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A B S T R A C T

The complex distribution of electric field and heat transfer in microwave heating causes unfavorable hotspots in
a microwave-assisted transesterification process. This local overheating may reduce product yield significantly,
thereby highlighting the importance of mixing during microwave-assisted biolubricant production. This study
investigated the distribution of electric field in the microwave-assisted transesterification of palm oil methyl ester
(PME) and trimethylolpropane (TMP) for biolubricant trimethylolpropane ester (TMPE) production, as well as
the temperature profile and the power absorbed, using COMSOL Multiphysics 4.2. The electric field and power
absorbed by the sample were 1.92×104 V/m and 1.38×107 W/m3, respectively, which are highly affected by the
polarity of TMPE. Hotspots were observed and were primarily located in the upper corner of the TMPE sample,
and a significant redistribution of the electromagnetic field within the oven cavity was measured. This study also
concluded that the dielectric properties of the TMPE sample layer and frequency are highly influential factors for
microwave absorption and heat conversion. This study can provide insight into the future design of microwave-
assisted transesterification to enhance product yield and scale up microwave reactors.

1. Introduction

Microwave radiation is an excellent technique for accelerating
transesterification reactions due to its rapid and volumetric heating
mechanism. Unlike conventional heating, in which heat is transferred
through thermal conduction and convection over the wall before
reaching the target medium, microwave heating allows the direct
heating of the sample through dipolar polarization and ionic conduc-
tion, bypassing the need to heat the surrounding walls [1]. Hence, heat
transfer of microwave heating is more efficient, which results in a
shorter reaction time, lower energy consumption, and higher quality
and yield products due to its nature of selective heating [2–4]. Micro-
wave irradiation has been used for various applications, including

organic synthesis reactions such as biodiesel and biolubricant [3,5–7].
Other than the thermal effect, some studies also claimed that microwave
irradiation brings non-thermal effects, such as reducing the activation
energy and enhancing the process’s reactivity [8,9]. Due to these ad-
vantages, one future application of microwave-assisted trans-
esterification would be to produce high-performance polyol ester
biolubricant at a lower cost, as polyol ester production is typically
expensive [10]. Currently, most available production technologies for
polyol esters rely on conventional heating, which has several disad-
vantages, especially in terms of product quality and production cost.

Microwave heating is sensitive to frequency changes that could
change the thermal field and produce different sizes, shapes, and loca-
tions of the hot spot. Aside from different heating material components,

* Corresponding author.
E-mail address: nuratiqah.aziz@gmail.com (N.A.M. Aziz).

Contents lists available at ScienceDirect

Results in Engineering

journal homepage: www.sciencedirect.com/journal/results-in-engineering

https://doi.org/10.1016/j.rineng.2025.104577
Received 11 November 2024; Received in revised form 13 February 2025; Accepted 4 March 2025

https://orcid.org/0000-0002-0081-2135
https://orcid.org/0000-0002-0081-2135
mailto:nuratiqah.aziz@gmail.com
www.sciencedirect.com/science/journal/25901230
https://www.sciencedirect.com/journal/results-in-engineering
https://doi.org/10.1016/j.rineng.2025.104577
https://doi.org/10.1016/j.rineng.2025.104577
https://doi.org/10.1016/j.rineng.2025.104577
http://crossmark.crossref.org/dialog/?doi=10.1016/j.rineng.2025.104577&domain=pdf
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/


Results in Engineering 25 (2025) 104577

2

the specific location within the same substance could be heated selec-
tively due to fluctuations in physical properties as temperature rises [11,
12]. Yoshikawa et al. [11] stated that when temperature increased, local
density, permittivity, magnetic permeability, and electric conductivity
changed, resulting in a change in microwave absorbability. The change
in microwave absorbability promotes accelerated local heating, which
produces the hotspot. Hotspot may affect biolubricant quality. In a
recent study [10], trimethylolpropane (TMP) triester was synthesized
under microwave irradiation, and it was found that microwave tech-
nology can significantly accelerate the transesterification process,
reducing the reaction time from 1 h to 10 min. This showed that the
transesterification was 3.1 folds faster in the presence of microwave
irradiation. This was because of the volumetric heating mechanism
offered by microwave heating.

Previous research has indicated that microwave heating of solid and
liquid substances results in uneven thermal distribution [13,14]. The
main reason behind this might be due to the non-homogeneous elec-
tromagnetic field distribution within the microwave cavity as a result of
wave reflections and interference. Moreover, the intense microwave
heating at the top surface of the sample is due to the uneven electro-
magnetic distribution [15,16]. The wave reflects within the cavity,
causing some locations to have high intensity and some locations to have
low intensity [14]. Satpathy et al. [17] observed hotspot and localized
initiation of the reaction in their work on microwave-assisted torre-
faction of biomass, which was attributed to the selective heating
mechanism of microwave irradiation, the non-homogeneous nature of
the samples, the unequal distribution of the electric field, and the use of
non-optimal microwave irradiation. In another study, the interaction of
biomass with microwave was evaluated using a mode stirrer and
bottom-fed microwave guide feature [18]. Bottom-fed waveguides had
poorer electromagnetic wave distribution than side-fed waveguides
(domestic oven). Song et al. [19] evaluated hot and cold spots of
blackberries after microwave-vacuum drying for 2 min. Both simulation
and experimental results demonstrated that the cold spot in the cavity’s
center emphasizes the non-uniform heating of microwave heating.

In recent years, considerable effort has been made in the multi-
physics field of numerical simulation to understand microwave heating
better. Ong et al. [20] investigated the non-catalytic transesterification
for biodiesel production under the microwave using a commercial finite
element method (FEM) software. The presence of hotspots, heat transfer
from the inner layer to the outer layer, and non-homogeneous temper-
ature and electric distribution profile were all observed. The simulation
confirmed that the microwave cavity was well-designed because it re-
flected only 6.6 % ofmicrowave energy back to the waveguide and could
convert 75 % to thermal energy. In a different study, Yeong et al. [21]
also reported the microwave conversion of palm fatty acid distillate to
biodiesel. The effects of electromagnetic propagation, heat transfer,
fluid flow, and chemical species conservation have been successfully
described with the consideration of methanol and water vaporization. In
general, previous simulation studies provided critical insight into the
effect of microwaves on the esterification process, which could be used
to optimize the reaction under the microwave effect. The available
references on microwave heating simulations are more limited to the
coupling of emw and ht modules, while the coupling of emw, ht and re
modules is still scarce. Hence, in this study, the remodule was integrated
into the modelling to improve the prediction of concentration profiles of
the transesterification products.

Although numerous studies were conducted on microwave-assisted
transesterification reactions to produce biodiesel, there is a lack of
research on microwave-assisted biolubricant production, particularly
using a multiphysics-based modelling approach to gain better insight.
Modelling could be used to determine the heating behavior of ester
under microwave heating, to better understand the phenomena of heat
transport, the distribution of the electric field, and the power absorbed
by the sample in the oven cavity. This analysis would also be useful for
the industrial design of microwave reactors for biolubricant production.

The lack of this knowledge may hinder the upscaling of reactors and the
understanding of the fundamentals of microwave heating. Therefore,
this study aimed to simulate microwave-assisted biolubricant produc-
tion using coupled electromagnetic wave-heat transfer-chemical reac-
tion models to simulate the formation of hot spots and investigate the
electric field and power distribution during the reaction.

2. Materials and methods

A model to simulate the transesterification reaction of (trimethylol-
propane) TMP and (palm oil methyl ester) PME under microwave irra-
diation was constructed. Several modules were used in the model, such
as reaction engineering (re), electromagnetic waves (emw), and heat
transfer in fluids (ht). First, the emwwas defined accordingly to solve the
distribution of the electric field and forward the results to the htmodule.
Finally, the remodule was solved by predicting the concentration profile
of the transesterification reaction. The fields were solved using the Finite
Element Method (FEM).

• The electromagnetic field is solved using Maxwell’s equations in
the frequency domain to account for microwave interactions with
the reactor.

Electromagnetic field: Eq. (1)

• The thermal field, solved using the heat conduction equation to
capture temperature distributions within the reactor.

Heat transfer: Eqs. (12) and (13)

• The chemical reaction field, involving the kinetics of polyol ester
formation, was solved using approximate rate equations derived
from Aziz et al. (2020). These equations were integrated into the
thermal field solution as source terms for heat generation and ma-
terial consumption.

Chemical reaction engineering: Eqs. (15), (16), (17), and (18).
While other equations are cited from the literature (White, 1970);

Eqs. (2), (3), (4), (5), (6), (7), (8), (9), (10), and (11).
A simulation study on microwave irradiation with reaction was

conducted using numerical modelling software (COMSOL Multiphysics
4.2 software) to solve the complex numerical problems in the system.
This helps to understand the governing transport phenomena and heat
transfer efficiency under microwave conditions. The model was devel-
oped according to the following assumptions:

1. The reactant mixture is assumed to be a homogeneous single-phase
solution

2. The dielectric properties of the reactants have marginal variation
with temperature. It could be assumed to be constant throughout the
reaction [21].

3. The air is microwave-transparent (ε’=1) [21]. The temperature of
the air surrounding the reaction medium is constant during the
reaction.

4. The vacuum condition of the reaction is neglected.
5. The catalyst sodium methoxide was omitted from the model since it
was not consumed nor produced during the reaction.

6. During the reaction, the temperature at the measurement point was
assumed to be isothermal.

7. The whole reaction system is perfectly symmetrical.
8. No heat is lost to the surroundings as the microwave reactor is
perfectly insulated.

The domain for the model consists of the microwave oven cavity and
a liquid mixture sample. The liquid sample constituted the flask shape
and was placed at the center of the oven. A rectangular box at the side of
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the microwave oven represented the waveguide or port, as in Fig. 1. In
the experiment, a thermocouple probe was used to measure the tem-
perature profile of the mixture at a fixed location. The Cartesian co-
ordinates for this point is − 0.02 m (x) × 0.015 m (y) × − 0.012 m (z), as
shown in Fig. 2.

The materials involved in the model were selected from the built-in
material in COMSOL software for copper and air. The data for PME and
TMP were taken from experimental work and ASPEN PLUS tools. The
microwave oven was made of copper, while the reactor was made from
borosilicate glass. Because the borosilicate glass is transparent to the
electromagnetic wave, it is omitted from the model. The flask half-form
defines the liquid domain in the COMSOL model. If a full three-neck
flask is built, it will be described as an impedance boundary with air
properties (which will not participate in the heating of the liquid) [22].
According to Wang et al. [23], the dielectric loss of borosilicate glass is
around 102 – 103. All material properties are provided in Tables 1–3. The
properties of copper and air were obtained from the COMSOL library,
while the mixture was analyzed as in the previous study [24].

The magnetron that supplies the electromagnetic wave for a do-
mestic microwave oven operating at 2.45 GHz was set to 480W. The
wave was propagated in the z-direction from a waveguide cavity of 10.8
cm (W) x 9.8 cm (H). The microwave dimension is 30.5 cm (L) x 30.5 cm
(W) x 20 cm (H). Other important parameters are tabulated in Table 4.
The inside of the microwave reactor and the cavity were filled with air.
The coarse free tetrahedral mesh of the drawing was assigned to all
domains for faster and shorter computation time. The simulation was

conducted on a 3 GHz Windows workstation with 24 GB memory.
Among the modules applied were electromagnetic waves (emw), heat
transfer (ht), and reaction engineering (re).

2.1. Electromagnetic wave (emw) module

An electromagnetic wave (emw) module was constructed to solve
time-harmonic electromagnetic field distribution. This wave equation is
solved using the Maxwell equation to obtain the electric field value. The
input data for this equation was from the dielectric properties defined in
the material section. By solving the emw module, the value is carried
forward for solving ht and re modules. Three domains selected were the
oven cavity, waveguide and the sample. From this module, the electric
field distribution across the oven was obtained. Considerations made
throughout the modelling are:

1. The walls of the rectangular cavity of the microwave oven, the
waveguide and the symmetry plane were assumed to be a perfect
electric conductor. The tangential component of the electric field,
Etangential, oven wall was set to zero, ∇⋅E = 0.

2. The microwave oven walls were assigned for thermal insulation at
which there is no heat flux across the boundary, ∇(k∇T) = 0

In COMSOL, the metallic part of the oven was defined as a perfect
electric conductor (PEC) boundary. This boundary condition is a lossless
surface that reflects all incident waves. Copper has a higher thermal and
electrical conductivity than other metals and can be used as an ideal
situation in the early stages of model development to see how well a
device would perform without material losses. The value of the electric
field inside the cavity is essential to obtain volumetric power density
inside the sample. Maxwell’s equation in Eq. (1) is the equation for
solving electromagnetic problems in COMSOL. μr is relative perme-
ability, E is the electric field (Vm− 1), εr is relative permittivity, εo is
constant permittivity in a vacuum, 8.854×10− 12 (F/m), and σ is electric

Fig. 1. Transesterification model for COMSOL simulation.

Fig. 2. Temperature measuring point.

Table 1
Properties of copper.

Properties Value Unit

Relative permeability 1 1
Electrical conductivity 5.998×107 S/m
Relative permittivity 1 1

Table 2
Properties of air.

Properties Value Unit

Relative permittivity 1 1
Relative permeability 1 1
Electrical conductivity 0 S/m

Table 3
Properties of the mixture.

Properties Mixture Unit

Dynamic viscosity 0.00823 Pa.s
Density 914.87 kg/m³
Thermal conductivity 0.1067 W/(m⋅K)
Heat capacity at constant
Pressure

2388.94 J/(kg⋅K)

Electrical conductivity 0.0375 S/m
Relative permeability 1 1
Relative permittivity 3.25–0.27j 1
Ratio of specific heats 1.1 1

Table 4
Dimension for COMSOL simulation.

Description Value Unit

Average total density 896.1 kg/m³
Molecular weight of TMP 0.13417 kg/mol
Molecular weight of PME 0.29489 kg/mol
Molecular weight of TMPME 0.39706 kg/mol
Molecular weight of TMPDE 0.65991 kg/mol
Molecular weight of TMPTE 0.92275 kg/mol
Molecular weight of Met 0.03204 kg/mol
Volume of mixture 1.5 × 10− 4 m³
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conductivity (S/m). By solving this equation using Finite Element
Method (FEM) with COMSOL Multiphysics software, the electric field
distribution within the microwave reactor was simulated.

∇ ×
1
μr

( ∇ × E) − k2o

(

εr −
jσ

ωεo

)

E = 0 (1)

εr = εrʹ − jεrʹ́ (2)

tanδ =
εrʹ́
εrʹ

(3)

Microwave heating is highly dependent on a material’s dielectric
properties as it defines a sample’s ability to absorb and convert micro-
wave energy into heat energy. Generally, the dielectric properties of a
material can be shown as Eq. (2). It is a complex number with (j)
imaginary part, the dielectric loss (εrʹ́ ), determining how much micro-
wave energy is being converted into heat; and (ii) the real part, the
dielectric constant/relative permittivity (εrʹ), showing a material’s
ability to store microwave energy. The dielectric properties can also be
described as dielectric loss tangent, as shown in Eq. (3).

2.2. Heat transfer (ht) module

The boundary for the thermal insulation node was selected to
determine whether there was any heat loss area. The node was auto-
matically added to the emw module. So, another node heat flux was
chosen to specify which boundaries have heat loss conditions. As the
wave travels in a sample, the energy dissipated |E| in the sample drops
and appears as heat. Maxwell’s equation solved the magnitude of a peak
value of the electric field, E, of the model at any location. From the
electric field obtained, the power absorbed per volume of sample (W/
m3) was calculated using the following Eq. (4) [25]:

P
V
= 2πfεoE2εʹ́

mix (4)

E =
3E0(

έmix + 2
) (5)

έmix = x ⋅ έTMP + (1 − x) ⋅ έPME (6)

εʹ́
mix = x ⋅ εʹ́

TMP + (1 − x) ⋅ εʹ́
PME (7)

Where f is microwave frequency; 2.45 GHz, εo is the permittivity of
vacuum, 8.854×10− 12 (F/m), E is electric field intensity, (V/m), and εʹ́

mix
is the average dielectric loss of the sample. The experimental power
absorbed was calculated from the relationship of the electrical field in-
side the sample to the electric field outside the sample, Eo. The equation
was as follows in Eq. (5) [25].

The average dielectric constant of the sample, έmix and average loss
factor εʹ́

mix were estimated as assumptions made as follows:

1. The reactants consist of TMP and PME.
2. The product comprises TMPTE, TMPDE, and the excess reactant,
PME. TMPME was present in traces and did not affect the dielectric
properties.

3. έ and εʹ́ for each product were taken at room temperature, and they
are assumed constant at increasing temperature. In this study, the
electromagnetic field was computed assuming constant dielectric
properties of the reaction medium. This assumption is based on prior
studies by (Rajab et al., 2011) indicating that the dielectric constant
of palm oil changes minimally within the 25 to 100 ◦C temperature
range relevant to the reaction. For instance, (Rajab et al., 2011) re-
ported that the dielectric constant of palm oil varied by 0.9 % across
25 to 100 ◦C, which is unlikely to influence electromagnetic field
distributions or energy absorption patterns significantly. While this
approach simplifies the computational model, we acknowledge that
temperature-induced variations in dielectric properties could
become significant in scenarios involving wider temperature ranges,
different materials, or highly sensitive field configurations.

4. The components presented at the beginning of the reaction were
TMP and PME. Thus, the average dielectric properties for the mixture
at the initial stage of the reaction were calculated as follows. x is the
composition of the component:

Before using both Eqs. (4) and (5), the water load method was
implemented to estimate the value of the electric field outside the
sample, Eo in the microwave. A 250 ml spherical flask was filled with 50
mL distilled water and placed at the microwave centre-base cavity. The
water temperature was 5 ◦C below room temperature (25 ◦C). The mi-
crowave was set at full power (800 W) for 30 s. The final temperature
after the run was recorded. The average power absorbed by water was
obtained based on Eq. (10):

P
V
=
cp ⋅ ρw⋅ΔT

Δt
(8)

Cp of water: 42000J/kg⋅ ◦C, ρ of water :1000kg/m3

P
V
= 2πfεo E2 tanδ K (9)

Loss tangent, tanδ = ε”/ε’: 0.160 (acceptable range is 0.1–0.17)
K is a relative dielectric constant of water, which, in the 2.45 fre-

quency range at temperature moderately above room temperature, is 72.

E0 =
k+ 2
3

E (10)

Rectangular Port has an input power of 480 Watt (60 % of micro-
wave output power). The microwave heating effect is a function of the
absorbed electric field and the dielectric loss factor. During the experi-
ment, the microwave heating supplied is in pulsed heating, obtained
when the microwave power was at 480 W, switched on for 12 s and
switched off for 8 s. The heat source imitates a cyclic pattern by multi-
plying the electromagnetic heat source term with a periodic piecewise
function, as in Eq. (11).

QMW =

{
2πfε0εrʹ́ E2 if 0 ≤ t < 12

0 if 12 ≤ t ≤ 20 (11)

A piecewise function from the global definition was selected and
defined as below:

Argument: x
Extrapolation: Periodic
Smoothing: No smoothing
The intervals were defined as below:

N.A.M. Aziz et al.
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For the Port subset under the Electromagnetic waves tab, a rectan-
gular port was selected with enabled wave excitation at the port. A
transverse electric (TE) mode-type port was chosen.

The domain for heat transfer in the fluid module is only the sample.
The properties of the mixture were comprised of the average value of
TMP and PME’s properties (average density, average heat capacity,
average thermal conductivity, average electrical conductivity, etc.). The
temperature rise in the reaction solution is obtained from Fourier’s law:

ρcp
∂T
∂t + u = ∇(k∇T) + QMW + QΔH (12)

QΔH= ΔHrR (13)

Eq. (12) was obtained from COMSOL, where ρ is density, Cp is the
specific heat capacity of the medium (J/(kg⋅K), k is the thermal con-
ductivity, u is the internal energy and Q is the heat source or sink (W/
m3). T is the absolute temperature (K), u is the internal energy (W/m2),
and p is pressure (Pa). QMW is a function of the absorbed electric field
and the dielectric loss factor. The enthalpy change occurs as the re-
actants are transformed into products through transesterification
(endothermic). The changes introduce a heat sink, QΔH, into the system,
and Ṙ is the heat of the reaction, expressed in Eq. (13).

2.3. Chemical reaction engineering (re) module

The overall reaction of a transesterification reaction in Eq. (14)
comprises three elementary reversible series-parallel reactions. The rate
law expressions are given in [26]. The reaction rate in the COMSOL (re)
module was specified as temperature-dependent, thus connecting the
microwave heat source from the emw module with the re module.

TMP+ 3 PME↔TMPMonoester+ TMP Diester+ TMP Triester

+ 3 Methanol (14)

dci
dt

= Ri = vir (15)

rj = kfj
∏Qr

i=1
c− viji − krj

∏Qp

i=1
cviji (16)

kf = Af
(
T
/
Tref

)nf exp
(
− Ef

RgT

)

, Tref = 1K (17)

kr = kf
/
Keq0 (18)

Eqs. (15)–(18) are the general equations used in COMSOL already
described under the kinetics modelling section. Eqs. (15) and (16) are
the expressions to obtain the reaction rate constant, while Eq. (17) refers
to the Arrhenius equation for activation energy estimation. Eq. (18) is to
specify the forward rate constant for the reactions. By selecting re
modules, the system was assumed to be in perfect mixing. The reaction
engineering module was solved using the average temperature method,
as it provides a representative value for the reaction kinetics. The reactor
used in this study is small (<100 mL of working volume) and stirred
throughout the reaction. From this, the reactor is assumed to have
perfect mixing and averaged temperature. This choice simplifies
computation while still capturing the overall energy distribution effects.

3. Results and discussions

3.1. Simulation of heat transfer during transesterification of palm oil
methyl ester (PME) and trimethylolpropane (TMP)

The governing transport phenomena and heat transfer parameters of

microwave reaction were modelled using COMSOL Multiphysics 4.2
software. A fully coupled electromagnetic - heat transfer – chemical
reaction model for transesterification reaction was employed. The
model consists of 3 modules which are modules for electromagnetic
wave (emw), heat transfer in fluid (ht), and reaction engineering (re)
modules. Two study steps of analysis involved were frequency domain
and time dependent. For solving the emwmodule, the frequency domain
is necessary, while other modules were solved in a time-dependent study
stage. A module was solved step by step by the COMSOL solver and the
results were used to solve the following modules (emw→ ht→ re). To
shorten the computation time, coarse meshing was chosen for themodel.
A physic-controlled mesh was selected in the setting so that COMSOL
Multiphysics created a mesh that can be adapted to the current physics
interphase settings. The frequency of the model was set at 2.45 GHz,
which is similar to the experimental condition. Fig. 3 shows the meshing
scheme of the model. The average element quality for the model mesh’s
coarse, normal, and fine sizes is 0.6457, 0.6476, and 0.6562, respec-
tively, for a mesh volume of 0.009558 m3. The results showed that the
electric field distribution and the power density were consistent across
all mesh configurations, with deviations of <2 % in the key parameters.

3.2. Prediction of reaction rate of the transesterification reaction

This section provides an insight into the simulated yield of the
product achieved using the reaction engineering (re) module in the
COMSOL. Concentration profiles were obtained at four different tem-
peratures (110, 120, 130, 140 ◦C). The reaction rate constant (k), 3.264
× 10− 6, 1.518 × 10− 6, 1.1503 × 10− 6, 9.7402 × 10− 8, 7.3984 × 10− 7,
and 1.9532 × 10− 7 m³/(s⋅mol) for k1, k1r, k2, k2r, k3 and k3r, respec-
tively was obtained from the previous kinetics study [26]. The initial
concentration converted the mass fraction to a concentration unit of
2813 mol/m3 and 666 mol/m3 of PME and TMP, respectively. Fig. 4.
shows the predicted concentration of the limiting reactant TMP and the
products during the reaction. The TMP concentration is high at the
beginning of the reaction, indicating that the TMP is yet to be consumed.
Over time, the concentration of TMP decreased while the reaction
products, which are TMPME, TMPDE, and TMPTE, increased. Fig. 4
shows that the product concentration may not reach equilibrium within
the simulation time of 25 min (1500 s). The TMPTE curve is still
increasing while the limiting reactant is finishing halfway, resulting in a
gradual decrease in the production of TMPTE. The reaction in Fig. 4(a)
shows the lowest consumption of TMP compared to other reactions,
which may be due to insufficient energy at a temperature reaction of 110
◦C. Since the TMP was not fully reacted, the production of intermediate
products (TMPME and TMPDE) was low. The increase in temperature to
120 ◦C in Fig. 4(b) results in an improvement in the yield of TMPME
from TMP. However, the energy is not enough to continue to the second
(to produce TMPDE) and third step (to produce TMPTE) due to insuf-
ficient heat applied to the system.

Next, the concentration profile of reactions at 130 ◦C and 140 ◦C

Fig. 3. Meshing scheme implemented in the modelling.

N.A.M. Aziz et al.
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(Fig. 4(c) and (d)) shows a similar trend, where the TMP is quickly
consumed until approximately 200 s and the production of TMPTE is
high. This indicates that a temperature above 130 ◦C may be required to
produce a high yield of TMPTE. The results are consistent with the ki-
netic results, which suggested that the temperature of 130 ◦C was
optimal for the transesterification of TMP and PME. However, from the
COMSOL simulation results, the concentration of TMPDE at 140 ◦C was

higher but may not be preferable because it may reduce the viscosity of
the final product [27,28].

This simulation model, however, has some limitations that could
affect the accuracy of the results. For instance, it was observed that the
simulated reaction took 25 min to be considered complete. While the
experimental reaction was at an optimum condition of 10 min. The
limitation of the model has been contributed by:

1. The reaction was in atmospheric conditions (not in a vacuum), which
means that methanol was not removed from the system. When this
condition is applied, the reaction rate is slower because there’s no
driving factor to the forward direction of the reaction. Besides that,
the boiling points of the reactants were not reduced without a
vacuum.

2. The change in phase of the TMP was not considered in the system.
3. The average desired temperature of the mixture was lower, which
affected the reaction temperature and, therefore, the reaction rate.

Nevertheless, the simplification of the re module was still valid
because the objective of this module was to understand the effect of
temperature on the distribution of transesterification products of TMP
and PME using the microwave. It was found that the temperature of 130
◦C which has k values k1, k2, k3, k1r, k2r, and k3r of 3.264×10− 6,
1.518×10− 6, 1.1503×10− 6, 9.7402×10− 8, 7.3984×10− 7, and
1.9532×10− 7 m³/(s⋅mol), respectively, is required to produce sufficient
energy for the reaction to take place satisfactorily [26].

3.3. Electric field distribution in the oven and sample

In microwave heating, the distribution of the electric field is affected
by sample dielectric properties, sample volume and microwave fre-
quency [21,29,30]. In this study, the input power was 480 W, based on
the fabricated microwave’s actual power cycle. In an empty microwave
oven, the typical electric field distributions are organized in all the
planes, and the hot and cold spot regions should be distinguished [21].

The magnetron produced microwave at 2.45 GHz, travelled via the
rectangular waveguide, and entered the microwave oven cavity. The
strong heating at red spot regions near the waveguide was induced by
the microwave reflection from the metallic wall and interference with
the incident microwave from the magnetron [20]. To save computing
time, the drawing of the symmetrical geometry model was cut to half in
the later computation. Fig. 5(a), (b), and (c) show the electric field
distribution of the empty oven from the front, top and side view, at 2.45
GHz, respectively, as a control. It is observed that the electric field is
uniform with the destructive and constructive nature of the waves in the
oven, which is also known as the interference phenomenon [20].
Destructive and constructive interference of microwaves creates hot
(red) and cold (blue) spot regions, consistent with Yeong et al.’s [21]
previous study.

Once the sample was placed in the oven, the distribution of the
electric field changed, as shown in Fig. 5(d), (e), and (f) displaying the
front, top and side view of the microwave, respectively. It was observed
that the electric field was severely disturbed as the sample was placed in
the oven. The electric field intensity was observed at the top corner of
the sample. This occurred because the reaction mixture, trimethylol-
propane ester (TMPE), absorbed the energy of the microwave, thereby
altering the overall strength of the electric field.

It should be noted that the experiments were carried out exclusively
at 2.45 GHz utilizing the domestic microwave frequency. Electric field
distribution is affected by the microwave frequency [22]. Furthermore,
microwave frequencymay influence temperature distribution within the
sample [22,31]. Although the effect of frequency on electric distribution
was not tested experimentally, a frequency variation was used in the
simulation to gain some insights into the distribution of the electric field
profile at different microwave power intensities. Different electric field
profiles were observed when 2 GHz and 4 GHz were applied to the

Fig. 4. Predicted concentration profile by COMSOL at (a) 110, (b) 120, (c) 130,
and (d) 140 ◦C.
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model, as presented in Fig. 6. The electric profile of the oven at 2 GHz
shows a moderate intensity on average, based on the yellowish colour
profile. A low frequency with a long wavelength corresponds to a greater
microwave penetration depth in comparison to the depth of the sample.
In theory, a large portion of microwaves can pass through the sample.
The wave was then reflected at each interface, from air to the top and
lower surfaces of the sample and back to air. These reflection and
transmission components at each interface contributed to the resonance
of a standing wave configuration within the sample, resulting in a mi-
crowave absorption peak farther from the incoming microwaves’ sur-
face [32]. Lower microwave frequencies will result in lower heating
temperatures and insufficient energy for high TMPTE yield. Moreover,
the domestic oven is usually equipped with a 2.45 GHz magnetron, so
the simulation model has also been set at the same frequency.

A higher microwave frequency of 4 GHz was also applied, and the
results are presented in Fig. 6(d) – (f). The electric field has been
observed to be intense and faster – narrower wavelength. High fre-
quency has a short wavelength, which means that a stronger standing
wave with a large amplitude is formed by interference between the
incident and the reflected waves from the surface of the sample [31,33].
This frequency may be too high to be applied to the model, resulting in
higher electric field intensity and eventually affecting the final tem-
perature of the mixture and the quality of the final product.

The electric field (V/m) and the distribution of the power density
(W/m3) in the mixture (TMPE) at 2.45 GHz are shown in Fig. 7 below.
The heat transfer coefficient represents the dielectric constant and
dielectric loss (or loss factor) for this research study. The dielectric
constant is the ability of a material to store energy, and the loss factor is
the ability of a material to dissipate heat or energy. P/V represents the
electric field. White et al., 1970 introduced the power-to-volume rela-
tion as in Eq. (9) and loss tangent, tanδ = ε”/ε’. In Fig. 2, the red dot
indicates the presence of a thermocouple. Based on the COMSOL image
in Fig. 8, the electric field is higher near the k-type thermocouple than in
other locations. The result implied that the heat dissipation in the area
was more efficient; hence, the loss factor, as indicated by the loss tangent
equation near the thermocouple, is higher than in other locations.

The maximum value of the electric field was 1.92×104 V/m, while
the maximum power density in the TMPE was 1.38×107 W/m3, as in
Fig. 8. These values are comparable to the previous study in the pro-
duction of biodiesel using microwave [21,22]. In the production of
biodiesel using a microwave by Yeong et al. [21], the power absorbed by
the sample was 1.38×106 W/m3. This difference was due to the differ-
ence between the study’s reaction materials, energy cycle, and micro-
wave power supply. Previously, Yeong et al. [21] set the microwave
power at 300 W for a 30-second energy cycle to reach 75 – 90 ◦C for
biodiesel, which has a slightly lower complex relative permittivity
(2.78–0.17j for PFAD) compared to the current material (3.25–0.27j for
TMPE). In addition, the study established a lower microwave power for
a longer cyclic time. The present study was set at 480 W of microwave
power to reach 130 ◦C for 20 s of the energy cycle. This condition
explained why the power absorbed by both studies was somewhat
different.

In order to validate the model constructed for the emw module, the
electric field and the water-absorbed power (as a control group) were
experimentally measured using the same microwave reactor, based on
Eqs. (4)–(10). The electric field was found to reach 7.01×104 V/m with
an absorbed power of 8.3 × 107 W/m3. Compared with the electric field
of TMPE calculated by COMSOL, which is 1.92×104 V/m, the electric
field of water is 72.6 % higher. This may be due to the specific complex
relative permittivity of water and ester, 78–12.5 j and 3.25- 0.27j,
respectively. The polarity of water is higher than that of ester. High
polarity means that the water tends to absorb more energy and be
influenced by microwaves, thus recording a high electric field and
power in the sample. The power density originating from the energy
supply of the microwave to the reaction mixture was set to be in cyclic
function as Eq. (11). The reaction reached a desired temperature of 130
◦C after approximately 3 min. This is similar to the experimental value of
the optimum heating duration. The sample was supplied with micro-
wave power during the reaction until it reached 130 ◦C (optimum
conditions). At 130 ◦C, the microwave stopped providing the additional
power following the cyclic pattern and heat source function described
earlier.

Fig. 5. Electric field distribution (V/m) in the empty microwave oven from the (a) front, (b) top and (c) side view at 2.45 GHz and with a sample from the (d) front,
(e) top and (f) side view at 2.45 GHz (Half drawing).
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Solving emwmodule provided a series of electric profiles to visualise
and quantify microwave-TMPE interaction. The results showed that the
microwave absorption by TMPE induced a significant redistribution of
the electromagnetic field in the oven cavity. As indicated earlier, high-
and low-energy regions have been formed. The distribution of the
electric field affects the microwave absorption and the accumulation of
heat in the sample [34].

3.4. Heat transfer distribution in the sample (TMPE)

As previously established in the experimental results, sample heating
in the microwave is significantly faster than conventional heating. The
pre-heating time of conventional heating by means of an oil bath has
been reduced from 40 min to 3 min using a microwave. Generally, the
thermal gradient of conventional heating is transferred from the reactor
(heating source) to the sample. Meanwhile, the distribution of the
thermal gradient for microwave heating is from the inside to the outside
of the sample. An electromagnetic wave is produced by a magnetron,
which converts electric energy to radiation in a microwave oven, and

then absorbed by the sample and converted to heat energy, which be-
comes part of the sample’s internal energy. The power density absorbed
by a sample in Eq. (4) was assessed by the electric field in Eq. (5)
generated in the oven cavity. The ability of a sample to store absorbed
energy and convert it into heat was attributed to its dielectric charac-
teristics. Each material has a distinct dielectric property and depends on
temperature, frequency, and moisture content. However, this study did
not investigate the frequency and moisture content parameters.
Convective heating is primarily associated with liquid samples. As heat
was formed via dipolar polarisation and ionic conduction at microwave
frequency, convective heating also occurred, with the top area of a
sample consistently warmer due to the density difference. In this work,
once the sample has achieved a temperature with adequate energy for
reaction, an endothermic (transesterification) reaction occurs, which
involves a heat sink in Eq. (13).

The simulation results from the htmodule found that the heating was
more intense at the top corner of the sample, which is in line with the
previous electric field distribution in the emwmodule. Fig. 9 presents the
temperature distribution during the transesterification reaction of this
study. At different temperatures of 110, 120, 130 and 140 ◦C, the results
showed a similar heat distribution with slightly higher temperatures in
the upper left corner. The lowest temperatures inside the convective-
heated liquid domain are likely near the glass reactor’s bottom [35].
Temperature gradients form within the container as heat is generated,
and warmer (lighter) liquid rises as the incoming microwaves constantly
heat the liquid during the upward motion. Therefore, as the fluid flows
further from the bottom, it becomes hotter, resulting in a high temper-
ature in the upper region of the liquid domain [35]. The sample’s
location may be one reason for the heat distribution obtained. Compared
to the previous study, Yeong et al. [21] placed the sample in the middle
of the oven, where a stand was used to lift the position of the sample.
Despite the irregular thermal gradient obtained, this non-uniform
heating pattern, where the surface is hotter than the centre, is com-
mon in food heating using a domestic oven.

Ryynanen et al. [36] studied hamburger heating in the domestic
microwave oven. It was found that each layer was heated differently,
and the surfaces and edges were warmer. A similar phenomenon was
observed by Zhao et al. [37] in a study of microwave heating of water in

Fig. 6. Electric field distribution (V/m) in the empty microwave oven from the (a) front, (b) top and (c) side view at 2 GHz and from the (d) front, (e) top and (f) side
view at 4 GHz (Half drawing).

Fig. 7. Electric field (V/m) in TMPE.
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glass. The top part of the glass was warmer than the bottom half. Zhao
et al. [37] pointed out that the attenuation of the microwave from the
waveguide could result from the electromagnetic waves at a cut-off
frequency. Therefore, this study’s findings are acceptable and in line
with previous studies.

The dielectric properties of each sample layer affected the heating
profile. The dielectric properties of the sample have led to microwave
absorption and heat conversion. The strength of the reflected wave and
the reduction of microwave penetration depth of the substance also
depends on its dielectric properties [36]. The other factor contributing
to the hotter surface area or higher microwave power absorbed on the
surface is the penetration depth of the microwave. Rattanadecho et al.
[32] classified 2.45 GHz as a high-frequency wave resulting in a short
wavelength. The short wavelength gave a shorter depth of penetration.
Wave reflection may change the power density quotients when some
fields have been cancelled due to destructive interference. At the same
time, some fields have been amplified due to constructive interference in
the microwave oven. In this case, the microwave could have penetrated
from the top corner of the mixture surface and finally reached the bot-
tom, as our system was small.

From the final form of the Fourier’s law-based continuity equation in
Eq. (12), the heat loss term of TMPE in the microwave may include
power due to microwave heating, QMW (1.38×107 W/m3 or 2070 W)
and reaction heat, QΔH (11.97 kJ or 3.3 W). The convective effect of air
in the thermally-induced free convection of microwave ovens was
negligible, based on a previous study by Akarapu et al. [38]. Moreover,
the evaporation of methanol was also not considered in the model. The
power absorbed by the sample was sufficient to provide heat for the
reaction at a short time, thus increasing the efficiency of the reaction in
terms of time and yield. 70 % of TMPTE composition (98 % of TMPE) in
10 min was achieved for transesterification of PME and TMP using mi-
crowave heating.

In this study, the electromagnetic field was computed assuming
constant dielectric properties, as the impact of temperature variations
on these properties is minimal within the investigated range. Incorpo-
rating temperature-dependent dielectric properties through a fully
coupled electromagnetic-thermal analysis may result in significant
findings for future work.

4. Conclusions

A model that coupled three modules, electromagnetic waves, heat
transfer, and chemical reaction engineering, demonstrated the profile of
concentration, electric field, and temperature. The phenomena of heat
transport from microwave radiation to heat generation were success-
fully investigated in this study. The distribution of the electric field in
the oven associated with the hotspots, temperature profile and power

absorbed by the sample was assessed. Visualization and quantification of
microwave-TMPE interaction were also achieved. The sample’s elec-
trical field and power absorbed were 1.92×104 V/m and 1.38×107 W/
m3, respectively. The effect of temperatures on the distribution of TMP
and PME transesterification products using microwave was successfully
simulated using COMSOL. A temperature of 130 ◦C was required to
produce sufficient energy. The visualization and quantification of
microwave-TMPE interaction showed a significant redistribution of the
electromagnetic field in the oven cavity. The heating behaviour of TMPE
during the transesterification reaction using a microwave was identified
to be intense at the top corner of the sample.
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