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•

This study wasdesigned to develop SOrne predictive. models for thedielectric

properties ofthe chemicals and chemical reactions and make use ofdielectric properties

and microwave irradiation in the chemical reactions. Specifically, the dielectric properties

of the following systems ""ere investigated at microwav~ frequencies of 2450 and 915

MHz: (1) Cl-CS alcohols; (2) glucose aqlleous solutions, (3) lysine aqueous solutions, (4)

lUimicked esterification. re~ction model systems ofparahydroxybenzoicacid with

methanol, I-propanoland h·butanol in the presence of para-toluene sulfonic acidasa

cata.lyst, (5) Maillardreaction modelsystem consisting of glucose, lysine andwater.

The dielectric properties of the model systems showedthat tl1ey depended on the

frequency applied,concentration of the material, and temperature. Most of the predictive

models showedthat there exists a linearor quadratic relationship between dielectric

constant. and concentration ortemperature. However, the quadratic equation is better than

the·. linear one to describe the variation of the loss factor with temperature or

concentration.

Esterification showed great advantages for the use of microwave irradiation in

chemical .• reaction. It·· il1cluded .•. reduction . in reaction time, and provided distinct

températUre profiles due to microwave· environment during chemical reactions. The

reason for rate enhancement of this type of reaction was alsp demonstrated from the

temperature profile.

Microwave-assisted solvent free Maillard reaction rnodel system, consisting of

glucose and .lysine, demonstrated that the heating. method applied was not one of the

crucial factors, but the temperature level was important during the chemical reaction.
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The relationship of loss factor \Vith yield of reaction showed that it is possible to

use dielectric data to analyze, and monitor the chemical reaction. It provided a new

methodology to analyze the reaction.

The relationshipbetween the loss factor, loss tangent and the· reaction tirne, and

concentration ofthe material showed that it· is also possible to use dielectric data at

microwavefiequencies of 2450 and 915 MHz to study chemical reactions, especîally the

kinetics.
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Les propriétés diélectriques et leur application dans. les

réactions chimiques organiques assistées par micro-ondes

RÉSUMÉ

Cette étude .fut établie afin d'élaborer des modèles de prévision des propriétés

diélectriques de produits lors de réactions chimiques pouvant tirer profit de ces propriétés

diélectriques et de l'énergie micro-onde. Les propriétés diélectriques. des syst~mes

suivants ont été étudiées aux fréquences micro-ondes de 2450 et 915 MHz: (1) alcools C l ­

Cs; (2) solutions aqueuses de glucose; (3) solutions aqueuses de lysine; (4) mimétisme de

modèles d'estérification d'acide parahydroxybenzoïque avec méthanol, 1-propanol et 1­

butanol en présence d'acide sulfonique para-toluène à titre de catalyseur; (5) modèles de

réaction de Maillard composés de glucose, lysine et eau.

Les propriétés diélectriques des préparations modèles ont démontré dépendre de la

fréquence micro-onde employée, de la .concentration du matériau, et de la température.

La plupart des modèles prédictifs ont démontré qu'il existe une relation linéaire ou

quadratique. entre la constante diélectrique .et la concentration ou la température.

Cependant, une relation quadratique s'est avérée mieux décrire la variation du facteur de

pertes en fonction de la température ou de la concentration.

L'estérification a démontré le grand avantage de l'utilisation de l'énergie micro­

onde lors des réaction chimiques, avec une réduction du temps de réaction,· permettant

une courbe de température distincte causée par l'environnement micro-onde lors de la

réaction chimique.

La modélisation de la réaction de Maillard sous environnement micro-onde sans

solvant, composée de glucose et de lysine, a démontré que le procédé de chauffage n'est

pas l'élément critique, mais plutôt la température atteinte lors de la réaction chimique.

La relation du facteur de pertes avec le rendement de la réaction a démontré qu'il

est possible d'utiliser les valeurs des propriétés diélectriques dans l'analyse et le contrôle

des réactions chimiques, offrant ainsi une nouvelle approche analytique des réactions.
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La relation .entre le facteur de pertes, le facteur de •dissipation et le temps de

réaction, et la concentration du matériau, a démontré qu'il est possible d'utiliser les

valeurs des propriétés diélectriques aux fréquences de 915 et 2450 MHz, lors de l'étude

de la cinétique des réactions chimiques.
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The dissertation can consist of either a single thesis or a collection of papers that

have a cohesive, unitary character that allows. them to be considered as a single

programmatic research product. If the manuscript-based structure of the thesis is chosen

by the candidate, the following provisions are applicable. The text of the foUowing

paragraphs below must be reproduced in full in the preface of the thesis (in order to

inform the external examiner of faculty regulations):

1. Candidates have the option ofincluding, as part of the thesis, the text of one or more

papers submitted, or to be submitted, for publication, or theclearly-duplicated text

(not the reprints) of one or more published papers. These texts must conform to the

"Guide!ines for Thesis Preparation" with respect to font size, !ine spacing and margin

sizesand mUst be bound together as anintegral part of the thesis.

2. If this option is chosen, connectiIlg texts that provide logical bridges between the

differcntpapers are mandatory. The thesis must be written in such a way that it is

more than a mere collection of manuscripts;in other words, results of a series of

papers must be integrated.

3. The thesis must still conform to aH requirements of the "Guidelines for thesis

Preparation". The. thesis must indu.de: A table of Contents,.an abstract in English

and French, an introduction which clearly states the rational and objectives of the

study, a comprehensive review ofthe literature, a final conclusion and summary.

4. Additional material must be provided where appropriate (e.g., in appendices) and in

sufficient detail to allow a clear and precise judgment to be made of the importance

and originality of the research reported in the thesis.

5. In the case of manuscripts co-authored by the candidate and other, the candidateis

required to make an explicit statement in the thesis as to who contributed to such

work and to what extent. Supervisors must attest to the accuracy of such statement

at the doctoral oral defense. Since the task of the examiners is made more difficult in

these cases, itis in the candidate's interest to make perfectly clear the responsibilities
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of any component of such a thesis serve as an examiner for that thesis.

6. N.B .. When previously published material is presented in a thesis, the.candidate must

ohiain official copyright waiversfrom the copyright holder(s) andsubmit these ta
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1. GENERAL INTRODUCTION AND OBJECTIVES

1.1 Introduction

Microwave is used as one of the energy forms to drive the. chemical reaction.

Microwave heating is much distinctive from the conventional heating methods such as

conduction, convection and. radiation. Dielectric properties of materials ar~ key

parameters in the application of microwaves as a new technology for organic synthesis

and extraction of active ingredients because the temperature profile during microwave

process is directly associated with them. Data on dielectric properties of many food

materials, sorne chemicals, especially the common solventssuch.as petroleum ether, ethyl

acetate, lower carbon alcohol, acetone and DMF (dimethyl formamide) can be obtained

from the literature (Tinga and Nelson, 1973; Douglas and Marcel, 1987). The kinetic

relationships between the dielectric constant, the reaction rate and the yield ofthe reaction

were qualitatively reported by sorne researchers (Li et al., 1996, 1997; Zhang et al.,

1997). However, these dielectric properties mentioned in the literature were not measured

at the two commonly used microwave frequencies of 2450 and 915 MHz and the

relationships between dielectric properties ofchemicals,. concentration, temperature,

reaction rate and the yield ofthe reaction have not been studied extensively.

Microwave-heating rate has a strong functional relationship to the dielectric

properties and electric field strength. For agiven microwave instrument,it.is not easy to

change the microwave frequency and electric field strength. Therefore, in order to

approach the optimum microwave heating, one of the ways is to change the dielectric

properties of the materials through concentration changes. It is necessary to know the

relationship. of the dielectricproperties and component (concentration) of the materials.

The dielectric properties are also dependent on the temperature of the material. So it is

also important to know the temperature profile of the components, in particular, when the

reaction begin.s and approaches equilibrium. Recently, sorne researchers have reported the

temperature profile of some digestions and sorne lower carbon alcohols using microwave

heating (Kingston and Stephen, 1997; Palacios et al., 1996). The information about

temperature profile during microwave heatingcan be usefuI in the following aspects:

(1) To perform synthesis under microwave irradiation at known optimal conditions.



(2) To correlate the behaviour of the materials with their physical and chemical

properties.

(3) To provide sorne in~ight for the mechanism of the microwave-enhanced chemical

reactions, which will be helpful to design microwave reaction apparatus.

Since theappearance of the first papers on the application of microwave for

organic synthesis (Gedye et al., 1986; Giguere et al., 1986), numerous papers regarding

the application ofthis special technology inthisfieldhave been published (Kappe, 2001).

Most microwave-assisted chemical reactions have been centred on the rate-enhancement

of the reaction., timesaving, higher yields compared to the conventional heating methods

such as oilbath, heat-mantle and· electric oyen. As for as the reasons for microwave­

enhanced chemical reactions, only a few reports have questioned whether there exists any

specific "microwave effects" on chemical reactivityowing to changes induced at the

molecular level resulting from the absorption of microwave energy (Hajek, 1997). In

addition, sorne basic theories about this interestingfield have been discussed in the recent

investigations (Westaway and Gedye, 1995; Stuerga and Gaillard, 1996; Li et al., 1997;

Gedye and Wei, 1998; Mijovic et al., 1998; Adolf, 2001; Loupyet al., 2001). Among

these, questions concerning temperature stability and uniformity of heating by

microwaves have cast someroles on the interpretation of these results. The majority of

daims for specifie microwave acceleration havecontributed to the special microwave

temperature profile resulting in superheated solvents (Saillard and Berlan, 1995).

However, Li et al. (1996) sugge~ted that a specific effeet may resultpurely from the faster

increased heating rate which microwave dielectric heating offered other than the way

obtained by .con.ventional heating modes. In order to explain the microwave-assisted

chemical reaction, it is important to know the temperature profile during the microwave

irradiation. The activation of themolecule is strongly related to the temperature of the

reactants. The reaetion can happen only when the reactants are activated and give rise to

the desiredproducts.

The esterification of the p-hydroxybenzoie acid with lower carbon alcohols has

been reported that it was greatly aceelerated by microwave irradiation at a microwave

frequency of 2450 MHz (Chen et al., 1993; Zhang et al., 1998). Lysine is an essential

amino aeid and it is most often the limiting amino aeid in eereal products (Jokinen et al.,

2



1976). In order to achieve the objective of relationship between the chemicals, chemical

reaction· anddielectric properties, two types of the chemical reactions were chosen as

models for the current investigation. They are esterificationof p"'hydroxybel1zoic acid

with lower carbon alcohols and Maillard reaction of glucose with lysine in water.

1.2 Objectives

The main objective of this study was to study the chemicals and chemical reaction

from the aspect of dielectric properties at microwave frequencies of 2450 and 915 MHz

(physical properties) notlimited .from the chemistry aspect. In pursuit of this main goal,

the specifie objectivesofthe study were:

1) To establish relationships between dielectric propertiesofthe chemicals and

concentration throughthe measurement of dielectric properties.

Ii) To establish relationships between dielectric properties ofthe chemicals and

temperatures.

iii) To develop predictive models lipking. the dielectric properties of the

chemical reaction to the yield ofthe reaction.

iv) To develop methodsusing dielectric property analysis for trailing the two

chosen chernical reactions in this study.

v) To establish optimum condition for esterification under microwave

envÏfonment.

vi) To explain the mechanism of the microwave-assisted chemical reaction

through yield comparisons of the reaction under microwaves and

conventional heating at varying temperature profiles.

3



II. GENERAL LITERATURE REVIEW

The purpose of this review is. to proyide a perspective on the presentstate of the

measurernent l1lethods, dielectric propertiesof the chernicals, dielectric properties of

chernical. reaction, microwave-assistedorganic synthesis, application.of dielectric

properties, areas of developmentand debates yet to be resolved. A background about

microwave and dielectric properties is also provided and literature about the mathematical

models describing the dielectric properties of food material and their components is

reviewed.

2.1 Dieledtic P:roperties and Mic:rowave Heating

2.1.1 Introduction to microwave

Microwaves are short wavelength electromagnetic waves generated by

magnetrons and klystrons, consisting of electrical and magnetic energy. Microwaves lie

between the radio frequencies and radar bands (Figure 2.1) (Kingston and Stephen, 1997).

The wavelength ranges from O.lmm to lm (300 MHz to 300 GHz).

Microwaves have the same behaviour as the light-waves. They can be reflected by

metal, transmitted by materials such as tetrachloromethane, benzene, alkane, glass,

cerarnics, plastic, paper which have lower dielectric properties; absorbed by such

materials as water, lower carbon alcohol, dimethyl formamide (DMF) which have higher

dielectric properties.

2.1.2 Dielectric properties

The dielectric properties of tnaterials are key factors to be considered in

microwave-assisted chemical reactions, because they are directly linked to the heat

distribution of the materials during the microwave heating process. In fact, in a chemical

reaction, it involves various parameters such as material variety, concentration of the

material and temperature. The dielectric properties of a material can be expressed by the

following equations:
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Figure 2.1: The electromagnetic spectrum.

* "E = E - jE (2.1)

Where,

6* is the èomplex permittivity of the material. It contains two parts, a real part 6'

and an imaginaI)' part 6";1t is related to its ability to couple electrical energy from a

microwave power generator, e.g., a magnetron or klystron in terms of loading effects

generally reflected by characteristic product impedance.

•
6' is the dielectric constant ofthe material, which is a measure of the ability of a

materialto couple with miçrowave energy•
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~" is the dielectric loss factor of the material, which is a measure of the ability of

a material to dissipate electric energy, converting it into heat.

In addition, the ratio 8"/8' is called the 10ss tangent (tan8),.which is related to the

ability of materials to be penetrated by an electrical field and to dissipate (attenuate)

electrical energy as heat. Generally, the higher the value of the loss tangent is, the better

the material will absorb microwave energy. These dielectric properties are considerably

dependent on such factors as frequency, the concentration.of the chemica.l reactants, and

the initial temperatureofthe compounds. The dielectric properties ofmost food materials

have been reviewed by TingaandNelson (1973) and some chemicals at 2450 MHz have

also beeh reviewed by Gabriel et .al. (1998).

2.1.3 Microwave beating

Microwave heating is a volumetrie process, which is distinctive ftom other

conventional heating mechanisms. The volumetrie heatresults in temperature increa.se in

the interior of thematerial. The theory of microwave heating has been extensively

discussed in the literature (Whittaker and Mingos, 1994). There are two mechanisms

about microwave heating: dipole rotation and ion polarization (Decareauand Peterson,

1986). The former occurs when polar molecules suchas water, dimethyl form.amide

(DMF) and lower carbon alcohol are exposed to electromagnetic field. The materials will

beheated and the weak hycIrogen bonds will be disrupted as a result of themolecules

friction. In contrast, the •latter occurs in samples contaihing ions such.as eIectrolytes. In

the presence· ofan electromagnetic field, the positive ions (e.g., K+ that exists in the

chemical reactionby phase transfer catalysis) perform electrophoreticmigration toward to

the negative pole. Theycollide with other ions andmolecules .so that the heât is

generated. Whendielecti'ic loss occurs, theabsorbed microwave power energy can be

dissipated as heat. The âmount of power absorbed and the. rate of heat generationdepend

upon the dielectricproperties of the materials, .the intensity and frequencyofthe field.

The relationshipscan be. expressed by the following equations [Goldblith, 1967]:
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P = 55.61 X 10-[2 fc"E 2

Where,

P = power absorbed in W/m3
•

E = voltage gradient in volts/m.

T = temperature of the materials, oc.
f= frequeney of the energy source in 1/s.

p = material density, glcc.

8" = dielectric loss factor of the materiaL

t* = time, s.

cp = specifie heat, J/goc.

(2.2)

(2.3)

Microwave heating is not only relevant to the dielectric properties of materials,

but also to eleetric transmission properties (Decareau, 1985). In sorne sense, the

microwave dielectric heating effeet takes advantage of the ability of sorne chemicals to

transform electromagnetic energy into heat and thereby drive chemical reactions.

The properties of the equipment and the materials being heated have crucial

influences on the heating ofmaterials by microwaves (Schiffmann, 1986). The frequency

and power of the microwaves are important parameters of the microwave system, which

contribute to the microwave heating. The impact of each of these must be considered in

the design of a produetlprocessing system. Any dipolar compound with relatively low

molecular weight will tend to display a capacity for heat in the presence of microwave

field. The· temperature rise profiles for sorne chemicals under microwave irradiation are

shown in Tables 2.1 and 2.2.
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Table 2.1: Heating ofol'ganie solvents by micl'owaves (50em3
, 560 Watt for 1 minute)

(Whittaker and Mingos, 1994).

Temp.* B. P.** Temp.* B. P.**

Compound Compound
eC) eC) (OC) COC)

Water 81 100 Acetic acid 110 119

Methanol 65 65 Ethyl acetate 73 77

Ethanol 78 78 Chloroform 49 61

I-Propanol 97 97 Acetone 56 56

I-Butanol 109 117 DMF 131 153

1-Pentanol 106 137 Diethyl ether 32 35

1-Hexanol 92 158 Hexane 25 68

l-Chlorobutane 76 78 Heptane 26 98

• I-Bromobutane 95 101 CC14 28 77

*: Temp: Temperature; **: B.P.: Boiling point.

2.1.3.1 Frequency

Microwave.frequencies of 915 and 2450 MHz are often used in industries and

research labs. Their wavelengths in air are 33 and 12.2 cm, respectively. From the

microwave power Equation (2. 2), we can see that higher the microwave frequency used

in the microwave field, more the energy can be available for the material. However, for a

given microwave system, due to the fact that the microwave frequency is not adjustable,

the better way to afford better microwave heating efficiency is to modify the other

parameters affecting the microwave heating.
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Table2.2: Comparison ofheatîng effect (5()cm3 Microwaveat 245() MHZ irradiation for 15 s at

525W) (Zhang et al., 1997).

Solvent
Temperature after microwave Boiling;point

irradiation COc)
Static dielectric

constant (Es)

l''Propanol 60 97 20.1

I-Butanol 53 117 17.8

I-Pentanol 48 137 13.9

I-Hexanol 41 158 13.3

CHCb 21 62 4.8

Acetic acid 35 118 6.2

I-Butanone 39 80 18.5

2.1.3.2 Thermal properties

The thermal properties .of chemic:ils being heated include the heat capacity and

thermal conductivity, which have an important influence on the product (Equation 2.3).

As the heat capacitie~ increase, the heating rates decrease in a smooth way (Figure 2.2).

2.1.3.3 Temperature

Heating ratt:: not only depends on the power level but also on the initial

temp~ratureofmaterial due to the fact that the diel~ctric properties vary with temperature.

The dielectric loss may increase or decrease with tempeJ"ature,depending .on the intrinsic

properties of the material being heated. Since the temperature changes during microwave

heating, it may have aprofound effect on the dielecfric constant, dielectric loss factor, and

it is important to know what functional relationships exist between these parameters in

9
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Figure 2.2: The heating rate plotted against heat capacity for (0) water, (0) ethanol, (+)

butanoI and (x) hexanol at a power of233Win the temperature range of 20-60 oC (Palacios

et al., 1996).

any material. However, it is not easy to get the measurements of time-temperature

profiles within a product during microwave heating using conventional temperature

sensors (i.e. thermometers, thermocouples). Those conventional sensors interact with the

magnetic component of the field and may also causearcing at sensor surface andresult in

flame and explosion during the chemical reaction. While the temperature profiles can be

measured by glass thermometers. containing fluid with low thermal expansion

coefficients, less efficient to absorb microwaves or by developed fibre optie methods that

are not significantly affected by the microwave· field. The disadvantage for these two

methods mentioned is that these .measurements are expensive. Accordingly, time­

temperature profiles are generally measured by conventional sensors followingirradiation

for discrete time periods by inserting temperature probes at various positions within the

reaction.
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2.1.3.4 Microwave heating rate

The heating rate ofmaterials by microwaves is affected by a number ofproperties

of the equipment and the materials being heated. These properties include the dielectric

constant, loss factor, specific heat capacity, emissivity of the sample and the strength of

the applied field and temperature. Palacios et al. (1996) have done some research about

the microwaveheating profiles and property-structure relationships in a family of

alcohols. They found that the normal-alcohols from Cl to C6· have· higher heating rates

than pure water. This result can be useful when selecting a heating media for chemical

reactionor extraction under microwave irradiation (Figures 2.3 and 2.4).

"

o 1 2 3 4 5

Number of carbon atoms

Figure 2.3: (0) Heating rate at a power of 233 W, 2450 MHz and (0) dielectric loss factor at

25 oC of six n-alcohols, Cl to C6 as a functionofthe number of carbon atoms in the n-alcohol

molecules.

2.2 Measutementof Dielectric Properties

There aremany technologies to measure the dielectric properties (Klein et al.,

1993; Donoven et al., 1993; Dressel et al., 1993; Meda, 1996). Usually, those methods

can be classified into two categories: non-resonant methods and resonant methods. The

former mainly consists of reflection methods and transmission/reflection methods,

11
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reqmnng the strict sample preparation during the measurement. The latter mainly

includes resonatorandresonant perturbation methods,having relative1y higheraccuracy

than non-resonant ones (Chen et al., 1999). The cavity perturbation technique is one of

the most widely used due to its simplicity of themeasurement set-up, high sensitivity,

automated experiment facility, direct evaluation. and higher accuracy. It does. not require

complicated calibration and tuning since a network analyzer can accomplish those

analyses. This technique was proposed by Montgomery (l947) and furtherdeveloped by

several .researchers in both experimental <and theoretical aspects (Waldron, 1960;

Champlin and Krongard, 1961; Subramanianand Sobhanadri, 1994). It can be used to

measure the dielectric properties ofboth liquids and solids.

2.2.1 Them·y about resonant perturbation

The principle ofthis technique is based on the changes in the response to resonant

cavity under electromagnetic radiation. When a foreign body is in.troduced into a resonant

cavity, the frequency of the resonant (f) and the quality factor· (Q) of the. cavity change

slightly. The change of complex angular frequency (D of a resonant cavity due to the

insertion of a samplecan be expressed as follows (Waldron, 1969):
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Where, subscripts 0 and s refer to before and after the introduction of the sample,

respectively.

m = complex resonant angular frequency.

ë = complex permittivity.

f..l = complex magnetic permeability.

H =.microwave magnetic field.

E = microwave electric field.

Vc = region enclosed by the cavity.

This equation cornes from the assumption that the cavity wall is perfectly

conducting and the perturbation is srnaH.

2.2.2 Parameters of cavity perturbation technique

The quality factor Q of the cavity is defined as:

(2.5)

Where, fo= mo/2n is the centre frequency and r is the bandwidth or fun frequency

width at half-maximum. fo and r are the two characteristicsof the resonantcavity; <W>

is the time-averaged energy stored in the cavity and L is the energy loss per cycle.

The Q of the cavity is determined by the energy loss per cycle. Three main energy

losses are contributed to the Q factor: Ohmic losses in the cavity walls, irradiative losses

in the couple device, and losses within the sample placed in the cavity.

For a given measurement frequency, the minimum cavity dimensions are roughly

given by ~ the wavelength in each physical dimension (Donoven et al., 1993).
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2.2.3 Functions of cavity perturbation technique

Resonant cavities have been widely used successfuHy to measure the dielectric

properties of the materials by measuring the shift in the resonant frequency and the

change in the Q factor of the cavity due to the insertion of the sarnple at the maximum

electricfield position. This technique can be shown in the Figure 2.5 (Kraszewski and

Nelson, 1994). The right peak was produced without the insertion ofthe sample in the

cavity. The left peak W&S contributed to the sample insertion. The dielectric properties

(dielectric constant and loss factor) are given by:

(2.6)

(2.7)

Where, subscripts 0 and s refer to the empty cavity and the cavity loaded with an

object at the centre of the cavity, V= volume, f = resonant frequency, Q=Q factor, k=

factor dependent upon object shape, orientation and permittivity (Kraszewski and Nelson,

1993).

2.2.4 Some considerations to be taken during the measurement

During the measurement, the most important considerations pertaining to this

techniqlle which must be taken in order to get accurate data include (Donoven et al.,

1993):

i): The size of the sample (À>2a).

Where, À is the wavelength of the electromagnetic radiation and 2a is the largest

sample dimension; the foreign body must be smaH compared to the spatial variation ofthe

field and its disturbing influence must not be strong enough to force a jump from the

unperturbed cavity mode.

ii): VsNo«l, Where Vs and Vo are the sample and cavity volumes, respectively.
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Figure 2.5: Resonant curves for empty cavity (right) and cavity loaded with material (Ieft).

iii): The other factors such as location of the object inside the cavity, mode of operation

of the cavity and temperature are also important.

iv): The frequency and the quality factor resolution have to be considered.

2.3 Dielectric Properties of Chemicals and Chemical Reactions

Microwave dielectric heating has attracted interest in the chemical industry due to

its ability toprovide selective heating, rapidity and to allow localsuperheating of

materials. To apply microwave techl1ology to the chemical reactions, the knowledge of

15



dielectric properties of chemiCals at chosen microwave frequencies is important in

fundamental studies of chenücal structure, dynamics. It is also important in design,

implementation, and control. ofmicrowave heating systems for the practical applications

of nlicrowave-enhanced chemistry (Kuester, 1994; Mehdizadeh, 1994). The dielectric

properties are crucial in microwave heating and in assessing their economic and

environmentaI implications. The. dielectric constant and loss factor are necessary to

predict various essential microwave~processing parameters such as penetration depth,

rniCrowave heating rate. and temperature profile within irradiated chemiCal reactors.

Although the database of dielectric properties initiated byvon Hippel (1954) and

extended by others contains dielectric properties information about materials and

foodstuffs, the data for commonly used chemicals for the chemical reactions perfonned

under microwave irradiation are ndt readily available. In fact, few of data provided were

measured at microwave frequencies of 2450 and 915 MHz and at varying temperatures.

Most studies focused on the statÎc permittivity (dielectrÎc constant) (es) or the.limiting

high frequency permittivity (z<x»' Data about the statie permittivity for the most of the

chemicals can be obtained from sorne handbooks such as .Handbook of Chemistry and

Physics. When a materiaI absorbs microwaves at 2450 or 915 MHz, the temperature rise

profile for the materia11s dependent on both the dielectric constant and loss factor at these

frequencies. The dielectric property investigation focused at 2450 MHz began only after

the advent of the microwave assisted chemical reactions (AyappaetaL,1992). The

dielèctric properties of acetone/hexane .at 2450 MHz were investigated by Punt (1997)

using cavity perturbation technique. Lou et aL· (1997)also investigated the dielectric

properties of varic)Us organic solvents and binary solvent mixtures· at 21.4 °Cover the

frequency range of 200 MHz"'13.5 GHz using an open-ended coaxial probe. Data about

dielectric properties at sorne specifie microwave frequencies for sorne chemicals are

presented in the recent review by Gabriel et a.L (1998). In thiS review, the authors

provided the data about sorne alcohols, nitriles, esters, ketones and chlorhydrocarbons at

2450 MHz.
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2.4 Application of Dielectriç Properties

Dielectric properties are intrinsic characteristics of the materials explaining the

behaviour and degree of the wave-material interaction when exposed to microwave field.

They are very important in microwave heating, microwave sensing, process design and

application. For example, there are many researchers who have used dielectric properties

to measure moisture content of agri-food (Kraszewski et aL, 1989; Kraszewski and

Nelson 1993, 1994; Meda et aL, 1998; Okamura and Zhang, 2000). Nelson et al. (1995)

proposed relationships between dielectric properties and maturity of sorne fruits. Buchner

and Barthel (1995) studied.the kinetic process in the liquid phase by making use of the

dielectric properties of the materials. Rudakov (1997, 1998) used dielectric properties of

the solvents to optimize the mobile phase in the high-performance liquid chromatography.

In addition, at a fundamental level, the dielectric behaviour of the material can provide

the information about molecular interactions and mechanism of molecular processes

(Firman, et aL, 1991; Lunkenheimer and Loidl, 1996; Suzuki, et aL, 1996, 1997;

Matsuoka, et aL, 1997; Shinyashiki, et al., 1998).

2.5 Mathematical Models for Dielectric Properties

In order to better understand and describe the dielectric properties of the materials,

various mathematic models have been proposed. ft is possible to use specifie models to

predict or compute dielectric properties of specifie materials according to their

compositions.

a) Debye modelsfor polar liquids:

(8 - 8 )
8w= S 0 +8

1+ (A / A)2 0
s
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Where, Ew' and Ew" are the dielectric constant and loss factor of pure water; Es and

Eo are the static and optical dielectric constant; Às and À are the critical wavelength and

wavelength of measurement.

These models were first proposed by Debye following Maxwell equations. lt can

be used to predict dielectric properties of oil-water and alcohol-water based on pure

component properties (Mudgett et al., 1974a).

b) Hasted-I)ebye models (Hasted et al., 1948):

, ,
8 =8 -2!5C

S w

" "8 = 8 +AC / (lOOOm8 )
S W v

(2.10)

(2.11)

Where Es' and Es" are the dielectric constant and loss factor of an aqueous ionic

solution; Ew' and Ew" are the dielectric constant and loss factor of pure water; 8 is the

average hydration number; A is the equivalent conductivity of the solution; (j) is the

angular frequency and Ev is the dielectric constant of vacuum, C is the dissolved ~alts

concentration.

These models were proposed by Hasted et al. in 1948. The modified Debye model

can be used to solve the effects of salt dissociation on water behaviour. Mugett et aL

(l974b) used this model to successfully predict dielectric properties of non-fat milk.

c) LLL mixture model: (Looyenga, 1965)

1/3
ë

(2.12)

•
Where, E is permittivity of the mixture; El and E2 arepermittivity components 1

and 2; VI and V2 are the volume fractions ofcomponents 1 and 2.
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This model has been reHable to estimate pennittivities of the mixture (Nelson and

You,1990).

d) Universal model for the mixture ofliquids (Thakur et al., 1999)

aB aB aBe m=ve I+ ve 2
1 2 (2.13)

Where, Bm is permittivity of the mixture; BI and B2 are permittivity components 1

and 2; VI and V2 are the volume fractions of components 1 and 2; a is a constant

indicating the measure of the interaction among individual phases in the mixture and is

unique for agiven system.

The model stands on the assumption that non-interactive and distributive in

material of dielectrics is a continuous function of pennittivity of the material and its

derivatives exist in a given interval. Using this model can derive the mixture model

proposed by Tinga et al. (1973), and Kraszewski et al. (1976).

2.6 Microwave-assisted Organic Chemical Reactions

Since the advent of the first papers about using microwave energy in the organic

synthesis by Giguere et al. (1986) and Gedye et al. (1986), numerous papers and reviews

have been published describing the application of microwave dielectric heating in

chemistry (http://www-ang.kfunigraz.ac.at/~kappeco/microlibrary.htmand the references

cited in). Using microwave in the chemical reactions has the following advantages

compared to the conventional heating:

i) Higher heating rates and different temperature profiles (temperature distribution)

due to its volumetrie heating.

ii) Selectively heating due to the dielectric properties of the materials.

In the beginning, most of the microwave-assisted chemical reactions were

performed with an organic solvent in sealed vessels using domestic microwave ovens;

however, the present trend is to carry out reactions without any solvents. It is possible to

use die1ectric heating method without solvents to obtain chemicals at higher yields in

short reaction time, thus leading to minimum waste. It is normal for us to notice several

papers about microwave-assisted organic· synthesis appearing in the recognized journals
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each week. The variety of work, which has been carried out in microwave field, inc1udes

analysis, organic synthesis, extraction and digestion, ceramic processing, and pyrolysis

(http://www.ed.ac.ukl~ah05/microwave.html and references cited in). EspeciaUy, interest

in microwave application in chemistry, drug discovery from academic, governmental,

company, and industrial laboratories has increased in recent years. Esterification

(Majetich and Hicks, 1995) and Maillard reactions (Yaylayan, 1996) .are typical reactions,

which can also be carried out under microwave irradiation.

2.6.1 Microwave~assisted esterification

2.6.1.1 The present status of microwave"assisted esterification

Esters have been served in a variety of industrial applications (Tedder et aL,

1975). For instance, p-hydroxybenzoic acid esters have been widely used as antimicrobial

agents in cosmetics due to their broad antimicrobial spectrum, relative low toxicity, good

stability and no volatility (Cantwell, 1976). The suitable catalyst is essential for

esterification whether it is performed through conventional heating or microwave heating.

Under microwave irradiation, the catalysts for the esterification inc1ude sulfuric acid,

PTSA (toluenesulfonic acid), inorganic acid such as phospho-tungstic acid and inorganic

salt such as FeCh and phase transfer catalyst hexadecyltrimethylammonium bromide

(HDTMAB). Esterifications can be performed in dry media (without solvent) or liquid

media (with solvent or one excess reactant (liquid)) under microwave irradiation. Under

dry media, it can take advantage of rate enhancements because of thermal effects

resulting from microwave dielectric heating, and displacements of equilibriums by

removal of volatile polar molecules such as waterand srnaU alcohols. These dry media

inc1ude alumina (Loupy et aL, 1993; Su et aL, 2000; Zhou, 2001; Gasgnieret aL, 2001),

polymer-support(Stadler and Kappe, 2001), active carbon-support (Li et al., 2000; Fan et

aL, 1999,2000), montmorilloniteclay (Esveldet aL, 2000).Perez et aL (2001) performed

the esterification of fusel oil using a solvent-free microwave method and p-TsOH or

H3PW2040 (HPW)as catalysts. Esterification reactions under microwave irradiation in

liquid media were often performed when .one of the reactantssuch as alcohol, was liquid.

In fact, the first microwave-assisted esterification reactiol1s were perforrned in liquid

media (Gedye et aL, 1986). Majetich and Hicks (1995) havestudied the esterificati.onof

20



•

the diacidand methanol using concentrated sulfuric acid as a catalyst under microwave

irradiation. Chen and co-workers (1990) developed a continuous-flow apparatus that

pumped· the reagents through reaction coil in commercial microwave oven.Li et al.

(1997) also used a continuous flow apparatus to study the esterification of the low ca.rbon

carboxylic acid with propan-l-ol. Liu et aL (1992) presented that the esterification of the

Me(CH2)nC02H (n = 2, 3, 5) with butanol using Lewis acid Fe2(S04)J-H20 as an acid­

catalyst to get esters Me(CH2)nC02Bu. Four salicylate esters were synthesized under

microwave power 560W at normal pressures in 22 minutes withthe yield between 88.7%

and 94%. The reaction rate was at least 14 times as fast aswith classical conditions (Fan

et al., 1998).Zhang et al. (1998) and Chen et aL (1993) reported that p-hydroxybenzoic

acid was refluxed with ROH (R=Et, n-Pr, Bu) employing concentrated sulfuric acid asa

catalyst under microwave irradiation for 30 minutes togive 87-93.5%corresponding

esters. The esterification ofbenzoic .acid withethanol wasstudied in a continuous tubular

flow reactor heated by microwaves. In this study, the authors employed sulfuric acid and

ion exchange resins as the catalyst (Pipus et aL, 1998, 1999). The butyi gallate was

synthesized to produce 87% yield by esterification of the gallic acid and butanol with p­

methylbenzenesulfonic acid as the catalyst under microwave irradiation (Yuan et aL,

1998). NOffilal-butylacrylate was preparedthrough esterification of the acrylie acid and

butanol under microwave irradiation with solid super acid Ti02/sol- as a catalyst. The

86.8% yield was obtained in 120s under microwave irradiation (Chen and Peng, 1999).

2.6.1.2. Factors affecting esterification and superheating

There are many factors which have influence on a specifie chemical reaction

performed at normal pressure. GeneraUy, they involve reactivity of each reactant, the

concentration of each reactant, the reaction temperature, and the reaction. time. For

reactions under microwave irradiation, additional factors include irradiation·power a.nd

dielectric properties of each compound. Gedye et al., (1986) found that there was an

inverse relationship between rate enhancement and the boiling point ofthe solvent when

using microwave irradiation to synthesize methyl, propyl, and butyl benzoic acid esters.

Thedifferences between the same acids with different alcohols areshown in Table 2.3.
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Product Reagemtime

Reaction

foUowed

ProcedureCompound

synthesized

Table 2.3: Microwave-enhanced esterification reactions in sealed tube (Gedye et al., 1986).

Recovery*

Esterification ofbenzoic acid with methanol

8 hrs 74% 19%

5 min. 76% 11%

Esterification ofbenzoic acid with propanol

7.5 hrs 89% 7%

18 min. 86% 11%

Esterification of benzoic acid with n-butanol

l ms 82% 12%

7.5 min. 79% 17%

*: recoveryvalues are based on isolated yields and represent the average of at least two

experiments

As we know, lower carbon alcohols having higher dielectric properties but with

relatively lower molecular weight will tend to display a capacity for superheating under

microwave irradiation (Table 2.4). Superheating under microwave irradiation has been

investigated by a number of authors (Bond et aL, 1991; Saillard et al., 1995), and a model

was proposed for the behavior based on the mechanism of nucleate bubble formation,

which expressed the kinetic aspects of boiling (Baghurst and Mingos, 1992). Since

microwave heating plays an. important role in physic-chemical properties of the

chemicals, they have to be considered in the study.

Saillard et al. (1995) have investigated superheating of ethyl and methyl alcohols

under microwaves in a monomode cavity. They found that under microwave heating after

a rapid increase of the temperature, a plateau region ofconstant temperature was observed
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as the liquid began to reflux, while under conventional heating no superheating occurred

(Figure 2.6).

Table 2.4: Superheating ofsolvents measured by a variety ojmethods (temperatures are in OC).

Boilin Dielectrie Xy1ene Fluoro-optic Fiber optie Thermal
Solvent

g point constant" thermometerb thermometerb probec
Imagingb

Water 100 78.3 104(+4) 104(+4) 105(+5)

Methanol 65 32.7 78(+13) 84(+19) 71(+6) 84(+19)

Ethanol 79 24.7 90(+11) 103(+24) 91(+12)

2-Propanol 82 87(+5) 100(+18) 108(+26)

"(Kingston and Stephen, 1997); b (Whittaker and Mingos, 1994); C (Saillard et al., 1995).
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Figure 2.6: Temperature profiles
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2.6.1.3 Reason fol' microwave-assisted esterification

Superheating is widely believed to be responsible for the rate and yield inerease,

whieh aecompany many liquid phase reaetions. Reports by a number of researehers have

suggested other peeuliarities when mierowaves are responsible for enhanced reaetions

and esterification eompared to without microwave enhaneement.

For the microwave-enhaneed esterification, an explanation for rate enhaneement is

that the irradiation leads to a fast inerease in reaction temperature rather than to a specifie

non-thermal mierowave effeet (Stadler and Kappe, 2001). Among the results about

mierowave-enhanced esterifieation, Pollington et al. (1991) found that in earefully

eontrolled systems, the rates of esterifieation of I-propanol with ethanoie aeid are almost

similar in both with and without microwave irradiation (Figure 2.7). In the following

year, Raner and Strauss (1992) reported rates of esterification of 2,4,6 -trimethylbenzoic

acid with 2-propanol to be similar both under microwave reactor and in the oil bath
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Figure 2.7: Concentration of ester as a function of time during heating under reflux at

atmospheric pressure: (O): H2S04 catalyst conventional heating; (ô): H2S04 catalyst

microwave heating; (x): sïHca catalyst conventional heating; (*): silica catalyst microwave

heating.
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experiments. The final yield ofester depends only on the nature of the temperature profile

and not on the mode of heating. Li et al. (1996,1997) have investigated esterification

reactions of ethylcellosolve and acetic acid with concentrated sulfuric acidas a catalyst.

They found that the rate ofesterification had heen accelerated hy microwave irradiation

due to the fact that the rate of increase in. temperature under microwave irradiation is

faster than that with conventional heating methods. But if the rate of microwave heating

is very close to that with. convehtional heating methods, no microwave rate enhancement

was observed. If the temperature of reflux reaction and the rate of reflux under

microwave irradiation are of the same value as the conventional heating methods, then

there will he no microwave rateenhancement. They also investigated the .effects of

dielectric constant of reactants on the rate of esterification reactions by microwave

irradiation in a continuous flow procedure. They found dielectric constant of the reactants

to he one of the suhstantial factors to have an influence on the reaction rate (Figure 2.8).

By adding a small amount of extra special substance with larger dielectric constant into

the reaction system of lower dielectric constant, the reaction rate increased (Figure 2.9).

Within experimental error,identical yields were also observed for the microwave heating

and conventionally heated reactions when the reactions were heated to approaching

boiling point.
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Figure 2.8: The comparison of conversion vs dielectric constant of different akohols under

tnicrowave heating and traditional heating.

25



Without adding 1% Liel

40

35
:::R0

c: 300
"iii....

<1>
> 25c:
0
u

20

15

0 10 20

dielectric constant

30 40

Figure 2.9: The comparison of conversion vs dielectric constant of different alcohols with or

without adding Liel under rnicfowave heating.

2.6.2 Microwave-enhanced Maillard reaction

Maillard reaction, which was named after its inventor, Lois-CamilleMaillard.is

one of the major reactions linked to the formation of food flavors and colors during

thermal processing. Because of its importance in the determination of color and flavor

properties of foods, it plays a crucial role in food chemistry and food processing.

(Feather, 1989; Ames, 1990; Bailey et al., 1995; Ho, 1996; Ikan, 1996; Yaylayan, 1996).

Although microwave ovens became popular in the 1970's, the market for microwave­

processed food became attractive only in the 1980's (Decareau, 1992). It was forecast that

in the 1990's the percentage ofU. S. households owning at least one microwave oyen to

exceed 80% (Shaath and Azzo, 1989) due to the fact that it is easy, fast and convenient to

cook compared to the conventional cooking methods. However, microwave-cooked foods

often lead to a lack of browning and desirable flavors. This disadvantage has prompted

researchers todo sorne investigationsaboutmicrowave"enhanced Maillardreaction in the

food process. A recent review about Maillard reaction under microwave irradiation has

been given by Yaylayan (1996).

The Maillard reaction is a cascade of complex reactions involving the interaction

initiated between the terminal a and &-amino group of lysine residue in peptides or

protein and the carbonyI moiety of reducing sugars. It was divided into three stages: early,
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advanced and final reaction, which can be characterized by absorption spectra and

molecular weights (Wîjewickreme et aL, 1997). The first step in the Maillard reaction is

the formation of a Schiffs base (aldamine) between the carbonyl group of a reducing

sugar and the free amino group of an amino acid, peptide or protein. The second step is

rearrangement of the Schiffs base to Amadori compounds, which are very. reactive

intermediates. The third step is the further reaction of Amadoricompounds by several

pathways such as enolization, dehydration, aldol condensations and Strecker degradation

to form a bulk of compounds leading to many significant flavors.

Barbiroli et aL (1978) found that the amount of the aminodeoxyketose formed in

microwave oven baking was larger than that in the traditional and IR oyen. However, the

subject about microwave enhanced Maillard reaction was reaUy encouraged by the fact

that a wide range of reactions can be completed under microwave irradiation in a much

shorter period oftime compared to the conventional heating modes (Gedye et aL, 1986;

Giguere et al., 1986).

Parameters affecting microwave-enhanced Maillard reaction

Maillard reaction under microwave irradiation is strongly affected by the reaction

conditions. The most important factors are the concentration and nature of the primary

reactants; temperature of heating, irradiation power supplied, moisture content, pH

(acidity or basicity), pressure, irradiation time, water activity, metal ions, and media

(solvent).

The effectsof pH on the production of heterocyclic flavor compounds in the D­

glucoselL-cysteine model system under microwave irradiation have been investigated by

Yeo and Shibamoto (1991a). They found that the total volatiles generated from this model

system increased withthe pH values. ft. is. the first time todetect a nutty, meaty, and

roasted aroma, 2-metylthiazolidine in a sugar/ amino acid model system. They suggested

pH value to be responsible for this result, because the production of volatile in the

Maillard system under l1licrowave irradiation was base-catalyzed reactions. Zamora and

Hidalgo (1992, 1995) investigated the influence ofpH on the color, fluorescence, product

of a lysine/(E)-4,5-epoxy-(E)-2-heptenal model system under microwave irradiation.

They found that both color and fluorescence depended on the pH. The production Qf 1-
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alkylpyrroles was mainly controiled by the pH. However, they did not mention that the

dielectric properties of the reactants were dependent on the pH.

Zamora and Hidalgo (1992) have studied the influence of different mole value of

sodium chloride on a lysine/(E)-4,5-epoxy- (E)-2-heptenal model system using

microwave energy. Yeo and Shibamoto (199lb) have also studied the influence of the

electrolytes on the D-glucoselL-cysteine system. An enhancement in flavor production

was observed due to the use of the electrolytes in the microwave-irradiation model

system, but different e!ectrolytes have different results. Sodium chloride promotèd the

amount of volatiles by 200% compared to the use of ferrous chloride. A suggestion that

the dielectric properties of the electrolyte solutions may result in an overail increase in the

generation of volatiles under microwave irradiation was proposed, but they presented no

details about the dielectric properties of the mixture of the reactants and salt.

The effects of moisture content on the production of heterocyclic flavor

compounds in the D-glucoselL-cysteine model system undermicrowave irradiation have

been investigated by Yeo and Shibamoto (l991c). They found that the total volatile

generated from this mode! system increased with moisture content to a maximum at Il%

moisture, while above Il% moisture, the total volatiles decreased with moisture content.

Maillard reaction of different amino acids with glucose in different media such as

propylene glycol or glycerol has been investigated by Yu et al. (1998) and the changes in

the color, appearance, and aroma from the reaction were compared as weIL

Keyhani (1997) have investigated the influence of concentration of the reactants

on the Aldose/Glycine, D-glucoselL-alanine Maillard reaction model systems under

microwave irradiation. In the D-glucose/ glycine model system, a new compound was

produced when the ratio of glucose/lysine was 1/3. Zamora and Hidalgo (1992, 1995)

investigated the effect of epoxyheptenal/lysine ratio on color, fluorescence and the

products of the Maillard reaction model system lysine/(E)-4, 5-epoxy-(E)-2-heptenal. The

influence of irradiation time on the product was discussed as weil, but the influence of

concentration of the reactants on the dielectric properties of the reaction was not

mentioned.
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CONNECTING TEXT

A comprehensive review of literaturedemonstrated a need for knowledge of

dielectric properties ofmaterial, especiaHy for thechemicals, which plays a crucial role in

the microwave-assisted chemistry. The present study seeks to establish the relationship

between dielectric properties of the chemicals with their concentration, temperature and

to find the application of dielectric properties in the chemical reaction.

In Chapter III, the dielectric properties of the alcohols at microwave frequencies

of 2450 and 915 MHz are investigated. The effect of temperature on the dielectric

properties is discussed. The relationship between dielectric properties and the

temperature, half-penetration depth is demonstrated as weIL

The material presented in this chapter has already appeared in a peer reviewed

journal (see details of publication below):

Liao, X., Raghavan, G. S. V., and Yaylayan, V. A. 2001. Dielectric properties of

alcohols (Cl-CS) at 2450 and 915 MHz.Journal olmolecular liquids. 94 (1): 51-60.

The contributions made by different authors are as foHows: (i) The first author is

the Ph.D. student who performed the experimental work and wrote the manuscript, (H) the

secondand third authors are the student's co-supervisors who contributed in aH aspects of

the project.
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III. DIELECTRIC PROPERTIES OF ALCOHOLS (Cl-CS)

AT 2450 AND 915 MHz

3.1 Abstract

The dielectric properties of alcohols (Cl-C5) at2450 .and 915 MHz were measured

at different temperatures using a cavity perturbation technique. Dielectric properties were

shownto be dependent on temperature, frequency and alcohol type. Thedielectric

constants increased with temperature at both frequencies; however, there were significant

differences in dielectric loss factor. Linear and quadratic equations were developed for

each type·of alcohol to relate changes in dielectric constant, dielectric loss factor or half­

power penetration depth with temperature.These relationships are useful in estimating the

volumetric heating of alcohols bymicrowave energy at 2450 or 915 MHz, analyzing the

differentially thtmnal transition in materials, selecting solvents and shedding some light

on microwave-assisted chemical reactions.

3.2 Introduction

An understanding of the frequency or temperature-dependent dielectric properties

of alcohols is important both in fundamental studies of alcohol structure and dynamics

and in practicalapplications of microwave-enhanced chemistry. The dielectric properties

are crucial in microwave processing applications and in assessing their economic and

environmental implications. Il11portant dielectric properties, the relative dielectric

constant and dielectric loss factor, are necessary to predict various essential microwave­

processing parameters such as half-power penetration depth and microwave heating rate

(Copson, 1975; Mudgett, 1986; Decareau, 1992). In microwave-assisted chemical

reactions in the presence of alcohols, the availability of quantitative data on dielectric

properties of alcohols, or methods for their prediction, are essential for the design,

implementation, and development of microwave-heélted processing. One area ofcurrent

interest is the heating of chemicals by microwave energy, which appears to be promising

and shows some advantages over conventional heating methods such as oil bath, electric
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oyen, and heating mantle. The advantages include faster heating rate, reduction of

reaction time, possibility for remote operation, and the ability to changes in temperature

profiles, chemical reactivity, product selectivity and quality (Mingos and Baghurst, 1991;

Morcuende et aL, 1996; Avalos et aL, 1999; Cleophax et aL, 2000). Since most

applications in microwave-assisted chemical reactions involve microwave frequencies of

2450 and 915 MHz, it is necessary to investigate the dielectric properties ofthe chemical

compounds at both frequencies.

Many investigations on the dielectric properties of alcohols exist, but none of

them have focused on both 2450 and 915 MHz frequencies and different temperatures.

Sorne· studies have focused on the static permittivity (dielectric constant) (so) or the

limiting high frequency permittivity (soo) (Danhauser and Cole, 1955; Chahine and Bose,

1976; Nyshadham et al., 1992; Lee, 1998). However, these dielectric properties do not

aUow the selection of solvents or the study of the underlying mechanisms of microwave­

assisted chemistry. The misconception that solvents possessing higher dielectric constants

heat rapidly while those with lower dielectric constants heat slowly under microwave

irradiationhas misled many people in their selection of heating media for chemical

reaction or extraction in a microwave field. When a material absorbs microwaves at 2450

or915 MHz, the temperature rise profile for the material is dependent on both dielectric

constant and dielectric loss factor at these frequencies. However, it is not mainly

dependent on those dielectric constants mentioned in the literature, which are static

permittivities (Garg and Smyth, 1965; Bottreau et aL, 1977; Jordan etaI., 1978; Douglas

and Marcel, 1987; Schweitzer and Morris, 2000). As different aIcohols differentially

affect the heating characteristics of material during microwave heating, the selection ofan

alcohol is the most influential factor on the heating rate of microwave-assisted chemical

reactions. Unfortunately, data regarding both dielectric constant and dielectric loss factor

at 2450 and 915 MHz at elevated temperatures are rare or non-existent. The dielectric

behavior of a series of low molecular weight aIcohols when exposed to microwaves at

different temperatures will not only be useful for microwave-assisted synthesis, but also

can help in our understanding of the mechanisms of microwave-enhanced chemical

reactions and associated differential temperature distributions. This will shed sorne light

on the reasons for the enhanced-chemical reaction under microwave irradiation.
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This study is sought to compare the dielectric properties of alcohols at 2450 and

915 MHz using a cavity perturbation technique. In order to predict thennal effects of the

microwave heatprocessing, equations that correlate the effects of variations in

temperature on the dielectric constant and loss factor were determined in this study. The

half-power penetration depth is also discussed due to its importance in microwave heating

rate. The models for dielectric properties and half-power penetration depth were obtained

using the experimental data generated here.

3.3 Materials & Methods

3.3.1 Materials

Allalcohols were obtained commercially, were of analytical grade reagent (AR)

and were used without further treatment. The alcohols include methanol, I-propanol, 1­

butanol, l-amyl-ol. Ethanol refers to the mixture of 90% ethanol and 10% rnethanol.

3.3.2 Dielectric properties measurement

Dielectric properties of alcohols and water were measured by using a cavity

perturbation technique at 2450 and 915 MHz. Measurement required a dielectric analyzer

(Gautel Inc.), a PC, measurernent cavity, and heating/cooling unit (Isotemp 1013S, Fisher

Scientific Inc.) (Figure 3.1). Before starting measurernents, the calibration was verified by

taking rneasurements on a standard liquid (water) with known dielectric properties. The

sample was confined in a 10 III sample holder (Borosilicate glass Fisherbrand

Micropipets). The heating/cooling unit monitored sample ternperature. Dielectric

measurernents were taken in the temperature range of 25-85°C at 1aoc intervals. The

following equations were used to calculate E' (dielectric constant) and E " (dielectric loss

factor) using SYNS98 (Meda, 1996):

V
c'= 1+ 0.539(~)(Af) (3.1)

~

Vo 1 1
Cil =0.269(-)(- - -)

~ Qs Qo
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Figure 3.1: Dieiectric property measurement set-up.

(3.3)

Where: Vs and V0 are the volumes of the sample and the cavity, respectively; fo

and fs are the resonant frequencies of the empty and sample loaded cavity, respectively;

Qo and Qs are the quality factors of the empty and sample loaded cavity, respectively.

Analysis of variance was used to· determine significant differences among the

alcoholsat both frequencies. Three samples were used for each alcohoL Regressions

obtained for each alcohol were used to relate dielectric constant, 10ss factor, and half­

power penetration depth to temperature using PROC GLM in SAS (Version 6.12 for

Windows 98).
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3.4 Results & Discussion

3.4.1 Dielectric constant of alcohols

The dielectric constants of aIl tested alcohols measured at 2450 and 915 MHz

increase with increasing temperature (Figures 3.2 and 3.3). The dielectric constant at

2450 MHz is lower than that at 915 MHz. Methanol has the highest dielectric constant

among the alcohols tested within the range of temperatures tested. As the number of

carbon atoms in the molecule increases,the dielectric constant decreases. However, very

little difference in dielectric constant is found between both 1-butanol and 1-amyl-ol at

2450 MHz (Figure 3.2) and between 1-propanol, 1-butanol, and 1-amyl-ol at 915 MHz

(Figure 3.3). This suggests that C3-CS alcohols should be representatives ofthe behavior
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Figure 3.2: Dielectric constant of alcohols vs temperature at 2450 MHz.
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Figure 3.3: Die1ectric constant of alcohols vs temperature at 915 MHz.

of the dielectric constant at different temperatures for the other liquid aliphatic alcohols

with over 5 carbon atoms. The results for I-butanol and ethanol at 2450 MHz are in

agreement with the results reported by Gabriel et al. (1998). However, in Gabriels' paper,

the die1ectric constant of methanol decreases with an increase in temperature (30.,.60°C).

Thebehavior of I-propanol, l-amyl-ol at 2450 MHz and of aH the alcohols tested at 915

MHz in the temperature range of25-85°C has not been reported elsewhere. Although the

dielectric constants increas.e with increasing temperature at both frequencies, the rate of

increase in the tested temperature range is lower at 2450 MHz than it is at 915 MHz. In

our study, both Figures 3.2 and 3.3 show a linear relationship between the dielectric

constant and the temperature.

3.4.2 Dielectric loss factor of alcohols

The corresponding temperature dependence for the dielectric 10ss factor of

alcohols at both frequenciesis shown in Figures 3.4 and 3.5. The dielectric 10ss factors

for methanol, ethanol at 2450 MHz are higher than those at 915 MHz. At 2450 MHz,

methanol has the highest dielectric loss factor among those alcohols tested at aH
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Figure 3.4: Dielectric loss factor of alcohols vs temperature at 2450 MHz.
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temperatures tested whHe ethanol has the highest value at 915 MHz. At 2450 MHz, the

dielectric loss factor of methanol deereases with an inerease in temperature and this

observation is in good agreement with other results reported (Gabriel et al., 1998;

Palaeios et al., 1996). The dielectric loss factor of ethanol first increases with temperature

and then decreases, this observation is the same as the result reported by Gabriel et aL

(1998), but it is different from the results reported by Palacios et aL, (1996). In Palacios'

paper, thedielectric loss factor for six chromatographie grade alcohols Cl to C6 at 2450

MHz decreases smoothly in the temperature range 14-75°C. In our study, however, the

dielectric loss factors of the other alcohols first increase with temperature and then

decrease (Figure 3.4 and Figure 3.5). This observation differs with previously reported

results (Gabriel et al., 1998; Palacios et al., 1996). The different behavior observed may

be a result of the differences in chemieal structure at the molecular level among those

alcohols or of the experimental protocol. Interestingly, when temperature rises to 65 ° C,

both I-propanol and I-butanol have simHar values for the dielectric loss factor at 2450

MHz (Figure 3.4).

3.4.3 Models for predicting dielectric properties

In Figures 3.2-3.5, the points represent the experimental data and the lines are the

best-fitcurves to the experimental points. Linear and quadratic equations are used to

express the temp~rature dependency of the dieleetric constant and dielectric loss factor,

respectively.

t;'= a* T + b (3.4)

t;" =c* T2 + d* T + e (3.5)

Where, T indicates the temperature of the alcohol in oC which is belowthe boiling

point of the alcohol and the parameters a, b, c, d, e in equations (3.4) and (3.5) were

determined bythe leastsquare method and are summarized in Tables3.! and 3.2.

The behaviour of dielectric constant with temperature at both frequencies can be

predicted using· the linear equation model. However, there are sorne significant

differences in the behaviour of dielectric loss factor at both frequencies. At 2450 MHz,

only the dielectric loss factor ofl-propanol quadraticaUy varied with temperature. At 915

MHz, the behaviour of dielectric loss factor for aU alcohols except ethanol with

temperature shows a goodquadratie relationship.
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Table 3.1: Regression equation constants and coefficients ofdetermination (1) ofthe equations

for alcohols and water between 25-85 CC at 2450 MHz.

Dielectric constant Dielectric loss factor
Coeff. Coeff.

Alcohol aT+b cT2 + dT +e

a b r2 c d e R2

Methanol 0.417''' 10.99*** 0.988 .004' -.549*** 26.99*** 0.993

Ethanol 0.429'" -2.37" 0.997 -.002' 0.142' 6.43* 0.791

I-propanol 0.441'" -7.71'" 0.993 -.003'" .338*** -3.56' 0.907

I-butanol 0.395'" -6.77'" 0.993 -.002' .224" -2.802' 0.893

l-amyl-ol 0.380'" -6.03'" 0.993 -.0006' .098" -.634' 0.959

Water 0.076*" 74.36'" 0.800 0.003" -.458'" 20.98'" 0.955

***: significant at 0.0001; **: significant at 0.001; *: significant at 0.0l.

Table 3.2: Regression equation constants and coefficients ofdetermination ri) ofthe

equationsfor alcohols and water between 25-85 CC at 915 MHz.

Dielectric constant Dielectric loss factor
Coeff. Coeff.

Alcohol aT+b cT2 + dT +e

a b r2 c b e R2

Methanol 2.094*** -25.9'" 0.998 .0028*** -.330*** 1l.99'" 0.943

Ethanol 2.264'" -43.6'" 0.999 .0006' 2.207'" -42.40'" 0.999

I-propanol 2.276'" -50.8'" 0.996 -.00 l'" .015'" 4.17*" 0.936

I-butanol 2 ",..,..,*** -54.5'" 0.999 -.001'" .105'" 1.38'" 0.769..).) .)

l-amyl-ol 2.343'" '-57.4'" 0.999 -.001'" .164'" -l.80·" 0.762

Water 1.992'" 18.9'" 0.998 .001'" -.157'" 6.32'" 0.999

***: significant atO.OOOI; **:significant at 0.001; *: significant at 0.01.

3.4.4 Half-power penetration of alcohols and water

The half-power penetration depth is an effective and convenient measure to

compare the relative microwave absorbing characteristics of materials and to explain the

effects of the dielectric properties and geornetry on rnicrowave heating (Decareau, 1992;

Schiffman, 1986). The half power penetration depth in centirneters (dp!2) is calculated

from the measured dielectric properties by the following equation:
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(3.6)

Where:Ào i5 the waveiength in free 5pace; e' i5 the dielectric constant and e" is the

dielectric I05sfactor.

The haIf-power penetration depths were calculated for water andfive alcohois

from the dielectric properties measured at different temperatures and are shown in Figures

3.6 and 3.7. The haIf-power penetration depth at 2450 MHz i5 shorter than thatat 915

MHz. Atboth frequencies,ethanoi has the shorte5t haIf-power penetration depth. The

haIf-power penetrationdepth5 for aH alcohols are shorter than that ofwater. This suggests

that the microwave-heating rate of ethanol, methanol, I-propanol,)-butanoI, 1-amyI-ol i5

higher than that of water. This prediction i5 ingood agreement with theresults reported

by Palacios et aL (1996). These results are usefui when selecting a heating media for

chemical reactions in the presence of a microwave field.

o water o methanol b. ethanol
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Figure 3.6: Half-power penetration depth of waterand alcohols vs temperature at 2450

MHz.
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Figure 3.7: Half~power penetration depth ofwater and alcohols vs temperature at 915 MHz.

In order to describe the relationships between the half-power penetration depth

and temperature, both linear (i = 0) and quadratic equations (i :f::. 0) were adopted:

d J!.= i* r2 + g* r + h
2

Where, T indicates the temperature in oc which is below the boiling point and the

parameters i, g, h in equation (3.7) determined by the least square method are summarized

in Table 3.3.

At 2450 MHz, the behavior of half-power penetration depth of both ethanol and

water has a good linearrelationship with temperature (i = 0) (Figure 3.6 and Table 3.3).

For I-propanol, it is better to use the quadratic equation to describe the behavior ofhalf­

power penetration depth at different temperatures (i =0.005 :f::.0) (Figure 3.6 and Table

4.3). However, neither linear nor quadratic equations can give the suitable description of

the half-power penetration depth at different temperatures for other materials measured. Tt

probably results from the much different responses ofmolecular structure of alcohols to

microwave field. Interestingly, at 915 MHz, the half power-penetration depth of aIl the

a1cohols tested except l-amyl-ol linearly varied with temperature (Figure 3.7). This

information can help us to describe the temperature distribution in the microwave...assisted
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chemical reaction due to the fact that the microwave-heating rate is linked to the half­

power penetration depth of material.

Table 3.3: Regression equation constants and coefficients ofdetermination (1)

ofthe equations for the half-power penetration depth for alcohols and water

between 25-85 OC at both frequencies.

2450 MHz 915 MHz
Coeff. Coeff.

Alcohol IT2 + gT +h iT2 + gT +h

g H r2 g h r2

Methanol & & & 0 0.31*** -3.98** 0.986

Ethanol 0 0.11'" .165" 0.965 0 0.21'" -3.4*** 0.984

I-propanol .0005'" -.039 1.56" 0.936 0 0.25*** -4.7'" 0.978

I-butanol & & & 0 0.23'" -3.7*** 0.973

I-amyl-ol & & & & & &

Water 0 0.03'" 0412" 0.945 & & &

***: significant at 0.0001; **: significant at 0.001; *: significant at 0.01.

&: Means that neither linear nor quadratic relationship between the half power penetration depth

with temperature was found

3.5 Conclusions

The dielectric constant of aU alcohols tested increased with temperature. At both

frequencies, the dielectric loss factors of methanol decreased with temperature, while the

other alcohols tested, except ethanol,first increased and then decreased with temperature.

Thehalf-power penetration depth ofwater is higher than those of alcohols tested at both

frequencies. The information obtained in this work could be useful for chemists and

chemical engineers as a guide for the selection of an alcohol as a solvent in a particular

microwave-assisted reaction compared with water in terms of microwave heating rate.
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CONNECTING TEXT

Results in Chapter III clearly demonstrated functionalities of half-power

penetration depth and dielectric properties with temperature. The dielectric constants of

aIl alcohols tested increase with temperature at microwave frequencies of 2450 and 915

MHz, the dielectric 10ss factors of methanol decrease with temperature, while the other

alcohols tested, except ethanol, first increase and then decrease with temperature. The

half-power penetration depth of water is higher than those of alcohols tested at both

frequencies. It can be used to explain the changes indielectric properties before reaction

and after reaction. Due to the fact that we chose tostudy Maillard reaction consisting of

glucose, lysine and water, we need to know the dielectric properties of aqueous glucose

solutions at both frequencies. Furtherrnore, our preliminary study showed that at noc,
within a concentration range of 40-60% (w/w) the loss factor of glucose aqueous

solutions almost remains constant. It prompted us to investigate the dielectric properties

of supersaturated a-D-glucose aqueous solutions at 2450 MHz at varying temperatures. In

this Chapter IV, the dielectric properties of a-D-glucose aqueous solutions at 2450 MHz

were presented.

The material presented in this chapter has already appeared in a peer reviewed

journal (see details of publication below).

Liao, X., Ragbavan, G. S. V., Meda, V., and Yaylayan, V. A. 2001. Dielectric

properties of supersaturated a-n-glucose aqueous solutions at 2450 MHz. Journal of

Microwave Power & Electromagnetic Energy, 36 (3): 131-138.

The contributions made by different authors are as foIlows: (i) The first author is

the Ph.D. student who perforrned the experimental work and wrote the manuscript, (ii) the

second author is one of the co-supervisors who contributed in aU aspects of the project,

(iii) the third author provided input in the design aspect of the experimental setup, (iv) the

fourth author is a co-supervisor.
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IV. DIELECTRIC PROPERTIES OF SUPERSATURATED

a-D-GLUCOSE AQUEOUS SOLUTIONS AT 2450 MHz.

4.1 Abstract

Oielectric properties of supersaturated a-D-glucose aqueous solutions (45-56%

w/w) at 2450 MHz were investigated at temperatures ranging from 25 to 85°C.

Penetration depth was calculated as weIL At each temperature tested, there exists a

concentration range at which the dielectric constants or loss factors for supersaturated

glucose solutions are independent of concentration. These results will be helpful in

studies ofthe Maillard reaction as it occurs in a microwave field.

4.2 Introduction

Microwave energy has been applied in many fields, especiaUy in the food industry

and scientific research such as communication, microwave-assisted chemistry (Oecareau,

1985). Thesuccessful application of microwaves is directly associated with the dielectric

properties of the materials. An accurate measurement and working knowledge of these

properties are key factors in better understanding the interaction of microwaves with food

rnaterials. These properties are defined in terms of dielectric constant (E') and loss factor

(e"). The former is a measure of the ability ofa material to store electric fieldenergy and

the latter is a measure ofthe ability of a material to dissipate electric energy, converting it

into heat. Penetration depth (Op) shows how far a wave will penetrate before it is reduced

to Ile of its intensity at the surface (Mudgett, 1986).

Although many foods can be cooked with rnicrowave energy, products cooked

with microwaves often show organoleptic qualities inferior to conventionally cooked

foods. This is often attributable to insufficient heating-time for the reactions involved in

food color and flavor development to be completed. To improve the quality of

microwave-cooked products, a modified product formulation which enhances reactions

leading to the desired organoleptic traits, must be determined. Amongst other

characteristics, dielectricproperties of .food cornponents must be considered in
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developing. .such formulations. The Maillard. reaction, an extensively studied chemical

reaction in food processing and flavor chemistry, has recently been shown tohave an

important role in fields as diverse as human pathology and f1avor chemistry (Ikan, 1996),

with far reaching implications in the· production of f1avorsand aromas,. nutrition,

toxicology,. and food processing technology (Yaylayan, 1997). Glucose is frequently one

of the primary reducing sugars involved in the Maillard reaction. An early determination

at 25°C of the dielectric propertiesof glucose aqueous solutions (l0-70%) at microwave

frequencies of 3000 andlOOOMHzshowed thafthe dielectric constants d~crease but the

loss factors increase with concentration for. aU solutions studied (Roebuck et al., 1972).

However, our preliminary study showed that at 22°C, within a concentration range of 40­

60% (w/w) the loss factor of glucose aqueoussolutions almost remained constant. The

dielectric properties of supersaturated a-n-glucose aqueous solutions at 2450 .MHz at

temperatures above 22°C are little studied. The lack of consensus or information in these

areas ledus to investigate the dielectric properties. of supersaturated a-D-glucose aqueous

solutions at 2450 MHz at varying temperatures. The dielectric behavior of specifie

solutions exposed to microwaves at different temperatures will aHow a better

understanding of microwave-assisted Maillard reactions involving glucose (Liao et al.,

2000) and more generally the kinetic mechanism of microwave-enhanced chemical

reactions.

4.3 Materials & Methods

4.3.1 Aqueous solutions of glucose

Standard glucose aqueous solutions (l0-60%) were preparedby placing

preweighed amounts of glucose into suitable bottles, which were fiHed with distilled

water to a specified volume. The accuracy ofthe balance was ± O.OOOlg.The accuracy of

the volume determination was ± O.2-ml. a-D-glucose (ACS Reagent) was purchased from

AldrichChemical Company Inc. (USA) and used without ftirtherpurification. A standard

microwave oyen was used to aid in the complete dissolution of the glucose. Then, .the

solution wasstirred by magnetic stirrer and naturaHy cooledto roomtemperature. To
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avoid lossof glucose due to microorganismal activity or precipitation, the measurements

started immediately after the sample temperature cooled to room temperature.

4.3.2 Measurernent of dielectric properties

Dielectric properties at 2450 MHz were measured by usingthe cavity perturbation

technique, requiring a dielectric analyzer (Meda and Raghavan, 1998), a PC, resonant

cavity made ofcopper (i.d. = 90mm; h = 45mm; TMoIO simplistic mode), and

heating/coolingunit (Isotemp lOBS, Fisher Scientific Inc.) (Figure 4.1). The system was

calibrated with distilled water, a liquid of known dielectric properties.· The sample was

confinect in a r01l1 borosilicate glass sample holder (Fisherbrand Micropipet). The

circulating f1uid,ethylene glycol, tran~ferred heat from coUs attâched to the external waHs

of the resonant cavity, thus maintaining the temperature of the cavity and sample at the

desired level. Dielectric measurements of aH glucose solutions were performedat the

specific temperatures discussed, The accuracy for temperature measurement was ±O.lOC.

The following equations were used to calculate a' and a" (Meda, 1996):

V
c'= 1+0.539(;)(AI) (4.1)

s

VII
c"= 0.269(;)(-.--) (4.2)

s Qs Qo

Where: Vs and V o are the volumes of the sample and the cavity, respectively; fo

and fs are the resonant frequencies of the empty and sample loaded cavity, respectively;

Qo and Qs are the qualityfactors orthe empty and sampleloaded càvity, respectively.

4.3.3 St~tisticalamdysis

Analysis of variance was used to determine significant differences in a' and a"

among the aqueous solutions of glucose. Three samples were used for each solution.

Linear regressions between a' or a" and eitherglucose concentration or temperature

wereobtained using PROC GLM in SAS (Version 6.12 for Windows 98). In this

47



procedure, the significance of the intercept value and slope were tested. Regressions

relating penetration depth to temperature and glucose concentration were obtained for

each glucose solution using PROC STEPWISE in SAS (Version 6.12 for Windows 98).

Similarly to the linear regressions, the coefficients for the different temperature­

concentration terms were tested for their significance.

RS 232 Port
IBM-PC

Coaxial Cable

Measurement Cavity

Dielectric

Analyzer

Heating/Cooling Unit

Figure 4.1: Schematic diagram of measurement set-up.

4.4 Results & Discussion

4.4.1 The dielectric constant and loss factor

The dielectric constant (g') and loss factor (g") of glucose solutions at 22°C as a

function of concentration (w/w) are shown in Figure 4.2. This concentration ranges from

10% (diluted solution) to •• 60% (supersatlJratecl. solution). As glucose concentration

increases, g' decreasesconsiderably except at concentrations of45% and 53%. Such short

plaleaus in the s'-solute concentration relationship have also beenobserved for

carbohydrates (Roebuck et al., 1972), and may be attributable to the exclusion of free

water by carbohydrates andstabilization ofthehydrogen bonds bythe hydroxyl groups.

Glucose concentrations of 47% and 56% were tested to validate our hypothesis that at
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22°C, for a glucose concentration ranging from 40% to 60%, the e" value is independent

of concentration. Figure 4.2 confirms this hypothesis.
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Figure 4.2: Dielectric properties of a-D-glucose solutions in water at 2re.
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The effect of glucose concentration on the e' value at different temperatures is

presented in Figure 4.3. The means of three replicates were plotted as there are no

significant differences between the replicates. For a given concentration, the B' value

increases with temperature. For a given temperature, the e' value generaHydecreases with

an increase in concentration. However, the e' value for a 45% solution is quite close to

that of a 47% solution at aH temperatures tested. The 8' values for.both a 52% and

53.12% solutions are also quite close at temperatures varying from 25 to 65°C but differs

notably between 75 and 85 oC. At 85°C, e' values are constant for glucose solutions

ranging from 45% to 49.5% (Figure 4.3).

The effect of the concentration of glucose solutions at different temperatures .on

the loss factor, e", is presented in Figure 4.4. Unlike the dielectric constant, E" values

decrease with temperature and generaUy increase with concentration (Figure 4.4). As with

the e', at 85°C, E" values are constant for glucose solutions ranging from 45 to 49.5%

(Figure 4.4). In the glucose concentration range of 45-52%, at 25° two concentrations (47

and 49.5%) showed similar E" values. Similar values were noticed for three

concentrations (45,47, and 49.5%) at 55°C and for four concentrations (45, 47, 49.5 and
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52%) at 85°C (Figure 4.4). This phenomenonprobably arises from the decrease in the

relative saturation of the solution as the solubility of glucose increases with rising

temperatures.

4.4.2 Penetration depth of supersaturated glucose solutions

Penetration depth is an effective and convenient measure to compare the relative

microwave absorbing characteristics of materialsand .to relate the dielectric properties

and geometry to microwave heating. Penetration depth for a material was calculated as

(Metaxas and Meredith, 1983):

(4.4)

where, Dp is the penetration depth (cm), and Àa is the wavelength in free space

(12.237cm at 2450 MHz).

Changes in penetration depth of different concentrations ofglucose solutions with

respect to temperature are presented in Figures 4.5 and 4.6. An increase in temperature

resulted in an increase in penetration depth at aH concentrations tested. At temperatures

3.0 045% 047% Ll49.50% X52% )1(53.12% 056%

90807060504030

0.5 +----"""--r---,-----,---,------,-------,---,

20

Temperature (OC)

Figure 4.5: Penetration deptll vs temperature of glucose solutions.
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Figure 4.6: Penetration depth vs concentration of glucose solutions.

ranging from 25 to 45°C, the higher the glucose concentration, the shorter is the

penetration depth. This was expected, because in the materials with high 8" values,

microwave energydoes not penetrate very deeply (Decareau, 1985). Shorter penetration

depths indicate. that the microwave power isabsorbed morereadily. This result can be

useful when selecting a heating media and formulation for. chemical reactions in a

microwave field. Regression analysis was performed to relate the penetration depth of

glucose solutions to temperatures (25-85°C) and concentrations (45-56%) using PROC

GLM in SAS. In Figures 4.5 and 4.6, the points represent the calculated penetration depth

from experimental data and the Hnes are curves fitted to the experimental points. For a

given concentration, the· variation in Dp with temperature CCc) is found to be linear and

significant exceptthe interceptvalue (At) (Figure 4~5). The regression Hnes for 47 and

49.5% arealmost the same (Figure 4.S). Linear regression constants and coefficient of

determination. (R2
) of Dp vs. temperature for each glucose concentration are presented in

Table 4.1. The variation in Dp with concentration was also found to be linear and
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significant (Figure 4.6). The results of Hnear regressions at each temperature studied are

given in Table 4.2.

Table 4.1: Coefficients for the linear regression ofpenetration depth

ofsupersaturated glucose solutions with temperature.

(Dp = bIT + Al)

Concentration (%) b l Al R2

45 0.03185 -.209556 0.9880

47 0.03053 -.183969 0.9699

49.5 0.03183 -.272107 0.9692

52 0.02941 -.238344 0.9479

53.12 0.02661 -.158156 0.9716

56 0.02473 -.112294 0.9642

Table 4.2: Coefficients for the linear regression ofpenetration depth of

supersaturated glucose solutions with concentration.

(Dp = b2 c+ A2 )

Temperature

CCC)
b2 A2

25 -.74831 1.024476

35 -1.15961 1.407545

45 -2.48313 2.333537

55 -2.48543 2.563333

65 -4.57762 3.912973

75 ..3.75906 3.843569

85 -4.28196 4.604128

0.7218

0.8403

0.9653

0.9398

0.9351

0.6963

0.7389
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4.4.3 Predictive model for penetration depth of supersaturated glucose

solutions

The foHowing model for Dp as a functionof concentration (c) and temperature (T)

was developed with a PROC STEPWISE analysis in SAS:

D =0.00026T2 - 0.05219cT + O.02716T + 0.48006 (4.5)
P

(R2
= 0.9884, P::; 0.0001)

where, T = temperature, 25 ::; T :; 85 oC, and c = concentration of glucose

solutions, 45% ::; c ::; 56%

The model can be used to deterl1:1ine the penetration depth of supersaturated

glucose solutions at given concentrations and temperatures.

4.5 Conclusions

Thedielectric constant of supersaturated a-D-glucose solutions at 2450 MHz

increased with temperature, but generally decreased with concentration. The dielectric

loss factor decreased with temperature, but generaHy increased slightly with

concentration. At temperatures tested, at least two concentrations showed nearly identical

values of dielectric constant or dielectric loss factor. Further studies at other microwave

frequencies such as 915 MHz and under different temperature ranges are needed to fully

justify the findings of this study and shed some light on microwave-assisted chemical

reactions and food processing. Variation in penetration depth was found to vary linearly

with concentration or temperature, increasing with temperature and decreasing with

concentration. A predictive model was developed to calculate penetration depth for a

supersaturated glucose solution as a functionofboth concentration and temperature. Such

a model could be applied to predict microwave-heating patterns in chemical reactions

involving glucose and water.
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CONNECTING TEXT

Results in ChapterIV clearly demonstrated that the dielectric constant of super­

saturateda-D-glucose solutions at 2450 MHz increased with temperature, but generaIly

decreased with concentration. The dielectric loss factor decreased with temperature, but

generaIly increased slightly with concentration. At each temperature tested, at least two

concentrations showed nearly identical values of dielectric constant or dielectric loss

factor. Due to the solubility of glucose in water, generally, in the Maillard reaction model

system, a lower concentration is chosen as a subject. Therefore, it encouraged us to

investigate the dielectric properties for the other concentration at 2450 MHz, especiaHy in

lower concentrations.

The material presented in this chapter is being evaluated by a peer-reviewed

journal (see details of publication below).

Liao, X., Raghavan, G. S. V., and Yaylayan, V. A. 2001. Die1ectric properties ofa-D­

glucoseaqneons solutions at 2450 MHz. Food Research International.

The contributions made by different authors are as follows: (i) The first author is

the Ph.D. student who performed the experimental work and wrote the manuscript, (ii) the

second and third authors are the student's co-supervisors who contributed in aIl aspects of

the project.
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v. DIELECTRIC PROPERTIES OF a-D-GLUCOSE

AQUEOUS. SOLUTIONS AT 2450 MHz

5.1 Abstract

Dielectric properties of a-D-glucose aqueous solutions at 2450 MHz were

measured at concentrations varying from 10 to 60% (weight percent) at temperatures

ranging from 0-70°C using·a cavity perturbation technique. Dielectric constant increased

with temperature but decreased with concentration. Loss factor decreased with

temperature but increased with concentration (10-56%) in the temperature range of 30­

70°C. Dielectric constants for higher concentration glucose solutions were·· more

influenced by higher tem.peratures than at lower temperatures. Loss factors for higher

concentration glucose solutions were less influenced by higher tem.peratures than at lower

temperatures. Using PROC STEPWISE in SAS generated predictive models of the

dielectric properties as functions of concentration and temperature. The results are useful

in estimating the volumetrie heating ofthese solutions by microwa",e energy, studying the

dielectric behavior of the glucose solutions, and chemical reactions such as Maillard

reaction, mutarotation involving glucose aqueous solutions in a microwavefield.

5.2 Introduction

The successful use of microwave is. directly associated with the dielectric

properties of the material. Dielectric properties are key factors· in better understanding of

interactions of microwaves with food materials. Dielectric properties of materials are

definedin terms of dielectric constant (e') and loss factor (e"). 8' is a measure of the

ability ofa material to couple with microwave energy and e" is a measure of the ability of

a material to heat by absorbing microwave energy (Mudgett, 1986). Although many foods

can be heated by microwave energy, less satisfactory products are obtained in the

microwave oyen. This is attributed to the short heating time that is insufficient to

complete the reactions involving the formation of foodcolor and flavor. In order to

itnprove the qualityof a product in a microwave field, it is necessary to use a suitable
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formulation that can enhance the desired reactions to produce the desirable color and

flavoL Dielectric properties of materials, to sorne degree, will give an idea which

formulation will be heated in a microwave field since microwave heating is directly

linked to dielectric properties of materials. The Maillard reactiûn is a typical chemical

reaction in food processing and flavor chemistry. It has far reaching implications in the

production of flavors and aromas, nutrition, toxicology, human pathology, technology of

food processing (Ikan, 1996; Yaylayan, 1997). Glucose is an important reducing sugar in

the Maillard reaction. Its water solution has peculiar optical activity (Volodymyr, 1996).

Many investigations on the dielectric properties of glucose aqueous solutions exist, but

none of them have focused on microwave frequency of 2450 MHz and different

temperatures. Roebuck et aL, (1972) reported the dielectric properties of glucose aqueous

solutions at 25°C at microwave frequencies of 3000 and 1000 MHz. Sorne studies about

dielectric relaxation of the glucose solutions to explain and determine the motion or

structure of rnolecules in solutions were reported (Suggett, 1976; Chan et aL, 1986;

Mashimo et aL, 1992; Noel et aL, 1996; Moran et aL, 2000). In addition, the use of

dielectric properties of glucose solutions to elucidate the behavior and molecular

dynamics has been recently reported by others (Hochtl et aL, 2000; Fuchs and Kaatze,

2001). However, these dielectric properties do not allow thestudy of the underlying

mechanisms of microwave-assisted chemical reactions involving glucose solutions. The

misconception that materials possessing higher dielectric constants heat rapidly while

those with lower dielectric constants heat slowly under microwave has misled many

people in their selection of heating media for chemical reaction or extraction in a

microwave field. Whena material absorbs rnicrowaves at 2450 or 915 MHz, the

temperature profile for the material is dependent on both the dielectric constant and loss

factor at these frequencies, not only on those dielectric constants mentioned in the

literature, which are actuaUy static permittivities or at other frequencies. As different

types of glucose solutions differentiaUy affect the heating characteristics of material

during microwave heating, the selection of solutions is the mûst influential factor on the

heating rate of microwave.;assisted chemical reactions. However, data about the dielectric

properties of a-D-glucose aqueous solutions at 2450 MHz at elevated temperatures are

rare or non-existent. Furthermore, there are no reports about the relationships (models)

between the dielectric properties of a-D-glucûse aqueous solutions, the temperatures and
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their concentrations. Both prompted us to investigate the dielectric properties of a-D­

glucose aqueous solutions al2450 MHz at varying temperatures. The dielectric properties

of these specific solutions will not only be useful for microwave-assisted Maillard

reaction involving glucose (Liao etai., 2000), but also can help understand the

mechanisms of microwave-enhanced chemical reactions and the mutarotation of the

glucose solutions (Pagnotta et al., 1993).

5.3 Materials & Metbods

5.3.1 Materials

a-'D-glucose was purchased [rom Aldrich Chemical Company, Inc. (USA) and

was used without further purification.

5.3.2 Glucose aqueous solutions

The solutions were prepared by adding amounts of glucose into suitable bottles,

which were filled with distilled water to the specific volumes. Microwave heating was

employed to make them dissolve corI1pletely. In order to avoid any effects from

disintegration of glucose by microorganisms and precipitation, the measurement started

as soon as the temperature of sample was cooled closer to o°c.

5.3.3 Dielectric propertiesmeasqrement

Each sample solution was confined in a lO-lll sample holder (Borosilicate glass

Fisherbrand Micropipets). As soon as the temperature reached O°C, the first measurement

of dielectric properties was made. A heating/cooling unit facilitated heating ofthe sample

to lO°C. On attaining this temperature, a second measurement ofdielectric properties was

made. This procedure was repeated for temperatures of 20, 30, 40, 50, 60, 70°C. Three

replicates were performed for each sample.

Dielectric properties Were measured by using a cavity perturbation technique at

2450 MHz. The measurement required a dielectric analyzer (Gautel Inc.), a PC,

measurement cavity, and heating/cooling unit. The system softwarecalculated the

dielectric parametersfromthe cavity Q factor, transmission factor (AT), and the shift of

59



resonant frequency (~F). Details about measurement and theoretical background have

been reported in Chapter III (Liao et al., 2001). Before starting measurements, the

calibration was verified by taking measurementson a standard liquid (water) with known

dielectric properties.

5.3.4 Statistical analysis

Analysis of variance was used to determine differences among the glucose

aqueous solutions. Regressions obtained for each solution were used to relate dielectric

properties to temperature (l,nd concentration using PROC GLM and PROC STEPWISE in

SAS (Version 6.12 for Windows 98).

5.4 Results & Discussion

Dielectric properties of glucose solutions were shown to be dependent on the

concentration and temperature (Tables 5.1 and 5.2).

5.4.1 Effect of concentration and temperature on dielectric constant of

glucose solutions

For a given concentration, the dielectric constant increases with temperature. A

representative figure of this observation is given by 10% and 50% of glucose solutions

(Figure 5.1). 10% glucose solution has the highest dielectric constant among the solutions

tested at varying temperatures. As the temperature încreases, the value difference of

dielectric constant for the different concentrations becomes smaller and smaller. For

example, when temperature is O°C, the value difference between 10% and 50% is more

than 40, while when temperatures reaches 70°C, the difference is less than 16. It means

that dielectric cOnstant for higher concentration solutions were more influenced by higher

temperature than lower one. As for a given concentration, the variation in 8' with

temperature (oC) was found to be quadratic and significant at 0.001 level. The constants

of the regression lines for each concentration are given in Table 5.3 along with resulting
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Table 5.1: The effectsoftemperature on dielectricconstant ofdifferent

concentrations ofglucose aqueous solutions.

Concentration (%)

Temp·eCt 10 20 30 40 45 50 56 60

0 73.85 63.64 54.80 39.52 37.92 30.42 22.92 19.44

10 80.02 73.85 66.33 50.78 50.78 43.28 35.51 31.76

20 83.87 80.02 73.85 62.31 58.55 50.78 43.28 39.52

30 87.81 83.78 76.99 70.09 66.33 62.31 54.80 50.78

40 87.81 83.78 80.02 71.97 70.09 66.33 58.50 54.80

50 91.84 87.81 83.87 75.99 75.99 71.97 66.33 62.31

60 91.84 87.81 87.81 80.02 80.02 75.99 71.97 68.21

70 95.60 91.84 91.84 83.78 83.78 80.02 75.99 75.99

a: Temp.: temperature in oC. (Each measurement is mean ofthree replications)
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Table 5.2: The effects oftemperature on dielectric loss factor ofdifferent

concentrations ofglucose aqueous solutions.

Concentration (%)
Temp.(oqa

10 20 30 40 45 50 56 60

0 26.64 29.62 31.38 29.55 27.30 23.01 18.65 16.49

10 18.68 21.47 23.64 25.89 24.80 22.91 19.19 17.04

20 14.19 15.27 17.60 21.47 21.47 20.39 19.22 17.04

30 10.77 11.85 13.61 17.06 17.04 17.04 17.55 14.87

40 8.44 9.60 11.08 13.01 13.63 14.79 15.97 13.70

50 7.35 8.44 9.60 10.77 n.92 11.85 13.72 13.70

60 6.19 6.19 7.27 8.88 9.60 10.77 Il.85 Il.85

70 5.10 6.19 7.35 8.44 8.44 8.52 10.19 10.77

a: Temp.: temperature in OC. (Bach measurement is mean ofthree replications)
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R2 (coefficient of determination) values. At 0, 20, 30, and 40oe, the dielectric constant

decreased with an increase in concentration. At other temperatures, it generally decreased

with concentration. A representative figure ofthis is given for the glucose solution at ooe

and 500 e (Figure 5.2). The observations are similar to reports on carbohydrate (Roebuck,

et aL, 1972), and maybe attributed to the exclusion of free water by carbohydrates and

stabilization of the hydrogen bonds by the hydroxyl groups. Variation of €' at a given

temperature is linear and significant at 0.0001 level with a coefficient of variation (eV)

between 2 and 5%. The results of linear regressions ateach temperature studled are given

in Table 5.4. The slope of the regression line increases with temperature. It means that

dielectric constant at lower temperature is more influenced by concentration than that at

higher temperature.

5.4.2 Effect of concentration and temperature on loss factor of glucose

solutions

For a given concentration, the loss factor decreased with temperature. A

representative figure for 10% and 50% of glucose solutions is shown in Figure 5.3. At a

given temperature, functionality of loss factor with concentration is not always the same.

When temperature is below 30oe, the loss factor first increases with concentration and

then decreases with concentration, while when temperature is higher than 40oe, the loss

factor increases with concentration (10-56%). A representative figure ofthis observation

is given at ooe and 500 e (Figure 5.4). These results may be attributed to the structural

changes from mutarotation in molecules (molecule level) of the glucose solutions.

Mutarotation is a complicated process influenced by concentration and temperature. The

changes in the structure of material will definitely results in the changes in loss factor.

Both the variation of €" with temperature for 50, 56, 60% concentration and the variation

of €" with concentration for 50, 60, 700 e were found to be linear and significant at 0.0001

and 0.0041evels, respectively. The coefficient of variation (eV) was in the range of5 and

7%. As for as the variation of €" with temperature for other concentrations and the

variation of 8" with concentration for other temperatures are concemed, quadratic

relations were suitable and significant at 0.001 and 0.027 levels, respectively. The results

ofregression lines are given in Tables 5.3 and 5.4.
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Table 5.3: Regression equation Constants and coefficients ofequations for dijJerent concentrations (x) of

glucose aqueous solutions between temperatures (T) 0-70 "C.

Dielectric constant Loss faCtor

Con.a AI BI CI
R2 A2 B2 C2

R2
AIT2+ BIT+CI A2T2 +B2T + C2

10 -0.0028 0.4768 74.81 0.9732 0.0051 -0.6409 25.604 0.9881

20 -0.0054 0.7262 65.656 0.9576 0.006 -0.7298 28.709 0.9891

30 -0.0046 0.7992 57.049 0.9774 0.0058 -0.7336 30.76 0.9945

40 -0.0070 1.1411 40.547 0.9865 0.0032 -0.5437 30.328 0.9942

45 -0.0061 1.0522 39.336 0.9946 0.0019 -0.4154 28.076 0.9918

50 -0.0071 1.1847 3J .077 0.9956 0 -0.2262 24.076 0.9811

56 -0.0057 1.1438 23.574 0.9960 0 -0.1358 20.543 0.9015

60 -0.0039 1.0469 20.522 0.9947 0 -0.0918 17.646 0.9051

a: Con.: Concentration of glucose solution (wt%).
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Table 504: Regression equation constants and coefficietUs of f!quationsfor different tempf!ratures (T)of

glucose aqueous solutions between concentrations (x) 10·60% (wt%).

Dielectric constant DieIectric loss factor

Temp.a
al bl Cl

R2 a2 b2 C2
R2

alx2+ blx +Cl a2x2 + b2x +C2

0 0 ·110.63 85.82 0.9947 -150 83.43 19.561 0.9861

10 0 -99.71 92.80 0.9831 -121 83.98 10.600 0.9108

20 0 -92.95 97.66 0.9692 -69 59.10 7.742 0.7959

30 0 -74.19 97.95 0.9773 -40 41.07 6.254 0.8442

40 0 -65.38 97.08 0.9607 -13 23.05 5.867 0.9081

50 0 -57.57 99.39 0.9707 0 13.92 5.823 0.8929

60 0 -45.58 98.18 0.9397 0 12.97 4.031 0.9502

70 0 -41.68 101.1 0.9525 0 10.52 4.030 0.9589

a: Temp.: temperature in oc.
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5.4.3 Predictive models for dielectric properties of glucose solutions

In order to develop a model to explain s'and s" as functions of concentration (x)

and temperature (T), the data were analyzed using PROC STEPWISE in SAS. The

resulting regression models for s'and s"are given below:

8' = - 0.0054T 2 + 1.03Tx - 64.50x2 + 0.54T - 64.0Sx +S0.48

8"= 0.0024T2 + 0.37Tx - 45.71x2 - 0.56T +25.49x +23.70

(5.l)

(5.2)

•

Where, T = temperature, 0 S; T S; 70 oC, and x = concentration of glucose

solutions, 10% S; x S; 60%.

The model for s' (Equation 5.1) yielded a coefficient of determination (R2 value)

of 0.9907 and was very significant at the 0.0001 leveL The model for s" (Equation 5.2)

gave an R2 value of 0.9008 and was also significant at the 0.0001 level. Both models

could be directly used to compute the values of dielectric properties of glucose solutions

at varying concentrations and temperatures.

5.5 Conclusions

Dielectric properties of a-D-glucose solution were shown to be dependent on the

temperature and. concentration. The dielectric constant generally increased with an

increase temperature but generaUy decreased with concentration. The corresponding loss

factors decreased with temperature. When temperature was below 30°C, the loss factor

first increased with concentration and then decreased; while when temperature was higher

than 40°C, the 10ss factor increased with concentration. Further study has to be done at

other microwave frequencies such as 915 MHz and temperature ranges to fully justify the

findings of this study and shed sorne lights on the microwave assisted chemical reaction,

food processing and mutarotation of glucose solutions. Predictive models were developed

to obtain dielectric properties for glucose solutions as functions of both concentration and

temperature. These models could be applied to predict microwave-heating pattern of

chemical reactions involving glucose and water.
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CONNECTING TEXT

Results in Chapters IV and V have clearly demonstrated.the relationship between

the dielectric properties of. a-D-glucose .solutions at· 2450 MHz and temperature or

concentration. MiCrowave frequencies of 2450 and 915 MHz· are commonly used in

industry.. Therefore, it isessential to study the functiona.lities ofdielectric properties ofa­

D-glucose solutions at 915 MHz. This assists in establishing optimum operating

conditions at 915 MHz.

The materialpresented in this chapter has been accepted for publication in a peer­

reviewedjournal (see details of publication below).

Liao, X., Raghavan,G. S. V., and Yaylayan, V. A.2002. Dielectric pmperties ofa-D­

glucose aqueolls solutions at915 MHz. Journal ojmolecular liquids. (in press)

The contributions made by different authors are as foIlows: (i) the first author is

the Ph. D student who performed the experimental work and wrote the manuscript, (ii) the

second an<.ithird authors are the student's co-supervisors who contributed in aIl aspects of

the proje.ct.
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VI. DIELECTRICPROPERTIES OF a-D-GLUCOSE

AQUEOUS SOLUTIONS AT 915 MHz

6.1 Abstract

Using acavity perturbation technique, dielectric properties of aqueous solutions of

a-D-glucose at 915 MHz were investigated at concentrations varying from 10 to 70% (w/w)

and temperatures ranging between 25-85°C. The dielectric constant increased with

temperature but decreased with concentration, whereas the loss factor did the inverse.

Dielectric properties of glucose solutions having higher concentration showed greater

variation at higher temperatures. Predictive models of the dielectric properties as a function

of concentration and temperature were developed by stepwise regression. Such models are

useful in estimating the volumetrie heating ofthese solutions by microwave energy, studying

the dielectric behavior of the glucose solutions, and chemical reactions involving glucose in

aqueous solutions in a microwave field.

6.2 Int.roduction

Microwave energy has many applications in food industry and scientific research

(Decareau, 1985). Microwave allows rapid heating compared to traditional heating

methods. The efficiency of microwave heating is direcdy linked to the dielectric

properties of the materials to be heated. Dielectric properties of materials are defined in

terms of dielectric constant (a') and loss factor (a"). The former, a', is a measure of the

material's ability tocouple with microwave energy and the latter, 8", is a measure ofthe

material's ability to heat by absorbing microwave energy (Mudgett, 1986). Glucose is one

of the important reducing sugars in the Maillard reaction in food ehemistry and its

aqueous solution has unusual optical aetivity (Volodymyr, 1996). The dielectrie

properties of aqueous solutions of glucose have been extensively characterized. Roebuek

et al. (1972), for example, reported the dieleetric properties of aqueous solutions of

glucoseat 25°C at microwave frequencies of 3000 and 1000 MHz. The foeus of these

studies has ranged from the following aspects:
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(i) The use of primary and secondary dielectric relaxation to explain the motion or

structure ofwater molecules in solutions.

Chan et al. (1986)· investigated the perrnittivity and loss factor of glucose in water at 77­

350 K in both the glassy and liquid states at 1_105 Hz and observed two relaxation

regions, which are above and below the glass transition temperature (Tg). NoeI et al.

(1996) also studied the dielectric·relaxation behavior of a solution of glucose in water

with concentrations up to 12.0% (w/w) in the frequencyranging between 102 to 105 Hz

and also found that th,e primary relaxation was at temperatures which is above Tg and a

secondary relaxation (lt sub-Tg temperatures. The primary relaxations will shift to lower

temperatures with the decrease in concentration. Moran et al. (2000) examined the

dielectric relaxation data for 40% (w/w) and 75% (w/w) glucose water mixtures in the

frequency range between 5 and 13 MHz at temperatures ranging from above. room

temperatureto below the glass transition temperature.

(ii) The static perrnittivity (80) or the limiting high frequency perrnittivity (800) (Saito

et al., 1997).

(iii) Dielectric properties to elucidate the behavior and molecular dynamics of glucose

in.aqueous solution.

Hochtl et aL (2000) used molecular dynamics (MD)trajectories to calculate the static and

frequency-dependent dielectric properties of aqueous glucose solutions at least 5 ns

length and analyzed the contributions for the dielectric properties from the solute, the

solvent, and the solute-solvent cross terrn. Fuchs and Kaatze (2001) studied the

relationship between dielectric relaxation of glucose solutions with their concentrations

and the frequency range between 300 kHz and 40 GHz from the point of view of

molecular dynamics leveL However, none of these studies have focused on a microwave

frequency of 915 MHz applied over different temperatures and a mere knowledge of

these dielectric properties does not allow the selection of solvents or the study of the

underlying mechanisms of microwave-assisted chemistry. The misconception that

solvents possessing higher dieIectric constants heat rapidly while those with lower

dielectric constants. heat slowly under microwave irradiation has misled many people in

their selection of heating media for chemical reaction or extraction in a microwave field

(Liao et al., 2001). When a material absorbs microwaves at 2450 or 915 MHz, the

temperature profile of the material depends on both its dielectric constant .and dielectric
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loss factor at these frequencies, not mainly on the static permittivities presented in the

literature. As gh.lcose solutions of varying concentration or composition heat differently

under microwave irradiation, the selection of a specifie solution is the most influential

factor in the heating rate of microwave-assisted chemical reactions involving glucose.

Determinations of the dielectric properties of aqueous solutions of a-D-glucose at

elevated temperatures at 915 MHz are rare or non-existent. Similarly, models relating the

dielectric properties of aqueous solutions of a-D-glucose and solution temperature and

concentration have not been developed. The dielectric behavior of glucose solutions of

different concentrations when exposed to microwave at different temperatures would not

only be useful in the understanding of microwave-assisted Maillard reactions involving

glucose (Yaylayan, 1996), but also aid in our understanding of the mechanism of

mutarotation and microwave-enhanced chemical reactions, speciaUy, Pagnotta et aL

(1993) have observed that in microwave-heated solutions (50 % ethanol-water) of a-D­

glucose the ratio of the two anomers of the sugar reaches equilibrium at a faster rate

compared to conventional heating and then rises unexpectedly with continued heating

under microwave irradiation.

Consequently our objective in this study is to measure dielectric properties ofa-D­

glucose aqueous solutions at 915 MHz at different temperatures and then create a model

relating the dielectric properties to glucose concentration and temperature.

6.3 Materials & Methods

6.3.1 Materials

a-D-Glucose (Analytical Reagent) was purchased from Aldrich Chemical

Company Inc. (USA) and was used without further purification.

6.3.2 a-D-Glucose aqueous solutions

The solutions of 10 - 70% were prepared by adding appropriate quantities of a-D­

glucose into volumetric flasks and filling them to their specifie volumes with double

distilled water. Microwave heating was employed to aid the dissolution of glucose in
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water. In order to avoid losses of a-D~glucose by microorganisms or precipitation,

measurementbegan as soon as the samplê temperature dropped to 25°C.

•

6.3.3 Dielectric properties measurement

Each sample or standard solution was placed in a lO-I.tI sample hoIder

(Bol'osilicate glass Fisherbrand Micropipets) and quickly heated to a specific temperature

in a cavity monitored byheating/cooling unit (Isotemp lOBS, Fisher Scientific Inc.)

(Figure 6.1). As soon as the temperature reached 25°C, the first measurement ofdielectric

properties was made. The heating/coolingunit was then allowed to heat the sample to

35°C, at which temperature a second measurement ofdielectric properties was made. This

procedure was n~peated for temperatures of 45, 55, 65, 75, 85°C. Care was taken to

ensure propel' contact between the bottom of cavity and the sample holder. Six replicates

were performed for each sample.

Using a cavity perturbation technique, the dielectric. properties of the solutions

were measured at 915 MHz. The measurement required a dielectric analyzer (Gautel

Inc.), a PC, resonant cavity made of coppel' (Ld. =235mm; h = 45mm; TMolO simplistic

mode), and heatinglcooling unit (Isotemp 1013S, Fisher Scientific Inc.) (Figure 6.1). The

RS 232 Port

Coaxial Cable

Dielectric

Analyzer

~/
Heating/Cooling UnitMeasurement Cavity

IBM-PC

•
Figure 6.1: Dielectric properties measurement set-up.
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system software calculated the dielectric parameters from the cavity Q factor,

transmission factor (~T) (the changes inthe cavity transmission), and the shift ofresonant

frequency (~). Details about theoretical measurement background have been reported in

earlierchapter. Before starting measurements, the calibration was verified by taking

measurements on standard liquid (water) of known dielectric properties.

6.3.4 Statistical analysis

Analysis of variance was used ta determine differences among the glucose

aqueoussolutions. Regressions obtained for each solution were used to relatedielectric

properties to temperature and concentration using PRoe GLM and PRoe STEPWISE in

SAS (Version 6.12 for Windows 98).

6.4 Results& Discussion

6.4.1 Effect of concentration and temperature on dielectric constant of

a-n-glucose solutions

For a given concentration, the dielectric cOllstant increased with. temperature

(Figure 6.2). The higher temperature is linked to more free water molecules thus resulting

in higher dielectric constant. However, as temperature increased, the différence in value

ofdielectric constants for the different glucose concentrations decreased. For example,at

25°C, the difference in value of 8' between 10% and 50% glucose solutions was over 20,

whereas at 85°e the difference was less than 10. For agiven concentration, the variation

in 8' with temperature was found to be linear and highly significant. Linear regression

constants and coefficient ofdetermination (R2
) of8' vs. temperature relationships for each

glucose concentration are presented in Table 6.1. For a given temperature, the dielectric

constant decreased with concentration except for 20 and 30% solutions at 45°e (Figure

6.3). The variation in 8' withconcentration for each given temperature was also foundto

be linear and highly significant (Table 6.2). Observations at 25°e are similar to those

reported by Roebuck et aL, (1972) and may be attributed to the exclusion of free water by

carbohYdrates and stabilization of the hydrogen bonds by the hydroxyl groups. The lower

concentration has more free water molecules thus resulting in higher dielectric constant.
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6.4.2 Effect of concentration and temperature on loss factor of 0.-1)­

glucose solutions

In contrast to the dielectric constant, the loss factor for 40, SO, and 60% glucose

solutions decreased with temperature (Figures 6.4). For other temperature-concentration

combinations changes were more complex. For example,at 8soC the loss factor for a

20% or a 30% glucose solution were essentially identical, and similarly for a 10% glucose

solution, the loss factor values at 2SoC vs. 3S0C or 4SoC vs. SsoC differed little (Figure

6.4). This may be attributable to mutarotation of the glucose in solution, a complicated

process influenced hy temperature and concentration. The changes in the structure of the

material in solution will result in changes in the loss factor. The variation in 8" with

temperature for. glucose concentrations of 10, 30 and SO% was found ta be linear and

highly significant. For the otherconcentrations studied 8" was found ta vary quadratically

with temperature. Regression coefficients and coefficients of determination values are

presented in Table 6. L At each temperature the 8" variedexponentially with

concentration (Figure 6.S). Regression coefficients and coefficients of determination

values are presented in Table 6.2.
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Table 6.1: Constants and coefficients ofdetermination ofequations relating 8' and 8" to temperature (T)

at concentrations (Conc.) of10%-70% a-D-glucose.

Conc. g' =aT+b g" =àf2 +fi +g

(%) a b R2 d f g ~

(x 10"3) (x 10"1)

10 2.0081 21.542 0.9997 0 -0.206 3.685 0.9352

20 2.0361 16.731 0.9997 -0.04 0.393 5.5579 0.9513

30 2.0302 15.634 0.9998 0 -0.435 5.66 0.9511

40 2.1525 4.0916 0.9997 0.2 -0.926 9.2968 0.9942

50 2.1997 -3.636 0.9997 0 -0.758 8.896 0.9930

60 2.2921 -14.41 0.9990 3.9 -6.022 27.966 0.9829

70 2.4440 -30.42 0.9983 -0.4 -0.375 11.577 0.9968
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Table 6.2: Constants and coefficients ofdetermination ofequations relating E' and E" to a-n-glucose concentration (c)

at temperatures (Temp.) of25-85 oc.
Temp. e' == ac + ~ e" =11 exp(yc)

(oC) a (xl02
) p R2

Y 11 (xl 02
) R2

25 -0.5182 77.08 0.9278 2.2235 0.0318 0.9807

35 -0.4569 95.658 0.9282 2.6527 0.0218 0.9671

45 -0.3765 115.04 0.9400 2.3492 0.0199 0.9767

55 -0.3759 136.27 0.9607 2.2135 0.0186 0.9785

65 -0.3397 156.49 0.9582 2.0490 0.0164 0.9683

75 -0.2057 174 0.9698 1.6722 0.0176 0.9544

85 -0.2637 195.31 0.9530 1.3181 0.0146 0.9455
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6.4.3 Predictive models for dielectric properties of a-D-glucose solutions

In arder ta develop a model to explain s'and s" as a function of concentration (c)

and temperature (T), the data were analyzed using PROC STEPWISE in SAS. The

resulting regression models for s'and s" are given below:

&'= 29+ 1.88T - 43.1c + O.711Tc - 52.lc2

&"= -114 + (e°.25c -1) x 0.0 146T2 - 0.649Tc + 116e°.25c

(6.1)

(6.2)

Where, T = temperature, 25 :Ç T :Ç 85°C; c = concentration of glucose solutions,

10%:::; c:::; 70%.

The model for s'and s" yielded coefficient ofdetermination of 0.9988 and 0.8878

respectively and were both highly significant (P .s0.0001). Bath models couldbe usedto
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directly compute the values of dielectric properties of glucose solutions at a given

concentration and temperature.

6.5 Conclusions

The dielectric constant and loss factor for a-D-glucose solutions were shown to he

dependent on the temperature (25-85°C) and concentration (10-70%). The dielectric

constant increased with temperature, but decreased with concentration. At higher

temperatures the dielectric constants differed iittleacross glucose concentrations. Loss

factor decreased with temperature, but increased with concentration. The variation of the

dielectric loss factor was much different from that of dielectric constant. Predictive

models were developed to ohtain dielectric properties for glucose solutions as functions

ofboth concentration and temperature. These modelscould be applied to the prediction of

microwave heating of chemical reactions involving glucose and water.
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CONNECTING TEXT

Results in Chapters IV, V and VI have clearly demonstrated the existence of a good

correlation between the dielectric properties of a-D-glucose solutions at both 2450 and

915 MHz and temperature or concentration of the solutions. We have chosen Maillrad

reaction consisting of glucose, lysine and water as a model system to study at room

temperature or under microwave irradiation at 2450 MHz. Inorder to explain the results

obtained by both methods, it is also necessary to know the dielectric data of lysine

solution.

The material presented in this chapter will be submitted for publication in a peer­

reviewed journal (see details of publication below).

Liao, X., Raghavan, G. S. V., Yaylayan, V. A and Wu, G. 2002. Dielectric

properties of lysine aqueous solutions at 2450 MHz. Journal of solution

chemistry (ta be submitted).

The contributions made by different authors are as fo11ows: (i) The first author is

the Ph. D student who performed the experimental work andwrote the manuscript, (ii) the

second and third authors are the student's co-supervisors who contributed in a11 aspects of

the project, (iii) the fourth author assisted in the experimental work.
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VII.. DIELECTRIC PROPERTIES OF LYSINE AQUEOUS

SOLUTIONS AT 2450 MHz

7.1 Abstract

Dielectric properties of lysine aqueous solutions at 2450 MHz were investigated at

concentrations ranging from 9 to 37% (weight percent) at room temperature using a

cavity perturbation technique. Dielectric constant decreases with an increase in

concentration. Loss factor increases with an increase in concentration at the range of 9 ­

31% but decreases at the range of31-37%. Using PROC GLMin SAS, predictive models

are generated to link the dielectric properties to concentrations. The results can beused in

estimating the .volumetric heating ofthese solutions by microwave energy, studying the

dielectric behavior of the lysine solutions, and optimizing the chemical reactions

involving lysine aqueous solutions in a microwave field.

7.2 Introduction

The use of microwave energy in the food industry and in scientific research has

opened new vistas due to the fact that it offers numerous advantages in productivity over

conventional heating methods such as hot air, steam, etc. These advantages include high

speed and efficiency, energy penetration, instantaneous electronic control, selective

energy absorption, and clean microwave processing. As we know, according to

microwave heating rate equation,.the temperature increase depends on the size of the

microwave source. In order to maximize this, it wouId seem desirable to have the

electrical field, the frequency and the loss factor of the material as large as possible. In

fact, for aH practical (commercial) purposes the frequency is limited· by the ISM range.

Microwave-heating efficiency is directly linked to dielectric properties. Therefore,

dielectric properties of material are thekey factors todetermine the heatbehavior of

material in the presence of microwave field. Dielectric properties ofmaterials consist of

dielectric constant (E') and loss factor (E"). The former, E', is a measure of the ability of a

material to couple with microwave energyand the latter, E", is a measure of the ability of
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a material to heat by absorbing microwave energy (Mudgett, 1986). Lysine is one of the

important amino acids in food chemistry and biological systems. Of aU the amino acids,

lysine results in the most color in the Maillard reaction, due to its 8-amino group and

foods containing proteins that are rich in lysine residues are likely tû brown readily. Some

investigations on the dielectric properties of poly (L-Iysine)aqueous solutions exist

(Bordi, et al., 1999; 2000a; 2000b). Gusev et aL (1974a; 1974b; 1981) have investigated

the dielectric measurement of lysine solutions mainly focusing on dielectric relaxation

tinies. None of them centered on microwave frequency of 2450 MHz for the dielectric

properties of· lysine aqueous solutiolls. Furthermore, there are no· reports about the

relationshipbetween the dielectric properties· of lysine aqueous solutions and their

concentrations. The dielectric behavior of these specifie solutions when exposed to

microwaves will not only be useful for microwave-assisted Maillard reaction involving

lysine (Liao et aL, 2000), but also can help to understand the mechanisms of microwave­

enhanced chemical reactions, especiaUy the temperature effect and the changes in

dielectric properties before and after reactions.

7.3 Materîals& Methods

7.3.1 Materials

DL-Lysine was purchased from SIGMA CHEMICAL CO. (MO, USA) and L­

Lysine was obtained from ACROS, New Jersey, USA. Both chemicals were used without

further treatment.

7.3.2. Lysine aqueous solutions

The solutions were prepared by adding appropriate amounts of lysine into suitable

bottles, which were fiUed with distilled water to the specifie volumes. In order to avoid

any effects from disintegration of lysine by microorganisms and precipitation, the

measurement was performed immediately.
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7.3.3 Dielectric properties measurement

Each sample solution was confined in a 10-j.t1 sample holder (Borosilicate glass

Fisherbrand Micropipets). A cavity perturbation technique at 2450 MHz was used to

measure thedielectric properties. The measurement required a dielectric network analyzer

(Hewlett Packard), a PC, and measurement cavity. The system software calculated the

dielectric parameters from the cavity Q factor, transmission factor (~T, the changes.in the

cavity transmission), and the shift of resonant frequency (~F). Details about theoretical

measurement background have been reported elsewhere (Meda, 1996; Liao et al., 2001).

Before starting measurements, the calibration was verified by taking measurements on a

standard liquid (water) with known dielectricproperties.

7.3.4 Statistical analysis

Analysis of variance was used to determine differences among the lysine aqueous

solutions. Regressions obtained were used to relatedielectric properties and

concentrations using PROC GLM in SAS (Version 6.12 for Windows 98).

7.4 Results & Discussion

7.4.1 Dielectric properties of DL and L-Lysine aqueous solutions

The results of the dielectric constant and loss factor of DL and L-Lysine aqueous

solutions are shown in Table 7.1.

As shown in Table 7.1, there was no major difference in the dielectric properties

for both DL and t-Lysine aqueous solutions at similar concentrations, although the

stereochemicalcompositions of the DL and L-Lysine were different.

Since there were no major differences inthe dielectric properties ofthe PL and L­

Lysine aqueous solutions, we focused on the study of dielectric properties of DL-lysine

aqueous solutions.

7.4.2 Effect of concentration on dielectric constant of lysine solutions

Theeffect of concentration on the dielectric constant of lysine solutions.is shown

in Figure 7.1. Averaged values of six replicates are plotted, as there were no significant
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Table 7.1: Dielectric properties ofDL and L-Lysine aqueous solutions.

DL-Lysine L-Lysine

solutions solutions

Con. (%)* Die. Con.** Loss Factor Con.(%)* Die. Con.** Loss Factor

28.9 61.0 65.4 29.0 59.4 67.1

21.3 61.1 58.5 21.4 63.3 57.7

14.0 71.2 47.2 14.1 68.1 46.8

10.4 70.3 39.5 10.5 72.1 39.5

9.2 72.9 36.7 9.3 71.6 36.5

*: Concentration of Lysine solution; **: Dielectric constant

<> Dielectric constant o Loss factor
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Figure 7.1: Dielectric properties of DL-Lysine aqueous solutions.

differences between the replicates. The dielectric constant decreased with concentration

in the concentration range tested (Figure 7.l). The variation in t' with concentration at

room temperature was found to be linear and at the 0.0001 significant level with a

coefficient of variation (CV) of 5.7%. The constants of the regression line for lysine

50lutions are shown in Equation 7.1 along with resulting R2 (coefficient of determination)

values as weIL

89



7.4.3 Effect of concentration on loss factor of lysine solutions

The effect of concentration on the loss factor of lysine solutions is also shown in

Figure 7.1. Contrary to the dielectric constant, the loss factor increased with an increase

in concentration at the range of 9-31% but decreased at the range of 31-37% (Figure 7.1).

The reason for this may result from the number of the free molecules in the solutions and

the interaction of water and lysine. The variation in s" with concentration at room

temperature was foundto be quadratic and significant at 0.0001 level with a coefficient of

yariation (CV) .of 2.3%. The constants of the regression curve for lysine solutions are

presented in Equation 7.2 along with the resulting R2 (coefficient of determination)

values.

In this type of solutions, we found that the loss tangent is less than l in lower

concentration «21%), while it is higher than 1 in the higher concentration (>21%). It

differs to the previous results for alcohols and glucose solutions studied in this project.

For the loss tangents of alcohols and glucose, they are less than 1 in aH experiments. This

unexpected result will have some profol.lnd effects on heat distribution and temperature

profile of the lysine solution under microwave irradiation.

7.4.4 Predictive models for dielectric properties of lysine solutions

In order to develop a model to explain s'and s" as function of concentration (c),

the datawere analyzed using PRoe GLM in SAS. The resulting regression models for s'

and s" are given below:

c'=- 70.08c + 78.44

(R2 =0.7253)

c"= -581.52c2 +376.76c+ 6.43

(R2 =0.9737)

(7.1)

(7.2)

Where, c = concentration ofglucose solutions, 9% sc:::;; 37%.

Both models. could be directly used 10 compute the values of dielectric properties

of lysine solutions at varying concentrations.
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7.5 Conclusions

Dielectric constant and loss factor for lysine aqueous solutions were shown to be

dependent on the concentration. The dielectric constant decreased with an increase in

concentration. Loss factor increased with concentration at the concentration range of 9­

31%. There were sorne differences in loss tangent of lysine solutions cornpared to those

solutions studied in this project. This information can be efficiently utilized in the

microwave heating to get the different temperature profile.
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CONNECTING TEXT

In Chapters III-VII, we concluded that there was excellent relationship between

dielectric properties of chemicals and their concentration .or temperature. Due to the

existence of the relationships between dielectric properties of solutions and their

concentrations (or constitutions) and the changes in the concentrations of the reactants

and products, the direct application of dielectric properties to chemical reactions will be

presented in the next two chapters. It includes the use ofdielectric properties to determine

the yield of the esterification (theoretical model in Chapter VIII) and the kinetic study of

the Maillard reaction from the point ofview of dielectric properties in Chapter IX.

The material presented in this chapter is being evaluated by a peer-reviewed

journal (see details of publication below).

Liao, X., Raghavan, G. S. V., and Yaylayan, V. A. 2002. Application of dielectric

properties in esterification. Angewandte Chemie International Edition.

The contributions made by different authors are as foIlows: 0) The first author is

the Ph.D. studentwho performedthe experimental work and wrote the manuscript, (ii) the

second and third authors are the student's co-supervisors who contributed in aIl aspects of

the project.
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VIII. APPLICATION OF DIELECTRIC PROPERTIES IN

ESTERIFICATION

8.1 Abstract

The dielectric properties of the esterification model system were investigated. The

relationship between dielectric properties and the theoretical reaction yield is presented.

Theoretically, with the use of this relationship one can monitor the reaction yield during

the reaction process; hence it is useful in the design consideration for the product

development.

8.2 Introduction

The yield of the chemical reaction is one of the most important factors for

determining the applicability in industry. Many methods have been developed to detect

the yield or monitor the process during the chemical reaction, such as UVNIS (ultra­

violet/visible) spectrophotometer, HPLC (high performance liquid chromatograph), NMR

(nuclear magnetic resonan.ce), Le (liquid chromatograph), and GC-MS (gas

chromatograph-mass). In addition, dielectric property measurement of materials is also an

important area of development in academic, governmental, company, and industrial

laboratories today. Dielectric properties are. intrinsic characteristics of the materials

explaining thebehavior and degree of the wave-material interaction when exposed to

microwave field. They are very important in microwave heating, microwave sensing,

processing design and application. There are many researchers who have used dielectric

properties to measure the moisture content of agri-food. Meda et al. (1998) have studied

the dielectric properties of grain. Kraszewski et al. (1989) have used microwave data to

measure the moisture content of soybeanseeds. Kraszewski and Nelson (1993; 1994)

employed the same technology to determine the moisture content and mass of peanut and

wheat kemels. Okamura and Zhang (2000) developed a new method to measure the

moisture content of the material by using phase shift at two microwave frequencies.

Bemou et al. (2000) developed microwave sensor for humidity detection using the

electromagnetic property variation of sorne sensitive materials in the presence of gas at
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microwave. frequency (ca. 1 GHz). Nelson et aL (1995) showed the existence .of sorne

relatiçmship between the dielectric properties and maturity of some fruits. Buchner and

barthel (1995) studied the kinetic process in the liquid phase by making use of the

dielectric properties of the materials. Rudakov (1997; 1998) used dielectric properties of

the solvents to optimizethe mobile phase inthe high-performance liquid chromatography.

Martens et al. (1993) proposed that the use of a microwave (20-100 GHz) confocal

resonator to accomplish the detection of theelectromagnetic and chemical properties of

material. In addition, at the fundamental level, the dielectric behavior ofthe material can

provide the information about· molecular interactions and mechanism of molecular

processes (Firman et al., 1991; Lunkenheimerand Loidl, 1996; Matsuoka et aL, 1997).

Suzuki et al. (1996; 1997)used dielectric analysis to study the hydration of protein in

solution and hydrophobie hydration ofamino acid solutions. Shinyashiki et aL (1998)

investigated the dynamic of water in a polymer matrix studied by making use of

microwave dielectric analysis. Recently, it has been used as the chemical sensor to

measure the solution concentration (Mckee and Johnson, 2000).

In this paper, a new method to determine the yield of the chemical reaction is

proposed. The method presented is based on the dielectric properties (dielectric constant

and loss factor) of the materials at microwave frequencies of 2450 and 915 MHz. It has

two charaçteristics. One is the shift in the resonant frequency. The other is the shift in Q

factor of the cavity when the object is inserted into the cavity (Donoven et aL,. 1993;

Klein et al., 1993; Dressel et al., 1993). Dielectric properties (dielectric constant and 10ss

factor) are. key parameters of materials. They are dependent on the composition of

material. In this research, a cavity perturbation technology to measure the dielectric

propertieswas employeddue to hs simplicity of the measurement set-up, high sensitivity,

automated.experimental facility, directevaluation and higher accuracy. It does not require

complicated calibration since a network analyzer can accomplish most of the sensing

functions (Chen et al., 1999). A simple cavity can be createdwith a hollow rectangular or

circular wave-guide. Thedielectric properties of material are determined by measuring

the shift in the resonant frequency and the change in the Q factor of the cavity when a

sample is introduced into the cavity. The dielectric properties (dielectric constant and loss

factor) are given by:
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(8.2)

Where, subscripts 0 and s refer to the empty cavity .and the .cavity loaded with an object

at the centre of the cavity, V= volume, f = resonant frequency, Q=Q factor, k= factor

dependent upon object shape, orientation and permittivity.

The dielectric properties of materials measured depend on the volume, geometry,

dimension, location, its composition and mode of operation of the cavity. For a drcular

cavity, the dielectric properties of solutions relate to the composition ofthe materiaL

8.3 Materials & Method

8.3.1 Reagents

p-Toluenesulfonic acid, p-hydroxybenzoic add, methylparaben, n-propylparaben,

n-butylparaben, I-butrmol, methanol were purchased from Sigma Chemical Co. (St.

Louis, MO, USA). I-propanol was obtained from Aldrich chemical Co. Inc (Milwaukee,

WI, USA). AU chemicals were of analytical grade reagents.

8.3.2 The yield definition

The yield of this specifie reaction (Esterification of parahydroxybenzoic acid with

methanol, I-propanol, .and I-butanol, respectively) is defined as:

(8.3)

Where ni and nz are the mole number of the product (paraben) and original

reactant (parahydroxybenzoic acid), respectively.
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8.3.3 Sample preparation and dielectri.c property measurement

Model solutions representing different percentage yields of esters (0, 30, 50, 70

and 90% yields) were prepared by mixing p-hydroxybenzoic acid with alcohols and their

corresponding esters and water in amounts calculated based on the above mentioned

theoretical yields. The above solutions were immediately analyzed for the dielectric

propertiesby cavity perturbation technique (Liao et al., 2001). Due to the limited

solubility, it was impossible to prepare solutions with the ratio .less than 5. The ratio refers

to the mole number of alcohol to the mole number of p-hydroxybenzoic acid. 10% of the

PTSA, a catalyst, was added to the mimicked system.

8.3.4 Statistical analysis

Three samples were used for each reaction. Regressions relating the yield and

dielectric properties (dielectric constant and loss factor) of the chemical reaction were

obtained using PROC STEPWISE in SAS (Version 6.12 for Windows 98).

8.4 Results & Discussion

8.4.1 Dielectric constant as a function ofyield at both 2450 and 915 MHz

The data indicate the absence of a relationship such as linear or quadratic between

resonant frequency and the corresponding yields. Therefore, it is not possible tocorrelate

the dielectric constant with the yield of the reaction due to the fact that the dielectric

constant is mainly dependent on the amount of frequency shift (Equation 8.1). Further,

the dielectric constant of the model system irregularly changed with the yield. A

representative relation is shown in Figures 8.1 and 8.2, respectively.

8.4.2 Loss factor as a function of yield at both 2450 and 915 MHz

Contrary to the relation seen for dielectric constant, there could be regular trends

such as quadratic linking quality factor to the corresponding yields. Therefore, attempt is

made to correlate the loss factor with theyield of the reaction. The lossfactor ismainly

dependent on the amount of the shift in Q factor (Equation 8.2). The relations are shown

for the Qs factor vs yield and loss factor vs yield in Figures 8.3 and 804, respectively. The
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Qs increases with the yield in a smooth way, while the corresponding 10ss factor does

inverse.
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Figure 8.1: Variation of resonant frequency of loaded sampie at 2450 MHz as a

function of yield when alcohol is methanol.
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Figure 8.2: Variation of dielectric constant ofloaded sample ai 2450 MHz as a

function of yield when alcohol is methanol.
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8.4.3 The predictive models for the Qsfactor, dielectric loss factor and

the theoretical yields

To obtain relations of Qs factor and die1ectric 10ss factor with the theoretica1 yields

of the different types of esterification, SAS was used. The results are presented in Tables

8.1, 8.2, and 8.3. AH esterification mode1 systems can be described by the quadratic

equations. The mode1s cou1d be used to determine the yie1d of esterification after
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measuring the 10ss factor or to estimate the dielectric 10ss factor after measuring the yield

of the reaction.

Table 8.1: Predictive equations for the esterification model systems

when alcohol is methanol

Ratio

7:1

2450 MHz

Equations

Qs=785.99+231.3 811

e"=11.23-4.06T]+0.89T]2

915 MHz

R2 Equations

0.9910 Qs=2026.04+356.24T]-138.29T]2

0.9877 s"=14.76-6.67T]+2.87T]2

0.9942

0.9597

Ratio

5:1

7:1

Table 8.2: Predictive equationsfor the esterification model systems

when alcohol is I-propanol

2450 MHz 915 MHz

Equations R2 Equations R2

Q5=1896.43-195.92T]2 0.9366 Qs=2654.74-75.65T]2 0.9450

e"=2.97+0.6755T]2 0.9456 s"=5.13+0.8897112 0.9446

Q5=1882.65-195.92T] 0.9904 Q5=2620.71-56.59T]2 0.9589

e"=2.99+0.6987T] 0.9819 s"=5.53+0.6775T]2 0.9597

Table 8.3: Predictive equationsIor the esterification model systems

when alcohol is I-butanol

2450 MHz 915 MHz

Ratio

5:1

7:1

Equations R2 Equations R2

Qs=2491-835.6811+453.75112 0.9219 Qs=2866-152.2711+38.09T]2 0.9909

s"=1.66+ 1.6711-0.8478T]2 0.9252 s"=3.0435+2.13611-0.9973lj2 0.9446

Qs=2447-737.92T]+394.63lj2 0.9495 Qs=2846-188.34lj+82.78T]2 0.9537

e"=1.735+1.52911-0.774T]2 0.9519 s"=3.22+1.90lj-0.81 T]2 0.9538

•

Where, ratio refers to the mole numberof alcohol to the mole number ofpara-hydroxybenzoic acid; Qs is

the resonant frequency with sample; B" is the 10ss factor; T] is the theoretical reaction yield (%); al!

regression models are significant at 0.0001 level.
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8.5 Conclusions

The dielectric properties of esterification model systems were investigated with

respect to the theoretical yields. It is possible to correlate the Qs factor or loss factor with

the yield of the reaction. The results have shown additional use of the application of loss

factor in the chemical reaction and microwave assisted chemical engineering.
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CONNECTING TEXT

In Chapter VIII, we found good relationships between the dielectric loss factor

and the theoretical yield of the reaction. The ne)(t step is to explore the Maillard reaction

mode! system.

In this chapter we win demonstrate that it is also possible to use dielectric loss

factor and loss tangent to study Maillard reaction model system if the appropriate system

is chosen.

The material presented in this chapter will be submitted for publication in a peer­

reviewedjoumal (see details of publication below)

Liao, X., Raghavan, G. S. V., and Yaylayan, V. A. 2002. Use of dielectric properties

to study the Maillard reaction model system. Journal of food Science (to be

submitted).

The contributions made by different authors are as follows: (i) The first author is

the Ph.D. student who performed the experimental work and wrote the manuscript, (ü) the

second and third authors are the student's co-supervisors who contributedin aU aspects of

the project.
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IX. USE OF DIELECTRIC PROPERTIES TO STUDY THE

MAILLARD REACTION MODEL SYSTEM

9.1 Abstract

The Maillard reaction model system consisting of glucose and lysine in water

was investigated at room temperature. The relationships of the dielectric properties

(dielectric constant, loss factor), and loss tangent with reaction time and ratio of the

reactantswiH he estahlished. Quality aspects like ahsorhance and color development

will he studied as weIL AU these will assist in estahlishing relevance of using loss

factor and loss tangent in kinetics of reactions.

9.2 Introduction

Maillard reaction, which was named after its inventor, Lois-CamilleMaillard.is

one of the major reactions related to the formation of food f1avors and colors during the

thermal processing. It involves the reaction of amines with carhonyl. compounds,

especiaUy reducing sugars. It is necessary to monitor or trail the kinetic hehavior of

Maillard reactions in food and pharmaceutical industries using simple and rapid methods.

Much effort has heen made to study this type of chemical reactions (Van Boekel, 2001).

Because the Maillard reaction can result in sorne distinctive compounds, which can

produce colors in solvents, the use of spectrophotometry and colorirnetry has heen

studied. In Hutchings' review (1994), he reported that most researchers used only selected

wavelengths (420-460 nm) to study this reaction. Maillard model systems containing

lysine and sugars in solution can he rnonitored hy lysine oxidase e1ectrodes (Assoumani

et al., 1990) or hy spectrophotometric techniques (Westphal et al., 1988). Ge and Lee

(1996) developed a method to determine Amadori compounds of phenylalanine,

tryptophan, and tyrosine and their parent compounds simultaneously in the Maillard

reaction mixture hy using HPLC with an UV detector and a pulsed amperometric

detector. MacDougall and Granov (1998) reported that using a Hunter Colorquest Dio­

Array Spectrophotometer to measure the color development in CIELAB (Commission
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Internationale d'Eclairage LAB) space. Twenty colored fractions were revealed by

Hofmann (1998) using color dilution analysis methods (CDA). However, we have. found

that microwave resonant cavity measurements provide an interesting alternative, because

they are fast, accurate and do not require further treatment after reaction. This emerging

technique, which is currently a combinatory application of physics and chemistry, is

based on measurement of the resonant frequency and Q factor shift.

A product responding to microwaves depends on its dielectric properties, which

are associated with temperature, water activity and polarity (Decareau, 1985; Mudget,

1986). The lower the molecular weight of a compound is, the greater will the behavior of

its interaction with microwaves. Although Assoumani et al. (1994) first developed a real­

time non-destructive microwave spectral analysis method (2400 MHz-2450 MHz) to

study a Maillard model system at various lysine-glucose ratios; they did not use this

method for the kinetic studies of this MaiHard model system. In addition, the correlated

relationship between the ratio and another microwave frequency such as 915 MHz is not

studiedat aH. Therefore, the objective of the present work is to develop an analysis

method to study the kinetic .behavior of a Maillardmodel system at various lysine/glucose

ratios at both 915 and 2450 MHz from the point of view of dielectric properties. The

decision for the better factors (dielectric constant, dielectric loss factor, loss tangent,

Quality factor, and resonant frequency) to use for these kinetic studies will be discussed.

The kinetic model involving the loss factor, the ratio of the reactants and the reaction time

will be established.

9.3 Materials and Methods

9.3.1 Reagents

L-lysine HCl was purchased from ACROS ORGANICS (New Jersey, USA). a-D­

glucose was obtained from Sigma Chemicals Company (St Louis, MO).

9.3.2 Reaction mixture

The mixtures were prepared by dissolving 2.5-2.6 g of glucose and varying level of

lysine in 2-ml water. The ratio of the reactants [(lysine (g)/glucose (g)] was 0.71, 0.54,

0.42, 0.37 and 0.23. Because 2.5-2.6 g of glucose could not be completely dissolved in 2
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g of water at room temperature, mierowave heating was used to aid the dissolution of

glucose in water. After mierowave heating, the .sample was kept at room temperature for

four hqurs and was found that there was no precipitation in the solution. After that,

different amounts of lysine were added to reach the desired ratio of the reaetants.

AH mixtures were plaeed in 4-ml vials closed with a rubber stopper and keptat

room temperature up to 107 hours. Samples (O.4-ml) were taken at specifie time intervals,

and diluted by the addition of 2-ml water. Samples for dielectric property measurement

were used without dilution. In order to avoid further reaction, the diluted samples and

those sampIe holders loaded with sample were stored at 4 oC before measuring dielectric

properties, color, absorbance at 420 and 287 nm. at room temperature.

9.3.3 Absorbance measurement

The eolor intensity of the samples was measured at 287nm usingaBeekman DU­

64 Spectrophotometer. The optieal density (OD) was also measured at 420 nm.

9.3.4 Colour measurement

Colour was measured in CIELAB space by using a Chroma Meter (Minolta

Chroma Meter, CR-200b, Minolta Camera Co. Ltd., Azuchi-Machi, Chuo-Ku, Osaka 541,

Japan). The diluted samples were plaeed inside a vial for colorimetrie assessment ofthe

reaction mixture. The Chroma Meter was calibrated against a standard calibration plate of

a white surface with L*, a* and b* value aceording to manufaeture's recommendations.

The measurements were repeated six times for eaeh sample. Data are reported as L*,

uniform lightness. and the chromaticness coordinates a* (+ red to - green) and b* (+

yeHow to - blue).

9.3.5 Dielectric properties measurement

A Hewlett Packard 8753D dielectric network analyzer having a frequency range of

30 kHz to 6 GHz was used. The resolution is 1 Hz. The resonator eavities were made of

copper with volume of 264749 mm3 for 2450 MHz and 1922876 mm3 for 915 MHz. The

cavity is attaehed to the network analyzer with co-axial cables, whieh emitted the

microwave power and frequeney to the sample. The system was calibrated with distilled
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water, a liquid of known dielectric properties. The sample was confined in a 10 j..tl

borosilicate glass sample holder (Fisherbrand Micropipet). Three consecutive

m.easurements were performed at ambient temperature to obtain the resonant frequency

(f), Q factor, dielectric constant, and loss factor. Details about measurement, theoretical

background and methodology have been reported elsewhere (Kraszewski and Nelson,

1993, 1994; Liao et al., 2001).

9.4 Results & Discussion

9.4.1 Colonr development

CIELAB lightness (L*) and Chroms (a*, b*) of the color development for the

reaction mixture are shown in Tables 9.1-9.5. The progress ofthe lightness (L*) is also

given in Figure 9.1. The effect of the ratio of the reactants and the reaction time are

clearly iHustrated. Although there is no behavior with the reaction time that can be

predicted from the ratio tested, the lightness of aU the samples tested were:,· in some sense,

lost after 107 hours at room temperature.

~ 24

-0-0.54
-::1:-0.23

--1r-0.42

125100755025

22 +----,,-----,-----.--~-,--~--

o
Hours

Figure 9.1: CIELAB Lightness (L*) plots of color development of glucose and lysine

mixture in water at room tèmperature.

The development of the chroma of the colors is shown in the a*, b* diagrams (Figure

9.2). Most variations in a* fIfSt movetowards greenness,along the a* negative axis and then

it moves towards redness,along the a* positive axis. Contrary to variation in a*, most

variations in b*, first moves towards yeUowness, along the b* positive axis and then

generaUy decreases in b* positive axis. (Also see the value in Tables 9.1-9.5). The location

of the individual colors in Figure 9.2 is linked to the lysine and glucose concentration. The

chroma diagrams for the different ratio of the. reactants were not identical, indicatingthat the
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sequence of the Maillard pigments formed during their respective reaction were not the

same. This observation is in agreement with the previous report by MacDougall and Granov

(1998).

6

-5 -4 -3 -2 -1

a*

o 2 3

Figure 9.2: CIELABchroma (a*, b*) plots of color development of glucose and lysine

mixture in water at room temperature (0): 0.71; (0): 0.54; (ô): 0.42; (x): 0.37; (*): 0.23.

9.4.2 Absorbance at 287 nm (A287) and 420 nm (A420)

The visual browning of the model system depends on both the ratio of the reactants

and the reaction time at room temperature. A287 and A 42ü are shown in Tables 9.1-9.5. The

absorbance at both wavelengths increased with time. However, the increment for A287

became very small after 65 hours except when the ratio was 0.23.

Table 9.1: Colordevelopment and absorbance with time when the reactant ratio is O. 71.

Time(h) L* a* b* A42ü A 287

0 26.55 -0.26 0.51 0.08 1.47

25 25.51 -0.65 2.54 0.28 2.87

65 25.51 0.23 5.34 2.53 2.92

89 22.84 2.20 3.24 3.42 2.93

107 22.39 1.13 1.47 3.70 2.95
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Table 9.2: Color development and absorbance with time when the reactant ratio is 0.54.

Time(h) L* a* b* A42ü A287

0 27.23 -0.18 0.18 0.04 0.75

25 26.14 -0.50 1.37 0.13 1.61

65 26.72 -0.70 5.62 1.20 2.91

89 26.42 0.14 4.71 1.95 2.95

107 25.27 1.51 3.50 3.32 3.00

Table 9.3: Color development and absorbance with time when the reactant ratio is 0.42.

Time(h) L* a* b* A42ü A287

0 27.44 -0.20 0.29 0.03 0.55

25 28.11 -4.22 0.43 0.07 1.07

65 27.78 -0.92 3.25 0.46 2.93

89 26.96 -0.70 4.46 0.85 2.96

107 25.09 0.59 5.19 1.97 3.01

Table 9.4: Color development and absorbance with time when the reactant ratio is 0.37.

Time(h) L* a* b* ~2ü A287

0 28.02 -0.21 0.16 0.03 0.60

25 26.72 -0.12 0.34 0.05 0.85

65 27.03 -0.76 3.01 0.36 2.85

89 27.09 -0.92 3.65 0.68 2.99

107 24.43 -0.35 5.19 1.01 2.97
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Table 9.5: Color development and absorbance with lime when the reactant ratio is 0.23.

Time(h) L* a* b* A420 A287

0 25.35 0.14 0.17 0.02 0.36

25 28.20 -0.14 0.06 0.03 0.56

65 26.34 -0.32 1.26 0.13 1.79

89 28.74 -0.61 1.56 0.20 2.31

107 23.17 -0.72 3.54 0.44 2.96

9.4.3 The dielectric constant, loss factor and loss tangent

9.4.3.1 At 2450 MHz

The average values for the resonant frequency Cfs), Q factor (Qs), dielectric

constant (8'), 10ss factor (8") and 10ss tangent (tanS) for the reaction systems with the

different reactant ratios at room temperature with time are shown in Tables 9.6-9.10,

respectively.

Table 9.6: Microwave data for O. 71 ratio ofthe reaction system at 2450 MHz.

Hours fs(x109
) Qs 8' 8" tanS

0 2.479739 571.89 67.61 16.54 0.2446

25 2.479743 599.51 67.57 15.65 0.2316

65 2.479799 596.83 67.07 15.73 0.2345

89 2.479850 596.26 66.62 15.75 0.2364

107 2.479897 549.54 66.20 17.32 0.2616
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Table 9.7: Microwave data for 0.54 ratio ofthe reaction system at 2450 MHz.

Hours fs(xl09
) Qs e' en tanD

0 2.479696 603.03 67.99 15.54 0.2286

25 2.479617 635.59 68.71 14.60 0.2125

65 2.479798 628.87 67.08 14.79 0.2205

89 2.479657 646.44 68.26 14.31 0.2096

107 2.479741 597.15 67.59 15.22 0.2252

Table 9.8: Microwave data for 0.42 ratio ofthe reaction system at 2450 MHz.

Hours fs(x109
) Qs e' en tanD

0 2.479694 677.25 68.02 13.50 0.1985

25 2.479636 673.46 68.70 13.66 0.1988

65 2.479600 679.79 68.86 13.47 0.1956

89 2.479686 687.15 68.09 13.30 0.1953

107 2.479820 660.99 66.89 13.93 0.2083

Table 9.9: Microwave data for 0.37 ratio ofthe reaction system at 2450 MHz.

Hours fs(xl09
) Qs e' en tanD

0 2.479890 651.48 66.26 14.18 0.214005

25 2.479603 688.56 68.81 13.26 0.192705

65 2.479631 689.62 68.58 13.24 0.193059

89 2.479777 686.62 67.27 13.34 0.198305

107 2.479630 714.55 68.58 12.68 0.184894
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Table 9.10: Microwave datafor 0.23 ratio ofthe reaction system al 2450 MHz.

Hours fs(x109
) Qs a' a" tano

0 2.479660 730.66 68.32 12.34 0.1806

25 2.479613 728.42 68.74 12.39 0.1802

65 2.479652 732.79 68.41 12.30 0.1798

89 2.479758 754.84 67.44 11.85 0.1757

107 2.479708 724.63 67.89 12.46 0.1835

As observed from the data in the tables 9.6-9.10, the variation in microwave data

is dependent on the reactiontime and ratio of the reactants. However, there were no major

changes with the reaction time in resonant frequency, dielectric constant, Qs factor and

loss factor for aH the reaction mixtures tested except when the reactant ratio is 0.71. There

is no relationship between the microwave data with time at the specifie ratio except when

thereactant ratio is 0.71 (or higher concentration ofreactants in this case). The reason for

this observation may be due to the presence of excess water in the system. Pure water has

higher dielectric constant (-80) and los$ factor (-10) at 2450 MHz. This means that even

if sorne chemical reactions are occurring in the lower reactantratio (or in ·lower

concentration of reactants in this case); it is still difficult to detect the changes in

dielectric properties with reaction time. The results obtained from the SAS analysis for

loss factor and loss tangent are shown in Table 9.11.

Further, relationships between loss factor (a") versus ratio (c) and loss tangent

(tano) versus ratio (c) were established. The results obtained from the SAS analysis are

presented in Table 9.12. AHrelationships are good. However, the relationship obtained

from the experimental data could be used to study the kinetics of this reaction only when

the reactant ratio or the concentration of the reactants is high enough as the dielectric

properties ofthis system are mainly dependent on the concentration ofwater.
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Table 9.11: Regression Equation constants and coefficients ofdetennination(R1
) ofthe

equations for the Maillard reaction model system consisting ofglucose and lysine

in water with lime (hours) at different ratios at 2450 MHZ.

Dielectric 10ss factor Loss tangent

Ratio Al x e+ bl x t + Cl R2 a2 x t2+ b2. x t + C2 R2

al bl Cl A2 b2 C2

0.71 0.0005 -0.0506 16.5759 0.8327 0.000008 -0.000757 0.24523 0.8132

0.54 0.0003 -0.0352 15.4798 0.6488 0.000004 -0.000491 0.22684 0.4430

0.42 0.0001 -0.0082 13.6102 0.1977 0.000003 -0.000264 0.20031 0.5045

0.37 0.0001 -0.0165 13.9915 0.6942 0.000002 -0.000421 0.20980 0.5859

0.23 0.0001 -0.0073 12.4160 0.1330 0.000001 -0.000122 0.18144 0.1785

Table 9.12: Regression equation constants and coefficients ofdetermination (R1
) ofthe

equations for the Maillard reaction mode! system consisting ofglucose and lysine

in water with ratio at the tested time at 2450 MHz.

Die1ectric 10ss factor Loss tangent

Time 2 R2
(4 x c2+ b4 x c + C4 R2A3 x c + b3 x c + C3

a3 b3 C3 ~ b4 C4

0 -2.6746 11.3570 9.8853 0.9231 -0.0615 0.18883 0.14185 0.8832

25 -0.2811 7.1912 10.7132 0.9934 0.0299 0.08018 0.15986 0.9860

65 -0.2724 7.6866 10.4794 0.9798 0.0185 0.10332 0.15349 0.9645

89 -0.5363 8.3937 10.0247 0.9804 0.0466 0.07682 0.15741 0.9530

107 11.8300 -0.4752 11.7921 0.9693 0.2116 -0.0287 0.17663 0.9567

In order to better describe the variation in die1ectric 10ss factOr and 10ss tangent for

those reaction mixtures tested, we ana1yzed the data obtained by using PROC STEPWISE

in SAS. We found a good re1ationship amongst dielectric 10S5 factor, 10sstangent, ratio of

the reactants and reaction time at room temperature. The regression models can be

expressed by:

:/ = 2.04 x 10-4 t 2 +1.49 x 10-2 te - 3.03 x 10- 2 t + 7.50e + 11.00

(R2±0.9299)
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tan 0 = 3.76 x 10- 6t2 + 3.08 x 1O-4 tc + 4.90 x 10-2c2 - 5.51 x 10-4 t + 6.64 x 10-2c+ 0.17

(R2 =0.9137) (9.2)

Where, t is reactiontime (0-107 hours); c is the ratio of the reactants (0.23~0.71).

Both equations obtained were found to be very significant at 0.0001 leveL

Therefore, it is possible to use both models to study the kinetics of this type of chemical

reaction when the reaction mixture is concentrated.

9.4.3.2 At 915 MHz:

The average value of the resonant frequency (fs), Q factor (Qs), die1ectric constant

(6'), 10ss factor (a") and 10ss tangent (tan8) for the reaction systems with thedifferent

reactant ratios at room temperature with time is presented in Tables 9.13-17, respectively.

Table 9.13: Microwave data for 0.71 ratio ofthe reaction system at 915 MHz.

Hours fs Qs a' 6" tan8

0 9.279000 1779.47 81.15 17.98 0.2215

25 9.278980 1830.21 81.57 16.72 0.2050

65 9.279030 1810.31 80.72 17.21 0.2132

89 9.279040 1807.34 80.43 17.28 0.2149

107 9.279080 1712.67 79.72 19.74 0.2476

Table 9.14: Microwave data for 0.54 ratio ofthe reaction system al 915 MHz.

Hours fs Qs a' 6" tanS

0 9.278964 1842.43 81.82 16.43 0.2008

25 9.278973 1921.30 81.66 14.64 0.1793

65 9.279072 1895.00 79.94 15.22 0.1904

89 9.279036 1931.02 80.56 14.43 0.1792

107 9.279024 1863.20 80.77 15.95 0.1975
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Table 9.15: Microwave data for 0.42 ratio ofthe reaction system at 915 MHz.

Hours fs Qs ë' ë" tanS

0 9.279032 2020.69 80.61 12.59 0.1562

25 9.279017 2009.06 80.89 12.82 0.1585

65 9.278993 2003.63 81.29 12.92 0.1590

89 9.279033 2004.77 80.60 12.90 0.1601

107 9.279036 1957.20 80.55 13.88 0.1723

Table 9.16: Microwave datafor 0.37 ratio ofthe reaction system at 915 MHz.

Hours fs Qs ë' ë" tanS

0 9.279122 1975.35 79.06 13.50 0.1708

25 9.279017 2038.58 80.88 12.24 0.1513

65 9.279048 2039.20 80.31 12.23 0.1522

89 9.279097 2035.65 79.50 12.29 0.1547

107 9.279066 2071.78 80.03 11.64 0.1454

Table 9.17: Microwave datafor 0.23 ratio ofthe reaction system at 915 MHz.

Hours fs Qs ë' ë" tanS

0 9.278920 2103.05 82.56 Il.03 0.1337

25 9.278987 2131.81 81.41 10.51 0.1292

65 9.279031 2117.96 80.65 10.76 0.1334

89 9.279108 2147.25 79.29 10.24 0.1292

107 9.279085 2110.53 79.71 10.89 0.1367

116



•

As seen from the data in the tables 9.13-9.17, the variation in microwave data at

915 MHz is also dependent on the reaction time and the ratio of the reactants. SimiIar to

the results observed at 2450 MHz, there is no relationship between the microwave.data

with time at the specific ratio except at higher ratio reactants (or higher concentration of

the reactants in this case) (Table 9.18). Relationships between loss factor (l::") vs ratio (c)

and loss tangent (tanD) vs ratio (c) were also obtained (Table 9.19). The reason for this

observation is the saille as that observed at 2450 MHz.

Table 9.18: Regression equation constants and coefficients ofdetermination (R2
) ofthe

equations for the Maillard reaction model system consistingofglucose and lysine in water with

time (hours) for dijferent ratios at 915 MHz.

Dielectric loss factor Loss tangent

Ratio as x r+ bs x t + Cs R2
a6 x t2 + b6 x t + C6 R2

as b5 Cs ~ b6 C6

0.71 0.0007 ~0.0685 17.9989 0.8421 0.000010 -0.000879 0.22163 0.8582

0.54 0.0005 -0.0636 16.3434 0.7258 0.000006 -0.000683 0.19947 0.5908

0.42 0.00009 0 12.5961 0.7110 0.000001 0 0.15571 0.6881

0.37 0.0001 -0.0261 13.2641 0.7035 0.000002 -0.000408 0.16715 0.6078

0.23 0.0001 -0.0172 10.9881 0.3448 2.7E-7 0 0.13113 0.1086

Table 9.19: Equation constants and coefficients ofdetermination (R2
) ofthe equationsfor the

Maillard reaction model system consisting ofglucose and lysine in water with ratio at the tested

time at 915 MHz.

Dielectric loss factor Loss tangent

Time a7 x c2 + b7 x c + C7 R2 ag x c2 + bg x C+Cg R2

a7 b7 C7 ag bg Cg

0 0 14.7010 7.7156 0.9342 0 0.17808 0.09732 0.9193

25 0 13.098 7.4242 0.9948 0 0.15853 0.09260 0.9963

65 0 14.043 7.2266 09892 0 0.17373 0.08992 0.9859

89 0 14.6152 6.8373 0.9964 0 0.17764 0.08769 0.9924

107 -20.515 0 9.4966 0.9784 0.2583 0 0.11810 0.9799
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Similarly, in order to better describe the variation of dielectric loss factor and loss

tangent for varying reaction mixtures tested at 915 MHz, the SAS analysis was performed

on the data. Relationships among dielectric loss factor, loss tangent, ratio of the reactants

and reaction time at room temperature were established as shown below:

"
& = 3.84 X 10-4

{2 + 0.04tc- 0.061+ 13.0lc+ 8.45 (R2 =0.9517) (9.3)

tan5 = 5.07 x 1O-6
{2 + 5.Mx 1O-4 tc -7.88x lü-4{+ 0.16c+ 0.11 (R2 =0.9445) (9.4)

Bath equations obtained were also found to be very significant at 0.0001 level.

Therefore, it is also possible to use microwave data at 915 MHz ta study the kinetics of

this type .of chemical reactionwhen the appropriate system is chosen.

9.5 Conclusions

The relation of dielectric properties for the Maillard reaction model systems with

reaction time and reaction ratio was established through the measurement and SAS

analysis. It is also possible ta use 10ss factor or loss tangent at both frequencies to

describe the kinetics of this type of Maillard reaction models system when the reactants

has higher ratio (or higher concentration of the reactants in this case).
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CONNECTING TEXT

In Chapters III-VII, we identified mathematical relationship between dielectric

properties of solutions and their concentrations or temperatures. The application ofthose

results for chemical reactions was demonsttated in Chapters VIII and IX. In the foUowing

two chapters, the advantages of using microwave technology and the reason for

microwave assisted chemical reactions will be presented.

In Chapter X, microwave-assisted esterification reaction is demonstrated.

The material presented in this chapter has been published in a peer-reviewed

journal (see details of publication below).

Liao, X., Raghavan, G. S. V., and Yaylayan, V. A. 2002. A novel way to pre.pare n­

butylparaben under microwave irradiation. Tetrahedron letters, 43(1): 45-48.

The contributions made by different authors are as follows: (i) The first author is

the Ph.D. student who performed the experimental work and wrote the manuscript, (ii) the

second and third authors are the student' s co-supervisors who contributed in aU aspects of

the project.
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x. A NOVEL WAY TO PREPARE n-BUTYLPARABEN

UNDER MICROWAVE IRRADIATION

10.1 Abstract

The synthesis of n-butylparaben under microwave irradiation in the presence ofan

inorganic salt ZnCh as a catalyst is reported. Using this specific catalyst for the synthesis

of the n-butylparaben under microwave irradiation, not only sh.0rtens the reaction time,

but also reduces the pollution from the use of concentrated sulfuric acid and prevents the

complicated after-treatmênt handling problems. The reason for this type of microwave­

assisted reaction isalso demonstrated from the temperature .profiles of the reaction. The

ratio of the reactants for the better microwave energy efficiency is discussed. The use of

microwave irradiation for the large-scale production of thistype of food preservative is

therefore feasible.

10.2 Introduction

p-Hydroxybenzoic acid esters (parabens) have been widely used as antimicrobial

preservative agents in food, drugs and cosmetics for more than fifty years due to their

broad antimicrobial spectruITl (Soni et aL, 2001). Parabens are very versatile in terms of

food preservatives, differing from the other preservatives such as benzoates, propionates,

and sorbates, because they are not weak acid compounds but have wide pH range. The

antimicrobialactivity of parabens is directiy dependent on the chain length (Robach,

1980; Dziezak, 1986). For example, the ability ofn-butylparaben to inhibit bacteriais 4

times as that of ethylparaben (Zhang et aL, 1998). The increasing use of these types of

compounds with relatively low toxicity, good stability, non-volatility and non-irritability

in those fields has led to the development of many techniques for the synthesis and assay

these compounds. In general, most methods of the paraben syntheses involve the presence

of catalyst such as concentrated sulfuric acid and PTSA (p-toluene sulfonic acid). In most

cases, large excess of either acid or alcohol is used in the .condensatiori to give a higher

yield of the desirable esters (Scheme 10.1).
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Scheme 10.1. The synthesis of parabens

(cat. = catalyst such as PTSA, H2S04)

However, these tnethods have limitations of general applicability owing to low

yields, extensive by-product formation and harsh reaction conditions. In fact, the use of

large amounts of condensing reagents and activators should be avoided in order to

promote green agricultural food engineering and efficient energy consumption. The direct

condensation of acids with alcohols using small amount of catalyst under microwave

irradiation is the most suitable method.

The use of microwave irradiation techniques has profound impact on the solution

of the synthesis ofthis type ofcompounds. Since the appearance of the first papers on the

application of microwave for organic synthesis (Gedye et al., 1986; Giguere et al., 1986),

numerous papers regarding the application ofthis special technology in organic synthesis

have been published [website: http://www.ang.lifunigraz.ac.at/~kappeco/microlibrary.htm

(a lot of references were given on this home page)]. The use of microwave in the

synthesis results in better selectivity, rate enhancement, and reduction of thermal

degradation and· higher energy consumption efficiency when compared to traditional

heating. In addition, microwave assisted synthesis without surplus reactant offers such

advantages as the reduction of hazardous explosions and the removal of excess reactants

or high boiling solvents from the reaction mixture. Esterification ofcarboxylic acid in the

presence of catalysts such as concentrated sulfuric acid and PTSA by employing

microwave energy has been extensively investigated (Majetich and Wheless, 1997;

Majetich and Hicks, 1995; Loupy et aL, 1993). Further, microwave irradiation has also

be.enutilized for the synthesis of parabens using catalysts such as concentrated sulfuric

acid, PTSA and inorganic acid. Liu et al. (1999) reported that butyi p-hydroxybenzoate

was synthesized under microwave irradiation by the esterification of p-hydroxybenzoic
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acid with n-butanol using phosphotungstic acid as a catalyst. Chenet al. (1993) reported

that p-hydroxybenzoic acid was refluxed with ROH (R=Et, n-Pr, Bu) employing

cüncentrated sulfuric acid as a catalyst. under microwave irradiation for 30 minutes to

give 85.1-86.5% corresponding esters. However, after checking Scifinder Scholar

provided by CAS (Chemical abstract service), to our best knowledge, there is no literature

relevant to the use of ZnCb as a catalyst to perform the esterification under microwave

irradiation. In this report we describè a fast microwave-induced synthesis of potentialIy

practical use in the chemical engineering by esterification of alcohol with p­

hydroxybenzoic acid in the presence of an inorganic salt ZnCh as a catalyst. The results

are compared with the traditional synthesis. If not only can save the reaction time, but

also can reduce the pollution associated with the use of concentrated sulfuric acid and

avoid the complicated after-treatment handling problems. Although the reason for

microwave assisted chemical reaction has been extensively investigated, most results

contributed to "hot spot" or "localized superheating" of the solvent (Gedye. and Wei,

1998; Westaway and Gedye, 1995; Hoopes et aL, 1991). In addition, materials or

components of a reaction mixture can differ in their ability tO absorb microwaves.

DifferentiaI absorption of microwaves will lead to differential heating and localized

thermal in homogeneities that can't be duplicated by conventionalheating techniques. It

also results in "microwave effects". In our paper, the reason for this microwave assisted

chemical reaction is discussed by making use of temperature data of the reaction mixture

during the microwave processing.

10.3 Materials & Methods

10.3.1 Materials

The foUowing chemicals: n~butanol, methylparaben, n-butylparaben, p­

hydroxybenzoic acid, PTSA, .and ZnCh.were purchased from the Sigma-Aldrich Canada

(Ontario). AlI reagents and catalysts were used without further treatment.
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10.3.2 Experimental procedure

Reactions havebeen carried out by employing a Synthewave S402 with a mono­

mode MW cavity from Prolabo operating at 2450 MHz with power range of 0-300W in a

tubular quartz reactor (250-ml) with irradiation being monitored by a Pc. The

temperature of reaction media was measured continuously with an IR-pyrometer, which

was an integral part ofthe Synthewave 402. For the sake of comparison, reactions were

also carried out using traditional heating in the presence of ZnCb as a catalyst and

reactions were also performed using PTSA as a catalyst in the presence of microwave or

conventional heating.

10.3.2.1 General procedure 1 (Microwave assisted synthesis):

A mixture of8ml ofbutanol, 0.18 g ZnCh and l.72 gp-hydroxybenzoic acid was

introduced together in the quartz reactor of the synthewave 402 apparatus equipped with a

condenser. The irradiation was carried out in the following sequence at 70% power (300

W * 70%): 15 s off, 30 son; 15 s off, 30 son; 15 s off, 30 son; 30 s off, 30 son; 15 s off,

30 son. After heating and cooling, the mixture was diluted by ethanol and analyzed by

GC. Methylparaben was used as internaI standard to calibrate the yield of reaction.

10.3.2.2 General procedure 2 (Conventional heating method):

A mixture of 3.46 g ofp-hydroxybenzoic acid and 0.35g ZnCh was introduced to

250 ml reaction flask and then 16 ml of butanol was added. The mixture was refluxed on

a hotpIate for 45 minutes. After heating and cooling, the product was analyzed as above.

10.3.2.3 Ge analysis:

The GC was operated with an injector temperature of 250 oC and a helium carrier

gas flow rate of 24 ml/min. The GC column was a non-polar general-purpose capillary

column [30 m x 0.25 mm Ld., 0.25-micron thickness, Phase DB5 (Catalogue No. 122­

5032, J&W Scientific Co.)]. The detector (FID) was operated at 250 oC and oyen

temperature was programmed as follows:
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1) Initial temperature was 100 oC; 2) Levell, 5.0 oC/min, 100 oC, keep 2 min; 3) Level2,

10 oC/min, 160 oC, keep 5 min; 4) Level 3, 10 oC/min, 250 oC, keep 5 min.

The products were identified by comparison of their GC retention time with those

of authentic samples. The yields were calculated from the theoretical standard calibration

tine.

10.4 Results & Discussion

10.4.1 The calibration Hne

The responses of the yields to GC detector were found to be linear (Figure 10.1) to

the ratio of the peak areas of butylparaben (PB(A» to the peak area of methylparaben

(PM(A».

y = 65.916x- 0.6679

R2 =0.9988

0.2 004 0.6 0.8 1 1.2 104 1.6
PB(A)/PM(A)

.--..
~ 60
"0
ID 40
'>,

20

O~--,--,----,--,----,--,---,---,

o

100

80

•
Figure 10.1: Theoretical calibration line of paraben.

(yield = number of mole for ester after reaction / number of mole for acid before reaction)

10.4.2 Reactions under conventional heating

As expected, the butylparaben was successfuUy synthesized using PTSA as a

catalyst by the conventional heating method with a yield of 76%. However, when PTSA

was replaced with ZnCb as a catalyst under the same reaction conditions, the yield was

reduced to a meager 3.5% of the original reaction. The results are shown in Table 10.1.
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10.4.3 Reactions under microwave irradiation

As expected, the butylparaben was successfuUy synthesized using PTSA as a

catalyst under microwave irradiation. However, the yield was lower than the conventional

method due to the much short reaction time. Interestingly, the yield for the use of ZnCb

was sIightly higher than that of the reaction catalyzed by PTSA. The results are also

shown in Table 10.1.

Table 1(J.): Esterification ofparahydroxybenzoic ucid and n-butanol under microwave

irradiation and classic heating.

Entry

1

2
...
.)

4

5

6

Catalyst

PTSA

ZnCh

PTSA

ZnCh

heating mode

Microwave irradiation

Conventional heating

Microwave irradiation

Microwave irradiation

Conventional heating

Conventional heating

yield (%)

o
o

41

43

76

3.5

•

•

10.4.4 Temperature profiles of the reaction.

The temperatureprofiles of the esterification of butanol and p-hydroxybenzoic

acid in the presence of PTSAor ZnCh undet microwave irradiation are shown in Figures

10.2 and 10.3 respectively.
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Figure HU: Temperature eC) profile of esterification under microwave irradiation in the

presence of PTSA.
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Figure 10.3: Temperature COC) profile of esterification under microwave irradiation in the

presence of ZnClz.

As can be seen, the temperature under microwave irradiation was slightly higher

than the boiling point ofbutanol (l17.6°C). This is in accordance with the previous report

by Baghurst and Mingos (1992) and Hoopes et al. (1991). This results in reaction rate

enhancement when compared with the synthesis by using classic heating. In classic

heating, the temperature provided for the reaction is usually the reflux temperature. The

temperature in the case of ZnCh as a catalyst was also slightly higher than the boiling

point of butanol. This not only can explain rate enhancement under microwave

irradiation, but also can give an explanation for the reason that the desired product could

not be successfully produced under conventional heating. According ta this, it is

important to point out that eaeh catalyst has its exaet readion temperature whether the

reaetion is performed using microwave heating or conventional heating. The non-thermal

effeet claimed by sorne authors probably result from diffieulties in relating to temperature

distribution estimation and keeping the absolutely identical reaction conditions while

comparing.

10.4.5 Effeet of microwave parameters

In order to optimize the reaction conditions, a series of experiments in the reactor

were performed. Figure 1004 shows the effect of the irradiation power supplied and the

ratio of the reactants on the yield ofesterification.
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Figure 10.4: Effectof microwave irradiation power suppHed (%) and the ratio ofthe

reactants (mole ratio =butanol/acid) on the yield of esterification.

As can be seen, an increase in the irradiation power provides an increase in the

yield ofbutylparaben. Interestingly, the yield decreases with an increase in the ratio of the

reactants. For example, the higher yield was obtained when the reactant ratio was 1:1.

This result is different from the traditional concept that large excess of either acid or

alcohol is used in the condensation to give a higher yield of the desirable esters.

10.5 Conclusions

This paper described a microwave-assisted synthesis of n-butylparaben in the

presence of ZnCh as a catalyst and identified the reason for the difference between the

reaction performed under microwave heating and conventional heating. In direct

esterification, the catalytic use of inorganic salts is practical and economical because of

its simplicity and applicability to large-sale operations and at the same time avoiding the

higher cost of PTSA or the use of concentrated sulfuric acid. AIso, this procedure gave

the right ratio of reactant, which should be 1:1. With this ratio, the microwave energy

efficiency is the highest. Further optimisation of the irradiation time, microwave power

suppIied will he investigated in order to make this microwave technology applicable in

agriculture and food industry.
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CONNECTING TEXT

In microwave-assisted esterification (Chapter X), a new catalyst was reported to

be useful for esterification. of para-hydroxybenzoic acid with I-butanol under microwave

irradiation. In Chapter XI, Maillard reaction under microwave irradiation was studied in

absence of a solvent. The advantage of the use of microwave irradiation in this reaction

will be also demonstrated.

In this chapter microwave assisted Maillard reaction model· system without

solvent ispresented.

The material presented in this chapter will be submitted for publication in a peer­

reviewed journal (see details of publication below).

Liao, X., Raghavan, G. S. V., and Yaylayan, V. A. 2002. Microwave Assisted

Solvent-free Maillard Reaction Model System Consisting of Glucose and Lysine,

Tetrahedron (to he suhmitted).

The contributions made by different authors are as follows: (i) The first author is

the Ph.D. student who performed the experimental work and wrote the manuscript, (ii) the

second and third authors are the student's co-supervisors who contributed in ail aspects of

the project.
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XI. MICROWAVE ASSISTED SOLVENT-FREE

MAILLARD REACTION MODEL SYSTEM CONSISTING

OF GLUCOSE AND LYSINE

Il.1 Abstract

A Maillard reaction model system consisting of glucose and lysine under

microwave irradiation was investigated. The dielectric properties of the chemical

reaction, absorbance at 287 nm and 420 nm and colour development are reported. The

result of this solvent-free reaction is a novel method since it is completely dry compared

to the earlier concept of solvent-free microwave reaction needing at least one liquid

reactant.

11.2 Introduction

The Maillard reaction, non-enzymatic browning, is actually a complex set of

reactions that takes place between amines, usually from proteins and carbonyl

compounds, generally sugars, especially glucose, fructose, maltose or lactose. The

Maillard reaction has far reaching implications in the production of flavours and aromas,

nutrition, toxicology, and technology in food processing (Ikan, 1996; Yaylayan, 1997). In

fact, foods prepared in microwave oyen usually generate less desirable flavours and

browning colours than· those prepared by a conventional method due to their heat

distribution characteristics (temperature profiles). The higher temperature of the

surroundings in a conventional oyen causes the Maillard reaction, resulting in surface

browning and production of desirable flavours in foodstuffs. Similar browning and

flavour production, however, do not take place in foodstuffs prepared by microwave

ovens mainly because of the lower temperature of the surroundings of the foodstuffs.

However, flavour researchers have made efforts to solve these problems by moditYing the

food formulations, adding flavour precursors, using special package materials and so on

(Yu et aL, 1998). In general, the use of microwave irradiation in food engineering and

organic chemistry will be promising due to the advantages over the traditional heating

methods such as the fast heating rate, timesaving and good quality of product and
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selectivity(Decareau, 1985). Sorne studies about Maillard reaction under rnicrowave

irradiation have been studied. A recent review has been written by Yaylayan (1996).

Those studies emphasise the influence of various pH values, moisture content, irradiation

time, the ratio of sugar and acid, electrolytes on the reaction under microwave irradiation

(Zamora et al., 1992). Most of them observed that there were some differences between

microwave heating and conventional heating. Aswe know, the successful application of

microwaves is directly associated with the dielectric properties of the materials. These

properties are defined in terrns of dielectric constant (l>') and loss factor (l>"). The former

is a measure of the ability of a material to couple with rnicrowave energy and the latter is

a measure of the ability of a material to dissipate electric energy, converting it into heat.

However, those studies of microwave assisted Maillard reaction did not associate the

differences from microwave heating with the dielectric properties of the reactants and

were performed in the presence of solvent such as water.

Recently, a solvent-free synthesis under microwave irradiation has been advocated

and developed due to hs advantage ofavoiding the use of large volumes of solvent. There

are several advantages to this concept; reduction of solventemissions, scale-up

advantage, and higher safety due to the reduction of the risk of overpressure and

explosions (Loupy et al., 1993 and 1998; Strauss, 1999). However, Vidal et al. (2000)

concluded that reactions between solids might not take place and need the use of a high

boiling point solvent after they re-examined the microwave-induced synthesis of

phthalimides. This conclusion prol)1pted us to study the chemical reactions between two

solids under microwave irradiation. In addition, we atternpted to establish sorne basic

understanding of the relationships about the dielectric properties, colour development

after reaction under microwave heating and conventional heating. The Maillard model

system, consisting of D-glucose and t-Iysine, is used in this investigation.

11.3 Materials & Methods

11.3.1 Materials

D-glucose (ACS reagent) was purchased from the Sigma Chemical Co. (Ontario,

Canada) and L-Iysine (97%) was obtained from Aldrich Chemical Co. (USA). They were

used without further purification.
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11.3.2 Reaction procedures

(1) Microwave heating procedure

0.4 g glucose and 0.4 g lysine were introduced to a 5-ml capped bottle. They were

mixedtogether through magnetic stirrer and then exposed to microwaves to reach the

specifie final temperature by using Fiso Microwave workstation (Figure Il.1). The

Microwave workstation consists of a microwave aven withan electronic interface, a

fiber-optic slip-ring for temperature and pressure measurements.

Figure 11.1: Fiso Microwave workstation.

(2) Conventional heating.procedure

0.4 g glucose and 0.4 g lysine were mixed together and then were introduced to a

5-ml eapped bottle. The mixture was heated by a hotplate to around 65°C and then cooled

to room temperature.

11.3.3 Dielectric properties measurement

After heating both systems, 4-ml water was added to dissolve the mixture. Using a

cavity perturbation technique, the dielectric properties of the solutions were measured at

2450 and 915 MHz. The .measurement required a dielectric analyser (Gautel Inc.), a PC,

measurement cavity. The system software calculated the dielectric parameters from the

cavity Q factor, transmission factor (~T, the changes in the cavity transmission), and the
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shift of resonant frequency (LlF). Before starting measurements, the calibration was

verified by taking measurements on a standard liquid (water) of known dielectric

properties.

11.3.4 Colom" development measurement

After heating,· 4-ml water was added to dissolve the mixture. Six millilitres of

water was added to the 0.4 ml of the above solution and then the diluted solutions was

subjected to colour measurement. Colour was measured in CIELAB space by using a

Chroma Meter (Minolta Chroma Meter, CR-200b, Minolta Camera Co. Ud., Azuchi­

Machi, Chuo-Ku, Osaka 541, Japan). The samples were placed inside a sample holder for

colorimetrie assessment of the reaction mixture. The Chroma Meter was calibrated

against a standard calibration plate of a white surface with L*, a* and b* value according

to the recommendations from manufacture. The measurements were repeated three times

for each sample. Data are reported as L*, uniform lightness and the chromaticness

coordinates a* (+ red to - green) and b* (+yeUow to - blue).

11.3.5 Absorbance measurement

Absorbance was measured in a 1-cm quartz ceU in a Spectrophotometer from 200­

700 nrn. The distiUedwater was used as background. The solution was the same as the

diluted solution, which was subjected to colour measurement.

11.4 Results& Discussion

11.4.1 Microwave heating profiles

A representative microwave heating profile is shown in Figure II.2. Microwave

heating rate is affected by the microwave power provided. As seen from Figure Il.2, for

higher microwave powers, faster microwave heating was achieved.
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Figure B.2: Microwave heating profile at various microwave powers supplied:

(--): microwave power; (---): temperature.

11.4.2 Absorbance at 420 nm and 287 nm

The absorbance at 420 nm and 287 nm for the reaction mixtures after microwave

irradiation orconventional heating is shown in Table 11.1. The trends for absorption at

both wavelengths were almost the same. The changes in absorbance at both wavelengths

for the conventional heating without solvent (water) are much smaller than that with

solvent under the same reaction conditions. Therefore,heat transfer through solvent is one

of the important factors in the conventional heating. It can increase the frequenciesof the

collision ofthe reactants and is helpful in the progressing of the reaction. For the

microwave heating, even withoutthe addition of a solvent (water) in the system, the

chemical reaction still took place as long as microwave heating provided highenough

temperature as shown in Table Il.1.· It may take the advantages of the volumetrie heating

produced by microwave to drive the chemical reaction. The changes in absorbance are

also associated with the microwave power supplied (Table Il.1).

1104.3 Colour development

CIELAB lightness (L*) and chrom (a*, b*) of colour development are given in

Table Il.1. The effect of microwave power supplied or temperature on the colour

development is also observed.
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Table 1LI: Absorbance and color development ofMaillardreaction.

Trials

2

3

4

5

6

7

Final temperature Heating time
A 287nm A 420nm L* a* b*Hea.ting methods

(oC) (S<::cond)

No heating 25 0.043 0.006 98.65 -0.32 2.37

Conventional heating 65 3600 0.218 0.044 103.10 -0.76 5.51

Conventional heating* 65 1800 2.102 0.357 100.59 0.73 14.30

MW SOOw 66 69 There was no color development observed

MW SOOw 96 140 0.712 0.155 100.11 -1.72 12.16

Microwave** Ils ** 3.143 0.920 90.18 5,41 9.86

MW.IOOO·w 139 68 2.985 0.804 96.22 4.06 10.38

*:A-mlwa.t<::rwas added tothe system befol"e heating.

**: The microwave heatingprocedure wàs: SOOw 33s; 400w 93s; 600w 3Ss; 500w 15s, 1000w 265. (Total microwa.ve irradiation time is

176s)
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11.4.4 Changes in dielectric properties

For this specifie. Maillard reaction model system, there were sorne changes in the

dieleetric properties between before and after reaetion (Table II.2). The dielectric

constant at 2450 MHz increases after reaction, while at 915 MHz it decreases. The higher

final reaction temperature was attributable to the higher decrease or increase in dielectric

constant as observed in the experiments. The loss factor at both frequencies decreased

after reaction. Interestingly, there was no major difference in loss factor at both

frequencies (Table II.2).

*: before reaction, no heating was provided in this system.

11.5 Conclusions

The Maillard reaction model system consisting of glucose and lysine was

investigated under microwave heating and conventional heating. For the conventional

heating, it is important to add water to make them homogeneous to make the reaction

happen faster. While for the mierowave heating, even without the addition of solvent

(water), the reaetion ean take place quickly if the temperature provided by microwave is

high enough.
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XII. GENERAL SUMMARY AND CONCLUSIONS

12.1 General Summary and Conclusions

In many cases, the temperature provides the driving force for chemical reactions.

Microwave heating is a potential and practicable heating method, which can bring a clean

friendly environment. Since the advent of the first papers about the application of

microwave heating in organic chemistry, numerous papers have been presented in the

peer-reviewed journals. This technology not only encourages scientists to do further

research not just in the labs, but take it to the industrial applications. However, awareness

about the dielectric properties of the materials is very important due to the fact that

microwave heating is direcdy associated with them.

The main goal of this project was to obtain the dielectric properties of the

chemicals at microwave frequencies of 2450 and 915 MHz and the application of

dielectric properties in the chemical reactions. More specificaHy, the objectives of this

study were to measure the dielectric properties of the alcohols, glucose aqueous solutions,

and lysine aqueous solutions, esterification and Maillard reaction model systems,

establish the predictive models and demonstrate the advantages of the use of microwave

irradiation in the organic chemical reactions.

To meet these objectives, experimentation started with aH the chemicals

mentioned earlier. The cavity perturbation technique was employed in the measurement

of the dielectric properties. Microwave assisted dissolution was presented. The data

obtained were analyzed by SAS Program. The reactions under microwave irradiation

were studied from the temperature profile during the microwave process.

Through the measurement and theoretical analysis, it was learnt that dielectric

properties of the materials depended on the material variety, concentration of component,

temperature and the microwave frequencies applied.

Through the SAS analysis, it was possible to develqp models to predict dielectric

properties of material with the key independent variables such as concentration,

temperature or both.
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iii)

• iv)

v)

vii)

viii)

•

Through the study of two type of microwave assisted chemical reactions, it

showed the advantages of employing microwave in the chemical reactionsuch as heating

fast, shortening the reaction time, providing the distinctive temperature distribution.

Through this study, it was possible to demonstrate .that chemical reaction outcome

can be linked to dielectricproperties which is more of a physical attribute ofthemateriaL

Main conclusions are recapitulated as foIlows:

i) At 2450 and 915 MHz, dielectric constants of aIl alcohols tested increase

with temperature. Contrary to dielectric constant, the loss factors of

methanol decreased with temperature, while the other alcohols tested,

except ethanol, first increased and then decreased with temperature.

ii) The dielectric constant of supersaturated a-n-glucose solutions at 2450

MHz increased with temperature, but generaHy decreased with

concentration. The dielectric loss factor decreased with temperature, but

generaIly increased slightly with concentration. At temperatures tested, at

least two concentrations showed nearly identical values of dielectric

constant or dielectric loss factor.

At 2450 MHz and 915 MHz, dielectric properties of a-n-glucose solutions

were shown to be dependent on the temperature and concentration.

At 2450 MHz, dielectric properties of lysine solution were shown to be

dependent on the concentration.

The dielectric properties of esterification reaction model· systems were

investigated with respect to the theoretical yields. It is possible to correlate

the Q factor or 10ss factor with the yield of the reaction by measuring the

dielectric properties of the reaction.

vi) The dielectric properties of Maillard reaction model system were measured

at both 2450 and 915 MHz and analyzed using SAS. It is also possible to

use 10ss factor or loss tangent at both frequencies to describe the kinetics

ofthis type.ofreactions when the reaction mixture is concentrated.

The predictive modeIs regarding dielectric properties were developed.

A microwave-assisted synthesis of butylparaben in the presence of ZnCb

as a catalyst was described. The procedure gave the right ratio of reactant,
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whichshould be 1: 1. With this. ratio, .the. microwave .energy .efficiency is

the highest.

Ix) The Maillard reaction model system consisting of glucose and lysine was

investigated under microwave heating and conventîonal heating. For the

conventionalheating, it is important to add a solvent·· (water) to make a

homogeneous solution for achieving the desired reaction. White for the

microwave heating, even without solvent, the reaction can take place as

long as the temperature provided by microwave is high enough.

12.2 Contributions to kn0wledge

The major contributions to knowledge are:

1. The models for dielectric properties of the chemicals such as alcohols, glucose

aqueous solution, and lysine àqueous solution were establishedat two industrial

frequencies.

2. A relationship .between the dielectric properties and chemical reaction yields was

developed. It was possible to use dielectric loss factor to monitor the yield of the

mimicked esterification reaction.

3. Through correlations of dielectric properties with the reaction time and the

concentration of the component of the chemical reaction, the kinetics of the

chemical reaction was studied.

4. Using mictowavetechnology, a novel way to prepare one type of food

preservatives and solvent free Maillard reaction were achieved.

5. The reason for microwave assisted esterification from the temperature file and

microwave assisted solvent free Maillard reaction was demonstrated. Temperature

provided is reaHy a crucial factor for chemical reaction whether it is p~rformed by

conventional heating ormicrowave irradiation.

12.3 Recommendations for future research

This study Was performed with an aim to obtain dielectric properties of the

chemicals and chemicai reaction at tnicrowave frequencies of 2450 and 915 MHz.
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Models were developed to correlate dielectric properties with the temperature,

concentration, reaction time, and yield. The applications of dielectric properties to

chemical reactions were also studied. Since microwave heating is linked to the dielectric

properties of the materials and it provides the distinctive temperature distribution during

the heating process, the encouraging results in this study suggest that the research in

future should be pursued as follows:

i) Study the temperature profile of those alcohols during the microwave

heating at 2450 or 915 MHz thus correlating the microwave-heating model

with the dielectric properties at both frequencies. It will give more

guidance in the selection of solvent for the microwave assistedchemical

reaction and extraction.

ii) Since it is possible to monitor the yield of the mimicked esterification

reaction, more experiments are needed to find ways to scale-up the system.

iii) Further investigations are necessary to study the chemical reaction from

the point of loss factor.

iv) Design an automatic system (probably flow through system) to measure

and analyze dielectric data.

v) Design a microwave-chemical sensor to determine the process of the

chemical reaction.
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