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1.Introduction

In food industry, quality assurance requires lowtaoethods for the rapid assessment and
preferably on-line measurement of the parametatsathect product stability. Chemical and
physical properties of raw material, process steeand end products are the main aspects
which define the level of product quality and slighi Quality parameters in foodstuffs
define the degree of excellence of a product dabllity for specific applications (Soltani
et al., 2011).

Foodstuffs are complex in their structure, mainbymposed by gaseous, liquid and solid
phases which often coexist in the same product éRpd001). For example, within the
liquid portion fat and water may be combined arerésult is called emulsion.

These structural characteristics include physicachanical and chemical properties that
could undergo modification induced by the induspi@cess or storage.

Special attention is given to water, concerned asiral component of the major food
product or as added ingredient of a production ggecwhich assumes a great importance
on technical and economical levels. Particularlyernas structurally present in the matrix
and not completely available. In this way, waten d#& present in foodstuff in many
different states: as water of crystallization, beua protein or starch molecules, entrapped
in biopolymer networks or adsorbed on solid surgack porous food particles. Only this
parameter can be exhaustive to well describe thabikty of samples belonging from food
industry.

Moreover foodstuffs change as a function of tresea, the region of origin, the harvesting,
the storage conditions as well as the processeq st

The traditional and most widely used technique th@ assessment of food quality give
reliable information but are destructive, time aomgng and unsuitable for on line
application (Barbosa-Canovas et al. 2006). The cpal problem of an off-line
measurement is the limitation to destructive dighdsme dispersant and the acceptance of
not being able to correct the production processahtime (Rogers, 2001).

In particular technologies for non-destructive intd properties assessment are very
limited. Therefore, investigation of the dielectbehavior of major food components and

processing effects are needed to provide usefatnmdtion to well understand the different
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material for more solid design or better moniton@nufacturing process for quality control
(Agilent.com, 2006).

The techniques proposed to monitor the quality ipatars of foodstuff answer to the
limited disposition of time and could be able toakdctterize the main compositional
parameters. Dielectric interaction response is Iypawlated to water and could be useful
not only to provide information on the total cortémit also on the degree of mobility of
this ubiquitous molecule in different complex fomehtrix.

New development technologies are being introducegrbvide selective analysis and
adaptation to changing market structure, processepiures and variability of raw material.
In this way the proposal of this thesis is to ansatethis need. Dielectric and electric tool
can be used for the scope and led us to descrébeaimplex food matrix and predict food
characteristic.

The thesis is structured in three main part, infitse one some theoretical tools are recalled
to well assess the food parameter involved in traity definition and the techniques able
to reply at the problem emerged. The second patams the research conducted and the
experimental plans are illustrated in detail. Fomwenience this part is divided for kind of
food considered and relative technique appliedaliinthe last section is left for the
practical application and rapid method easily impatable in an industrial control

protocol or monitoring process.



1.1 Dielectric behavior of food

Biological materials, as food, act as non-idealacapr for their ability to store and
dissipate energy from an external electric fielhen a foodstuff is placed in an electric
field, part of the electric charge does not passudih the material but only shift from their
equilibrium causing a dielectric polarization (Bnnica, 2009). In this way, food products
have the ability to store energy when an exterietdd is applied and for this reason can be
defined as a dielectric. The auth@s found that the capacity of a capacitor was rusgra

on the nature of the material separating the camtysurface. The properties related to the
electrical capacitance and resistance are defis&letectric propertiekvery foodstuff has

a characteristic pool of electrical properties thapend on its dielectric behavior. The
complex quantity that describes the interactioraahaterial with the electric field is the
permittivity (&).

Permittivity is composed by a real and an imaginpayt and it is expressed by the

following theoretical equation:

€. =& —jE,

Whereé; is the complex permittivityé’, is the real part called also dielectric constartt an
& is the imaginary part named loss factor.

The storage capacity of a material is related erdal part of permittivity, the dielectric
constant. The dissipation of energy representdntfagjinary part and can be classified as
loss factor. The effects that contribute on thisapeeters are loss and conductivity.

When complex permittivity is considered, the refatiosses of a material is the ratio of the

energy lost to the energy stored and is calledag®tangent (tag).
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This parameter provides a measure of the matet@ds angle which is complementary to
the phase angle between the voltage and curreatecelto material’'s impedance and
conduction (Mudgett, 1986).



1.2 Electric polarization

At atomic level, every material is primarily maderegative and positive charges. In the
presence of an electric field these charges anterthd and this interactions result from
dipole polarization (Collie et al., 1948). When #lectric field is removed the atoms return
to the original state after a period of time callelhxation time (Mudgett, 1995).

Five main polarization mechanism are resume ana shdigure 1.
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Fig. 1 Polarization effects (de Loor and Meij-boom1966).

The first polarization that occur is the “electropolarization” caused by the deformation of
the electron around the molecule. It occurs inr@attoms when the electric field displaces
with respect to negative charge.

The “atomic/ionic polarization” is due to the glbhketween two atoms belonging to different
molecules. The atoms acquire charges of opposi&ifyoand the external field will tend to

change the equilibrium positions of the atoms trewes, leading to atomic polarization.



The “dipolar/orientational polarization” is indican of a permanent dipole moment and its
due to the re-orientation of the electric dipoleickhwould line up with the electric field
applied. This occurs only in dipolar materials @ssing permanent dipole moment.

The last polarization that can occur is the “spelt@rge polarization” involving free or fix
charge of the material. It is present in dielectnaterials which contain charge carries
which can migrate through the bulk of the matesrakting a macroscopic field distortion.
Space charge polarization can be classified intppimy polarization and interfacial
polarization. In dielectric materials, localizedactjes (ions and vacancies, or electrons and
holes) can hop from one site to another site, whicdates the hopping polarization.
Similarly the separation of the mobile positive arejative charges under an electric field
can produce an interfacial polarization (Sudheemdtaal., 2011).

Usually in foodstuff this last polarization is leBgquent than the other. Nerveless every
kind of polarization requires time to manifest whicreate a displacement between the
material polarization and the electric field apglie

To simulate the permittivity of the dielectric ma#ats and therefore the relaxation
phenomenon were developed many models as Debyee-@xé, Davidson-Cole o
Havriliak-Negami.

Among all, however, the only model of Debye (shownfigure 2) was born from an
observation of the physical system, while all thlkeos are originated from a parametric
fitting. Debye model described the dielectric babawf polar molecules in terms of
permittivity as function of frequency. Different ofenism of polarization in biological
materials are associated at different electromagngtectrum regions (de Loor and
Meijboom, 1966).
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Figure 2 Debye model of the relaxation of water a0°C.

The dipole rotation process persists until thexaian phenomena occurs. The time of
relaxation is the time required by molecule dipdtebecome electric field oriented and it is
strictly frequency dependent (Mudgett, 1986). Adiofrequencies the dipoles follow the
external field and do not oscillate so fast to el significant heat generation. Otherwise
at higher frequency the dipoles are reacting to dleetric field, but they are unable to
follow the rapid field and relaxation phenomenauwcdoreover at high frequency the
dielectric constant has a value &« and loss factor reaches its maximum at the rétaxa
frequency. This Debye interpretation of the vao@atof dielectric constant and loss factor
with frequency has limitations and large deviatiaas occur, in terms of dipolar rotation
against frictional forces in the medium. Despités,tiDebye equation is the best for
describing the variation of dielectric propertieghwirequency of liquid water, as the best
example of polar material.

In particularly when food is taken into account &or absorption of energy some mechanism
occurs and are dependent on the shape, volumegceudrea, dielectric properties and
equipment configuration (Nelson and Datta 2001)he@tise, the two mechanisms
primarily involved are dipolar relaxation and iomenduction. Considering a foodstuff, the

main component affect by these two mechanisms iterw&ollie et al. (1948) well
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described that dipole rotation in biological madésiis associated with positive and negative
charge on the hydrogen and oxygen atoms of watéeaules. Water characterized by its
dipolar nature tries to follow the electric fielddasuch rotational movement of molecules
produce heat and migration of ions under the imitee of the electric field. These
mechanisms are all energy losses and are all aresidin the loss factor parameter.
Furthermore, the decrease and increase in lossrfaas been related to ionic conductivity
at lower frequencies, to bound water relaxatiom, @nfree water relaxation near the top of
frequency range (Nelson and Datta, 2001).
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1.3 Dielectric properties of food

In food, permittivity is related to chemical comgims, physical structure, frequency and
temperature, with moisture being the dominant fa¢i®arbosa- Canovas et. al 2006;
Ohlsson et al, 1974; Kent and Jason, 1975; Engelder & Buffl&891; Nelson,
1961 and Nelson S O, 1992; Nelson & Kraszewski0iS®pahioglu et al., 2003).

Subsequently, these main parameters are discussed.

Frequency

The dielectric properties of the foods may be deteed in frequency intervals from direct
current to optical frequencies by various measut@eginiques (von Hippel, 1954).

The principal contribute of the frequency is pdation of molecules. With the increase of
the frequency, the polar molecules follow the clesngf the electric field up to the point
where the orientation of the dipoles cannot keepolphe electric field and the dipoles
relaxed. The dipoles relaxing assume a random tatien and as a result, the dielectric
constant decreases or remains constant with tmease of the frequency (I¢ier and Baysal,
2004). Spectroscopic techniques get informatioruaiite food matrix belonging from the
emitted spectrum of the food propagation parametéo®d properties are more often
detected in radio or microwave frequencies. Betw&eand 100 GHz, the microwave
region, it can be possible to obtain different mfation compared to the radio frequency
region. In the microwave range, the conductivitieets on the dielectric properties of the
material can be ignored. Physical contact betweempe and equipment is not required so
does not alter or contaminate the material undgr Eurthermore in microwave region at
around 20 GHz, free water relaxes and allowing datection of very small amounts of
water (De los Reyes Canovas 2010).

A brief review of the main work showed the frequgntfluence is subsequently reported.
Thermal denaturation of liquid egg whites and whexdgs influenced the dielectric constant
and dipole loss component of eggs, as reflectedhayges in loss factor of egg yolk. As

expected ionic conductivity was considered a dontirfactor determining the dielectric
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loss behavior of egg products at radiofrequencid®reas dipole water molecules played
an increasing role with an increase in microwaeguiencies (Wang et al., 2009).

Wang et al. (2008) observed the differences indibéectric properties of anterior, middle,
tail, and belly portions of Alaska pink salma@rcornynchus gorbuschéillets. Dielectric
constant and loss factor were determined in thguiracy range between 27 and 1800 MHz
from 20 to 120 C to provide insights for improvitige modelling of microwave and radio
frequency commercial sterilization processes ameal products. Different part of salmon
fillet contributed to observe little differences ithe dielectric properties. At radio
frequencies of 27 and 40 MHz, the dielectric camstadecreased with increasing
temperature. Although at microwave frequencies. (81¢p, 1800 MHz), an opposite trend
was observed. Over the tested frequency rangeditiectric loss factor increased with
increasing temperature. Dielectric properties afliorafrequencies suggest that ionic
conductivity was the major contributor to temperatuependence on the electrical
conductivity of minced salmon fillets.

Penetration depths are used to assess whetherwaigzoor radio frequency energy at
particular frequencies penetrates through a cettagkness of food so that a relatively
uniform heating could be achieved during dieledtr@ating provide important information
in pasteurization processes (Al-Holy et al., 200B)e authors determined the dielectric
constant, loss factor and penetration depth fansaland sturgeon caviar at 27 MHz and
915 MHz. The penetration depth was higher at 27 Métnpared to the microwave region.

Temperature

Temperature has a significant influence on theedtelc properties of food. The dependence
of dielectric properties on temperature is themefoomplex, this can grow or decrease as
function of the material taken into consideratiior most reliable measurements of the
dielectric properties of food, a control on thiggraeter must be performed. The influence
of temperature on the dielectric properties of fved depends on many factors such as
humidity, composition, salt and frequencies invdl{&ang, 2005).

The influence of temperature among foodstuff patamsds subsequently reported in a brief

literature review. Everard et al. (2006) measuresledtric properties of 16 processed
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cheeses over the frequency range 0.3-3 GHz. Authouwsd that dielectric constant
increased at low temperature until reach a mininatirhigh temperature, while loss factor
for medium-high moisture decreased at low tempegadnd increased at high temperature.
In pure water for example, an increase in tempegancreases the frequency at which the
relaxation phenomena occurs and the loss factee (Mudgett, 1995).

Dielectric properties of ground samples of peamsse measured for several densities,
temperatures and moisture content in microwaveoredgiom 300 to 3000 MHz. The
dielectric properties of peanuts increase with deng\t higher moisture content the
temperature effect was reduced by the high depe&edeindielectric properties on moisture
content (Boldor et al. 2004).

The dielectric properties of food at low temperatysarticularly below the freezing point
are affected by the progressive conversion of diguater to ice with the concentration of
dissolved salt (Mudgett et al.,1995). This phencesuaggest that dielectric properties in
frozen foods are related to aqueous ionic environijoharacterized by relative motilities of
water and ions which can be determined as los®rfa@riation (Bengtoss and Risman,
1971; Westphal, 1972).

The dielectric properties of foods at high tempamtin specific about non-polar liquids
and solids are reported (vonHippel 1954; Chernowalel967; Westphal and Sils, 1972).
These measurements indicates that the propertiesmepolar food are constant over a wide
range of temperatures and are dielectrically inempared to the aqueous polar substances
(Mudgett, 1995).

Wang et al. (2009) studied the effects of cookimgdeelectric properties of liquid whole
eggs and egg whites in relation to radiofrequenargs microwaves by using an open ended
coaxial probe over a wide range of temperature ZD-C.

Moreover Coronell et al. (2008) tested ready topatdings, soy beverages and avocado
paste products. Soy beverages followed the samergemend traduced in a decrease of
dielectric constant and an increase of loss fasitr temperature raise. For puddings the
dielectric properties had similar values, 64 anddZXielectric constant and 17.2 and 22.7

for loss factor, respectively which can be useniplement flow applications.
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Food compositional constituents

Dielectric constant and loss factor are primarigyesimined by the chemical composition of
foodstuff, such as the presence of mobile ions@erchanent dipole moment associated to
water and the interaction between other molecaled,only subsequently by their physical
structure (Barbosa- Canovas et. al 2006).

Dielectric properties of food product depend onrtheajor relevant components, such as
moisture, salt content, carbohydrate, protein ad f

Several studies regarding dielectric characteomatif agri-food products were carried out
in the past 40 years to study the influence oreckffit compositional factors (Nelson, 1996;
Venkatesh & Raghavan, 2005). These studies inastiggrain and seed (Nelson, 2003),
fruits and vegetables (Tran et al., 1984; Nels®@92] Nelson et al., 1996; Berbert et al.,
2001), beverages (Garcia et al., 2001), baked &oddflours (Seras et al., 1987; Zuercher et
al., 1990), dairy products (Sone et al., 1970; laugtral., 1992), fish and meat (Bengtsson &
Risman, 1971; Ohlsson et al., 1974; Lyng et al0520

An extensive analysis was conducted on compositiomanges of fruit due to insect pest
attack (Wang et al. 2008 and 2009; Ikediala eP@02). The authors explored in the first
step the fruit dielectric behavior at the radiofreqcies region and then observed an
increase in loss factor when the fruit was affedtgasects.

Egg constituents were characterized by Ragni €2807) through dielectric properties, to
investigate the electrical changes during storageding an open-ended coaxial probe in
the frequency range 20-1800 MHz. Their resultscied R values up to 0.92, 0.60, 0.53
and 0.73 for the air cell height, thick albumenghmi Haugh unit and Yolk index,
respectively.

The differences in composition of grape juice g can be evaluated by using dielectric
properties (Garcia et al. 2001). Red wine grapeejgsamples were used for measuring the
dielectric constant and loss factor in the freqyerenge 0.2-3 GHz. The investigators
observed differences among varieties in relatiothéovalue of the total and dipolar losses
at 3 GHz but more measurements are necessarydecisve enough.

Regarding carbohydrates, the principal specieseptas food system are starches, sugars

and gums. Detecting this kind of compounds by usiiedectric properties can be difficult
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because they do not show appreciable dipolar pafawn at microwave frequencies
(Ryynanen, 1995). Therefore, for carbohydrate swist the effect of free water on
dielectric properties becomes significant. Hydrogemnds and hydroxyl group water
interactions also play a significant role in diétecproperties of high sugar, maltodextrin,
starch hydrolasate and lactose like disaccharidedfoods (Roebuck et al., 1972).

The dielectric properties of thirteen sweet poteittivars were determined to develop a
process for rapid sterilization and aseptic paakagif potato puree by using a continuous
flow microwave system operating at 915 MHz (Brinktyal., 2008). Results indicated that
temperature, moisture, sugar and starch contentahptbnounced effect (p < 0.001) on
dielectric properties measured from 15°C to 145Y8e authors described as the sugar
content of the purees had a negative effect owliflectric loss factor, as a consequence of
the formation of hydrogen bonding with the free evawhich decreased the polarization of
water molecules.

A simple method based on a designed dielectric wa proposed for determination of
dielectric properties of powder grains (Bhargavalet2014). Dielectric constant and loss
factor of five varieties of wheat have been detesdi to investigate food nutrients
dependence, such as moisture, protein, fat andlogdbates. In particular, the authors
underlined that the value of dielectric constargtfincreases and then decreases as the % of
carbohydrates is increased, it being highest atita®® % of carbohydrate value for all the
grain sizes. The loss factor on the other hand fiecreases and then increases, showing
lowest value at about 66% of the carbohydrates.

Dielectric properties at 2450 MHz were determined thpioca, corn, wheat, rice, waxy-
maize and amylo-maize starches in granular, ateeatpres from 30 to 95°C by Ndife et al.
(1998). Dielectric properties were shown to be depat on temperature, moisture content
and starch type. Quadratic equations were develapstiow the relationship between the
changes in dielectric properties with temperatwe dtarch species. The authors found
significant differences in dielectric propertiesdifferent types of starches.

Protein are relatively inert and do not interagingicantly with microwaves. Proteins are
partially soluble and partially insoluble with i@aible surface regions that may bind water
or salts to give rise to zeta potential and doldner effects associated with free surface

charge (Mudgett, 1995). The dielectric propertieproteins depend on their chains, which
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can be nonpolar with decreasing order of alanihginge, leucine, isoleucine, methionine,
phenylanine and valine or polar with decreasingenrd-ree aminoacids are instead
dielectrically reactive and contribute to an ina®an dielectric loss factor. Since protein
dipole moments are a function of their amino aeidd the pH of the medium, the dielectric
properties and microwave reactivity of cereal, l@gu milk, meat and fish proteins are
expected to be different. The water absorbed otejr® affects their dielectric properties.
The dielectric activity of proteins can be dividatb four categories:

* high activity due to charge effects of ionizati@artwoxyl, sulfhydryl’'s and amines;

* hydrogen and ion binding as affected by pH;

* net charges on dissolved proteins;

» relatively low activity due to relaxation and cowtiue effects.
Bircan and Barringer (2002) determined the protinaturation of muscle foods using the
dielectric properties. Both the dielectric constantl loss factor increased at a temperature
that appeared to match the denaturation temperé&bureollagen in beef, chicken breast,
chicken thigh, perch, cod, and salmon. When thepganvas reheated the change did not
reoccur, indicating that the dielectric propertresre measuring an irreversible change. At
lower frequencies the increase in the dielectrmpprties was larger. When collagen and
acto-myosin denature, the muscle shrinks, expeluager and minerals becoming more
mobile. The dielectric constant and loss factor suea the mobility of water and ions;
therefore they may be able to determine the tenyperaf protein denaturation.
The dielectric properties of milk protein (whey f@io isolate), starch and water were
investigated by Tsoubeli et al. (1995) to contngllithe cereal product quality. At lower
moisture contents, Ca-caseinate has a lower diglexnstant than whey protein isolate or
starch. The addition of whey protein isolate in #t@rch water system could increase the
ability of starch to dissipate energy, manifestedtlie higher dielectric loss at almost all
moisture contents. It was evident that althoughwhter environments were similar among
the systems studied, their dielectric propertiéledid. Thus the authors concluded that the
dielectric properties do not solely depend on whtédrare also influenced significantly by
the macromolecule present.
Dielectric properties of soy protein isolate digpens were measured by Ahmed et al.
(2007) over the frequency range of 200-2500 MHztly open-ended coaxial probe
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method. Results indicated that the dielectric camistdecreased with temperature and
frequency while increased with protein concentratidoreover the significant change in
dielectric properties at 90 C was a result of protkenaturation which was identified by
differential scanning calorimetry (DSC).

Lipids are hydrophobic compounds, except for iobieacarboxyl groups of fatty acids and
do not strongly interact with microwaves (Mudgei995). Therefore, the dielectric
properties of fat are very low (Lizhi et al., 2008he effect of fat on dielectric properties is
due to the dilution effect in the system. In thigywthe increase in fat content reduces the
free quantity of water in the system, which reduttes dielectric properties (Ryynanen,
1995). Dielectric properties were used to study WHim, low fat and homogenized whole
milk by Nunes et al. (2006). Dielectric constantl dnss factor among these products were
very similar in the same frequency region considees a consequence of low fat
contribution. Also Coronel et al. (2008) demonstdathe negligible effects of fat content on
dielectric properties of skim milk and fat milk the microwave range.

Dielectric properties of meat products and typicgredients of meat manufacture in the
microwave region are reported by Lyng et al. (200%),e authors found that fat had lower
dielectric activity than lean tissue.

Zhang et al. (2007) examined the influence of éwell of added water (21-29%), fat (12.4—
29.7%) and salt (0.4-2.4%) on radio frequency armtawave dielectric properties. Results
revealed that added fat had an influence on thepmaerties and a lesser influence than
salt on dielectric properties.

One of the major components of food system is &allt is one of the principal factor for
ionic conduction. Addition of salt creates a deseemm dielectric constant due to the binding
of water in the system which reduces the availalaiter for polarization. On the other hand,
addition of salt creates an increase in loss fagittsde more charged particles are added to
the system and charge migration is increased (Mudf895). Nelson and Datta (2001)
showed that in aqueous ionic solution, loss factecreased with temperature for salt
concentration less than 1.0%. On the opposite, fas®r increased as temperature for
higher salt concentration in reason to a dominamtimechanism.

Ahmed et al. (2007) determined the dielectric proge of salted and unsalted butter in the

microwave frequency range. The results showed rafgigntly dependence of salt among
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the explored temperature while for frequency oolslfactor decreases with an increase of

this parameter.

Water

In order to investigate possible other dependebetween dielectric properties and food
composition, water content had to be taken asnitialiguess (Datta et al.,1995).

Liquid water is a very polar compound and can gaallsorb energy because of dipolar
rotation. For this reason, moisture content is @inthe major determinants of food dielectric
properties. The increase in water content produceincrease of the polarization
phenomena, raising both dielectric constant and fastor of food system (Wang et al.,
2008).

Moisture measuring, such as electrical conductaacd capacitance and microwave
interaction, are the most applied (Vlachos et @0Q.

An on-line monitoring system to determine moistaositent of grain during process was
develop by Weidong (2007). The dielectric constauais measured with a cylindrical
capacitive sensor and the proposed model were touptedict moisture content of wheat
and corn. In this direction Rai et al. (2005) depeld a moisture meter for grain (wheat,
paddy, sunflower, mustard and soybean) by usingrallpl plate capacitor as probe. The
device works in the moisture range from 5 to 25%hwan accuracy of 1%. A capacitive
moisture meter for corn was develop by Junior (20@& alternate voltage, a divisor
voltage and a capacitor in a moisture range of 2%-2offered at 10 KHz the best
sensibility.

Berbert et al. (2001) predicted the water contériiean seeds by measuring the dielectric
properties and proposed three models with low staherrors of calibration. Li et al.
(2003) determined moisture content of cookies byngusdielectric spectroscopy
characterized by three electrodes used as a fgrggid sensor. To measure the capacitance
of sensor they used a sweep signal from 10 Hz t&kH®. At higher frequencies they
reported an increase of sensitivity. 10 kHz welected to calibrate the system. A linear
correlation between capacitance and moisture convtess determined. Furthermore the

dielectric properties were used by Trabelsi e{2009) to estimate the moisture content of
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shelled peanuts. The experiment was carried othdrfrequency range from 8 to 14 GHz
and in a temperature range from 1 to 38°C. The bgstation for the moisture content
prediction as function of temperature was at 10 Gtdguency. Mizukami et al. (2006)
measured electrical impedance, resistance, reactant capacitance by using four stainless
steel electrodes and an LCR meter in the frequeawcge 10 Hz-10 MHz. The purpose of
the research was the assessment of the moistutent@f tea leaves. Satisfactory results
were obtained only by developing a new equatioh ¢basider impedance and capacitance
together. On the contrary, considering the impedama@apacitance separately, the levels of
standard error was higher and low levels of coti@iawere achieved. An on-line
monitoring system to determine moisture contergrain during process was developed by
Weidong (2007). The dielectric constant was meakwi¢h a cylindrical capacitive sensor
and the proposed model was built to predict mossttontent of wheat and corn. A non-
destructive and on-line moisture meter was propaseBerbert et al. (2001) for the indirect
determination of moisture content in coffee graii®ie potential application of the
knowledge of relative permittivity of coffee and lbwensity of several varieties were
determine and analyzed for frequency from 75 kH5 tdHz. A loss factor decrease was
observed in reason to a frequency increase, buighavior was less regular and dependent
on moisture content.

The electrical properties of wheat bread as functb moisture content and storage time
were studied by Bhargava et al. (2014).Variousieestof bread were measured and the
moisture content was estimated by using a multiceanng electrodes. The capacitance
variations were reported as a function of the nioestontent of the bread crust, not only for

the water content evaluation but also to furthetewstand the glass transition phenomena.

Dielectric water behavior

Water in its pure liquid state is rarely found woél products. The relationship between
water content and water availability plays a keyero the stability factors towards

microbial spoilage and water migration (Lewicki02). The influence of water on physical
properties of food is dependent on the state. Wadarexist in food system either in free

form or in a loosely defined state called the bostate. Water in foods is dissolved as
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constituents, physically absorbed in food cap#amr chemically bound to other molecules
or absorbed on the surface of dry materials. Water also act as plasticizer making
possible movement of the structures (Seow et 2991

The spatial configuration of a water molecule istynied as a regular tetrahedron, where
inside the solid there is an atom of oxygen ancbimers there are positive charges and two
orbitals of paired electrons (Lewicki, 2004). Parttharges lead to the interaction between
other molecules. The water ability to engage ine¢hdimensional hydrogen bounds
provides a logical explanation for many of its wnalsproperties. Its large values of heat
capacity, melting point, boiling point, surface ¢@m and enthalpies of various phase
transition are all related to extra energy needetreak intermolecular hydrogen bonds
(Fennema, 1996). The permittivity of water is aisdluenced by hydrogen bonding.
Hydrogen-bonded clusters of molecules apparentig gise to multi-molecular dipoles,
which effectively increase the permittivity of watéFennema, 1996). So, the dielectric
constant and loss factor are affected by the poesef free and bound water surface
charges, electrolytes, non-electrolytes and hydrod®onds in the food product.
Unfortunately, hydration of polar molecules canhetestimated on the number of groups
able to form hydrogen bonds since considering thase interactions can alter spatial
conformation of a solute and solvent as well (Lakiyi2004).

The stronger the binding forces among water antejpr® or carbohydrates, the smaller is
the contribution of the bound water to the dielectconstant or loss factor. In
macromolecules such as proteins or polysacchandesnolecular interaction are able to
deform electron cloud and surplus or deficit ocalens occurs. Hence, hydrogen bonds can
be formed and water molecules are built in thecsiinge of biopolymers. In this case two
states of water can be considered, one in whiclerwablecules are immobilized in the
structure of a macromolecule (structure water) amother state in which molecule are not
completely restricted (hydration water) (Lewickd(2).

Apolar compounds interact with water reducing itgrees of freedom with a consequent
stabilization of water molecules in space, in whtcé liquid acquires a structure of a solid.
This phenomenon is called hydrophobic hydrationdiddphobic interactions lead to the

formation of structures in which properties of wadiffer from those of freezable water.
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When water molecules are bound to hydrophilic aeatel polar groups do not freeze, is
not available to chemical reactions and does notsas solvent (Lewicki, 2004).

On the contrary of the large amount of data foraewatvaluation only few works showed the
dielectric behavior of water in terms of mobilitpdaavailability. Furthermore knowledge
are needed to definitely verify a strong corresgmug between the dielectric behavior and
water status.

Castro-Giraldez et al. (2010; 2011; 2012; 2013;42@femonstrated in the light of different
research that dielectric measurements at microvileggriencies could be used to analyze
the interactions between water bound state ancerdiit compositional parameters for
controlling several industrial processes.

Henry et al. (2003) presented a methodology basethe resonant cavity in microwave
domain to obtain dielectric parameters on hydrateaterial under test. A theoretical
approach was useful to calculate the value of watBvity on the surface of solid materials.
Protein-water dynamics were studied by using digtecrelaxation spectroscopy. A
dielectric relaxation of small polar groups of @iat plasticized by water, overlapped by
relaxations of un-crystallized water molecules a®parate relaxation of water in the
crystallized water phase were recorded (Panagopailal., 2011).

DeLoor and Meijboom (1966) collected data on diglegroperties of fruit and vegetable.
The authors demonstrated that at moisture conkesgsghan 20%, dielectric properties were
almost constant, showing that water was tightlyrtabtorm and very limited to move and
assumes exiting status. Between moisture conté2@ and 76% there was a rapid increase
in dielectric properties due to the increase irelireavailable water. However, in frozen
state, both dielectric constant and loss factorewsamnall and not much affected by the
increase in moisture content. This is attributethtopresence of water in bound form. Thus,
since the moisture content of many food is gre#tan 60%, the free water with high
dielectric activity should be the dominant compdngaverning the overall behavior of
foods (deLoor and Meijboom, 1966).

The relationship between the organization of catlulvater, molecular interactions,
desiccation tolerance, dielectric behavior of wated water plasticized biomolecules in red
oak seeds were studied by Sun (2000). Three digladispersion were investigated: the

relaxation of loosely-bound water and small polesugs, the relaxation of tightly- bound
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water, carbohydrate chain, large polar groups ofemwes and the freezing in molecular

mobility.

24



1.4 Methods for dielectric properties measurements

Dielectric properties measurement concerns thetsateof different techniques depending
on the nature of dielectric material, frequencyintérest, degree of accuracy required and
availability of the measuring equipment (Nelson &adta et al, 2001). Moreover the choice
of the equipment and sample holder should be mawa the dielectric material to be
measured, the extent of the research, the deveiahility and the economic resources for
the study (Venkatesh and Raghavan 2005).

Several foodstuff can be explored with improved ss&;m devices for control and
automation, such as the moisture sensing deviedtbate an absolute possibility to well
employ dielectric properties of materials as a egnence of more adaptable characteristic
of the equipment (Venkatesh and Raghavan 2005).

Several methods can be used ranging from direceruto microwaves to determine the
electrical properties of biological materials byings different devices including parallel
plate capacitor, coaxial probe, lumped circuit, agude, resonant structure, inductance,
capacitance, resistance (LCR) meter, impedanceyzerabnd scalar and vector analyzer
(Nelson, 1999; Icier & Baysal, 2004; Ragni et.2806; Sucher and Fox 1963; De Loor and
Meijboom 1966; Bengtoss and Risman, 1971; ThompsahZachariah, 1971; Metaxas and
Meredith 1983; Nyfors and Vainikainen, 1989; Hewkackard, 1992).

The challenge in performing accurate permittivitgasurements is not only related to the
choice of the technique but also concerns desigointhe material sample holder and
circuit modeling for reliable calculation of pertiity (Nelson 1998). Nelson (1973, 1983,
1984, 1991) used different sample holders withoteimicrowave measurement systems
assembled for dielectric parameter evaluation @fingrseed, fruit and vegetable in the
frequency range 1 to 22 GHz. For example if aafaequency circuit is well designed and
it can be possible to register impedance or adnuéalata and the dielectric properties can
be further calculated by using specific equatioglated to the material. Corcoan et al.
(1970) reported dielectric properties of grain watlprecision bridge for audio frequencies
from 250 Hz to 20 GHz with a coaxial sample holdeérain and seed samples were also

tested by using a Q-meter based on resonant ciretviteen 1 and 50 MHz (Nelson 1991).
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A review of the techniques for permittivity estinmat in the low medium and high
frequency ranges including the use several brigges resonant circuits was written by
Field (1954).

Software may also be required to convert measuata filom the instrument in the most
convenient physical quantity, allowing also theragtion of the properties of interest.
Accurate and useful analysis for most food produeis be provide by automated network
analyzers, but with an application limit due to thgh cost of the equipment, such as Time
Domain Reflectometry technique. In frequency rangar to 915 and 2450 MHz dielectric
properties can be performed with cavity perturbatiechnique by using a dielectric
analyzer instead of a network analyzer. A vect@lyaer is versatile but expensive and can
be adapted for several studies, while scalar né&twoalyzer and impedance analyzers are
quite less expensive. For limited studies, moréable equipment can be radiofrequency or
microwave devices if a apposite sample holdertisige

Economic instrumental chain, such as system usiatasnetwork or impedance analyzers,
could be attractive as function of its accura@gesof operation, simple sample preparation,
convenient temperature control, and the affordgbdf owning this equipment (Datta et al,
2014). Furthermore impedance analyzers and LCRrnae¢eused to measure the material

properties at lower frequencies. Subsequently timeipal technique are reported.

Waveguide and coaxial line

Transmission line methods involve placing the maleinside a portion of enclosed
conveyance system (Nelson 1998). The waveguide method belonging from the
transmission line that exploits the transport ofedectromagnetic wave within a closed
cavity for the detection of the dielectric propestiof the material (Behlriti et al., 2013).
Each waveguide has endless configurations of electgnetic field called MODES. The
characteristics of MODES depend on size of thei@@ctype of material and frequency
used (Green, 1996). The MODES are generally cladgsdccording to the nature of the
components of the electric field. The MODES mostefin use are the TE MODE
(transverse electric), TM MODE (transverse magpebc TEM MODE (transverse

electromagnetic).
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The waveguide system required a specific desigheotlevice with particular attention paid
to the dimension of the sample holder (vonHipp&54). Another critical aspect for a
waveguide technique is a precise sample preparatigmrement, with constant geometry
and no air gaps. Both these factors can comprattnéseeasurements by introducing errors.
The geometry of the material influence the elecagnetic wave with course distortions
that involved in wrong spectrum acquisition. Aipgas a very important aspect to take into
account as a consequence of very different behaggpect biological material. It is well
known that air has a very low dielectric constagtiedmining relevant changes in dielectric
properties determination, as a consequence thelsatoes not have air gaps to avoid
possible mistakes.

The values of dielectric constant and loss factor lbe derived from the transmission line
theory, which indicates that these properties cawcdlculated by measuring the phase and
amplitude of a reflected microwave signal from alelitric material placed against the end
of a transmission line, such a waveguide (Robertisvan Hippel 1946; von Hippel 1954).
The waveguide dimension ame{width), b (height) andd (length). The cut off wavelength
in the guide iskc=2a. The cut off frequencyf€) of the guide is given by the following

expression (Baker-Jarvis et al., 1990):

fc= V2c
\//102(\/(32 +£7+¢)

The formula assumed a waveguide characterizedngyesmode propagation (mode fE
completely filled with the material under test.

In agri-food sector this kind of technique is notommon. Hunger et al. (2011) describe
path length waveguide setup to obtain accuratelgson@ments of complex permittivity of
liquid, such as water and water-ethanol mixtuneshe frequency range 60 to 90 GHz. The
authors presented the technique to investigateldss-as well as high loss liquids. Green
(1996) studied the dielectric properties of cheddlagese at microwave frequency (from
750 MHz to 12.4 GHz). The physical and chemicalpprties of the cheese were also

measured and correlated with dielectric properties.
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The waveguide technique was implemented for théuatian of ripening indices of kiwi
fruit (Ragni et al., 2012) and the freshness ofebgs (Ragni et al. , 2010), the composition
of the grated Parmigiano Reggiano cheese (Cevali e£012).

Parallel plate capacitor

The parallel plate capacitor method involves sanbimg a thin sheet of material between
two electrodes to form a capacitor. A typical meament system using the parallel plate
method consists of an LCR meter or impedance aealgad fixtures. It is an economic
method and relatively simple. In a parallel platepacitor, capacitance is directly
proportional to the surface area of the conductatep and inversely proportional to the
separation distance between the plates. A capasitbdevice which is able to store energy
and electric charge, made of two isolated condactr closer distance. These two
conductors are called plates where a uniform etefigld can be generated. If the charges
on the plates aregtand -¢ respectively, and gives the voltage between the plates, then

the quantity of charge Q is proportional to thetagé applied:

Q=CV

C is the capacitance and it is measured in FaradT{ke capacitance of the capacitor is
dependent only by its structure and dimension, diedectric is absent between plates. So

the related capacitance is:

C=EA/d

WhereA is the plates area, d the distance between paigs, is the dielectric constant of
free space (8.85 pF/m). In the real case when alysia is performed a dielectric is inserted
between plates and generates voltage decreaseapheitance in this case increases and if
a saturation of the space between plates is camesidéhe capacitance raises with an a-

dimensional factoé€,, the dielectric constant of the material submii&dilent.com).
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Capacitive technique is employed for evaluatiorwater in wheat (Berbert and Stenning,
1996), water and bulk density in safflower (Sacild al. 2007), ripening of banana fruits
(Soltani, 2005). Afzal et al 2010 estimated leaishoe content by measuring the dielectric
constant of leaf with the variation of capacitabgeemploying a capacitive sensors in five
different types of crops. The dielectric constahtater at room temperature is 80 greater
than that of air or solid, 1 and 2-5 respectivélgcording to their results, the capacitance
was affected by the amount of ions and the thickradsthe leaf. Campbell at al. (2005)
developed a capacitive system for monitoring beessipg troughs a tunnel that was able to
recognize between entering and exiting bees anddeanformation on the size and speed
of each bee. They used a ring sensor which had steatrodes respect to a parallel plate
sensor and allow a decreased size and preciseljopoguring manufacturing.

Jarimopas et al. (2005) designed an electroniccdewith a cylindrical capacitive sensor to
select vegetables and fruits by volume. Thirty desgere used to calibrate the device and
a very good correlation was obtained compared ® whater displacement method.
Considering watermelons, large cucumbers, wax goamd guavas were obtained the
subsequently R0.999, 0.957, 0.999 and 0.99. Ragni et al. (2GDH8) used a simple
dielectric technique based on a sine wave radiquiacy oscillator with a parallel plate

capacitor probe to determine the quality of eggmdustorage.

Time-Domain Reflectometry method

In the 1980s a new technique, with a high accumaithiin a few percent of error was
developed for the dielectric food properties asevesds and is called Time Domain
Reflectometry (TDR) (Afsar et al. 1986).

Time domain spectroscopy utilizes the reflectioarelteristics of the material under test to
compute the dielectric properties. The TDR is d&megue based on the generation of an
electromagnetic signal and the time-domain analysihe reflected signal from a generic
load (sample). The instrumental chain setup is n@dan electric step generator and an
oscilloscope for the digital sampling. In this way) electromagnetic pulse is propagated

along the transmission line. The reflected andttiuiesmitted signal are shown on the TDR
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oscilloscope. TDR reveals the characteristic impedaof the line and shows the location
and the type (resistive, inductive or capacitivie¢ach discontinuities along the line.

The transmission line consists of a continuousctire of resistors, inductors, and
capacitors. Assuming that the line has an infildteyth and characteristic, L (inductance), R

(resistance), G (conductance) and C (capacitameajedined per unit of length:

R+ jal
" G+ jaC

Where Z0 is the characteristic impedance of the &éndw is the frequency of the applied
voltage. The impedance is a physical magnitudeovebat represents the dipole strength of
opposition to an alternating electric current pgesalhe impedance is expressed as
complex number and it takes into account the phemanof electricity consumption and
accumulation of electromagnetic energy.

The impedance is described mathematically by a @mmpumber whose real part
represents the dissipative phenomenon and corrdsgorthe resistance (R); the imaginary

part, said reactance (X) is associated with thepimena of energy accumulation.
Z =R+ jX

A voltage supplied by the generator will requirgngte time to walk the line up at the point
X. The phase of the voltage that remains alonditieewill result in a delay with respect to
the generator for an amountfper unit length.

The TDR technique requires a small sample size lammogeneous substances to be
analyzed and it is an excellent tool for advancedearch on the interaction of
electromagnetic energy over a wide range of frequedespite the high cost (Mashimo et
al. 1987; Ohlsson et al. 1974).

TDR was employed for the assessment of soil waietenit and salinity (Topp et al.,1982;
Dalton and Van Genuchten, 1986; Noborio, 2001) é&ddielectric permittivity and

conductivity measurements of different kinds gulds such as alcohols (Fellner-Feldegg,
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1968), carbohydrate solutions (Van Loon et al.,5)9¢nicro-emulsions (Nozaki and Bose,
1990) and various materials (Pettinelli and Ce2002). Puranik et al. (1991) investigated
the dielectric properties of honey-water mixtureusmng TDR technique in the frequency
range 10 MHz-10 GHz at 25°C. Ragni et al. (201s¥eased the water content of EVOO
and characterized different content of fatty ac@tkyl esters of EVOO (Berardinelli et al.,
2014) by using time domain reflectometry technigliBR technique was able to predict
very small water quantities in oil with?’Ralue up to 0.984 and a root mean square error of

prediction of about 55 mg of water/kg of oil.

Cavity perturbation technique

The cavity perturbation technique is one of the tmosmmonly used techniques for
measuring the dielectric properties of homogenowos fmaterials because of its simplicity,
ease of data reduction, accuracy, and high temperagapability (Venkatesh and Raghavan,
2005; Sucher and Fox 1963; de Loor and Meijboom6l®BEngtsson and Risman 1971;
Metaxas and Meredith 1983). The technique is alslh suited to low-loss materials. It is
based on the shift in resonant frequency and tlaagd in absorption characteristic of a
tuned resonant cavity due to insertion of a samplarget material. Changes in the center
frequency and width due to insertion of the sampteyide information to calculate the
dielectric loss. The resonant cavities can be design two mode of propagation of the
electromagnetic fields, the transverse magnetic {Evd the transverse electric (TE) which
Is based on the shift in resonant frequency anchiamge in absorption characteristic of a
tuned resonant cavity. Changes in the center érecpiand width due to the insertion of the
sample provide information useful to calculate dnelectric constant while changes in the
Q-factor are used to estimate the loss factor. Sike of the cavity must be designed
according to the frequency of interest, higher tilstcy need smaller cavity. The size of
cavity must be designed for the frequency of irdereaking into account that the
relationship is inverse. It is quite reasonable #ech cavity need a calibration, but after
that permittivity data of different samples canrapidly determined. Sample preparation is
relatively easy, and the permittivities of a largember of samples can be determined in a

short time.
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This method can be used to determine the dielegtaoperties of many agri-food products
over a wide range of frequencies, temperaturescangpositions (Bengtsson and Risman
1971; Ohlsson and Bengtsson 1975; Venkatesh 138@)cavity perturbation method was
used to investigate dielectric properties of sugnerated a-D-glucose aqueous solutions
(45-56% wiw) at 2.45 GHz from 25 to 80°C. Liao &t(@001) reported the measurement
details and the perturbation equations adapteddfelectric constant and loss factor
calculation. Moreover Sharma and Prasad (2002) unedshe dielectric properties of garlic
at selected levels of moisture by using cavityyobdtion in the temperature range 35-75°C.
The authors determined the transmission charatitelg Hewlett-Packard 5410B Network
Analyzer and S-parameter test set (HP 1992) cortibma

Open-ended coaxial probe technique

The open ended coaxial probe method can be dedcrise a modification of the
transmission line method which calculates from phase and amplitude of the reflected
signal at the end of an open or ended line dirdogrted into the sample. Care must be
exercised with this technique because errors aredinced at both very low frequencies and
very high frequencies, as well as at low valuesdigiectric constant and loss factor.
Interpretation for lower loss materials, such as &nd oils, must be treated with caution.
Nelson et al. (2007) considered the external padtthe internal tissue of four cultivars of
watermelons over a range of maturities by using@en-ended coaxial line probe and an
impedance analyzer. Dielectric constant and lostfavere provided from 10 MHz to 1.8
GHz frequency range improving permittivity data.eTénalysis of the two main parameter
showed the dominance of ionic conduction at lowequiencies and dipolar losses at higher
frequencies. A correlation between soluble solidstent and dielectric constant and loss
factor was obtained with and’ Bf 0.932.

Particularly for liquid and semi-solid food matdsiampen ended coaxial-line probes have
been used for permittivity measurements (Grant. ét%89; Blackham and Pollard 1997), in
particular for fresh fruit and vegetables invediiga (Ohlsson et al. 1974; Nelson et al.
1994).
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Such technique is not free of errors, in fact dgngariation of the material, air gaps or
bubbles between the end of the coaxial probe amddmple can compromise the results.
Moreover this tool is not suitable for granular amalverized samples (Venkatesh and
Raghavan 2005). This technique can be efficierihénfrequency range from 915 to 2450
MHz (for materials with loss factor greater than kyt care should be given to errors
possible at very low or very high frequencies ($haed \WWoodhead 1999).

Dielectric properties of fruit commodities and faassociated insect pests were measured
with an open ended coaxial probe device in theukeqy range 1-1800 MHz between 20
and 60°C of temperature (Wang et al. 2003).

Ragni et al. (2007) investigated the quality paramseof shell eggs during storage by using
an open-ended coaxial probe measurement technitpeefrequency explored ranged from
10 to 1800 MHz. R values up to 0.985 and 0.980 were obtained. Loeffioient of
determination were determined for yolk index, thiabumen height, and Haugh unit.
Moreover the authors investigated the dielectricapeeter of fresh hen in the frequency
range 20-1800 MHz, on thick albumen and yolk ofsgffer 1, 2, 4, 8 and 15 days of
storage at room temperature. Dielectric constaut lass factor of yolk raised with the

storage time, until to reach a maximum after 15sd#ystorage (22%).

Free space transmission technique

Free-space transmission technique is a non-dés&wnd non-contact measuring method
(Redheffer, 1966). It does not require special darppeparation, therefore, it is particularly
suitable for materials at high temperatures andirfbomogeneous dielectrics (Kraszeski
1980, 1996). In addition, it may be easily impleteehin industrial applications for
continuous monitoring and control. In a free spaemsmission technique, a sample is
placed between a transmitting antenna and a recei@ntenna, and the attenuation and
phase shift of the signal are measured (VenkatedhRaghavan 2005). The results can be
used to compute the material dielectric proper#esurate measurement of the permittivity
over a wide range of frequencies can be achievddelyspace techniques. In most systems,
the accuracy of dielectric constant and loss fagémends mainly on the performance of the

measuring system and on the validity of the egnatised for the calculation. The usual
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assumption made for this technique is that a umfplane wave is normally incident on the
flat surface of a homogenous material, and that glamar sample has infinite extent
laterally, so that diffraction effects at the edgéshe sample can be neglected. To enhance
the measurement accuracy, special attention mugtaimk to the choice of the radiating
elements, the design of the sample older, the saggdmetry and location between the two
radiating elements. To avoid disturbances resulfirmgn multiple reflections between
samples and antennas and problem caused by ddfmactf edges for free space
measurements an attenuation through the sampledaypeld be maintained (Trabelsi et al.
1998). Trabelsi et al. (1997) accounted for mudtiflections, mismatches and diffraction
effects at the edges of the sample as the maice®wf errors. In this way special attention
must be paid to choice of radiating elements, aeesfgsample holder and sample geometry.
A free space measurements with a vector analyzex used to obtain microwave dielectric
properties of wheat and corn. The rectangular sasnpblders were placed between the
horn antennas and a similar radiating element @isabt al., 1997).

Only a brief review, respect the amount of literatavailable, of the main work conducted
on food material by using the free space transoms@chnique is subsequently reported.

A free space transmission system, including a vewdwvork analyser, horn/lens antennas,
holder for grain and oilseed samples was used &asores reliable permittivity data for
wheat, shelled corn and soybeans (Trabelsi eR@D2). Dielectric constant and loss factor
for wheat, corn and soybeans are listed for retereat frequencies from 5 to 17 GHz at
different densities and moisture levels at about@3

Free space transmission technique was applied asume the moisture content of powdered
food, such as wheat flour, milk powder and coffea/ger. In frequency range from 1 to 15
GHz the microwave attenuation, phase shift and tm@sdensity were measured and
correlated with correlation coefficient greaterrtita91 (Kim et al., 2006).

The waste of several agricultural products, suchiaes husk, rice straw, and kenaf were
studied in the frequency range of 2.2 to 3.3 GHze Wielectric properties were determine
by using microwave free-space transmission measmemtechnique. From the result
obtained, rice husk was found to possess a higkatliee constant compared to rice straw
and kenaf, due to the natural properties of ricgkhilihe large surface area of rice straw has

provided the ability to absorb more electromagnggoal (Wee et al. 2009) .

34



Micro-strip transmission line

The effective permittivity, represented by a conaltion of the substrate permittivity and
the permittivity of the material above the line,aomicro-strip transmission line is strongly
dependent on the permittivity of the region abdwe line (Venkatesh and Raghavan 2005).
This effect has been utilized in implementing nweaee circuits and to a lesser extent on
the investigation of dielectric permittivity. Fugimore, the measurement of effective
permittivity is relatively straightforward, and weell suited for implementation in industrial
equipment. Such system could be based on detemnthia effective permittivity of a
micro-strip line covered by an unknown dielectriobstance (Datta et al., 1995).
Unfortunately its applicability to food and agrittutal material processing would still be an
anticipatory issue at this stage (Venkatesh anh&aan 2005).
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The evidence reported in this chapter are alsacobjethe reported scientific paper.

Extra virgin olive oil (EVOO) is one of the mainalian product with international
recognition. Water content is one of the principatameters for the quality assessment of
this product. Usually commercial extra virgin oligdgs (EVOO) ranges from.8 to 2.0 g of
water/kg of oil. The production process, in pafaciextraction and filtration procedures,
can affects moisture content in EVOO (Cerretarilet2010; Lozano-Sanchez et al., 2010).
Water in oil is evenly dispersed as micro dropgrékes, 2006). The dispersion, in the form
of fine or micro emulsions, can be stabilized bygragation and dissolution of polar
substances such as salts, free acids, di-glycerlesspholipids, alcohols and phenols
(Cerretani et al., 2008). Moreover water contertdrrelated with taste characteristic, such
as pungency, bitterness and can play an importéatim stability and quality preservation
during storage (Lercker et al., 1994; Fregaparad. €2006; Ambrosone et al., 2007).

The “International Olive Oil Council” (IOOC, 2009%nd the “Codex Alimentarius”
(CODEX STAN, 1981) recommended moisture valueshigiter than 0.2% (kg/kg).

For moisture determination the most commonly meihd@VOO is the oven method which
is based on the loss of weight upon a drying treatnilSO 662, 1998) (Gradinarsky et al.
2006; Kraszewski et al, 1997). Another tool useddtermine water content is Karl Fisher

titration (AOAC, 1998). Furthermore moisture deteration is rarely absolute moisture
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estimating and particularly in EVOO volatile compals can introduce errors in this kind of
moisture estimation system. The traditional methads destructive, time consuming,
require large amount of reagents and are not ecizatijnadvantageous.

Dielectric techniques can be proposed for suchityuphrameters assessment. The most
widely used are near infrared (NIR) (Armenta et24110) and Fourier transform infrared
(FT-IR) spectroscopy (Vlachos et al, 2006; Nunealgt2009; Cerretani et al. 2010), often
in association with chemiometric statistical anelygich as partial least square regression
(PLS). The determination of water content with NH#Rhniques have been tested on olive
fruits (Jimenez et al., 2000), olive pomace (Muilak, 2004) and in olive oils in production
processes (Bendini et al., 2007), but these camditexhibit a water content much higher
than that of commercial EVOO. According to Bendiial. (2007), R values of 0.913
(RMSE= 1.29%) was obtained for the estimation oistawe content in olive oil samples
characterized by a moisture content ranging fror73%. Commercial oil analyzers based
on NIR technology have been employed to determioestore content in olive fruit, paste
and pomace (Armenta et al., 2010).

Water content ranging from 290 to 1402 mg/kg oibvpaedicted by FT-IR attenuated total
reflectance (ATR) spectroscopy with a? Rf 0.89 (Cerretani et al, 2010). Better
performance was obtained BY-NMR spectroscopy in olive oils where the samesinoé
content (ranging from 204-769 mg/kg oil) was deieed with an R value up to 0.98
(Hatzakis and Dais, 2008). The time domain refledtry (TDR) achieved similar results
(R? = 0.984) on samples of EVOO with higher water eahtanging from 714-2008 mg of
water/kg of oil (Ragni et al, 2012). Terahertz tidmmain spectroscopy (THz-TDS) has
also been used to investigate the water contesynthetic oils (Gorenflo et al., 2006). The
goodness of prediction, expressed by the relatee mean square error (RMSE), was up to
24 mg/kg oil in samples where the water contengedrfrom 430-3280 mg/kg oil.

NMR, FT-IR, TDR and THz-TDS are all expensive tedues which require time and a
high level of competence for data manipulation. &dfive methods could be a rapid and
efficient tool as previously reported in this tisesi the dielectric technique paragraph.

A simple capacitive technique based on a discoatinuariable capacitor as a probe
together with basic statistical analysis is propo3éde same commercial EVOO was tested

for moisture content determination and further ergtion involved several EVOO samples
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to evaluate the prediction for different oils corspion. In-fact previously Rudan-Tasik and
Klofutar (1999) and Lizhi et al. (2008), revealduhtt fatty acids composition can affect
dielectric properties of edible oils, in particufar the unsaturation level.

The capacitive technique could be a valuable instnt to monitor the filtration process or
to perform an approximate classification of the avatontent in commercial EVOO aill,

where the fatty acids composition greatly variesoil to oil.
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2.1 Material and methods

s *  Capacitance measurements

7 commercial EVOO
(178 to 1321 mg/kg)

l _

= Simple regression analysis

+ Partial  Least Square

Filtration down regression (PLS)
to 288 my/kg Five samples + TS0 662, Method B (1998)

by insufflation with different L ) o

of argon gas moisture * Alkaline esterification and

and paper filter gas chromatography

Fig 3. Experimental plan extra virgin olive oil chaacterized by a moisture content ranging from 178ad 1321

mg/kg.

To assess the water content of an oil matrix se@esnextra virgin olive oils ranging from
178 to 1321 mg/kg oil were selected, as shown &y ékperimental plan in figure 3.
Furthermore to assess the influence of moisturg, dhe oil with the maximum water
content (1321 mg/kg oil) was filtered down to 288/kg by insufflation of argon gas (12
I/min) for 3 h by using the patented method numh& 2009/107096 A2Cerretani et al.,
2009 and filtrated by gravity with paper sheets (Filpapers 55 mm, Whatman) to reach
the minimum content of water. Five samples witlial#nt percentages of non-filtered and
filtered oils were prepared to obtain oils withemhediate water content.

The amount of water was determined according testhedardSO 662, Method §1998),

in triplicate by drying 10 g of oil in an oven. Bhgravimetric method overestimates the
water content, including the volatile compoundg, tne error should be considered minor
and acceptable since they do not exceed 50 mglkg BVOO (Angerosa et al., 2004

The fatty acid percentage was determined as thecipdl oil constituents. For this
determination, alkaline esterification producingtyfaacids methyl esters and followed by
gas chromatographyBéndini et al., 2006were used. Measurements were carried out in
triplicate. The peak retention time was comparethtse of the GLC 463 FAME standard
mixture (Nu-Chek, Elysian, MN) to identify the pealatty acid were grouped in the three
conventional classes according to their degree ofatwration: saturated (SFA),

monounsaturated (MUFA) and polyunsaturated (PUFA).
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Parallel plate capacitor

To perform the dielectric oils behavior capacitanteasurements were conducted by using
a variable capacitor as a probe together with a In@&er (LCR-8101G, GW-Instek, Good
Will Instrument Co. Ltd, Taiwan) (Fig. 4).

JLE®

1.34461 nF
Q

852 3

)} 7
OJE.

Fig. 4 Instrumental chain and parallel plate capadir with mobile and fixed plates.

The capacitor has fixed and mobile armatures sbo$il2 and 10 plates, respectively and
a maximum rated capacitance of 470 pF in air. Epacitance can be manually changed by
the rotation of the axis which involves modification the total plate surface of the
capacitor. The probe container was made of PET thighfollowing dimensions: 82 mm
(length), 77 mm (width) and 55 mm (high). The camta housing the capacitor was filled

with 150 g of oil to fully cover the plate armatsyas shown in figure 5.
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Fig. 5 Parallel plate capacitor covered by EVOO sapie.

To avoid electromagnetic interference the contawign capacitor and oil was placed in a
metal box. In order to shield the retention of Hebkduring the oil filling, measurements
were made after the rotation of the plates. Ratadicthe mobile plate armature with respect
to the fixed one also allowed to easily removedhdetween subsequent tests by washing
the probe with n-hexane. Measurements of capa@tamere carried out at the same
temperature of 20°C at frequencies of 500 Hz, 2,l84Hz, 32 kHz, 128 kHz and 512 kHz,
for the five oil samples with different moisturentents. Each measurement was the average
of 50 subsequent measurements and always conductaglicate; the averaging process
required about 20 s. The voltage was set to 100 $wveep measurements were carried out
from 100 Hz to 10 kHz (steps 49.5 Hz) with the aajos empty and filled with the oil
having the maximum water content in order to comsgbme limits related to the behavior
of the system and the consequent oil dielectristom determination. The capacitance of a

parallel plate capacitor (C, in Farads) can beutaled according to the following formula:

C:q%g
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whereér is the relative dielectric constant of the malerdg is the dielectric constant of
vacuum (8.85 x I# F/m), A is the area of the plates {)nd is the distance between the
plates (m). IfA (area) andd (distance) remain constardt; can be roughly calculated by
dividing the capacitance with the material by tlpacitance with air. This is a reasonable
method to determine the static capacitance witlectlicurrent, but it becomes less
appropriate with alternating current, because d¢laé capacitor and all the instrumental chain
have a behavior that is strictly frequency depehd@®agni et al., 2013). Some
measurements of impedance with air and oil were mlade to assess which part of it can
be explained by the capacitive reactance. The iampe®lZ contains three different
contributors, namely ohmic resistance, reactiveacapnceXc and reactive inductancel.

In a real capacitaXc explains most part of the impedarand can be calculated by:

wheref is the frequency (Hz), ard, is the capacitance (F).

Statistical analysis

Filtered oil mixtures

The correlation between capacitance and water weestigated by using simple linear
regression. The two frequencies which give the bestlts in term of coefficient of
determination and maximum variation of capacitabetveen samples were then used for

the subsequent measurements on the 17 EVOO.

Commercial oll

Simple regression analysis was performed to ingati the correlation between
capacitance, water and fatty acids content of tifferdnt EVOO samples. Furthermore
calibration and cross validation (leave-one-outhod) models were built. The coefficient
of determination and the p-level values were regbrtThe root mean square error

(RMSEC) was obtained to assess the prediction poivdre models. Cross validation was
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performed for the seventeen EVOO samples to preatietwater content by using the

capacitance values.

2.2 Results and discussion

The extra virgin olive oil with the high water cent, 1321 mg/kg was filtered to reduced
moisture down to 288 mg/kg oil. Filtered and ndtefed oil were used to obtain five

samples with different moisture content of 13211+ 320 + 120, 753 + 24, 513 + 7.5 and
288 + 54 mg/kg oil. The mixture were obtained tsttenly the moisture influence as
consequence of a constant chemical compositionepred. Furthermore 17 EVOO

commercial samples were selected with a moisturgimg from 178 mg/kg to 1321 mg/kg

with a minimum and maximum differences of 10 mgékgl 266 mg/kg.

The table 1 shows the fatty acid composition andgoulight differences between SFA,

MUFA and PUFA up to 66.58%, 83.19% and 23.48%,&esyely.

. EVOO

Fatty Acids 1 2 3 4 5 6 7 8 9 10 11 12
C16:0 10.41(0.40)10.49(0.16) 14.10(0.04)11.07(1.16) 11.67(0.03) 12.61(0.21) 12.43(1.03) 10.98(0.02) 12.57(0.81) 12.17(0.22) 12.48(0.04) 15.22(0.29)
C16:1 n-9 0.12(0.00) 0.14(0.02) 0.15(0.01) 0.09(0.01) 0.12(0.00) 0.13(0.02) 0.12(0.02) 0.14(0.02) 0.14(0.02) 0.12(0.02) 0.08(0.06) 0.13(0.02)
C16:1 n-7 0.74(0.00) 0.70(0.01) 1.31(0.02) 0.83(0.07) 0.89(0.00) 1.08(0.04) 1.18(0.14) 0.73(0.01) 1.11(0.12) 1.03(0.04) 0.80(0.02) 1.10(0.03)
C17:.0 0.05(0.00) 0.06(0.01) 0.09(0.01) 0.05(0.00) 0.06(0.02) 0.08(0.00) 0.08(0.01) 0.10(0.01) 0.08(0.00) 0.07(0.00) 0.01(0.01) 0.13(0.02)
Ci7: 0.08(0.02) 0.13(0.01) 0.17(0.02) 0.10(0.01) 0.10(0.01) 0.12(0.00) 0.11(0.00) 0.18(0.00) 0.16(0.01) 0.12(0.00) 0.05(0.05) 0.19(0.00)
ci8:.0 3.37(0.12) 3.08(0.05) 2.24(0.03) 3.21(0.06) 2.86(0.02) 2.76(0.02) 2.69(0.06) 3.08(0.05) 2.51(0.05) 3.04(0.01) 2.67(0.07) 2.52(0.00)
C18:1 n-9  79.11(1.77)75.85(0.18) 67.96(0.04) 75.17 (1.47) 74.36(0.09) 70.45(0.43) 68.81(1.22) 73.54(0.07) 70.58(0.79) 72.96/(0.54) 71.24(0.13) 64.25(0.50)
C18:1 n-7 2.32(0.14) 2.25(0.09) 3.17(0.03) 2.37(0.33) 2.40(0.00) 2.55(0.15) 2.59(0.19) 2.41(0.01) 2.84(0.10) 2.62(0.09) 2.79(0.03) 2.81(0.04)
C18:2 2.33(2.41) 5.71(0.01) 9.30(0.01) 5.45(0.00) 6.02(0.04) 8.62(0.00)10.39(0.06) 6.90(0.02) 8.21(0.06) 6.25(0.03) 7.67(0.06)11.85(0.03)
C20:0 0.40(0.03) 0.40(0.03) 0.38(0.01) 0.45(0.04) 0.39(0.01) 0.44(0.02) 0.47(0.02) 0.44(0.01) 0.44(0.08) 0.41(0.04) 0.43(0.04) 0.40(0.03)
C18:3 n-3 0.62(0.01) 0.68(0.02) 0.69(0.02) 0.68(0.01) 0.67(0.01) 0.73(0.02) 0.70(0.04) 0.74(0.00) 0.64(0.02) 0.71(0.00) 0.73(0.05) 0.72(0.00)
C20:1 0.26(0.01) 0.28(0.01) 0.31(0.04) 0.26(0.05) 0.26(0.00) 0.30(0.03) 0.29(0.05) 0.31(0.01) 0.30(0.03) 0.26(0.01) 0.34(0.02) 0.26(0.01)
C22:0 0.13(0.02) 0.11(0.00) 0.13(0.01) 0.13(0.04) 0.13(0.01) 0.14(0.01) 0.14(0.04) 0.11(0.05) 0.15(0.05) 0.17(0.05) 0.13(0.02) 0.10(0.01)
C24:.0 0.06(0.04) 0.11(0.03) 0.00(0.00) 0.13(0.08) 0.07(0.03) 0.00(0.00) 0.00(0.00) 0.34(0.00) 0.28(0.01) 0.09(0.04) 0.00(0.00) 0.31(0.10)
SFA 14.42 14.25 16.94 15.04 15.18 16.02 15.81 15.05 16.02 15.93 6.021 18.69
MUFA 82.63 79.35 73.07 78.83 78.12 74.63 73.10 77.30 75.13 77.11 5.307 68.75
PUFA 2.95 6.39 9.99 6.13 6.69 9.35 11.10 7.64 8.85 6.96 8.11 12.57
Table 1. Values of SFA (satured fatty acid), MUFAmono- unsatured fatty acid) and PUFA (poli- unsateed

fatty acids).

Data provided are in accordance with literature Bghl limits (Anonymous, 2011) for
EVOO category
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Table 2 were summarizes the results of the linegression analysis conducted between

capacitance and water content of the five oil saspharacterized by the same fatty acids

composition.
Frequency (kHz) R? A(C;)?:l;s. AC% (mgljli\gj So?oil)

0.5 0.895 8.350 0.605 111

2 0.959 8.390 0.599 48

8 0.962 7.085 0.536 118
32 0.959 6.030 0.450 73
128 0.781 3.047 0.227 170
512 0.784 6.710 0.500 169

Table. 2 W, water content (mg/kg oil); C, capacitace (pF); ACabs, difference between the highest and the lowest
capacitance measured values (pF)AC%, ratio between ACabs and the lowest capacitance value x100; RMSE,

root mean square error.

Capacitance and water show a general linear trendlff the frequency explored (500 Hz
and 512 kHz) with good determination coefficientues which they ranged from 0.781 to
0.962. The related root mean square error (RMSE@ed from 48 mg/kg oil to 170 mg/kg

oil.

Considering these results were selected two frexyyem particular 2 and 8 kHz, to measure
the capacitance of all EVOO samples.

The impedance (Z) and capacitive reactance (Xc}Herprobe with and without oil were

calculated and reported for different frequencnetable 3.
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o]

A
Fre(qH“Z‘)*”Cy ' ZIXc Air - Z/Xc Oil
Z (Ohm) Xc (Ohm) Z(Ohm) Xc (Ohm)
500 693130 693151 235237 235228 0.99997 1.00004
2000 173412 173413 58908 58926 0.99999 0.99970
8000 43389 43389 14806 14806 0.99999 1.00002
32000 10854 10854 3691 3691 1.00000 1.00001
128000 2716 2716 926 926 0.99994 1.00005
512000 678 678 230 230 1.00018 0.99997

Table. 3 Impedance and reactive capacitance of thgrobe in air and with oil with a water content of 1321 mg/kg

oil (n.12, in Tables 1 and 2), at different frequedies. Z, impedance; Xc, capacitive reactance.

As can be see Xc well describe the impedance wigttia Z/Xc from 0.99997 to 1.00018.
The capacitance and water content of the 17 comahdt® OO were reported in figures 6

and 7, while predicted and observed values are shofgures 8.
R? values of 0.804 and 0.818 were obtained for fragies of 2 kHz and 8 kHz,

respectively.
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Fig. 6 Correlation between capacitance and water ctent for all oils at 2 kHz frequency.
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Fig. 7 Correlation between capacitance and water ctent for all oils at 8 kHz frequency.
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Fig. 8 Predict and observed values for the water edent at 2 kHz and 8 KHz (cross validation).

The RMSEC was 127 mg/kg and 123 mg/kg oil, while F®CV was 142 and 139 mg/kg
for the two selected frequencies. The lower cordifit of determination compared to the
obtained from the filtered oil are due to the dii®@ composition which involves in
perturbation of the electrical information. Liztia. (2008) measured the relative dielectric
constant of some SFA (saturated fatty acids), MURfNounsaturated fatty acids) and
PUFA (polyunsaturated fatty acids) in the rangdrefijuency of 100 Hz to 1 MHz and it
was roughly invariant up to a frequency of 100 KHhe values ranged from 2.3 for
palmitic to 2.5 for stearic acid. Although watestadielectric constant so much higher than
the fatty acids, the main contribute remain at caigtity level. However despite the little
contribution, the different percentages of fattydacin the matrix involve in changes in
moisture retention. A linear correlation betweepamatance and MUFA was obtained with

a coefficient of correlation of 0.627 (Figure 10).
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Fig. 9 Correlation between monounsaturated fatty ads (MUFA) and water content for all oils.
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Fig. 10 Correlation between capacitance and monouatirated fatty acids (MUFA) for all oils at 2 kHz
frequency.

This probe did not allowed a dielectric constartwation through the ratio of capacitance
with and without oil at different frequencies. Seleregions seems to affect the probe
response where the capacitance drops to lower valompared to an ideal capacitor. The
mentioned capacitor probe is very distant to aalidapacitor, in particular it is a complex

component characterized by a large metallic arreatdnich show a specific behavior.
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Fig. 11 Capacitance for the probe in air and with a oil having a water content of 1321 mg/Kg oil (n12, in

Tables 1 and 2), together with an industrial capator having a rated capacitance of 1 nF, in the rang 100 Hz to
10 kHz.

Antenna effects, reflections and resonances caar acsome frequencies when it is filled
with a dielectric such as oil and at other freqyenben it is filled with a different dielectric
as air (as shown figure 11). For these reasonsart loe possible only calculate an
approximate relative dielectric constant of oitlwe explored frequency range from 2.933 to
2.942. At certain frequency the variation of thdatige dielectric constant and the
capacitance variation due to different moistureteon of the oil are the same (values
between 0.227% and 0.605%).
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2.3 Conclusion

A multiple parallel plate capacitor was taken imgtnsideration for extremely low water
content prediction of EVOO. A water content fromD3% to 0.13% (kg/kg) can be
predicted by using a simple linear regression &itH¥ values ranging from 0.781 to 0.962
for some explored frequencies range (RMSE up tmg&g for the best model).
Correlations between EVOO with different chemicamposition was lower than the oil
where only moisture content changed, with a maxindetermination coefficient of 0.818.
This study showed that this system can be usedaterveontent prediction if a precision,
expressed as root mean square error, not higherl#h2 mg/kg is requested. A maximum
uncertainty of 50 mg/kg oil as to be added to abersipossible contribution of volatile
compounds.

Finally, a simple instrumental system demonstrétas is possible to measure voltage and

current for the prediction of some chemical oilaretteristic.
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Orange juice is the most popular fruit juice with estimated consumption of around 5
billion liters for year in the European Union (Brovet al, 2004). The challenge of the
industrial sector of fruit juice is to obtain a lsteeed product by preserving the unique
combination of sensory attributes, such as colaama, flavour and nutritional value of the
fresh product.

The most common methods used to concentrate ting@ijaice are: Thermally Accelerated
Short Time Evaporator (TASTE) and Waste Heat Evaipor(\WHE).

The TASTE is able to pasteurize the juice inacingathe natural enzymes. In this heat
exchanger, the juice is pumped through series t@r-stages in which the temperature
increases under the effects of vapour. The stagastivate organisms and stabilize
microbiologically the product. At each stage, flaghvapour are distributed in the cones of
the heather exchanger and evaporated the watertfi@imice. The liquid and vapour go out
from the bottom and are separated in cyclone towalthe vapour to continue the
evaporation process in the subsequent heater. hesxier is created to obtain the same
amount of evaporation, because increasing condmmrand viscosity and lowering the
temperature require a higher exchange surface $B&%84).

The WHE is another citrus processing machine similahe TASTE and operates along the
same basic principles. The evaporator is constlugsea multistage tubular element which

communicates to each other. It is created to maearthe heat transfer surface to achieve a
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rapid heat transfer and the effect can be impleetkentith low pressure. The Waste Heat
Evaporator has the advantage of both reducing gremrgts and heat pollution (US patent,
1989).

The complex part of the industrial plants is thatool of the water evolution and the solid
soluble level. The sugar level, measured in Brigrde, is one of the most important
parameter for the monitoring of orange juice praducprocess. Brix degree explains the
percentages by weight of sugar in a solution. is kind of production process the on-line
control of the Brix degrees variation can be diffias consequence of the low pressure and
the big changes in the citrus juice. Barometerssgpattrophotomer are the devices actually
most often in use.

Both methods showed a low accuracy and do not ersuight audit of the process that is
useful to preserve the natural characteristic efjtiice. The evaporation process requires a
high level of accuracy in reason why little changeressure and water content that both
can involve in big change of the final product.

For this purpose an innovative control system emptpa coaxial probe to check pressure
loss and the correct transmission of heat was eghoAppling this system the most
important index of the evaporation process wereita®d by detecting the compositional
variation of the orange juice, with particular redjto soluble content.

Complex permittivity §) can enucleate properties of food through therawcteon of
electromagnetic fields (Castro-Giraldez et al, 2010\t microwave frequency the main
contribution to the loss spectra are the ion cotiditiz and dipole polarization (Castro-
Giraldez et al, 2010b). In the orange juice thera lot of sugar that also contributes to the
dielectric spectra because sugar can make bondswaier. These bonds lead to a reduction
of water mobility and a shift of relaxation frequgn(Castro-Giraldez et al, 2010b). In this
work the high content of solute amplifies this pbie@non that can allow us to distinguish
the different state of concentration of citrus g@uic

Considering the assumption above, the actuallyrobsiystem of the evaporation process
can be improve. A powerful tool to control the gtyabf citrus juice based in dielectric
spectroscopy, in the microwave range, is showrhis work. The aim of this research is
guantify the water content and determine the selabhtent of citrus juice in order to apply

a sensor of electromagnetic fields in an indusaiaporator.
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3.1 Material and methods

e Water activity (dew point
Concentration [ hygrometer Aqualab)
Orange l e Sugar content (refract-meter)

“Navelina” variety e pH (pH-meter, METTLER
TOLEDO) _

e Conductivity (conductivity- * Linear
meter, METTLER regression
TOLEDO)

vacuum
chamber of
pressure
(40-45Mbar)

l Juice extractor

Orange juice

e Dielectric technique: open-
ended coaxial probe (Agilent
85070E)

Fig. 12 Experimental plan

The research on the monitoring of concentratiorcg@se of orange juice was carried out as
shown in the experimental plan (figure 12).

Fresh orange, “Navelina” variety, bought from aalosupermarket were used to carry out
the experiment. The oranges were cut and the orange was obtained with a juicer
(Orangine Juice extractor 30489. MOD. HA-3171). Bnange juice was filtered to remove
the pulp. In the industrial process the concernatif orange juice is performed with a low
pressure evaporator to preserve the typical chematt of the product. To simulate this
system a vacuum chamber of pressure (Patent PED@&)Avas used to reach about 40-45
Mbar and at least 55°C of temperature. As the im@dligprocess, the concentration was
performed at low pressure, this gives us the pogilbto use low temperature and not
influence the quality of the citrus juice. Subsatlyethe atmospheric pressure was restored
and all the analyzes were performed at 20°C.

The water activity was carried out by using a demnphygrometer Aqualab series 3 TE
(Decagon Devices, Inc., Pullman, Washington). Thgas content was determined by a
refract-meter (ABBE, ATAGO model 3-T, Japan). THe¢ was measured with a pH-meter
(METTLER TOLEDO GmbH, Analytical CH-8603). The camdivity of the orange juice
was determined by a conductivity-meter (METTLER TERO GmbH, Analytical CH-
8603) with a conductivity probe (InLab 730, NTC D.0000 mS/cm).

67



Zetasizer-Nano Zs (Malvern instruments) with thétveare potential zeta analyzer was

performed4. The internal parameters used to cortiecanalysis were previously set up, so
at different concentration a new dispersant wasteteto put the right data set: °Brix,

viscosity, dielectric constant and refraction indak measures were carried out at 20°C and
repeated 5 times for sample.

To take into account the real condition of the texbgical process the Reynolds number

was exploited to calculate the viscosity with aypoimial equation (Lewis, 1987).

Coaxial probe with vector analyzer

The dielectric constant and loss factor of orangeej previously concentrated at different
°Brix (up to 45°) were measured with an Agilent 868 open-ended coaxial probe
connected to an Agilent EB362B Vector Network Amaly The equipment was calibrated
with two different loads: a short circuit and 20Mili-Q water. For these measurements, a
stainless steel support is required to fix the prabd an elevation platform was used to
bring the sample near the probe to avoid possib&s@ changes due to cable movements
after calibration. The dielectric spectra were iearrout by introducing the probe in the
sample about 3 or 4 mm. The measurements were ctattlfrom 500 MHz to 20 GHz and
repeated in triplicate.

The statistical analysis used to correlate thetsgledata point with the quality parameter

measured was a simple linear regression. The deaitc investigated with statistical toll
were water acitivity @w), moisture content (Xw), Reynold’s numbegy/() and soluble

content (°brix).

3.2 Results and discussion

The physical behavior of different concentrationoodnge juice are characterized in figure
13.

68



0.016 8 9.E+03
0014 ¢ | 8105
B{ 7.E+05
0012 O 6 B \
oo ° o4 =zl sEros ®
5=
2 0 lg‘ 2|, 5E#05 °
a, 0,008 +2la LELO5
E [ =
006 3 =
0,006 100! G| 3Ev0s *
O |
0.004 *2”. 2 2 E+05 °
O
0,002 (O ° 1 .
O L LE+05 o,
0 -0 0.E+00
0.9 0.95 1 0 20 40 o0
aw zs (*brix)

Fig. 13 Physical characterization during the cona#ration process, the empty dots represent the coelation

betweendw and Xw; the full dots show the correlation betwee Aw and m.

In the left one, viscosity expressed in Pa*s, ad dw are put into relation to describe the
sorption profile of the different concentrationsaringe juice as function of aw variation

that represent a process index. Xw was calculateédtiis formula:

Xw = (1-(°brix/100)-aw)

and used to represent the moisture content on dtyem As expected, it is possible to
observe the viscosity decrease as a consequeRceaiter activity increase.
Furthermore to understand the circulation reginpe tgf the orange juice during process, a

parameter expressed as:

plp

p, density (kg/m3) angd = dynamic viscosity (Ns/m2), was calculated andedated with
°brix (Figure 12, right one). An increase in °bcarrespond to a decreasepip ratio. This

ratio is fundamental because is the main part ghBlels number.
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Fig. 14 Correlation between Reynolds number and lesfactor spectral data at 20 GHz

A linear correlation between soluble solids contamd loss factor at 20 GHz is shown in

figure 14. As it was expected, an increase in deldolids content corresponds with a
decrease in loss factor.

Dielectric constant and loss factor spectra ofedé@ht orange juice concentration are shown
in figure 15. A decrease of dielectric constamor(f blue to light blue) and loss factor

variation (from orange to light orange) as a consege of a concentration increase is

explained by the figure with a reduction of theordbne.
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Fig. 15 Dielectric constant and loss factor at diéfrent °brix.

A concentration increase is correspondent to arstmaent raise and it can be possible to
observe a decrease of the polarization capacityreduction of water mobility and
polarization capacity is expected in function ofreasing formation of hydrogen bonds
with water molecules. In this way the reductiona@ter dipoles involve in a decreasing of
dipolar relaxation frequency (Castro-Giraldez et 2010). Difference between dielectric
constant and loss factor spectra at different auinagon are also probably due to the partial
removal of water content.

71



° y=-21619x+82.141
45 1 R>=0,9883

40 A
35 A

30 A

73 (°Brix)
[
wu
1

20

15 -

10 -

15 20 25 30 35
€"(20GHz)

Fig. 16 Correlation between solid soluble contentral loss factor at 20 GHz.

Soluble solids content and loss factor at 20 GHrzeweery good linearly correlated {R
0.988) as shown figure 16. As mentioned beforesa factor decreasing is underlined when

the soluble solid content raise.

3.3 Conclusion

This results show the possibility to develop a wweave sensor for the industry control.
This innovative method based on the dielectric spscopy can be applied in the orange
juice concentration process. In this way analysese conducted to simulate as much as
possible the real process, so 50°C of temperatere applied to reach 45°brix. A vacuum
chamber with temperature and pressure sensor alowdo work always in the optimum
standardized condition and give us the possikititiest the microwave sensor. The physical
properties of orange juice were taken into accamd preserved to the highest quality
product. With this experimental condition the preagon of the aroma was also obtained,
particularly in respect to no longer heating candi persistence. The experimental plan
considered the rheological juice behavior by aorafip/u that indicates a measure of the
orange juice circulation regime type. Good corretabf spectral data point of loss factor at
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20 GHz and data of the ratip/f) and also between loss factor at 20 GHz and salsdlids
content were obtained. These results show the lpligsof using dielectric spectroscopy

technique to monitor the orange juice evaporati@tcess.
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4. Green and roasted coffee
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This research was published as scientific papahen“Journal of Food Engineering”, as
shown in figure.

The mobility and availability of water in food sgsts depend on the extent of interactions
between the aqueous phase and the biopolymersxmhbirifood technology these two
parameters and the related interactions are immuidita microbiological growth or chemical
and physical reactions, thus potentially loweringd quality and shelf life (Ventust al,
2007). In many products with a complex microstruefwater transfer between phases is
controlled by physico-chemical and mechanical axtgons occurring at the interfaces:
capillarity, osmotic effects, surface adsorptioquid-gas phase change (Ramirez-Martinez
et al, 2013).

Coffee beans are hygroscopic matrices and can ladsoisture when exposed to the
environmental condition during storage (Pitea al, 2007). High quality green beans
contain 8.5-13% of water, while roasted ground eefis characterized by about 0.9% of
water (Clarkeet al, 1985). A raise in moisture content determinesesitdd phenomena,
such as fermentation and mould growth with possiblycotoxins production in green
coffee (Romani et al., 2000), loss of the charastierbrittieness and fragility in roasted
coffee beans, and a hardening effect (anti-plastimin) occurring on both green and

roasted beans that could increase the energy megeksing grinding.
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Moisture contendw relationship is complex and unique for each maleue to the various

interactions that can occur between the water aid somponents (Slade and Levin,
1991).

A rapid method based on dielectric properties coalastesent a good alternative to study
water content and water activity of food also imsen to the possibility of an on line
application. In hygroscopic foods the amount ofevas the dominant factor influencing
their dielectric properties (Venkateshal, 2004).

Castro-Giraldezt al. (2011) shown that bound water decreases the patamn capacity
with a reduction of conductivity and an increasetlod relaxation time. In this case loss
factor could be a good variable to understand tigadity of water molecules in terms of
water activity. Loss factor measures a dissipatdnenergy, such as gain parameter
obtained in a waveguide system. Gain describesetiezgy loss between received and
transmitted signals.

Few works about dielectric properties of coffee aeported in literature, particularly
regarding the relation of moisture content and watdivity. Moisture content, bulk density
and variety of parchment coffee were determinedBeaybert et al. (2001) measuring
dielectric properties in the radiofrequency rangerbertet al. (2007) built mathematical
models to determine the moisture content of mowsegds of parchment coffee using
dielectric data. Furthermore Berbert et al. (2008yeloped dielectric meters to determine
moisture content of parchment coffee seeds atatiefrequency range.

Time Domain Reflectometry was employed to estintlademoisture of coffee grains with a
result in terms of correlation coefficient of 0.9@I/oledoet al, 2008). In the patent EP 0
971 227 B1 was explained a non-destructive moigansing instrument based on dielectric
properties and effective micro-strip permittivitprf measuring the moisture content of
grains in time domain.

As already reported for different foodstuff (Raghial, 2010; Ragnget al, 2012; Cevoliet
al.,, 2012) a waveguide spectroscopy could be appled aapid and non-destructive

methods in order to predict moisture and watenvagtof green and roasted coffee.
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4.1 Material and methods
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Fig. 17 Experimental plan, DES (Satured salt slurrynethod) and DDI (Dinamic Dewpoint Isotherm method)

As shown from the experimental plan in figure feen and roasted coffee sample blends
of Arabica (Coffea Arabica L.) and Robusta (Coffeanephora var. Robusta) were
employed for this work section. Green and roastdfte beans were characterized by 10.12
(x0.06)% and 1.24 (£0.05)% of water content, theslees were obtained by the traditional
oven method conducted in quintuplicate. The grigdmocess was performed by using an
Officine Vittoria grinder (Bologna, Italy) with cacal cutters at 190°C for 10 minutes.
Before the subsequent analysis green and roastiéeecbeans were sieved to obtain
homogeneous particle size of about 1 mm (Matea,e2007; Rocculi et al., 2011).

In order to obtain sorption profile and relatedad& correlate with dielectric spectral

points, the saturated salt slurries method was @yegl This is a traditional method that
create a sorption profile by placing food mateoadr saturated salt slurry with speciéa

values in closed chamber until reach a steady.state

To perform a complete drying, coffee beans werastexred into glass desiccators,
containing phosphorus pentoxide (P205). Subsequentisture equilibrium took place in
seven sterilized hygrostat by using saturatedssdittion in the range of 12-97% relative
humidity (aw = 0.12, 0.33, 0.44, 0.57, 0.75, 094 ar97). Dried samples of about 1 g were
inserted into oven dried bottles half open and edamside the hygrostat to check the

moisture equilibrium. The bottles were weighed luntiached a constant weight for 3
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consecutive times. Equilibrated sample aw was obtlatt by a dew-point hygrometer, mod.
Aqualab (Decagon Devices Inc., Pullman, WA) and weger content percentages are
hereafter expressed on a dry matter bases. The €égBtion was used to fit water sorption

isotherms data (Barbosa-Canovas et al., 2007).

~ XpnCoF @y
T -KaX1+(c, -1)K a,)

X

where X is the water content (g water/100 g said%o dry basis)@w is the water activity,

Xm is the water content of the monolayer (g wates@dids), Cg is the constant related to

monolayer sorption heat, and K is the constantedleo multilayer sorption heat.

Waveguide system

Fig. 18 Layout of the instrumental chain.

A waveguide system was used to conduct the measuatsniFig. 18; Ragni et al., 2010).
The instrumental chain was composed by an alumirestangular waveguide, a sweeper
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(HP 8350B + 8352B) and a spectrum analyser (HP Bp@tterfaced with a personal
computer. The waveguide is made with specific disimm internal dimension of 96x46
mn?, a length of 245 mm and a thickness of 2 mm. Toimnmize reflections the device is
provided with a termination section 234 mm longe Tut-off frequency was 1.561 GHz.

A square window (70 x 70 nfinon the top of the guide allows the introductidnttoe
sample, as shown the figure 19.

Fig. 19 Square window for sample holder introductia.

The coffee samples were introduced in the guideutin a glass cylinder with a diameter of
29 mm, a height of 44.11 mm and thickness of 1.38. mihe instrument includes two

antenna, one for transmitting and one for receithgg signal. The transmitting antenna is
connected to the sweeper by a coaxial cable. Theived signal was captured by the
spectrum analyzer also connected by a coaxial dablle receiving antenna, and it is
interfaced with a personal computer. The sweepatat®r has a frequency range of 0.01—
20 GHz. As reported by Ragni et al. (2012) and Geatal. (2012), the spectral data for 2—
3, 5-6, 17-18 GHz frequency ranges results betteelated with water content in foods. In

this way, the mentioned frequency ranges were selethe sweep time was set to 60 s for
each 1 GHz range and three replications were caoig for each moisture ar@v value,

for green and roasted coffee, respectively. To mie the possible differences due to
environmental parameters as temperature, humiddyi@strument warming, the gain (dB)
was calculated by subtracting spectral data witth &ithout sample. The obtained 1001

spectra points were subsequently processed bystataki analysis. Linear regression

between spectral data points and moisturaworalues were obtained for green and roasted
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coffee as well. Furthermore exponential regressias tested to predi@w. Partial Least
Square Regression was performed to increase lowaglation between spectral data and
moisture oraw, so predictive models were built by using fulbss validation: a sample

belonging from the data set was removed one byfrone the model calibration and used to
validate it.
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4.2 Results and
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Fig. 20 Acquired spectra for green (on the right) ad roasted coffee (on the left) in the frequency rge selected
for water activity and moisture, 2-3, 5-6 and 17-8 GHz.
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Averaged gain signal concerning test on moistur@ \&ater activity are shown for both
green and roasted coffee in Figure 20. The acqupedtra showed different trend for the
selected frequency range 2-3, 5-6, 17-18 GHz.

The coefficient trend, of linear regression for store prediction into 2-3 GHz frequency
range of roasted coffee, in addition to a gain spetwas reported (figure 21) to figure out

which part of the signal contains most information.
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Fig. 21 Determination coefficient trend and spectrm of 2-3 GHz.

The higher Rvalues were found can be reached from 2 to 2.6 Gittzvalues up to 0.94.
The higher coefficient of determination for moigwontent prediction are shown in tables
4 and 5 and the Rvalues of the linear correlation of spectrum dataall the range
considered.
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Partial least square regression

Sample Frequency Linear regression
Calibration RMSEC Cross validation RMSECV

é 2-3GHz 0.995 0.991 1.314 0.990 1.440
o
o
2 5-6 GHz 0.993 0.991 1.306 0.989 1.531
= 17-18 GHz 0.978 0.999 0.344 0.999 0.526
o 2-3GHz 0.960 0.998 0.156 0.973 0.597
B
2 5-6 GHz 0.981 0.999 0.051 0.998 0.158
2
= 17-18 GHz 0.943 0.996 0.207 0.995 0.261

Table 4 Statistical analysis for the correlations btween gain and moisture for roasted and green cefé.

. Partial least square regression
Linear

Sample Frequency redression EXP

9 Calibration RMSEC Cross validation RMSECV
é 2-3GHz 0.874 0.976 0.990 0.029 0.983 0.04
(@]
(&S]
D 5-6 GHz 0.859 0.908 0.996 0.017 0.984 0.036
1%
©
= 17-18GHz 0.888 NC 0.993 0.024 0.988 0.032
o 2-3GHz 0.924 0.95 0.997 0.009 0.979 0.033
=
(@]
g 5-6 GHz 0.989 0.989 0.993 0.017 0.988 0.025
(]
= 17-18 GHz 0.983 0.977 0.997 0.011 0.996 0.014

Table 5 Statistical analysis for the correlations btween gain and aw for roasted and green coffee.

For the linear regression, the best prediction eoning the test for moisture was obtained
in the 2-3 GHz for roasted coffee witff Bp to 0.995 while for green coffee in the 5-6 GHz
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with an R of 0.981. Considering water activity evaluation Hest results is 0.989 and could
be found in 5-6 GHz frequency range for green @fféor roasted coffee is obtained in 17-
18 GHz with a R of 0.888. As reported in table 5 roasted coffeesdwot have a good linear
correlation for the water activity prediction, sm a&xponential regression was also
performed (for the green coffee too). In table &lgo reported the results of the exponential
regression and the best result in terms ©HR0.989 was observed in 5-6 GHz frequency

range. Exponential regression often shows bettsultee compared to the linear one
probably due to the existence of an exponentiahticel between moisture anéw.
Moreover green and roasted coffee showed diffdsehawvior as a probably consequence of
very different structure of matrix. In this waycibuld be assumed that the predictiorowf

is related to an indirectly water content assessmBms event is absent in 17-18 GHz
frequency range where no exponential correlationbmapplied but only linear correlation
founds application, so it may be hypothesize actliestimation of water activity.

Furthermore PLS regression analysis was conductesktimate water content and water
activity and results are summarized in tables 4%rfebr water content assessment the best
results in terms of Rn full cross validation were obtained at 17-18 Giraqjuency range
for roasted coffee (R0.999) while for green coffee at 5-6 GHZ (®998). Regarding the
test for water activity prediction¥df 0.988 was observed for roasted coffee ahof R.996

for green coffee both in 17-18 GHz frequency range.

4.3 Conclusion
In the light of these results the estimation of evatontent seems more accurate at low

frequencies while the dielectric signal obtainedigh frequencies seems more related to

water solid matrix interaction useful for water betor understanding.
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5. Parmigiano Reggiano cheese

The main content of this topic were published oardal of Food Engineering as shown

below.
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Estimation of the main compositional features of grated Parmigiano @mesfdurk
Reggiano cheese by a simple capacitive technique
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Adriano Guarnieri®, Annachiara Berardinelli®
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Parmigiano Reggiano cheese is an additive free lshekse made in Italy by partly
skimmed, and un-pasteurized milk (Malacarne et241Q8). Parmigiano Reggiano cheese
can be sold as entire or portion of wheel, but gsmted and packaged as ready to use
products. The grated Parmigiano Reggiano cheest lmeusianufactured exclusively from
whole cheese wheels according to the productiomdasta imposed by Parmigiano-
Reggiano Cheese Consortium. The grated cheesebmusiaracterized by moisture no less
than 25% and no more than 35%, typical amino-acidposition of the cheese matured for
a period of at least 12 months and rind not ové,18D.P.C.M. 4/11/1991). So, the
assurance of the authenticity and the respect efhigh quality parameters imposed by
D.P.C.M. are the primary goal of the production gess. Moreover the grated cheese
production chain give a huge importance to markd arand identification, because
embossed on the rind are lost.
Recently Cevoli et al. (2012) predicted the rindcpatage, ripening and moisture content of
the grated Parmigiano Reggiano cheese by using gu&e spectroscopy. In addition
differences between true Parmigiano Reggiano cre@$eompetitors were determined.
Monitoring grated Parmigiano Reggiano cheese isaatuous challenge due to the
variability of the product caused by different rees.
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The first variability to take into account for gitglevaluation regards the cheese making
technology and the dimension of the wheel (22—-24hogh, 40-45 cm diameter) of this
long-ripened cheese. Both these parameters dunipgning lead to differential of
chemical/physical parameters development between itlmer and the outer zones
(Malacarne et al., 2009; Tosi et al., 2008; Paetall., 2003; Careri et al., 1996; Pecorari et
al., 1995). Moreover the packages of grated chaesdilled with product belonging from
different places of the wheel. For these considmraseveral parameters had to take into
account to determine a quality assessment suclndspercentage, months of ripening,
moisture content and protein content. By using ofely of these values the product
evaluation became difficult because these parasieteolve similar effects, mainly due to
the moisture content, that decreases during tleming and with rind content (Cevoli et al.,
2012). On the other hand, moisture and proteinesdrglightly or do not significantly vary
with orographic zone and production season (Cateaal., 1996; Malacarne et al., 2009); on
the contrary, they significantly change during nijpg, in a complementary manner (Tosi
et. Al., 2008; Malacarne et al., 2009).

The dielectric measurement techniques have beehprseipally in the analysis of cheese
composition and maturity. By using different probmsd frequency ranges, researches
showed that dielectric properties depend on thenated composition of the cheese, such as
the moisture, inorganic salt (Everard et al.,, 20B&gan et al., 2005), and fat contents
(Herve et al., 1998; Green, 1997).

In this way a technique for the non-destructiveeassient of the rind percentage, ripening
time and chemical composition (moisture, proteinl &t content) of mixtures of grated
Parmigiano Reggiano cheese by means of a capaeitarasurement in the range of 100
Hz-10 kHz is proposed. This dielectric method caaildlin the development of a rapid tool

for on-line and off-line quality control of the deal cheese production.

88



5.1 Material and methods

N e Water content (oven method
25 SMEDP 1985) _
PR grated mixture e Total lipid (Van Gulik method, ISO ¢ Linear _
3433:1975) regression
Rind percentages o Total protein (Kjeldahl method)
0, 15, 25,35 e 50% e Artificial
Neural
Ripenin . . _ Network
8 12 p18 Zg e 36 e Dielectric technique: parallel plate wor
T L capacitor (frequency range 100 Hz
to 10 kHz, voltege 100 mV)

Fig. 22 Experimental plan

The Parmigiano-Reggiano cheese Consortium (CFP8&)idged samples of about 2 kg
deriving from 5 whole cheese wheels, produced ffedint seasons and ripened for 8, 12,
18, 25, 36 months, respectively. The experimentah @bove explain all the measure
conducted (figure 22).
The rind parts of the portions from all wheels, releterized by different ripening time, were
separated from the samples and grated togethandueg to the procedure adopted by diary
CFPR factories. The remaining parts of cheese als@ grated. The particle size ranged
between 0.5 and 1.5 mm.
For each ripening time, five mixtures characteribgd0%, 15%, 25%, 35% and 50% of
rind, were prepared. In total twenty-five mixtunesre obtained. Mixtures were stored at
4°C in plastic-sealed bags, in order to avoid geann moisture.
The chemical composition of the Parmigiano Reggianxture was assessed by
determining moisture, fat and protein. For eachtane moisture was obtained in triplicate
by drying at 105+2°C for 16-18 hours accordinghe standard method for the examination
of dairy products (SMEDP, 1985).
Determination of fat was conducted on about 3 grated sample according to Van Gulik
method described in ISO 3433:1975.
Total nitrogen content was obtained on about 300®fmgach grated sample as described in
International Dairy Federation Standard (IDF) 2023.
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Then, the protein content of the cheese samplesdei@smined by Kjeldahl, as N x 6.38.
Moisture, rind, protein, and fat content were egpesl and used in the regression model as

percentage.

Parallel plate capacitor system

Fig. 23 Instrumental chain

Figure 23 shows the instrumental chain set up.€élbetrical measurements were performed
with a capacitor probe and a LCR meter (LCR-810G®/-Instek, Good Will Instrument
Co. Ltd, Taiwan) connected to a personal computer.

The capacitor probe was made by two parallel platade of aluminum (thickness 3 mm)
with a rated capacitance of 34.41 pF in air andas allocated in a metal box in order to
avoid electromagnetic interference during the agialyl'he dimension of the parallel plates

should be proportional with respect to the sampdasuared to provide a sensing area which
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rends the measuring methods independent of loagjufarities in moisture distribution in
the material (Vlachos et al., 2000). In this waye tparallel plates were larger than the
sample container as concerning the most commonepnaded in electric moisture
measurement (Henderson et al., 1997). A criteriattie selection of surface area of the
electrodes was based on the average volume of hmgpdg@lorous media (Carbonell and
Whitaker, 1984), allowing a higher sensibility goréventing error.

The dimensions of plates are the following: length230 mm, width of 160 mm and
distance between plates of 9.60 mm. The directambmtf mixture with plates can influence
capacitive measurements in terms of conductive @inena. To avoid this error at least one
plate has to be insulated from the mixture itsell @an open container made of PET was
suitable for this purpose. The sample container wharacterized by the following
dimensions: length of 154 mm (flared of 22 mm), twidf 104 mm (flared of 22 mm),

height of 8.50 mm, thickness of plastic material &0 mm.

Fig. 24 Sample container.

The grated mixture sample (30+0.1 g) was placediéenthe container and a uniformity of
the sampling was obtained through a light compoesprovided by a slight leveling which

brought all samples to the same volume. This gaadtige was conducted to obtain the
same distribution of dielectrics materials betwé#®n capacitor plates which plays a crucial

role in the determination of the total capacitance.
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When the container with the cheese is inserted dmivine plates, the resulting system can
be considered as a combination of parallel anéseapacitors.

The insertion of the container between the platat regard to its spatial positioning on
the horizontally point of view, is not critical eatse the generated different capacitances
work in parallel. On the contrary, a change of tewths of a millimeter in the air thickness
along the series capacitances involves a dramatiation of the total capacitance. This
rigorous sample preparation maintains the unifornmtgeometrical parameters and avoid
errors.

Despite this, the repeatability of data confirmbdttthe small changes occurring in the
mass, volume and in the way in which the gratedesbas added to the container and
leveled did not affected the resulting signal.

The frequency range selected for the capacitanasumements was from 100 Hz to 10
kHz, with a step of 202 Hz (50 frequencies) andage of 100 mV. Measurement were
conducted at 20 +1°C in triplicate and averagedsbsequent measurements). Linear
regressions were performed to correlate the obkdaib® spectral points and the
corresponding reference values (months of ripemimgl, percentage moisture, protein and
fat percentages). Furthermore the spectral data weed as input to develop an Artificial
Neural Network (ANN) to predict moisture, proterimd content and ripening time.

The software used for the investigation was STATCGN Neural Networks 4.0 (StatSoft
Inc., Tulsa, OK, USA). Looking for the best predct different node numbers in the hidden
layer were tested. The dataset was divided intoitrg set (70%) and validation set (30%).
A back propagation was used as function transfenitomize the influence of the initial

weight value.

5.2 Results and discussion

Table 6 showed below reports the chemical paraseieiParmigiano Reggiano cheese
mixture. Mean values and standard deviation desardsiable trend in function of ripening

time and rind content. The manufacture of ParmgiReggiano include artisan procedure

which influence the quality parameters in termshafural creaming for fat (Panari et al.,
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2003) or moisture and protein change during ripgnas reported in literature (Panari et.
Al, 2003; Malacarne et al., 2009; Tosi et al., 20@8corari et al., 2007).

Ripening time  Rind content Moisture content Protein content Fat content

(months) (%) (%) (%) (%)
8 0 29.71 (0.17) 31.90 (0.38)  28.96 (0.69)
8 15 28.22 (0.06) 33.53 (0.01)  30.91 (0.08)
8 25 26.14 (0.07) 34.48 (0.26)  31.08 (0.88)
8 35 25.63 (0.09) 35.61 (0.33)  32.27 (0.27)
8 50 23.19 (0.06) 36.68 (0.15)  31.29 (0.45)
12 0 28.07 (0.18) 31.67 (0.13)  30.70 (1.05)
12 15 27.78 (0.07) 32.60 (0.06)  32.39 (0.34)
12 25 25.33 (0.08) 34.32 (0.91) 32.38 (0.67)
12 35 24.45 (0.05) 35.72 (0.81)  31.99 (0.02)
12 50 22.07 (0.17) 36.89 (0.53)  33.49 (0.21)
18 0 27.65 (0.03) 32.41 (0.77)  29.11 (0.23)
18 15 27.20 (0.07) 33.77 (0.51)  29.64 (0.32)
18 25 25.34 (0.08) 35.19 (0.28)  30.13 (0.42)
18 35 23.89 (0.16) 36.61 (0.57)  30.14 (0.32)
18 50 21.98 (0.20) 37.85 (0.23)  30.34 (0.91)
25 0 26.20 (0.11) 32.87 (0.38)  32.39 (0.09)
25 15 25.99 (0.09) 33.20 (0.54)  31.76 (0.72)
25 25 25.21 (0.09) 35.16 (0.87)  30.81 (0.46)
25 35 23.67 (0.05) 37.30 (0.53)  30.64 (0.29)
25 50 21.26 (0.16) 38.12 (0.76)  33.10 (0.19)
36 0 27.00 (0.07) 32.65 (0.03)  27.69 (0.19)
36 15 25.90 (0.15) 34.40 (0.02)  32.10 (0.20)
36 25 24.30 (0.21) 35.87 (0.06)  30.03 (0.07)
36 35 23.21 (0.09) 36.97 (0.11)  29.60 (0.19)
36 50 20.85 (0.09) 38.15 (0.48)  30.53 (0.27)
- 100 14.95 (0.18) 42.49 (0.02)  35.00 (0.23)

Table 6. Main compositional parameters of Parmigian Reggiano cheese as function of rind content anipening

tiome (standard deviations values are in brackets).
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Figure 25 reports the correlation between proteith moisture with a good result in terms
of coefficient of determination R0.895).

40 y=-0.829x + 55.851
39 | R2=0.895
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Fig. 25 Correlation between moisture and protein catent (the bars show standard deviations).

As reported by Tosi et al. (2008) and showed lyres 25 and 26 by considering all
ripening time and from 0 to 50% of rind, moistuexttases and protein rises. For moisture
and protein good correlations were observed ingesfrcoefficients of determination 0.819
and 0.897, respectively.
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Fig. 25 Correlation between rind and protein conten(the bars show standard deviations).
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Fig. 26 Correlation between rind and moisture contet (the bars show standard deviations).

As regarding protein, a similar behavior was unded by Cattaneo et al., (2008) where the
presence of specific peptides was associated tera slow proteolysis process during

ripening. Otherwise no good correlation can be ofeskconcerning fat #0.237).
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Figure 26 showed average signal spectra of all Eaammalyzed by considering all mixture
for different ripening time and rind percentagelse Tapacitance spectra are the response of
the interaction between the electromagnetic field #dne main compositional parameters of
foodstuff (as protein, fat and moisture).
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Fig. 27 Average capacitance spectral signals of éifie analysed mixtures.

As reported in literature (Venkatesh et al., 20@4Jer is the main constituents of cheese,
but also of food, that influence the capacitancemanation as a consequence to a high
polarization capacity and consequently an highedielc constant. In this way the moisture
rise is complementary to a protein decrease.

The frequency range explored passed from 100 HB tkkHz and the maximum capacitance
change was 2.6%.

Table 7 and 8 show the results belonging from itheal correlation between spectral point,
months of ripening, rind, moisture and protein petage in terms of maximum, mean and
standard deviation values. Particularly table 7 mamzed the results as function of

ripening time by varying the rind percentage anbleta8 represent samples prepared
maintaining constant the rind percentage with aifening time variation.
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RZ

Ripening time

(months) Moisture Protein Rind content
Max Mean SD Max Mean SD Max Mean SD
8 0.890 0.887 0.002 0.988 0.988 0.001 0.914 0.913 0.001
12 0.772 0.765 0.003 0.876 0.869 0.002 0.937 0.933 0.002
18 0.912 0.906 0.007 0.972 0.969 0.003 0.987 0.985 0.003
25 0.926 0.918 0.002 0.980 0.969 0.001 0.978 0.975 0.001
36 0.897 0.889  0.004 0.994 0.984 0.003 0.967 0.962  0.004
All 0.812 0.808 0.001 0.811  0.807 0.002 0.649 0.639 0.001

Table 7 Linear regression between dielectric dataral compositional parameters in function of ripeningtime (SD
= standard deviation).

RZ
Rind content Moisture Protein Ripening time
(%)
Max Mean SD Max Mean SD Max Mean SD

0 0.752 0.734 0.007 0.567 0.544 0.007 0.994 0.987 0.002
15 0.621 0.618 0.003 0.513 0.478 0.008 0.884 0.883 0.002
25 0.737 0.725 0.004 0.618 0.598 0.011 0.872 0.870 0.002
35 0.666 0.647 0.007 0.806 0.798 0.004 0.955 0.950 0.002
50 0.843 0.826 0.003 0.907 0.902 0.004 0.963 0.951 0.002
All 0.812 0.808 0.001 0.811 0.807 0.002 0.399 0.396 0.002

Table 8 Linear regression between dielectric dataral compositional parameters in function of rind conent (SD
= standard deviation).

As expected, no good correlation between fat and during all ripening time was
obtained. All ripening time and rind were considkte predict moisture and protein with
very similar results (R Max=0.812 and R Max=0.811 respectively). Quite low
determination coefficients were obtained to predind (R’ Max=0.649) and ripening time
(R* Max=0.399).

In table 7 where the ripening time is constant, ltest result in terms of coefficient of

determination was reported for protein parametéBx=0.994). The highest values of the
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averaged coefficient of determination for all ripgntime was for protein (0.962), instead
the lower one was for moisture (0.879). All samplegether give a worst prediction than
that of values for rind are reported.

Maintaining constant the rind values (as showeidlote 8), the best result was obtained for
the ripening time (K0.994). Furthermore as mentioned befofer&ues for ripening time
are higher than values considering all samplesthege

This concept was not surprising, as previously rgabby Cevoli et al. (2013), considering
all ripening time and rind percentages togetheudigg infrared spectroscopy the prediction
is very difficult and low coefficients of determiian are expression of this.

The sample mixture composition change in a comphtang way. In particular, sample
characterized by long ripening time and low rindtemt can have a dielectric behavior very
similar to sample with short ripening time and hrgid percentage. This opposite condition
can led to a misinterpretation of data and a diffidiscussion of the results.

Figure 28 is showed the trend of the linear coti@tabetween spectral data, moisture and

protein, to well describes that the predictionassble for a long frequency range.
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Fig. 28 Trend of the linear correlation between speiral data, protein and moisture.
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As function of rind content, in figure 29, the tdeof the determination coefficient for all
ripening times (from 8 to 36 months) was reportddintaining constant the ripening time

of a similar behavior was also found for the rimghient.
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Fig. 29 Trend of the determination coefficient forall ripening times.

Dielectric properties are function of frequency,vesll known and this can be observed
looking at the rise of Rincreasing this parameter. At the lowest frequefugyto 0.5 kHz)
the correlation was more poor than the other plath® spectrum, where the coefficient of
determination showed a light increasing trend windgjuency. Despite this, according to the
values of mean and standard deviation reportechlilet7 and 8, the variation of the
coefficient of determination in function of frequmnis very small (0.008 and 0.003 are the
highest and the average values of standard dewiabserved, respectively).

Moisture, protein, rind content and ripening timere also predicted by using Atrtificial
Neural Network (ANN). The results in terms of fr both training and cross validation are
summarized in table 9. The best prediction resuwde obtained with a three layer network,
having only 2 nodes in the hidden layer, a learmatg of 0.01 and a momentum of 0.8. The

best results were obtained for protein predictidth wn R of 0.834 and a similar coefficient
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of determination was revealed for moisture con(BAof 0.822). Rind content and ripening

time estimation showed low determination coeffitj@n658 and 0.482 respectively.

R’ Training R Cross Validation

Moisture 0.852 0.822
Protein 0.842 0.834
Rind content 0.677 0.658
Ripening time 0.501 0.482

Table 9. Results of the Artificial Neural Network

5.3 Conclusion

Finally the simple capacitance instrumental chaiaswable to estimate some main
constituents of grated Parmigiano Reggiano che€ke. correlation with moisture and
protein were stronger if one of the variable paramss ripening time and rind, is maintained

constant, so the determination of a constituentogaachieved indirectly by the other one.
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6. Brief practical applications

6.1 Geographical origin discrimination by using a vaveguide system

One of the most consumed dry fruit in the worlgistachioPistacia veralL. (Tsantilli et
al., 2010). The main aspect involved in the tratléhe pistachio is the verification of the
authenticity of the product intended as productatizristics and geographical origin.
Pistachio nuts sold fresh or subjected to procesastrhents may also lose the peculiar
characteristics, making more difficult the contaold classification.

Recently, in order to assess the geographicalrongithe pistachio different techniques
destructive and not were used, including the evminaof the lipid fraction and the use of
NIR spectroscopy (Arena et al., 2006; Silaghi, 2011

Several researche studies have been conducted udyirg the interaction between
electromagnetic fields and the product by using egande system as previously reported
(Ragniet al, 2010; Ragnet al, 2012; Cevolet al, 2012; laccheri et al., 2015). In this way,
the present experiments has the objective to distaite samples of pistachio as a function
of the origin by using waveguide spectroscopy adster analysis".

The research was conducted by analyzing IraniadifoBaan and Sicilian pistachios
without shell, collected at full maturity, stored @8 °C for about six months and
subsequently ground at different particle sizesradt further storage at room temperature
(20-22°C).

For each zone of origin about 200 g of pistachieasesmilled with a commercial mill
(Moulinex, D56) (for about 30-60 s) in order to aiot three different particle size: the “a,

unrefined”, " b, intermediate" and "c, fine" as aimoin figure 30.
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Fig. 30 Different Pistachio granulometry: a, unrefned, b, intermediate e c, fine.

The used instrumental chain for spectral acqursitonsisted of an integrated tool under
patenting process (scalar analyzer for the acepnsdf gain, db, and vector for the Phase, °)
based on waveguide spectroscopy in the frequenmyerd.6 - 2.7 GHz interfaced to a PC
via USB. The spectra obtained in terms of gain (dByl Phase (°) were analyzed with
"hierarchical cluster analysis".

In figure 32 were reported all gain spectra in fedected frequency range 1.6-2.7 GHz

subsequently analyzed by using the cluster analysis

Guadagno (dI

A O N B O R N W A~ O
S T Y

1.6 17 18 19 2 21 2.2 2.3 2.4 25 2.6 2.7

Frequenza (GHz)

Fig. 32 Gain spectra (Gain, dB) in the analyzed figuency range.

Cluster analysis results showed a classificatiantlie different origin area, maintaining
constant the particle size dimension. In figuretl33 very good classification of the most

fine particle size (c) is shown.
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The results of the "cluster analysis" carried dat, phase spectra (figure 34), in order to
discriminate between the different origins of pist@ are shown in figure 35, and showed a
good classification (fine particle size, c) as mg@o previously by gain.
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Fig. 34 Phase spectra (°).
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Conclusion

For both the gain and phase the "cluster analyss' revealed that the acquired spectra
contain information able to discriminate betweea thfferent origins (for the same grain
size) due to the different composition. The resokitained in this first validation encourage
new tests aimed to faster and more accurate estipigisic-chemical parameters, related to
origin and related to the authenticity of the prcdu Moreover the waveguide system is

cheaper and easier to use compared to traditipeat®scopic instruments.
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6.2 A capacitive technigue to monitoring a freezingrocess of “milkshake” product

A capacitive technique was developed to controlfteezing process of a like milkshake
product (MS), a drink that contains ice crystalsl air. Ice crystals and air cells play an
important role in terms of sensorial attributesrtiela 1996; Trgo et al., 1999). According to
Thomas (1981), an increase in air cell dispersiam lanit the size of the ice crystals. To
ensure the desired final quality a monitoring af thmension of ice crystals and content of
air bubbles is required.

Accordingly to literature (Grossi et al., 2011; Betal., 2013) impedance spectroscopy can
provide useful information about the physical statece cream during freezing. In this way
a capacitive device consisting of two juxtaposed sealed supports (88 mm x 45 mm x 5
mm) made of synthetic glass on whose inner surfdeeBnes for inflow and outflow of the
MS was developed. The inflow and outflow lines evélleted with PET pipes for injection
of the MS to simulate an on-line application. Tlapacitive element, placed in a central
position, was made from PCB with copper as a cowdusheet and epoxy composite
material as an insulator. The insulator layer wasnied to leave a thickness of about 350
um. To avoid the impregnation of liquid due to @mtwith the MS, the insulating surface,
suitably polished, was coated with acrylic painteTsurface of the plates of the capacitor
measured 20 mm x 35 mm, and the distance betweam wWas 2 mm. The capacitor with
air had a capacitance of 7.16 pF. Three frequeacgas were explored: from 500 Hz to 5
kHz, from 5kHz to 50 kHz and from 50 kHz to 1 MHz.

The freezing process during time evidenced an asgef the dimension of the ice crystals
together with the increase of the air bubbleshasva from the figure 36.
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Fig. 36 “Milk shake” images after (a) 3 h and (bR4h from the beginning of the freezing process.

The values of the capacitance obtained with thaadépe device were reported, for the

frequencies from 50 kHz to 1 MHz during the fregzirme, in Table 10.

Capacitance (pF)

Frequency

Time (h)

(kHz)

1.33

3

5

7

9

24

29

RZ*

50
156
261
367
472
578
683
789
894

1000

4286 ( 0.12
42 54( 0.11)
41.41 (0.10
41.06 ( 0.09
40.78 ( 0.09
40.68 ( 0.09
40.57 ( 0.09
40.48 ( 0.09
40.43 ( 0.09
40.41 ( 0.03

42.71( 0.10)
42 55( 0.05)
41.35( 0.06)
41.02( 0.06)
40.76( 0.06)
40.66( 0.06)
40.55( 0.06)
40.47( 0.06)
40.43( 0.07)
40.42( 0.06)

42.26 ( 0.19)
41.40( 0.12)
41.03 ( 0.11)
40.74 ( 0.12)
40.47 ( 0.09)
40.39 ( 0.09)
40.30 ( 0.08)
40.23 ( 0.08)
40.20 ( 0.07)
40.20 ( 0.07)

42.37(0.08)
41.36( 0.03)
40.95(0.04)
40.69( 0.02)
40.40( 0.02)
40.33(0.02)
40.22(0.02)
40.16( 0.03)
40.14( 0.03)
40.13( 0.03)

4228 (0.12)
41.43(0.05)
41.06 ( 0.04)
40.75 ( 0.02)
40.51 (0.02)
40.42 (0.02)
40.33 (0.01)
40.29 (0.01)
40.26 (0.01)
40.26 ( 0.01)

41.71( 0.38)
40.83( 0.16)
40.53( 0.02)
40.29( 0.03)
40.05( 0.03)
39.97( 0.02)
39.87( 0.02)
39.84( 0.02)
39.81( 0.02)
39.82( 0.02)

41.75( 0.16)
40.89( 0.12)
4051( 0.12)
40.22( 0.10)
39.98( 0.08)
39.93( 0.09)
39.85( 0.08)
39.80( 0.05)
39.78( 0.02)
39.81( 0.02)

0.945
0.856
0.931
0.933
0.915
0.915
0.909
0.889
0.879
0.870

Table 10. Capacitance values measured at differefrequencies during the freezing process.
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Freezing parameters, such as the area of crystdlso#al area and number of air bubbles
followed a logarithmic trend, increasing with tinféhe lower ranges, such as under 50 kHz,
showed a high instability of measurements and garg poor correlation. Instead, measures
at 50 kHz and 367 kHz given the best correlatiortk time. The coefficient of logarithmic

correlation for all frequencies was reported ineakl.

Parameter Equation R?

Ice crystal area (mfi) 0.3979In(t)+0.1859 0.957
Number of air bubbles 344.22In(t)-174.21 0.974
Total area of air bubbles (Mijn 3.5072In(t)-0.8498 0.956
Average area of air bubbles (fym  -0.0095In(t)+0.037 0.614
Voltage (mV) 305.24In(t)+518.84 0.964
Capacitance* (pF) -0.3876In(1)+43.033 0.945

Table 11 . Equations and determination coefficienof the functions for the different parameters during the

freezing time.

Differences in capacitance due to the freezing tmppeared low and ranging from a
minimum of 0.60 pF (1 MHz) to a maximum of 1.66 (af 156 kHz).

The correlations between the capacitive devicestb@garameters describing the state of
the milkshake product during freezing process rdrfgem a minimum Rvalues of 0.881

for the total number of bubbles and a maximufrv&ues of 0.961 for the area of crystals

(as reported in figure 37).
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Fig. 37 Correlations between the capacitance anddezing process parameters (with standard error bajs
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Conclusion

Beyond the results presented herein, it should basidered that the capacitive
measurements are based on very small changesagitygpvhich requires stable operating
conditions and good instrumental measurements. Menvehis fragility maybe overcome

by increasing the intrinsic capacity of the capmarith a multi-plate structure.

Thus, this technique might advantageously useddoitor the freezing process, especially

when processing a product characterized by a aoinstanposition.
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6.3 Time Domain Reflectometry as screening for EVOOquality parameters

assessment

The study of measurement systems for
the assessment of basic qualitative

and compositional parameters, based on
the interaction of electromagnetic fields
with oil products

A. Berardinelli'

A. Bendini'2*

C. Cevoli?

E. laccheri?

E. Valli*

T. Gallina Toschi?
L. Ragni'?

The content below are subject to a scientific pgunélished in an Italian journal, RISG
(Rivista Italiana delle Sostanze Grasse).

The assessment of quality and chemical parametefa/©0 is performed with different
spectroscopic technique such as Near Infrared (Atanet al., 2010; Jimenez et al., 2000;
Muik et al., 2004; Bendini ety al., 2007) Infrar@dlachos et al., 2006; Cerretani et al.,
2010) and NMR spectroscopy (Hatzakis and Dais, pa0&ddition with statistical tools.
Recently, presence of water and adulteration detedtave been conducted by using
dielectric properties, by means of several techmiguch as parallel plate capacitor, open
ended coaxial probes, transmission lines and res@aaities (Icier and Baysal, 2004).
Dielectric properties of edible oils were exploradd used for the prediction of water
content (Lizhi et al. 2008 and 2010). Moreover Ragal. (2013) tested the effect of
moisture content and fatty acid composition ofaléint EVOO samples explored by using a
parallel plate capacitor.

In this way the interaction between electromagnigid and EVOO would be observed by
using time domain reflectometry (TDR) measuremeamid multivariate statistical method.
Relationship between the reflectometric signals fatty acids alkyl esters content is the
goal of the research.
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Two olive cultivars characterized by different camiis of fatty alkyl esters were employed
for the analysis. The differences in terms of faiiyyl ester acid content are due to different
storage time conditions of olives. In order to proel two samples characterized by low and
high levels of fatty acid alkyl esters, three olst®rage times were defined: immediately
after the harvesting for both cultivars, after sedays for Correggiolo and after for fifteen
days of storage at atmospheric condition for “Cahin

The instrumental chain was characterized by tweesiplated copper wires covered by
glass (to avoid electrostatic discharge) connetied sampling head with TDR function
fitted in an oscilloscope (Tektronix, 11801B) by@axial cable. Three ml translucent PE
cuvette (Sigma, Milan, Italy) filled with 2.6 ml @il sample was inserted in the probe. The
reflections in the time domain were acquired (resoh 0.01 ps and 5120 stored data) by
using a software written in Labview 8.2 (Nationastruments, NI, USA). The instrumental
chain was switched on 3 h before the beginninghefexperiment to reach the thermal and
electrical equilibrium. Five replications for easample were carried out. The TDR signal
obtained from each sample was subtracted fromigimalsacquired only with air.

The determination of fatty acid methyl esters (FAYIEBnd fatty acids ethyl esters (FAEES)
were carried out according to the official metht@G/T.20DOC., 2010; EC Commission
Regulation EEC 2568/91, 2011).

A Principal component analysis (PCA) was applied/étl understand the relations between
the alkylester content and the time domain refbecsignals.

Table 12 summarizes the mean values of the fatty akyl esters of the EVOO samples
used for TDR measurements. In terms of sum of FAME FAEE mean values ranged
from 66.6 to 701.8 mg/kg oil for “Correggiolo” (CQRnd from 22 to 219, 6 mg/kg oil for
“Canino” (CAN). A mixture between the two “Caningamples (equal volumes) was also

produced for TDR measurements.
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Fatty acids Alkyl

Esters (nokkgofy CORO  COR15S  CANO CAN 7
FAME 26.4(0.2) 191.6(1) 22(3.3) 184.9 (5)
FAEE 40.2 (5.9) 510.2(2.8) 0(0) 34.7 (2.5)

FAME+ FAEE  66.6 (6.1) 701.8(1.9) 22(3.3)  219.6(7.6)

FAEE/FAME 15(0.2) 2.7(0) 0 (0) 0.19 (0)

Table 12 Fatty acids alkyl esters (Values betweendrkets are standard deviations)

Examples of the acquired waveforms (amplitude, ¥) the time domain for the

measurements conducted in oil and air are shovigure 41.
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Figure 38. Amplitude (V) of the TDR acquisitions inair and oil.

TDR signals were analyzed by using a multivariatelysis approach to underlined the
differences between EVOO composition. The princig@hponent analysis conducted on
the entire signal explained differences between sdinkFAME and FAEE by the first

principal component (PC1, figure 39) showing highding values in the first rise step of

the signal (Figure 40).

117



PC2 (X-expl 7%) 0.03

0.02

CORO
0.01 1 CAN 2
CANO

-0.15 -0.10 -0.05 0.p0 0.05 0.10 0.15

PC1 (X-expl 88%)

-0.03 A

-0.04 -
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Figure 40 X-loadings for the entire TDR signal.

The single FAME and FAEE behaviours were not cledistinguished probably due to the

different cultivars and storage times.
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Conclusion

Even if preliminary, these results show that TDRam@ements and PCA could be useful
for a rapid screening of important compositional@Y quality components, such as alkyl

esters fatty acids.
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6.2 Capacitive system for the estimation of waferibcuit cooking process

Capacitive measurements were undertaken to wafignsthe aim of estimating the degree
of cooking during the production process. The wadbeet of high quality level are
characterized by low humidity. Furthermore, the ldquaof this baked products is also
determined mainly by the flour, mixing process, tinee and the cooking temperature. The
baking process of the wafer takes place in stan#sel plates (shown in figure 41), at
temperature of 160-190 °C and for a time betweBrafid 2.5 minutes. Therefore, to ensure
the high quality of the final product is importaatmonitor and maintain the ideal degree of
cooking. The measures have been carried out afteintites from the discharge of the

cooking process, for 5 different degrees of cooking

. . ‘
— s -

.

Fig. 41 Cooking machine for wafer sheet.

The instrumental chain was developed by using aatype system with a parallel plate

capacitor as probe (Figure 42) made of stainless-gtith rough dimension of a wafer (260
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X 440 mm). The distance between the plates wagdavith the intention to measure the

capacity of a single or more wafers overlapping.

Fig. 42 Parallel plate capacitor

At the end of the capacitive measures were undemtabmpression tests on laboratory for
the determination of the breaking strength (FigtBe

Fig. 43 Compression device with cell of charge ofKg.
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The moisture content was determined accordingdmtten method (105°C for 16h). For all
the cooking degree the water content of the wafeas very low, always less than 1 %
(figure 44).
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Fig. 44 Moisture content in function of the cokingevel.

As expected the force of rupture decrease withee of cooking (Figure 45). The force of

rupture of samples overripe declined to increasddhel of cooking.
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Fig. 45 Force of rupture trend in function of the @oking level.

For each measure was determined the value of thacitance with the probe empty to
subtract from the measurement made on the wafer.

Figure 46 shows the trend of the capacitance valusssured and the level of cooking of
one wafer sheet. Considering only one sheet haveb@en observed strong differences
between the level of cooking. This result can bebpbly due to the intrinsic variability of

the wafer sheet.
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Fig. 46 Capacitance values of one wafer sheet uriction of the cooking level.

In this way five wafer sheets overlapped were stiieahito test. All samples with different
levels of cooking have proved to be significantiffedent. The analysis of five wafer sheet
was found to be more efficient, since it allows litmit the error due to the inherent

variability of the product.
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Fig. 47 Capacitance values of five wafer sheetsfianction of the coking level.
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Conclusion

The method based on the use of mechanical pressiotamble to discriminate the wafer
sheet as function of the degree of cooking.

On the contrary, the capacitive measures resultethstance to discriminate wafer in
function of the five degrees of cooking identifiéithe method of more wafers at the same
time has proved to be more accurate, and has allavgeto limit the error due to the
inherent variability of the wafer.

In conclusion, the proposed method can be easpiieapin-line process control and it does

not require any particular preparation of the ofmera
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7. Conclusion

The interest in the measurement of the dielechop@rties is not an end goal into itself, but
should be an intermediate vehicle for explainingaie physic-chemical behavior of food.
This thesis showed how based on dielectric proggeiensors, devices and technique can
identify small quantities of chemical species, grdfbe mobility of food molecules and look
inside them with minimal intrusion, in real timerfevaluation of almost of the food
property. The assessment by these electronics efeypovide fast data useful to made
possible efficient process control.

Advancement can be done to realize the technolbgreasfer to introduce effective

application of novel apparatus for potential modawntrol system in food industry.
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