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General introduetion 

Background 

The use of electromagnetic energy, especially microwave and radio frequency energy, 
for industrial processing of food is given renewed attention. Electromagnetic energy 
exhibits unique properties, such as fast and differential heating, which can be of ad
vantage, e.g. for improverneut of process efficiency and product quality. However, 
attempts to apply electromagnetic energy in food processing often failed. Some of these 
failures can be explained by a lack of insight in the physical principles of electromag
netic heating. The interaction of electromagnetic waves with an object is influenced by 
various factors: geometry of the object, properties of the material (thermal, physical 
and dielectric), object mass, power input, radiation frequency. Mathematica! models 

provide a tooi to predict heating profiles and end product quality in process 
development. With these predictive models the effect of varled field strength at the site 
of interaction can be calculated. However, the direct interaction of electromagnetic 

energy and material on molecular and cellular levels is poorly understood. 
In food processing it is of special interest to see how electromagnetic energy can 
influence the activity of enzymes and microorganisms. In case they can be selectively 
activated or inactivated this may prevent the need of a severe heat treatrnent and 
therewith have a positive effect on the product quality. V arious studies have been 

performed todetermine the effects of electromagnetic radiation on biological molecules 
or systems. The question if "non-thermal" or "microwave" effects take place bas been 
approached from many different angles, which makes it hard to compare results. 
Experimental conditions show great variations and are in some cases oot well 
described. In addition, results are often contradictory. For food scientists and 
technologists it is important to onderstand the interaction with food as a whole and 

with its individual constitnents. 
The objective of this stndy is to determine the penetration and dissipation of 
electromagnetic energy in vegetable foods and to stndy its effect on the (in)activation 
of enzymes and rnicroorganisms. 
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General introduetion 

Outline of this thesis 

Chapter 1 gives an overview of theories and research findings on interaction of 

electromagnetic energy with biologica! componnds such as microorganisms, enzymes 

and other biomolecules. An attempt is made to provide a contribution to the elucidation 

of the "hlack box" of microwave effects. This is supported by a (non exhaustive) study 

of literature subdivided in frequency ranges namely, radio frequencies (1-500 MHz), 

microwave frequencies (500 MHz-I 0 GHz) and higher frequencies (> 10 GHz). Results 

of research are compared and evaluated and the impact on food processing is 

discussed. To study interaction of electromagnetic energy with food components it is 

essential to be aware of the (uneven) temperature profiles that can result from 

electromagnetic heating. Preferably one has to be able to predict heating distributions 

in order to control this very important parameter in microwave-interaction studies. In 

addition, predictive models can be a helpful tooi in designing and up-sealing of food 

processing steps. Chapter 2 provides a basis for the understanding and predicting of 

temperature profiles resulting from microwave heating of homogeneons foods with 

basic geometries. The next step is to study the interaction of electromagnetic energy 

with important food constituents. Because of their relevanee for food processing, 

research was focused on enzymes and microorganisms, respectively. To rule out any 

interlering effects from the product matrix, model systems of enzymes and 

microorganisms were studied. 

In Chapter 3 the effects of radio frequency energy on an aqueous enzyme system 

involving the Bowman-Birk inhibitor are described. From the electromagnetic wave 

spectrum, radio frequencies were chosen to be applied for two reasons: 1. interaction 

mechanisms are more likely to take place in this frequency range; 2. temperature 

profiles resulting from radio frequency heating are more easily controlled to be 

homogenous. The above described approach was also chosen for the interaction with 

microorganisms (Chapter 4). Model systems with increasing complexity (from liposome 

phospholipid membranes to bacteria and yeast in growth medium) were studied. 

In the last phase of this study a translation to the product level is made. Application 

of microwave energy for pretteatment of capeseed is studied in Chapter 5. The focus 

of this chapter is on the effects of microwave and steam heating on rapeseed Iipase 

inactivation. Effects on oil quality and seed structure are taken into account. 

Chapter 6 describes a second product application. Electromagnetic energy of different 

frequencies are used for blanching of leafy vegetables. Product quality is assessed 

using both instrumental and sensory methods. 
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Chapter 1 

Interaction of electromagnetic energy with biological 
material - relation to food processing 

Carina T. Ponne and Paul V. Bartels 

Agrotechnological Research Institute (ATO-DLO) 
P.O. Box 17, 6700 AA Wageningen, the Netherlands 

Radiation Physics and Chemistry 45 (1995), 4, 591-607 
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Chapter 1 

ABSTRACT 

For food scientists and technologists, the interaction of electromagnetic energy with enzymes, 
microorganisms and other food compounds is important in optimizing process efficiency 
and/or product quality. To be able to imptement research findings on interaction of 
electromagnetic energy with matter, theories and experimental data from various disciplines 
are summarized and placed in a food processing context. Interaction of electromagnetic energy 
with an object can take place at microscopie and macroscopie levels. Energy penetration and 
the formation of (inhomogeneous) temperature profdes in the object as a whole have to be 
taken into account before interaction at cellular and molecular levels can be studied. 

(The introduetion part of the original paper is used for the "General introduction" of 

this thesis) 

INTERACTION MECHANISMS 

Interaction of electromagnetic energy with a biological material can be studied at two 

distinct levels: 
-macroscopie level: objects, whole (food) products; 

- microscopie level: cells, membranes and molecules. 
Interaction phenomena at both levels, however, can not be regarded independently. One 

has to take into account the energy distribution that occurs within au object when 
placed in an alternating electric field. The first paragraph gives a short discussion of 

energy peneteation and dissipation phenomena. The next step is to study interaction 

mechanisms at smaller scales. Dielectric behaviour of biological material such as 
(aqueous solutions of) proteins and other biomolecules, free and bound water, salts, 
membranes and cells, which are main constituents of foods can give indications about 

effects of electromagnetic energy on food material. 

Macroscopie level: energy penetration and dissipation 

The way in which electromagnetic energy interacts with an object depends mainly on 

the field distributions within the material. The local field strength at the site of 

interaction will determine the heating profile in a material. Several computational 
studies of electromagnetic heating have been conducted to onderstand and predict 
energy-profiles in various objects. 
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Interaction of electromagnetic energy with biologica/ material 

Copson (1975) studied heat peneteation in agar cylinders. He described a core heating 

effect in cylinders at 915 MHz caused by focusing of the waves and peripheral heating 

pattems in the same cylinders at 2450 MHz caused by a limited penetration depth. 

Similar heating concentrations were found at 2450 MHz in the central part of spheres 

and cylindrically shaped model foods with diameters between 20 and 60 mm for 

spheres and 18-35 mm for cylinders (Ohlsson and Risman, 1978). Field distributions 

in bodies of spherical and cylindrical geometries irradiated by plane electromagnetic 

fields have been examined by many research workers. The importance of object size 

as a parameter in the potentlal formation of hot spots has been demonstraled several 

times. Workof Kritikos and Schwan (1975) followed by computations of Janna et al. 

(1980) and Kritikos et al. (1981) showed that in no case the heating of spheres with 

dielectric properties as in brain tissue was uniformly distributed throughout the sphere. 

Moten et al. (1991) investigated 1,315 GHz plane-wave induced field and specific 

absorption rate pattems in a sphere model of muscle tissue. They observed an intense 

hot spot in spheres with radii matching the carriers wavelength. Chen et al. (1993) 

developed a finite element metbod for the analysis of temperature distribution in a 

potato cylinder after microwave heating. Pronounced heating was found along the 

longitunal axis passing through the centre point of the potato cylinder. Also, 

rectangular shaped products show typical heating inhomogenities. For example, heating 

of prepared meals in their retail packaging resulted in hot spots at the corners of the 

product and low temperatures in the product centre (Burfoot et al., 1988). The 

composition of the material determines its dielectric - and heating properties. A 

difference in dielectric properties can cause differential microwave heating of 

compounds of a meal. 

Power dissipation formulations for computational studies of microwave heating of food 

systems have been evaluated by Ayappa et al. (1991). The effect of dielectric 

properties, including their varlation with temperature on heating was demonstrated. As 

illustrated above, energy peneteation and dissipation in a material exposed to an electric 

field of a eertaio level, is apart from the electric field distribution within an applicator, 

greatly influenced by its size, shape and composition. To study direct interaction with 

the compounds of an object on molecular or cellular levels, it is necessary to know and 

understand its energy-dissipation profile. In food technology, this means that to study 

interaction with food stuff and its constituents, one first bas to know the temperature 

distribution pattems within the product. With this knowledge, interaction mechanisms 

on smaller scales can be studied. 
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Chapter 1 

Dielectric behaviour of biological material 

The coupling between microwaves and a medium is determined by electrical 
permittivity and the magnetic permeability. The magnetic permeability of biologica! 
tissue is close to that of free space so direct interactions through magnetic fields can 
be ruled out (Boon and Kok, 1989; Grant and Gabriel, 1991). Heating by radio 
frequency or microwave fields occurs through two classes of relaxation mechanisms: 

through migration of ions and through rotation of dipole molecules. 
Measurement of dielectric properties gives much insight in the ability of a material to 

interact with an altemating electric field. Dielectric properties of a material are usually 
defined by the complex permittivity e·, which consistsof arealpart and an imaginary 
part (1). 

(I) 

e' is usually given relatively to the dielectric permittivity of free space and then 
referred to as relative permittivity or (relative) dielectric constant. It gives information 
about the ability of a material to store electtic energy. The loss tangent, tan S, is a 
measure for the ability of a material to dissipate energy (2). 

tanö = f!'le1 (2) 

e" is referred to as the (relative) loss factor (Decareau and Peterson, 1986). 

The relative permittivity of biologica} material (e.g. human tissue) over a range of 
frequencies will show a dielectric dispersion spectrum. Three distinctive dispersion 
regions called the a, B, and y dispersion can be recognized. Each dispersion zone 
corresponds with a fall in polarizability at certain specific relaxation frequencies 
(figure 1). The a dispersion is not very well understood but is probably due to relaxati
on of counter ions of cell membranes or migrations of ions through gates in 
membranes {Pethig, 1979; D'Inzeo et al., 1993). This phenomenon can occur at 
frequencies between 0.1 kHz and 10 kHz. The second dispersion zone (B) is 
determined by cell membrane properties and rotation of biologica! molecules. This 
dispersion zone is also found in the dielectric spectrum of proteins and other macromo
lecules in solution. Dielectric behaviour of proteins in aqueous solutions has been 
extensively studied (Oncley, 1954; Takashima, 1966 and 1969; Pennock and Schwan, 
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Interaction of electromagnetic energy with biologica! material 

1969; Allis, 1975; Bone et al., 1977; Essex et al., 1977; Grant et al., 1978; Pethig, 
1979; Foster and Schwan, 1988). 

e' 

Figure l. 

6 
10 

10 4 

10 2 

FREQUENCY [Hz] 

Dielectric spectrum of biological tissue with typical dispersion zones a,B;y and ö 
(after: Grant and Gabriel, 1991). 

Dipole reorientation of large biomolecules causes a slow polarization which disappears 

as the frequency is increased. This relaxation mechanism occurs at frequencies in the 
order of 1 MHz (for large, hindered molecules) up toabout 10-100 GHz (for smaller 

molecules). For proteins the B-dispersion takes place at around 0.1 -10 MHz. Studies 

of dielectric dispersions of various proteins have given a considerable amount of 

information about the geometrical and electrical symmetry of protein molecules. A 

simpte model descrihing the dipole rotation mechanism is provided by Debye (1929). 

It can generally be assumed that molecular dipoles in liquids exhibit Brownian 
movements with continuously changing directions. Debye assumed the molecular 

dipole to respond to the torque produced by an extemal electric field, as would a rigid 

sphere turning in a fluid of a macroscopie viscosity. This causes a rotational relaxation 
with relaxation time constant 't (3) and corresponding relaxation frequency f, (4) which 

can be estimated from the Stokes law, 

(3) 

f = Y:!1tt r 
(4) 
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Chapter 1 

Although the Debye theory is based on a macroscopie approach, it gives a very good 
correlation between relaxation and molecular size (Poster and Schwan, 1988). 

The fall in polarizability which occurs at frequencies above 1 GHz (y dispersion) is 

caused by dipolar relaxation of free water with an optimum relaxation frequency of 
about 19 GHz (Allis, 1975). In most cases an additional dispersion zone between the 

B and y dispersion can be distinguished at frequencies around 0.1-1 GHz. 

This dispersion may be a manifestation of internal flexibility of the macromolecules, 

partial orientation of polar side ebains or interaction with bound water at the surface 

of macromolecules. (Grant et al., 1978; Poster and Schwan, 1988, McClean et al., 

1981). 

The process of dielectric relaxation of bound water is governed by the rupture or 

distordon of one hydrogen bond, linking the solute molecule to its neighbouring water 

molecules (Grant, 1965). The principle relaxation range of proteins is in the low 

megahertz range but single amino acids and po lar side ebains of protein molecules can 

undergo a dielectric relaxation at considerably higher frequencies because of their 

smaller size. These types of relaxation mechanisms may account for a significant 
contribution to the loss above 100 MHz, even though changes in permittivity might be 

small (Poster and Schwan, 1988). 
When the properties of foods as a whole are considered, three structural mechanisms 

at different levels contribute to the dielectric behaviour. The first mechanism is 
interaction with the aqueous matrix containing colloidal or dissolved salts, metabolites, 

enzymes, sugars, nucleic acids and organelles including storage material such as starch 

or glycogen. A second region is near cell membranes and cell walls. These are charged 
by surface ionization and surrounded by a layer of counter ions. The membranes 

contain lipids and proteins and their permeability is subjected to biochemical controL 
A third region is the extracelluar bulk: water containing salts, nutrients and waste 
products. Generally for foods it is assumed that dielectric behaviour at microwave 

frequencies is determined mainly by free water relaxation and ionic conductivity 
(Mudgett, 1985). 

A better understanding of interaction mechanisms of electromagnetic energy and matter 

is significant for development of new uses for electromagnetic energy. Improvement 
of dielectric and other analytic equipment may help to reveal more of the principles 

of interaction between materialand electromagnetic energy. 
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Interaction of electromagnetic energy with biologica[ material 

SPECIFIC EFFECTS OF ELECTROMAGNETIC ENERGY 

Introduetion 

Effects of electromagnetic energy on a medium are often referred to as being thermal 

or non-thermaVa-thermal. However, this division is indistinctive. Interaction with the 

electromagnetic field always includes energy transfer and therewith usually a (local) 

temperature rise. Therefore the term non-thermal is confusing in this context. However, 
some effects of microwave-matter interaction are specific for electromagnetic energy 

and can not be achieved by means of conventional heating. To reveal these specific 
microwave effects, perfect temperature control is of prime importance. Temperature is 

a macroscopie, average parameter of a system in mutual interaction and can be related 

to the average kinetic energy of the particles. The same thermal equilibrium may be 

reached witheither conventional or microwave heating (Boon and Kok, 1989). Optical 

and geometrical effects during microwave exposure can result in locally high or low 
power levels within an object, as pointed out before. In case researchers are not aware 

of these phenomena incorrect conclusions about the existence of specific microwave 
effectscan be drawn. 

In this paragraph specific effects of electromagnetic radiation will be discussed, 

referring to effects of microwave-matter interaction on a microscopie/molecular level, 

that can not be explained by temperature rise of the medium. Literature on specific 

effects of electromagnetic energy comprises many different subjects and studies are 
carried out from the viewpoint of various disciplines. For the food processing industry 

it is interesting to focus on interaction of electromagnetic energy with microorganisms 

and biomolecules such as proteins/enzymes. For these groups of biologica! materials 

an inventory of publisbed theories was made. In addition, some theories and 
observations from the microwave chemistry area are presented which seem to have a 

parallel with chemica} and biochemica! reacrions playing a role in food processing. 
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Chapter 1 

Theories on specific electromagnetic effects 

Effects on enzymes/proteins 

Electromagnetic radiation can be envisaged as discrete quanta which are absorbed by 

matter. The amount of ener~ associated with a quanturn is then decisive for the type 

of change that takes place initially. The quanturn energies of microwaves and radio 

waves are several orders of magnitude too low to be able to break chemica! honds 

(table 1). 

Table 1. Quanturn energy levels of electromagnetic radiation and various chemica! bond energy 
(after: Neas, 1992). 

Radiation type 

'trays 
X-rays 
ultraviolet 
visible light 
infrared light 
microwave 
radio 

Chemical bond type 

H-OH 
H-CH3 

H-NHCH3 

H3C-CH3 

PhCH2-COOH 
hydrogen bridge 

Typical frequency 
(MHz) 

3.0 x 1014 

3.0 x 1013 

1.0 x 109 

6.0 x Hf 
3.0 x 106 

2450 
1 

Chemica! bond energy 
(eV) 

5.2 
4.5 
4.0 
3.8 
2.4 
0.2 

Quanturn energy 
(eV) 

1.2 x 106 

1.2 x HP 
4.1 
2.5 
0.012 
1.0 x 10'5 

4.1 x w-9 

However, there are structures in biologica! materials which may be affected by very 

low energies e.g. hydrogen bonded structures in which very low energy intensities may 

cause displacement of protons. The fact that the extent of water binding or hydration 

of macromolecules such as proteins may be studied by means of microwave spectro

scopy shows that water binding and microwave absorption are correlated. However, 

sharp resonant-type absorptions in biologica! tissue or other media rich in water are not 

likely to occur at microwave frequencies because of the high absorbance of the water 

molecules. Some claimed resonant type absorbances in DNA in the GHz range 

(Edwards et al., 1985) could not be reproduced. Gabriel et al. (1989) found no 

10 



Interaction of electromagnetic energy with material 

evidence of any resonance absorption in DNA at 1-10 GHz and Bigio et al. (1993) 

came to the same conclusions for the frequency range of 5-20 GHz. Fröhlich (1982) 

presented a prediction of specific biologica! effects of microwave radiation on 

enzymes. 

Interaction between dipoles of activated enzymes may lead to oscillation with a definite 

frequency and amplitude. This so-called limit cycle may be destroyed by a relatively 

weak: intemal field with the same frequency and thus lead to liberation of stored 

energy. Keilmann (1985) postulated the existence of a transient 'triplet state' i.e. a 

molecular form in which two unpaired electroos interact due to their magnetic fields 

generating three substates differing in the mutual orientation of electrons. This may 

cause alterations in biochemica! reaction rates and cellular growth rates. Both the 

theory of Fröhlich and Keilmann were not supported by other authors or additional 

experiments. Yeargers et al. (1975) proposed two mechanisms that can result in energy 

absorption by an enzyme molecule: direct interaction with the microwave field through 

Debye type relaxation phenomena and absorption of the microwave energy by the 

solvent and absorption by the enzyme of the resultant thermal (vibrational) energy 

through nearest neighbour collisions. Proteins have a eertaio distribution of charges and 

contain polar side chains, which can possibly be rotationally excited by microwaves. 

Also the water molecules in the hydration layer of a protein may be brought into 

rotation by electromagnetic energy (Boon and Kok, 1989). At frequencies above 1 GHz 

the bulk water in a biologica! material dominates energy absorption. However, at 

frequencies an order of magnitude below, the effect of bound water becomes important 

(e.g. hydration water of macromolecules). Therefore, one could expect to see prefe

rentlal energy deposition in the bound water compared to the surrounding bulk water. 

When the time of local energy deposition is short compared to equilibration thermal 

denaturation could occur. According toGabrietand Orant (1989) this is a micro ther

mal (specific) effect that needs follow up research. Poster et al. (1982) contradiet this 

theory by demonstrating that hot spots on a molecular scale are not to be expected in 

steady state due to the fast heat conductance. However, temporary changes in energy 

states of a molecule caused by absorption of electromagnetic energy can not be 

described by the law of Fourier as used in this artiele because this is only valid for 

heat transfer in a continuum. The effect of microwave induced changes in rotational 

or conformational states of a molecule on functional properties is still not understood. 
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Chapter 1 

Effects on microorganisms/membranes 

Barnes and Hu (1977) presented a model for mechanisms by which microwave effects 

could take place in biological materials as a result of microwave and radio frequency 
fields. Both shifts in ion concentrations across a membrane and the orientation of long 

chain molecules are shown to be possible. More recent work of Bond and Wyeth 

(1985) and Pilla et al. (1993) showed that an external electromagnetic field interacts 

with the cell membrane and thereby changes the concentration profiles of ions that 
react with membrane bound enzymes. Field-membrane coupling is mediated via greatly 

enhanced susceptibility of the system when it is near its critical point of transition from 
solid to liquid crystalline phase. The coupling of microwaves could be either to em

bedded proteins, to lipids or to both (Bond and Wyeth, 1986). Weaver (1992) 

discussed an interaction mechanism for low frequency electromagnetic fields with cell 

membranes. They calculated that channel gating by changes in trans membrane voltage 

can occur. Also, D'Inzeo et al. (1993) developed a model for the statesin which a 

membrane ionic channel can exist. The response of the model for voltage-dependent 
channels such as K+, Na+ and Ca2+ in a voltage-damp situation, is analyzed for 

sinusoirlal electromagnetic fields. They obtained evidence of both the differentlal 
response at different frequencies and amplitudes of the electromagnetic stimulation. 

Fisun (1993) showed with a simple model, that movement of ions and collective 

oscillation along a charged membrane bilayer can be influenced by an external 

electromagnetic field. According to Adey (1986) fields can modify calcium binding at 
cell surfaces and modulate calcium dependent intracellular enzyme mechanisms. The 

precise mechanism of coupling of an electromagnetic field to the membrane is not 

determined analytically. There are not enough data and information available on 
membrane structure (Bond and Wyeth, 1986). Theories discussed above have to be 
more intensively validated through further experiments. 

The lethal effect of strong electric fields on biological cells is a known phenomena. It 
is explained with creating of charge separation in a cell membrane when the potential 
difference exceeds a certain critica! value, resulting in permeability of the cell 

membrane. The reversible or irreversible nature depends on the electric field strength 
(Mertens and Knorr, 1992). This phenomenon, however, is aresult of subjection of 
the cells to very strong (statie) electric fields. It is not clear if similar effects will occur 
at lower intensity (alternating) electric fields. A world patent (Hofmann (Maxwell 

Laboratories), 1985) describes studies which show the effect of low frequency energy 
(5-500 kHz) in combination with a strong static magnetic field. It is unclear if the 
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killing effect on microorganisms that is claimed results from application of a strong 

magnetic field or from direct interaction with the radio frequency energy or from both. 

This noo-thermal inactivation is explained as mechanical disroption of the cells by 

rapid oscillation in the altemating field. Apart from this world patent, no supporting 

literature about this phenomenon is available. 

If electromagnetic energy at a specific frequency can be selectively absorbed by critica! 

organic molecules of a microbial cell, such as an essential protein or DNA molecules, 

these molecules could be irreversibly denatured. The microorganisms could then be 

inactivated at low temperatures in the suspension medium (Carroll and Lopez, 1969). 

Palaniappan et al. (1990) reviewed various phenomena that can take place when 

microorganisms are placed in an electric field. Selective absorption of microwave 

energy by bacterial cells of high intracellular conductivity is difficult to prove or 

disprove since intemal temperature of a bacterial cell can not be measured. If heat can 

be generated faster in the microbial cell than in the suspension medium, the cell might 

be destroyed therrnally at a comparatively low heating rate of the suspension medium. 

This effect depends on the chemical composition of the suspension medium and of the 

microbial cells. Differences in dielectric properties (perrnittivity values) between 

components of a product or tissue can result in different interactions with an electric 

field at a set frequency. For example, Rogers et al. (1983) measured relative 

permittivities of mouse tumour tissue and found that it was significantly higher than 

that of the normal tissue over the frequency range of 50-200 MHz. The higher 

conductivity of these tissues may be important in the selective heating of tumours using 

microwaves. No studies were fond that clearly demonstrate this type of selective 

heating. 

Microwave chemistry 

The way in which electromagnetic energy is applied in microwave chemistry, shows 

some overlap with food science and technology. In case well defined reaction mixtures 

are used, much insight can be gained into interaction of electromagnetic energy and the 

various compounds in a reaction medium, on a molecular scale. 

In recent years, microwave radiation is found to accelerate many organic reaelions in 

non aqueous solvents (Bose et al., 1991). Abramovitch (1991) reviewed applications 

of microwave energy in organic chemistry. In bis review it is suggested that since 

molecular rotation may be relatively slow, double quanturn excitation may occur and 

lead to "local over-heating". Such localized heating may well occur under non-
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Chapter I 

homogeneons conditions or when a dipolar molecule or reactive intermediate is formed 

in a non-microwave absorbing medium. Polar organic compounds can be heated 
through dipole rotation whereas the hydrocarbon solvent show almost no direct absorp

tion of microwave energy. Berlan et al. (1991) found evidence fora specific activaring 

effect of microwaves under homogeneaus conditions when they compared the rate of 

several Dieis-Alder reacrions under conventional or microwave hearing at the same 

bulk temperature. However, Raner et al. (1993) attempted to duplicate these results but 

found no acceleration of the reaction rate under microwave conditions. Microwave 

irradiation was applied by Adamek and Hajek (1992) to homogeneons catalytic 

addition reacrions of tetrachloromethane and ethyl trichloroacetate with styrene. A 3 
to 21 fold increase of the reaction rate was observed compared to classica! hearing. 

FfiR spectroscopy showed that the energy transfer in cross Hnking of macromolecular 

resins can be strongly enhanced by using specific pulse repetition frequencies which 

correspond to dielectric relaxation of polar structural elements in the polymer (Jullien 

et al., 1988). Stuerga et al. (1993) described the possibility of controlling the selectivity 

of competitive reactions. They demonstrated that isomerie ratio in sulfonation of 
naphthalene-could be influenced by setting microwave hearing rates. The authors 

explain that this effect is associated with the power density of the applied microwave 

radiation, which causes a controlled change of temperature. 

Jullien et al. ( 1991) presented a theory for microwave-molecule interacri ons to interpret 

increased reaction rates in chemical reactions. Kinetic laws lead to three different but 

complementary hypotheses, which point to the possibility of non-thermal effects. The 

first two effects depend on the life time of transition of reactants. In case of short life 

times the position hypothesis holds: the electric field causes the reactants to take 
favourable positions in respect of each other which corresponds with a lower state of 
entropy. In case of reactions with long life times the electric field can cause an 
increasing prohability of molecular collisions. A third hypothesis is the occurrence of 

differences between high local temperatures of electrical entities. 

Discussion 
Theories about the mechanism of interaction of electromagnetic energy with matter do 
greatly vary with the objects of study and depend on the frequency ranges studied. 

However, the food technologist can distil and apply valuable information out of 
research from various viewpoints. When interaction with microorganisms is concerned, 
electromagnetic fields have shown to cause ion shifts on cell membranes resulting in 
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a change in permeability, functional disturbances and cell ruptures. These findings are 

still quite theoretica! and have to be supported experimentally. The upgrading step from 

membrane and cell model systems to the food matrix remains to be made. 

Theoretically, bacterial cells or spores present in foods may be differentially heated 

compared to the food matrix. This could result in specific inactivation or changes in 

cell metabolism and growth. However, this theory seems to be lacking experimental 

basis. 

Interaction with biomolecules is especially interesting when enzymes are concemed. 

If Debye-type of interactions with the protein molecule or a part of this molecule take 

place this cou1d lead to (reversible) functional effects or irreversible inactivating ef

fects. In addition, interaction of electromagnetic energy with all types of charged 

molecules may have an impact on enzymatle or non enzymatic reactions that play an 

important role in processing of foods. Although mechanisms of differentlal interaction 

with (parts of) molecules in aqueous media are suggested by various authors much 

fundamental research is needed to investigate this matter. Microwave chemistry 

research seems to result in new ideas about specific microwave effects on reaction rates 

and specificity of reaelions that need to be validated and translated to reaelions in 

homogeneaus and aqueous media such as food stuff. 

DISCUSSION OF EXPERIMENTAL DATA 

In this section some experimental data on specific effects of electromagnetic radialion 

are summarized. General purpose of the studies that are discussed bere was to reveal 

radio frequency or microwave effects that are not purely thermal in nature. In some 

studies an electromagnetic heat treatment was compared to a conventional heat 

treatment under idenlical time and temperature conditions. In other cases the applied 

power input was very low in order to prevent heating effects. To enable a comparison 

of various studies, data are classified in three frequency ranges: radio frequencies 

(1-500 MHz); microwave frequencies (500 MHz-10 GHz) and higher frequencies 

(> 10 GHz). The data are summarized in table-form indicaling: -the object of study; 

-experimental conditions; -the way in which temperature was re gistered and controlled; 

-what parameters were tested for changes; -design of control experiments; -were test 

parameters monitored during or after exposure to electromagnetic radiation and 

-if a specific microwave effect was found. 
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Radio frequency studies 

Most of the research on interaction of electromagnetic energy and biological material 

in the radio frequency area was carried out before 1940-1950. These studies arenotall 

included bere, partly because our literature search was mainly focused on studies after 

1975, partly because at that time control of experirnental conditions, especially 

temperature was difficnlt to achieve. Table 2 shows a summary of the conditions and 

results of some experiments that are described in literature. Takashima (1966) exposed 

various biological macromolecules to radio frequency fields varying from 1-60 MHz. 
Frequencies were included that had shown to result in maximum dielectric loss in the 

macromolecules. Tbe energy was applied in short low power pulses. Heating was 

compared to normal heating at a controlled rate. No changes other than indoeed by 

heat were found in the conformation of alcohol dehydrogenase, bovine serum alburnin, 

or DNA. 

In the early work of Fleming ( 1944) Escherichia coli cells were exposed to various fre

quencies in the range 11-350 MHz. Non-thermal effects of this radio frequency energy 

were claimed because cells were inactivated without a significant temperature rise. 
However, these results could not he reproduced by Brown and Morrison (1954). 

Ingram and Page (1953} found no significant effects of pulse modulated 10-20 MHz 

radiation on viability of Saccharomyces cerevisiae and Escherichia coli. From overall 

results a small radio frequency effect could he discovered but it was not possible to 

assess the significanee of this effect. Carroll and Lopez (1969) studied selective killing 

effects of radio frequency energy at 60 MHz on microorganisms. They found no 

observable inactivation effect of radio frequency energy itself on Escherichia coli, 

Bacillus subtilis and Saccharomyces cerevisiae. Tbe sarne condusion was drawn for 
food enzymes by Lopez and Baganis (1971}. They did some work indicating that radio 

frequency energy at 60 MHz does not have any significant specific effects aside from 
that caused by heat on the five food enzymes studied. Tbe experimental conditions 
such as power input, time and temperature history were not described. Accelerated 

synthesis of acetals at 250-500 MHz in sherry yeasts was observed by Abramov et al. 

(1982). However, experimental conditions and especially temperature control were not 

described extensively. Liu and Cleary (1988) studied the permeability of lipasomes 

under influence of electromagnetic fields from 100 to 2450 MHz. They found that 

permeability was not enhanced. Nelson (1985} established selective heating of insects 

(rice weevils} in wheat. 
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Table 2. Summary of experiments to demonstrate specific effects of electromagnetic energy. Radio frequencies: 1 - 500 MHz 

souree object frequency power input control temperature test measured effect pub lic. 
studied {GHz) experiment re gistration parameter simultlsubsequ. year 

Abramov et al. yeast 0.25-0.5 20-60 mW/cm2 no radiation ? acetal content subsequent yes, higher 1982 
Brownl 
Morrison E. coli 0.011-0.35 ? ? ? plate count subsequent no effect 1954 
Carroll/Lopez microorg. 0.06 max. 500W -20°C; controlled plate count subsequent noeffect 1969 

-conv.heat by vacuum 
-in foods 

Fleming E. coli 0.011-0.35 ? ? ? plate count subsequent yes, higher 1944 
inactivat. 

In gram/Page S. cerevisiae, O.Ql-0.02 < 2000 V/m; no radiation < 30°C, viability, subsequent no effect 1953 
E.coli, tabacco pulse- ± 5 kW/rnl cooling + plant lesions, 
mosaic virus, modulated sample plaque form. 
bacteriophage circulation 

Liu/Cleary liposornes 0.1-2.45 60W/kg no radiation ? liposome subsequent no effect 1988 
permeability 

Lopez/Baganis food enzymes 0.06 ? ? ? activity subsequent no effect 1971 
Nelson insects 0.039 ? compare with ? inactivation subsequent yes, higher 1985 

ingrain 2.45 GHz 
Takashima ale. dehydro- 0.001-0.060 100 W, pulsed no radiation 20°C cooling conformation subsequent no effect 1966 

genase, BSA, water 4-5°C 
DNA 
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The power dissipation between 10-100 MHz was 3 to 3.5 times greater in the insect 

than in grain. Experimental treatment of wheat infected with adult rice weevils at 

frequencies of 39 MHz and 2450 MHz confrrmed this prediction. Exposores at 39 MHz 
of 3 seconds leád to 100% mortality in the insects. 

In summary, there are not many indications that a direct interaction of radio frequency 
energy with molecules or microorganisms leading to changes in activity or 

conformation occurs. Only in case of large differences in permittivity of various 

components in a system (insects in grain) differentlal absorption of radio frequency 

energy can take place (Nelson, 1985). The effects of radio frequency energy are 

generally determined after application of the energy. Reversible changes which might 

occur under influence of an alternating field and which have to be monitored in situ 
have usually not been taken into account. In addition a wide range of radio frequencies 
bas not yet been screened for their effects on biologica! materials. 

Microwave frequency studies 

As 2.45 GHz is the most widely used frequency for household and industrial 
microwave ovens, a great number of studies were conducted in this frequency range 

(table 3). Most of the reported studies are focused on inactivation of enzymes and on 

the effect of biologica! cells and microorganisms. 

Effects on enzymes/proteins 
Treatment of three human serum enzymes with microwave radiation demonstrared 

thermally induced inactivation but no non-thermal effects were apparent (Belkhode et 

al., 1974). Hendersou et al. (1975) demonstrated that it was possible to obtain 
significant inactivation of peroxidase at room temperature (25°C) by applying micro

wave energy. Local heat denaturation, however, could not be ruled out. Y eargers et al. 

(1975) studied two enzymes, lysozyme which is fairly insensitive to heat and trypsin 

which is heat sensitive. Mter subjection of the enzymes to 2450 MHz energy no 
differences in enzyme performance were observed compared with conventional condi

tions. UV difference spectrbscopy was applied to detect changes in the environment 

of the UV absorbing amino acids because of microwave introduced changes in 
molecular flexibility. Samples of bovine serum albumin were simultaneously irradiated 

and monitored with a spectrophotometer, integrated in the wave guide. 
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The applied frequencies ranged from 1.7-2.6 GHz. Temperature in the sample and 

reference cuvette was kept low. Results showed that there was no microwave-effect 

observable by these techniques neither during nor after irradiation. Furthermore, the 

relaxation of bound water at the surface of proteins which can be expected at these fre

quencies did not appear to result in significant changes in protein structure (Allis, 

1975). Ward et al. (1975) studied enzymatic activity coïncident with 2450 MHz 

microwave exposure and found no effect on enzymatic activity at 25°C. They found 

no change in the activity of glucose-6P-dehydrogenase. Also, no permanent or 

temporary varlation in the activity of lactate dehydrogenase was found during 

microwave radiation at 3 GHz (Bini et al., 1978). The activity of membrane-bound 

enzymes during exposure to microwave radiation was found not to differ from the 

activity of control samples (Allis and Fromme, 1979). No effect on the activity of 

creatine phosphokinase or acetyl choline esterase at 2.45 GHz was found by Galvin et 

al. (1981). The enzyme activity was measured simultaneons with microwave exposure 

to measure reversible effects. A more recent study by Dutta and Verma (1989) showed 
increased transcription of RNA, RNA polymerase activity and protein synthesis in 

Neurospora crassa mycelial cells after application of 915 MHzmicrowave radiation. 

Van Dorp (1992) studied the effect of 2.45 GHz radiation on living and non-living 

objects inlife science. He found no specific microwave effect on incubation time of 

an enzyme linked immuno sorbent assay (ELISA). Garaj-Vrhovac et al. (1993) found 

an increased number of chromosome breaks in a group of radar station persounel after 
exposure to 1.25 - 1.35 GHz radiation. However, in this epidemiological study it was 

difficult to measure all factors that can influence the outcome and to have a valuable 

control situation. 

It can be concluded that the effects of microwave radiation on enzyme activity and 

denaturation appear to be thermal in most of the publisbed studies. Enzymes are fairly 

large macromolecules which exhibit rotational relaxation at frequencies in the low MHz 
range. This means that direct coupling to the microwave field is not to be expected. 

In the microwave frequency range, the surrounding medium which is often aqueous 
absorbs very strongly. lt will therefore be very hard to separate specific effects, e.g. 

interaction with polar side ebains or hydration water, from the overall effect of water 

heating. 
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Table 3. Summary of experiments to demonstrate specifïc effects of electromagnetic energy. Microwave frequencies: 500 MHz- 10 GHz 
souree obJect frequency power mput control temperature test measured effect pubhc. 

studied (GHz) experiment registration parameter simult./subsequ. year 

Allis BSA 1.7/2.45 37-100 mW/g no control, cooling c.3ooe conformation simultaneons no effect 1975 
low dosis 

Allis/Fromme cytoxidase, 2.45 26 mW/g no radiation 25 oe activity simultaneous no effect 1979 
ATP-ase 

Belkhode human serum 2.8 100-400 no radiation heat excbang. actlvtty subsequent no effect 1974 
et al. enzymes mW/cm2 37,46.7,49.7oe 

Berdniko va E. coli 2.45 ? ? c. 52 oe beating rate simultaneons yes, selective 1982 
et al. beating 

Biniet al. lactate 3.0 30-1800 W/kg no radialion tbermostatic activity simultaneons no effect 1978 
debydrogenase at 25-60°e 

Chipley E.coli, 2.45 ? conventional ? cell number subsequent yes, enhanced 1980 
S.aureus, cell numbers 
B.cereus a.o. 

Dardalbon S. cerevisiae 2.45 pulsed conventional 30 min. pro te in subsequent no effect 1982 
et al. 10-60 mW/cm2 equilibrium syntbesis 

van Dorp ELISA 2.45 123-368 w conventional low power, incubation simultaneons no effect 1992 
temp. 37°e times 

van Dorp animal cells 2.45 193 w no radiation 5 bours 37oe cell replicat. subsequent no effect 1992 
antibody prod. 

Dreyfuss/ S.aureus 2.45 ? conventional end point enzyme act. subsequent yes, enhanced 1980 
Cbipley temperature 

Dutta/V erma Neurospora 0.915 0.1 W/kg no radiation no temperature RNA -transcript. subsequent yes, increase 1991 
crassa rise polymeriz., 

pro te in 



table 3, continued 

Fujikawa et al. E.coli 2.45 100-500 w conventional end point plate count subsequent no effect 1992 
temperature 

Galvin et al. enzymes 2.45 1-100 mW/g conventional cooling 37oe activity simultaneous no effect 1981 
and 25°e 

Garaj-Vrhovac hu man 1.25-1.35 < 20 mW/cm2 no radiation chromosomal subsequent yes,increase 1993 
chromosarnes aberrations 

Goldblith/ E. coli 2.45 ? conventional ? plate count subsequent no effect 1967 
Wang B. subtilis 

Hanmerius S. typhim. 2.45/3.10 ? 37°e ± 0.3 oe ? cell count subsequent yes, higher 1985 
et al. 

Hendersou peroxidase 2.45 62-375 W/cm3 conventional eei4 circ. activity simultaneons yes,inactivation 1975 
et al. 

25 oe A47o nm 
Jeng et al. B. subtilis 2.45 ? conventional identical plate count subsequent no effect 1987 

spores sterilization time-temperature 
Khalil/ Villota S.aureus 2.45 ? conventional kerosine plate count subsequent yes, metabolic 1988 

50°e circulation toxine product. imbalance 
Khalil!Villota B.stearo- 2.45 ? ? stabilization plate count subsequent yes, higher 1989 

therophilus 100 oe lethality 
Lechowich S. faecilis 2.45 c. 1500W ? cooling 40,50 respiration subsequent no effect 1%9 
et al. S. cerevisiae 55°e, kerosine plate count 

circulation 
Liburdy/Magin lipasomes 2.45 60 mW/g sham thermostatic membrane subsequent yes, higher 1985 

irradiation 27-34oe permeability 
Liburdy!Penn erythrocytes 2.45 60mW/g sham thermostatic Na-transport subsequent yes, higher 1984 

irradiation 15-25°e 
Liburdy/ membrane 2.45 60mW/g no radiation cooling 19oe liposome subsequent yes, higher 1986 
Tenfarde liposomes permeability 



table 3, continued 

Liu/Cleary liposomes 0.1 - 2.45 60 W/kg no radiation ? liposome subsequent no effect 1988 
permeability 

Pakhornov nerve fibers 6.45 30-230 W/kg no radiation 21-24°C electrical simultaneons no effect 1991 
et al. low dosis conduct. pot. 
Panasenko microorg. 2.375 50 mW/cm3 conventional ? cell mortality subsequent yes, higher 1982 
et al. 

Saffer/ E.coli 2.55 10 W/kg no radialion 37°C, gen express. subsequent yes, increase 1992 
Profenno no cooling of galactosidase 

Spencer et al. Enterobact. 2.45 30 min. 640W 5 min. 150W? 40°C enzyme act. subsequent yes, increase 1985 

Straub/Carver frog skin 1.6-12 max.l-2 W/cm - ? - Na-K, subsequent no effect 1975 
- ATPase, 

ADP/0 
Vela/Wu microorg. 2.45 max.l.S kW no radiation ? plate count subsequent no effect 1979 

Ward et al. gluc.6 P 2.45 42 W/kg no radialion 25°C cooling activity simultaneons no effect 1975 
dehydrogenase waterbath 

Y eargers et al. enzymes 2.45 50-300 W/ conventional not controlled; activity subsequent no effect 1975 
500 ml 30-95°C 
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Effects on microorganisms/membranes 

In 1967, Goldblith and Wang measured the degree of inactivation of Escherichia coli 

and Bacillus subtilus spores by microwave energy of 2450 MHz. They found that it 

was identical to inactivation by conventional heating. Lechowich et al. (1969) found 

that continuons application of microwaves to suspensions of Streptococcus faecalis and 

Saccharomyces cerevisiae produced no lethal effects other than those produced by heat. 

Effects on membranes were studied by Straub and Carver (1975) by using frog skin 

as a model materiaL At microwave frequencies of 1.6-12 GHz no effects on skin 

potential could be detected. Both parallel and perpendicular skin-to-electric field 

orientation was examined. Low frequencies of 1-200 Hz, however, increased skin 

potential. Vela and Wu (1979) concluded for various bacteria, actino mycetes, fungi 

and bacteriophages that they were inactivated in the presence of water, by thermal 

effects only. Activities of metabolic enzymes in microwave 2450 MHz treated S.aureus 

cells were found to be higher than in control cells (Dreyfuss and Chipley, 1980). Their 

data indicated that microwave radiation affects Staphylococcus aureus in a way which 

cannot be explained solely by thermal effects. However, it was also shown that higher 

levels of enzymatic activity correlated with higher cell numbers for one of the enzymes 

tested. In another study described by Chipley (1980), an increase in cell number was 

found after microwave exposure when cultures were grown in nutrient broth. 

Microwave exposure was compared to conventional heating but time-temperature 

registration was not described. Increased heating in Escherichia coli cells when 

subjected to microwaves was observed (Berdnikova et al., 1982). This would explain 

the higher mortality rates for inactivation of bacterial cells found by Panasenko et al. 

(1982) when compared with conventional heating at identical time and temperature 

conditions. On the contrary, no significant difference in the rate of protein synthesis 

between conventional or microwave indoeed hypertherrnia in Saccharomyces cerevisiae 

was found (Dardalhon, 1982). Microwave exposure of rabbit erythrocytes increased 

sodium influx at membrane phase transition temperatures (17-19°C). In addition, a 

differential enhanced release of various erythrocyte proteins was detected in microwave 

treated samples. Control experiments were carried out onder the same conditions but 

without microwave irradiation and results indicated the effects to be specific 

microwave effects (Liburdy and Penn, 1984). Other studies of Liburdy and Magin 

(1985) demonstraled microwaves to stimulate the release of an aqueous 

chemotherapeutic drug from phospholipid vesicles below the membrane phase 

transition temperature. At this temperature these liposomes are normally not leaky. 
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Microwave irradiation of bacteria causes increased enzymatle activity which can be 

applied for rapid tests on microbial identification (Spencer et al., 1985). As an 

explanation for these alterations in substrate utilization, the authors presumed that 

bacterial cell walls are damaged by microwave irradiation. This allows the intracellular 

contents to escape, teading to shorter reaction times. Increased cèll densities after 

irradiation of Salmonella thyphimurium were observed by Hamnerius et al. (1985). 

They concluded that a non-thermal physiological effect occurs. Temperature control 

and power input, however, were not clearly described. Enhanced membrane 

permeability of erythrocytes by 2450 MHz field exposures was found at the 

phase/structural transition temperature of erythrocyte membrane. Protein phospholipid 

clusters that exist within the membrane itself could possess different regional dielectric 

properties. In addition, differentlal effects on protein shedding of low molecular weight 

proteins of the erythrocyte were demonstraled (Liburdy and Tenforde, 1986). Injury of 

cells of Staphylococcus aureus exposed to microwave radiation of 2450 MHz at 

sublethal temperature of 50°C was found to be greater than after conventional heating 

(Khalil and Villota, 1988). Microwave stressed cells seemed to have become in a 

greater metabolic imbalance than those conventionally heated. Anaerobic conditions 

seemed to have enhanced recovery of microwave heated cells. The authors suggested 

that microwaves catalyze certain oxidative reactions possibly in membrane lipid, the 

by-products of which adversely affect the cells during sublethal heating. The same 

authors showed in a later study (Khalil and Villota, 1989) that survival curves and 

calculated 0 212 values of Bacillus stearothermophilus were consistently higher for 

microwave heated samples (at 50°C). Results suggested a non-thermal effect, resulting 

from ion shifts across membrane and reorientation of long chain molecules. The 
authors supposed that temperature differences in the micro-environment of the cell or 

within the cell may contribute to lethality differences of the two heating modes. The 

results of Jeng et al. (1987) denied the existence of microwave effects on spares. They 

demonstrated that the sporicidal action of microwaves was solely caused by thermal 

effects. Nerve fibres exposed to 6.45 GHz microwaves appeared to have extreme 

sensitivity to subtie temperature changes, induced by irradiation, but no non-thermal 

effects were detected (Pakhomov et al., 1991). Saffer and Profenno (1992) showed that 

low level microwave irradiation resulted in an increase ofbeta-galactosidase expression 

in Escherichia coli. According to the authors the effects were probably due to 

microthermal differences because no bulk increase of the temperature was observed. 

Escherichia coli absorbs 50% less energy than the surrounding medium, which could 
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result in a thennal gradient from the outside to the inside of the cells. In an other study 

the kinetics of destruction of Escherichia coli cells was studied and found to be similar 

for microwave heating and conventional heating (Fujikawa et al., 1992). Experiments 

to study the effect of 2.45 GHz on rat ganglion cells showed no microwave induced 

change in cell replicadon rate or antibody production (van Dorp, 1992). Research on 

health hazards of low-level microwave energy bas been going on for over 40 years and 

it is questionable if ever a consensus will be reached from all the theories and 

observations that have been reported (Poster and Pickard, 1987). Many studies were 

focused on the question whether microwave mdiation can give rise to noo-thermal 

biologica! effects on microorganisms, cells and membranes. Most studies have been 

conducted at 2450 MHz. Por enzyme systems most studies in this frequency range 
indicate that there are no effects other than heating. Por microorganisms results were 

more diverse. Microorganisms and membrane systems are very complex and many 

interaction mechanisms can take place. However, Adey (1988) states that there is 

evidence based on modern cell and molecular biology for interaction of low frequency 

or low level electric and magnetic fields and also for low frequency amplitude 
modulation of radio frequency and microwave fields with cell membranes. The effect 

of electromagnetic energy on membranes and cells remains an interesting field of 

research with many unanswered questions. Especially for microwave frequencies, 

measurement of the field strength within the samples is very important. It is essenrial 

to measure the actual power densirles and absorbed power and resulting temperature 
profile tbraughout the whole product, before conclusions about specific microwave 

effects are be drawn. 

Studies at higher frequencies 

Studies that were conducted using frequencies above 10 GHzare summarized in table 

4. 
In their work, Webb and Dodds (1968) investigated the effects of high frequency 

energy on Escherichia coli cells and observed an effect of microwaves at 136 GHz on 

cell metabolism. They suggested that microwaves have two effects: slowing down cell 

division and specific inhibition of some metabolic process in the early part of the life 

span of a cell. 
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Table 4. Summary of experiments to demonstrate specific effects of electromagnetic energy. High frequencies: > 10 GHz 

souree object frequency power input control temperature test measured effect public. 
studied (GHz) experiment re gistration parameter simult./subsequ. year 

Dardalbon S.cerevisiae 70-75 60 mW/cm2 conventional thermostatic; survival, subsequent no change 1979 
et al. 30,42,47 ,52°C structural injury 

zygote formation 
Furia et al. S.cerevisiae 41.650/4 L 798 80mW/ml conventional cooling 32°C OD650; growth simultaneous no effect 1986 

Grundler/ S.cerevisiae 41.5/41.8 10-50 mW/cm3 
- 30-34°C growth simultaneons yes, 1978 

Keilmann nearby points resonance 

Mooreet al. Agrobact. lO 0.5 mW/cm2 low temp ? virulence subsequent yes, loss 1979 
tumefaciens of virulence 

Tuengler et al. alcohol 40-115 1.3 W/cm3
; 25°C thermostatted turnover rate; simultaneons no effect 1979 

dehydrog., 0.4 W/cm3 flasks 0 2 binding 
hemoglobin. 

Webb/Booth E. coli 65-75 ? 37ac cell growth; subsequent yes, 1969 
roetabolie activity increase 

Webb/Booth mammalian 66-76 ? 25°C rnicrow. abs. simultaneous yes, 1971 
cells normal/caneer cells diff.resonan. 

frequencies 
Webb/Dodds E. coli 136 7 j.~W/0.2ml incubation 37°C, cooling plate count subsequent yes, 1968 

90 min. fan decrease 
no radiation 
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Webband Booth (1969) concluded that bacterlal cells clearly absorb microwaves of 

definite frequencies and that the absorbed energy alters metabolic processes and cell 

growth. These changes were found to be frequency dependent. Tumour cells appeared 

to absorb 66,68 and 70 GHz less strongly than normal cells and 69,72 and 75 GHz 

more strongly.This difference in behaviour was explained either by a different 

RNA/DNA ratio or by the fact that the relative number of certain types of chemical 

groups in tumour cells differs from that in normal cells. The attenuation of microwaves 

within the frequency band used, seemed to be largely due to rotation of water 

molecules absorbed to certain groups of macromolecules (Webb and Booth, 1971). 

Grundler and Keilmann ( 1978) found that weak microwave irradiation of aqueous yeast 

cultures affected their growth rate in a frequency selective manuer. Near 42 GHz, both 

increases and decreases of the growth rate were observed. According to the authors, 

thermal effects could be excluded. Furia et al. (1986) trled to confrrm these results but 

could not demonstrate any statistically significant non-thermal effects of 41.650 and 

41.789 GHz radiation on the growth of yeast cells. Moore et al. (1979) studied virulent 

cells of Agrobacterium tumejaciens strain B6. They found that low-level microwave 

radiation with frequencies of 10 GHz decreased the cells' ability to produce tumours 

on potato and turnip disks. Microwave exposure did not affect the viability of these 

bacterla or their ability to attach a tumour binding site. Authors exclude thermal shock 

because power input was too low and no significant temperature rise was measured. 

The loss of virulence was reversible within 12 hours. Microwave influences were not 

detectable with weak millimetre wave irradiation from 40-115 GHz on the activity of 

alcohol dehydrogenase and the amount of bound oxygen to haemoglobin .. According 

the authors, interaction frequencies of the molecules tested might exist, but outside the 

frequency range studied (40-115 GHz) (Tuengler et al., 1979). Experlments to 

demonstrate effects of frequencies between 70 and 75 GHz on growth of 

Saccharomyces cerevisiae showed no evidence for altered survival, impaired function 

or structural injury (Dardalhon et al., 1979). 

Effects of microwaves in the GHz ranges are not unequivocal and not extensively 

studied. In theory at these high frequencies, rotational excitation of small molecules or 

parts of molecules are possible. Electromagnetic energy in this high frequency ranges 

approaches the infrared region which is known to cause vibrations in molecules. 

Because of its low peneteation depth heating characteristics of infrared radiation 

resembie conventional heating modes. For food processing purposes this high 

frequency range is only suitable for surface treatment of products. In some cases it can 
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be interesting to look at direct interaction with compounds in the outer layer of a 
materiaL For example direct inactivation of microorganisms that occur at the surface 
of fresh products or interaction with enzymes which can cause discoloration or other 
undesired changes in appearance of the product. 

APPLICATION OF ELECTROMAGNETIC ENERGY IN FOOD INDUSTRY 

In the sixties and seventies knowledge of food responses to microwaves was so limited 
that researchers could only use empirical approaches in the development of 
applications. Only in recent years the food industry started to apply microwave 
technology (Decareau, 1985). Microwave heating modes are of interest for food 
industry for various reasons. Rednetion of process times, energy- and water usage may 
be acbieved. A higher end product quality can be reached because undesirable side 
reactions and product losses may be minimized. In addition, new products can be 
developed which could never be realized by conventional heating methods. It would 
be very interesting to be able to achieve specific (in)activation of enzymes or 
microorganisms. This would prevent the need of overheating and thermal (in)activation 
of enzymes/microorganisms and other quality controlling reactions could be affected 
in such a way that food quality will be improved. 
It is difficult to reveal any specific interaction of microwaves with molecules or cells 
within a food product. Foods are very complex systems and differential coupling to 
food components would be hard to separate from the bulk effect. In addition, under 
severe processing conditions e.g. sterilization, a specific microwave effect would be 
masked by the effects of temperature rise (Fung and Cunningham, 1980). Some studies 
which aimed to demonstrate microwave effects in foods are described below. Goebel 
et al., (1984) explained microscopie and macroscopie charaeteristies of various stareh
water dispersions on the basis of differenees in the interaction with microwave 
radialion and subsequent heat and mass transfer. However, temperature profiles were 
very inhomogeneons leading to local changes in gelling pattems. Huang et al. (1990) 
found that swelling patterns of starch granules were different in potatoes using 
microwave and conductive heating. This could imply that conduction heating may 
hydrate more starch causing partial disroption of starch granules. In addition, the 
authors found that, with microwave heating, softness does not solely rely upon 
temperature. Reeently, the effect of microwave energy on various chemical reactions 
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in foods have been studied. Sweet potatoes baked in a microwave oven contained 1ess 

alcohol-soluble carbohydrates, reducing sugars and dextrine and more starch than 
potatoes baked in a conventional oven. Apparently, microwave coolring was too rapid 
to allow a-amylase to significantly degradate starch (Purcell and Walter, 1988). Mter 

9 minutes microwave heating of soybeans inorganic phosphorus significantly increased 
while phytate and phospholipids decreased. Microwave heating did not alter tbe 

phospholipid pattem (Hafez et al., 1989). Calvante and Muchovej (1993) demonstraled 
tbat microwave irradiation is also a promising metbod to eliminate fungal propagules 
in soybean. They found tbat irradiated single-celled fungal spores bas lower viahilities 
while multi-celled spores were affected to a lesser degree. It was not clearly 
demonstraled if this difference was based on difference in heat resistance or on 

differential interaction with the microwave field. Yoshida et al. (1991) studied the 

stability of tocopherols during microwave heating. They found a rednetion of 
tocopherols in coconut, palm and safflower oils which became greater with increasing 

levels of free fatty acids. It was suggested that hydraperoxides formed in highly 
unsaturated oils decomposed rapidly during microwave heating before reacting with 
tocopherols. Zamora and Hidalgo (1992) found an microwave indoeed acceleration of 
the reaction between oxidized lipids and amino acids. Ji and Bernard (1992) 
demonstrated that the amounts of pyrazine and related compounds produced in a food 
model system were different for microwave and conventional heating. They concluded 
that heating time using the microwave oven was short which will result in different 
flavour/aroma of foods. · The rate at which pyrazine is formed was tbe same for both 

conventional and microwave heating. They concluded that is suggested that rate 
enhancements of chemica! reacrions in foods observed by various researchers is at least 
to some extent owed to local over-heating caused by absorption of microwaves (Bond 

et al., 1991). 

Hollywood et al. (1992) studied the effect of microwave and conventional coolring on 
the temperature profiles and microbial flora of mineed beef. They found that with 
microwave coolring a greater potential for insufficient heating exists compared witb 
conventional coolring. Substantial survival of organisms including potentially 

pathogenie species can occur. However, the authors found that the survival rate 
decreases with the severity of the coolring treatrnent, indicating that inactivation is 

purely thermal. 
Rosenberg and Bögl ( 1987) concluded from their review that microwave energy is very 
well suited for pasteurization and sterilization in food industry and to imprave the 
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storage conditions of cereals and other products. For many product rednetion of process 

times and improverneut of product quality was observed. When uniform distribution 

of temperatures are assured it is shown that microwave radiation is suitable for various 

food processing steps. Microwave radiation of 915 and 2450 MHz leads to satisfactory 

inactivation of psychrotrophic bacteria and is suitable for pasteurization purposes 

(Cunningham, 1980). Another successful application of microwave heating is complete 

inactivation of myrosinase in Canola seeds (Owusu-Ansah and Marianchuk, 1991). 

However, further research is suggested to fully understand the chemistry of the effect 

of microwave treatments on chemica! constituents in the seeds. Microwave processing 

is also used in processing steps such as tempering and dehydration. In some cases it 

can offer advantages to combine conventional heating methods with microwaves 

(Knutson et al., 1987; Kovács et al., 1991). Ho and Yam (1993) found that it is 

possible to design pattems of metal bands around a cylindrical model food which 

increases heating uniformity. This is an example of the importance of packaging and 

the design of the package in order to achieve homogeneons heating. Decareau (1992) 

gives an overview of new microwave packaging designs which provide shielding of 

certain parts of the food and differential heating ·at desired places. 

Food related research concerning microwave effects on processes and products very 

often has a too pragmatic character. To be able to study interaction of electromagnetic 

energy with food and its component and to make a good comparison with conventional 

heating modes, it is essential to follow a more fundamental approach. First, effects of 

food size, shape and composition on energy penetration and dissipation have to be 

assessed. It is necessary to be able to measure electric field and temperature 

distributions. In addition, dielectric measurements of food and its components can be 

an important tooi in understanding and predicting electromagnetic interaction and 

heating. There has been some discussion about the optimal frequency which should be 

used in industry. The choice of the most widely used 2450 MHz was more of a 

compromise. This campromise resulted from factors such as legislation, economics, 

physical sizes of products, selective heating, energy penetration versus frequency, 

voltage breakdown and uniform fields (Kovács et al., 1991). The commonly used 

frequencies are not always the most logical and suitable for a certain application. Other 

frequencies may offer interesting and additional possibilities for food processing 

purposes. More research bas to be carried out to determine effects and utilize 

advantages of various frequency ranges. 
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CONCLUSIONS 

The effects of electromagnetic energy can be divided in macroscopie and microscopie 

effects. Most of the applications in food industry result from the advantages of internal 

heat generation and caused by interaction with carriers of charge resulting in a 

macroscopie heating of the material. This interaction is affected by electric field 

distribution, product size, geometry and composition. Advantages can be quick and 

uniform heating and reduction of water usage. In order to imprave the application of 

electromagnetic energy in food industry basic understanding of interaction mechanisms 

is needed. Theories about specific effects of electromagnetic energy on microscopie 

levels vary greatly and are made applicable to systems differing in nature, such as 

proteins and other polymers, membranes and chemical reactions. However, a lot of this 

information can be applied to food processing. Food is a complex (biologica!) system, 

which contains many compounds such as biomolecules, water and microorganisms in 

various constellations. From experimental data there are not many indications that a 

direct interaction of radio frequency energy with molecules or microorganisms leads 

to changes in activity or conformation. Reversible changes which might occur under 

influence of an alternating field and which have to be monitored in situ have usually 

not been taken into account. Microwave radiation probably has no specific effects 

other than thermal effects on the activity of enzymes. There is no consensus about the 

effects of microwaves on microorganisms. Effects of microwaves in the GHz ranges 

are also not unequivocal and not extensively studied. Understanding of interaction on 

the level of the product is the first step in studying specific effects of electromagnetic 

radiation. Sophisticated temperature registration methods and dielectric measurements 

can be important tools to achieve this goal. Specific effects of microwaves may have 

very interesting applications in influencing activity of enzymes and microorganisms or 

other reactions that take place during processing of food. This may contribute 

considerably to the impravement of process efficiency and/or product quality. 

NOMENCLATURE 

ATP 
ADP 
tan ö 
E* 

Eo 

adenosine triphosphate 
adenosine diphosphate 
loss tangent 
complex permittivity (F/m) 
permittivity of vacuum (8.85 x 10"12 F/m) 
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ABSTRACT 

Relatively simple mathematical models for microwave energy penetratien in food products 
were applied, basedon Lambert's law and taking into account intemal reflections. With these 
models direct insight in microwave heating distributions in products with basic geometries and 
homogenons composition can be gained. Effects of changes in product composition with 
relation to its dielectric properties and changes in product size can be predicted. The model 
was not designed to give an exact and detailed predietien of temperature distributions during 
microwave heating. However, it can simulate microwave heating of various food products and 
serve as a tooi for designing heat treatments. 

INTRODUCTION 

Application of microwave heating for food processing offers potential advantages such 
as retention of product quality and impravement of process efficiency. As aresult of 

the unique penetrating nature and volumetrie heat generation within the food itself, 

rapid heating can be achieved. However, a problem that bas often been encountered 

is the occurrence of uneven temperature profiles within a product. Design of industrial 

microwave processes can be improved with the aid of modeHing techniques which 
relate electrical and physical properties of food to their microwave heating 

performance. Generally, two approaches for modeHing of power deposition patterns can 

be distinguished: 
1. making use of the electromagnetic field equations of Maxwell; 

2. using Lambert' s Law, in which the power is attenuated exponentially as a function 

of distance of one dimensional penetration into the material: 
pz = Po . e·2flz 

Lamhert's law has been applied in many studies to predict temperature profiles 

(Ohlsson and Bengtsson, 1971; Stuchly and Hamid, 1972, Chan et al., 1973, Nykvist 

and Decareau, 1976; Taoukis et al., 1987). However, Lamhert's law is only valid for 
samples that can be regarded as infinitely thick, which usually does not hold for food 
applications. For an exact description of microwave heating profiles Maxwell's 

equations must be applied (Ayappa et al., 1991a). Analytica! solutions for specific 

heating cases are often difficult or impossible to obtain, specialized simulation 
packages are needed and numerical rnadelling is usually very time consuming. Finite 

difference, finite element and boundary element-methods were used to solve Maxwell's 
equations to obtain power dissipation patterns in slabs, cylinders and spheres (Livesay 

and Chen, 1974; Weil, 1975; Taflove and Brodwin, 1975; Spiegel, 1984; Lynch et al., 

1985, Chen et al., 1993). 
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Microwave healing distributions 

When calculating temperature distributions from power density distributions, 

temperature dependency of dielectric properties (Ayappa et al., 1991b) and 

simultaneons heat and mass transfer (Lemasson et al., 1993; Sundberg, 1994) have to 

be taken into account. However, for practical use it can in many cases be a large step 

forward to be able to predict qualitative temperature profiles and immediately recognize 

effects of a change in product composition or the way it is being exposed to the heat 

treatment. 
The aim of this study is to develop a relatively simple model for 2450 MHz 

microwave energy penetration in a product heated in a multimode cavity. This model 

should enable the users to obtain a qualitative prediction of temperature distributions 

in tbree basic geometries, slab, sphere and cylinder. Power dissipation is calculated by 

superposing tbree passages of electromagnetic waves taking into account the phase and 

internat reflections. This approach has been demonstrared to result in a good 

approximation of the exact electric field distributions resulting from the application of 

Maxwell's equations (Vriezinga and van Remmen, 1993; van Remmen and Vriezinga, 
1995). An advantage of this approximation method is that it is easy to handle and 

feasible with relatively simple computer programs. Models are validated by measuring 

heat distributions both in model systems of agar gels and in some vegetable products. 

MATHEMATICAL MODELS 

For the development of the mathematica! models described below, the following 

assumptions are made: products are homogeneons in structure, texture and composition; 

material properties are constant (temperature independent); there is no convective heat 

transport; mass transport is of minor relevance; irradiation occurs from all directions 

and the resulting average radiation can be regarcled as being perpendicular to the 

surface; the electric field distribution in the microwave oven is homogeneous. 
With these assumptions a one dimensional model for microwave heat development and 

heat transfer is constructed. 
Predictive models are based on the Foutier heat transfer equations with a volumetrie 

heat source. Equations are solved by finite-difference approximation, with internat heat 
generation terms expressed as volumetrie heating rates based on levels of power 

dissipation in successive shellllayer volumes. The boundary conditions for surface 

convection are included. 
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The incident wave will be partly reflected on the air-product boundary and partly 

transmitted. The transmitted part of the energy will be partly dissipated resulting in an 

exponential decay of electric field strength. 

A small part of the wave will be transmitted at product-air boundary. Power dissipation 

is calculated by superposing three passages of microwaves representing reflections of 

the energy at the product/air interface (figure 1). 

Figure 1. 

Air 

Schematic representation of energy penetration and reflection within a slab 
(only shown for irradiation from one direction). 

After three wave passages the electric field strength is assumed to have decreased to 

such a level that it can be neglected (Vriezinga and van Remmen, 1993). 

The total field strength at a eertaio depth z is the vector sum of each individual field 

strength E.1, Ez2 and Ez3. The attenuation factor 13 controts that rate at which the 

incident field intensity E0 decays into the sample (equation 1). 

(1) 

lt is calculated according to equation 2. 

(2) 
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a.= 21tf 
c 

(3) 

The phase factor a (equation 3) accounts for the change in phase of the 
electromagnetic wave with distance and needs to be included in the calculation of the 
incoming and reflected waves. Both a and ~ are dependent on the dielecttic properties 

of the materiaL 

(al -~)2 +(!Jt -!Jz)2 

(a., +a.2)2 +(~1 +~2)2 
(4) 

(5) 

The reflected (R1•2) and transmitted parts (T1,2) from the incident electtic field strength 
at the air-product boundary (layer 1 and 2) can be calculated from the attenuation 
factor and phase factor in layer 1 and 2, according to equation 4 and 5 respectively. 

Slab 

The slab model describes the energy dissipation of electromagnetic waves incident 
from two sides perpendicular to the slab surface. The general equations 1 through 5 are 
applied separately for irradiation from both sides and both electtic field strengtbs are 
summed. Power dissipation Pz is calculated by using the local electtic field strength E. 

in equation 6. 

(6) 

From this power dissipation at location z, with the material density p and the heat 
capacity of the material Cp, a microwave temperature increment öTmw. can be 
calculated (equation 7). 
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p öt 
ÖTmw- • 

• v. p CP 
(7) 

Temperature disttibutions are achieved by a discretization of Fourier's equation (8) for 

heat conduction including the temperature increment term (ÖTmw,) resulting from 

microwave heat generation. 

k öt T -2T +T T =T + __ • t.z-az t,z t,z•az + ÖTmw. 
t<1lt,z t,z p CP Öz2 

(8) 

Sphere 

The sphere radius (R) is divided into equallayers. lrradiation of a shell volume will 

vary with local surface curvature and temperature history. The incident waves are 

assumed to be perpendicular to the surface resulting in a one dimensional model which 

only describes temperature changes in the radial direction. For symmetry reasons a 

virtual "mirror" can be placed at the centre of the sphere in which the incident waves 

are reflected and the local electtic field strength of three wave passages can be added 

up. lt is assumed that the energy enters the sphere segment through surface element F0• 

The decrease in surface area of each concenttic layer element towards the centre will 

result in a focusing effect of the energy dissipation in spheres and cylinders (see figure 

2). The fact that the layer volume decreases exponentially towards the centre would 

lead to excessive temperature rises in the centre. For a better approach of reality, power 

dissipation in the last four layers of shells is summed and averaged. Local power 

dissipation is calculated according to equation 6. Temperature disttibutions are 

calculated using a discretization of Fourier's equation (7 and 8), applying spherical 

coordinates. 

Cylinder 

Normal incidence of the electromagnetic waves on the cylinder jacket ( curved surface) 

and on the top and bottorn surface are considered. In contrast to the slab and sphere 

calculations, for the cylinder a two dimensional model is applied. As the cylinder is 

not of an infinite length, radiation on the top and bottorn surface is taken into account. 
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Microwave heating distributions 

The power dissipation is made up from: 

1. radiation on cylinder jacket surface; total electric field strength E, and 

2. radiation on top and bottorn surface; total electric field strength Ez. 

Separate calculations for both directions are carried out and power dissipation in axial 

and radial directions are summed. The vertical cross section of the cylinder is 

represented by a lattice with centre M. For every coordinate on this lattice, 

contributions to the total electric field strength are calculated separately and then added 

up. The electric field strength resulting from the electromagnetic waves on the jacket 

surface can be calculated in a similar way as described for the sphere model. The 

electric field compounds from waves incident on the top and bottorn surface of the 

cylinder are calculated in the same way as fortheslab geometry. Similar to the sphere 

model, the decrease of the volume towards the central axis of the cylinder causes 

focusing of energy (figure 2). To avoid excessive temperature rise, power dissipation 

in the last three layers of shells are summed and power dissipation is averaged. 

Figure 2. 

Fr 

Schematic representation of cylinder layer element with decreasing shell surface (F,) 
towards the centre. 

Power dissipation is calculated according to equation 6, resulting in a 

P10 1, 1 = P, + Pz. Temperature distributions are calculated using a discretization of 

Fourier's equation similar to equation 7 and 8. 

For a detailed description of the mathematica) models, see Appendix. 
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MATERIALS AND METHODS 

Model systems 

To study energy penetration in a homogeneaus food model, gellified agar was used 

(2% w/w agar agar (Sigma) in demineralized water). The gel can bemadein various 

shapes and sizes and dielectric propertiescan be easily changed by actdition of salt or 

starch. The following combinations of geometry and size were studied: slab: 80 mm 

thickness; sphere: 60 mm diameter; cylinder: 42 mm diameter, 80 mm height. 
For all three geometries the following compositions were studied: 2% (w/w) agar in 

dernineralized water; 2% (w/w) agar + 30% (w/w) native potato starch (Sigma) in 

demineralized water; 2% (w/w) agar + 3% (w/w) NaCl in dernineralized water. 

Dielectric properties were determined using a Network Analyzer HP8782 A (Hewlett 

Packard, USA) by placing the measuring probe on the product surface at room 
temperature. 

Table 1. Dielectric properties at 2450 MHz of test materials. 

sample E' e" 

agar gel 76 10 
agar gel + starch 50 11 
agar gel + salt 67 43 

mushroom 76 24 
sterilized beans 60 30 
endive 70 14 

Measurements were carried out in triplicate and the resulting values for dielectric 

constant and loss factor were used as input parameters for the predictive roodels for 

microwave heating distributions (table 1). 
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Determination of microwave heating distributions 

Products were placed in a household microwave oven (Moulinex, 2450 MHz, 600 W 

max.) operating at full power. The total product load in tbe oven was kept constant 

(1150 grams) by compensating differences in product load witb varying amounts of 
water. The object was placed on a fixed location in the centre, 5 cm above tbe oven 

floor on a microwave transparent holder. The water load was placed on a fixed location 

in tbe oven. For heating of slabs of agar, a plate of tbe size of the oven floor was 

covered with a layer of the desired thickness and lifted 5 cm above the oven floor. In 

tbis way, microwave energy penetration takes place from two directions. Samples were 
prepacked in microwave transparent plastic film to minimize moisture loss to tbe 

environment. All products (uniform initia! temperature l8°C) were heated for 90 

seconds after which temperature profiles were monitored immediately. No noticeable 

evaporation effects took place during the heat treatment. 

Thermal images of tbe product were recorded immediately after microwave heating by 
cutting the product vertically in half and scanning the product surface with an infrared 

imaging system (Inframetrics, USA). Short heating times with maximum temperatures 

below 50°C were applied. However, some cooling of the uncovered outer product layer 

after heating could not be prevented. The time lag between the end of heating and 

moment of temperature recording is about 10 to 15 seconds. Basedon calculations, tbe 
simulation results were corrected for this surface cooling. Thermal imaging parameters 

(distance between object and scanner, background levels, temperature ranges, colour 

patterns etc.) were kept constant during all experiments. From the display a temperature 

profile (with shaded temperature zones) of the product surface was recorded. In 

addition, line scans were made representing the temperature profile on a set location 
on tbe vertical axis of the product. The line scan diagrams were calculated into 

absolute temperatures and used for comparison witb the models. For practical reasons, 

temperature measurements in food products of tbe slab and cylinder geometry were 

carried out using three optical fibre sensors (Luxtron, USA). Temperatures were 

measured during microwave heating at three locations within tbe product. An electrical 
field strengtb probe (Luxtron, USA) was applied to measure electric field strengtbs 

near the product surface and within tbe product during microwave heating. Electric 

field strengths in multi mode microwave ovens are generally not evenly distributed. 

In the oven applied in this study they appeared to be around 2-6 kV/m. On tbis basis, 

electric field strengtbs between 3 and 4 kV /m were chosen as input values in the models. 
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RESULTS AND DISCUSSION 

The performance of the predictive models was evaluated by comparing the measured 

and calculated temperature profiles. For illustration purposes temperature profiles of 

some combinations of geometry, size and composition were chosen to be represented 

in two - or three dimensional figures. Simulations were carried out with the following 

default settings of parameters: E: 3000 V/m (cylinder); 3500 V/m (sphere); 4000 V/m 

(slab), h: 25 W/m2.K, k: 0.55 W/m.K, CP: 4.18 J/kg.K, p: 1000 kg/m3. 

Slab 

Figure 3 shows the temperature profile occurring in a slab of 80 mrn thickness 

irradiated from two sides. For reasons of symrnetry only the irradiation from the left 

si de (half of the total slab) is shown. Penetration of the microwave energy is limited 

and penetration depth depends on the composition of the gel. In the standard situation, 

where no salt is added, energy penetrales relatively deep into the slab. Actdition of salt 

leads to energy absorption in the outer product layer because the dielectric loss is 

higher. The effect of changes in product compositions and therewith in dielectric 

properties can be approximated with the mathematica! model. 

35 r-----------------------, 
M 

35 r-----------------------. 
c 

30 30 

25 25 

·· ... 
20 

... ,, . ' . ' ' . ' . . . . . . . . ' . . 20 

0 5 1 0 1 5 20 25 30 35 40 0 5 1 0 15 20 25 30 35 40 

locatlon [mm] location [mm] 

Figure 3. Comparison of measured (M) and calculated (C) temperature profiles in slab of agar 
gel (80 mm thickness) after microwave heating; temperatures on vertical cross section 
of the slab; left side (x=O): surface; right side (x=40): centre of product layer; effect 
of product composition: - no additions, - - with starch, ..... with salt. 
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Microwave healing distributions 

The model can be applied to a range of products which are norrnally heated in a 

(industrial) microwave oven as a layer on a conveyer belt. In figure 4 the calculated 

and measured temperature profiles are shown for a layers of spinach (30 and 60 mrn 

thickness) as heated in the househeld microwave oven as described above. 

Figure 4. 

40 r-----------------------, 

--

---
20 

15~------~------~----~ 

0 5 10 15 

locàtion (x/30)•o [-] 

Comparison of measured (e and .) and calculated (- - and -) temperature profiles 
in layers of spinach (30 and 60 mrn thickness respectively) after microwave heating. 

Thinner layers lead to internal reflection of the waves on the product-air boundary 

surface. The effect of layer thickness on microwave energy dissipation is discussed in 

Vriezinga and van Remmen (1993). 

Sphere 

Figure 5 shows the measured and calculated temperature profiles of a sphere shaped 

agar gel after microwave heating for 90 seconds. The y-axis represents the temperature 

at location x on the radial axis, location 30 being the care of the sphere. In case no 
other compounds are added, the model product consisting of agar bound water shows 

a pronounced centre heating. Other researchers dèmonstrated hot spots to occur in the 

centre of spheres of 1-80 mm diameter between 300 and 12000 MHz (Kritikos et al., 

1981; J anna et al., 1980). 
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Comparison of measured (M) and calculated (C) temperature profiles after microwave 
heating of a sphere shaped agar gel with a diameter of 60 mm. Temperatures on the 
radial axis of the sphere; Jeft side (x=O): surface; right side (x=30): centre; 
effect of product composition: - no additions. - - with starch. ···· · with salt. 

This centre heating is caused by a combination of limited dissipation of energy in the 

outer product layer (relatively low loss factor) and a increase in energy density in the 

decreasing volume towards the centre. Addition of salt results in an increase in loss 

factor which causes the energy to be dissipated in the outer layers of the product. The 

resulting surface heating leads to the opposite temperature profile as compared to the 

blank situation. In case starch is added the loss factor doesnotchange significantly and 

the resulting temperature profile is much more similar to that of the gel without 

additions. 

For illustration purposes, the thermal image and predicted thermal image is shown for 

both agar gel without additions and agar gel with salt added (figure 6a and b 

respectively). The thermal image shows a view of the surface of a cross section of the 

sphere after microwave heating. The different shadings of greyness in the profile 
represent temperatures from 20°C (dark) to 40°C (light). 
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Figure 6a. 

M 

Measured (M) and calculated (C) 
two-dimensional and three
dimensional thermal image of the 
vertical cross section of a microwave 
heated agar sphere without additions. 

Microwave heating distributions 
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Figure 6b. 

M 

Measured (M) and calculated (C) 
two-dimensional and three
dimensional thermal image of the 
vertical cross section of a microwave 
heated agar sphere with addition of 
salt. 

c 

The model can be applied for predicting temperature profiles in various sphere shaped 

foods such as potatoes, apples, tomatoes, cauliflower trunks and mushrooms. These 

fresh vegetables are all in the same range of dielectric properties and size. As an 

example the measured and predicted temperature profile of a microwave heated 

mushroom is shown in figure 7. The centre heating occurring in the mushroom is 

predicted by the model. 
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Figure 7. 

Cylinder 

M 

Measured (M) and 
calculated (C) two
dimensional 
images of a cross 
section of a 
microwave heated 
mushroom. 

Microwave heating distributions 

c 

Temperature profiles were measured over the tata! diameter of the cylinder. Figure 8a 

and 8b show the measured and calculated temperature profiles of a cylinder with a 

diameter of 42 mm and 80 mm height. For reasans of symmetry, temperatures are 

shown for two locations on the length axis of the cylinder (at 1.4 height and Y2 height). 

A pronounced centre heating on the vertical axis occurs in products without salt added. 

In case of the loss factor is higher (salt added) the jacket of the cylinder heats up and 

the cylinder care remains cold. Ohlsson and Risman (1978) found that cylinders of 

agar gel with diameters between 18 and 35 mm show care heating at 2450 MHz. 
Cylinders with large diameters (250 mm) showed care heating at 915 MHz and 

peripheral healing at 2450 MHz (Copson, 1975). In later studies of Chen et al. (1993) 

microwave healing was applied to cylindrical potato tissue were used which also 

resulted in pronounced heating around the centre axis. U neven temperature distribution 

in the axial ends was found to be caused mainly by evaporative cooling. 

53 



Chapter 2 

40 r---------------e,.,..._ 40 r-------------r---. 

M 

35 

~ 30 
CD 
:; 
öi 
:; 
a. 25 / 

E 
/ 

/ 

.! 

20 

/ 
/ 

/ 
/ 

/ 

'./ ,., / 
/ 

/ 
/ 

/ 
/ 

/ 
/ 

/ 

/ 

/ 
/ 

/ 

35 

30 

25 

20 

c 

/ 
/ 

/ 
/ 

15 '----~-~-~-~-~-~-

0 3 

Figure Sa. 

40 

M 

35 

E 30 
CD 
:; 
iii 
:; 
a. 25 
E 
.! 

20 

0 3 

Figure Sb. 

54 

6 9 12 15 18 21 0 3 6 9 12 15 18 21 

location [mm) location [mm] 

Comparison of measured (M) and calculated (C) temperature profiles after microwave 
healing of a cylinder shaped agar gel (42 mm diameter and 80 mm length); 
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Comparison of measured (M) and calculated (C) temperature profiles after microwave 
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Microwave heating distributions 

Figure 9a shows a combination effect of heating resulting from the microwaves 

entering on the jacket surface and from the two end-surfaces of the cylinder. 

This two-dimensional heating and the inevitable cooling at the surface results in a 

temperature profile which bas the shape of a sand glass. 

Figure 9a. 

M 

Measured (M) and calculated 
(C) two-dimensional and three
dimensional thermal image of 
the vertical cross section of a 
microwave heated agar cylinder 
without additions. 

c 
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Figure 9b. 

M 
Measured (M) and calculated 
(C) two-dimensional and three
dimensional thermal image of 
the vertical cross section of a 
microwave heated agar cylinder 
with addition of salt. 

c 

In case of high salt contents this profile differs and only the outer product layers from 

around the cylinder surface are heated (figure 9b). 

As an example of a cylinder shaped food product, various vegetables in glass jars were 

heated in the microwave oven as described before. Vegetables of the "conduction-type" 

were chosen, i.e. bulky vegetables for which (conventional) heating is usually slowand 
non uniform because no convection can take place. 
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Microwave heating distributions 

Figure 10 shows the predicted and measured temperature profile of sterilized white 

beans in a 370 ml glass jar. The discrepancy between the model and the measured 

points is probably partly due to some convection that has occurred by circulation of 

the limited amount of brine in the jar. 

Figure 10. 
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Temperature profiles in a glass container with sterilized beans after microwave 
heating. Comparison of measurements at two locations on vertical axis (.Á.) and at three 
locations on radial axis (e) and calculations (-- vertical and- radial axis). 

In table 2, a description is given of the effect of a change of various parameters on the 

resulting temperature profile. Electric field strength, sample size and dielectric 
properties are parameters in the heat penetration model that have a high impact. 

The effect of a change in dielectric properties is illustrated in figure 11 for a sphere 

shaped product. A decrease in dielectric constant (e.g. when water is bound by the 

actdition of starch) causes less penetration of the microwave energy, resulting in more 

surface heating. A decreasein loss factor (e.g. in the case that a product contains less 
salt) will result in more centre heating effect. 
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An increase in loss factor has a similar effect as an increase in product diameter (figure 

12). Small spheres show a pronounced centre heating whereas large spheres only show 

peripheral heating. 

Table 2. Effect of change in model parameter size on temperature profile after microwave 
hearing. 

I 
model parameter 

I 
effect of parameter effect of parameter 
increase decrease 

electric field strength increase of total level of decrease of total level of 
E temperature profile; temperature profile; 

more pronounced less pronounced 
temperature differences temperature differences 

dielectric constant less penetratien causing higher penetratien depth 
e' surface/peripheral causing flatlening of 

heating profile (slab) or centre 
healing (sphere, cylinder) 

loss factor high absorption in outer lower absorption in outer 
e" product layer causing layers; higher penetratien 

surface/peripheral depth causing flatlening 
healing of profile (slab) or centre 

hearing (sphere, cylinder) 

thickness/radius lower penetratien depth higher penetratien depth 
(L/R) causing surface/ causing flatlening of 

peripheral healing profile (slab) or centre 
heating (sphere, cylinder) 

heat transfer temperature decrease in temperature increase in 
coefficient outer product layer outer product layer 
h 

thermal conductivity flatlening of temperature more pronounced 
k profile temperature differences 
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Figure 12. 
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Microwave heating distributions 

ê'= 76 
ê"= 5 

ê'= 76 
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ê'= 76 
ê"= 50 

Simulation of temperature distribution in a sphere shaped agar gel after microwave 
heating; effect of change in dielectric constant e' (left) and relative loss factor E" 
(right). 

r = 30 mm r = 60 mm r = 120 mm 

Simulation of temperature distribution in a sphere shaped agar gel after microwave 
heating; effect of change in product radius. 
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CONCLUSIONS 

In this study we showed that relatively simple mathematica! roodels can give direct 

insight in 2450 MHzmicrowave heating distributions in products with basic geometries 

and homogenous composition in the temperature range up to around 50 oe. Effects of 

changes in product composition with relation to its dielectric properties and changes 

in product size can be predicted. The model was not designed to give an exact and 

detailed prediction of temperature distributions during microwave heating. However, 

it can simulate microwave heating of various food products and serve as a tooi for 

designing heat treatments. 

For most agricultural products, size and geometry in combination with energy of a 

relatively small wavelength such as 2450 MHz will result in inhomogeneous but 

predictabie heating profiles. An option to prevent this non uniformity is to apply 

microwave energy of a lower frequency e.g. 900 MHz which will show higher 

penetration deptbs in lossy matenals such as food stuffs. Lower frequency heating has 

been proposed for quicker thawing of large food objects (Taoukis et al., 1987). 

Understanding and predicting power deposition patterns for microwave heating will 

enable design of other heating solutions e.g. combining microwave energy with 

conventional heat sourees such as steam or hot water. 

LIST OF SYMBOLS 

c velocity of light 3.108 [mis] 

CP heat capacity [J/kg.K] 
E electric field strength [V/m) 
f frequency [Hz) 
h heat transfer coefficient [W/m2.K] 
k thermal conductivity [W/m.K] 
L length, thickness [m] 
p power dissipation [W/m3) 

R reileetion coefficient [ -] 
radius [m] 

T transmission coefficient [ -] 
8Tmw2 microwave temperature increment [KJ 
t time coordinate [s] 
V volume [m3] 
z place coordinate [m) 
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a 
~ 
p 
e' 
E" 

phase factor 
attenuation factor 
density 
relative dielectric constant 
relative loss factor 
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ABSTRACT 

lrreversible and reversible changes in the inhibitory activity of the Bowman-Birk protease 
inhibitor (BBI) introduced by radio frequency energy (27 MHz) were studied. Inactivation 
of BBI by means of radio frequency- and conventional heating with identical time
temperature treatments were found to be similar. No significant extra effect of radio 
frequency energy on heat inactivation of BBI was demonstrated. The effect of radio fre
quency energy on the activity of trypsin/chymotrypsin in the presence of BBI at a constant 
temperature of 25°C was monitored in situ. Under influence of the radio frequency field 
more reaction product was produced which appeared to result from a change in inhibitory 
activity. After removal from the radio frequency field the initial inhibitory activity was 
reeavered which indicates that the induced effect is reversible in nature. 

INTRODUCTION 

The effects of electromagnetic waves at radio- and microwave frequencies on 
biological materials have been subject of many studies. Prom a human safety point 
of view substantial attention has been payed to possible health hazards of specific, 
non thermal effects of microwave radiation. Currently, there is little evidence for 
the presence of such a hazard (Poster and Guy, 1986; Roberts et al.,1986; Jauchem 
and Merritt, 1991). The effect of electromagnetic energy on proteins is of partienlar 
interest for many researchers because proteins, e.g. enzymes, are essential for many 
biological processes. In addition, rednetion or enhancement of enzyme activity plays 
an important role in food processing. In this context, studies were carried out to 
de termine the existence of direct or specific effects of electromagnetic energy, i.e. 
effects that cannot be explained solely by a rise in temperature of the medium. 
Belkhode et al. (1974), Henderson et al. (1975), Ward et al. (1975) Yeargers et al. 
(1975), Allis and Promme (1979) and Galvin (1981) studied the activity of various 
enzymes during or after microwave radiation at around 2450 MHz. Overall results 
showed that in this frequency range thermally induced inactivation took place but 
no direct "microwave effects" were apparent. 
At frequencies above 1 GHz the relaxation of water in a material dictates energy 
dissipation. Takashima (1966) measured the activity of alcohol dehydrogenase 
before and after irradiation at 1-60 MHz. No change in activity was found after 
exposure to radiation. Lopez and Baganis (1971) studied the effect of 60 MHz 
energy on peroxidase, polyphenolase, peetin esterase, catalase and a-amylase. Their 
results indicate that radio frequency energy at 60 MHz does not have any 
significant effect, aside from heat effects, on inactivation of the five food enzymes 
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studied. However, in these studies activity measurements were carried out 

subsequent to the radio frequency treatment. In situ measurements of the enzyme 

activity during the treatment were not included. As also suggested by Orant and 

Gabriel (1991), at lower frequencies direct interaction of electromagnetic energy 

with bound water or with (parts of) a macro molecule like a protein is likely to be 

possible. 
In this study we used soy bean Bowman Birk inhibitor (BBI) as a model to study 

effects of radio frequency energy on proteins. BBI is a proteinaceous protease 

inhibitor which inhibits both trypsin and chymotrypsin at kinetically independent 

binding sites (DiPietro and Liener, 1989). Por complex formation with the enzyme, 

the inhibitor competes with the substrate. However, due to the irreversible character 

of the enzyme-inhibitor complex, the inhibition has a non competitive nature. BBI 

has a molecular weight of 8000 Da and contains seven disulphide bonds. 

The reason we focused on BBI as a model protein is its predicted relaxation 

behaviour, availability, practical activity determination in situ and importance in 

processing of agricultural materials. 
Application of an electric field to a aqueous solution of biomolecules leads to 

relaxation behaviour of the Debye type with rotational relaxation time constant 't 

estimated from the Stokes law (1) 

't = 41tT\21kT (1) 
where 't is rotational relaxation time (s), 11 is viscosity (Pa.s), r is the radius of the 
molecule (m), k is Boltzmanns constant and T is temperature (K). 

In this model the dipolar solute molecules are considered as spheres the rotation of 

which is opposed by the viscosity of the surrounding solvent medium. Por BBI the 

rotation relaxation frequency can thus be calculated to be about 30 MHz. This 

means that interaction with a radio frequency field of 27 MHz is likely to occur. 
This study involved three phases of work. In the first phase we investigated the 

effects of radio frequency energy on inactivation of the Bowman-Birk inhibitor 

protein. Experiments were carried out to test our hypothesis that direct coupling of 

radio frequency energy to the molecule could lead to non thermal inactivation. 

The purpose of the second part of this study was to examine the effects of radio 
frequency energy on the activity of BBI in situ (functional effects). 

In addition, experiments were carried out to determine if functional changes in 

activity are irreversible or reversible in nature (third part). 
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MATERIALS AND MEmODS 

Inactivation by radio frequency energy 

To study specific effects of radio frequency energy, radio frequency heat 
inactivation of Bowman-Birk inhibitor protein (BBI) was compared witb 
conventional heat inactivation. For this reason a solution of 45 mg of Bowman-Birk 
inhibitor (from soy bean; Sigma) in 450 mL dernineralized water (12.5 !iM) was 
heated at 90 oe for 9 hours. The radio frequency heating rate was controlled by 
monitoring and regulation of the electrode voltage. The radio frequency power input 
was calculated from the heating rate, heat capacity and viscosity of the solution and 
was found to be 168 mW/mL. The sample holder was rectangular shaped with 
matching eleè:trodes in such a way that the electric field distribution was assumed to 
be homogeneous throughout the sample. Temperature registration was carried out at 
four different places in the sample by using four optie sensors (Luxtron, USA). 
Heating rates were found to be identical at all measured places. The sample was 
continuously stirred by passing air through the sample bolder. Parallel experiments 
with a conventional heating souree were carried out by giving identical time
temperature treatments to the BBI solution making use of an electrical heating plate. 
Evaporation was controlled in conventional and radio frequency heating experiments 
using a condenser with backwash. In both cases 1 mL samples were witbdrawn 
every hour and immediately frozen in liquid nitrogen. The inhibitor activity of these 
samples toward trypsinlchymotrypsin was analyzed by using the assay of Kakade et 

al. (1974), as adapted by DiPietro and Liener (1989). 

Effects of radio frequency energy on activity 

To study effects on the functional properties of BBI, its inhibitory activity in situ 
was registered. The effect of radio frequency and energy on the reaction of trypsin 
and chymotrypsin with their substrate in the presence and in the absence of the 
Bowman-Birk inhibitor was studied. The rate of product formation (p-nitroaniline) 
from the substrate BAPA (benzoyl-DL-arginine-p-nitroaniline-hydrochloride) and 
BTPA (benzoyl-L-tyrosyl-p-nitroaniline) was determined spectrophotometrically at 
386 nm.Reaction rates at 25 oe were compared for reaction mixtures placed in the 
electric field and in a thermostated water bath respectively. 
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Reaction mixture 

The total volume of the reacdon mixture was 450 mL. Bnzyme, substrate and 

inhibitor soludons were added to an aqueous-Tris-buffer soludon (0.05 M Tris, 

0.02 M CaCl2, pH 8.2). The concentradon of BBI was 4.75 10"8 M (for trypsin-in

hibidon) and 2.0 10"7 M (for chymotrypsin-inhibition). This corresponds to an 

inhibidon level of about 50%. The enzyme concentradons were 8.45 10"8 M for 

trypsin and 3.0 10·7 M for chymotrypsin. For the trypsin assay we used BAPA in a 

concentradon of 5.78 104 M. For reaction with chymotrypsin 8.15 10·3 M BTPA 

was used. 

Chemieals 
Tris (hydroxymethyl)-aminomethane, CaCl2, trypsin (from bovine pancreas), 

chymotrypsin (from bovine pancreas), BAPA were obtained from Merck; Bowman

Birk Inhibitor (from soy bean type V) was obtained from Sigma and BTPA from 

Boehringer. 

Radio frequency experiments 
The reacdon mixture was placed between two electrode plates of a radio frequency 

unit (Colpitt, The Netherlands; operadon frequency 27 MHz). The experimental set 

up is shown in tigure 1. A volume of 450 mL was irradiated while continuously 

being cooled by circuladng demineralized water of ± 1 oe through a Teflon coil. 
Demineralized water was used because of its low loss factor at 27 MHz, which 

prevents coupling of the radio frequency energy to the cooling medium instead of 

the sample. Liquid mixing throughout the sample was obtained by a bubbling 

plume. The temperature was monitored with four fiber optical temperature sensors 

(Luxtron, USA) and found to be the same throughout the soludon. Radio frequency 

power input was calculated to be 270 m W /mL. 

The effect of radio frequency energy on BBI inhibidon of trypsin and chymotrypsin 

was studied in parallel experiments. Previous research has shown the effect of 

mixing-order of reactants on enzyme-inhibitor activity (Liu and Markakis, 1989, 
Meijer, 1991). Therefore, in this experiment we used two different procedures for 

mixing of reactants: S-last and B-last. In the case of the "S-last experiments" 

enzyme and inhibitor are preincubated and substrate is added last, in the case of B

last substrate and inhibitor are pre-incubated and enzyme is added last. The reacdon 

was carried out as follows: 1 mL of BBI soludon in demineralized water was added 
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to 354 mL Tris buffer. In S-last experiments, 4.5 mL (chymo)trypsin salution in 
demineralized water was added and the mixture was placed in the radio frequency 
field. In B-last experiments, 4.5 mL BAPA or BTPA salution in DMSO was added 
to the Tris buffer before it was placed in the radio frequency field. Hearing rate and 
cooling rate were brought in bal~ce and temperature was kept at 25 oe± 0.5 oe. 
After a 5 min incubation period the last reactant (either BAPNBTPA (S-last) or 
(chymo)trypsin (B-last) was added through a tube into the mixture. The enzyme 
activity was monitored by measuring absorption at 386 nm of samples taken from 
salution every two min. The reaction was ended after exactly 20 min by addition of 
45 mL acetic acid. The absorption of the total reaction mixture was also measured 
at 386 nm. 

Fipre.l. 

el rode 
pi tea 

coollng unit 

clrculatlon of 
demi water 1'C 

~.=========::_air 

rad o frequency unit 
27 MH:z 

Experimental setup for radio frequency energy input at constant temperature 
(25 °C). 

Water bath experiments 
Apart from the fact that experiments were carried out under thermostated conditions 
in a water bath, all other reaction conditions were identical to those of the radio 
frequency assay. Mixtures were kept in the rectangular shaped sample bolders in a 
water bath of 25°C. Temperature control and stirring were performed as mentioned 
before. 
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Control experiments!statistical set up 
Both the radio frequency and water bath assay were also carried out in the absence 

of Bowman-Birk inhibitor (control). All experiments were carried out in split plot 

experiment with six experimental units: (1) radio frequency, substrate added last 

(RF/S-last); (2) water bath, substrate added last (WIS-last); (3) radio frequency, 
enzyme added last (RF/S-last); (4) water bath, enzyme added last (WIE-last); (5) 

radio frequency, no inhibitor added (RF/control); (6) water bath, no inhibitor added 

(W/control). All six experiments were carried out on the same day in random order. 

Every experimental unit was performed four times. Analysis of varianee was carried 

out to compare the data of reaction rates. Effects were found to be significant if 

p < 0.05. 

Recovery of activity after radio frequency energy input 

To demonstrate whether radio frequency coupling results in reversible effects on 

BBI activity, recovery of BBI activity was measured. The same reaction mixture as 

described onder "Effects of radio frequency energy on activity" was applied. Inhibi

tion of chymotrypsin activity by BBI was monitored. Radio frequency energy was 
applied to the reaction mixture which was kept at 25 oe ± 0.5 oe (also as before). 

Samples were withdrawn from the reaction mixture every 2 min and read at 386 nm 

immediately. Every time-sample was then placed in another spectrophoto-meter at 

25°C andreaction rates were continuously measured fora time period of 20 min. 

RESULTS AND DISCUSSION 

Inactivation by radio frequency energy 

To determine if radio frequency energy has a direct (non thermal) effect on 
inactivation of the Bowman-Birk inhibitor, inactivation rates were compared with 
conventional heat inactivation. Figure 2 shows inactivation curves by means of 

conventional and radio frequency heating methods for trypsin-inhibition (A) and 

chymotrypsin inhibition (B). lnactivation rates of BBI show no significant 

differences between the applied heating modes. 
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lnactivation of BBI is very slow (after 9 h at 90 oe there is still 60-85 % rest 
activity). BBI is found to he a very heat stabie protein especially in aqueous 
solution (DiPietro and Liener, 1989). Chymotrypsin inhibitory activity appears to be 
more heat sensitive than trypsin inhibition as the total inactivation level is higher. 
However, there is no significant additional effect of radio frequency energy on 
inactivation of BBL Inactivation rates of BBI by conventional and radio frequency 
energy are similar. 
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Inactivation of the Bowman Birk inhibitor by means of conventional heating (•) 
and radio frequency heating (À). Trypsin inhibitory activity (A) and chymotrypsin 
inhibitory activity (B) were measured after heat treatment. 

In agreement with the results of Takashima (1966) and Lopez and Baganis (1971) 
we find that irreversible effects of radio frequency energy on protein conformation, 
resulting in changes in activity, do notseem to occur. This can be explained by the 
fact that the pboton energy of radio waves is too low (1.12 x 10·7 eV for 27 MHz) 
to cause bond breaking. 

EtJects of radio frequency energy on activity 

In figure 3 typical plots of enzyme activity in the radio frequency field and in a 
water bath are shown for trypsin (A) and chymotrypsin activity (B). The linear 
nature of the reaction over the time period of the assays is shown (R2 = 0.99-1.0). 
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In table 1 the averages of all runs of trypsin and chymotrypsin activity 

measurements, calculated from the reaction plots, are given. 

Trypsin activity 

No significant change in enzyme activity by radio frequency energy occurs in the 

control experiments in absence of BBI (RF/control and C/control). In presence of 

BBI an inhibition of trypsin activity occurs resulting in an decreased formation of 

the reaction product. The effects of radio frequency and water bath conditions on 

enzyme activity are compared both for the E-last situation and for the S-last 

situation. 

E-last. An increased enzyme activity is found durlog radio frequency treatment in 

the reaction when the enzyme was added last (RFIE-last). The reaction rateisabout 

1.5-fold higher than in the water bath experiment. Enhanced formation of the 

reaction product p-nitroaniline points to a reduced inhibitory activity by BBI. 

When BBI is free in solution (without enzyme), it may try to align with the 

alternating electric field. Complex formation between the protease and its inhibitor 

takes places through a delicate lock-key mechanism. The fact that BBI is moving 

under influence of the field may hinder coupling to the enzyme and formation of a 

complex. This likely leads to reduced trypsin inhibition. 

S-last. No significant effect of radio frequency energy on trypsin inhibitory activity 

is found when the substrate was added last (RF/S-last). This can be explained by 

the fact that in this case a stabie complex is formed between enzyme and inhibitor 

before the reaction mixture is subjected to the electric field. The rate of this 

complex formation is possibly very high, whereas the rate of dissociation is many 

times slower as was demonstrated to occur with other protease inhibitors (Empie 

and Laskowski, 1982). No equilibrium between assocation and dissocation of the 

complex may be reached for the duration of the experiment. In this situation 

coupling of the electric field cannot hinder complex formation. 

However, even if we assume this nonequilibrium situation with a very high rate 

constant for association to take place, we would not expect to find these pronounced 

differences between the E-last and S-last case on the applied time scale. 
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(A) Trypsin activity at 25 oe in the presence of BBI (E-last) [in water bath <•) and 
in radio frequency field (À)] and in the absence of BBI (control experiment) [in 
water bath (0) and in radio frequency field (A)]. (B) ehymotrypsin activity at 25 
oe in the presence of BBI (E-last) [in water bath (.) and in radio frequency field 
(À)] and in the absence of BBI ( control experiment) [in water bath (0) and in radio 
frequency field (A)]. 

Chymotrypsin activity 

As in the trypsin measurements, no significant change in chymotrypsin activity by 
radio frequency energy occurs in the control experiments in absence of BBI 
(RF/control and C/control). 
Chymotrypsin inhibition is influenced by the radio frequency field both when the 
substrate is added last (RF/S-last) and when the enzyme is added last (RF/B-last). 
The enzyme activity rate increased about 1.5- and 1.6-fold, respectively. 
In the case of chymotrypsin inhibition no great influence of mixing order of 
reactants was found (also found by Meijer, 1991). It seems that dissociation of the 
complex of chymotrypsin and BBI occurs at a higher rate than for trypsin and BBL 
In the case of chymotrypsin there is a equilibrium situation where dissociation of 
the complex leads to free BBI which can couple with radio frequency energy in 
both mixing sequences. 
The results indicate a direct coupling of radio frequency energy with the BBI 
protein molecules so that BBI is a less ideal substrate for the enzyme. Possibly the 
electric field causes a shift in the equilibrium between enzyme-inhibitor complex 
formation and enzyme-substrate complex formation. 
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Table 1. 

Effect of radio frequency energy on BB/ activity 

Enzyme activity (ÖA3aJmin) for trypsin and chymotrypsin, in presence or absence 
of BBI (reaction time 20 min at 25°C). Effect of radio frequency energy compared 
with reaction in water bath and effect of mixing order of reactants (substrate lastor 
enzyme last). 

Wieontrol RF Icontrol WIS-last RF IS-last WIE-last RF JE-last 
trypsm 

0.0403" 0.0419" O.Oll9b 0.0104b 0.0129b 0.0190c 
chymotrypsin 

0.0129" 0.0132. 0.00526b 0.00783c 0.00593b 0.00922d 
Sample cödes: W - control - water baili, no mhibitor äddëd; RF - control - radio fî'ëquency, no mh1bitor äddëd; W - S-last 
= water bath, substrate added Jast; RF - S-last = radio frequency, substrate added last; W - B-last = water bath, enzyme 
added Jast; RF - B-last = radio frequency, enzyme added last.'" : means with different superscript within rows are 
significantly different (p < 0.05) 

Recovery of activity after radio frequency energy input 

To demonstrate the reversible nature of the radio frequency effect, the recovery of 
inhibitory activity after exposure to radio frequency energy was measured. Figure 4 
shows how at various time points the enzyme activity rate decreases after removal 
of the sample from the radio frequency field. This clearly shows that the interaction 
of radio frequency energy and the inhibitor protein gives rise to an effect that is 
reversible in nature. To our knowledge no other studies were conducted to examine 
the effects of radio frequency energy on enzymatic activity in situ. 
In the area of organic chemistry, however, an increasing number of studies have 
appeared in which acceleration of reactions as a result of exposure to microwaves is 
reported (Bose, 1991). A recent finding of Pagnotta et al. (1993) demonstrated a 
(non thermal) acceleration of the mutarotation reaction of a-D-glucose in an 
ethanol-water solvent. The results are not yet confirmed by other researchers. 
Berlan et al. (1991) presented evidence for a specific activating effect of 
microwaves on an organic reaction under homogeneons conditions. They found 
acceleration of several Dieis-Alder reactions under microwave conditions at the 
same bulk temperature as under conventional conditions. To explain these effects 
they give two possible mechanisms: a change in entropy resulting in facilitation of 
the reaction or excitation of rotation of the molecule resulting in activation of 
molecular collision. In contrast, Raner et al. (1993) were not able to confirm these 
observations. Jullien et al. (1991) justify the occurrence of non thermal effects in 
their theoretical analysis of increase of chemica! reaction rates by microwaves. 
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Figure 4. 
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Change in chymotrypsin activity in the presence of BBI (E-last), in and after 
removal from radio frequency field; • reaction under influence of radio frequency 
energy (25 °C); reaction after removal of sample from radio frequency field at ~ 3, 
e 9, D 11, .à. 13,0 15 and "f' 17 min placing it in a spectrophotorneter at 25 oe. 

They present three hypotheses: favourable position because of the electric field, 
lower entropy state, increasing probability of molecular collision. They also suggest 
that differences can occur between high local temperatures of electrical entities. 
Stuerga et al. (1993) described the possibility of controlling the selectivity of 
competitive reactions with microwave energy. The isometrie ratio in sulfanation of 
naphthalene could be influenced by the applied microwave power density. However, 
this effect is explained by a ( controlled} change in heating rate. 
In agricultural and food processing research only few examples of application of 
specific applications of electromagnetic energy have been published. An example of 
differential heating is the multi frequency heating of sour milk products (Reuter, 
1977). Energy at frequencies of 10-30 MHz and 2450 MHz is used to heat the 
product mass and the uppermost layer of the product, respectively. However, this 
heating procedure is not based on any specific coupling effect of the 
electromagnetic energy with the various compounds in a materiaL Nelson (1985) 
describes an application of radio frequency energy to kill insects in grain. 
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Power dissipation at 39 MHz can he 3.5 times higher in the insects than in the grain 
dne to (large) differences in water contentand hence in dielectric loss factor. Expo
sures of 3 s result in 100% mortality in the insects and low temperatures in the 
grain. Some medica! applications of electromagnetic energy for so-called 
hyperthermia treatments have been reported. These treatments are also based on 
differences in dielectric properties. Higher conductivity of tumours as compared 
with the normal tissue can result in selective heating of the tumours (Rogers et al., 

1983). 

In our study we demonstrated a specific effect of a 27 MHz radio frequency field 
on an enzyme reaction in situ. We also showed that this effect is reversible in 
nature; i.e., the reaction rate reeovers when the solution is removed from the field. 
The starting point for this study was to investigate non thermal effects on BBI by 
subjecting it to a radio frequency heat treatment. We have shown that inactivation 
of BBI by radio frequency heating is purely thermal in nature, and from this we can 
conclude that radio frequency heating could serve as an alternative heating mode for 
inactivation of proteins (enzymes). Other non specific applications, i.e. purely as an 
alternative heat treatment, of radio frequency energy can he found in literature. 
Gluing of wood and plastic welding are examples of very successful non food 
applications, whereas postbaking of biscuits and melting of fat are wide spread food 
applications (Metaxas, 1988). Sunflower seeds and capeseed were heated 
successfully with radio frequency energy leading to higher oil extraction yields and 
better oil quality. Radio frequency heating appeared just as effective as conventional 
steam toasting in increasing the nutritional value of soybeans (Demeczky, 1985). 
In our opinion radio frequency energy forms a good alternative for inactivation of 
food enzymes in general. The advantages of radio frequency heating such as 
volumetrie, rapid heating, compactness of equipment and ease of operation offer 
sound economie alternative heating techniques. However, as investment costs for 
dielectric heating equipment are still high, the profit on end product quality is often 
decisive for the economical feasibility of the process. 
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NOMENCLATURE 

BAPA 
BBI 
BTPA 
w 
E 
RF 
s 
Tris 

benzoyl-DL-arginine-p-nitroaniline-hydrochloride 
Bowman-Birk protease inhibitor 
benzoyl-L-tyrosyl-p-nitroaniline 
water bath 
enzyme 
radio frequency 
substrate 
(hydroxymethyl) aminomethane 
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ABSTRACT 

In order to study the use of radio frequency (RF) heating to inactivate microorganisms at 
milder temperatures, its effect on model systems (liposomes) and whole cells was evaluated. 
The effect of RF energy on leakage of 6-carboxyfluorescein from liposome vesicles was 
studied. Both influences of the applied frequency and of membrane composition were 
demonstrated. Radio frequency fields appeared to result in membrane damage which could not 
be attributed to thermal effects. Exposure of lipasomes to RF fields with frequencies of 27 and 
100 MHz resulted in lysis of the vesicles. In addition, growth of Saccharomyces cerevisiae 
appeared to decrease in the presence of RF fields of 27 and 100 MHz. Effects of RF fields 
on Erwinia carotovora cells at sublethal temperatures could not be demonstrated. Moreover, 
when RF energy was applied as a heat treatment, no additional effects were detectable. 
Advantages of RF heating are probably not to be found in inactivation treatments at milder 
temperatures. It is concluded that RF energy can serve as an alternative heating mode in terms 
of quick and efficient reduction of microbialload, in specific cases. 

INTRODUCTION 

Interaction of electromagnetic fields with biologica! material has been extensively 

studied. Many researchers have tried to reveal specific or so called "non thermal" 
effects on various biologica! systems. The results of the studies carried out with 

microorganisms are as yet inconclusive. Most of the work has been carried out 

applying household microwave ovens at a frequency of 2.45 GHz. Some of the 

reported specific effects of microwave energy can be questioned because of the lack 

of registration and control of temperature differences within the sample. The reported 

effects may be aresult of local temperature rises (van Dorp, 1992; Ponne and Bartels, 

1994; Welt et al., 1994). Effects of microwave energy on performance of biologica! 
membranes appear to be less controversial. The cell membrane is considered to be a 

biologica! structure which may be susceptible to electromagnetic radiation (Liburdy and 

Vanek, 1985; Straub and Carver, 1975). Existence of large potential gradients, cell 

surface charge densities, ion mobility and interactions with structured water are 
believed to render membranes sensitive to oscillating electric and magnetic fields. 
Liburdy and coworkers (1985) concluded that exposure of membranes to microwave 

energy of 2.45 GHz can alter permittivity of erythrocytes and phospholipid vesicles 

(Liburdy and Magin, 1985). Barnes and Hu (1977) presented a model which showed 

both shifts in ion concentrations across a membrane and orientation of long chain 

molecules due to radio- or microwave fields to be possible. A more recent study of 

Fisun (1993) demonstrated theoretically that surface charge oscillations on lipid layers 
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may be important in dynamica! responses of biologica! systems to electromagnetic 
fields. Radio frequency (RF) fields are likely to interact with molecules larger than 

water, with bound water or with charged membrane components. This may result in 
an effect on the functioning of biologica! membranes and rnicroorganisms. If growth 
or vitality of microorganisms can be influenced by application of RF energy at 
sublethal temperatures, this can enable a range of interesting applications for mild 

preservation in food processing to be pursued. 
The purpose of this study was to investigate the effects of RF energy on 

microorganisms. Firstly, liposomes were studiedas simplified models of a biologica! 
membrane to investigate the interaction at a basic level. Leakage of carboxyfluorescein 
from phospholipid membranes vesicle under influence of a RF field at controlled 
temperature was monitored. Secondly, the more complex systems of intact 
microorganisms were studied. Effects of RF energy on inactivation and growth of a 

bacteria and a yeast were studiedunder sublethal conditions. In addition, a comparison 
of inactivation by means of RF heating and conventional heating was carried out. 

MATERIALS AND METHODS 

Model membrane system 
Unilamellar vesicles were prepared from egg-yolk phosphatidylcholine (PC) and 
phosphatidic acid (PA). A lipid film was prepared by evaporating the chloroform from 
3 mL of a 5 mmoliL phospholipid solution using a Rotavapor. Vesicles differing in the 
ratios of PA and PC were prepared, namely 0:1; 1:6 1:10; 1:30 and 1:60 (v/v) 
respectively. Films were left for hydration over-night in a dessicator. Vesicles were 
loaded with the fluorescent indicator 6-carboxyfluorescein (CF) by adding 400 J1l CF 
in 50 mmoliL HEPES buffer (pH 7.4) and 1400 J1l rnillipore water to the lipid film 

foliowed by mixing. The resulting vesicles were frozen in liquid N2 and thawed in a 
40°C water bath (repetitively for 10 times). To give a dispersion of closed vesicles of 
uniform size, an extrusion technique was applied (Mayer et al., 1986). 
Free CF was removed by gel-flitration over a Sephadex G-75 column (1 *30 cm; 
Pharmacia, Sweden), eluted with a 30 mmoliL HEPES buffer (pH 7.4) containing 200 
mmoliL NaCl. NaCl was used to compensate for the osmotic pressure of CF inside the 
vesicles. 
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Preparation of Erwinia carotovora cultures 
Erwinia carotovora subsp. atroseptica (OSM 30186) was inocu1ated in 2*TY broth 

(tryptone 16 giL, yeast extract 10 giL, NaCl 5 giL) and incubated at 25 oe for 18 
hours on a rotary shaker at 120 rpm. A dilution of 1:10 in physiological saltsalution 

was made to reach an initial number of around 107 cfu/mL. This aqueous suspension 
of E. carotovora was used in all exposure experiments. E. carotovora was used 
because it is a prominent representative of the spoilage flora of many agricultural 

produce and because its characteristics campare reasonably well to many food borne 
pathogens. 

Preparation of Saccharomyces cerevisiae cultures 
Saccharomyces cerevisiae (CBS 1782) was inoculated into Yeast Nitrogen Base 

Medium (Oifco 0392-15-9: 6.7 giL, dextrose 5 giL) and incubated at 30 oe on a rotary 
shaker at 120 rpm. Overnight cultures of S.cerevisiae were diluted with physiological 
saltsalution until 00660 0.1 ( 107 cfu/mL) for the heat inactivation experiments. For 
the growth experiments, dilutions until 00660 0.1 were made with yeast nitrogen base 
medium. S. cerevisae was chosen to represent a group of the larger eucaryotic 

microorganisms. 

Radio frequency experimental unit 
Microbial samples were exposed to radio frequency fields using a lab scale radio 
frequency unit (figure 1). The RF signal was generated in a RF generator (Wavetek, 

USA) with a frequency range of 0.5 to 350 MHz. The signal was amplified using a 
braadband power amplifier (ENI, USA) and lead into the sample. The sample was kept 
in a specially designed coaxial tube with the life electrode running through the sample 
salution and the outer wall acting as the grounded electrode. A Frequency Counter PM 
6662 (Philips, the Netherlands) was used to set the desired frequency. Power input and 
reflected power were measured using a Reflection Meter NAP (Rohde and Schwartz, 
Germany). The maximum power absorbed by the sample was calculated to be 130 
mW/mL with a maximum electric field strength in the sample tube of 0.34 V/m. 

Temperature control 
Temperature registration was carried out using fibre optie temperature sensors 
(Luxtron, USA). Temperatures were continuously recorded at two locations in the 
sample. For the heating experiments a homogenous temperature rise was achieved 
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throughout the whole sample. During the thermostated experiments sublethal 
temperatures were maintained continuously. To keep the temperature of the sample at 
the desired level, a cooling fluid (glycol) was circulated around the sample tube. 
Samples were mixed by gently bubbling air or N2 gas through the suspensions. 

RF 
generator 

0.5·350 MHz 

tibet optie 
tempera:ture 
registration 

resistor 

I 

--'---+---"""- - -- - ; : 

Figure 1. Experimental radio frequency unit with adjustable operating frequency (0.5-300 MHz) 

Leakage experiments 

Vesicles (100 IJl) were added toa 15 mL "out" buffer containing 140 mmo1/L NaCl 
and 10 mmo1/L HEPES. This solution was exposed to RF energy of 1, 27 and 100 
MHz at 20°C ± 1 oe during 3 hours. Samples were taken every hour. Control 
experiments were carried out by keeping solutions of vesicles in the same sample 
holderunder identical ciccumstances but without exposure to the radio frequency field. 
Release of CF from vesicles was measured on a SLM/Aminco SPF-500C 
spectrofluorometer at an excitation wavelength of 430 nm. The increase in emission 
intensity at 513 nm, due to the dequenching of CF fluorescence was monitored. The 
initial amount of CF loaded was determined by lysing the vesicles with 20 IJl 10% 
(v/v) Triton X-100. Leakage of CF from the vesicles is expressed as: 
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[1] 

where F0 is the initia! fluorescence, F, the fluorescence after a period of t minutes and 

FT the fluorescence after addition of Triton X-100. 

Phosphorus determination 
In order to investigate if radio frequency energy can have a lysing effect, the 

phospholipid vesicles were exposed to RF energy of 1, 27 and 100 MHz as described 

before. In case lysis of the vesicles occurs, free phospholipids will tend to form a 

dispersion of micelles. Intact vesicles were separated by centrifugation (45 min. 

100,000 rpm) and the pbospholipid content in the supernatant was determined by 

measuring its phosphorus concentration. After centrifugation, samples were kept 

overnight at 100 oe to dry. The phospholipids were destructed by adding 300 J.Û HC104 

and keeping the solution at 190°C for 30 rninutes. After cooling 1 mL bidest water, 0.4 

mL ammonium molybdate (1.25 % w/w) and 0.4 mL ascorbic acid (5% w/w) were 

added and the solution was incubated at 100°C for 4-5 minutes. After cooling, the 

phosphate content was measured as the absorption at 797 nm (Rouser et al., 1970). 

Comparlson of heat inaetivation of mieroblal eens 

Inactivation of microorganisms as a result of RF energy and conventional energy was 

compared. 15-20 mL of microbial suspensions of E. carotovora and S. cerevisiae were 

heated until 60°C. Evaporation was controlled in conventional and RF heating experi

ments using a condenser with back-wash. RF heating was carried out by applying 

energy at 1 MHz, 27, 100 and 300 MHz. Conventional heat treatments consistedof 

heating employing water circulating from a water bath around the sample tube. 

The temperature of the water was adjusted continuously to achieve identical hearing 

rates as for the RF treatments. At set time points 0.5 mL samples were taken for 

enumeration which were cooledon ice immediately. E. carotovora was enumerated on 

Plate Count Agar (Oxoid CM 325) after incubation at 25°C for 48 hours. S. cerevisiae 

suspensions were plated on Malt Extract Agar plates (Difco) and incubated at 30 oe 
for 48 hours.Additional inactivation experiments were carried out under thermostated 

conditions at 45 oe during 4 hours. 
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Exposure at sublethal temperature 

Experiments at sublethal temperatures should enable to reveal any effects of the RF 
field that might have been overshadowed by the thermal effects of the heat treatments 
from the previous experiments. Microbial solutions were exposed to electromagnetic 
energy with frequencies of 1, 27, 100 and 300 MHz during 4 hours. Sample 
temperature was thermostated at 20°C ± 1 oe (E. carotovora) or 30°C ± 1 oe (S. 

cerevisiae) by circulation of a cooling medium (glycol) around the sample tube. 
Control experiments were carried out using identical experimental conditions but 

without application of radio frequency energy. Samples of 0.5 mL were taken every 
hour and enumerated as described before. Y east growth was studied by monitoring 
optical density at 660 nm during the exposure period. 

RESULTS 

Permeability of membrane vesicles 

Figure 2 shows the effect of radio frequency energy on the leakage of 
carboxyfluorescein from lipid vesicles consisring of phosphatidyl choline (PC) only. 
1t appears that in all samples increased leakage occurs during the course of the 
experiment. This leakage is partly due to the mechanica! stress caused by mixing the 
salution with N2 gas, but the leakage from vesicles exposed to radio frequency fields 
of 27 and 100 MHz is significantly higher than leakage in the control and 1 MHz 

samples (p < 0.05). 
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Figure 2. 
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Leakage of carboxyfluorescein (CF) from liposome vesicles consisting of phosphatidyl 
choline. Influence of exposure to a radio frequency field at 1 MHz •. 27 MHz A and 
100 MHz e (20°C), (control, no exposure 0); mean of duplicate experiments. 

In order to study the effect of membrane composition, various concentrations of 

phosphatidic acid were added to the vesicles. Figure 3 shows leakage of CF as a result 

of exposure to RF fieldsof vesicles composed of PC with 0.083, 0.167, 0.5 and 0.83 
mmoliL phosphatidic acid (PA), respectively. The effect of membrane composition on 

leakage after 3 hours of exposure is illustrated in figure 4. Membranes exposed to a 
RF field showed an almost linear increase in CF loss with increasing PA concentration. 

In contrast, in the control samples a change in PA concentration had almost no effect 

on the leakage of CF. The absolute amount of leak:age was significantly higher for 

increasing frequencies (100 MHz > 27 MHz > 1 MHz > control; p < 0.05). At low 

concentrations of PA (0, 0.083 and 0.167 mmol/L) leak:age in 1 MHzsamples was not 

significantly different from the control sample. In order to explore the mechanism 
which causes CF to leak: from the vesicles under influence of radio frequency fields, 

phosphorus determination of the salution after exposure and centrifugation was carried 

out. 
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Leakage of carboxyfluorescein (CF) from liposome vesicles consisting of phosphatidic 
acid and phosphatidyl choline in the ratios 1:6 (A), 1:10 (B), 1:30 (C) and 1:60 (D). 
Influence of exposuretoa radio frequency field at 1 MHz •. 27 MHz A and 100 
MHz e (20°C), (control, no exposure 0); mean of duplicate experiments. 

Table 1 shows the phosphorus content in the supernatant of PC vesicles by exposure 
to 1, 27, 100 MHz RF fields for 3 honrs. The results show that during exposure to RF 
fieldsof 27 and 100 MHz, a gradnally increasing amount of free phospholipids was 
detected. This may point to a breakdown of the vesicles during the experiment. The 
samples not exposed to any radio frequency fields as well as the samples exposed to 

1 MHz fields showed a lower increase of phospholipid content in solution. 
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Figure 4. 

Table 1. 
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Influence of exposure to a radio frequency field at 1 MHz •. 27 MHz ~ and 100 
MHz e {20°C) on leakage of CF from liposome vescicles. Effect of concentration of 
phosphatidic acid (control, no exposure 0). 

Phosphorus content (nmol/mL) of supernatant of vesicle solution (5mmoi/L PC) after 
exposure to radio frequency fields of 1, 27 and 100 MHz. 

radio frequency field 
100 MHz 27 MHz 

12.8 
141.5 
216.8 
364.5 

12.3 
93.3 

127.5 
243.3 

1 MHz 

12.5 
73.0 
66.3 
86.5 

control 

13.8 
55.3 
59.0 
70.5 

Comparison of heat inactivation 
Survivor plots for E. carotovora subjected to radio frequency heating at 1, 27, 100, 300 

MHz and conventional heating are shown in figure 5 (all experiments standardized on 

initial colony forming units). It is apparent that inactivation is independent of the type 

of thermal treatment used. No significant effects of the application of radio frequency 

energy could be found. From the inactivation curves a sharp turning point from active 

to inactive cells can been seen. A temperature of about 48°C seems to be critical for 

inactivation. The possibly higher sensitivity in this temperature range was studied in 
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more detail by carrying out a heat inactivation experiment at 45°C. Normalized 
survivor plots are shown in fignre 6. Inactivation rates for samples heated with RF 
energy were not significantly different from inactivation by conventional energy. 

Figure 5. 

Figure 6. 
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Inactivation of Erwinia carotovora by a radio frequency heat treatment 1 MHz •. 27 
MHz A, 100 MHz e and 300 MHz ~ and by conventional heating ( control 0); mean 
of five repeated experiments, error bars not shown. 
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Inactivation of Erwinia carotovora by radio frequency energy at 1 MHz •. 27 MHz 
A, 100 MHz e and 300 MHz ~ and by conventional heating under thermostated 
conditions at 45 oe (control 0); mean of five repeated experiments, error bars not 
shown. 
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Figure 7 shows the inactivation curve for S. cerevisiae exposed to RF heating at 1, 27 

and 100 MHz and to conventional heating. The critica! temperature for the inactivation 

of yeast cells appeared to be around 50°C. The observed reduction in viability was not 

significantly different between the various heat treatments. Both for E. carotovora and 

for S. cerevisiae inactivation appeared to be caused only by thermal effects of RF 

energy. 

Figure 7. 
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Inactivation of Saccharomyces cerevisiae by a radio frequency heat treatment at 1 
MHz •. 27 MHz A and 100 MHz e and by conventional heating ( control 0); mean 
of five repeated experiments, error bars not shown. 

Exposure at subletbal temperatures 

The effect of RF energy per se on microorganisms was studied by exposing the 

microorganisms to electromagnetic fields under thermostated conditions at a relatively 

low temperature (20°C). Figure 8 shows the change in cell numbers of E. carotovora 
during exposure to RF radiation at 20°C. The increase of cell numbers during the 

exposure time of 240 minutes is a result of the breakdown of the strings of E. 

carotovora cells in the initial microbial suspension. Due to the mixing in the sample 

holder during the time period of 240 minutes, the strings breakdown in smaller 

fragments resulting in more colony forming units appearing on the plate count. There 

is no detectable extra effect of the RF energy on this change in cell numbers. 
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Figure 9. 
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Change in cell numbers of Erwinia carotovora during exposure at sublethal 
temperatures (20°C) toa radio frequency field of 1 MHz •. 27 MHz A, 100 MHz e 
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bars not shown. 
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Growth of Saccharomyces cerevisiae during exposure at 30°C to a radio frequency 
field of 1 MHz •. 27 MHz A and 100 MHz e (contra!, no exposure 0) as expressed 
by change in optica! density at 660 nm; mean of duplicate experiments. 
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Effects of the RF field on growth of yeast cells were studied in situ at 30°e. Figure 

9 shows yeast growth during exposure to 1, 27 and 100 MHz as determined by a 

change in optical density at 660 nm. Parallel viabie cell counts were carried out but 

since these counts showed the same overall result these data are not shown. Significant 
changes in growth rate were found when yeast cells were exposed to RF energy of 27 

MHz and 100 MHz (p < 0.05). The decreasein growth rate of S. cerevisiae caused 

by the RF fields is dependent on frequency in a similar way as found with the 
membrane experiments. 

DISCUSSION 

An increase of leakage of carboxyfluorescein from liposome vesicles under influence 

of radio frequency fields was demonstrated. Interaction of RF fields with the 

phospholipids or change in membrane surface charge may have caused this effect. 
Furthermore, there seems to be an effect of the specific frequency applied, i.e. 27 and 

100 MHz. Probably, coupling of the energy with the phospholipids or surface ionsis 
more effective at these higher frequencies. Because sample temperature did not exceed 

21 °C, thermal effects can be ruled out. Potentlal temperature gradients within the 
samples were abolished by mixing the solution with N2 gas. Our results are in 

agreement with studies carried out in the microwave frequency range (2.45 GHz). 

Liburdy and Tenforde (1986) and Liburdy and Magin (1985) indicated that microwaves 

stimulate the release of an aqueous chemotherapeutic drug from phospholipid vesicles 
at temperatures below the membrane phase transition temperature of 41 oe where these 

liposomes are normally not leaky. D'Inzeo et al. (1993) showed a protein voltage 
dependent membrane channel which was exposed to microwave fields to he sensitive 
to both the frequency and amplitude of the electromagnetic treatment. 

In our study, PC membranes exposed to a radio frequency field showed an almost 

linear increase of leakage with increasing PA concentration. At higher concentrations 
of PA, RF fields appeared to interact more efficiently with the membranes. The relative 

increase in negatively charged PA molecules may increase the susceptibility of the 
membranes to alternating electric fields. The effect of membrane composition was also 
studied by Liburdy and Vanek (1985) who observed the influx of 22Na in erythrocyte 

membranes at 17.7 to 19.5 oe increased after microwave exposure, reflecting an 

apparent membrane phase transition. 
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Immediately after terminalion of the microwave exposure the influx reduced and then 

returned to normaL In case membranes were loaded with cholesterol, which would 
abolish the phase transition, no microwave effect could be detected. In contrast, 

Orlando et al. (1994) did note microwave effects on cholesterol loaded liposomes. 

They found an increase in liposome leakage well below phase transition temperatures. 

These workers suggest that microwave fields can induce rotational motions in 

phospholipid acyl ebains with subsequent pore formation in the "intermediate gel" state 

formed in the presence of cholesterol and at temperatures below the membrane 

transition temperature. 

The results from the phosphorus determination performed bere after RF treatrnent point 
to a lysing effect of RF energy at the higher frequencies. The increased leakage of CF 

caused by 1 MHz radiation, as found in the exposure experiment, seems to occur 

merely through a change in permeability of the membrane. The exact interaction 
mechanism needs to be studied in more detail. Additional effects of RF energy on 

thermal destruction of microbial cells were not detectable. 

Our results are in agreement with findings of various researchers who compared effects 

of microwave heating at 2450 MHz with conventional heating. Lechowich et al. (1969) 
heated Streptococcus faecalis and Saccharomyces cerevisiae cells until 55°C and found 

no lethal effects of microwave energy other than heat. The destruction of Escherichia 

coli cells by microwave energy could be interpreted mostly by means of thermal 

effects (Fujikawa et al., 1992). Effects of microwave energy on viability of Clostridium 

sporagenes spores was indistinguishable from the effect of conventional heating (Welt 

et al., 1994). Non-thermal effects of RF energy on Escherichia coli were claimed to 
be found in very early workof Fleming (1944). However, no specific effects of the 

radio frequency field on the inactivation of microbial cells could be demonstrated by 

Brown and Morrison (1954), Carroll and Lopez (1969) and lngram and Page (1953). 

The decrease in growth rate of Saccharomyces cerevisiae caused by the RF fièld is 

dependent on frequency in a similar way as found with the membrane experiments. 
Findings reported on the effect of electromagnetic energy on the growth of yeast cells 

monitored in situ are controversial. Gründler and Keilmann (1978) found very specific 

frequency dependent changes in growth rate of aqueous yeast cultures by microwave 

irradiation in the range 41-42 GHz. Contrary tothese findings Furia et al. (1986) found 

that millimeter waves did not induce any detectable effects either on growth rate or 
viability of yeast cells. The above mentioned studies were carried out with frequencies 

around a factor 103 higher as applied the present study. 
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Not much is known about growth of microorganisms as monitored in situ, simultaneous 

to the exposure to RF energy. The effect of radio frequency energy on metabolism of 
yeast cells was studied by Abramov et al. (1984). They found an increase in acetal 
production by yeast cells under influence of radio frequency fields of 250-500 MHz. 
These results were neither confmned nor denied in later studies. 
From this study, it appears that radio frequency fieldscan result in a change in stability 
of biologica! membranes which can not be explained as thermal damage. Por yeast 
cells this membrane damage seemed to cause a delay in growth rate. Part of a 
population of cells may be inactivated. Another possibility is a decrease in overall 
growth rate caused by consumption of metabolic energy for repair mechanisms of the 
cell membrane. 
No effects of the RF field on E. carotovora at sublethal temperatures could be 
demonstrated. During these experiments E. carotovora cells were not growing and 

increase in colony forming units was merely caused by breaking down of cell ebains 
in time. Growing cells may be more susceptible to the influence of the RF field. 
No differences in inactivation rates of E.carotovora and S. cerevisiae could be detected 
when solutions were subjected to both conventional and RF heating. Experimental 

varianee in the complex systems of microorganisms in a dynamic environment 
(temperature changes in time) appeared to be quite large. Therefore, possible additional 
effects of the RF field itself, may have been difficult to detect. However, the 
inactivation experiments showed that radio frequency heating can serve as a good 
alternative for conventional heating in being just as effective in terms in reduction of 
microbialload. Additional advantages of RF heating can be its rapid heat generation 
within the product with a higher penetration depth than conventional or microwave 
energy. Over heating of the outer product layers in order to reach a high enough core 
temperature for inactivation of microorganisms can be prevented. Examples of RF 
applications in food pasteurization can be found for processing of fruit juices, powders 
and pastes (Demeczky, 1985), sausage emulsions (Houben et al., 1990), yoghurt 
(Reuter, 1977) and spices (Dehne and Bögl, 1993). When conditions of radio frequency 
heating are properly tuned to a specific application or product, favourable effects on 
product quality can be achieved. 
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ABSTRACT 

The level of heat inactivation for rapeseed Iipase depended largely on the physical 
environment of the enzyme (aqueous extract versus seed matrix). After heating a fair amount 
of remaining activity was observed, possibly due to the activity of a second, heat stabie Iipase 
form. This more heat stabie enzyme started to denature at temperatures above l00°C. At 
temperatures below l00°C Iipase inactivation could be described with a single exponential 
decay model with a constant level of remaining activity. A correction for the biologica! age 
of the rapeseed was included in the analysis. Inactivation of Iipase by steam and microwave 
hearing appeared to be significantly different probably because of different moisture contents 
during heating and not because of the type of heating. Microwave heating resulted in a higher 
free fatty acid content in rapeseed oil. Transmission electron microscopy showed that 
microwave heating may lead to an increased breakdown of oil droplets, leading to a higher 
availability of oil for reaction with Iipase in the early stage of heating. 

INTRODUCTION 

With the introduetion of new varieties of rapeseed, low in content of glucosinolate and 

erncic acid, the use of rapeseed (Brassica napus) oil in food industry is increasing. The 

oil of these so-called double zero varieties is very suitable for human consumption. In 

addition, there is a tendency to further improve the processing of rapeseed and the 

products obtained from rapeseed (Fornal et al., 1992). The processing of rapeseed for 

production of oil involves a number of steps: pretreatment (dehulling, crushing, 

heating), extraction and refining. The heating step is carried out to inactivate undesired 

enzymes (mainly lipase, lipoxygenase, phospholipase and myrosinase) and to improve 

oil yield. To retain good quality oil products from rapeseed, it is essential to inactivate 

lipolytic enzymes that may produce rancidity (Vetrimani et al., 1992). The heating is 

commonly being performed by a steam treatment at 77-100°C for 15-20 min, 

depending upon the rapeseed variety (Ohlson, 1992). Recently, electromagnetic energy 

bas been applied as an alternative heat treatment to inactivate enzymes in rapeseed and 

soy beans (Maheshwari et al., 1980, List et al. 1990, Kovács et al., 1991). Previous 

studies have shown that application of microwave energy is suitable for rapid heating 

of rapeseed and for adequate enzyme inactivation (Ponne et al. 1991, Pelkmans, 1992). 

It was reported that microwave and steam heating had different effects on oil extraction 

efficiency and oil quality, especially on the free fatty acid content. In this study, the 

effects of microwave energy on Iipase inactivation and on the oil quality are evaluated 

in more detail. Heat inactivation parameters of rapeseed Iipase were estimated on the 

basis of inactivation experiments at static conditions (i.e. constant temperatures). The 

obtained kinetic parameters were used to simulate the dynarnic inactivation to compare 
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the effects of conventional (steam) and microwave heating on lipase inactivation. These 

heat treatments were carried out at dynamic conditions, i.e. temperature increased with 
time. In addition, the effects of the two heating methods on free fatty acid contents of 

the oil and on seed microstructure were studied. 

MATERIALS AND METDODS 

Material 

Double zero variety rapeseed (Ronk 00; 43% oil) was purchased from Groenbroek 

Zaden, Scheemda, the Netherlands. The last set of experiments, camparing microwave 

and steam heating, was carried out with a seed batch from trade mark Unimills, 

Germany. Seeds were storedat room temperature. 

Extraction 

The rapeseed was conditioned to a moisture content of 13% (w/w). Lipase was 

extracted from 5 g rapeseed by adding 50 mi ofTRIS-Hei buffer (5 mM, pij 7.2) and 
incubating the samples at 4°e over-night. The seeds were separated from the buffer by 

filtration at 4 oe. The seeds were emsbed in a cool mortar and transferred quantitatively 

to a blender mixer. The original extraction buffer was re-added and the seeds were 

mixed for 30 s at full speed. The mixture was filtered through cheese cloth and the 

crude extract wascentrifugedat 4°e during 30 min at 13000 rpm. The water phase of 
the supernatant was filtered again through filter paper. The final extract was kept at 

4 oe for one day at the most. 

Heating methods 

The decrease of Iipase activity was measured during heating of Iipase in an aqueous 
extract of rapeseed (free lipase) and in whole rapeseeds. The experiments were carried 

out at static conditions, i.e. at various but constant temperatures. A second set of 

experiments were conducted at dynamic conditions, i.e. at varying temperatures. 
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Healing - static conditions 

Heating of Iipase in aqueous extract 

The lipase extracts were heated in glass tubes, thin walled for rapid heat transfer, in 

a water bath at 45, 50, 65 and 75°C respectively. Samples were taken at regular times, 
transferred into Eppendorf tubes, immediately frozen in liquid nitrogen and stored at 

-20°C until analysis of Iipase activity. 

Heating of Iipase in whole seeds 

The moisture content of the rapeseed was adjusted to 13% w/w prior to every heating 

session. Heating experiments were carried out at 75°C, 90°C, 100°C and 130°C 

respectively using an oil bath (silicon oil). Plastic bags containing single layers of 
seeds, for instantaneous heat transfer, were vacuum sealed. At regular time intervals 

one sealed bag was removed and immediately frozen in liquid nitrogen. Seeds were 
storedat -20°C untii further analysis. 

Heating- dynamic conditions 

Steam treatment 

Batches of 55 g rapeseed with standardized moisture content (13% w/w) were exposed 
to steam at atmospheric pressure. Temperatures were recorded using two thermocouples 

in the layer of seeds. The batches were heated during predetermined time periods. After 

heating the seeds were immediately frozen in liquid nitrogen and kept at -20°C until 

further analysis. For each point of time the heat treatment was carried out in triplicate, 
each time exposing a new rapeseed sample. 

Microwave treatment 
Batches of rapeseeds with standardized moisture content (13% w/w) were heated in 
closed petri dishes in a 600 W household microwave oven (Mouiinex, Germany) using 

maximum power. Layers of I cm rapeseed (50 gram) heated up homogeneously 
throughout the whole sample. A load of 150 mi tap water was placed at a fixed 

Iocation in the oven to achieve the desired heating rate of the seeds. Temperatures were 
measured at various locations using fibre optie temperature sensors (Luxtron, USA). 

For every time period new rapeseed samples were heated and immediately frozen for 
Iipase activity analysis. All heating experiments were carried out in triplicate. 
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Measurement of Iipase activity 

Whole seeds were defrosted and lipase was extracted as described before. Heated Iipase 

extracts were defrosted and used as such. Lipase activity was measured according a 

colorimetrie metbod described by Mosmuller et al. (1992) using 2,4-dinitrophenyl 

butyrate as a substrate. 

Free fatty acid analysis 

Samples of rapeseed from the dynamic steam and microwave heating experiments were 

freeze dried. Oil was extracted from the dried seed samples with petroleum ether in a 

Soxtec extraction unit (Perstorp, Analytica!). After extraction and cooling, oil samples 

were immediately analyzed for free fatty acid (FF A) content. Samples of 1 gram oil 

were weighed and dissolved in a mixture of 20 rol hexane and 20 rol ethanol. Titration 

with 0.01 N KOH was carried out with phenolphthalein as indicator. FFA content was 

expressed as moles oleic acid per gram rapeseed. 

Transmission electron microscopy of seed microstructure 

For transmission electron microscopy (TEM) a new series of samples was prepared 

according to the dynamic steam and microwave heating procedures. To prevent damage 

to the seed structure, the seeds were not frozen after heating but cut in half and 

immediately imbedded in a fixation medium of 2% formaldehyde and 3% 

glutaraldehyde in phosphate-citrate buffer (pH 7 .2) and incubated at 4 oe for six days. 

After fixation the seeds were rinsed 5 times in buffer for 5 min. Samples were 

coloured for lipids by a second fixation in 1% osmium oxide in a dark room for 1 hr 

at room temperature. The seeds were rinsed in purified water and dehydrated in a 

graded ethanol series. Seeds were imbedded in Spurr (an epoxy resin). Samples were 
cut in ultra thin coupes of 60-90 nm with a diamond knife (Microtome LKB Bromma, 

Sweden). The coupes were collected on 100 mesh copper grids and wasbed in 2% 

uranyl acetate. Seed microstructure was studiedusinga Philips EM 400 transmission 

electron microscope. 
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LIPASE HEAT INACTIVATION MODEL 

Heat inactivation kinetics - static conditloos 

The heat inactivation data sets indicate the existence of at least two iso-forms of Iipase 
(see Results and Discussion). In addition to two different inactivation mechanisms 

found in the Iipase extract, a fair amount of Iipase activity remained after heating. 

For this reasou three different inactivation steps were distinguished in the model: 

(I) 

The metbod applied in measuring lipase activity measurement does not discriminate 

between the lipases: the sum of all actlvities is measured (2). 

(2) 

Heat induced inactivation of enzymes can usually be described by a frrst order decay 

which results in the analytical solution as shown in equation 3. 

-Ir. t 
C = C .· e '"'~ i 0,1 

(3) 

The inactivation rate IG is a function of temperature most probably according to 
Arrhenius' law (4), where Tref is the reference temperature chosen within the range of 

the measurements. 

E 1 1 
....!(---) 

k = 'Ir • R T..,r Tabs 
i A'i,ref e 

(4) 

Analyses were made assuming a constant level of remaining activity, Cmin (k2 and/or 

k3 equal zero). This leads to the following model, known as the Mitscherlich function 
(equation 5) 
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C = C . + (C - C . ) · e -k t mm max mm 
(5) 

where cmax represents the initia! maximal activity. 

For Iipase in aqueous extract, separate analysis of the lower and higher temperatures 

was carried out. In the data set of lipase inactivation in whole seeds, only temperatures 

up to 1 oooc were analyzed, assuming k2 and k3 to be zero. 

Because different series had different initia! activities, it was obvious that the 

individual substrates (rapeseeds) had a different biologica! age or at least a different 

history of decay. Therefore, a correction should be applied in an integral analysis of 

the data. This correction was developed by rewriting the Mitscherlich function with a 

series dependent time shift At ( equation 6) and where Cmax represents the maximal 

concentradon on an arbitrarily chosen time scale. 

C = C . + (C - C . ) · e -k (t+llt) 
mm max mm 

(6) 

Solving the equation for At with C=C0 at t=O and simplifying the expression leads to 

equation 7 and 8 respectively. 

(7) 

Á t = 
k 

(8) 

In this equation C0 is the initial activity for each data series separately. 

Data analysis 
Equation 8 was used together with the Arrhenius equation for k (4) in a non linear 
regression analysis on all data of static heat inactivation experiments, with time t and 

temperature T simultaneously as explaining variables using GENSTAT (Rothamsted 

Experimental Station, UK). The inactivation parameters k:ref• E and Cmin were estimated 
simultaneously. 
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Heat inactivation kinetics • dynamic conditloos 

The reference inactivation constant Ocrer> with Tret=90°C) and the activation energy of 

the inactivation (E) estimated from the static heating experiments, were used to predict 
and compare lipase inactivation during dynamic microwave- and steam heating. In this 

case the parameters were applied in a dynamic scenario, using the inactivation model 

described in the differentiated form of equation 8 in combination with the Arrhenius 
equation for k. In the dynamic situation, however, temperature is not constant but 

increasing with time. This was implemented in the model by replacing a constant 

temperature by the equation T = at + T0 and by numerical integration. Heating rates 

(a) and initial temperature T0 were measured both for the steam heating and for 
microwave heating and implemented in the model. 

RESULTS AND DISCUSSION 

Heat inactivation of Iipase 

Heat inactivation kinetics- static conditions 
Regression analysis of the lipase inactivation data for each temperature series 

separately resulted in a percentage varianee accounted for of more than 90% (data not 

shown). Non linear regression of the combined data was carried out with time and 

temperature as explaining variables. 

Lipase in aqueous extract 
Analysis of the data with the single exponential model described in equation 8 resulted 
in a fairly good explanation of experimental varianee (89.0%) with a k..er of 0.67 s·1 and 
E is 166 kJ.mot·1 (simulation not shown). Combined analysis of the two lower 

temperatures (45°C and 50°C) and the two higher temperatures (65°C and 75°C) with 
the sameinput value of 150 kJ.mo1'1 for the inactivation energy, but different estimates 

for k; and Cmin• resulted in a very good percentage of varianee accounted for in the 
total data set (98.0% ). In order to be able to carry out the analysis, the value for E was 
fixed at 150 kJ.mot·1

• This value was estimated from preliminary analysis of 

temperature series separately. Figure 1 shows the activity of free lipase during heating 

at different temperatures. Estimated valnes of are given in table 1. The results from this 
free enzyme inactivation are not used for further analysis in this study. 
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Lipase in whole seeds 

The decay of lipase activity was described by a Mitscherlich function with a correction 

for biologica! age (equation 8). In this model it is assumed that the level of remaining 

activity is constant, that is the inactivation rate (J.s and k3) for the heat stabie lipases 

is zero. The single exponential model described in equation 8 resulted in a high R2 
adj 

(89.6%) for the combined temperature series 75°C, 90°C and 100°C (Figure 2). 

However, the model was not applicable for the 130°C data set. The best fit through 

these data by an arbitrarily chosen exponential decay model is shown in figure 2. It 
appears that at temperatures higher than 1 oooc the second, heat stabie enzyme also 

decays. This behaviour resembles strongly the behaviour of Iipase activity in extract 

at lower temperatures. However, the heat inactivation at temperatures higher than 
1 oooc can not he analyzed in more detail because of the limited number of 

experimental data at these temperatures. 

Table 1. Results of statistica! analysis of heat inactivation of rapeseed Iipase at static 
conditions. 

lipase extract Iipase in seeds 

kl,ref (s-t) 5.27 s.e. 1.87 0.096 s.e. 0.021 
k2,ref (s-t) 0.46 s.e. 0.06 0.124 

Et 49 s.e. 33 
E1.2 (kJ.mon 150 fixed 
Cnpase2 (M3sofmin) 0.025 s.e. 0.0010 0.025 s.e. 0.0016 
Cupase3 (M3sofmin) 0.007 s.e. 0.0010 0.016 s.e. 0.0016 

Tref eC) 90 90 
Nobs 22 31 

Turn > 50°C > 100 oe 
R2arlj;t,2 98.0 
R2arlj.t 89.6 
R2adi.2 98.2 

The presence of a remaining activity or a heat stabie Iipase was reported earlier for 

cereal bran and soy beans by Vetfirnani (1992). It is still inconclusive whether rapeseed 
contains only one lipase, located in the membrane of the lipid body, or two distinct 
lipase iso-enzymes (Hassanien and Mukherjee, 1986). Hills and Murphy (1988) and 

Ncube et al. (1993) found Iipase activity both in purified lipid body membranes and 

in mierasomal fractions. The enzymes had different characteristics with respect to pH 

optimum, response to substrate concentration and fatty acid constituents (Hills and 

Murphy, 1988). 
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Figure 1. 

Figure 2. 
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lnfluence of microwave and steam heating on rapeseed Zipase 

The results show that the inactivation k:inetics depend very much on the physical 
environment. Obviously, the moisture content in the rapeseed extract is much higher 

than in whole seeds. In aqueous environments Iipase is found to be more easily 
inactivated by heating. The rate of inactivation at the reference temperature (90°C) is 
five to fifty times higher in aqueous media than intheseed matrix (table 1). 

Van Zuilichem et al. (1993) also found an increased heat resistance during inactivation 
of trypsin inhibitor in soy beans with low moisture content (13%) compared to beans 

with high moisture content (43%). Similar results were obtained for inactivation of 
phospholipase in soy beans (List et al., 1990) and for myrosinase in Canola seeds 
(Owusu-Ansah and Marianchuk, 1991). Meerdink (1993) gave an overview of empirie 
models that describe the dependenee of the inactivation constant k of enzymes on 
temperature and water concentration. Both the activation energy of the enzyme 
inactivation (E) and the rate constant (k) increase with higher water contents. As a 
result, the temperature sensitivity of the inactivation of the enzyme increases. However, 
most models described in literature are usually not built on fundamental knowledge of 
enzyme inactivation mechanisms at different water contents. 

Heat inactivation kinetics- dynamic conditions 

Effect of steam/microwave heating on Zipase inactivation 

The activity of lipase in the seeds at various times during a microwave and steam 
treatment are shown in figure 3 and 4 respectively. The two heating methods seem to 
result in a significantly different inactivation rate (p = 0.05). For steam heating 
temperature up to 90°C increase linear in time with a heating rate of approximately 
0.76 oc.s-1

• The increase in temperature was found to be linear for the whole 
microwave heat treatrnent with a heating rate of 1.1 oc.s-1

• 

A dynamic model based on the differential of equation 8 and equation 4 was used in 
simulation experiments at the same conditions. As the dynamic heat treatrnents were 
carried out with whole rapeseeds, the k:inetic parameters for whole seeds up to 120°C 
(k",f 0.096 s· 1 and E 49 kJ mol'1

) were applied. The R2
adj of the dynamic heat 

inactivation model was significantly better for the microwave treatrnent (98.3%) than 
forthesteam treatment (79.2%). 
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Figure 3. 

Figure 4. 
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Inactivation of rapeseed Iipase during microwave heating; experimental data (symbols) 
and simulation with dynamic model (line); R2adi = 98.3. 
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lnjluence of microwave and steam heating on rapeseed 

The heat inactivation during microwave heating foliowed almost exactly the expected 

pattern. Consequently, no specific "microwave" effects on Iipase inactivation are 

apparent. During steam heat treatment the moisture content of the seeds increased. 

Therefore, the inactivation constants k and E increase during the treatment. This effect 

was not included in the model. The "delay" in Iipase inactivation by steam heating may 

also be affected by a the way temperatures were recorded. Thermocouples were placed 

among the seeds. In contrast with the direct internat microwave heating, the heat 

penetration by steam heating may be somewhat slower, causing lower temperatures in 

the seeds than actually measured. 

FF A analysis 

As a result of lipase activity free fatty acids are formed. In intact seeds Iipase and oil 

are located in different segments of the seed. During the extraction, the oil may be 

hydrolysed. The contents of free fatty acid (FFA) in oil extracted from the rapeseed 

samples taken during dynamic heating, are shown in table 2. 

Free fatty acid contents appear to increase somewhat during the initial stage of heating. 

The mean FF A content of the microwave treated samples is significantly higher than 

that of the steam treated samples (p = 0.05). 

Table 2. Content of free fatty acid (FFA) in rapeseed oil after dynamic steam and microwave 
heating (mol oleic acid gram seed). 

time (s) FFA content (10"5 moUg) 

untreated 0 0.81 

steam 40 0.84 
90 0.84 
200 0.98 

mean 0.89 s.e. 0.081 

microwave 10 0.87 
20 1.01 
50 1.05 

mean 0.98 s.e. 0.094 
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The same observation was made in previous studies (Ponne et al., 1991; Pelkrnans, 

1992). Comparing the activity of Iipase during heating with steam or microwave, did 

not reveal any higher levels of activity, that could have caused a higher oil hydrolysis 

during microwave heating. This implies that the increased FFA content may be aresult 

of an increased time of contact between oil and lipase, caused by earlier rupture of oil 

dropiets by microwave heating. In order to evaluate this hypothesis the structure of the 

seeds was studied with by electron microscopy. 

TEM seed microstructure 

Fornal et al. (1992) showed that in the raw rapeseed material protein bocties 

(concentrated in aleuron cells) have a regular spherical shape and are immersed in the 

cell matrix . Oil dropiets among them are separated by fine membranes. Bengtsson et 

al. (1976) and Appelqvist (1976) describe the same structures with different 

components separated into compartments. This segmentation implies that lipolytic 

enzymes such as Iipase and lipoxygenase will normally notmake contact with the lipid 

substrate. In figure 5 (untreated), figures 6 A-C (microwave heated) and figures 7 A-D 

(steam heated) pictures are shown of cotyledon cells of rapeseed at various times of 

dynamic heating. 

Figure 5. 
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TEM picture of intact rapeseed (13% moisture) showing cells with cell wall (CW), 
protein bodies (P), cell nucleus (N) and oil dropiets (L); bar= 10 f!m. 



/nfluence of microwave and steam heating on rapeseed Lipase 

In the intact seeds (figure 5), cells with densely packed oil dropiets in the cytoplasm, 

surrounded by a thin membrane are clearly visible. Isolated protein bodies and a cell 

nucleus can also be distinguished. During both heat treatments (figures 6 and 7) a 

remarkable swelling of the oil dropiets and coalescence of the oil can be observed. 

Membranes of the oil dropiets rupture and oil accumulates near the cell wall. At the 

same time, protein structures agglomerate into larger complexes. 

Figure 6. TEM picture of microwave treated rapeseed after different healing times: 
A. 10 s.; B. 20 s.; C. 50 s. (bar = 10 !Jm). 
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Figure 7. TEM picture of steam treated rapeseed after different heating times: A. 20 s.; B. 40 
s.; C. 90 s. ; D. 200 s. (bar = 10 1-1m). 

These observations are in agreement with those reported by Fornal et al. (1992), who 

observed similar structural changes of cotyledon cells in rapeseed after 3 min of 

stearning. Long er times of stearning resu lted in a continuation of the structural changes. 

However, the structural changes differ for microwave and stearn heating (figure 6 A-D 

and 7 A-D). 
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lnfluence of microwave and steam heating on rapeseed Zipase 

For microwave heating, the ropture and confluencing of small lipid bodies into large 

oil complexes appear to occur in an earlierstage of heating (already after 10 seconds). 

Even when the difference in heating rate is taken into account, the effect of 40 secouds 

steam heating on ropture of oil bodies is not as dramatic as 10 secouds microwave 

heating. lt is likely that the microwave energy itself dissipates within the seed material 

and causes a direct heating and expansion of the oil droplets. This could explain the 

slight but significant difference observed in free fatty acid content of microwave heated 

seeds: by the early breakdown of oil dropiets lipase which is not inactivated during the 
initia! stage of heating obtains an increased opportunity to react with lipids. 

The effect of microwave heating on seed structure may also result in an increased oil 

extraction efficiency for short heating times because of the higher accessibility of the 

lipids. This effect bas already been reported by Ponne et al. (1991). 

CONCLUSIONS 

Nonlinear regression basedon model formulation provides a powerlul tool to estimate 

characteristic properties of rapeseed lipase activity and its denaturation. The heat 

inactivation of lipase could be described with a single exponential model with a 

constant remaining activity and a correction for biologica! age. 

The rate of inactivation is for the major part determined by the physical environment 

of the enzyme (aqueous extract versus seed matrix). Apparently, two separate rapeseed 

lipase species, a heat sensitive one and a heat stabie one, are present in rapeseed. The 

heat stabie enzyme seems to denature only at temperatures above l00°C. The heat 

sensitive one is at 100°C already completely inactivated. The different action of lipase 

by steam and by microwave heating may be explained by differences in moisture 

content during heating. For practical use, however, both the microwave heat treatment 

and the steam treatment are adequate in reducing lipase activity. 
The free fatty acid content of oil from steam and microwave heated rapeseed was 
acceptably low, which makes both heating technologies suitable for practical 

application as a pretreatment. However, microwave heating caused a slightly higher 
free fatty açid content in the rapeseed oil than did steam heating. Studies of the seed 

strocture showed that this is probably due to an increased availability of lipids for 

reaction with lipase in the early stage of microwave heating. 
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indices: 
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ref 
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inactivation rate constant (s-1

) 

activation energy of heat inactivation (J mol-1
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time (s) 
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minimal activity 
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ABSTRACT 

Application of radio frequency, microwave, microwave-steam and infrared energy for 
blanching of leafy vegetables (endive and spinach) was stuclied and compared with 
conventional hot water and steam blanching. The quality of vegetables both frozen and 
sterilized was evaluated by instromental and sensory analysis. Effects of blanching methods 
were most pronounced in the frozen products. No quality differences could be demon
strated for infrared - and radio frequency treatments. However, microwave energy alone or 
in combination with steam in the blanching process improved vitamin C retention, gave 
higher Instron force values and better sensory characteristics. 

INTRODUCTION 

Blanching by electeomagnetic energy bas been extensively studied. Electeomagnetic 
energy presents advantages over conventional blanching by rednetion of process 
times, energy and water usage and impravement of product quality. Retention of 
water soluble vitamins was generally found to be higher in microwave blanched 
compared to conventionally blanched fruits and vegetables (Proctor and Goldblith, 
1948; Avisse and Varoquaux, 1977; Lane et al., 1985; Muftugil, 1986; Bühler and 
Gierschner, 1988). In addition, the sensory quality of the microwave product was 
found to he equal orbetter than conventional (Proctor and Goldblith, 1948; Avisse 
and Varoquaux, 1977; Lane et al., 1984; Bognar et al., 1987; Bühler and 
Gierschner, 1988). Generally, microwave energy at 2450 MHzwas used and though 
problems with uneven heating have been encountered, microwave energy appeared 
to have possible benefits. Homogeneaus heating by means of electeomagnetic 
energy bas been demonstrated. Non homogeneons heating can also be overcome by 
combining microwave with conventional heat teeatenent (Ponne and van Remmen, 
nnpublished data). Frequencies other than 2450 MHz may provide specitlc advan
tages caused by different heating characteristics (peneteation depth, energy density 
and homogeneity of heating). Blanching with infrared energy is very quick and 
effective for thin product layers. Radio frequency heating with its large peneteation 
depth, enables heating of thick product layers. 
Our objective was to evaluate the application of radio frequency, microwave and 
infrared energy for blanching of endive and spinach compared with conventional 
blanching methods (hot water and stearn). In addition, a combination teeatenent with 
stearn was carried out. Leafy vegetables such as endive and spinach represent an 
important part of the processed vegetable markets. 
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MATERfALS AND METHODS 

Experimental design 

Endive and spinach were obtained locally. Endive was stared for 2 days maximum 

at ooc and 90-95% RH befare processing. Spinach was processed directly after 

purchase. Leaves were washed using tap water and artifacts were removed. 

Blanching was carried out using the following heating modes: microwave, 
microwave and steam, infrared, radio frequency, steam and water. Products were 

blanched for the shortest time for samples to test negative for peroxidase. Product 

temperature at different locations in the product layer was monitored using fibre 

optie temperature sensors (Luxtron, USA). 
After blanching, half of each product was frozen and the other half was sterilized. 

Quality was assessed instrumentally (texture, colour, content of ascorbic acid, nitrate 

and dry matter) and by sensory techniques (appearance, mouthfeel and flavour). All 

treatments were duplicated and a factorial randomized block design was used to rule 

out day effects etc. 

Blanching conditions 

Microwave blanching 

A pilot-scale conveyerized microwave tunnel was used (maximum power output 6 

kW, 2450 MHz, generator Berstorff, Germany). Leaves were heated in a single 

layer covered with a polyethylene film to prevent drying. For endive and spinach 

microwave power levels of 67.5% and 66.5% were applied respectively. Residence 

time in the tunnel oven was 90 secouds for bath vegetables which resulted in a 
throughput of 13.5 kg/hr. 

Microwave-steam blanching 
Microwave blanching was combined with steam by injecting steam into a teflon 

inner tube in the microwave tunnel. Residence time in the tunnel was 90 secouds 

and 12.5% microwave power was applied 13.5 kglhr). 
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lnfrared blanching 

A pilot scale conveyerized electrical infrared tunnel was used for infrared blanching 
(maximum power output 11 kW; short and medium wave twin-tube quartz glass 
heating elements: adjustable between 42,000-230,000 GHz; Sinus Aben, the 
Netherlands). Samples were treated in a single product layer covered with a 
polyethylene film. Temperature of the infrared radiators (measured in air near the 
lamps) was controlled at 200°C and 220°C for the middle and short wave lamps 
respectively. Residence time in the tunnel was 180 seconds for both endive and 
spinach (throughput 3.6 kglhr). 

Radio frequency blanching 

For radio frequency blanching a conveyerized 27 MHz heating unit (max. 7 kW, 
Colpitt, the Netherlands) was applied. Spinach and endive leaves were heated in a 
layer with a thickness of 3.5 ± 2 cm, covered with a polyethylene film. Distance 
between the two electrode plates was 4.5 cm. Residence times were 210 seconds for 
endive and 180 seconds for spinach (throughput 5.5 kglhr and 6,4 kglhr 
respectively). 

Steam blanching 
3.5 kg sample was placed in a wire mesh basket which was placed in a steam 
blancher. Samples were heated with direct steam at atrnospheric pressure for 180 
seconds. 

Water blanching 
Samples were submerged for 210 secouds in water of 90"C ± 2°C in a steam jacket 
blanching vessel. After each blanching treatrnent the vegetables were divided in two 
batches. The first batch was immediately cooled in running tap water of 15°C for 
90 secouds and drained on stainless steel wire mesh baskets for 5 min. Samples 
were cut in parts of 0.8-1.0 cm width and filled in plastic freezing bags (200 glbag). 
Vegetables were then placed in a freezer at -40"C for 1 hour and then stored at -
25°C. The secoud batch was cut directly after blanching and 370 mL glass jars 
were filled with 225 gram of vegetables at 70°C. A standard brine (also 70°C) 
containing 0.5% NaCl in water was added. Samples were sterilized at 123°C for 40 
min and stored at 15°C ± 2°C until further analysis. 
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Sample codes 

Blanching methods are abbreviated as follows: M - microwave; MS - microwave
steam combination; IR - infrared; RF - radio frequency; ST - steam; W - water. 

Instromental product analyses 

Texture 
An Instron test device (Model 4300, Instron Co., USA) was used for texture 
evaluation. Samples of 75 g processed product were used to homogeneously fill the 
bottorn plate of a Kramer shear cell (discussed by Voisey, 1977). A5 kN load cell 
and a crosshead speed of 100 mm/min was applied. Maximum force values were 
found to be a suitable and reproducable indication of differences in texture between 
processed vegetable samples. 

Colour 

L, a and b coloor values were measored using a Minolta Chromameter (Model CR-
200, Minolta Camera, Japan). Mter standardization on a white background, L, a, b 
values were measored of the fresh, blanched, frozenlthawed and sterilized product 
(MacDougall, 1988). Coloor values (hue, oE) and coloor intensity (chroma, ÖC) 

were calculated according to [1] and [2] . 

oE= V[(L-Lref)2 + (a-a..er)2 + (b-breril [1] 

ac = V[<a-a.eri + <b-brer>2l [21 
The coloor of fresh vegetables was used as a reference. 

Dry matter 
Homogenized samples were dried at 70°C overnight foliowed by 3 hoors at l05°C. 
Dry matter content was calculated on the basis of fresh weight. 

Vitamin C content 

Vegetables (5 g) were homogenized in a mixture of 10 mL oxalic acid (9.5%): m
ethanol (1:1) and 40 mL water (Ultraturrax). After dilution to a volume of 100 mL 
with water the slurry was filtered through a filter paper (Schleicher and Schuil 
595Vz). Por total vitamin C determination, dehydroascorbic acid was reduced to 
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ascorbic acid with homocysteine. Ascorbic acid content was analyzed by injecting 
10 ,.U of the extract on a Waters 510 HPLC system (Keijbets and Ebbenhorst-Seller, 
1990). 

Nitrate content 

Nitrate was extracted from 50 g homogenized sample using 100 mL boric acid 

(0.1%) which was diluted 5 times. Carrez I (0.36 giL K41Fe(CN)J.3HP in 

demineralized water) and Carrez 11 (0.72 g ZnS04.7 ~0 in demineralized water) 
were used to clarify the samples. Cadmium rednetion of N0-3 to N0·2 was carried 

out (Amstrong et al., 1967) foliowed by colorimetrie determination through the 

Griss-Illosvay reaction (Keeney and Nelson, 1982) on a Teehoicon Auto-Analyser 

GTpc Systeem (Bran & Luebbe, the Netherlands). 

Sensory evaluation 

Appearance, mouthfeel, flavour and after-taste characteristics of processed endive 
and spinach were evaluated by a trained sensory panel of 10 assessors. Mter a 

consensus vocabulary was developed by the assessors, a quantitative descriptive 

analysis was carried out using a category scale (0-5) (Stone et al., 1974). The 

vocabulary consisted of the descriptors shown in table 1. 

General acceptance of the samples was tested by asking the panelists to evaluate the 
samples on a 9 point hedonic scale: l=dislike extremely; 2=dislike very much; 

3=dislike moderately; 4=dislike slightly; 5=neither like nor dislike; 6=1ike slightly; 
7=1ike moderately; 8=like very much; 9=1ike extremely (Stone and Sidel, 1993). A 

randomized block design was used to present samples to the assessors. Principle 
Component Analysis (PCA) foliowed by one way analysis of varianee (ANOV A) 
was performed to interpret the data (Piggott and Sharman, 1986). In addition, instro

mental and sensory data were subjected to a joint-PCA to determine correlations. 
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Table 1. Descriptors and codes used for sensory evaluation of processed endive and spinach. 

ENDIVE 
Descriptor 

Appearance 
Heterogeneons (texture) 
Green 
Brown 

Mouthfeel 
Firm 
Fibreous 
Pulpy 
Slimy 
Tough* 
Flavour 
Bitter 
Sweet 
Hay-like 
Endive-like 

After-taste 
Bitterish 

Abbreviation 

Het 
Gre 
Bro 

Fir 
Fib 
Pul 
Sli 
Tou 

Bit 
Swe 
Hay 
End 

Btr 

SPINACH 
Descriptor 

Appearance 
Heterogeneons (texture) 
Heterogeneons (colour) 
Dull' 
Green· 
Brown' 
Mouthfeel 
Soft 
Fibreous 
Pulpy* 
Slippery' 
Stroef*** 
Flavour 
Flat 
Bitter 
Sweet 
Sourish 
Hay-like* 
Spinach-like 
After-taste 
Spinach-like 
Sterilization aroma .. 
Bitterish* 
Stroef**** 
Astringent 

Abbreviation 

Htx 
Hco 
Dul 
Gre 
Bro 

Sof 
Fib 
Pul 
Sip 
Str 

Fla 
Bit 
Swe 
Srs 
Hay 
Spi 

Asp 
Ste 
Abt 
Ast 
Aas 

• Only used for the frozen product ** Only used for the sterilized product *** No corresponding word in English (rough feeling on teeth) 



Chapter 6 

RESULTS AND DISCUSSION 

Instron measurements 
Figure 1 shows the top force values for processed endive (A) and spinach (B). 

Endive: After blanching the IR blanched samples had significantly higher maximum 
force values, foliowed by the MS and M blanched samples. Water and RF samples 
had significantly lower values and the ST samples were the lowest. Firmness of 

samples directly after blanching and after respectively blanching, freezing and 
defrosting was not significantly different. Mter sterilization all the samples had very 
low top force values and no significant differences could be found between 
blanching treatments. 
Spinach: Microwave, MS and IR blanched samples had significantly higher top 
force values than the other samples. Force values for the samples blanched with 
steam (ST) were lower than all others. In the frozen product the similar effects of 
blanching treatment were found. Sterilized samples had force values that were about 
3 times lower than the fresh sample but no differences between the processed 
samples could be found. 
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Effect of blanching method on Instron top shear values for processed endive (A) 
and spinach (B). 

Colour measurements 
Endive: For the frozen product the ratio a!b and the total colour value (oE) of the 
water blanched sample resembied the fresh product the most (table 2) but was not 
significantly different from the M, MS and ST blanched samples. Colour intensities 

(oC) of M, MS, STand W blanched samples were in the same range. 
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Mter sterilization the colour intensity of the product decreased dramatically 

compared with the fresh product. 

Spinach: Fór frozen spinach the W blanched sample had a higher a/b ratio (more 

green) than all others except the microwave-steam blanched sample. Hue valnes 

(oE) of spinach after IR and ST blanching resembied the fresh product the most but 

was not significantly different from M, MS and ST blanching. No significant 

differences in colour intensity were found. After sterilization the a/b ratio was the 

best for MS and IR blanched samples. The hue and chroma value of the RF 

blanched sample appeared to resembie the fresh product the most. 

Table 2. 

sample ratio 
a/b 

fresh 
M 
MS 
IR 
RF 
ST 
w 

fresh 
M 
MS 
IR 
RF 
ST 
w 

0.54. 
0.63"b 
0.60"bc 
0.67• 
0.61"bc 
0.59"bc 
0.56bc 

0.61c 
0.75b 
0.80"b 
0.77ab 
0.76b 
0.75b 
0.86" 

Colour values for processed endive and spinach 

Frozen product 

hue 
ÖE 

13.84abc 
13.47"bc 
15.49"b 
16.45" 
12.87"bc 
9.49c 

19.6~ 
20.35ab 
18.93b 
2l.35ab 
18.94b 
21.72" 

chroma 
öC 

Endive 

4.133~ 

2.96b 
6.95" 
6.67" 
3.08b 
2.22b 

Spinach 

11.63" 
2.10" 
11.45" 
12.07" 
11.00" 
12.39" 

Sterilized product 

ratio 
alb 

0.54. 
O.Olcd 
0.~ 
0.04b 
0.02bc 

-O.Old 
o.ood 

0.07bc 
O.lOoc 
0.12b 
0.09b 
0.06" 
o.o6c 

hue 
ÖE 

25.31'b 
26.40"b 
28.46" 
25.1Qh 
24.46b 
26.41"b 

22.99" 
22.74ab 
21.97"b 
19.88b 
20.3lab 
20.66ab 

chroma 
ÖC 

19.11c 
20.81ab 
21.59" 
19.07c 
19.83bc 
21.75" 

17.68" 
18.48" 
16.83ab 
15.62b 
16.86"b 
16.76ab 

•·b Means with different superscript(s) within columns are significantly different (P<0.05). 

Vitamin C content 
Endive: Vitamin C retention was the highest after ST, M and MS blanching (table 

3). The highest vitamin C losses were found in the water blanched samples (W). 
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Spinach: Similar results were obtained for spinach and endive. Vitanilil C content in 
MS, ST and M samples was significantly higher tban in IR, W and RF samples. 
Loss of vitamin C is caused by teaching (in surrounding water) and tbermal 
breakdown. A 'dry' blanching metbod such as tbe microwave metbod appears to . 
result in higher vitamin C retention whereas in tbe conventional water blanching 
step much vitamin C was lost. 

Table 3. 

sample 

fresh 
M 
MS 
IR 
RF 
ST 
w 

Effect of blanching method on vitamin C content of frozen endive and spinach 
expressed in mg/100 g on wet weigth basis (WW) and mg/100 g on dry weight basis 
(DW) respectively. 

Frozen endive Frozen spinach 

WW DW WW DW 

3.8• 74.0" 14.4. 272.2" 
3.9" 62.5"b 9.2c 160.9b 
2.8b 46.8b 10.6bc 167.5b 
1.2° 18.3° 6.5d 106.1° 
L6° 24.0° 5.7d 95.4c 
3.0b 64.6· t2.3"b 198.2b 
0.4d 7.6d 5.ld 90.6c 

•-<~ Means with different superscript(s) within columns are significantly different (P<0.05). 

Altbough infrared and radio frequency blanching are processing steps without water 
being used vitamin C retention was low. Higher losses due to thermal breakdown 
did not likely occur because time-temperature treatments were similar for all 
blanching metbods. For tbe radio frequency treatment homogeneons heating of thick 
layers of product was achieved. However, during heating a layer of moisture from 
the product is being formed on tbe outside of the vegetables. This may result in 
teaching later on during the cooling step in which tbe product is rinsed witb water. 
Lathrop and Leung (1980) studied vitamin C retention in green peas during 
processing and determined losses after each unit operation in a commercial cannery. 
They found tbat losses due to blanching and filling were 19% and 44% respectively. 
Losses in both processing steps were found to be almost entirely due to teaching. 
During further thermal processing· au additionalloss of 21% was found. 
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Nitrate content 
Endive: Nitrate content of the frozen product was reduced considerably compared to 
the fresh product (table 4). Samples that were blanched with IR energy had a 
significantly higher concentration of nitrate than the other blanching methods. After 
sterilization IR and RF samples had the highest concentration of nitrate, foliowed by 
W, MS, M and ST samples. 

Spinach: Nitrate content in spinach was much higher than in endive. However the 
effects of blanching treatments on nitrate content were similar. After blanching 
much of the nitrate disappeared. Water blanching resulted in a higher rednetion of 

nitrate than ST and RF blanching and the same rednetion as for MS, ST, IR and M. 
In comparison with vitamin C, minor effects of blanching metbod on nitrate content 
were found. Probably not only leaching of nitrate but also the formation of nitrite 
from nitrate during the blanching step plays a role. After sterilization it appeared 
that the MS, ST and W blanched samples had the lowest nitrate content. 

Table 4. Effect of blanching metbod on nitrate content of processed endive and spinach 
expressed in mg/100 g on wet weigth basis (VVW) and g/100 g on dry weight basis 
(DW) respectively. 

Frozen endive Sterilized endive Frozen spinach Sterilized spinach 

sample WW DW WW DW WW DW WW DW 

fresh 111.48 2.158 111.48 z.t5• 385.68 7.30" 385.6" 7.3o• 
M 51.2c 0.82d 38.9cd 0.69bc 121.1bc 1.96bc 71.8d 1.23c 

MS 58.1° 0.9700 45.6bc o.sooc ] 32.4bc 2.26bc 101.8bd 1.64bc 

IR 80.2b 1.19b 53.6b 0.87b 117.9bc 1.94bc 97.9bd 1.47bc 

RF 54.00 0.82d 50.0bc 0.9o" 200.3b 3.34b 137.1b 2.32b 
ST 55.5° 0.98bd 32.54 0.61° 197.0b 3.18b 127.7bc 1.95bc 

w 58.4° 1.09bc 41.6cd 0.83b 87.3c 1.59" sz.scd l.47bc 

a-d Means with different superscript(s) within colunms are significantly different (P<0.05). 
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Figure 2. Loadings of sensory attributes and sample scores on the first (horizontal) and second 
(vertical) principle components for frozen endive; (abbreviations explained in 
table 1). 
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Figure 3. Loadings of sensory attributes and sample scores on the first (horizontal) and second 
(vertical) principle components for sterilized spinach; (abbreviations explained in 
table 1). 
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Sensory evaluation 

Analysis of varianee (ANOVA) of sensory characteristics 
One way ANOV A was applied on sensory descriptors of endive (frozen and 

sterilized) and spinach (frozen and sterilized) samples for six blanching treatments. 

Average sample scores on all descriptors showed significant differences between 
blanching treatments (table Sa and Sb). ANOVA results indicated that differences 
among the treatments for frozen samples of both endive and spinach were more 
pronounced than for the sterilized samples. 

Table Sa. Sample scores of processed endive on sensory attributes. 

Blanching treatment 
M MS IR RF ST w 

Frozen product 
Descriptor 

. 
Htx 3.52. 3.62. 3.04ab 2.52b 3.09ab 3.30. 
Gre 3.62ab 4.o8• 3.ooc 2.76° 3.57b 3.91ab 
Bro 1.67b 1.100 2.78• 2.43. 1.17c 1.48bc 

Fir 2.76° 3.95. 3.44b 2.86° 2.65° 3.00bc 

Fib 2.86ab 3.33. 3.35. 2.52bc 2.ooc 2.39bc 

Pul 1.95"b 0.91d 1.26cd 1.81b 2.44. 1.74bc 

Sli 1.67ab 0.95° 1.13c 1.38bc 1.87. 1.39abc 

Tou 2.57ab 2.71 ab 3.oo• 2.71ab 1.70° 2.30b 

Bit 3.10· 2.91ab 2.52b 2.95ab 2.91ab 1.87° 
End 2.81b 3.57. 3.oo•b 2.10° 2.48bc 2.74b 
Btr 2.52. 2.19ab 2.3o•b 2.573 2.61 3 1.74b 

Accepta-
bility 5.71ab 6.333 5.65ab 4.33° 4.83bc 5.74ab 

Sterilized product 
Fir 0.44c 0.79bc uo· 1.06ab 0.60° 0.74bc 
Bit 2.39. 2.21 3 1.90ab 1.943 2.oo• 1.32b 

Btr 1.833 1.903 1.60. 1.833 1.85. 0.84b 

Accepta-
bility 4.17 4.26 4.10 4.67 4.05 5.11 

* Abbreviations of sensory descriptors described in table 1. 
a-d Means with different superscript(s) within rows are significantly different (P<0.05). 
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Table Sb. Sample scores of processed spinach on sensory attributes. 

Blanching treatment 
M MS IR RF ST w 

Frozen product 
Descriptor• 
Htx 3.1oat' 3.32" 3.26. 2.25" 2.63bc 3.25ab 
Bro 0.8d"'d 0.6300 l.llallc 1.55" l.t6•b 0.5o<l 
Sof 2.45" 2.42" 2.63bc 3.20"b 3.53. 3.20ab 
Fib 2.45ab 2.79• 2.47ab 1.700 1.26° 1.90bc 
Pul 1.5<1"' 0.89" 1.63b 1.85b 2.63. 1.70b 
Fla 2.30ab 1.58e 1.95bc 1.85bc 2.16ab 2.80" 
Spi 2.95bc 3.53" 3.2l"bc 3.40ab 3.16allc 2.75° 
Asp 2.500d 3.05ab 2.53bcd 3.2o• 2.74allc 2.15d 
Accepta-
bility 5.75ab 6.84" 6.16b 5.55ob 6.11 ab 5.50b 

Steriliiêd product 
Htx 2.85ob 2.35bc 2.53ab 1.85° 2.95. 2.7~ 
Hco 2.2oat' 2.20ob 2.21"b 1.70b 2.53" 2.42" 
Fla 2.75ob 2.1<1"' 1.53c 1.700 1.79" 3.32. 
Srs 1.8~ 1.65bc 2.26ab 2.30"b 2.32" 1.32c 
Accepta-
bility 3.85 4.15 4.58 3.90 4.16 3.95 

" Abbreviations of sensory descriptors descnbëd m table 1. 
•-<~ Means with different superscript(s) within rows are significantly different (P<0.05). 

Principal component analysis (PCA) of sensory data 

Frozen endive: 84% of the varianee in the data was explained by three statistically 
significant components. On the frrst component "endive-aroma", "fibrous" and 
''frrm" had bigher positive loadings and "pulpy" and "slimy" had higher negative 
loadings. The second component explained the appearance attributes such as 
"brown" on the positive side and "heterogeneous" and "green" on the negative side 
(figure 2). Sample scores showed that the microwave-steam blanched sample (MS) 
was more firm and fibrous and had more endive-like aroma than the others. The ST 
blanched sample was more pulpy and slimy and it was judged to he more green and 
heterogeneous. Furthermore, the IR blanched sample appeared to he more brown. 
On the taste component, MS and M samples had higher scores for bitterness. 
Sterilized endive: Three principle components were chosen to explain 90% of the 
varianee (figures not shown). The descriptors "bitter" and "bitterish" (on the frrst 
component) and the descriptor "frrm" (on the second component) had high positive 
loadings. On the third component, "endive-like" had a high positive loading. 
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The sterilized samples showed similar behaviour as the frozen samples but the 
attributes had lower scores. 

Frozen spinach: 61% of the varianee could be explained by two principle 

components (figures not shown). Two appearance notes were placed on the first 
principle component, namely "heterogeneous texture" on the positive side and 
"brown" on the negative side. Mouthfeel attributes such as "fibrous", "pulpy", 
"slimy" and "soft" could be explained on the second principle component (figures 

not shown). The water blanched sample (W) scored high on heterogeneity in 
texture; MS and ST samples showed the same tendency as the frozen endive 
samples for texture properties. 

Sterilized spinach: Two principle components explained S6% of the varianee in the 
data (figure 3). Sample scores showed that ST had more spinach-like aroma. The 
RF sample had a "stroef' mouthfeel and a bitter taste; sample W was soft and flat 

in taste. 
Overall preferenee (acceptability) of the samples was meant to give an indication 
about the relative quality of the samples. It was not a measure for consumer 
acceptance. The averaged aceeptability scores of panelists for the frozen and 

sterilized endive and spinach samples were compared (table SA and SB). 
MS scored the highest for frozen endive and spinach samples. Scores for sterilized 
samples were low and no significant differences could be found between blanching 

processes. 

Joint-principal component analysis (Joint-PCA) 

Joint-PCA was performed on combined data sets to find correlations between 
instrumental and sensory data. The first two principle components explained 48% of 
varianee of the combined instrumental and sensory data of frozen spinach. On the 
first component the a-colour value was positively correlated with "green" (r = 0.2S) 
and "heterogeneous texture" (r = 0.86) and "heterogeneous colour" (r = 0.90) and 
showed a negative correlation with the attribute "brown" (r = -0.91). S-max (Instron 
maximum force value) was positively correlated with "fibrous" (r = 0.95) and 
negatively correlated with "pulpy" (r = -0.85), "slippery" (r = -0.45) and "soft" 
(r = -0.95) on the second principle component (figure 4). 
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Figure 4. Loadings and sample scores on two principle components resulting from joint-PCA 
on sensory and instromental data for frozen spinach. L=L colour value; a=a colour 
value; b=b colour value; AA=vitamin C content; Nit=nitrate content; Sma=lnstron 
maximum shear value (abbreviations of sensory attributes, see table l). 

Blanching processes which appeared to result in pronounced differences in sensory 
attributes of frozen endive and spinach were represented in spread-pattem diagrarns 
(figure 5, 6). 
Frozen endive: Steam (ST) and microwave-steam (MS) blanching treatments were 
compared for nine sensory attributes i.e. heterogeneous-texture, green, fmn, fibrous, 
pulpy, slimy, tough, endive-like and bitterish. MS samples scored high values for 
positive characteristics such as endive-like, green, frrm and fibrous. Compared to 
the MS sample, sample ST had significantly higher undesirable attributes such as 
pulpy and slimy (figure 5). 
Frozen spinach: Conventional (W) and MS blanched samples were chosen to 
compare for six notes i.e. soft, fibrous, pulpy, flat (taste), spinach aroma and 
spinach aftertaste. Similar relations were observed between these processes. MS 
samples had good texture, taste and aroma characteristics (figure 6). 
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Quenzer and Bums (1981) studied the effect of microwave blanching before freeze 

drying of spinach. It appeared to be superior to water and steam in ascorbic acid 

retention and the texture of rehydrated microwave blanched spinach was firm, 

chewy and highly acceptable and rehydration ratios were high. Gullett et al. (1984) 

compared microwave blanched green beans with water blanched green beans. They 

concluded that microwave treated samples were less green, fmner and had less 

typical bean flavour and more off flavour. However, microwave treatrnents were 

carried out in water and heating times were 5 to 7 min. whereas water blanching 

was carried out for only 2 min. Microwave cooking of potatoes and spinach led to a 

higher moisture loss than the conventional metbod but allowed better retention of 

proteins, minerals, lipids and potassium (Araya et al., 1990). In contrast, better 

ascorbic acid retention and a better sensory quality of conventionally cooked 

potatoes with peel and spinach was found. The authors reported high moisture 

losses after microwave heating, which probably had a negative effect on sensory 

quality. When moisture loss is not prevented microwave blanched samples are not 

as acceptable as water or steam blanched products (Drake, et al., 1981). In our 

study loss of moisture through evaporation was prevented. 
HET.lXT 

ENDIVE FIRM 

SLIMY PULPY 

Figure 5. Prozen endive; comparison of microwave-steam (-) blanching treatment with 
conventional (steam:---) blanching treatment for nine sensory attributes (abbreviations 
explained in table 1). 
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Figure 6. Prozen endive; comparison of microwave-steam blanching treatment (-) with 
conventional (water:---) blanching treatment for six sensory attributes (abbreviations 
explained in table 1). 

CONCLUSIONS 

Prozen and defrosted leafy vegetables had a frrmer texture when blanched with a 
combination of microwaves and steam or with microwave alone. High top force 
values from Instron measurements correlated with the sensory attributes firm and 
fibreous. Steam blanching resulted in a soft product and was jugded to be more 
pulpy and slimy. Water blanched (frozen) endive samples resembied the fresh 
product most in colour but colour intensities of microwave, microwave-steam and 
steam blanched samples were in the same range. The sensory panel judged the 
steam blanched (frozen) sample to be more green and heterogeneons in colour. For 
spinach, the water blanched sample was more green but resembied the microwave
steam sample. Retention of vitamin C was the highest after steam, microwave and 
microwave-steam blanching. Water blanching resulted in high vitamin C losses. 
Minor differences in nitrate content between the blanching methods were found. In 
addition to better texture properties after microwave-steam blanching, the (frozen) 
samples had more endive taste and bittemess. 
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Sterilized spinach showed more spinach taste after steam blanching whereas the 
water blanched samples were flat in taste. Microwave-steam blanched vegetables 
scored the highest on general acceptability by the panelists. Microwave-steam 
blanching and microwave blanching resulted in an improved quality when compared 
with water and steam blanching. 
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General discussion 

The grounds for this study of the interaction of electromagnetic energy with vegetable 
food constituents lie in the demand for mild conservalion technologies in food industry. 
The fresh quality of food products needs to be preserved as much as possible. 
New processing technologies are being developed in order to retain desired food 
characteristics and at the same time prevent microbial or chemical spoilage. 
In this context, the direct interaction of electromagnetic energy with important food 
compounds such as enzymes and microorganisms, is of interest. Any specific effects 
of electromagnetic energy on the inactivation of these food constituents would prevent 
the need of severe heat treatments. 
In order to successfully utilize electromagnetic (microwave, radio frequency and 
infrared) energy for food processing, a number of obstacles bas to be cleared away. In 
general, the occurrence of inhomogeneous temperature profiles after microwave heating 
is a major problem. In addition to complications in processing, this uneven heat 
dissipation also obstructs the proper execution of microwave interaction experiments. 
In many studies described in literature, temperature control during experiments was 
inadequate or experimental circumstances were poorly described. Some of the reported 
non thermal microwave effects can probably be attributed to local temperature rises 
that were overlooked. Therefore, the ftrst step taken in this study was to evaluate 
theories and research findings on specific effects of electromagnetic energy on 
biologica! systems. It can be concluded, that microwave radiation probably bas no 
specific effects other than thermal effects on the activity of enzymes. 
There is no consensus about the effects of microwaves on microorganisms. 
Most biologica} materials, including foodstuff, have a high water content. Coupling of 
microwave energy to water dipoles easily exceeds any interaction with other 
compounds. For the radio frequencies there are also not many indications that a direct 
interaction with molecules or microorganisms can lead to irreversible changes in 
activity or conformation. However, charge shifts on membranes or rotation of larger 
molecules such as proteins are likely to take place. These effects will have to be 
monitored in situ and have usually not been taken into account. 
There is no consensus about effects of microwaves in the GHz ranges but they were 
also not extensively studied. In interaction studies it is of major importance that 
thermal effects are ruled out which means excellent knowledge of occurring 
temperature profiles is a prerequisite. This can be achieved by relating the physical 
properties of electromagnetic field (frequency, field strength) to the material properties 
(dielectric properties, mass, thermal properties etc.) by using a predictive model. 
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In this study, a relatively simple mathematica! model for microwave heating was 
applied for homogeneons foods. The model is basedon a new approach of Lamhert's 
law, teadingtoa model which is easier to solve than Maxwell's equations and shows 
a better performance than plain application of Lamhert's law. The microwave 
frequency of 2450 MHz was chosen because this frequency is most commonly applied 
in industry and households. In addition, the wavelength of microwaves within most 
foods is in the same order of magnitude as the food itself, causing interferences and 
reflection effects. Por an exact description of microwave energy distributions 
Maxwell's equations must be applied (Ayappa et al., 1991). However, finding 
analytica! solutions for specific heating cases are often difficult or impossible to obtain, 
specialized simulation packages are needed and numerical modeHing is usually very 
time consuming. In addition, temperature dependency of dielectric properties and 
simultaneons heat and mass transfer have to be taken into account. 
The models described in this thesis were not designed to give an exact and detailed 
prediction of temperature distributions during microwave heating. The models give 
direct insight in microwave heating distributions in products with basic geometries and 
homogeneaus composition. Effects of changes in product composition with relation to 
its dielectric properties and changes in product size can he predicted. This can be a 
useful tooi in interaction studies and may also have a spin off to the design of 
industrial microwave applications. 
The next step in this interaction study was to evaluate the effect of electromagnetic 
energy on model systems of enzymes and microorganisms. Model systems were 
applied in order to rule out any uncontrollable effects from the food matrix. The reason 
for application of radio frequency energy was the fact that in this frequency range 
direct coupling effects, such as alignment of large dipole molecules such as proteins, 
induction of dipole moments in cells or charged vesicles or change in membrane 
membrane surface charge can be expected. In addition, radio frequency energy (27 
MHz in this study) bas a large peneteation depth in most biologica} matcrials causing 
quite homogeneons power distributions within the product. For the enzymes and 
microorganisms studied, it was found that a radio frequency heat treatment and 
conventional heat treatment with same intensity lead to identical decay patterns. This 
means that no irreversible effect aside from theemal effects could be demonstrated. 
However, the reaction between the Bowman-Birk protease inhibitor, trypsinl 
chymotrypsin and substrate is influenced by the application of a radio frequency field 
at 25°C. Theemal effects can be excluded and the effects appear to be reversible in 
nature. The order of mixing reaetauts is found to influence the radio frequency effect 
in the case chymotrypsin was applied. It is likely that the equilibrium in complex 
formation between the protease and its inhibitor is disturbed. Further studies have been 
conducted into the effects of different rate constauts of complex formation of trypsin 
and chymotrypsin with protease inhibitor (Ponne and Visser, in preparation). The exact 
mechanism of this interaction will have to be studied in more detail, preferably by 
monitoring the reaction in situ during exposure to the radio frequency field. 
An experimental set up in which reactions can be monitored with fluorescent laser 
spectroscopy in the presence of a radio frequency field being developed and will enable 
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further studies. 
The membrane systems that were used as a model for microbial cells showed an. 
increase of leakage of carboxyfluorescein under influence of radio frequency fields at 
room temperature. Interaction of the fields with the phospholipids or change in 
membrane surface charge may have caused these effects. The results are in agreement 
with studies carried out in the microwave frequency range (2.45 GHz) (Liburdy and 
Vanek, 1985; Orlando, et al., 1994; a.o). It is suggested that microwave fields can 
induce rotational motions in phospholipid acyl ebains with subsequent pore formation 
at temperatures below the membrane transition temperature. In our experiments, 
membranes containing more negatively charged phosphatidic acid molecules appear to 
be increasingly susceptible for leakage possibly due to an increased coupling of the 
molecules to the radio frequency field. 
In a similar way as found with the membrane experiments, a decrease in growth rate 
of Saccharomyces cerevisiae was demonstrated. Possibly a part of the population of 
cells is inactivated or the overall growth rate is lowered by the consumption of 
metabolic energy for repair mechanisms of the cell membrane. However, findings in 
literature reported on the effect of electromagnetic energy on the growth of yeast cells 
monitored in situ are controversial. The number of isolated Erwinia carotovera cells 
in physiological salt at sublethal temperatures was not affected which may indicate that 
only growing cells are susceptible to the influence of the radio frequency fields. 
Changes in total numbers of colony forming units during heating showed quite large 
experimental deviations. It may be difficult to reveal additional effects of the radio 
frequency field itself, for these fairly complex systems of microorganisms in a dynamic 
environment (temperature changing with time). 
Whether the specific effects observed in this study can be regarcled as non thermal 
effects depends on the definition of "non thermal" and "temperature". In this study it 
is referred to specific effects as effects that can not be explained by a temperature rise 
of the medium. However, the effects may be a result of a higher segmental 
temperatures within the molecules/cells compared to the measured bulk temperature. 
The definition of "temperature" can also be interpreted in different ways. The 
traditional defmition of temperature is the average kinetic energy of a substance. If 
substances are irradiated, the energy is directly coupled to elements which show 
dielectric loss. It takes a finite time for the absorbed energy to distribute itself evenly 
throughout the surroundings. If this distribution time is significantly longer than the 
redprocal of the applied frequency, the temperature of the location where coupling 
took place will be higher than the measured bulk temperature. This can be regarcled as 
a "micro thermal" effect. Whether the effects observed in this study are purely "non 
thermal" or may be "micro thermal" in nature has to be further elucidated. For the 
purpose of this study it is important to realize that the phenomena occur without 
temperature rise of the medium and therefore are regarcled a specific radio frequency 
effects. Radio frequency energy of 27 MHz is not applied very frequently and most 
interaction research is carried out in the microwave range. In most studies, objectsof 
study are evaluated subsequent to exposure to an electromagnetic field. In this way 
reversible effects can not be discovered. 
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General discussion 

In addition, in many cases fairly complex systems with biological varlation are studied. 
This may have lead van Dorp (1992) to coneinde that for microwave energy of 2450 
MHz there is no evidence for non thermal effects on living and non living cells. 
Probably this is correct to assume for the microwave frequency range and for the types 
of biological systems that were applied in these studies. 
In systems that can be better defined and do not show hiological variation, sneb as 
chemical reactions, microwave applications are rapidly growing and may offer more 
possibilities to the advantages of microwave energy (Neas, 1992; Baghorstand Mingos, 
1992; Jullienet al., 1993. a.o). Specific advantages reported in microwave chemistry 
include enbanced reaction rates, improved product selectivity, lowered reaction 
temperatures and enhanced diffusion. 
Three fundamental mechanisms during microwave heating that can be distinguished: 
an increase of collision frequency of reactants, an increase of collision efficiency of 
reactants and a lowered reaction activadon energy (Jullien et al., 1991; Wei, et al, 
1995). 
The subtie effects demonstraled on the reaction kinetics of an enzyme system and on 
the permeability of membranes and growth of yeast cell are not detectable during radio 
frequency heating. This means that application of radio frequency as sneb can not serve 
as a specific energy souree for mild conservation. Apart from specific interactions, the 
heat inactivation experiments showed that radio frequency heating can serve as a good 
alternative for conventional heating in being just as effective in rednetion of microbial 
load and inactivation of undesired enzymes. Additional advantages of radio frequency 
heating are rapid heat generation within the product with a higher penetration depth 
than conventional or microwave energy. Over heating of the outer product layers in 
order to reach a high enough core temperature for inactivation of microorganisms and 
enzymes can be prevented. 
With the study to the influence of microwave heating on rapeseed it was demonstrated 
that the interaction with a product can have large effects on the resulting product 
quality. The iuactivation kinetics of rapeseed lipase were studied in detail and no 
specific extra effect of microwave heating could be demonstrated. However, the direct 
and internat microwave energy dissipation results in an increased exposure of ruptured 
oil bodies to Iipase activity in the early stage of heating. 
Lastly, the application of microwave -, radio frequency - and infrared energy for 
blanching of leafy vegetables was discussed. Microwave energy bas a positive effect 
on product quality, especially in combination with steam. Because no water is used, 
teaching of valuable compounds is prevented. In addition, the time-temperature stage 
for spoilage reactions is quickly passed through, resulting in retention of taste, 
appearance, texture and vitamins etc. The fresh character of the product is retained. 
Application of electromagnetic energy can also be beneficia} for relention of product 
quality in processes sneb as dryîng and puffing (Torringa et al., 1993), sterilization and 
pasteurization (Bartels et al., 1995). 
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In all cases a quick temperature rise inside the product is achieved. The beneficia! 
effects on product quality may be even larger in application for pasteurization or 
sterilization than for blanching. 
The intensity of hearing is high and conventional sterilization processes usually have 
quite a destructive effect on product quality. A combination of 'internal' and 'external' 
heating souree was found to be advantageous. Besides for leafy vegetables these 
combination processes were also found to be suitable for other agricultural products 
(Ponne et al., 1991 and 1993). 
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Summary 

Industrial processing using an electromagnetic energy souree can be interesting because 

of its quick volumetrie heating. However, in the application of electromagnetic energy 

for heating of food materials, the occurrence of uneven temperature profiles within a 

product is often a prohlem. In addition, the direct interaction of electromagnetic energy 

and material on molecular and cellular levels is poorly understood. The aim of this 

thesis is to elucidate the interaction of electromagnetic energy with food constituents. 

Hereto, in the first instance, research findings from lirerature were summarized and 

evaluated. There are not many indications for specific, irreversihle effects of 

electromagnetic energy on conformation and activity of enzymes and microorganisms. 

Reversihle changes have usually not been taken into account. In interaction studies, 

excellent knowledge of temperature distributions of the object of study is a 

prerequisite. 

ModeHing techniques which relate electrical and physical properties of food to their 
microwave heating performance can he a useful tooi. In addition, predictive models can 

he applied in the design of industrial microwave processes. In this study, relatively 

simple mathematica! models for microwave energy penetradon in food products were 

applied, based on Lambert' s law and taking into account internal reflections. With 

these models direct insight in microwave heating distributions in products with basic 

geometries and homogenous composition can he gained. Effects of changes in product 

composition with relation to its dielectric properties and changes in product size can 

he predicted. 

In food processing it is of interest to determine how electromagnetic fields can 

influence the activity of enzymes and microorganisms. Any specific effects of 
electromagnetic energy may be advantageous for process efficiency and product 

quality. Firstly, irreversible and reversible changes in the inhibitory activity of the 

Bowman-Birk protease inhibitor (BBI) introduced by radio frequency energy (27 MHz) 

were studied. Inactivation of BBI by means of radio frequency- and conventional 
heating with identical time-temperature treatments is found to be similar. 
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Summary 

The effect of radio frequency energy on the activity of trypsinlchymotrypsin in the 
presence of BBI at a constant temperature of 25°C was monitored in situ. Under 
influence of the radio frequency field more reaction product is produced which appears 

to result from a change in inhibitory activity. After removal from the .radio frequency 
field the initial inhibitory activity is recovered which indicates that the induced effect 
is reversible in nature. In actdition to the effects on enzyme systems, the interaction of 
radio frequency energy with microorganisms, its effect on model systems (liposomes) 
and whole cells was evaluated. Both influences of the applied frequency and of 
membrane composition are demonstrated. Exposure to radio frequency fields resulted 
in membrane damage which could not be attributed to thermal effects. In addition, 

growth of Saccharomyces cerevisiae decreases in the presence of radio frequency fields 

of 27 and 100 MHz. Effects of radio frequency fields on Erwinia carotovora cells at 
sublethal temperatures could not be demonstrated. Moreover, when radio frequency 
energy was applied as a heat treatment, no additional effects were detectable. 
Advantages of radio frequency heating are probably not to be found in inactivation 
treatments at milder temperatures. Radio frequency energy can serve as an alternative 
heating mode in terms of quick and efficient rednetion of undesired enzyme activity 
and microbial load, in specific cases. 
As a practical application of microwave energy the pre-treatment of rapeseed was 
studied. A heat inactivation model was developed for rapeseed lipase. Inactivation 
depends largely on the physical environment of the enzyme (aqueous extract versus 
seed matrix). It was demonstrared that microwave heating is as effective as steam 
toasting in rednetion of lipase activity. Microwave heating results in higherfree fatty 

acid contents in rapeseed oil. Transmission electron microscopy showed that 
microwave heating may lead to an increased availability of lipids for reaction with 

Iipase in the early stage of heating. 
As a second practical application, the utilization of radio frequency, microwave, 
microwave-steam and infrared energy for blanching of leafy vegetables (endive and 
spinach) was studied and compared with conventional hot water and steam blanching. 
The quality of vegetables both frozen and sterilized was evaluated by instrumental and 
sensory analysis. Effects of blanching methods are most pronounced in the frozen 
products. No quality differences could be demonstraled for infrared - and radio 
frequency treatments. However, microwave energy alone or in combination with steam 
in the blanching process improves vitamin C retention, gives rise to higher lnstron 
force values and better sensory characteristics. 
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Samenvatting 

Het toepassen van elektromagnetische energie voor het industrieel verwerken van 

voedingsmiddelen heeft hernieuwde aandacht gekregen. Elektromagnetische energie 
kenmerkt zich door unieke eigenschappen, zoals snelle en differentiële verhitting. 

Een veel voorkomende probleem echter, is het optreden van onregelmatige 

temperatuur-profielen in een produkt. Verder is er nog weinig bekend over de directe 

interactie tussen elektromagnetische energie en een materiaal op moleculair en cellulair 

niveau. Het doel van dit onderzoek is het ophelderen van de interactie tussen 

elektromagnetische energie en voedingsmiddelen. Hiertoe zijn allereerst bevindingen 

uit de literatuur samengevat en geëvalueerd. Er zijn niet veel aanwijzingen dat 

specifieke, irreversible effecten van elektromagnetische energie op de conformatie en 
activiteit van enzymen en microorganismen. In de gerapporteerde studies is meestal 

niet gekeken naar eventuele reversibele effecten. 
Voor het uitvoeren van interactie studies is het onderkennen van de temperatuur

profielen die in het te bestuderen object op kunnen treden, een absolute voorwaarde. 

Wiskundige modellen waarbij elektrische en fysische eigenschappen van 

voedingsmiddelen worden gekoppeld aan microgolf-verhittingsprofielen kunnen hierin 
een belangrijk hulpmiddel zijn. Verder kan het ontwikkelen van industriële microgolf

processen worden verbeterd met behulp van voorspellende modellen. 

In dit onderzoek zijn relatief eenvoudige wiskundige modellen ontwikkeld voor het 

voorspellen van microgolf energie-indringing, gebaseerd op de wet van Lambert met 

inachtname van interne reflecties. Met deze modellen kan een direct inzicht worden 
verkregen in energieverdeling in prodokten van eenvoudige geometrie en homogene 

samenstelling. Effecten van veranderingen in produktsamenstelling en afmeting kunnen 

worden voorspeld. 
Voor de verwerking van voedingsmiddelen is het tevens van belang om vast te stellen 
hoe elektromagnetische energie de activiteit van enzymen en microorganismen 

beïnvloedt. Eventuele specifieke effecten van microgolven kunnen een invloed hebben 

op de efficiëntie van een proces en op produktkwaliteit 
In model-experimenten zijn veranderingen in de proteaseremmende activiteit van het 

Bowman-Birk remmereiwit onder invloed van radiofrequente energie bestudeerd. 
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Samenvatting 

Hitte-inactivatie met radiofrequente energie blijkt niet te verschillen van een 

conventionele hitte-inactivatie. Bij een constante, lage temperatuur (25°C) verandert de 

remmende activiteit BBI op trypsinelchymotrypsine onder invloed van het veld. De 

activiteit van BBI herstelt zich buiten het radio frequent veld wat duidt op een 

reversibel effect. 

Voor eventuele toepassing van radio frequent energie voor milde pasteurisatie/ 

sterilisatie is een studie gedaan naar de effecten op membraansystemen en gist- en 

bacteriecellen. De permeabiliteit van de model membranen blijkt toe te nemen onder 

invloed van radio frequent velden. De groei van Saccharomyces cerevisiae cellen wordt 

vertraagd door blootstelling aan velden van 27 en 100 MHz. De hitte-inactivatie van 

gisten en bacteriecellen (Erwinia carotovera) wijkt niet significant af van die een 

conventionele hitte-inactivatie. 

Waarschijnlijk moeten de voordelen van een radio frequente verhitting niet worden 

gezocht in verwerkingsstappen bij milder temperaturen. Radio frequente energie is wel 

geschikt als alternatieve hittebron voor het snel en efficiënt verminderen van enzym 

activiteit of microbiële besmetting, in speciale toepassingen. 

Een aantal produkttoepassingen zijn onderzocht, waaronder het voorbehandelen 

koolzaad ten behoeve van olieproduktie. Een hitte-inactivatie model is ontwikkeld voor 

koolzaad lipase. De inactivatie hangt sterk af van de fysische omgeving van het enzym 

(in waterig extract of in koolzaad). Microgolfverhitting is even effectief als 

stoomverhitting voor het inactiveren van Iipase in de zaden. Het vrije vetzuurgehalte 

van koolzaad olie na microgolfverhitting blijkt hoger te zijn dan na stoomverhitting. 

Uit een studie met transmissie elektronenmicroscoop naar de zaadstructuur blijkt dat 

microgolfverhitting waarschijnlijk leidt tot een verhoogd contact tussen olie en Iipase 

doordat de olie eerder vrijkomt tijdens microgolfverhitting. 

Als tweede produkttoepassing is het gebruik van radio frequent energie, microgolven, 

een microgolf-stoom combinatie en infrarood energie voor het blancheren van 

bladgroente. De kwaliteit van zowel diepgevroren als gesteriliseerde groenten is 

beoordeeld met instrumentele en sensorische technieken. De effecten van de 

verschillende blancheermethoden zijn het meest geprononceerd in de diepgevroren 

produkten. Microgolf-blancheren, al dan niet in combinatie met stoom, blijkt de 

vitamine C retentie te verhogen en leidt tot een steviger produkt met betere sensorische 

eigenschappen. 
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Nawoord 
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Appendix 

Description of microwave heating distribntion models 
The models describe the energy dissipation of 2450 MHz microwave radiation, where 

the incoming waves are regarded as being perpendicular to the product surface. 

Power dissipation is calculated by superposing three passages of microwaves, 

representing reflections at the product-air interface. 

The incident electric field intensity E0 decays into the sample according to: 

Calculation of local electric field strength 

The attenuation factor B and phase factor a are calculated: 

a= 21tf 
c 

u::-i. 
e'ljtt 

2 

w+. e'~l+[?-J 
----'-;2".--t.-

From a and B the reflected part (R) and the transmitted part (T) on the air-product 

interface (air= layer 1 product= layer 2), of the incident electric field strength can be 

calculated. 

(a~-al+((31-(3z)2 

(at +Uz)2 +((31 +(3z)2 

[-] 



Slab 

The local electric field strength is calculated for three wave passages (figure 1, Chapter 2) coming from two directions (u and v). 

The wavelength in the product À.P is calculated according to:;., 
À.= o [m] p{;! 

The vector summation of the waves from direction u and vis shown below. 

passage 1 passage 2 

phase of wave 
z 

$.1 =21tT [rad] 
p 

L-z 
$,1 =27tT [rad] 

p 

E,.1= T·E0·e -llz·cos$.1 

E = T·E ·e -~•·sin"' 
yul 0 'l'ul 

Exvl = T. EO ·e -~(L-zl.coslj>vl 
Eyvl = T·E0 ·e -~(L-•1·sin$,1 

phase of wave 

<P.z =21t 2L-z [rad] 
Àp 

L+z 
<Pv2 =21t- [rad] 

Àp 

Ex.z= R·T·E
0
·e -11<2L-z>.coslj>.z 

Ey.z= R·T·E
0
·e -P(2L-zl.sinlj>.a 

E,.
2
= R·T·E

0
·e -ll(L•z),cos$>2 

E = R·T·E ·e-P<L•z>.sin"' yv2 0 '1'>2 

Eutot "jE!rot +E~rot 
E-=JE;vro,+~ 

passage 3 

phase of wave 
"' =2 2L+z 
'l'u3 1t-,;:-

P 

$v3=21t 3L-z 
\ 

[rad] 

[rad] 

E,.
3
= R 2·T·E0·e -fli2L•z>.cosljlu3 

Eyu
3
= R 2·T·E

0
·e -fl<ZL•z>.sincpu3 

Exv3 = R 2·T· Eo ·e -fl<3L-z>.coscpv3 
Eyv3= R 2·T·Eo·e -fl{3L-zl.sincpv3 



Calculation of power dissipation 

Power dissipation is calculated from the local electtic field strengths: 

P =21t·f·e ·e" ·E 2 ·V zu 0 ut:ot z 

P,v =21t·f·e0 ·e" ·E.Z~a1 ·V. 
p =P + p 

z zu zv 

[W] 

with Vz is the volume unit of slab element and Dz is the thickness of slab element 

Vz=F ·D 0 z 

D=....!:._ 
z jmax 

[m] 

From the power dissipation at location z, a microwave temperature iocrement oTmw. 

can be calculated. 

[KJ 

Calculation of temperature distributions 

Temperature distributions are achieved by a discretization of Fourier's equation, 

iocloding a microwave heat generation term. Time steps are incremented with Ot, with 

t = i.ot for i=O, .. ,imax and location steps are incremented with oz, with z = j.oz for 

j=O, .. jmax· For the boundary conditions only convective heat transfer is considered. 

The equations for the boundary and non-boundary situations are: 

air-product interface, j=O: 

h D 2h D 
2T.

1
-2 --'+1 .0 + __ •Tamb 

T. =T. + k ot . _'_· _",__k_-=-'"::-,, __ k ___ +oTmw.,,o 
••l,o •. o p C Dz 2 

p 

product (O<.i<.imax): 



product-air interface, j=jmax: 

Sphere 
For spheres, the slab model is adapted as follows, using polar coordinates: 

- the surface of the sphere element at radius r is: 

F=[-r J·F ' R o 
spitere 

- a focusing factor (FF) is implemenred for calculation of the electric field strenght: 

E= FF· E r 0 

with the focusing factor FF being: 

I-1 

- the local electric field strength is then calculated according to: 

- the volume of the layer element is: 

V =F ·D =[-r J·F ·D r r r R 0 r 
sphere 

with 

D = R,pltere 
r miii!IX 

[m] 

The microwave souree term and temperature distributions are calculated in a similar 
way as described for the slab geometry. 



Cylinder 

- The cylinder model is two dimensional: 

1. radiation on top and bottorn surface -> Ez and 
2. radiation on cylinder jacket surface -> E,_ 

Ez is calculated according to the slab model; 
E, is calculated according to the sphere model, but cylindrical coordinates are applied. 

- the surface of the cylinder element is: 

F=(_r_)·F 
r R 0 

cyl 

- a focusing factor (FF) is implemented: 

with the focusing factor FF being: 

- the volume of the layer element is: 

V =F ·D =(_r_)·F ·D 
r r r R 0 r 

with 

cyl 

R 
D=~ 
'm 

max 

[-] 

[m] 

The microwave souree term and temperature distributions are calculated in a similar 
way as described fortheslab geometry. 

Symbols 
c 
CP 
D. 
D, 
E 
Eo 
f 
Fo 

velocity of light 3.108 

heat capacity 
thickness of layer element slab/cylinder 
thickness of layer element sphere/cylinder 
electric field strength 
incident electric field strength 
frequency 
surface unit 

[ms-1] 

[Jkg''K''] 
[m] 
[m] 
[Vm-1] 

[Vm-1] 

[Hz] 
[m2] 



FF focusing factor [ -] 
h heat transfer coefficient [Wm-2K"1

] 

time index, counter [ -] 
location index, counter [-] 

imax total number of time steps [-] 
jmax total number of location steps [-] 
k thermal conductivity [Wm-1K 1] 

IDmax total number of radial layer elements [-] 
L length, thickness [m] 
p power dissipation [Wm-3] 
R reflection coefficient [ -] 

Rsphere,cyl outer radius sphere, cylinder [m] 
r radius [m] 
t time coordinate [s] 
T transmission coefficient [ -] 

Tamb ambient temperature [K] 
Tmw. microwave temperature souree [K] 
V volume [m3] 
z place coordinate on length axis [m] 

a phase factor [m-'] 

~ attenuation factor [m-'] 
p density [kgm-3] 

Eo dielectric constant in vacuum, 
8_85 w-'2 [F/m] 

e' relative dielectric constant [ -] 
e" relative loss factor [ -] 

Àu wavelength incident wave [m] 
À.p wavelength in product [m] 
p density [kgm-3] 
<P phase of wave [rad] 



Stellingen 

1. In tegenstelling tot hetgeen van Dorp vindt voor 2.45 GHz microgolven, kunnen 
enzymsystemen en biologische cellen wel degelijk worden beïnvloed door 
electramagnetische energie in het radiofrequente gebied. 
- Dorp, van R. 1992. Applications of 2.45 GHzmicrowave irradiation in life sciences. 

Lack of evidence for nonthermal microwave effects at temperatures ranging from 20°C-60°C. 
PhD-thesis University of Leiden, Leiden, the Netherlands, 203 pp. 

- Dit proefschrift, hfst 3 en 4. 

2. Het toepassen van electromagnetische energie voor blancheren enlof drogen van 
plantaardige produkten kan de kwaliteit van het verwerkte produkt verhogen. 

Dit proefschrift, hfst. 6. 
- Torringa, H.M., Nijhuis, H.H., Remmen, van, H.H.J., Bartels, P.V., 1993. Electromagnetic 

energy in the drying of vegetable produce. Proceedings of the 4th International Congress on 
Food Industry. New aspects of food processing. 19-23 April Cesme, Turkey. 

3. Als gevolg van de complexiteit van levensmiddelen heeft een geavanceerd 
model aan de hand van Maxwell's vergelijkingen geen meerwaarde ten opzichte 
van een gesimplificeerd, benaderend model voor het voorspellen van 
temperatuurprofiel en. 
Dit proefschrift., hfst. 2. 

4. Het feit dat een snelle, interne en accuraat registreerbare warmte-ontwikkeling 
kan worden bereikt, waarbij geen specifieke microgolfinactivatie optreedt, maakt 
verhitten met microgolfenergie zeer geschikt voor het bepalen van de 
inactivatiekinetiek van enzymen. 
- Dit proefschrift, hfst. 5. 

5. De grote hoeveelheid diëlectrische data van groenten en fruit geproduceerd door 
Nelson e.a. hebben nauwelijks praktische waarde, aangezien zij slechts bij 
kamertemperatuur zijn bepaald. 
- Nelson, S.O., W.R. Forbus and K.C. Lawrence, 1994. Permittivities of fresh fruits and 

vegetables at 0.2 to 20 GHz. The Journat of Microwave Power and Electromagnetic Energy, 
29, 2 81-93. 

6. Zowel het magnetisch veld als het elektrisch geïnduceerde veld in de omgeving 
van hoogspanningskabels is zodanig laag dat er geen gevaar is voor de 
volksgezondheid. 
- R. Belmans, Lezing Genootschap voor Electrotechniek, 30-9-1993 



7. De hoge investeringskosten voor microgolfapparatuur vormen niet alleen een 
belemmering voor veelvuldig gebruik ervan in de voedingsmiddelenindustrie 
maar ook voor het investeren in onderzoek naar microgolftechnologie door deze 
industrie. 

8. Ervaringen met het toekennen van EEG-subsidies leert dat slechts 
onderzoeksvoorstellen die voor een tweede of derde maal worden ingediend een 
redelijke kans op toekenning maken. Dit leidt onherroepelijk tot het subsidiëren 
van inmiddels achterhaald onderzoek. 

9. Het wetsvoorstel om de achternaam voortaan via de moederlijke lijn te laten 
overerven als de ouders geen keuze kunnen maken, is net zo weinig 
geëmancipeerd als de huidige gang van zaken. 

10. Omdat voeding altijd een functie heeft, is de toevoeging "Functional" in de term 
"Functional Food" niet functioneel. 

11 . Het toenemend aanbod van voetbalwedstrijden op televisie leidt tot een afname 
van het aantal actieve sportliefhebbers. 

12. Meer politieke invloed van vrouwen zal wereldvrede dichterbij brengen. 

Stellingen behorende bij het proefschrift 
"Interactions of electromagnetic energy with vegetable food constituents" 

Carina Ponne 
Eindhoven, 24 januari 1996 




