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Abstract
A simple measure of the susceptibility of a substance to microwaves (MW) is the resulting heating rate that depends on 
its heat capacity, density, starting temperature, MW extinction coefficient at the used MW frequency and distance from 
the irradiated surface. Water, that is ubiquitous in many products, currently treated with MW, shows a large susceptibility 
at 2450 MHz MW. This is why water is a suitable reference to rank the MW susceptibility of other compounds. Aqueous 
solutions are the simplest systems to investigate how the presence of extra compounds can modify (normally, reduce) this 
property. The present work provides a very simple evidence of a peculiar MW susceptibility of the water–ethanol mixture 
with azeotropic composition, XEtOH = 0.90 mol fraction, at temperatures rather below the respective boiling point at ambient 
pressure. The available literature reports a number of experimental and theoretical investigations that suggest the formation 
of (EtOH)n·(H2O)m ring clusters that change the hydrogen bond network and/or favor intermolecular hydrophobic hydration. 
The decamer, (EtOH)9·H2O, could be responsible for the peculiar MW susceptibility of the azeotropic mixture.
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Introduction

This paper is a critical reedition (with data and figures 
updated to the current standards and including not published 
results) of a 25 year old congress communication [1] (that 
remained someway hidden to most chemists and physicists). 
The work, originally aimed to provide some fundament to 
the common practice of comparing the heating rate in a 
given product, and in a sample of pure water during 2450-
MHz MW thawing/cooking food products, and/or preparing 
concentrated essential oils [2, 3]. The liquid water–ethanol 
binary seemed a simple model system, since ethanol tends 
to flash off, as do many aromas from food products, during 
the MW heating, and can exemplify the competition between 
different compounds that are susceptible to 2450-MHz MW.

However, the unexpected evidence of a prevailing heating 
rate, reached by the mixture with azeotropic composition 
(wEtOH = 96%, or XEtOH = 0.90 mol ratio), addressed the inter-
est to more fundamental questions, leaving to a future analy-
sis, an adequate interpretation of the experimental finding.

The present work therefore reexamines the old data and 
provides some tentative interpretation taking into account 
the studies appeared in the 25 year meanwhile. The simple 
check of the raising temperature produced by a MW irradia-
tion leads to conclusions in agreement with spectroscopy 
and molecular dynamics studies. This finding suggests that 
this approach may be of help in preliminary investigations 
on new materials, including novel food products, allowing 
a tentative ranking of their MW susceptibility.

General considerations

The susceptibility of a material to MW depends on the dissi-
pation factor, namely, the ratio between dielectric loss factor 
(ε″), and dielectric constant (ε′) of the material: ε′ reflects 
the energy stored within the material, because of the polari-
zation induced by the MW electric field, while ε″ deals with 
the energy dissipated as heat. The effect of each component 
of the dissipation depends on the MW frequency, ε″ prevail-
ing above 900 MHz [4], while the attenuation factor of the 
electric field, α, and the penetration depth depend on (ε″/ε′) 
[5]. The conversion of electromagnetic to thermal energy is 
related to the alignment of either intrinsic or induced molec-
ular dipoles and ionic compounds by flip-flop rotations and 
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forward–backward molecular displacements, respectively, 
that can transfer energy to neighboring molecules, no mat-
ter whether these are MW sensitive or not. As a result, the 
overall internal energy of the system raises up and so does 
its temperature.

This is why a rough way to “measure” the effect of MW 
irradiation is the detection of the resulting heating rate, 
(dT/dt), [5]. If the power of the MW emitting source is P0, 
then the heating rate produced in a closed system is:

where α, z, V, ρ and Cp are the MW attenuation factor, the 
depth from the exposed surface, the sample volume, the 
sample density and its specific heat capacity, respectively.

The attenuation factor depends on the MW frequency [5]. 
Since water is practically ubiquitous in many agro-products 
and their derivatives, the selected MW frequency for domes-
tic ovens is 2450 MHz (915 MHz in northern and southern 
America), namely, a frequency at which water shows a very 
favorable dissipation factor. In the standard practice of food 
technologists, it is of help to compare the behavior of a MW 
susceptible compound, C, to the behavior of water, W, [6, 7],

Materials and methods

Deionized distilled water and pure ethanol (Merck) were 
used.

15 g samples of water–ethanol mixtures of various com-
position (20, 40, 60, 80, 96 EtOH% w/w) were exposed for 
90 s to the microwaves in a properly designed oven (ALM 
1600, SFAMO, Plombières, France), the source power being 
adjusted at 100 Watt. The samples were contained in 25 mL 
glass open ampoules, settled over the base disk of the oven 
in positions of ascertained [8] identical irradiation density, 
as the oven can generate a non-uniform distribution of the 
microwave E‐field inside the metal enclosure. An optical 
fiber thermocouple, dipped in the sample at 0.5 cm from 
the upper surface, allowed the measure of the temperature 
at 10 s intervals (see Fig. 1). The maximum temperature 
reached never exceeded 50 °C.

Heat capacity data reported in the previous work [1] 
gave a qualitative view (with respect to the best literature 
standards) of the effect of temperature: the heat capacity of 
pure water, mildly decreases with increasing T, from 20 to 
95 °C, while the opposite occurs for EtOH and the EtOH 
rich mixtures.

(1)
dT

dt
= Ṫ = V

P0exp(−2𝛼z)

𝜌Cp

(2)R =
ṪC

ṪW
=

𝜌WCpWexp
(

−2aCz
)

𝜌CCpCexp
(

−2aWz
) For the scope of the present work, it seemed necessary 

to use literature data that allow a better definition of the Cp 
(J  mol−1  K−1) trend vs the molar fraction, XEtOH, at constant 
temperature. Benson et al. [9] reported in a table the val-
ues of excess mixing heat capacity, Cp

exc, at various molar 
fraction of water, XW, at 25 °C. The expression Cp = XEtOH 
Cp,EtOH + (1 – XEtOH) Cp,W + Cp

exc allows a reliable calculation 
of Cp at various XEtOH using the Cp,W and Cp,EtOH values [9].

The same treatment allows calculation of the density, ρ 
(mol  dm−3) from data of excess mixing molar volume [10]. 
Figure 2 shows the Cp and ρ trends.

With the values of the MW attenuation factor of water and 
ethanol, 0.3 and 0.4  cm−1, respectively [6], the term exp[-
2(αC-αW)z] goes from 1 to 0.9 (for z = 0.5 cm); it should have 
a practically straight line trend vs XEtOH, namely, (1—0.0963 
XEtOH), since both ε’ and ε’’ show this behavior [6].

The ratio [(ρ  Cp)W/(ρ  Cp)C], therefore, is the main contri-
bution to R (see Eq. 2).

Results and discussion

The MW heating experiments led to an unexpected evidence 
[1]: the azeotropic composition, wEtOH = 0.96 mass fraction, 
reaches the highest temperature after any irradiation time, 
t ≥ 20 s. (Fig. 3).

Fig. 1  MW oven. 25 mL glass beakers settled over the base disk of 
the oven in positions of ascertained [8] identical irradiation density. 
The wires represent thermocouples dipped 0.5  cm from the sample 
surface
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The T = T(t) fits of these data allow determination of 
the corresponding Ṫ = Ṫ(t) trends (Fig. 4). At any t, the 
azeotropic mixture shows the highest heating rate.

Every trace in Fig. 3 shows a steep onset followed by 
a milder quasi straight-line trend. This behavior depends 
on the prevailing effect of the microwave radiation: in the 
early phase of the MW exposure, the absorbed MW energy 
mainly produces a temperature increase just below the 
sample surface (about 0.5 cm beneath the exposed surface, 
i.e., the location of the thermocouple). Later on, because 
of the heat transfer toward the core and the surface of 
the sample, the heating rate of the immediate surround-
ings of the thermocouple declines. Some withdraw of MW 
power could also concern the mass loss through evapora-
tion, ṁ×ΔvapH , although the temperature of every mixture 
remained largely below the respective boiling point. Both 
phenomena anyway contribute to reduce the MW heating 

effect: this is tantamount to a power dispersion, PD, which 
must be accounted for adjusting Eqs. 1 and 2:

and

Equation 3 states that, for a given P0, a large Ṫ  means a 
small PD. PD mainly depends on molecular displacements 
and collisions enhanced by raising T, as during the MW 
exposure: T raises with t, and so does PD. This explains 
the decline of the Ṫ-vs-t trend (Fig. 4). Since the expected 
PD in the early phase of the MW heating (low tempera-
ture) is much smaller than later on, a rough estimation of 

(3)
dT

dt
= Ṫ = V

P0 exp (−2𝛼z) − PD

𝜚Cp

(4)R =
exp

(

−2�cz
)

− (PD)C

exp
(

−2�Wz
)

− (PD)W
×
�WCp,W

�cCp,c
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Fig. 2  Cp (on the left) and density, ρ(on the right), vs the ethanol molar fraction,  XEtOH. Data calculated from literature values [9, 10] at 25 °C
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the PD fraction of the overall adsorbed MW power, OP, 
may be:

This fraction is larger than 0.5 (Fig.  5), and seems 
poorly dependent on the composition, no matter the con-
sidered conditions (namely, after a given exposure time, 
or at a given temperature reached by pure water), save for 
the azeotropic mixture, which indeed shows values that are 
significantly (more than the width of the relevant standard 
deviation) smaller than expected.

A hypothetical bending trend (dotted lines in Fig. 5), 
shows a tangent, that crosses the straight-line fit of the 
preceding trend around XEtOH ≈ 0.90.

Although, rather qualitative, the above analysis suggests 
the peculiarity of the azeotropic composition, at tempera-
tures below the relevant boiling point, 78.2 °C.

Evaluation of the ratio R is an alternative way to reach 
the same conclusion.

Figure 6 reports the R—vs – XEtOH trend, calculated 
from the values of the heating rate, reached after 75 s MW 
irradiation. The corresponding temperatures are: 46, 32 
and 44 °C, for the azeotropic mixture, pure water and etha-
nol, respectively.

The R trends, calculated from the values of Ṫ  attained 
by the mixtures, when the pure water reaches a given 
temperature, are quite similar (Fig. 7), save for the case 
of Twater = 22 °C, namely, just after the start of the MW 
irradiation.

(5)
PD

OP
=

PD

P0exp(−2𝛼z)
∼

(

1 −
Ṫfinal

Ṫinitial

)

Reminding that the term [(ρ  Cp)W/(ρ  Cp)C] is the main 
contribution to R when DP is negligible, it seems reasonable 
to compare the R trend with that of Rt→0 calculated from the 
Ṫ-vs-t trends. Figure 8 shows an acceptable (within the width 
of the standard error) correspondence for XEtOH ≤ 0.2, while 
a large divergence appears at higher EtOH concentration.

Looking for a qualitative rationale, the Rt→0 trend 
was split evidencing four main ranges, 0 < XEtOH < 0.2, 
0.2 < XEtOH < 0.5, 0.5 < XEtOH ≤ 0.9 and 0.9 ≤ XEtOH ≤ 1, 
each range being enclosed between the crossing points of 
the straight line tangents to contiguous ranges (Fig. 8).

Such splitting is in line with the suggestions by Bao 
et al. [11] and Petong et al. [12[, who recognized two main 
relaxation ranges, predicting some correspondence with 
peculiar molecular arrangements. This hypothesis finds a 
confirmation in a number of theoretical and experimental 
investigations [13–16] which indeed support the view that 
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the water–ethanol liquid mixtures would change their molec-
ular cluster arrangement (hetero-pentamers, hexamers and 
eptamers), on varying the composition.

These results show a clear tendency: ethanol − water sys-
tems would exhibit a high stability, as the hetero-cluster size 
approaches the ratio of nine molecules of ethanol and one 
of water, namely the azeotropic composition. According to 
molecular dynamics simulations of liquid ethanol–water 
mixtures [16], hetero-decamers (EtOH)9.H2O would indeed 
appear at the azeotropic composition.

As for this aspects, the analogous comparison with the R 
trend when the temperature of pure water TW = 25 °C shows 
that the azeotropic mixture has the smallest DP, since its R 
value corresponds to the largest shift from the cross point 
of the straight-line tangents to the [(ρ  Cp)W/(ρ  Cp)C] trend 
(Fig. 9).

In this case, the contribution of DP (more than 75% of the 
absorbed MW power, see Fig. 5), substantially overwhelms 
the above partition of the Rt→0 trend (Fig. 8), but leaves the 
distinct mark of the lowest DP for the azeotropic mixture 

(Fig. 5). If this mixture is the most volatile of the EtOH-H2O 
binary, the DP related to evaporation should be the largest, 
in disagreement with observations. This means that the low 
DP value comes from a poor energy transfer toward the core 
and the surface of the sample, rather than from evaporation. 
Since such transfer is sustained by molecular displacements, 
the low DP value could be the result of a heavy molecular 
arrangement of azeotropic mixture, like that attained with 
the formation of (EtOH)9-H2O decamers [16].

These molecular clusters would be already present at 
room temperature, involving the whole liquid phase, and 
persist up to the boiling point that is the lowest of the EtOH-
H2O binary, as they imply weak van der Waals interactions 
between ethyl groups [16] that are easily loosen on raising T. 
Such interactions are not possible for methanol: this would 
be why no azeotrope appears in the methanol–water binary 
[16]. For XEtOH > 0.90, the liquid binary would host decam-
ers and more stable molecular arrangements.

Conclusions

The heating rate, Ṫ  , produced in water–ethanol mixtures by 
a 2450 MHz MW irradiation depends on the composition, 
and attains the largest value for the azeotropic composition, 
at temperatures below the respective boiling point. The ratio 
R = Ṫ∕ṪW evidences such peculiarity, as it goes through a 
maximum for the azeotropic composition, at any temperature 
from 25 to 50 °C. Taking into account the dissipation of 
power, DP, related to the heat transfer throughout the sam-
ple and to the evaporation, the largest heating rate detected 
for the mixture with azeotropic composition would corre-
spond to the lowest PD. This conclusion is in line with the 
results, reported in the literature on the MW susceptibility of 
aqueous systems, as the observed behavior would reflect the 
formation peculiar molecular clusters for the water–ethanol 
binary with azeotropic composition, even below its boiling 
point.

Since the experimental approach used in the present work 
is much easier than a thorough spectroscopic [11, 12] or 
theoretical [13–16] analysis, it may be of help in prelimi-
nary investigations on new materials, including novel food 
products [17], allowing a tentative ranking of their MW 
susceptibility.
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