of hydrogel dehydration.
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2. Experimental part

2.1 Hydrogel synthesis

Poly(acrylic acid) hydrogel (PAAH), which has been applied for this investigation
was synthesized by a procedure based on the simultaneous radical polymerization of
acrylic acid and cross-linking of the formed poly(acrylic acid), according to the
general procedure described in details [50]. Poly(acrylic acid-co-methacrylic acid)
hydrogel (PAMAH) was synthesized by a procedure of radical co-polymerization of
acrylic acid and methacrylic acid (1:1 mol ratio) and cross-linking of the polymers
formed, using the thoroughly described procedure [51]. Synthesis of poly(acrylic
acid)-g-gelatin hydrogel (PAAGH) was described in detail [44].

2.2 Preparation of equilibrium swollen hydrogels

Synthesized hydrogels have been washed-out, as described in hydrogel synthesis
procedures, and subsequently air-dried in laboratory oven under a defined tempera-
ture regime until constant mass. The obtained products (xerogels) were stored in a
vacuum exicator until use. With the aim to evaluating dehydration kinetics, the
xerogels samples were grounded and allowed to swell (24 h) in bidistilled water at
ambient temperature to ensure to reach the equilibrium state. The equilibrium swol-
len samples were undertaken, and excess water was drained and wiped with tissue
paper to remove surface water immediately before the dehydration experiment.

2.3 Thermogravimetric measurements

2.3.1 Non-isothermal thermogravimetric measurements

NIT curves were recorded by a Du Pont thermogravimetric analyzer TGA model
9510. The analyses were performed with 20–25� 1 mg samples of equilibrium swollen
hydrogel in platinum pans under nitrogen atmosphere, N2 purity 5.0, and gas flow
rate of 10 mL min�1. Samples were heated in the temperature range from ambient
temperature to 500 K with different heating rates from 5 to 30 K min�1.

2.3.2 Isothermal thermogravimetric measurements

The isothermal mass loss experiments were carried out using a TA Instruments-
SDT simultaneous TGA-DSC thermal analyzer model 2960. The analysis was
performed with 20 � 1 mg samples of equilibrium swollen hydrogel in platinum pans
under a nitrogen atmosphere at a gas flow rate of 10 ml min�1. Isothermal runs were
performed at nominal temperatures of 306 K, 324 K, 345 K, and 361 K. The samples
were heated from the start to the selected dehydration temperature at a heating rate of
300 K min�1 and then held at that temperature for a given reaction time.

2.4 Calculation of the dehydration degree

The degree of dehydration was calculated as:

α ¼ m0 �m
mo �mt

(1)
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where m0, m, mf refers to the initial, actual, and final masses of the sample at a
thermogravimetric curve.

2.5 Mathematical consideration

All the experimental data fitting has been performed by using Origin Program and
Levenberg-Marquardt method. The coefficient of determination R2 is used as an error
function to minimize the error distribution between the experimental data and model.

3. Results and discussion

3.1 Kinetics of non-isothermal dehydration of equilibrium swollen PAAH

Kinetics of non-isothermal dehydration of equilibrium swollen PAAH have been
investigated in detail in the work of Adnadjevic et al. [39]. Figure 1 shows: (a) TG
curves and (b) conversion curves (α = α (T)vh) of NITD of PAAH experimentally
obtained at different heating rates (vh).

The conversion curves, at all of the investigated heating rates, are asymmetric by
shape. The increase in the heating rates leads to the increase in the values of the
inflection temperature (Tp), the final temperature (Tf), as well as in the degree of
asymmetry.

Since the conversion curves exhibited complex shape, Friedman’s differential iso-
conversional method [52] was applied to determine the dependencies of Ea,α and ln
[Aαf(α)] from the degree of dehydration. The dependency Ea,α on α is shown in
Figure 2, whereas Figure 3 shows the dependency ln[Aαf(α)] on α.

The values of kinetics’ parameters decrease in a complex manner with increasing α.
The complex change in the value of the kinetic parameters with the α indicates that
the NIT of poly(acrylic acid) hydrogel is a kinetically complex process. By analyzing
the shape of dependence Ea,α and ln[Aαf(α)] on α, it can be concluded that there are
two characteristic shapes of change on the dependence curves Ea,α and ln[Aαf(α)] on
α. For α ≤ 0.2 the values of Ea,α, and ln[Aαf(α)] decrease abruptly and almost linearly
with an increase in α, while for α ≥ 0.2 the increase in α leads to a slow decrease in the

Figure 1.
TG curves (a) and conversion curves (b) of NIT of PAAH at different heating rates: (black line)—5o/min; (red
line)—10o/min; (blue line)—20o/min.
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values of Ea,α and ln[Aαf(α)]. Between the values of ln[Aαf(α)] and Ea,α there is a
relationship, the so-called compensation effect defined by the relation:

ln Aαf αð Þ½ � ¼ �4:14þ 0:38Ea,α (2)

The existence of characteristic shape of changes in the value of kinetic parameters
with α indicates that the phase state of the absorbed water in the hydrogel change with
α, and that absorbed water exists in two different phase states. Most frequently for the
mathematical description of complex chemical reactions, the so-called distributed

Figure 2.
The dependence of apparent Ea on α [39].

Figure 3.
The dependence of ln[Aαf(α)] on α [39].
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activation energy model (DAEM) is used. DAEM is based on the assumption that a
complex chemical reaction can be modeled as an infinite number of irreversible first-
order paralleled reactions with the different values of Ea and A [53]. According to
DAEM, the degree of dehydration can be calculated based on the eq. [54] (3):

∝ ¼ 1�
ð∞

0

exp �
ðt

0

Aexp �Ea
Rt

� �
dt

2
4

3
5g Eað ÞdE (3)

where g(Ea) is the density distribution probability of apparent activation energies.
The density distribution probability of apparent activation energies is defined by the
expression:

g Eað Þ ¼ dα
dEa

(4)

The expression (4) can be written in the form (5):

g Eað Þ ¼ dα
dT

� �
dT
dEa

� �
(5)

using which, based on the knowledge of the dependence dα
dT

� �
vh
and dT

dEa

� �
at a certain

heating rate, g(Ea) can be calculated at that heating rate. Figure 4 shows the calculated
values g Eað Þ.

The density function of the probability distribution of apparent activation energies
is in the shape of a narrow symmetrical peak with a maximum probability density,
g(Ea)max = 0.067 at Ea = 23.9 kJ/mol. The shape of g(Ea) is independent of the heating
rate of the system. Therefore, the kinetic complexity of NITD of absorbed water on
PAAH is a consequence of the distribution of reactivity of water molecules in the

Figure 4.
The effect of vh on the shape of g(Ea) [39].
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hydrogel, due to which there is a change in Ea and lnA with a change in the degree of
dehydration.

3.2 Kinetics of isothermal dehydration of equilibrium swollen PAAH

Kinetics of IT of PAAH has been investigated in detail [40]. TG and conversion
curves of IT of PAAH at different temperatures are shown in Figure 5a and b.

The conversion curves, at all of the investigated temperatures, have a similar
asymmetric sigmoidal shape. With the increase in temperature, the degree of asym-
metry of the curves increases, while the duration of dehydration shortens. In order to
determine the degree of kinetic complexity of ITD using the integral iso conversion
method [55] the shape of dependence of Ea, and ln[A/g(α)] was determined.
Figure 6a and b show the dependence of Ea,α and ln[A/g(α)].

The values of kinetics parameters of isothermal dehydration of adsorbed water in
PAAH increase complexly with an increase in the value of α. The complex change in
values of kinetics parameters indicates that dehydration is a kinetically complex
process.

Assuming that: (a) the degree of IT at a certain moment of time (α(t)T) is propor-
tional to the probability of dehydration of the dehydrating centers at that moment of
time (p(t)T) = (α(t)T) Eq. (6); (b) the probability of dehydration of the dehydrating
centers at that moment of time can be described by the Weibull function of distribu-
tion of the probability of the reaction times of the dehydrating centers [56], given
with Eq. (6) at follows (7):

p tð ÞT ¼ 1� exp � t
ηT

� �βT
" #

(6)

a tð ÞT ¼ 1� exp � t
ηT

� �βT
" #

(7)

Figure 7 shows a comparison of experimental data (symbols) and calculated values
of α (solid line) at T = 306 K and 361 K as an example.

Based on the results shown in Figure 7, it can be concluded that the conversion
curves of IT absorbed water in PAAH can be completely described mathematically by
Eq. (8)

a tð ÞT ¼ 1� exp � t
ηT

� �βT
" #

(8)

Table 1 shows the effects of temperature on parameters βT and ηT of the Weibull
distribution function.

The values of the shape parameter increase with increasing temperature in accor-
dance with Eq. (9):

β Tð Þ ¼ 10:85 exp � 635
T

� �� �
(9)

In contrast, the values of the scale parameter ŋ decrease with the increase in
temperature in accordance with Eq. (10):
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Figure 5.
(a) TG curves of ITD of PAAH at different temperatures (black line—306 K; (red line)—324 K; (blue line)—
346 K, green line—361 K) and (b) conversion curves of ITD of PAAH at different temperatures [40].
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Figure 6.
Dependence of apparent Ea (a) and (b) ln[A/g(α)] on α.

Figure 7.
Experimental conversion curves of PAAH at: (□) 306 K and (○) 361 K.
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η Tð Þ ¼ 3:70x108 exp � T
20

� �� �
(10)

Complete description of isothermal conversion curves by Eq. (8) and knowledge of
the functional dependence of t on Ea,α (Eq. (5)) enables the calculation of g(E) (Eq. (11)).

g Eað Þ ¼ dα
dt

� �
dt
dEa

� �����
���� (11)

Based on the mathematical dependencies: α = f(t)T the dependence Ea,α = Ea,α
(α)T can be transformed into the dependence Ea,α = Ea,α (t)T, i.e. the dependence t = t
(Ea,α)T. Numerical analysis revealed that the t = (Ea,α)T can be mathematically
described by Eq. (12).

t ¼ to,T exp εo,TEa,αð Þ (12)

where to,T and εo,T are fitting coefficients. The effect of temperature on the value
of fitting coefficients is shown in Table 2.

Since:

dα
dt

� �

vh

¼ βT
vhηT

� �� �
T � To

vhηT

� �� �βT�1

exp � T � To

vhηT

� �� �βT
(13)

and

dt
dEa

¼ to,Tεo,T exp εo,TEa,αð Þ (14)

by applying Eq. (11) p(Ea) was calculated.

Temperature, (K) βT ηT (min) R2

306 1.41 79.37 0.9960

324 1.49 23.42 0.9964

345 1.58 8.37 0.9989

361 1.94 5.23 0.9993

Table 1.
The effects of temperature on parameters βT and ηT of the Weibull distribution function.

Temperature, T (K) t0,T (min) ε0,T (mol kJ�1) R2

306 0.00139 0.23925 0.9999

324 0.00074 0.22634 0.9999

345 0.00048 0.21340 0.9999

361 0.00184 0.17372 0.9999

Table 2.
Effect of temperature on the values of fitting coefficients t0,T and ε0,T for the ITD of PAAH.
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Figure 8 shows calculated values of p(Ea).
The g(Ea) under IT has an asymmetric bell shape, invariant with temperature,

which clearly shows a maximum of g(Ea) = 0.122 at Ea = 45.8 kJ/mol. The
determined temperature dependence of the g(Ea) function indicates that it is right
related to the distribution of reactivity of dehydration species in absorbed water at a
given type of their activation. The calculated values of g(Ea), according to the shape
and the values of the characteristic quantities [40], differ significantly from the
values of g(Ea) obtained when calculating the NIT of absorbed water in PAAH.
The established difference in the shape and values of the characteristic quantities
g(Ea) during non-isothermal and isothermal heating clearly indicates a different
mechanism of activation of reaction species during different modes of heating the
system.

3.3 Kinetics of nonisothermal dehydration of PAMAH

Kinetics of NIT of PAMAH has been investigated in detail [38]. Figure 9 shows
non-isothermal conversion curves of absorbed water in PAMH at different heating
rates.

As in the case of NIT PAAH conversion curves, at all investigated heating rates,
they have a complex asymmetric shape. As the heating rate increases, the degree of
asymmetry of the conversion curves increases and also the temperature interval
within which DH takes place is diminished. Since the conversion curves of DH PAMH
cannot be successfully fitted by the most commonly used reaction models character-
istic of reactions with the participation of a solid phase [57] and the models of kinetics
of DH PAAH shown above. Naya et al. [58] and Cao [59] used the logistic function
(Eq. (15)) for the mathematical description of the complex non-isothermal kinetics of
polymer degradation:

Figure 8.
Effect of temperatures on the shape of the calculated density distribution function of activation energies (p(Ea)T [40].
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α Tð Þvh ¼ 1� w
1þ exp aþ bTð Þ

� �
(15)

where w is experimentally achieved the maximum degree of conversion, and a and
b are the parameters of the logistic function.

Bearing that in mind, the experimental DH conversion curves obtained at different
heating rates were fitted by Eq. (15). Figure 9 (solid lines) shows the calculated
conversion curves at different heating rates. As can be seen from Figure 9, the DH
conversion curves of PAMH fitted with the logistic function completely mathemati-
cally describe the experimental DH curves. Table 3 shows the effect of the heating
rate on the parameters of the logistic function.

The values of parameters w and b decrease with the increase in heating rate, while
the value of parameter a changes complexly with the decrease in heating rate. There is
no data in the literature about the physical meaning of applying the logistic function to
describe the kinetics of dehydration. Bearing in mind that the logistic function is
mathematically very similar to the Prout-Tomkins’ eq. [60, 61], which was developed
to describe the isothermal degradation of KMnO4. A comparative analysis of the
connection between the logistic function and the Prout-Tomkins equation was
performed. Based on that analysis, it was concluded that there are functional connec-
tions between the parameter of the logistic function (w,b) and the rate constants of
nucleus branching (kb) and nucleus termination (kt), which are described by expres-
sions (16) and (17).

Figure 9.
Conversion curves of NIT of PAMAH at different heating rates (dots) and their mathematical fittings using logistic
function (line): (a) vh = 5 K min�1; (b) vh = 10 K min�1; (c) vh = 20 K min�1; (d) vh = 30 K min�1 [38].

Heating rate (K min�1) W a b (K�1) R2

5 0.98 �33.59 0.10 0.9992

10 0.98 �25.08 0.07 0.9988

20 0.97 �23.70 0.06 0.9984

30 0.96 �24.62 0.06 0.9981

Table 3.
Effect of heating rate on logistic function parameter values and corresponding R2 values between experimental
data and the logistic regression model prediction.
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wvh ¼
kb,vh
kT,vh

(16)

bvh ¼
kb,vh
vh

(17)

Table 4 shows the effect of the heating rate at kb and kt.
At all of the investigated heating rates, the value of kt and kb increases with the

increase in heating rate the values of both kt and kb increase. The established func-
tional relationships between the parameters of the logistic function and value of kt
indicate that the logistic function can describe kinetically complex reactions with 3
elementary kinetic stages: nucleation, autocatalysis, and termination.

The established possibility of a mathematical description of the kinetics of NITof
PAAGH allows assuming a new model of the mechanism of dehydration of adsorbed
water from the hydrogel. According to that model, the DH of absorbed water does not
take place by the immediate release of individual water molecules from the absorbed
phase but takes place in three well-defined stages: nucleation (formation of clusters of
water molecules of critical dimensions), autocatalytic growth of the formed nuclei and
termination (decrease in the concentration of nuclei due to the completion process).
Bearing in mind the fluctuating structure of the hydrogel, formation of critical water-
dehydrating nuclei and their dehydration leads to the collapse of the existing fluctu-
ating structure of the hydrogel. The newly formed fluctuating structure of the hydro-
gel enables the formation of a large number of dehydration nuclei (autocatalytic
growth), which leads to an abrupt acceleration of the dehydration process. At high
degrees of dehydration, the rate of dehydration decreases due to the decrease in the
number of dehydration nuclei and the transformation of the hydrogel into a xerogel.

3.4 Kinetics of non-isothermal dehydration of PAAGH

Kinetics of non-isothermal dehydration of PAAGH has been investigated by using
distributed activation energy model [33]. The TG curves of the NIT of PAAGH are
shown in Figure 10.

TG curves NIT of PAGH have a complex asymmetric shape (concave down). With
an increase in vh, there is an increase in the degree of symmetry and a widening of the
temperature interval in which the DH process takes place. In order to determine the
degree of kinetic complexity of dehydration using Vyzovkin’s method [62] and
Kissinger-Akahira and Sunozze (KAS) method [63, 64], the dependences of Ea and
lnA on α were determined. The dependence of Ea on α is shown in Figure 11 and lnA
on α in Figure 12.

vh (K min�1) kb (min�1) kT (min�1)

5 0.505 0.515

10 0.716 0.731

20 1.316 1.356

30 1.974 2.047

Table 4.
Effect of heating rate at kb and kt.
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The results shown in Figures 11 and 12 indicate that both methods of calculating
kinetic’s parameters lead to identical dependences of Ea and lnA on α (within the
limits of experimental error). The complex shape of dependence of Ea and lnA on α
confirms the kinetic’s complexity of the DH process. On the Figures 11 and 12, the 2
characteristic shapes of change of Ea and lnA from α can be noticeably observed
within the range α ≤ 0.16 values of Ea,α and lnAα decrease almost linearly with
increasing α. On the contrary, at α ≥ 0.15, increasing the value of α leads to a slow
decrease of Ea from 40.5 to 24 kJ/mol, that is, lnA from 13 to 5 min�1. Between the
values Ea,α and lnAα, there is a linear correlation relationship (compensation effect)
which is mathematically described by the Eq. (18)

Figure 10.
Thermogravimetric curves of NIT of PAAGH at vh: 5 K min�1 (thick line), 10 K min�1 (spaced line),
15 K min�1 (dotted line), and 20 K min�1 (spaced dotted line) [33].

Figure 11.
Dependence of Ea,α on α calculated by Vyazovkin’s (circle) and KAS (square) methods [33].
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ln Aα½ � ¼ �6:43þ 0:47Ea,α (18)

In the work of Šimon [65], the so-called single-step approximation for describing
the kinetics of chemical reactions and physical-chemical processes that take place in a
solid state. In accordance with it, the rate of solid-state reaction can be described by
Eq. (19) where k(T) is the reaction rate constant and f(α) is the function that describes
the reaction model of the reaction.

dα
dt

¼ k Tð Þf αð Þ (19)

In the case of kinetically complex reactions, Eq. (19) transforms into Eq. (20):

dα
dt

¼ Aα,T exp � Ea,α

RTα

� �
f αð ÞT (20)

If it takes place in NIT conditions, Eq. (20) is transformed into Eq. (21):

dα
dT

� �

vv

¼
Aα exp � Ea,α

RTα

� �

vv
f αð ÞT (21)

Eq. (21) enables to calculate the dependence of k(α) and f(α) on temperature
based on the dependence of Ea and lnA on α and on the experimentally calculated
dependence using the expressions (22) and (23).

k αð Þvh ¼ Aα,vh exp � Ea,α,vh

RTα,vh

� �
(22)

f αð Þvh ¼
vh dα

dT

� �
vh

k αð Þvh
(23)

Figure 12.
Dependence of ln[Aα/min�1] on α [33].
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Figure 13 shows the dependence of k(α) on α.
The values of k(α) nonlinearly decrease with the increase in α, for each of the

investigated vh. At a particular value of α (iso conversion), k(α) increases with an
increase in vh, which designates that k(α) decreases with the increase in temperature.
The functional dependence of the reaction model of dehydration on α is shown in
Figure 14.

On all of the investigated vh f(α) has a similar shape and gradually increases with
the increase of α up to α = 0.85. A further increase in α leads to a sharp decrease in the
value of f(α). The functional relationship between f(α) and α can be mathematically
described by the expression (24).

Figure 13.
Dependence of kvhα on α at different v h: 5 K mol�1 (filled square), 10 K mol�1 (circle), 15 K mol�1 (times
symbol), 20 K mol�1 (empty square) [33].

Figure 14.
Function f(α) at different vh: 5 K mol�1 (filled square), 10 K mol�1 (circle), 15 K mol�1 (times symbol),
20 K mol�1 (empty square).
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f αð Þvh ¼ mvhα
n (24)

Table 5 shows the effects of vh on m and n, where n and m are the parameters of
expression (24).

An increase in vh leads to a decrease in the value of the parameter n, while the
parameter m changes slightly. The independence of the shape of f is f(α) from vh
indicates that the basic cause of the complex nature of dehydration kinetics is the change
in k(α) caused by changes in the structure of the absorbed phase caused by DH. The
established shape of the dependence of k(α) and f(α) also enables explained the phe-
nomenon of the decrease in the value of vh DH with T, that is, α. That happens during
the investigated non-isothermal dehydration experiments in all cases when the rate of
decrease in the value of k(α) is higher than the rate of increase in the value of f(α).

4. Conclusion

The kinetics of DH of all of the investigated hydrogels is of a complex nature. The
complex kinetics of dehydration of hydrogels is a consequence of the fluctuating structure
of the hydrogel, the phase state of the absorbed water, and the thermal activation of the
hydrogel. By applying DAEM, isothermal and non-isothermal kinetics of PAAH dehy-
dration were fully described. Procedures for determining the shape of g(Ea) have been
developed. It was shown that the method of activation (isothermal and non-isothermal
heating) of the system affects the shape of g(Ea) and the value of the kinetic parameters.
The logistic model fully describes the kinetics of NIT dehydration of PAMAH. The
functional relationship between the parameters of the logistic function and the constants
kb and ktwas determined. It was shown that the rate of nucleation of dehydration centers
is the kinetically limiting stage of PAMAH dehydration rate. By applying the coupled
single step-approximation and calculating the iso conversion dependence of Ea and lnA
on α, a new kinetic model was developed to describe the complex kinetics of PAAGH
dehydration. It was found that the rate constant of dehydration at all investigated vh
decreases with the increase in temperature, while the values of the function parameters of
the reaction model increase. The decrease in the value of the dehydration rate constant
with temperature is associated with the change in the rate of nucleation.
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vh (K min�1) n m

5 1.97 1.04

10 1.93 1.02
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Table 5.
Effect of vh on values of m and n.
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