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Dielectric properties of Pouteria sapotacompounds in terahertz frequency range
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Instituto de Investigación e Innovacíon en Enerǵıas Renovables, Universidad de Ciencias y Artes de Chiapas,

Libramiento Norte 1150, Tuxtla Gutiérrez, Chiapas, 29039, Ḿexico.
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The analysis and the mathematical approximation of the dielectric properties ofPouteria sapota(Mamey) pulp compounds in the Terahertz
(THz) range are presented. Since THz electromagnetic waves show a high sensitivity to detect water content when interacting with organic
materials, this technique was used to determine the effective dielectric function (EDF) of four samples with different water contents from
the THz spectrum data. By fitting the EDF to the Landau-Lifshitz-Looyenga (LLL) dielectric mixture equation, the theoretical dielectric
functions of each pulp compounds were approximated. The approach proposed here not only considered dry matter and water content in the
Pouteria sapotapulp, as has been reported in the literature for organic samples, but also included the contribution of the volatile components
(VC) that allowed a better adjustment to the experimental results. The water and VC content increase the value of the real and imaginary
part of the calculated EDF in the wet samples. The use of the non-destructive THz spectroscopy technique allows determining the dielectric
properties of fruits that have been dehydrated. Therefore, the methodology proposed here can be used as a method of in situ and ex situ
quality control in the agri-food industry.
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1. Introduction

Monitoring quality of dehydration of agricultural products,
as well as the conservation of their nutrients during this pro-
cess is of importance for the food industry. There are sev-
eral perishable and seasonal fruits or vegetables rich in vita-
mins, mineral salts, antioxidants, and fiber that are beneficial
to human health, and its preservation for later consumption
is of interest. One of them isPouteria sapota, a tropical fruit
native to Central America and particularly southern Mexico,
which is characterized for being beneficial to health due to
its high content of carotenoids [1-3]. In addition, this fruit is
mostly composed of 63.8 % of water, the rest being fiber con-
tent, carbohydrates, minerals and vitamins A and C. Hence,
it is essential that the food industry not only use conservation
techniques to take advantage of the nutritional properties of
agricultural products, but also develops methods for the rapid

assessment of the quality and safety of the product during the
dehydration process.

Food drying is a preservation method that consists of ex-
tracting water from the product through the circulation of hot
air with the aim of inhibiting the growth of bacteria, yeasts,
and mold inside [4]. During the dehydration process, the loss
of some volatile organic compounds, such as temperature-
sensitive vitamins, corresponding to the flavor and aroma of
the food may also occur [5]. Up to 21 compounds have been
identified for the pulp ofPouteria sapota, among which are
mainly terpenoids and esters, followed by aromatic hydro-
carbons, aldehydes, alcohols, and ketones [6]. Therefore,
it is of interest to develop a drying quality monitoring sys-
tem that verifies the water content and the concentration of
its nutrients until the complete drying of the product. There
are optical non-invasive techniques able to detect the mois-
ture content and the chemical composition of food. A recent
publication evidences the use of spectroscopic techniques to
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study the water content and the presence of carotenoids in
Pouteria sapotapulp [7]. Infrared technology allows detec-
tion of moisture content, but they are limited by the poor res-
olution and the strong absorption of water molecules in this
region [8,9]. On the other hand, Terahertz time-domain spec-
troscopy (THz-TDS) is a non-destructive technology useful
for examining food quality with higher resolution and sensi-
tivity at molecular vibration, and its radiation does not ion-
ize or damage an organic sample [10-12]. Electromagnetic
waves in the range from 0.1 THz to 30 THz show a high
sensitivity to the presence of water molecules in food; this
interaction causes a change in the amplitude and phase of the
transmitted reference signal depending on the water content
in an organic sample [13-15]. The analysis of these variations
allows to indirectly determine the optical properties such as
the complex refractive index and the absorption coefficient,
as well as the dielectric function of the sample. These param-
eters are useful for theoretically modeling fruit constituents
and understanding their interaction with the THz electromag-
netic waves [11,16,17]. In addition to the fact that this tech-
nique has applications in food inspection, it also has them
in the pharmaceutical and medical industry, including in the
communication, remote sensing, and astronomy area [18].
Several works have studied the dielectric properties of food in
the Megahertz, Gigahertz and microwaves range, varying fac-
tors as their composition, temperature, frequency range, and
moisture content [19-21]. In the last decade, the THz spec-
troscopy has revealed its usefulness in the detection of pro-
tein and amino acids in dried foods [12,22]. Likewise, it can
be applied to quantitatively detect the water content in dried
samples and other types of foods [10-14,23]. Some studies
have proven that the dielectric function can be modified de-
pending on the composition of the food [20,24]. For instance,
Shiraga et al. investigated the content of monosaccharides
(glucose and fructose) and disaccharides (sucrose and tre-
halose) based on the analysis of their dielectric response in
the THZ range [25,26]. Since fruits are characterized by hav-
ing sugars and other volatile compounds, this technique is
optimal for the analysis of their nutritional content.

In this work, THz-TDS is performed to determine the ex-
perimental effective dielectric function of thePouteria sapota
pulp samples with different water contents: 0%, 15.53%,
20.16% and 40.59%. In the approximation of the EDF, some
authors consider an organic sample composed only of dry
matter and water [27,28]. However, we propose to include in
the theoretical adjustment the contribution of some volatile
components, which represent important components that af-
fect the organoleptic properties of food. Through the anal-
ysis of the calculated EDF, it is possible to determine the
dielectric function and the volumetric fraction of water, dry
matter, and the VC contained in the pulp of this fruit, apply-
ing an effective medium theory model, such as the Landau-
Lifshitz-Looyenga dielectric mixture equation. The proposed
methodology can be applied to know the dielectric function
of any other organic product that undergoes a dehydration
process.

2. Dehydration process ofPouteria sapotaand
THz system description

Pouteria sapotawas obtained in a local market in Tuxtla
Gutiérrez, Chiapas, Ḿexico. The ripening, texture, color,
and physical effects, such as bumps or fungi presence, were
considered for the selection of the fruit [3,7]. The fruit was
carefully cleaned and washed with soap and water, remov-
ing microorganisms and solid particles on the outside of the
peel. The shell and seed were then removed. Using a kitchen
slicer, four slices of this fruit with an area of50 × 30 mm
and a thickness of1.59 ± 0.18 mm were obtained. Since a
fresh sample has a high water content that can cause almost
complete attenuation of the THz signal, it was decided to con-
sider samples with a water content less than 45%. Therefore,
the slices were dehydrated under controlled laboratory con-
ditions using an electric drying chamber (Binder Mod.ED56)
at 50◦C. The drying time depended on the desired water con-
tent in the sample. The quantification of the water content in
thePouteria sapotasamples was by means of the gravimetric
method [7], which consisted of registered the weight of the
sample during a certain drying time by using an analytical
balance (Pioneer PX, OHAUS) with a resolution of 0.01 mg.
The water content percentage (WC%) on a wet basis was
calculated through Eq. (1), whereWt is the current weight in
time t andWd is the dry mass of sample.

WC(%) =
Wt −Wd

Wt
× 100%. (1)

The dehydration time of the samples were 90 min, 100
min, 295 min and 525 min to achieve aWC of 40.59%,
20.16%, 15.53% and 0%, respectively. Note that the dry sam-
ple has aWC = 0%. The thickness for the sample with the
highest water content was 0.92 mm and for the dry sample it
was 0.61 mm.

After of the drying process, the time-domain THz trans-
mission spectra of the four samples with different water con-
tents were measured by Picometrix spectrometry (Picometrix
T-Gauge, Model T-Ray 5000) in transmission geometry. It
was also necessary to obtain the reference spectrum that cor-
responds to air. THz-TDS system was configured so that data
was acquired with a 0.1 ps resolution and each measurement
was an average of 1000 scans/second. To evaluate the re-
peatability of this method, the THz signal of each sample was
measured 3 times, then the average signal was processed to
obtain the results discussed below. All measurements were
carried at ambient temperature about 21◦C.

3. Optical parameters and effective dielectric
function calculus

From the experimental time-domain THz data of thePouteria
sapotasamples was possible determine the complex refrac-
tive indexn̂ = n + iκ, wheren is refractive index andk is
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extinction coefficient of the material. These optical parame-
ters can be calculated by analyzing the intensity changes and
the phase delay that the THz pulse undergoes as it propagates
through the sample. For this, it is necessary translates the ex-
perimentally measured THz signals,E(t), into the frequency
domain through the Fast Fourier Transform, obtaining a spec-
trum,E(ω), whereω = 2πc/λ.

The spectra of the THz data when propagating in air
Eref (ω) and then through the sampleEs(ω), are related by
Eq. (2), which represents the complex transmittanceT (ω) of
the sample with thicknessd at normal incidence [16]. Where
A(ω) is the amplitude ratio andφ(ω) is the relative phase
difference between the sample and reference spectra.

T (ω) =
Es(ω)

Eref (ω)
=

4n(ω)
[n(ω) + 1]2

e
−α(ω)d

2

× e
−iω[n(ω)−1]d

c = A(ω)e−iφ(ω). (2)

Considering that the thickness of each sample is compa-
rable to or larger than the wavelength (1 THz = 300µm), the
value the refractive index is calculated by Eq. (3).

n(ω) = 1 +
c

ωd
φ(ω). (3)

The absorption coefficient of the sample is found by
Eq. (4).

α(ω) = −2
d

ln[A(ω)]
[n(ω) + 1]2

4n(ω)
, (4)

and the extinction coefficient is related toα(ω) by Eq. (5)

κ(ω) =
α(ω)λ

4π
. (5)

Due to some materials exhibit strong absorption peaks at
specific THz frequencies, it is possible to extract information
about the structure of the sample and its compounds, once the
absorption coefficient and refractive index have been calcu-
lated [27-29].

Then, after calculating the values ofn(ω) andκ(ω), the
parameters of the complex dielectric properties of each sam-
ple are calculated using Eqs. (6) and (7). Whereεr(ω) is the
dielectric constant that relate to the ability to store energy of
a material, andεi(ω) is the dielectric loss factor that related
to the electromagnetic energy into heat [16].

εr(ω) = n(ω)2 − κ(ω)2, (6)

εi(ω) = 2n(ω)κ(ω). (7)

Finally, these parameters are related to the complex di-
electric function,ε(ω), through Eq. (8). It is important to
mention that all materials have a unique dielectric property
that depends on the excitation frequency range(ω).

ε(ω) = εr(ω)− iεi(ω). (8)

In this work, Pouteria sapotaslab is considered as a
complex-structured mixture of different compounds. There-
fore, the complex dielectric functionε(ω), calculated from
T (ω), is called as an effective dielectric functionεeff .

FIGURE 1. Illustration of cross section ofPouteria sapotaslab
formed by dry matter, water, and VC.

3.1. Modelling of the effective dielectric function using
the Landau-Lifshitz-Looyenga model

The EDF calculated in Eq. (8) describes the sum of the contri-
bution of all the components contained in thePouteria Sapota
sample. To determine the dielectric function and the volume
fraction of each compound in the sample of each of them, it is
necessary to apply the effective medium theory. Our proposal
establishes the presence of other substances in organic matter
that contribute to its dielectric (and organoleptic) properties
and that have not been taken into account in the literature.
Hence, we consider thatPouteria sapotaslab is not only con-
stituted by solid/dry matter and water, but also has volatile
components, as show in Fig. 1. In the case of this fruit that
has a high-water content, THz-TDS spectroscopy is useful to
detect the water content in dry and wet samples.

There are many effective media models to analytically de-
scribe the optical and dielectric properties of a mixed material
in the THz range. Some of them consider a specific charac-
teristic of each material component. For instance, Clausius-
Mossotti model assumes a uniform molecular electric field
in the material; on the other side the Maxwell-Garnet and
Bruggeman models consider that the inclusions have a spher-
ical geometry, but this last model has the advantage that it
also considers a different electric field for each molecule
within the material. Unlike the previous ones, the Landau-
Lifshitz-Looyenga model defines a material as a combina-
tion of dielectric function of its components and assumes that
shapes of the particles are arbitrary [28,30]. Therefore, in this
work only the LLL model was applied since the geometry of
each component of thePouteria Sapotais unknown.

Our analysis establishes that the calculated EDFεeff is
the result of the combination of dry matter, water, and volatile
components, and is defined by Eq. (9),

(εeff )1/3 = ad
3
√

εd + aw
3
√

εw + avc
3
√

εvc, (9)

whereε(d/w/vc) anda(d/w/vc) are the dielectric functions and
the volumetric fractions of the dry matter, water, and volatile
components, respectively. Note thataw + ad + avc = 1.

First, to know the dielectric function of the dry matter,
theεeffdry

data of the totally dehydrated sample were used.
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For this case, the EDF is reduced as shown in Eq. (10), as-
suming that there is no water content or volatile components
(aw = 0 and avc = 0) in the slab, after the dehydration
process. This confirms that theεd is equal to the calculated
εeffdry

. Therefore, by fitting the real and imaginary part of
the data ofεeffdry to a second order polynomial, a math-
ematical representation ofεd was obtained. This algorithm
was coded in the Matlabc© software (version R-2020a).

(εeff )1/3 = 3
√

εd. (10)

The water dielectric function,εw, was obtained from a
dual Debye model from the 0.2 THz to 0.9 THz range [31].
Finally, the dielectric function of the volatile components,
εvc, was found from Eq. (9) using the EDF of the wet sample
(εeffwet

), as show Eq. (11).

3
√

εvc = [(εeffwet
)1/3 − ad

3
√

εd − aw
3
√

εw]/avc. (11)

The value ofaw was obtained by the gravimetric method.
Through an iterative process, an initial value forad was sub-
stituted into Eq. (11) until the theoretical function converged
to the calculated dielectric function of volatile components.
It was assumed thatavc = 1− ad − aw.

4. Results and discussions

4.1. Optical parameters and effective dielectric function
of the samples

The average of the measured THz data and the optical pa-
rameters of the wet (WC = 40.59 %, 20.16 % and15.53 %)

and dry (WCdry = 0 %) Pouteria sapotaslabs are shown in
Fig. 2. The time-domain THz data transmitted by the sam-
ples and the air are illustrated in Fig. 2a). The air signal
(green line) corresponds to the reference signal, without sam-
ple. Keeping in mind that the peak-to-peak amplitude of the
air signal is 100 %, an organic material is expected to reduce
this value depending on the content of water and other chem-
ical compounds. This agrees with the amplitude value of the
sample with higherWC and the dry sample, which attenu-
ate the reference signal up to 43.9 % and 6.5 %, respectively.
This indicates that the amplitude of the THz signal transmis-
sion is directly related to water content in a sample. It can
also be noticed a time delay in the phase of the THz signals
from the reference signal which is attributed to the refractive
index and thicknesses of the sample. Considering the three
different signals measured in each sample, the mean absolute
error (MAE) and the standard deviation (SD) were calculated
for each case. This statistical analysis shows that the maxi-
mum value of MAE was 0.002 for the dry sample with a SD
of 0.002. The MAE and SD values decrease as the water con-
tent in the sample increases. For example, for the most hu-
mid sample, MAE = 3.977e-04 and SD = 5.507e-04 were ob-
tained. This is consistent since the THz signal for a wet sam-
ple is attenuated by the presence of water molecules; then the
experimental error is reduced as it is a signal of small ampli-
tude. This result indicates that the dispersion of the points in
the different measurements is almost negligible. On average,
the relative error in measurements was no more than 2.067%.
Some factors that possibly contribute to this percentage error
are temperature variation during measurements, water con-
tent, and non-homogeneous thickness of the sample.

FIGURE 2. THz signals measured in the time domain a), and the amplitude b) and phase difference c) spectra in the frequency domain of
the transmittance of thePouteria sapotasamples with water content of 40.59% (◦), 20.16% (•), 15.53% (♦) and 0% (4). Calculated optical
constants: refractive index d), absorption e) and extinction f) coeficients of each slab.
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FIGURE 3. Real a) and imaginary b) parts of the calculated effective dielectric function of samples with water content of 40.59% (◦), 20.16%
(•), 15.53% (♦) and 0% (4).

After calculating the Fast Fourier Transform of each av-
erage spectrum to convert from the time to frequency domain
spectrum, the amplitude and the phase difference of the com-
plex transmittance of the samples were calculated in the fre-
quency ranges from 0.2 to 0.9 THz. As shown Fig. 2b), the
amplitude value decreases as the water content in the sample
increases. Note that the amplitude of the dry sample spec-
trum decays to zero starting at 0.8 THz. On the other hand,
the phase difference [Fig. 2c)] increases as a function of the
WC in the sample. Regarding the optical parameters cal-
culated by Eqs. (3) to (5), the real and the imaginary part
part of the complex refractive index are shown in Fig. 2d)
and 2f), respectively. The average refractive index [Fig. 2d)]
for the dry sample is aroundn = 1.694, which is lower than
that of the wet samples. For the slabs withWC of 40.59%,
20.16% and 15.53%, then values are 1.959, 1.779 and 1.744,
respectively. The absorption coefficient [Fig. 2e)] of the wet
samples increases rapidly compared to the dry one. This be-
havior confirms that water molecules are more sensitive to
the higher terahertz frequency. The value of extinction coef-
ficient [Fig. 2f)] is related to the absorption of the light. As a
result, theκ value for the dry sample is expected to be lower
than that for the wet samples. According to the absolute and
relative error found in the THZ electric field measurements,
the amplitude and phase values are not significantly affected.
Consequently, the calculation of the complex refractive index
parameters is not affected by possible measurement errors.

The dielectric properties,εr andεi, corresponding to the
effective dielectric functionεeff of the samples were calcu-
lated by Eq. (8). Figure 3 shows the calculated EDFs of the
samples depending on the frequency. The dielectric constant
εr, that indicates the ability to store energy, for the wet sam-
ples withWC of 40.59%, 20.16%, and 15.53% corresponds
on average to 3.729, 3.138 and 3.029, respectively. This pa-
rameter is lower for dry sample with a value of 2.861. On the
other hand, the imaginary part ofε that corresponds to the di-
electric loss factorεi is around to 1.277, 0.588 and 0.4120 for
the wet samples. The dried sample has a loss factor of 0.298.

Note that the contribution of liquid compounds increases the
value ofε.

4.2. Theoretical dielectric functions of the Pouteria
sapotacompounds

The dielectric functions and their volumetric fractions of dry
matter, water and volatile components contained in the pulp
of Pouteria sapotawere determined using the LLL model
Eq. (9). Table I summarizes the mathematical representations
found to approximate the dielectric function to a second order
polynomial of the dry matter and the contribution of volatile
components. For each case, the realεr and imaginaryεi part
of its theoretical dielectric function is shown, wheref rep-
resent the frequency in THz. Observe that the absolute error
is very small and the correlation coefficientR2 of the fit is
close to 1. This indicates that the theoretically found dielec-
tric function can faithfully reproduce the dielectric properties
of a dry pulp or with a certain percentage of water content at
any frequency. The values ofad, aw andavc were iteratively
changed until the difference between the theoretical and ex-
perimental data was minimized. The dry matter dielectric
function calculated by Eq. (10) is shown in the second row
of Table I. On the other hand, the dielectric functions corre-
sponding to the contribution of volatile components for the 3
wet samples were determined by Eq. (11). The average func-
tion that was fitted to a second-degree polynomial is shown
in the third row of Table I. The values of the volumetric frac-
tions for each wet sample were:ad = 0.35, aw = 0.35 and
avc = 0.30 for WC = 40.59%, ad = 0.7, aw = 0.125 and
avc = 0.175 for WC = 20.16%, andad = 0.85, aw = 0.05
andavc = 0.1 for WC = 15.53%. For dry sample these
values weread = 1, aw = 0 andavc = 0. Considering that
this fruit has a high water content, around 85% of its weight,
it is expected that the volumetric fraction of dry matter is less
than the sum of water and volatile components. The theoreti-
cal approximation to the calculated data presents an absolute
error almost negligible, and theR2 value is near 1.
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FIGURE 4. Theoretical dielectric functions of the dry matter (*), water (line) and volatile components (dot) contained in a wet sample of
Pouteria sapota: a)εr and b)εi.

FIGURE 5. Comparison of the experimental data (represented by symbols) with the theoretical model curves (represented by dotted and solid
lines) of the EDF for samples with water content of 40.59%,20.16%, 15.53% and 0% obtained by the LLL model.

TABLE I. Theoretical dielectric function of dry matter and volatile components contained inPouteria sapotaslabs from 0.2 to 0.9 THz.

Compound Theoretical dielectric function (ε) MAE R2

Dry
matter

εrd = −1.7973e− 26f2 + 6.239e− 15f + 2.864 2.467e− 16 0.964

εid = 2.564e− 25f2 − 2.840e− 14f + 0.228 4.703e− 17 0.946

Volatile
components

εrvc = −2.530e− 24f2 + 4.603e− 12f + 1.771 1.974e− 16 0.991

εivc = −1.886e− 24f2 + 3.053e− 12f − 0.651 3.354e− 16 0.950

Figure 4 shows the theoretical complex dielectric func-
tions of the dry matter, water and volatile components con-
tained in a wet sample ofPouteria sapota. The value ofεrd

[Fig. 4a)] is almost constant around 2.861 for the dry matter,
while for the volatile components it increases from 2.575 to
3.862. This means that volatile components have a greater
capacity to store electromagnetic energy than dry matter. On
the other hand, Fig. 4b) illustrates the imaginary part of the
dielectric functionεi of each compound, which is usually less
thanεr. Note that the values of the dry matter and volatile
components are small, no more than 0.584. This parameter
represents the dielectric loss factor that is related to the en-

ergy loss when the wave passes through aPouteria sapota
sample and is normally converted into heat. Consequently,
the water molecules and the volatile components contained
in wet samples will heat up faster than dry matter from the
0.5 THz frequency.

Now, the mathematical representation of the dielectric
function of eachPouteria sapotacompound in the selected
THz range is known. To determine the precision of each
function, the theoretical EDFs of the samples were found and
compared with the calculated one. All graphs can be seen
in Fig. 5. The approximation of the dielectric functions cor-
responding to the wet samples present a root mean square
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error (RMSE) no greater than0.02 and with a minimum of
1.9120e− 07. It can be observed that the effective dielectric
function agrees reasonably well with the theoretical curves
when considering thatPouteria sapotasample is contained
by dry matter, water and volatile components.

The application of THz-TDS for the study of the dielec-
tric properties ofPouteria sapotaconfirms the utility of this
technique as a potential tool that provides meaningful infor-
mation about its mixed constituents in the THz frequency re-
gion.

Conclusion

The analysis of the interaction of the THz waves with aPoute-
ria sapotaslab allowed to determine its optical parameters
such as the complex refractive index and the absorption coef-
ficient, as well as its dielectric properties in the range of 0.2
to 0.9 THz. Applying a model of the effective medium the-
ory, such as the LLL model, the dielectric function of each
constituent of the sample was approximated. For this theo-
retical analysis, it was considered thatPouteria sapotapulp

is composed not only of water content and dry matter, but also
includes the contribution of volatile components sensitive to
temperature that can be extracted during the dehydration pro-
cess. This consideration allowed to obtain a better adjust-
ment between the experimental and theoretical data. Finally,
the analysis of the behavior of this fruit in THz range is also
useful to develop new drying technologies, having a place in
applications in the agriculture and food processing sector for
the evaluation of quality and safety in food processing. The
methodology proposed here can be implemented as an in-situ
and ex-situ quality control method for other fruits and vegeta-
bles in the agri-food industry.
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