Journal of the Brazilian Society of Mechanical Sciences and Engineering
https://doi.org/10.1007/540430-022-03438-6

(2022) 44:132

TECHNICAL PAPER q

Check for
updates

Regression equations of the biodiesel permittivity from its
composition, molecular structure, and temperature

Dario Alviso'?

Received: 19 October 2021 / Accepted: 20 February 2022
© The Author(s), under exclusive licence to The Brazilian Society of Mechanical Sciences and Engineering 2022

Abstract

The measurement of electrical permittivity (EP) has been used in many biodiesel (BD) studies. They include the characteriza-
tion of different oil-based BD and its blends with diesel fuel (DF), its adulteration with vegetable oils (VOs), the estimation
of the kinematic viscosity and the BD content in its blends with DF, the evaluation of the purification process efficiency after
the reaction of transesterification, and the detection of BD aging and fuel quality control. A few hundreds of VOs have the
potential for BD production, and their experimental EP values for most of them are not currently known. The EP of BD as a
function of its fatty acid methyl ester content and molecular structure is determined in this work using regression equations.
A regression analysis was performed using experimental databases for the EP, which included a total of 43 data points in the
range of 20-50 °C. The equations were derived using multiple linear regression analysis and accurately reproduced the BD
EP’s dependence on the carbon chain length and unsaturation level. When the regression equations’ results were compared
to available experimental data, they showed a high level of agreement. The EP equations’ RMSE values utilizing all of the
data were lower than 0.038.
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1 Introduction Thus, other approaches for characterizing BD (such as elec-

trical) are of interest.

Transesterification of vegetable oils (VOs) or animal fat with
short-chain alcohol is currently being used to produce bio-
diesel (BD) [1-3]. International standards (such as ASTM
D6751 and EN 14214) specify physicochemical parameters
that must be within specified limits for BD quality assess-
ment, such as density, viscosity, oxidative stability, flash
point, acid number, methanol concentration, and methyl
esters content [4-6]. Many of these measurements are time-
consuming, necessitate specialist staff, are difficult to adapt
to online measurements, and require expensive equipment.
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Dielectric spectroscopy investigates the interaction of
substances with a time-dependent electric field. It is a fast,
easy, and non-destructive measurement approach that can
be done using low-cost equipment. It’s been used to test
food quality and detect moisture [7], characterize BD and
VOs [8, 9], blends of alcohol with diesel fuel (DF), and
BD [10], and BD precursors, such as soybean VO, alco-
hols, catalysts, and their mixtures [11]. It was also used to
determine the kinematic viscosity of BD/DF blends [12],
estimate the BD content in blends with DF [13, 14], detect
methanol in BD, and determine the efficiency of the purifica-
tion process after transesterification [15], detect BD aging
and fuel quality control [16, 17], and study the atomization
of DF and BD [18].

The composition of BD’s fatty acid methyl ester (FAME)
determines its dielectric characteristics. Given all of the
aforementioned applications and the vast range of feed-
stocks, determining the electrical permittivity (EP) of BD
based on its FAME composition is a scientific contribution
to the BD industry.

@ Springer


http://orcid.org/0000-0002-6752-4218
http://crossmark.crossref.org/dialog/?doi=10.1007/s40430-022-03438-6&domain=pdf

132 Page 2 of 6

Journal of the Brazilian Society of Mechanical Sciences and Engineering

(2022) 44:132

Other BD properties have recently been predicted using
regression models derived from its FAME content and
molecular structure. These properties include the cloud point
[19-22], pour point [19-22], flash point [21, 23], cold filter
plugging point [20, 21, 23-25], kinematic viscosity [21, 23,
26-29], density [23, 26-28], iodine number [21-23, 29, 30],
cetane number [21-23, 26, 28, 31], refractive index, and
speed of sound [32, 33].

BD may be produced from hundreds of different VOs
[34]. EP experimental values for the majority of these BD
have yet to be determined. Regression models of this electri-
cal property that provide an estimate of missing data can be
quite useful. There are currently no regression models for
BD EP depending on its FAME content and molecular struc-
ture. In this article, which may be regarded as a continua-
tion of [21], these regression models are proposed utilizing
experimental databases that are provided next.

2 Experimental data

Most materials’ dielectric characteristics change dramati-
cally depending on the applied electric field frequency.
When an electric field is supplied to a sample, the material’s
polarization does not change instantly, and a phase differ-
ence between the applied electric field signal and the mate-
rial’s polarization is detected. A complex EP is commonly
used to depict this phenomenon. The zero-frequency limit
of the real portion of the frequency-dependent complex EP
is characterized as static EP [33]. The EP is relatively con-
stant (and has its greatest value) at low frequencies when the
dipoles have time to follow the applied electric field changes.
Then, a sharp decrease of the EP value is observed as the
frequency is further increased [7]. Only the values of EP
at low frequencies (< 500 kHz) will be used in this study
for the regression analysis, considering the frequency range
where a constant value of EP is seen.

The real part of the EP (ei in Equation 1) of BD fits a
linear equation with the temperature [8].

e/(T) = €/ (Ty) + de /dT(T — Ty) 1)

where & is a non-dimensional quantity, 7 is the sample tem-
perature in °C, T is the reference temperature in °C, and
de /dT is the relative EP temperature coefficient at 7, in
°CL.

Experimental observations performed by multiple authors
are required to develop robust regression equations for BD
EP. Several investigations with experimental EP values have
been published [7, 8, 11, 14, 35, 36]. The publications on BD
EP that included both experimental FAME composition val-
ues and EP values at frequencies lower than 500 kHz from
the literature were selected. In [8] work, the EP values of
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several BD at 30-50 °C and corresponding FAMEs compo-
sition are presented. In [35] work, five pure FAMEs present
in most BD were tested at 500 kHz and 20 and 40 °C. Con-
sequently, these works are useful for modeling purposes of
the EP regression equations. Unfortunately, in other papers,
no information was found concerning the corresponding BD
FAME composition. Consequently, only the data presented
by [8, 35] will be used to carry out the regression analysis
of the BD EP.

Table 1 shows the composition of nine fatty acids as well
as the values of the EP in the range of 20-50 °C. Palmitic
FAME (C16:0) has 16 carbon atoms and 0 double bonds.
Thus, it is a saturated FAME such as stearic, arachidic, and
behenic. The remaining FAMEs are unsaturated with one,
two, and three double bonds. Palmitic, stearic, oleic, linoleic,
and linolenic FAMEs make up the majority of these BD. In
addition, EP values drop as temperature rises. Furthermore,
the EP values for a particular temperature are relatively close
to each other, implying that presenting a regression model
with a great agreement to these databases is difficult.

By approximating the experimental results to linear equa-
tions, the values of de/ /dT of Eq. 1 are estimated for each
BD and pure FAME. In Table 1, the values of de /dT are
of the same order of magnitude. Negative values of de’ /dT
indicate that as the temperature rises, the EP decreases.
The regression analysis was carried out at a temperature of
T,, = 40°C. This is because the values of each BD and pure
FAME are available at this temperature.

3 Results and discussion
3.1 Regression from the FAME composition

Equation 2 shows the BD EP regression equation as a func-
tion of FAME content and temperature. The reference tem-
perature 7, in Eq. 2 is 40 °C, as described in Sect. 2. At this
temperature, the regression analysis of EP as a function of
FAME composition was carried out. Twelve BD EP meas-
urements at 40 °C were utilized, as shown in Table 1, using
values from the [8] and [35] databases. This equation has
a constant term, terms based on the mass fractions of satu-
rated and unsaturated FAMESs, and a term that takes into
account the EP’s temperature dependency. Table 1 provides
the appropriate de’ /dT coefficients for each BD and pure
FAME. By using the least-squares approach, these constants
and coefficients are calculated. It is worth noting that mul-
tiple linear regression (MLR) analysis takes into account
regressions that include the nine FAMEs listed in Table 1.
Nonetheless, Eq. 2, which only includes the most important
BD components, is found to be in good agreement with the
experimental results.
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where xgr, Xo;, X7, and x;, are the mass fraction of stearic,
oleic, linoleic, and linolenic FAMEs, respectively.

Experimentally, it has been observed that the EP rises as
the carbon chain length and unsaturation increase [7]. Equa-
tion 2 accurately reproduces these relationships, since the
unsaturated terms tend to increase EP with increasing coef-
ficients, while the saturated term tends to decrease the EP.
This regression equation is consequently theoretically sound.

At a reference temperature of 40 °C, Fig. 1 shows the
EP experimental data as well as the results of the FAME
composition prediction using Eq. 2. Figure 1 shows that the
data at 40 °C are distributed for EP values between 3.12
and 3.17 for [8] data and between 3.02 and 3.35 for [35]
data, which is consequently wider. The model’s statistical
coefficients are listed in Table 2. The mean absolute per-
centage error (MAPE) and root mean square error (RMSE)
values for [8] data at 40 °C remain small (0.65 % and 0.026,
respectively). The MAPE and RMSE values for [35] data
are smaller (0.24 % and 0.011, respectively). Most predic-
tion points lie between the error bands plotted at +£1%. The
experimental results are compatible with the dependencies
of the BD EP on saturated and unsaturated FAMEs, resulting
in satisfactory predicted data.

Figure 2 shows the EP experimental data as well as the
results of the FAME composition prediction using Equa-
tion 2 at temperatures ranging from 20 to 50 °C. Table 2
also shows the statistical coefficients of the model for each
reference and temperature. For data from [8] in the 30-50
°C range, the MAPE (%) and RMSE values remain very
similar to those presented at 40 °C, and they are considered
very good. For [35] data at 20 °C, even though the agree-
ment is not as good as it was at 40 °C, it is also considered
very good, as the MAPE and RMSE values are very small.

3.2 Regression from the molecular structure

In terms of an MLR equation for BD EP as a function of
molecular structure, the best agreement to the data in Table 1
was obtained using Equation 3, consisting of a constant
term, a term depending on the average number of double
bonds n,4,, and a term that considers the EP’s temperature
dependence:

€/(T) = 3.058 +0.091ny, + de’ /dT(T — 40) 3)

R, = O X1, Where ny,, and x; are, respectively, the num-
ber of double bonds and mass fraction of each FAME.

@ Springer
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Table 2 Statistical coefficients

. Statistics Corach et al. [8] Gouw and Vlugter
of the model used tQ predict [35]
the EP of BD from its FAME
composition for the data of [8, 30°C 35°C 40°C 45°C 50°C 20°C 40°C
35] MAPE (%) 0.62 0.69 0.65 0.68 0.64 0.35 0.24
RMSE 0.024 0.026 0.026 0.026 0.024 0.014 0.011
Nb. of data 7 7 7 7 7 3 5
3.4 As previously stated, as the unsaturation increases, the EP
increases [7]. Equation 3 accurately reproduces this relation-
- ship, since the average number of double bonds rn, tends to
S 33 increase the EP. This regression equation is theoretically
% sound as well.
g - At 40 °C, Fig. 3 shows the EP experimental data as
- well as the results of the molecular structure prediction
[0} . .. . .
© using Eq. 3. The model’s statistical coefficients are listed
g 31 in Table 3. The MAPE (%) and RMSE values for [8] data
& remain quite small at 40 °C (0.61 % and 0.025, respectively).
The MAPE and RMSE values for [35] data are greater this

3 3.1 3.2 3.3
Measured permittivity

3.4

Fig.1 BD EP experimental data (Corach et al. [8] and Gouw and
Vlugter [35]) and prediction from its FAME composition at 40 °C
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Predicted permittivity
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3.2 3.3 3.4 3.5
Measured permittivity

Fig.2 BD EP experimental data and prediction from its FAME com-
position at 30-50 °C for Corach et al. [8] on top and at 20 °C for
Gouw and Vlugter [35] on bottom
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time (1.00 % and 0.038, respectively), but the agreement
is still excellent. As the agreement is slightly better, the
dependence of the BD EP on the unsaturation level is better
reproduced by [8] database.

Figure 4 shows the EP experimental data as well as the
results of the molecular structure prediction using Equa-
tion 3 at temperatures ranging from 20 to 50 °C. Table 3
also shows the statistical coefficients of the model for each
reference and temperature. For data from [8] in the 30-50
°C range, the MAPE (%) and RMSE values remain once
again very similar to those presented at 40 °C, and they are
considered very good. For [35] data at 20 °C, the agreement
is better than it was at 40 °C, as the MAPE and RMSE val-
ues are smaller.

4 Conclusions

Even though the EP is not included in BD quality interna-
tional standards, it has shown to be useful in the study of the
BD production process, the quality control of the biofuel and
its feedstocks, in the estimation of BD content in its blends
with DF, and the estimation of quality properties included
in the standards employing correlations.

BD can be produced from hundreds of different VOs. EP
values for the majority of these BD have yet to be published.
The use of regression equations for this electrical property
that allows for the estimate of missing data can be quite
useful.

In this article, the EP of BD was calculated using regres-
sion models based on its FAME content and molecular struc-
ture. The regression analysis was carried out using experi-
mental databases with 43 different data ranging from 20 to
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Table 3 Statistical coefﬁc.ients Corach et al. [8] Gouw and Vlugter

of the model used to predict the [35]

EP of BD from its molecular

structure for the data of [8, 35] 30°C 35°C 40°C 45°C 50°C 20°C 40°C
MAPE (%) 0.58 0.62 0.61 0.66 0.59 0.55 1.00
RMSE 0.023 0.025 0.025 0.025 0.023 0.021 0.038
Nb. of data 7 7 7 7 7 3 5
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Fig.3 BD EP experimental data (Corach et al. [8] and Gouw and
Vlugter [35]) and prediction from its molecular structure at 40 °C
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Fig.4 BD EP experimental data and prediction from its molecular
structure at 30-50 °C for Corach et al. [8] on top and at 20 °C for
Gouw and Vlugter [35] on bottom

50 °C. MLR analysis was used to obtain the equations. The
least-squares approach was used to calculate the constants
and coefficients in the equations.

The proposed models for BD EP correctly reproduced its
dependence on carbon chain length and unsaturation. The
findings from the suggested regression models (based on
FAME composition and molecular structure) were compared
to the available experimental data, showing a satisfactory
agreement. The MAPE and RMSE values were lower than
1% and 0.038, respectively. Finally, both regression models
of BD EP derived from its FAME content and molecular
structure are in good agreement with the data at various
temperatures. Consequently, the equations may be used to
estimate EP for oil-based BD for which data are currently
unavailable.
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