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Abstract—Effects of microwaves on catalytic reaction systems are analyzed theoretically in this work. Use of micro-
waves is encouraged to save energy. The effects of microwave heating are analyzed theoretically by assuming that the
catalyst pellet is homogeneous. The temperature and concentration profiles within the catalyst pellet were obtained
by numerical simulations for the cases of microwave heating and conventional heating. In the modeling the catalyst
pellet is regarded as a continuum. When a chemical reaction was conducted in a heterogeneous medium with micro-
wave heating, the reaction rate and the yield were found to be increased compared to conventional heating under the
same reaction conditions. This is due to hot spots generated by selective heating of the catalyst pellet, resulting in an
increased reaction rate.
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INTRODUCTION versions in heterogeneous chemical reactions occurring in catalyst
pellets under microwave heating. In general, the catalyst involved
Microwave heating has attracted the attention of many researchin a chemical reaction has a significantly higher dielectric loss than
ers as a new tool for saving energy in various chemical operationghe surrounding solvent, and the chemical reagents flow through the
Recent reviews, especially in the field of chemical reactions [Min-catalyst at a low bulk temperature. However, the reaction is con-
gos and Baghurst, 1991; Toma, 1993], clearly show that increasedlicted in the active site of the catalyst which is continuously heated
reaction rate, higher yield and improved selectivity could be achievethy microwaves, resulting in a higher local temperature and increased
via reactions accompanied by microwave heating compared to raeaction rates. This selective increase of reaction rates cannot be
actions with conventional heating. To the authors knowledge, morachieved by conventional heating since the catalysts and reagents
than 300 research papers have been published in the area of micwall be both at the same temperature. Plazl et al. [1997] and Pipus
wave chemistry since the last decade. The issue of a specific noet al. [2000] investigated a heterogeneous chemical reaction heated
thermal effect by microwaves has also been addressed [Sun et dy microwaves. But they neglected the microwave effects on each
1988; Berlan et al., 1991]. Quantum mechanics clearly indicate thatatalyst pellet and used a pseudo-homogeneous model of the packed
microwave irradiation does not have sufficient energy enough tdoed reactor.
trigger any chemical changes such as breaking bonds and transfer-lt is obvious that there is a fundamental difference between micro-
ring electrons. Non-thermal effect by microwaves is hard to idenwave and conventional heating. Microwave heating results from
tify due to the difficulty in measuring the temperature within the the interaction of the electromagnetic wave with the irradiated me-
microwave field and partly to the local superheating which can givedium provided its loss factor is not too low. In conventional heat-
rise to overall faster reaction rates than those estimated by using tieg, the rate of heat transfer from the heating device to the medium
average temperature [Jahngen et al., 1990; Pollington et al., 199@lepends on thermal conductivity, on the temperature difference across
Raner and Strauss, 1992; Chemat et al., 1998]. Some research#éte material and on the convection current. For this reason the tem-
advocate that there is no need to postulate non-thermal microwavgerature increase is rather slow. Under microwave heating, heat is
effects and that accurate measurements of temperature within saifissipated inside the irradiated medium and heat transfer occurs from
ples heated by the microwave are crucial. However, many of théhe treated medium to the outside, and much faster increase of tem-
works reported so far have been empirical and qualitative. Identifiperature can be achieved depending on the microwave power and
cation of temperature effects is very important for a quantitativethe loss factor of the material being irradiated. The strong tendency
description on the effects of microwave heating. of microwave dielectric heating to create superheating in the cen-
The primary objective of the present work is to propose matheters of samples makes it difficult to compare microwave-assisted
matical models to describe temperature profiles and to predict correactions with conventional reactions directly [Berlan, 1995].
The efficiency of conversion of microwave energy into thermal
To whom correspondence should be addressed. energy depends upon both the dielectric and thermal properties of
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is true for most materials used under microwave heating applicadecreased with temperature. In this work we will consider these
tions, the heat absorbed per unit volume by microwave powgr, Q two relations of dielectric properties in modeling of a catalyst pellet
is determined by the following relation as given by Metaxas andunder microwave heating. The catalyst pellet is assumed to be ho-

Meredith [1983]: mogeneous.
1 In this work, the model of a catalyst pellet being heated by mi-
Quw :Eweose'iEfms @ crowave is proposed and temperature profiles of active sites which

absorb microwaves and are dispersed on the support material are
where E, is the root-mean-squared value of the electric field inten-discussed. The model can be effectively used to interpret the in-
sity in the mediumg is the angular frequency of the microwave crease of the reaction rate by microwave heating in terms of the
applicator., is the free space dielectric constant ghd is the di-“hot spots” related to active sites as well as the type of the temper-
electric loss factor for the dielectric medium being heated which isature profile within the porous body of each catalyst pellet.
a function of the temperature at a given frequency. The power ab-
sorbed depends on the intensity of the electric field and on dielectric MODELING
properties of the medium. As a result of dielectric losses, micro-
waves penetrating a dielectric material act as a volumetrically dis- When pellets move in the gas phase, it is hecessary to differenti-
tributed heat source. The power absorbed by cylindrical and spheate the overall porosity of the system from porosity inside catalyst
ical medium can be represented by Lambert's law [Datta and Liupellets [Thomas and Thomas, 1997]. The flow regimes of gas flow
1992]: inside and outside the pellet should be distinguished and treated se
_ “R-1ys parately. Moreover, the low thermal conductivity of porous pellets
Quu(T, T) =Quwo(T)e @ and uniform absorption of microwaves by porous pellets lead to
where r is the location from the center &iglthe penetration depth  non-uniform temperature distribution inside the catalyst pellets (the
based on decay of heating rate. According to Lambert's law the mitemperature in the center will be higher). These facts are not taken
crowave power is attenuated exponentially as a function of distancato account in the result of Thomas and Thomas [1997]. The so-
of penetration into the sample. For material with small minimum called “hot spots” can appear in the case of non-uniform heating of
thickness-to-penetration depth ratio such as catalyst pellet and seahtalyst pellets.
(R-1/0—0 and we have In modeling of catalyst pellets, the catalyst pellets are regarded
as a continuum. Heat and mass transfer rates are described accord-
Qua{T, T) EQuuo(T) ®) ing to the Fourier law and the Ficks law, respectively. Energy and
In this case the power absorbed at various locations in the menass balances in a spherical pellet of radjuar& given by the
dium is not significantly different from each other and uniform heatfollowing relations for ¥ order reaction:
generation may be assumed. This consideration was reported by 3C. Do 9 dC
Hill and Marchant [1994], Adu and Otten [1996] and Le Bail etal. = 5 =2 52 pisi(koex~E/RT)G, @)
[1999]. In the simulations, the temperature-dependence of dielec- PP P
:ﬂc property on the mgdlum sh_ould be taken |nt9 account to solve ppcp,pa—TE Aeip 0 %ﬁa—T” D+QMW,p
e temporal and spatial evolution of the non-uniform temperature ot 2 ar,0°or, U
profile, since temperature has a significant effect on dielectric pro- +(=AHu0) ppSn(KoeX(~E/RT)) Co ©)
perties. Metaxas and Meredith [1983] considered the case in which
dielectric properties increased as the temperature increased and efe effective diffusivity () and the effective conductivitge,))
ployed the following relation to give the dependencelof  on theare not physical quantities and can be expressed in terms of the mo-

temperature: lecular diffusivity, the molecular conductivity and the porosity of the
porous catalyst pellet.\Q, represents the volumetric power depo-
£4(T) =&4(To) +%‘Eﬂ‘eXpE1‘M% @ sition in the pellet, ris the radial distancg, is the apparent den-
0 To sity of the catalyst pellet anglis the specific surface area per unit
whereg;, andarg; constants. mass of the catalyst pellet.
If the above equation for dielectric property is used and exponen-
tial attenuation of the microwave energy is not taken into account COMPARISON OF MICROWAVE AND
because of the small dimension of the volume exposed to waves, SURFACE RADIATION

we can use the simplified relation given by
When microwave radiation is used as a heat source, we assume

Quw =A(1~exp(~BT)) ®)  that the dielectric property of the catalyst pellet decreases as the tem-
where A and B are constants. perature increases as shown in (§),AexpEBT,). If the heat ef-

Pipus et al. [2000] investigated microwave heating in the packedect due to the chemical reaction is neglected, we have
bed reactor and modeled the volumetric power by using the relation aT, 10 50T,
given by ot - ““mlr_ga_n, ¥ar, 1 BromXP(—BT}) ©)

Quw =Aexp(—BT) (6) A A

. . . . WhereBhom:l:—-—gﬂL—z; Bhomz =

They assumed that the dielectric properties of the reacting system PuCooRS PuCop
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Boundary conditions are given by 90
T —e— Microwave heating
at Tp =0: a_,p =0 (10a) 88 O Surface heating
rp r,=0
o _. 0T .
att,=1: == =Biu(T, Ty 1) (10b) 86 -
arp =1 ’ v
whereBiHIhbHR g
Aeff,p it
Now we investigate the effects of heating of the pellet by micro- ~ * |
wave radiation and by conventional surface radiation. We assum
that the radiation is uniform throughout the surface and that the fluy 37 © ©~ 9 ©
density of conventional surface radiation is equaldp IQis also
assumed that deposited power is equal for both cases (microwar 78 ~— ~——— T 1~
and SUrface radiationS), i.e., 0.0 01 0.2 03 04 05 06 07 038 0.9 1.0
Radial distance
gan,QMW =47IR2Qsn (12) Fig. 2. Steady-state temperature profiles in a catalyst pellet with-

out considering heat effects due to chemical reactions [Tem-
In the case of the conventional surface radiation on the pellet perature (°C)].

surface, the temperature of the pellet and the boundary condi-
tions is given by due to chemical reactions, and Fig. 2 shows steady-state tempera-

0T, _ 5, 19 %ZQIED (12) ture profiles 'in a catalygt pellet for both cases. It can be seen from
ot "™pzor, 07 or, 0 Fig. 1 and Fig. 2 that with the same power deposition the tempera-
aT tures of the pellet aj+R, are equal to each other for both cases
atT,=0: 5?2 =0 (13a) compared to the large discrepancy in the temperatures inside the
an =0 RO pellet. The higher steady-state temperature for microwave radiation
atT,=1: a_r:, _1=BiH(Tb “Toh,-1) +—/\‘j* (13b) indicates that uniform volumetric heating by microwave radiation

is more efficient to transfer heat than conventional surface radia-
Temperature profiles were obtained by solving the partial differen-tion with the same power deposition.

tial equations using the finite difference method. In the case of mi-

crowave radiation, the parameter values used in modeling and cor- COMPARISON OF MICROWAVE AND

relations aref3,,m:=0.8, B.m-=700.0, B=0.032, BF100.0, T= CONVENTIONAL HEATING

80°C. In the case of surface radiation, the parameter values used

are:B,,,:=0.8, Q.=7.0xexp0.03% T,), Bi,=100.0, B=3.0 mm, In this section, microwave heating and conventional heating in a

Ae,=80.0 W/mK, T,=80°C. catalyst pellet under chemical reactions are compared. As the chem-
Fig. 1 shows the temperature increase in a catalyst pellet by mieal reaction proceeds in a catalyst pellet the mass balance in the
crowave and surface radiation without considering the heat effectsatalyst pellet must be considered. In both cases of microwave heat-
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Fig. 1. Temperature increase in a catalyst pellet without considering heat effects due to chemical reactions [Temperati@g (ime (sec)].
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ing and conventional heating, it is assumed that the bulk fluid ha%1 nd Brons = (=AH...)C,

been heated up to 8D by microwave heating and conventional
heating, respectively. The mass balance and energy balance in the
spherical catalyst pellet withi brder reaction are expressed by (7)
and (8). When the microwave is used as a heat source we assume
that the dielectric property of the catalyst pellet increases as the tem-
perature increases, i.e,@A(1-expBT,)). The simplified mod-

el equations and boundary conditions are given by

G, ;195000

Fra "zar, " or, DaGexp(—E«/RT)

QIé: lil ZQIED+ — -
ot ~Prowiaar e gre 0 Benal1 X0 "BT,)

+Bhom3Dan[( _Ea/RTp)Ep

whereCpEQP, Pl ap=D—e"4’ Da= ko0,Sm,

Cb P Rpl Rﬁ’

A A
—Lleffp =
ﬁhoml ppCp,pR,z)’ 'Bhomz PoCop

- e

-EE;'"- y
1 Fon

7

[c) Tamperature - convantional haating

(14)

(15)

PoCop
_ oC, 0T
att,=0: == =0,=* 16a)
. or, r,=0 or, r,=0 (162)
att,=1: e =Biw(1-C 1), 0—1_—9‘ =Bin(Ty~ Ty =) (16b)
arp =1 ’ rp r,=1 ’
whereBiME~—E’k"”'R ancBiHEhbHR
Deftp )\eff,p

The F order endothermic reaction and tfiefder exothermic re-
action in a catalyst pellet are considered in the present work. We
will compare microwave heating and conventional heating based
on these two models. First, we consider therder endothermic
reaction in the catalyst pellet under microwave heating and under
conventional heating. In the case of microwave heating the param-
eter values for model and correlations ege0.8, By, :=0.08, 8,02
=7x10° Boms=—4.0, B=10", E,=69,100.0 J/mol, Da=9x1®Bi,=
100.0, Bi=100.0 The dimensionless concentration and the tem-

e e
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(b} Concentration - microweave heating

o A
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(d) Concantration - conventional hasting

Fig. 3. Profiles of temperature and concentration in a catalyst pellet with*lorder endothermic reaction [Temperature {C), Concentration

(mol/m?)].
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Fig. 4. Profiles of temperature and concentration in a catalyst pellet with*lorder exothermic reaction [Temperature {C), Concentration
(mol/m3)].

perature of bulk fluid outside the catalyst pellet are 1 af@,3@- othermic reaction is larger than that for endothermic reaction. The
spectively. The initial dimensionless concentration and the initialdifference between the temperature at the center of the spherical

temperature of the catalyst pellet are 0 amC2@espectively. In  catalyst pellet and the temperature of the bulk fluid phase outside
the case of conventional heating, the parameter values used are the catalyst pellet is in the range of 7Q7under microwave heat-
same as above except that the heat source term of microwave povieg and—3-5°C under conventional heating. Thus we can see that
in the catalyst pellet is O, i.8,,,.=0.0. The same conditions and hot spots at the center of the catalyst pellet appear in the micro-
parameters were used in the analysis oftleeder exothermic re-  wave heating for exothermic reaction. Microwave heating in exo-
action in the catalyst pellet under microwave heating and under corthermic reaction must be done carefully because possible hot spots
ventional heating except ff¥,,,s=4.0. may cause sintering and shrinkage of the catalyst pellet. If the cat-
Fig. 3 shows the profiles of temperature and concentration in alyst pellet is not harmed by hot spots (i.e., no sintering and shrink-
catalyst pellet with the*Jorder endothermic reaction under micro- age of the catalyst pellet), hot spots increase the reaction rate in the
wave and conventional heating, and Fig. 4 shows those with the Icatalyst pellet.
order exothermic reaction. Fig. 5 and Fig. 6 show steady-state pro- Table 1 shows the yield and the rate of the reaction under mi-
files of both temperature and concentration in a catalyst pellet witltrowave and conventional heating of a catalyst pellet at the steady-
the T order reaction. Because the dielectric property considered irstate. When the catalyst is introduced in solid granular form, the
the present study increases with temperature, the absorbed powgeld and the rate of the heterogeneous reaction increase under mi-
by microwave heating at high temperature is larger than that at lowerowave heating compared to conventional heating at the same re-
temperature. Thus the temperature difference between microwawaction conditions (temperature, concentration and pressure). In Fig. 3
and conventional heating at the center of the catalyst pellet for exand Fig. 4, it is assumed that reagent reaches saturated concentra-
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110 - wave heating. The higher increase rate for exothermic reaction com-
- —— MW pared to endothermic is due to larger absorbed power at high tem-
105 - T Endothermic . . . .
> ooV perature as stated before. This factor is true when the reaction is
100 | *\\v e pgothermic conducted in a heterogeneous medium and under microwave heat-
\\ Lo oothermic ing. Selective heating of the catalyst pellet creates hot spots, resullt-
R N Exothermic ing in an increased reaction rate.
i 90 v\\
g ANy CONCLUSIONS
= 85 R e v R . .- 'Y
20 T Tt From modeling and simulations we could see that the tempera-
S o ture at the center of the pellet under microwave heating is higher
5 than that under surface radiation. Thus we can see that uniform vol-
o Lﬁ e ] umetric heating by microwave is more efficient than surface radia-
00 01 02 03 04 05 06 07 08 09 10 tion with the same power deposition. When the heterogeneous chem-
Radial distance ical reaction under microwave heating is compared with that under

conventional heating of the same bulk fluid conditions, the differ-
ence in the temperature at the center of pellet and the bulk fluid phase
under microwave heating is larger than that under conventional heat-
ing. The difference depends on the temperature dependence of the
dielectric property of the catalyst. In the model used in the present
work, the difference in the temperature under microwave heating
and under conventional heating for exothermic reaction is larger
than that for endothermic reaction. With microwave heating, the
reaction rate and the product yield increase compared to conven-
tional heating under the same conditions. This is due to selective

Fig. 5. Steady-state temperature profile in a catalyst pellet fors1
order reaction [Temperature (C)].

105 +— —— S

0.90 4

Concentration

0.85 1 v heating of the catalyst pellet creating hot spots, resulting in an in-
e —&— MW : . . . .
080 - s o, Endothemmic creased reaction rate. In short, direct heating of catalysts by micro-
~ Endothermic | waves was found to be effective to enhance the reaction rate and
7 —v— MW : . :
0.75 - Exothermic | the production yield.
o 7 —z - CV:
0.70 4 -V Exothermic
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Fig. 6. Steady-state concentration profile in a catalyst pellet for'l
order reaction [Concentration (mol/n)]. NOMENCLATURE

A :constant in Eq. (5) and (6) [Wfn
tion uniformly in the catalyst pellet and is consumed as a result oB  : constant in Eq. (5) and (6J 1]
chemical reaction. Thus the product yield can be calculated fronBi,, : Biot modulus of pellet for heat (FhR,/Ae1 )
the reagent concentration in the catalyst pellet at steady-state. If noBi,, : Biot modulus of pellet for mass (7#R,/Der ;)
thermal microwave effects are ruled out, the increase in the reae, , : specific heat of catalyst pellet [J/kg K]
tion rate must be due to a difference in reaction temperatures. T8, : concentration of reactant molecules [md)/m
reaction rate is related to the temperature of the catalyst pellet vi&, : concentration of reactant molecules in bulk fluid phase out-
the Arrhenius equation; #expCE/RT). In the present study, side catalyst [mol/f
the frequency factor of 9x%0n/s was used in the heterogeneous C, : concentration of reactant molecules in spherical catalyst pel-
chemical reaction. We can see a relatively large amount of increase let [mol/n]
both in product yield and in the average reaction rate by micro-C, : dimensionless concentration of reactant molecules in spher-

Table 1. Effect of the heating mode on the rate and the yield of the reaction under microwave (MW) and conventional (CV) heatirfig
a catalyst pellet at steady-state

. Product yield (%) Average reaction rate ki)
Reaction type - - - -
MW heating CV heating Increase (%) MW heating CV heating Increase (%)
1* order endo-thermic 9.2 6.1 52 0.73 0.46 59
1* order exo-thermic 17.9 8.6 107 1.55 0.68 128
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