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1. Introduction  

Within the electromagnetic spectrum, microwave radiation is characterized by being 
situated in the frequency interval between 300 MHz and 300 GHz, with those normally used 
for the industrial processing of foods being between 915 and 2450 MHz and, for domestic 
use, of 2450 MHz (Pei, 1982).  
Microwave ovens can be built for industrial (continuous or batch processes), laboratory or 
domestic use. Industrial equipments present greater process control, but are costly and 
designed for large scale, which limits their use in research. Those developed for laboratory 
use are also costly, due to the need of heating, pressure and time control mechanisms to 
increase the reproducibility of the results. Therefore, many researchers end up adapting 
domestic microwave ovens, which results in lower cost equipments. Domestic microwave 
ovens do not have a uniform distribution of microwave radiation, as they were not designed 
for such. They produce interference between the microwaves and, thus, some parts of the 
oven receive a greater incidence than others. Therefore, it is necessary to map the 
distribution of microwave radiation for a more effective use of the energy generated 
(Pecoraro et al. 1997; Marsaioli Jr., 1991; Loewen & Gandolfi, 2004; Breslin, 1990).  
A typical microwave apparatus consists of:  

• Feed source: supplies tensions and currents for the functioning of the microwave 
generator; 

• Microwave generator: is an oscillator that converts electric energy supplied by the feed 
source in microwave energy; 

• Transmission section: propagates, irradiates or transfers the energy radiated by the 
oscillator to the applicator; 

• Coupling: permits a more efficient transfer of microwave energy to the applicator; 
• Microwave application cavity: is a volume limited by metallic walls in which the 

interaction material/microwaves occurs; 

• Field agitator: rotating metallic reflector inside the cavity that modifies contour 
conditions periodically, with the objective of uniformizing energy distribution; 

• Door or opening with electromagnetic blindage: permits an easy access to the interior of 
the applicator and must limit electromagnetic emissions to the surroundings to the 
maximum level permitted. 
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• Operation and safety control: permit the selection of heating conditions, the 
interruption of the potency flow and also indicate, through a sound and/or visual 
signal, the end of the processing cycle (Confort et al., 1991; Rocha, 2002). 

Senise & Jermolovicius (2004) reported that the technically possible applications of 
microwaves, at the industrial level in the food industry are the drying of pasta products, 
dehydration, blanching, sterilization, pasteurization, cooking and thawing. However, 
nowadays these applications have increased with the use of microwaves for chemical 
reactions, insect and germination control, production of expanded cereals or tubers, etc. 
The heating of foods using microwaves results of the coupling of electric energy from and 
electromagnetic field in a microwave cavity and of its dissipation within the product. This 
results in an instant temperature increase inside the product, in contrast to conventional 
heating processes that transfer energy from the surface, with high thermal time constants 
and a slow heat penetration (Goldblith, 1966).  
The advantages of the use of microwaves, in comparison to conventional processing 
techniques, are a shorter processing time, higher yield and better quality of the final product 
(Decareau & Peterson, 1986), both sensory and nutritional (Sacharow & Schiffmann, 1992; 
Hoffman & Zabik, 1985). 
The development of food processes and products with the use of microwaves should try to 
determine the interaction mechanisms between the food and the electromagnetic energy in 
the microwave frequencies. The main aspects that should be considered are: 
• dielectric properties of foods;  
• quantity of energy coupled by a food product and distribution within the product;  
microwave time and frequency necessary to heat the food product; and  
• temperature, pressure and electric field parameters (Mudgett, 1982; Rocha, 2002). 
The proposal of this chapter is to show the state-of-the-art of the use of microwaves in cereal 
products, with the aim of presenting the main results found in this promising area for 
research and industrial application. 

2. Principles of the use of microwaves and main technological applications in 
cereal-based products  

The basic phenomena involved in microwave heating are: the coupling of the energy from 
an electromagnetic field by the product and the attenuation of energy absorption within it. 
The most important intrinsic property of this form of energy for food technology is 
volumetric absorption by dielectric materials, in the form of heat (Engelder & Buffler, 1991).  
In microwave processing, intermolecular friction caused mainly by bipolar rotation of polar 
molecules, generates heat internally in the material, with a lower heat gradient in the 
product and results in an instant temperature increase. Aqueous and polar ionic 
constituents in foods and their associated solid constituents have a direct influence on how 
the heating will be conducted (Buffler, 1992; Marsaioli Jr. 1991; Schiffmann, 1986). 
Apart from the chemical composition of the product, its geometry, size and volume affect 
the distribution of microwave heating (Remmen et al., 1996; Khraisheh et al., 1997; Yang & 
Gunasekaran, 2004; Ohlsson & Risman, 1978).  
In contrast to conventional methods, in microwave heating the production of heat is 
continuous and, therefore, there is a continuous and rapid temperature increase when the food 
is exposed to this radiation. During heating of a moist product, the heat will be used to 
evaporate water and the temperature will be maintained at 100ºC. As soon as the free water is 
evaporated, product temperature can increase rapidly, with the risk of it burning (Sale, 1976). 
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2.1 Grain drying  

In cereals, grain drying is directly related to conservation and time and quality maintenance. 
Keeping moisture content of cereal grains at low levels, of 10-12%, makes safe storage of 
approximately 5 years possible, as damaging effects, such as the plague attack, 
microorganism growth and grain respiration, are reduced.  Grain drying can be natural and 
artificial (Frisvad, 1995; Marini et al., 2007).  
In natural drying, the product is dried by sunlight, spread in open areas, being exposed to 

the environmental conditions of the region for a long period of time and occupying large 

areas, once the grains must be moved and spread around for a greater efficiency of the 

process.  

Artificial or mechanical drying consists in submitting a layer of grains to a heated air 

current, which can be through electric energy or the use of fuels such as gas, wood or coal. 

At the beginning of drying, free water is evaporated rapidly, but after this the process 

becomes slow to evaporate the water from the interior of the product to the surface. The 

main controls are temperature, to avoid the loss of grains due to high temperatures, and 

aeration, with the aim of reducing the temperature and moisture of the grains during 

storage, avoiding the deleterious effects of moisture migration to the surface of the grain. 

This drying process takes long and can damage grain quality (Frisvad, 1995; Marini et al., 

2007). 

Microwave drying is an alternative drying method for a wide variety of grains, as it avoids 

the effects of conventional air drying that can cause serious damage to flavor, color and 

nutrients and can reduce bulk density and rehydration capacity of dried food product 

(Loewen & Gandolfi, 2004; Park, 2001).  

During microwave drying there must be transportation of water from the interior of the 

solid to its surface, for evaporation to occur. The most important mechanisms involved in 

this process are: 

• Liquid diffusion that occurs due to the existence of the concentration gradient; 

• Vapor diffusion that occurs due to the vapor pressure gradient, caused by the 
temperature gradient; 

• Liquid and vapor flow caused by the difference in external pressure, concentration, 
high temperature and capillarity; 

• Initial moisture content of the material; 

• Final moisture content that the material can reach, that is, its equilibrium moisture 
content; 

• Thus, the water is related to the structure of the solid; and 

• How water transportation is carried out from the interior to the surface of the solid 
(Park et al, 2001). 

However, one of the problems of microwave drying is related to the non-uniform 
distribution of the electromagnetic field inside the applicator, which can induce a non-
uniform heating of the product (Kudra, 1989).  
Some researchers have developed equipments that aim to solve this problem: 
Marsaioli Jr.(1991) developed a microwave equipment with a cylindrical rotatable 
applicator, where the movement of the product inside the cavity permits a more uniform 
distribution of heating. 
Loewen & Gandolfi (2004) developed an equipment to dry cereals using microwaves, with 
elements that carry out the heating of water inside the cereal grains themselves, vaporizing 
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only small quantities of water from the surface at the beginning of the operation. With the 
advance of heating, an internal pressure is created inside the grain that, in turn, causes an 
unbalance between internal and external pressure, thus favoring homogeneity and speed of 
drying. Once the desired temperatures are reached, adequate for each cereal, water migrates 
to the surface, being removed by a dry air current. 
Breslin (1990) built a pilot scale microwave-convection dryer. The dryer had a working 
length of 4.25 m, with a maximum power of 20 kW. The residence time used was 
approximately 120 seconds and the drying time required to reduce the moisture content from 
28 to 21% wet basis was reduced by 450% compared to the conventional convection system. 
He concluded that the reduction in residence time can be used to decrease the length of the 
dryer from 10.1 to 3.1 m, or to increase the capacity of the production unit by 235%.  
Doty & Baker (1977) conditioned wheat in a closed system with up to 450 seconds of 
microwave application (625 watts), with a temperature variation from 22 (0 seconds) to 
105ºC (450 seconds). Flour analysis showed that the 90 second treatment maintained flour 
quality; however, quality was reduced after 270 seconds. 

2.2 Enzyme inactivation  

Cereals in the form of grains and wholegrain or refined flours, when raw, present variable 
enzymatic activity according to the type of enzyme, moisture content and storage 
temperature. Enzymatic inactivation of lipases and lipoxygenases in cereals and their flours 
increases stability during storage, by preventing lipid hydrolysis and oxidation that could 
lead to the formation of off-flavors (Saunders, 1990). 
Brown rice has a higher nutritional value than polished (white) rice because it has more 
protein and B-complex vitamins, especially thiamin, riboflavin and niacin. Its production 
process results in greater yield with fewer broken grains (Juliano, 1985). However, brown 
rice is unstable during storage mainly due to the rapid decomposition of bran lipids, 
attributed to the action of the enzyme lipase also contained in rice bran (Takano, 1993). 
Brown rice lipids are readily hydrolyzed by lipase, releasing free fatty acids (FFAs), which 
contribute to the appearance of off-flavors.  
Chang & El-Dash (1998) used microwave energy as a thermal treatment to inactivate lipase 
in brown rice, consequently improving its long term storage stability. The parameters 
studied were: (i) microwave energy level (maximum and medium); (ii) initial moisture content 
(13.4, 14.6 and 17.3%) and time of treatment (20 to 140 s). Microwave energy treatment was 
considered effective in the control of lipase activity in brown rice with the maximum 
inactivation rate at the maximum power/level of microwave energy, a treatment time of 80 s 
and initial moisture content of 14.6%. Moisture content of treated brown rice was reduced. 
During storage, a decrease in the production of free fatty acids (FFAs) was observed. 
Vetrimani et al. (1992) used microwave energy to inactivate lipase and lipoxygenase in rice 
bran, germ and soybean. This treatment led to considerable inactivation of the lipase and 
complete inactivation of the lipoxygenase present in these materials. 
Jiaxun-Tao et al. (1993) reported stabilization of rice bran by microwave heating at 2450 
MHz for 3 minutes, for up to 4 weeks storage. 
Wennermark (1993) verified that heat-inactivation of lipid-degrading enzymes with low-
moisture processes, such as steam-flaking and microwave cooking, improved vitamin E 
retention during subsequent processing in the presence of water. 
The feasibility of microwave energy for the inactivation of α-amylase in wheat and wheat 
flour has been successfully tested by Edwards (1964) and Aref et al. (1969). They showed 
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that the levels of enzyme activity decreased without damaging the flour with respect to its 
capacity to form dough, maintaining its viscoelastic properties. 

2.3 Insect control 

When grain storage conditions are precarious, there can be damage to cereals and by-
products through the action of biological agents such as insects, acarus, rodents and fungi. 
The factors that negatively affect grain storage are: moisture, temperature, storage period, 
initial contamination level, impurities, insects, intergranular CO2 concentration, grain 
physical and sanitary conditions (Prado et al., 1991; Scudamore et al., 1999). 
Grain damage causes economic losses by reducing quality and altering nutritional value. 
Sanitation measures must be taken in storage, production, maintenance and distribution 
practices, including steps such as cleaning and disinfection of the storage structures, grain 
expurgation, rodent control, among others. 
Warchalewski & Gralik (2010) verified that microwave heating of wheat grains within the 

temperature range of 28-98°C, using microwaves, caused a decrease in water-extractable 

proteins, statistically significant when grain temperature reached 79 and 98°C. A statistically 

significant increase in reducing sugars content was noted in grain samples heated only to 

48°C; a decrease was noted above this temperature. Above 48°C, inactivation of the enzyme 

α-amylase occurs. All biological activities studied (amylolytic and inhibition activities 

against α-amylases from insects (Sithophilus granarius L., Tribolium confusum Duv., Ephestia 

kuehniella Zell.)), human saliva, hog pancreas, antitryptic activity) were distinctly diminished 

in grain samples heated to 79°C. At the highest grain temperature of 98°C, the loss of all 

biological activities was even more pronounced due to denaturation of 45% of extractable 

proteins.  

Microwave heating was evaluated to reduce the incidence of mycoflora on rice (Oryza sativa 

L.) grains without adversely affecting the aroma and cooking quality of the grains. The 

duration of exposure of microwave heat directly correlated with grain temperature and 

inversely correlated with grain moisture and mycoflora. The exposure of rice grains to 

microwave heat at 100% power level up to 2 min retained the moisture and cooking-quality 

attributes of rice grains but reduced the mycoflora incidence by > 50% (Gupta & Kumar, 

2003). 

2.4 Grain germination  

Germination is an ample and complex phenomenon and can be characterized when, under 
appropriate conditions, the embryo axis of the seed continues its development, which was 
interrupted by physiological maturity (Carvalho & Nakagawa, 1988). 
In this process, catabolic reactions, such as the degradation of storage substances, and 
anabolic reactions, in the production of new cells and organelles of the embryo, occur 
(Metivier, 1979). 
Cereal grains are susceptible to post-harvest germination (Bushuk, 2001), especially when 
temperature and humidity conditions are favorable, which can lead to great losses during 
grain storage. Few studies have been carried out to evaluate the effect of microwave 
radiation on cereal grains. 
Vadivambal et al. (2009) used a pilot-scale industrial microwave drier operating at 2450 
MHz to heat grains and oilseed. An infra-red thermal camera was used to determine the 
temperature distribution in bulk rye and oats at 14, 16, and 18% moisture content (wet basis) 
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and sunflower seeds at 8, 10, and 12% moisture content after being heated in the microwave 
drier. Fifty grams of grain were placed in a sample holder and allowed to pass on a 
conveyor belt under the applicator at 0, 200, 300, 400, and 500 W for 28 or 56 s. There were 
hot and cool regions in the samples. The temperature difference between hot and cool 
regions in a given sample varied between 23 and 62°C for rye, 7 and 25°C for oats and 7 and 
29°C for sunflower seeds. The preliminary results of this study suggest that while using 
microwave as a heat treatment, the maximum temperature that can affect seed viability 
(potential to germinate under favorable conditions) should be taken into consideration, 
when developing microwave processing systems for grains and oilseeds. 

2.5 Pre-cooking 

The objective of pre-cooking operations is to reduce preparation time for the consumer. In 

the case of cereals, these operations consist basically of treating starch to reduce its 

gelatinization time during the final preparation of the food product.  

By toasting cereal flours, Wang et al. (1993) obtained pre-cooked rice flour (with 13.4% 

moisture) after 11 min in a microwave oven (2450 MHz) and Caballero-Córdoba et al. (1994) 

obtained pre-cooked wheat flour (with 14% moisture) after 11 min in a microwave oven 

(2450 MHz), with good sensory and nutritional evaluations, which were used in 

combination with defatted soy flour with additional microwave treatment for 8 min, for 

porridge and soup products. 

Martinez-Bustos et al. (2000) produced nixtamalized maize flours (NMF) for the production 

of masa and tortillas, with the use of microwaves, operating frequency 2450 MHz, high-

power setting, heating for 10, 15 and 20 min during alkaline cooking with the objective of 

accelerating the conventional alkaline cooking process. The results showed that microwave 

heating reduced processing time (approximately 50%) and liquid waste discharges (cooking 

liquor) during NMF production. Samples of NMF from whole maize microwave heated for 

20 min with 70 g.kg-1 water and 2.0 g.kg-1 Ca(OH)2 were statistically similar to the control 

with respect to masa firmness. 

Roberts (1977) obtained rice similar to conventional parboiled rice by processing at 30-35% 
moisture for 2 to 5 min with microwaves. 
Velupillai et al. (1989) developed a process for parboiling rough rice, which includes: (1) 
soaking the rough rice; (2) subjecting the soaked rough rice to a first value of microwave 
energy to partially gelatinize the starch in the rice and raise its water content; (3) draining 
free water, if any, from the treated soaked rough rice; and (4) subjecting the drained rough 
rice from (3) to a second level of microwave energy to effect substantially complete 
gelatinization and to lower the rough rice water content. 

2.6 Cooking 

Cooking and thawing operations in microwave ovens are already well documented. Some 
authors reported that the cooked and/or thawed product presents sensory changes in 
flavor, color and texture. According to Li (1995), flavor loss due to steam distillation is a 
major problem when microwave foods are cooked or reheated and this results in a 
unbalanced flavor profile in the final product. 
With respect to color, the promotion of browning in a microwave oven is a difficult 
problem. According to Domingues et al. (1992), the solutions to microwave browning can be 
divided into the following categories: packaging aided, cosmetic and reactive coating 
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approaches, and they developed a browning system that includes Maillard browning 
reactants for developing the desired browning effect during microwave irradiation, and a 
carrier system which contains the Maillard browning reactants. 
 Regarding texture, Clarke & Farrell (2000) studied the impact of water-binding agents 
(potato starch, pea fibre, oat fibre, locust bean gum), emulsifiers, ingredient blends and a 
proteolytic enzyme (fungal protease) on the textural characteristics of frozen five-inch pizza 
bases topped with tomato and cheese, reheated for 120, 150 and 180 s in a domestic 
microwave oven. The textural characteristics of the microwave-reheated pizza base samples 
were influenced by the presence of the selected agents. 

2.7 Baking  

Baking using microwave energy has been limited due to poor product quality compared to 

products baked by using conventional energy sources, which can be a reflection of the 

differences in the mechanism of heat and mass transfer (Sakonidou et al., 2003).  

In products such as breads, cakes and cookies, microwave baking can affect texture, 

moisture content and color of the final product, which represents a great challenge for 

research. Some researchers suggest adjustments in formulation and alterations in the baking 

process, while others study the interactions between microwave energy and the ingredients 

of the formulation. 

2.7.1 Breads 

The producton of bread with the requisite quality attributes presumes a carefully controlled 
baking process. Thus, the rate of heat application and the amount of heat supplied, the 
humidity level within the baking chamber, and the duration of the bake all exert a vital 
influence on the final quality of the bread (Pyler, 1988).  
In the conventional baking process, heat is transmitted to the dough piece in three different 

ways: radiation, convection and conduction. In the transformation of dough to bread, 

different phases occur: oven-rise (rapid expansion of carbon dioxide), oven-spring 

(expansion of the dough by about one-third of its original volume), moisture evaporation, 

starch gelatinization and protein coagulation; finally, cell walls become firm and crust color 

is developed (Pyler, 1988; Young & Cauvain, 2007).  

In studies with bread during microwave heating, there was a rapid loss of moisture and, 

after microwaving, the mechanical strength of bread was increased greatly (Jahnke, 2003; 

Chavan & Chavan, 2010).  According to Yin & Walker (1995), the heat and mass transfer 

patterns, insufficient starch gelatinization due to very short microwave baking times, 

microwave-induced gluten changes, and rapidly generated gas and steam could be reasons 

for the poor quality of microwave-baked breads. The work of Umbach et al. (1990) reported 

differences in bagel structure by using microscopy following conventional or microwave 

baking. 

Park (2000) studied microwave (MW) – water interaction in a bread system and verified 
that: 

• there was a linear relationship between moisture losses and energy input within the 
range of experiment conditions. 

• the creep compliance value  of MW heated bread was significantly lower than those of 
non-MW heated bread although both had the same moisture content level, suggesting 
the collapse of the aerated structure during microwaving by losing water molecules. 
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• MW heated breads absorbed less water than non-MW heated breads (they were less 
hygroscopic). 

Jahnke (2003) developed a microwave baking dough additive that has a gelling component, 
a gum component and an enzyme component, as a means of controlling moisture migration 
or starch recrystallization in yeast-leavened bakery products that are baked by microwave 
energy. 

2.7.2 Cakes  

During cake production, after the mixing process, the cake must be deposited into cake pans 
and rapidly conveyed to the oven. Baking time is inversely related to baking temperature 
and the optimum baking conditions for cake baking are determined by the sweetener level 
of the formula, amount of milk used in the batter, fluidity of the batter, pan size and others 
(Young & Cauvain, 2007; Bennion & Bamford, 1998). 
Stinson (1986) verified that yellow cakes baked in microwave/convection (MW/C) and 
conventional (CON) ovens showed slight sensory differences, however were acceptable, 
indicating that high quality cakes can be baked 15–25% faster in a MW/C oven than in a 
CON oven. 
The effect of modifications in cake ingredients was studied by Tsoubeci (1994). Sucrose 
substitution with a blend of WPI (whey protein isolate) and maltodextrin and fat 
substitution with a special fiber were evaluated in a model cake system during baking by 
conventional and microwave methods. Substitution of sucrose with WPI and maltodextrin 
affected the dielectric properties of the batters. Power absorption predictions indicated that 
the power absorbed by microwave heated cakes increased when sucrose was substituted. 
Removal of fat influenced the dielectric behavior of batters whereas substitution with the 
special fiber compensated for fat in both microwave and conventionally heated cakes. 
Şummu et al. (2000) used the response surface methodology to optimize the formulation of 
microwave-baked cakes and found that cakes formulated with wheat starch, containing 0.3% 
polysorbate 60, 133.7% water and 45.2% shortening (flour substitute basis), baked for 6 min at 
100% power yielded acceptable cakes that can compete with conventionally baked cakes. 
Takashima (2005) patented a process to obtain a sponge cake free from bake shrinkage and 
good-looking voluminous appearance, through a batter prepared by adding a 
thermocoagulation protein to a sponge cake premix containing as main ingredient a cereal 
powder consisting of starch and a pregelatinized starch cooked under heat with a 
microwave oven.  

2.7.3 Cookies  

There is a wide variety of cookies and their formulations, weight, diameter and other factors 
directly influence the baking process. In general, when cookies are baked using conventional 
methods, in conveyor belt ovens of 80 to 110 m, with cyclothermal heating, and universal 
conveyor belts, after approximately 3.5 to 4 minutes, they exit the oven with 5 e 8% moisture 
content and are cooled so as to lose moisture, to a final content of 3.5 to 4%. If the moisture 
gradient between the border and the center of the cookie is too high (greater than 1.5%), it 
can present fissures and cracks (checking) during storage, due to expansion and contraction 
of the cookie. Other factors are involved in checking, such as formulation, oven temperature, 
air relative humidity, etc. (Bernussi et al., 1998; Manley, 2000).  
Shiffmann (1992) used microwave heating for final baking of cookies and obtained a more 
uniform moisture distribution than with forced convection. 
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Bernussi et al. (1998) studied the effects of microwave heating after conventional baking on 

moisture gradient and product quality of cookies and showed that cookies prebaked in a 

conventional oven at 140oC for 4 min and subsequently baked with a microwave oven set at 

2450 MHz and magnetron power output of 617.27 W for 29 s showed significant reductions 

in moisture gradient, from 2.16 to 0.88% (central disk-outer rim), and incidence of cracking, 

from 41.7 to 0%. So the association of conventional and microwave heating processes for 

baking cookies minimized cookie cracking by reducing the moisture gradient and preserved 

the normal characteristics of the product (color, texture, flavor and linear dimensions). 

Lorenz et al. (1973) verified that the baking time of cookies with microwaves was 30-45 

seconds, however without crust color formation, so they suggested small modifications in 

the formulation, such as the use of molasses, chocolate or cocoa. 

Lou et al. (1990) patented the production of prebaked cookie dough pieces, containing 

gluten, pregelatinized starch and high fructose corn syrup, to be baked in a microwave 

oven. 

2.8 Pasta products  

In dry pasta products, drying is the most critical step, as product moisture content must be 
reduced from approximately 30% to 12-13%. The greatest quality defects in pasta products 
are due to problems in this step: if drying is too fast, fissures or ruptures can occur; if drying 
is too slow, microbiological and enzymatic deterioration of the product is accelerated 
(Banasik, 1981; Kruger et al., 1996).  
Pasta products are difficult to dry because moisture slowly migrates to the surface. Hot air 
is, by itself, relatively efficient at removing free water at or near the surface, whereas the 
internal moisture takes time to move to the surface. Microwave energy can solve this 
problem by providing a positive moisture flow towards the surface, and studies show pasta 
drying through combined processes (hot air + microwave drying) in a unique way 
(Decareau, 1986). 
Maurer et al. (1971) obtained pasta drying speeds 20 times greater using microwaves when 
compared to conventional drying, therefore pasta dried by microwaves required lower 
drying process times. 
Altan and Maskan (2005) studied the effect of conventional and microwave drying on the 

quality parameters of cooked and uncooked macaroni. Macaroni samples were dried by 

conventional hot air, microwave alone and hot air followed by microwave drying methods. 

Drying only with microwave energy (70 and 210 W) or hot air–microwave energy (70 and 

210 W) resulted in substantial shortening of the drying time, but starch was not completely 

gelatinized during drying. 

 Goksu et al. (2005) studied microwave assisted fluidized bed drying of macaroni beads 

using a household microwave oven. They found that the increase in microwave power and 

air temperature significantly reduced (at 50%) the drying time of the macaroni beads when 

compared with fluidized bed only.  

Berteli & Marsaioli Jr. (2005) evaluated the efficiency of air drying of Penne-type short cut 
pasta with the assistance of microwave energy and observed that the average drying time 
was reduced by more than ten times when compared to conventional air drying, without 
negatively affecting the appearance of the final product. The greatest benefits of drying 
pasta products using microwaves are the reduction of drying time and the maintenance of 
product quality. 
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2.9 Expansion  

Besides heating, cooking or baking, it is possible to use microwave energy for expansion of 
foods.  

2.9.1 Popcorn  

Freshly popped popcorn, with its characteristic aroma and taste, has long been a popular 
snack product, particularly when flavored (Chedid et al., 1998). Popcorn is a whole-grain 
product obtained from a special variety of corn and its consumption increased with the 
development of microwave popcorn, this being one of the most popular applications of 
microwave heating, especially in the United States (Lin & Anatheswaran, 1988; Zhuang, 
1998; Dofing et al., 1990; Pordesimo et al., 1990, 1991; Mohamed et al., 1993; Singh & Singh, 
1999a, 1999b; Allred-Coyle et al., 2000, 2001; Chedid et al., 1998; Moraru & Kolkini, 2003).  
Schwartzberg et al. (1995) considered that starch is the major polymer responsible for 
popcorn expansion.  
Singh & Singh (1999b) reported that >75% popped kernels can be obtained by using 10% 
hydrogenated oil, 2% butter, and 0.5% sodium chloride, and expanding it in a 2450 MHz, 
660 W microwave oven, at 70% power.  
Chedid et al. (1998) prepared flavored and/or colored unpopped popcorn by use of an 
amylase-treated low viscosity starch, to be popped in a microwave oven without the use of 
added fat or oil, thus having a decreased caloric content.   

2.9.2 Pellets or third-generation snacks  

Manufacturing of 3rd-generation snacks is one of the newest applications of microwave 
heating. Third-generation snacks bring tremendous extension to popcorn expansion as it 
becomes possible to use food polymers to form snacks of various biological origins, in any 
desirable shape. They are obtained from half-products (pellets) that can be further expanded 
by baking, deep-fat frying, or microwave heating (Boischot et al., 2003; Ernoult et al., 2002; 
Suknark et al.,   1999; Van Lengerich et al., 1992; Van Hulle et al., 1981, 1983; Willoughby, 
2001). 
Microwave expandable snack food products have been developed using cereal-based 
formulations with additives prepared as pellets in extruders (van Lengerich et al., 1992; 
Boehmer et al., 1992). 
The non-expanded pellets are formed by extruding cereal flours at high moisture contents 
(30 to 35%), moderate shear and temperature, and die temperatures below 100°C, followed 
by cooling and drying to 5 to 10% moisture (Suknark et al., 1999; Boischot et al., 2003; 
Ernoult et al., 2002). 
Other processes were also developed, as that of Willoughby et al. (1999), who prepared 
pellets from starchy compositions such as cooked farinaceous dough or dehulled popcorn 
with an outer methylcellulose skin or casing of sufficient tensile strength to allow build-up 
of internally generated steam pressure upon microwave heating. Upon sufficient build-up 
of steam pressure, the skin fails suddenly, allowing the pellet to puff explosively, thereby 
simultaneously causing an audible popping sound. 
During microwave heating, glassy cereal pellets simultaneously lose moisture and expand 
(Boischot et al., 2003; Ernoult et al., 2002). This was demonstrated by the study of Ernoult et 
al. (2002), who obtained no expansion for totally dehydrated pellets, and maximum 
expansion was observed at 10.8% moisture content (weight/weight), and collapse was 
visible at 11.9% moisture content (weight/weight). 
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During microwave expansion of cereal pellets, the microwave energy heats the product 

through the vibrational energy imparted on moisture. Upon heating, moisture generates the 

superheated steam necessary for expansion, which accumulates at nuclei in the glassy 

matrix, creating a locally high pressure (Boischot et al., 2002). As the cereal matrix 

undergoes a phase transition from the glassy to the rubbery state, it starts to yield under the 

high superheated steam pressure and expansion takes place. As moisture is lost from the 

matrix, and upon cessation of microwave heating, the matrix cools down and reverts to the 

glassy state and the final structure sets. When the matrix is too soft (that is, at high 

moisture), collapse occurs (Moraru & Kokini, 2003). 

Chen & Yeh (2000) observed that the high moisture pellets resulted in expanded products 
with a coarse structure, a small number of relatively large cells, and thick cell walls. At a 
lower moisture content of the pellets, a much finer structure was obtained.  
When used for the manufacturing of snacks from half-products (pellets), starch is usually 

pregelatinized, as the limited amount of moisture and heat available in the expansion stage as 

well as the short residence times in microwave expansion, would not allow it to gelatinize and 

form a network that can be expanded by superheated steam (Schiffmann, 1993; Wang, 1997).  

The study of Lee et al. (2000) indicated a nonlinear correlation between the degree of 

gelatinization and the expansion bulk volume of extruded cornstarch pellets and an 

optimum level of starch gelatinization (50%) for maximum product expansion. 

Ernoult et al. (2002) obtained maximum expansion ratio (of about 10) for amylopectin pellets 
containing 6% solid fat, while at 10% solid fat expansion decreased due to a slight collapse 
of the expanded structure. 
Gimeno et al. (2003) added 1% xanthan gum or carboxymethylcellulose to glassy cereal 
pellets and significantly improved the uniformity of the expanded matrix. The authors 
assumed that the large hydrocolloid molecules disrupted the alignment of the starch chains 
and promoted a uniform distribution of moisture in the matrix. 
Weisz (2007) developed a process to produce a snack product from an extruded dough to be 
prepared by expansion in a microwave oven before consumption, or through any cooking 
method that permits expansion, such as conventional or electric ovens or frying.  

2.10 Nutrient and ingredient modifications in cereal products  

The main modifications in cereals and their respective products during microwave 
applications have been related to protein and starch.  
With respect to proteins, research indicates a reduction in available lysine, independent of 

the type of heating and, in the case of wheat, studies indicate damage to gluten (Campana et 

al., 1993). Monks et al. (2003) studied the effect of microwave drying of soft wheat on the 

rheological behavior of the flour and the alveographic analysis of wheat flour showed that 

the P/L relationship and the gluten strength (W) increased (p<0.05) with the increase of 

microwave conditioning time, producing doughs that were inadequate for bread making. 

There are various studies of the behavior of starch submitted to heating by microwave 
radiation and they are based mainly on gelatinization properties. However, other studies of 
chemical and physical modifications have been carried out and will be described below. 

2.10.1 Pre-gelatinized starch  

The production of pre-gelatinized starches has been investigated and developed 
industrially, as the products can be easily used in various food preparations, once they 
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present rapid swelling in cold water and an increase in viscosity. The gelatinization process 
promotes the rupture of the starch granule and, consequently, an increase in the linkage 
sites of starch hydroxyl groups with water and other nutrients in an aqueous medium. The 
most studied cooking processes are: 

• Conventional cooking: a suspension of starch in water is heated above gelatinization 
temperature (>65ºC), using a combination of time, agitation, water and temperature 
until complete cooking of the starch, which can be used after cooling or drying as pre-
gelatinized starch; 

• Drum-drier cooking: a suspension of starch in water is cooked and dried on heated 
rotating drums; and 

• Thermoplastic extrusion cooking at high temperature and pressure: the starch, 
conditioned to moisture contents that vary from 20 to 30%, is transported through an 
extruder with heating and high pressure zones. When cooked starch exits the extruder, 
it must go through drying and pulverization processes (Leach, 1965; Chiang & Johnson, 
1977; Harper, 1979). 

Microwaves have been used to obtain pre-gelatinized starches, due to rapid cooking, 
however the published literature with respect to microwave heating of starch suspensions is 
limited and focuses primarily on the differences in the swelling of the starch granule during 
conduction and microwave heating (Palav & Seetharaman, 2007). A comprehensive 
investigation addressing the changes occurring in starch–water systems during microwave 
heating at molecular and macroscopic level is still necessary.  
Various authors have shown that gels formed by heating starch slurries using microwave 
energy had significantly different properties than those heated by using conduction heat. 
The lack of granule swelling and the resulting soft gel are two key observations that 
highlight the differences in the two modes of heating. The significant differences in the other 
molecular properties, including enzyme susceptibility and amylopectin recrystallization, 
suggest a different mechanism of gelatinization during microwave heating (Goebel et al., 
1984; Zylema et al., 1985, Palav & Seetharaman (2007).  
Palav & Seetharaman (2007) proposed that during microwave heating starch granules lose 
their birefringence much earlier than gelatinization temperature due to the vibrational 
motion of the polar water molecules. The vibrational motion and the rapid increase in 
temperature also result in granule rupture and formation of film polymers coating the 
granule surface. This results in a soft gel even in the absence of a continuous network of 
amylose chains.  
Goebel et al. (1984) and Zylema et al. (1985) compared the properties of starch–water 
systems at granular level following microwave heating. Zylema et al. (1985) found no 
differences in the swelling of granules when heated using microwave or conduction at the 
same heating rate. Goebel et al. (1984) worked with 1:1, 1:2, 1:4 and 5:95 starch/water ratios 
while Zylema et al. (1985) worked with 1:1, 1:2, 1:4 and 1:8 starch/water ratios. Despite the 
different sample sizes both studies found that their most dilute suspensions needed about 
40% more time to heat-up compared to the most concentrated ones, an observation opposite 
to what might be intuitively expected (Buffler, 1993).  
Ndife et al. (1998) reported the rates of gelatinization for different starches as influenced by 
microwave heating and also developed a quantitative model describing the relationship 
between water content and rate of gelatinization for corn, wheat and rice starches during 
microwave heating. 
A relatively large volume of maize starch suspension (2.5–20% w/w solids) was heated to 
above its gelatinization temperature by two means: a microwave oven meant to provide a 
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uniform global thermalization of the sample, and a conventional local electrical heater 
which, depending on agitation, yields different heating patterns on the sample. Contrary to 
what was observed in the conventionally heated samples, gelatinization was not completed 
in the microwave irradiated samples, although the temperatures reached were as high as 
with conventional heating. This was attributed to poor mass transfer of water molecules 
during microwave irradiation as a result of the short processing period and the absence of 
mixing of water with starch components (Sakonidou et al., 2003). 
Niba (2003) tested autoclave, parboiling and microwave processes to gelatinize and 

enzymatically stabilize starches from various sources and, after storage under freezing 

conditions for 10 days, he verified that autoclaved and parboiled starch presented higher 

rapidly digestible starch (RDS) content that microwave processed starch.  

Thed & Phillip (1995) studied domestic cooking methods comparatively to prepare potato 

products: microwave-heating and deep fat frying reduced an appreciable amount of in-vitro 

digestible starch and significantly increased both the resistant starch (RS) and water-

insoluble dietary fiber (IDF), while boiling and baking had less effect. Water-soluble dietary 

content was not affected by any of the domestic cooking methods studied. The significant 

correlation between IDF and RS supported the idea that some of the starch in cooked potato 

had become indigestible by amylolytic enzymes, and this RS might contribute to the 

observed increment in the IDF fraction. 

Roberts (1977) tested the effect of microwave energy on the gelatinization of hulled, whole 

or polished rice grains and verified that rice containing 30-35% moisture presented 

promising gelatinization results with microwave heating at atmospheric pressure. 

Wadsworth & Koltun (1986) verified that there were no significant differences between rice 

dried in air (control) and rice dried under vacuum with microwaves, when peak viscosity 

and starch retrogradation were evaluated. The sensory evaluation team did not distinguish 

the samples with respect to differences in taste and texture. 

2.10.2 Interactions between starch and other nutrients  

Understanding the interactions between sugar, starch, protein and water, which are the 

main components of a baked product, will advance the development of high quality, 

microwaveable products (Sumnu et al. (1999); Chavan & Chavan, 2010), as less satisfactory 

results have been obtained for starch-based products.  

Sumnu et al. (1999) evaluated the quantitative relationships between water, sugar and 

protein on the gelatinization of wheat starch following 20 s of microwave heat as 

determined by differential scanning calorimetry. They verified that the addition of sugar 

decreased the degree of gelatinization of starch due to microwave heating significantly. 

Water and protein were not found to be as significant as sugar in delaying gelatinization. 

The effects of sugar and protein on the gelatinization of starch were pronounced in water-

limited systems. 

The dielectric properties of hydrated whey protein isolate (WPI), Ca-caseinate, wheat starch 

and their mixtures were measured at ambient temperature and during heating to 90oC. WPI 

exhibited higher dielectric properties than starch at lower moisture contents and ambient 

temperature. At most moisture contents WPI showed increasing microwave absorption 

properties with increasing temperature. Addition of WPI in the starch:water system affected 

the dielectric loss and absorptivity of starch during heating (Tsoubeci, 1994). 
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2.10.3. Modified starches  

Annealing and heat/moisture-treatment both cause a physical modification of starches 
without any gelatinization, or any other damage of the starch granules with respect to size, 
shape or birefringence only via a controlled application of heat/moisture (Stute, 1992).  
Gupta et al (2003) investigated the effect of microwave heat-moisture and annealing 
processes on buckwheat starch that had been dried to three moisture levels: 30.3, 40.0, and 
50.4 kg/100kg. DSC data indicated that moisture levels had a significant effect on onset 
melting temperature, peak melting temperature and enthalpy. In addition, heat treatment 
and interaction of moisture with heat treatment both had a significant effect on amylose 
leaching results. Resistance to amylose leaching and melting at higher temperatures for 
higher moisture level buckwheat starch samples was attributed to increased networking 
among the amylose and amylopectin components in the buckwheat starch. 
Wheat, corn and waxy corn starches of intermediate moisture content (30%) were subjected 
to microwave processing and the effect of microwave radiation on physico-chemical 
properties and structure of cereal starches was studied. Microwave radiation was evidenced 
to cause a shift in the gelatinization range to higher temperatures, and a drop in solubility 
and crystallinity. The extent and type of these changes depended on the variety of starch. 
Normal corn and wheat starches suffered pronounced changes, whereas under the same 
conditions waxy corn starch was almost unchanged. It was concluded that susceptibility of 
different starches to changes due to microwave irradiation depended not only on their 
crystal structure, but also on their amylose content (Lewandowicz et al., 2000). 
Shogren & Biswas (2006) prepared starch acetates of 0.1-1.5 substitution through microwave 
heating of corn starch, acetic acid and acetic anhydride in sealed, stirred, teflon vessels. They 
found that starch acetates of high cold water solubility with DS (degree of substitution) 
values of 0.3-1.1 were prepared quickly and efficiently by microwave heating of starch, 
acetic acid and acetic anhydride. Molecular weights of starch acetates were much lower than 
the native starch. This study contributed to increase the efficiency of the reaction and to 
economize reagents when compared to the conventional method to prepare starch acetates. 
Resistant starches (RS), in other words, those that are not digested in the small intestine, 
have been used to substitute fiber in food products, because although both have the same 
physiological functions, RS does not interfere in the palatability of foods.  
Oliveira et al. (2007) studied the cooking of starches in a microwave oven using different 
starch:water ratios (1:5 to 1:8) and cooking/cooling cycles (1 to 3). They evaluated the 
content of resistant starch (%RS) after each process, as well as water absorption index (WAI) 
and water solubility index (WSI) and verified that the %RS increased with the increase in the 
number of cooking/cooling cycles and the starch:water ratio, while WAI and WSI were 
higher with a reduced number of cycles and starch:water ratio.   

3. Future perspectives 

In applications involving cereal products, the use of microwaves is promising in pre-
processing operations, such as the drying of cereal grains or flours, the production of 
starches and the control of moisture and germination during grain storage, once the results 
presented in the various studies show the efficiency of the process, which economizes time 
and energy. 
One of the greatest successes of the use of microwaves is in the preparation of expanded 
products and research and development of new products in this area is growing, with an 
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unlimited number of processes being patented. Future indicates the development of 
healthier expanded products, with the reduction of fat and the inclusion of nutrients that are 
more beneficial to health. 
Cooking and baking processes to obtain cakes, breads, cookies and pasta show that when 
microwaves are use associated to the conventional process results are more satisfactory for 
final product quality, but the isolated use of microwaves to obtain these products requires 
changes in formulation and process conditions. 
Effects on different food constituents have been studied. In cereal-based products, the most 
studied constituent is starch, as it is present in greatest proportion in grains, followed by 
protein. These two constituents directly influence the quality of the final product, both 
bakery products and pasta. There is a lack of information on the evaluation of the effect of 
microwaves on lipids, fibers, vitamins and antioxidant compounds in cereal grains. These 
constituents are present in smaller quantities, but due to the daily consumption of cereals, 
are of nutritional importance in the diet.  
The use of microwaves as catalysts of chemical reactions is starting to be studied in the area 
of modified starches and tends to develop more, once the advantages shown are promising, 
such as speed of the reaction, lower quantity of reagents and final products with the desired 
physical-chemical characteristics. 

4. Conclusions  

The use of microwave radiation to process cereal-based products has progressed in a 
promising way, improving process efficiency with respect to economy of time and energy. 
While many processes are already considered of high efficiency, such as grain drying, 
moisture control in cookies, starch modifications and pop-corn and expanded snack 
production, others such as bread and cake baking still need greater investments in research 
and development to improve quality.  
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