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Industrial use of microwave radiation as an alternative to conventional thermal heating has 
generated interest recently mainly because of the drastic reduction in the processing time. In 
spite of its wide application, its chemical mechanism of interaction with materials has not 
been well understood. The current debate on the alternative use of microwave radiation to 
conventional thermal heating is on the involvement of a "microwave specific effect" other 
than the well accepted dielectric heating. There are reports of various reactions which show 
similar kinetics under both microwave and thermal methods at similar temperatures 
suggesting simple dielectric heating of materials by microwaves. There are also reports 
which show a clear reaction rate enhancement under microwave radiation compared to the 
thermal method under similar reaction conditions and temperatures indicating 
a "microwave specific effect" other than the simple dielectric heating of materials. This 
paper will discuss the above conflicting results reported in the literature. 

1. Introduction 
The microwave region of the electromagnetic spec- 
trum corresponds to waves of wavelength 1 mm to 
1 m (frequencies of 300 GHz to 300 MHz respective- 
ly). Domestic and industrial microwave ovens gener- 
ally operate at a wavelength of 2.45 GHz correspond- 
ing to a wavelength of 12.2cm and energy of 
1.02 x 10- s eV. A material can be heated by applying 
energy to it in the form of microwaves which are high 
frequency electromagnetic waves. The electric field 
component of microwaves exerts a force on the 
charged particles found in the compound. If the 
charged particles are able to move freely through the 
electrical field, a current is induced. However, if the 
charged particles are bound in the compound, re- 
stricted in their movements, they merely reorient 
themselves in phase with the electric field. This is 
termed dielectric polarization. The dielectric polariza- 
tion can be made up of four components [1] based on 
the different types of the charged particles in matter: 
electrons, nuclei, permanent dipoles and charges at 
interfaces 

~t : ~e -~ ~a ~- ~d ~- ~i (1) 

where ~t : total dielectric polarization, % = elec- 
tronic polarization due to polarization of electrons 
surrounding the nuclei; % = atomic polarization due 
to polarization of the nuclei; Ctd = dipolar polarization 
due to polarization of permanent dipoles in the mater- 
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ial; and cq = interracial polarization due to polariza- 
tion of charges at interfaces. 

She electric field reversal of the microwave radi- 
ation causes the reversal of the dielectric polarization. 
The atomic and electronic polarization and depolariz- 
ation occur at a faster time scale than the electric field 
reversal of a microwave and therefore do not contrib- 
ute to the dielectric heating effect. (The resonant fre- 
quency of the electronic and atomic polarization is in 
the ultraviolet/visible and infrared frequency, respec- 
tively.) The time scale of orientation and disorienta- 
tion of permanent dipoles in a molecule is similar to 
the time scale of electric field reversal in the micro- 
wave region. In the microwave region, therefore, the 
dipoles rotate to align themselves in phase with the 
reversing electric field. The resulting polarization lags 
behind the changes of the electric field and causes 
dielectric heating of the material. The extent of this 
dipolar polarization depends on the power of the field, 
strength of the dipole moment, and the mobility of the 
dipole. The interracial polarization contributes to di- 
electric heating when conducting particles are sus- 
pended in a non-conducting medium in an in- 
homogeneous material. Thus both conduction and 
dielectric polarization are vehicles of microwave heat- 
ing in matter. 

The use of microwave radiation as an alternative to 
the conventional thermal curing method has increas- 
ingly been applied to the industry and extended 
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recently to the area of chemical synthesis and study of 
various chemical reactions. Even though microwaves 
have found a wide application, its chemical mecha- 
nism of interaction with the irradiated material has 
not been well understood. In the field of microwave 
catalysis, microwaves have been shown to interact 
selectively with different materials. A suitable material 
which would absorb the microwaves strongly, called 
a sensitizer, is usually selected which would preferen- 
tially absorb the microwave energy and pass it on to 
other substances to initiate a chemical reaction. This 
concept has been used as a basis for initiating and 
controlling catalytic reactions E2-9]. The desired 
chemical selectivity in the products is typically 
achieved by appropriate microwave pulsing. In the 
field of MORE chemistry (microwave oven induced 
reaction enhancement), polar molecules have been 
shown to absorb microwaves strongly in comparison 
to non-polar molecules [10, 11]. To bring about 
a rapid reaction in the microwave oven, therefore, the 
choice of the solvent is critical. Such specific interac- 
tion of microwaves is well accepted. However, "micro- 
wave specific" activation has been a debated concept 
which actually refers to a unique interaction, reaction 
or activation, specific to the microwave radiation. 
Reactions which otherwise would take hours or even 
days to complete with conventional heating methods 
have been shown to be completed in significantlyless 
time by using microwave radiation [12, 13J. A satis- 
factory explanation of this microwave phenomena has 
not been reported so far. Two proposed models of the 
chemical mechanism have emerged from research 
work done so far on microwave induced reaction 
enhancement chemistry. The first proposed mecha- 
nism assumes that whilst the reaction time is drasti- 
cally reduced in a microwave induced reaction, the 
kinetics or mechanism of the reaction is not altered. 
The temperature of the system is greatly enhanced on 
microwave irradiation resulting in a dramatically in- 
creased rate of reaction. The proposal assumes that 
the reaction rate enhancement is simply due to this 
thermal dielectric heating effect. The alternative pro- 
posal assumes that there is a specific activation effect 
due to microwave radiation that is acting in addition 
to the dielectric heating mentioned earlier. This is also 
referred to as the non-thermal effect of microwaves. 
One of the main complications associated with the 
microwave induced reaction has been the fact that 
microwaves usually induce dielectric heating in the 
irradiated material. This of course would give rise to 
a thermally induced reaction. 

2. Thermal activation of microwave 
radiation 

Gedye et al. [-11, 14] have observed that organic 
reactions carried out in sealed Teflon containers in 
a microwave oven showed reaction rate enhancements 
of 10 to 1200 times compared to conventional 
methods. An inverse relationship between rate en- 
hancement and the boiling point of the solvent was 
demonstrated in a series of esterification reactions. 
The reaction rate was shown to be directly propor- 
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tional to the pressure developed within the vessels in 
the preparation of 4-cyanophenyl benzyl ether. 
Giguere et al. E15, 16] observed a similar reduction in 
reaction times in many organic reactions using 
a microwave oven. Baghurst and colleagues E17] also 
demonstrated a reduction in synthesis time of or- 
ganometallic compounds in a microwave autoclave. 
The rhodium (I) and iridium (I) dimers which are used 
as starting material for organometallic synthesis are 
generally prepared by reftuxing the reagents in alco- 
hol-water mixtures for 4-36 h. In a microwave auto- 
clave, the same reaction was shown to give a good 
yield of the products in less than one minute. The rate 
enhancement was thought to be due to the high pres- 
sure and temperature created within the sealed vessels. 

For  a better comparison of microwave and thermal 
reactions, identical conditions have to be maintained 
in both the methods. Controlling and measuring tem- 
perature in the microwave oven is a major complica- 
tion in microwave radiation, as the electric field in- 
duced can cause serious errors in thermocouples used 
to measure the temperature, unless they have been 
carefully designed. This difficulty arises due to three 
reasons, namely electromagnetic interference, direct 
heating of the sensor, and perturbation of the field by 
the thermometer. The problem due to electromagnetic 
interference can be eliminated by placing the sensor 
perpendicular to the field. Direct heating and per- 
turbation of the sensor can be avoided by using a low 
dielectric loss material such as an optical fibre [18]. 

Due to this difficulty in measuring temperature in 
a microwave oven, Bond et al. [19] did not measure 
the temperature. To conduct experiments under iden- 
tical temperature and pressure, they studied the acid- 
catalysed esterification of propan-l-ol  with ethanoic 
acid at reflux temperature and atmospheric pressure. 
Microwave irradiation was then carried out in 
a multimode, variable power output microwave oven, 
suitably modified to accommodate refluxing of the 
solvent. Concentration of ester as a function of time 
was similar under both microwave and conventional 
conditions. They conclude, however, that for the par- 
ticular system all reactants and products were strong 
absorbers of microwave radiation and therefore no 
specific rate effect was seen. 

The cycloaddition of anthracene and dimethyl- 
fumarate in trichlorobenzene was carried out in 
a microwave oven and the reaction temperature was 
deduced by placing melting-point capillaries filled 
with various substances [20]. The substances in the 
capillaries which melted at their melting points gave 
the temperature of the reaction in the microwave 
oven. For comparison, the same reaction in an oil 
bath at 190-200~ gave a similar yield to the micro- 
wave oven reaction and no rate enhancement could be 
established in the microwave oven. Similar results 
were obtained from the study of reactions involving 
carbonyl enophiles [21]. The reactions of diethyl- 
mesoxalate with 1-decene and beta-pinene, and cycliz- 
ation of ( + )-citronellal under homogeneous and het- 
erogeneous conditions were studied at the same bulk 
temperature and pressure. A Luxtron optical fibre 
thermometer was used to measure the temperature of 



the sample in the microwave oven. The dependence of 
reaction yield on time and the stereo-isomer ratio of 
the products were unaffected by the heating mode. 

Jahngen et al. [22] have shown by infrared imaging 
that a large temperature gradient (30 ~ exists in the 
microwave irradiated sample. Hence accurate temper- 
ature measurement is essential. Microwave irradiation 
was conducted in a multimode microwave system with 
adjustable power output. They determined the reac- 
tion kinetics of ATP (adenosine triphosphate) hy- 
drolysis in the conventional heating method and cal- 
culated the Arrhenius parameters. Knowing the Ar- 
rhenius parameters and temperature, the concentra- 
tions of the reaction products can be predicted. Tak- 
ing into account the temperature gradient, they pre- 
dicted the concentration of product formed at a par- 
ticular temperature in the microwave oven and found 
their prediction in agreement with the measured con- 
centration of the reaction products in the microwave 
irradiated sample. They concluded, therefore, that the 
rate enhancement which they initially reported [23] 
was due to incorrect temperature measurement and 
that the rate enhancement was purely due to thermal 
reasons. 

Similar to the above group, Raner et al. [24, 25] 
determined the reaction kinetics and the Arrhenius 
parameters of the acid catalysed esterification of 2,4,6- 
trimethylbenzoic acid in 2-propanol by the conven- 
tional heating method. Using these parameters, they 
predicted the concentration of the reaction products 
in the microwave oven at a particular temperature and 
found their prediction to hold true. The observed 
reaction rate in the microwave reactor was the same as 
that calculated from the Arrhenius parameters deter- 
mined in the oil bath experiments. They also studied 
the acid catalysed isomerization of carvone to car- 
vocol and the Diels-Alder reaction between an- 
thracene and diethyl maleate reactions at the same 
temperature by the conventional heating method and 
microwave irradiation. Rate constants at several tem- 
peratures were measured and the activation para- 
meters were determined under both conditions and 
the data compared. The rates of the reactions were 

similar under both conditions. All the above data 
which is summarized in Table I suggest that condi- 
tions being the same, there was no reaction rate en- 
hancement in the microwave oven compared to the 
conventional methods and, therefore, microwave ir- 
radiation does not cause any change in the kinetics of 
the reaction. 

3. Non-thermal interaction of 
microwave radiation 

Reports of reactions which support the "microwave 
specific" activation could be classified under the fol- 
lowing six categories and are summarized in Table II. 

3.1. Reaction rate enhancement due to 
"hot spots"/Iocalized heating effects 

Reaction rate enhancement as high as 300 times were 
observed in the synthesis of long chain alkyl acetates 
on alumina in a dry medium using a commercial 
microwave oven [26 I. The authors noted that where 
supported reactions are concerned, simple dielectric 
heating may not be sufficient to explain the observed 
reaction rate enhancement. Lewis et al. [271 studied 
the cure kinetics of polyimides by conventional and 
microwave heating. The extent of the reaction was 
followed by Fourier transform infrared spectroscopy 
(FT-IR). A 34-fold rate enhancement at 160~ and 
a 20-fold rate enhancement at 170~ was reported. 
This group also studied the curing of an epoxy system, 
DGEBA (diglycidyl ether of bisphenol A) and DDS 
(diaminodiphenyl sulphone) resin [281. The temper- 
ature of the resin during the microwave cure was 
continuously monitored using a fibre-optic probe. The 
thermal cure was followed at a comparable temper- 
ature and 8-10-fold decrease in cure time for 100% 
completion of the reaction was observed in the micro- 
wave cure. The authors suggest that a localized super- 
heating effect may be the reason for the observed rate 
enhancement of microwave irradiation. 

Marand et al. [29, 30] monitored the isothermal 
polymerization of epoxy materials (DGEBA and 

TABLE I Summary of literature supporting similar reaction rates under comparable thermal and microwave conditions 

Reaction system Microwave source Reference 

Acid catalysed esterification of propan-l-ol with ethanoic Modified domestic multimode 650 W microwave oven 19 

acid 
Cycloaddition of anthracene and dimethylfumarate in 
trichlorobenzene 20 
Homogeneous and heterogeneous cyclization of (+)-ci t -  
ronellal 21 
Diethylmesoxalate with 1-decene and betapinene 21 
Hydrolysis of adinosine triphosphate (ATP) 22 
Acid catalysed esterification of 2,4,6-trimethylbenzoic acid 
with 2-propanol 

Acid catalysed isomerization of carvone to carvocol 

Cycloaddition of anthracene and diethylmaleate in 1,2-xy- 

lene 

Cross-linking of epoxy resin 

Domestic microwave oven 
Adjustable power monomode waveguide operating in the 
TEol mode 
Adjustable power monomode microwave oven 
Adjustable power microwave source 

Modified 750 W domestic microwave oven with magnetic stir- 
ring device 
Modified 750 W domestic microwave oven with magnetic stir- 
ring device 

Modified 750 W domestic microwave oven with magnetic stir- 
ring device 
Waveguide operating in the TEot mode 

24 

25 

25 
31, 32, 33 
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TAB L E I I  Summary of literature supporting microwave rate enhancement under comparable thermal and microwave conditions 

Reaction system Microwave source Reference 

Cyclic trimerization of urea 
Cycloaddition of anthracene and diethylmaleate 
Synthesis of organometallic compounds under reflux 
conditions 
Synthesis of long chain alkyl acetates on alumina in a dry 
medium 
Curing of polyimides 

Curing of epoxy resins (DGEBA and DDS) 
Curing of epoxy resins (DGEBA and mPDA and DGEBA 
and DDS) 
Synthesis of various heterocycles at near room temperature 
or lower temperatures 
Diffusion of various cations in Pyrex glasses 
Crosslinking of polyamyleneetherketone 
Diffusion of ethylene oxide in polyvinylchloride 
Synthesis of radiopharmaceuticals labelled with short lived 
radionucleides 
Synthesis of VO(PO)4- 2H20 intercalates 
Synthesis of ceramic oxides 
Curing of epoxy (DGEBA and DDS) fibre glass composite 
Curing of epoxy resin (DGEBA and DDS) 

Adjustable power monomode microwave oven 
Adjustable power monomode microwave oven 
Modified domestic microwave oven for reflux technique 

Domestic microwave oven 

85 W single mode resonant cavity operating in the TEI~ 
mode 
Single mode waveguide 
100 W single mode resonant cavity operating in the TEH 
mode 
Domestic microwave oven 

1.6 kW multimode microwave source 
Single mode resonant cavity 
750 W microwave source with a mode stirrer 

Modified 500 W domestic microwave oven 
Variable power multimode microwave source 
Single mode cavity 

40 
39 
12 

26 

27 

29,30 
48 

41 

42 
46 
43 
73 

72 
44, 45 
34, 35 
28 

DDS) at temperatures that ranged from 140-200 ~ in 
situ and followed the changes in dielectric properties 
and infrared spectra. Using the cavity perturbation 
method, a sample in the wave guide was cured via 
a microwave generator or hot N2 gas, while its dielec- 
tric constant was periodically measured using infrared 
optical fibres. The infrared spectrum of the sample was 
measured in situ under both microwave radiation and 
thermal heating by remote sensing fibres. They found 
that the rate of cross-linking is much higher in micro- 
wave cured sample compared to that cured thermally. 
This induced rapid cross-linking apparently created 
a molecular network which was rigid enough to trap 
unreacted functional groups, thus actually causing 
a lower degree of cure as observed earlier by Mijovic 
et al. [31-33]. Marand and co-workers have suggested 
two possible reasons: 

(i) The reactive polar molecules absorb microwaves 
selectively enhancing the reaction quickly while in the 
conventional method, the whole molecule has to be 
heated before the reaction could take place. 
(ii) In general, secondary amines are less reactive than 
primary amines due to steric reasons. Under micro- 
wave irradiation, secondary amines absorb micro- 
wave energy causing inversion of the molecule similar 
to primary amines and the reactivities of the two 
amino groups become identical. In the microwave 
cured sample, therefore, the enhanced cross-linking is 
due to accelerated reaction of the secondary amine 
group. 

The microwave curing of DGEBA and DDS resin 
on glass fibre matrix also resulted in a reaction rate 
enhancement [34, 351. The thermally cured composite 
at l l0~ for 10h and postcured at 125~ for 4h, 
yielded a polymer with glass transition temperature 
(Tg) of  111 ~ A polymer of similar Tg was obtained 
for microwave cured composites ~vithin 13-20 min 
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depending on the power of the microwave radiation 
used. A high moisture content within the microwave 
cured sample, however, was found to have increased 
the time taken for maximization of the Zg and signifi- 
cantly increased the void percentage during the curing 
process [36]. Also, charring was observed at high 
powers (800 W) of microwave radiation [34]. Sim- 
ilarly, in the microwave curing of DGEBA/3DCM (4, 
4'-diamino-3,3'dimethyldicyclohexyl methane), higher 
power resulted in oxidation and degradation of the 
samPles [37]. The glass composite of the above 
sample was also studied, and uniform curing was 
observed for microwave cure of large size samples 
(2o-25 cm) [38]. 

Berlan et al. observed reaction rate enhancement in 
some Diels-Alder reactions along with selectivity in 
the cyclic trimerization of urea [39, 40]. The rates of 
the reactions were compared under similar bulk tem- 
peratures in the conventional and microwave (mono- 
mode wave guide) methods. The authors suggested 
that the bulk temperature of the reaction mixture may 
not be representative of the reaction conditions and 
similar to "hot spots" in sonochemistry; the micro- 
wave activation could be due to hot spots generated 
by dielectric relaxation on the molecular scale. 
Baghurst et al. [121 found that organometallic syn- 
thesis in a suitably adapted microwave oven to allow 
refluxing of the solvent within the microwave cavity 
showed a reaction rate enhancement of 6-40 times 
compared to the conventional refluxing method. The 
acceleration of the reaction by microwave radiation 
has been suggested to be due to either of the following 
reasons: superheating effects due to the presence of 
large number of ions present, superheating effects at 
the boundary between non-miscible liquids along with 
efficient mixing of reactants, and rapid achievement of 
the reaction temperature caused by microwave dielec- 
tric effects. 



3.2. Reaction rate enhancement due to 
molecular agitation 

Microwaves cause rapid shift of the dipoles found in 
the molecules of a compound. The intermolecular 
bonds hinder the rotation of the dipoles causing a lag 
in the dipoles following the electromagnetic radiation. 
This is explained as the reason for the heating effect 
observed on irradiating a compound with micro- 
waves. This process may also be viewed as molecular 
agitation or stirring. Chen et al. [41] have shown that 
microwave irradiation could replace mechanical stir- 
ring in the synthesis of refractory b-branched amino 
acids. The yield of peptides was shown to be enhanced 
~8- fo ld  in microwave irradiation. This higher effi- 
ciency is attributed to both temperature elevation and 
perturbation in the molecular dipole moments in- 
duced by microwaves. They propose that the molecu- 
lar agitation or stirring caused by microwaves could 
account for the non-thermal effect of microwaves. 

3.3. Reaction rate enhancement due to 
improved transport properties 
of molecules 

The slowest step in solid state reactions is the diffusion 
of reactants towards one another through an unreac- 
tire medium. Since the rate of a reaction is controlled 
by the slowest step, any process which could enhance 
the diffusion of reactants can lead to a significant rate 
enhancement. Research on microwave processing of 
ceramic component materials suggest that transport 
properties are enhanced on microwave irradiation. 
The diffusion of various cations in Pyrex glasses [42] 
and ethylene oxide (EO) in polyvinyl chloride (PVC) 
[43] have been studied by conventional and micro- 
wave heating. Microwave irradiation was shown to 
enhance the diffusion of reactants in both the above 
experiments compared to conventional heating at the 
same temperature or less. The mode of action of 
microwaves on the reactants was studied by examin- 
ing the desorption of EO from PVC. It is suggested 
that enhancement in diffusion of EO in PVC on 
microwave irradiation is due to active disruption of 
hydrogen bonding between EO and PVC. The micro- 
wave synthesis of ceramic oxides were shown to occur 
in a fraction of the time taken by the conventional 
synthesis [44, 45]. 

Hedrick and colleagues [46] studied the microwave 
induced cross-linking of polyamylene ether ketone 
(PEK) containing end groups such as amine, maleim- 
ide and nadimide. Thermal cure was also performed in 
a conventional oven at the same temperature as used 
in the microwave oven. The time taken to reach a cer- 
tain percentage of gelation, which was determined by 
Soxhlet extraction after 72 h, was used for kinetic 
evaluation. They reported a 20-fold decrease in curing 
time for maleimide-terminated PEK when irradiated 
with microwaves. This reduction in curing time was 
suggested as being due to significant increases in the 
rate of diffusion of reactive species. A similar rate 
enhancement was reported for the microwave curing 

of thin films of DGEBA/DDS and DGEBA/mPDA 
(metaphenylenediamine) system [47, 48, 493. The 
microwave cure was shown to be sensitive to the 
curing agent used. A higher reaction rate enhancement 
was observed for the DDS system compared to the 
mPDA system. The microwave cure resulted in a 
higher Tg of the polymer formed compared to the 
thermally cured polymer. The Tg, however, was sim- 
ilar to the thermally cured polymer at lower conver- 
sions. The authors suggested an increase in the reac- 
tant mobility after gelation to be a factor causing the 
observed reaction rate enhancement. The gel effect of 
methylmethacrylate (MMA) cure was shown to 
be affected by microwave irradiation [50]. The gel 
effect also known as the Tromsdorf  effect, the Norr-  
ish Smith effect or the auto-acceleration of reaction, is 
well documented as being a diffusion controlled pro- 
cess [51]. At the gel effect, experimental results and 
theoretical predictions support the increase in molecu- 
lar weight of the polymer formed [52, 53]. The micro- 
wave cure of MMA, however, showed a decrease in 
molecular weight of the polymer formed at the gel 
effect which is shown in Fig. i [54]. This observation 
may be due to the effect of microwave radiation on the 
diffusion controlled process of gel effect. 

3.4. Reaction rate enhancement due to 
other reasons 

Bose et al. [55] have stated that MORE chemistry is 
not due to thermal heating. They conducted their 
experiments at atmospheric pressure and low power 
settings using a commercial 2.45 GHz  microwave 
oven. To demonstrate that no thermal heating was 
involved, they placed the reaction vial in a block of ice 
and microwaved the sample together with the block of 
ice. Analysis of the sample after 3 rain of microwave 
irradiation showed the formation of the desired prod- 
uct in good yield. This result therefore contradicted 
the reasoning that microwave reaction enhancement is 
due to simple thermal reasons. Jullien and co-workers 
[-56] have noted that the highest temperature reached 
was not a function of the conversion rate. Specific 
pulsing of the microwaves led to high conversion 
rates. Also, using ~3C nuclear magnetic resonance 
(NMR) it was found that pulsed microwave radiation 
with a low repetition period of microseconds induced 
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Figure 1 Change in molecular weight of polymethylmethacrylate 
under microwave and thermal cure. Number average molecular 
weight, ~ 69 ~ [] 200 W. Weight average molecular weight, 
[] 69 ~ @ 200 W. 
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homopolymerization of DGEBA and DDS systems 
forming ethers while a longer pulse repetition period 
of 50 ps promoted the reaction with amines only 
[57-59]. A similar correlation between the microwave 
pulse and chemical reaction was reported for the 
cross-linking reaction of DGEBA with DDM (dia- 
minodiphenylmethane). These observations show that 
the extent of a chemical reaction on irradiation with 
microwaves is not related purely to the temperature 
rise in the sample. 

3.5. Product selectivity due to microwave 
irradiation 

Product selectivity on microwave irradiation has been 
reported for few reactions. The Diels-Alder reaction 
of 6-dimethoxy-b-dihydrothebaine with excess 
methylvinylketone gave extensive polymerization 
product under conventional conditions while using 
microwave irradiation, the desired adducts were ob- 
tained with less of the polymeric material [60]. Aloum 
et al. [61] have conducted a number of dry organic 
reactions, a high yield of the desired product was 
observed on microwave irradiation while the same dry 
reaction heated conventionally yielded only a trace 
amount of the desired product. For example, acetylene 
alcohol adsorbed on KSF clay (acidic montmorillon- 
ite type phyllosilicate) gave the desired rearranged 
product in 95% yield after 5 min of microwave ir- 
radiation. The same reaction heated to 170 ~ (which 
was attained just after microwave irradiation) conven- 
tionally for 5 min gave only 2% of the rearranged 
product. A specific microwave effect has also been 
shown in the cracking of neopentane on zeolites [62]. 
On microwave irradiation more methane is produced 
from neopentane than when heated in a classical fur- 
nace. A similar observation was reported in the reac- 
tions of methyl-2-pentane on a Pt/A1203 catalyst bed 
[63]. Microwave irradiation improved the production 
of benzene compared to conventional heating. 

3.6. Superior mechanical properties on 
microwave irradiation 

The literature on microwave specific activation seems 
to have focused largely on the reaction rate enhance- 
ment and there are very few reports comparing the 
morphological and mechanical properties of the 
microwaved sample with the conventionally treated 
sample. Karmazsin et al. [64, 65] have shown that the 
Young's modulus of a commercial epoxy resin AY103 
and hardener HY991 polymerized for 600 s in a 75 W, 
T E t o  wave guide (temperature less than 373 K) was 
more than 10% higher than the same resin poly- 
merized at 373 K for 1 h in a conventional resistance 
furnace. Singer et al. [66] compared the values of 
tensile strength and Young's modulus of an ep- 
oxy-amine system cured by microwave irradiation 
and by conventional means. The microwave oven used 
was a cylindrical brass cavity resonating in the T E l  ~ 1 
mode. Their finding was that the microwaved sample 
had a slightly higher Young's modulus and signifi- 
cantly lower tensile strength. Similarly, the microwave 
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processing of Hercules AS4/3501-6 composites result- 
ed in improved mechanical properties compared to 
the thermally processed sample under similar process- 
ing conditions [67]. Boey et al. [68] showed that the 
interfacial strength of epoxy-glass composite 
(DGEBA/DDS system) cured by microwave radiation 
at 175 W reached a maximum interracial strength of 
20 MPa in less than 20 min while the thermal cure at 
120~ for 12 h resulted in an interfacial strength of 
only 15 MPa. The microwave cure at a higher power 
of 275, 400 and 500 W resulted in greater interfacial 
strength in lesser time. The continuous irradiation of 
the sample at higher powers (400 and 500 W), how- 
ever, resulted in the degradation of the polymer and 
optimization of the process was required to avoid 
overheating of the sample. The modulus value of the 
microwave cured sample was found to be higher than 
the thermally cured sample [69]. Microwave curing of 
carbon fibre composite has also been reported to 
result in improved interracial strength [70]. The 
microwave sintering of ceramic samples of TiB2 and 
3% CrB2 was reported to result in increased hardness 
and fracture toughness compared to the conventional- 
ly treated samples [71]. 

4. Conclusions 
Interaction of microwave radiation with materials 
cannot be treated as a simple substitute for the con- 
ventional thermal method of heating. Its effect with 
regard to all the properties of the irradiated material 
has to be verified. It is highly possible that the proper- 
ties of the irradiated material may not be similar to the 
conventionally treated material. Research work on the 
chemical interaction of microwave radiation with ma- 
terials so far points to the following mechanisms of 
activation: by hot spots, molecular agitation, and im- 
proved transport properties of molecules. 
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