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Relaxation Dynamics of Ethanol and N-Butanol in Diesel
Fuel Blends from Terahertz Spectroscopy

Rayda Patiño-Camino1 & Alexis Cova-Bonillo1 & José Rodríguez-Fernández1 &

Teresa P. Iglesias2 & Magín Lapuerta1

Abstract
Binary blends of ethanol-diesel, n-butanol-diesel, ethanol-biodiesel, and n-butanol-
biodiesel have been analyzed with terahertz time-domain spectroscopy in a full range
of concentrations and at room temperature. The real and imaginary parts of the complex
dielectric constant of the blends were obtained from the spectra and fitted to the Debye
model at low volume concentrations (up to 7.5% for ethanol in diesel and up to 20% for
butanol in diesel, ethanol in biodiesel, and butanol in biodiesel blends), considering the
number of relaxation processes recommended in the literature for each pure component
(single for diesel, double for biodiesel, and triple for alcohols). The results indicate that
the faster relaxation time in low alcohol mixtures is longer than in pure alcohols. This
relaxation time increases as the alcohol content increases. The excess of the real and of
imaginary parts of the dielectric constant were individually determined. The analysis of
such excess and of its different contributions (volume, contrast, and interactions) suggests
that the intermolecular interactions between the different components of the blends
dominate the relaxation dynamics in each pseudo-binary system. Ethanol was found to
move blends further away from ideal behavior than n-butanol. In fact, these latter blends
showed the most ideal behavior, suggesting that the length of the alcohol carbon chain
plays an important role. This information allows a possible link between the nonlinear
behavior of the physicochemical properties of the blends (e.g., viscosity and surface
tension) and the molecular interactions between their constituent molecules. This relation
could have direct application for monitoring the fuel composition and quality in the
vehicle control systems.

Keywords Biofuels . Alcohols . Debye relaxation . Dielectric constant . Loss factor . Permittivity

https://doi.org/10.1007/s10762-021-00807-5

* Magín Lapuerta
Magin.Lapuerta@uclm.es

1 Escuela Técnica Superior de Ingeniería Industrial, Edificio Politécnico, Universidad de Castilla-La
Mancha, Avda. Camilo José Cela S-N, 13071 Ciudad Real, Spain

2 Departamento de Física Aplicada, Facultad de Ciencias, Universidad de Vigo, 36200 Vigo, Spain

Journal of Infrared, Millimeter, and Terahertz Waves (2021) 42:77 92– 27

Received: 14 October 2020 /Accepted: 11 August 2021
# The Author(s) 2021

/Published online: 30 2021August

http://crossmark.crossref.org/dialog/?doi=10.1007/s10762-021-00807-5&domain=pdf
https://orcid.org/0000-0003-0269-3982
https://orcid.org/0000-0003-3218-7095
https://orcid.org/0000-0002-8380-5351
https://orcid.org/0000-0003-0524-2570
http://orcid.org/0000-0001-7418-1412
mailto:Magin.Lapuerta@uclm.es


1 Introduction

In recent years, the use of alcohols (firstly ethanol [1] andmore recently n-butanol [2]) as additives or
even as components in conventional fuels (diesel, gasoline, etc.) has gained interest [3]. The reason
has been widely discussed in the literature: sustainable and renewable production [4, 5], oxygen
content, improvement of physical properties (e.g., viscosities, cold flow properties) [6–8], reduction
of particulate emissions [9–12], etc. However, the effects on physical properties are far from being
proportional to the alcohol content since many of these properties are affected by intermolecular
interactions. In this context, an improved knowledge of the optical and dielectric properties of these
fuels and their mixtures is interesting because they are related to the nonlinearities in some properties
of relevance for internal combustion engines [13, 14]. An additional possibility is their use as
onboard indicators of the fuel quality [15] and the presence of impurities [16, 17] and as quality
control indicators on production and blending processes [18].

The best accepted phenomenological description of the complex frequency-dependent
dielectric constant of liquid polar molecules is based on the Debye interpretation [19]. This
model assumes liquids as an elastic continuum where spherical molecules (for simplicity) are
dispersed and subjected to unconstrained isotropic Brownian motion, all of them with a same
time constant, known as the time of relaxation. This relaxation time, τ, is often cited as the
time-dependent response of such a system to a specific external excitation. In dielectric
analysis, relaxation time is defined as the time required for the moments (which can be
depicted by an electric displacement vector D(t)) to return to an aleatory distribution after
the electric field (E(t)) has been removed. Lee [20] refers to it as a delayed response by a
dielectric medium to an applied electric field. This produces a phase difference between D and
E, which implies an irreversible degradation of the Gibbs free enthalpy. The rigorous math-
ematical approach of this model and its resolution can be found in the literature [19–22]. The
resulting equations constitute the model proposed by Debye, which allows to describe the
relaxation of a polar dielectric system in a linear, isotropic, and homogeneous medium as a
function of frequency, according to Eq. 1:

ε ωð Þ ¼ ε∞ þ εs−ε∞
1þ i:ω:τ

¼ εreal ωð Þ−iεimg ωð Þ ð1Þ

where εs is the static dielectric constant which is obtained at very low frequency (ω → 0) and
ε∞ is the very high-frequency dielectric constant (ω→∞) of the molecules of the tested
material. For practical purposes, this (complex) equation is commonly expressed with two
components:

εreal ωð Þ ¼ ε∞ þ εs−ε∞
1þ ω:τð Þ2 ð2Þ

εimg ωð Þ ¼ εs−ε∞ð Þ:ω:τ
1þ ω:τð Þ2 ð3Þ

The real part of the dielectric constant (εreal) describes the difference between the driving
frequency (corresponding to the electric field, E) and the response frequency (corresponding to
the displacement vector, D). This is a measure of energy storage, slowing down of the
radiation by matter, described by the refractive index, n. The imaginary part (εimg) describes
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the damping factor or the loss of energy (absorption of light, quantified by the absorption
coefficient in Lambert-Beer’s law).

The original Debye model has been modified to approach its behavior to the shape of the
spectra of real systems, considering the observed distribution of the relaxation times. The most
used Debye model derivations arise from the use of modifiable exponents (α and β), which
have no physical meaning, but are phenomenologically helpful, considering the widening of
the relaxation band with respect to the Debye model. It can be noticed that these derived
models are reduced to the single relaxation Debye model when α=0 and β=1, which is the
simplest case. The most commonly used derived models are indicated in Table 1.

As has been shown, the above models involve a single relaxation process. However, for
many systems, because pure liquids naturally may exhibit more than one exciting process in a
certain range of frequencies, it is also possible to find more than one relaxation event. In some
cases, relaxation at the atomic scale is significant, which is typical of high frequencies (and
thus short relaxation times). In some other cases, the relaxation processes of the molecules
themselves must be taken into consideration, which occurs at low frequencies (and longer
relaxation times). Adjustments for multiple relaxation components are also required when
dynamics occur on several time scales. In such cases, the abovementioned models can be
extended to take into consideration as many (in general, N) relaxation processes as necessary.
A general expression which includes all the possible relaxation processes is:

ε ωð Þ ¼ ε∞ þ ∑N
j¼1

Δε j

1þ i:ω:τ j
� �1−α� �β ð4Þ

whereΔε j refers to the relative contribution of the j[th] relaxation process to the macroscopic
polarization.

For some materials, even these Debye model derivations are not enough [26–28] to
accurately describe these relaxation dynamics, since perturbations of some molecules affect
the surrounding molecules producing resonance. This phenomenon becomes important at
higher frequencies (approximately 6 THz or higher) when polar liquids become resonant
rather than over-damped [29]. In these cases, it is necessary to introduce the Lorentz function
to consider harmonic oscillators, so the equation above becomes:

ε ωð Þ ¼ ε∞ þ ∑N
j¼1

Δε j

1þ i:ω:τ j
� �1−α� �β þ ∑M

k¼1

f k :ω
2
Lk

ω2
Lk−ω2−i:ω:γL

� � ð5Þ

where M is the number of damped harmonic oscillating processes, ωL is the resonance
frequency, f is the oscillator strength, and γL is the damping constant. Equation 5 describes

Table 1 Most common modifications from Debye model

Model Equation

Debye [19] ε ωð Þ ¼ ε∞ þ εs−ε∞
1þiωτ

Cole-Cole [23] ε ωð Þ ¼ ε∞ þ εs−ε∞
1þ iωτð Þ1−α

Davidson-Cole [24] ε ωð Þ ¼ ε∞ þ εs−ε∞
1þiωτð Þ

β

Havriliak-Negami [25] ε ωð Þ ¼ ε∞ þ εs−ε∞
1þ iωτð Þ1−αð Þ

β

α,β are in the range [0,1]
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the most complete relaxation process and is complex enough to describe most of the cases.
Also, different approaches have been proposed to describe the relaxation processes that cannot
be fitted with this type of models [30–32]. Besides, some of these approaches have used
molecular dynamics modeling [33, 34].

The practical use of Eq. 5 to model relaxation processes is far from easy. It becomes more
difficult, or even impossible, as the number of parameters to be fitted increases. This is the
result of the various types of relaxation processes occurring at very different frequencies and at
different orders of magnitude. These include local processes of short-term duration such as the
rotation/translation of molecules after the rupture of the H-bond [35, 36] and cooperative
relaxation processes such as the reorientational effects of the bulk medium or of large
molecular clusters [37]. The appearance of factors which may result in the change of the
absorption capacity throughout the media is also possible, so that there is not a single
relaxation process, but many of them overlap. This is known as relaxation time distribution
[38, 39].

For instance, the dielectric spectra for alcohols (particularly for ethanol) have been found to
exhibit multiple relaxation processes. Barthel and Buchner [40] reported that protic liquids
(containing O-H and/or N-H bonds) showed three relaxation processes: restoration of the
structure of the perturbed liquid bulk (slower process), the intramolecular rotation of individual
molecules of the bulk liquid and of molecules linked by hydrogen bonds (intermediate times),
and a very short relaxation time of about 1 ps. This fastest relaxation process is caused by the
formation, breaking, and/or reorientation of the hydrogen bonds [35]. Barthel and Buchner
[40] also demonstrated that aprotic liquids fit single relaxation Debye models because they do
not contain any H-bond.

The frequency range has an influence on the selection of the number of relaxation processes
for adjustment purposes. Kindt and Schmuttenmaer [29] showed that water fitted well to the
double Debye model in the range 0.0009 to 0.42 THz, whereas Beneduci [41] demonstrated
the existence of a third relaxation process by amplifying the frequency range up to 1 THz.
Considering this, in the case of monohydric alcohols, a triple Debye model is required.

This work presents the second part of a previous study [42], in which optical and dielectric
properties were obtained for ethanol or n-butanol blends in diesel-type fuels using terahertz
time-domain spectroscopy (TDS-THz) [43]. In this previous paper, spectra of the absorption
coefficient and refractive index of the mixtures were calculated, and from these, spectra of the
real and imaginary parts of the complex dielectric constant (also called relative permittivity)
were determined. In this second part, the effect of mixing on molecular dynamics is evaluated.

2 Material and Methods

2.1 Materials

The following fuels were used in this work: diesel fuel (supplied by the Spanish company
Repsol), biodiesel (supplied by the Spanish company Bio Oils), ethanol (donated by Abengoa
Bioenergy), and n-butanol (supplied by Green Biologics Ltd.). The diesel composition was
30.66% paraffins, 44.61% naphthenes, and 23.76% aromatics, without any oxygen content,
and complied with standard EN 590. The fatty acid composition of biodiesel (produced from
80% soybean oil and 20% palm 20 and complied with standard EN 14214) was 47.26%
linoleic (C18:2), 26.22% oleic (C18:1), 15.67% palmitic (C16:0), 5.39% α-linoleic (C18:3),
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and 3.77% stearic (C18:0) esters, determined using gas chromatography, as established in
method EN 14103. The methanol content in this biodiesel was found to be under 0.15%
(m/m), which is below the limit specified in EN 14214, which is 0.2% (m/m). More detailed
diesel and biodiesel compositions, as well as the main properties of base fuels and pure
alcohols used for blends, have been published previously [42].

Samples were prepared for ethanol-diesel, n-butanol-diesel, ethanol-biodiesel, and n-
butanol-biodiesel in pseudo-binary mixtures, with special focus on low alcohol concentration
blends since high alcohol blends in diesel engines are unfeasible in practice [6, 7, 44–46].
Consequently, the samples were prepared at room temperature (around 25 °C) containing 0,
2.5, 5.0, 7.5, 10, 15, 20, 40, 60, 80, 90, and 100% (v/v) of alcohol in the base fuel. Regarding
ethanol/diesel blends, the test matrix was restricted by the limited miscibility of 10–80% of the
alcohol content at the operating temperature [6]. This way, Bu10-B denotes 10% (v/v) n-
butanol and 90% (v/v) biodiesel (note that for simplicity the “n” for n-butanol is omitted for
these purposes). The same nomenclature was followed for the samples as in the preceding
article [42].

2.2 Experimental Setup

The main equipment used to perform this work, a THz time-domain spectrometer, was
described previously [42]. Briefly, it includes a femtosecond Ti:sapphire laser, which generates
ultra-short pulses (60–80 fs) with a frequency of 80 MHz and an average output power of
about 650 mW. Two photoconductive low-temperature gallium-arsenic (LT-GaAs) antennas
were used for emission and detection of THz radiation. The power emitted from THz radiation
was approximately 10 μW. The emitted power depends on the pumping power, and it is
measured using a calibrated photoconductive antenna. Silicone lenses were attached to the
antennas for better efficiency. Aluminum-coated parabolic mirrors were used to collimate the
THz beam from the emitter through sample until the detector. The sample cell was a 2-mm
optical path quartz cuvette, based on previous works [47, 48]. The cell temperature was
controlled at around 25°C through the control of room temperature. The spectra were collected
in transmission mode.

The static relative dielectric constant, for all the pure fuels, was measured in the laboratory
using a homemade cell consistent of a parallel plate condenser (with radius = 8 cm)
sandwiching a 3-mm-thick dielectric material. Also, a digital multimeter Peak Tech 2005 at
100 Hz was used for the capacitance measurement of the cell without and with sample.

2.3 Summary of Data Processing

Figure 1 shows a scheme summarizing the processing of the spectra obtained from pure fuels
(ethanol, n-butanol, diesel, and biodiesel) and their binary blends (not shown in the figure). As
explained by Beneduci [42], each sample was analyzed to obtain (I) the pulse by TDS-THz.
Every time-domain spectrum, Ej(t), was preprocessed according to the conceptual framework
proposed by Zhang et al. [49] and used by other researchers [26, 47, 48]. Fast Fourier
transform (FFT) was applied (II) to each temporal waveform in order to obtain the amplitude
Aj (ω) and phase θj (ω). With Fresnel equations and using the air in the empty cell as reference,
the frequency-dependent real part of the refractive index, nj(ω), and the absorption coefficient,
αj(ω), were determined (III) for each sample. Finally, from these, the real and the imaginary
parts of the complex dielectric constant εrealj (ω) and εimgj (ω) were also determined (IV). From
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the latter, two theoretical approaches are presented in this work: the first part presents the
modeling of the dielectric constant for the low alcohol concentrations. The second part shows
an analysis of the effect of mixing alcohols with diesel-type fuels, based on the excess of the
real and imaginary parts of the dielectric constant.

3 Results and Discussion

3.1 Model Fitting for Pure Liquids

Based on the above, triple Debye models were tested to simulate the relaxation process of
ethanol and n-butanol. For both diesel and biodiesel, various steps of relaxation were tested. In
the case of diesel, a single Debye model was found to be enough for fitting, which coincides
with Arik et al. [47] and Barthel and Buchner [40]. In contrast, biodiesel required double
Debye model for the adjustment of the experimental data. Table 2 shows the equations
resulting from the expansion of Eq. 1 for all pure fuels.

Likewise, harmonic oscillators were not included, based on the non-existence of absorption
bands in the studied range, neither for ethanol, extensible to n-butanol, nor for gasoline,
extensible to diesel and biodiesel [29, 40]. The molecular resonance leading to such absorption
bands is more important at much higher frequencies than those considered in this work [20].
As an example, parameter such as τ1B should be understood as the first relaxation time for pure
biodiesel, and the same applies for the equivalent parameters.

Hence, the adjustment consists in determining each parameter for each mixture of alcohol
(Et or nBu) and base fuel (D or B). As an example, for pure ethanol, seven parameters (ε∞Et,
ε1Et, ε2Et, ε3Et, τ1Et, τ2Et, τ3Et) must be fitted.

The adjustment strategy used was to simultaneously minimize the sum of the mean squared
deviations (MSD) between the experimental and modeled values of the real and imaginary
parts of the complex dielectric constant to an acceptable low value (MSD<0.001) by using a

Fig. 1 Methodology used to determine the complex dielectric constant starting from the spectra obtained by
TDS-THz for pure fuels (ethanol, n-butanol, diesel, and biodiesel)
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nonlinear least squares procedure. This type of multiparameter adjustment is used commonly
for data analysis in spectroscopy [29, 41, 48, 50–53]. Mittleman et al. [54] pointed out that,
although this procedure necessarily allows some freedom in the choice of such adjustment
parameters, the requirement to simultaneously satisfy εreal and εimg significantly reduces such
freedom. In this sense, some considerations should be made to solve such problems in order to
obtain a certain quality in the adjustment. A usual practice [29, 47, 48] is to take those
corresponding to the slowest processes as fix values, as far as conditions, such as temperature,
remain unchanged. With all this determined, it is evident that the number of parameters to be
adjusted is significantly reduced. For diesel, biodiesel, and n-butanol, the values for the static
relative dielectric constant, ε1 (that is, ε1D, ε1B, and ε1Bu), were taken from the experimental
result. On the other hand, the values for ε∞ (that is, ε∞D, ε∞B, and ε∞Bu) were taken as the
horizontal asymptotic trend (frequency → +∞) using the logistic model of Origin Pro 7
software. For ethanol, however, these assumptions were not possible, probably because of
the effect of water interference (expressed in a very highly fluctuating reading). For the
adjustment, the ethanol spectrum had to be limited to a range 0.1 to 0.5 THz.

All adjustments were carried out using the GRG nonlinear solving method of the Solver
tool in MS Excel spreadsheet. Figure 2 shows the experimental data (empty discrete symbols)
and the adjustment lines according to the Debye model for diesel, biodiesel, ethanol, and n-
butanol.

Table 3 lists the fitting results obtained by modeling experimental data assuming single
Debye model for diesel, double Debye model for biodiesel, and triple Debye model for ethanol
and n-butanol Debye relaxation processes and their comparison with some results reported in
the literature. Although variations are observed between the different results, there is an
acceptable consistency between the different parameters.

Pure diesel fuel, a non-hydrogen-bonded liquid (see composition), was fitted to a single
Debye model, so the process only required the adjustment of τ1D, resulting in 0.19 ps, higher
than that reported by Arik et al. [48]. This is probably due to the difference in composition
between both diesel samples. However, this value is among those expected for diesel-type
mixtures [29].

For biodiesel, to the authors’ knowledge, no fit to Debye model was found in the
literature for comparison. This could be comprehensible, considering the variability in
the composition of biodiesel fuels (esters with a variable carbon chain length around

Table 2 Expansion of the real and imaginary parts of the Debye dielectric relaxation model for diesel, biodiesel,
ethanol, and n-butanol

Diesel
εreal D ωð Þ ¼ ε∞D þ ε1 D−ε∞D

1þ ω:τ1 Dð Þ
2

εimg D ωð Þ ¼ ε1 D−ε∞Dð Þ :ω:τ1 D
1þ ω:τ1 Dð Þ

2

Biodiesel εreal B ωð Þ ¼ ε∞B þ ε1 B−ε2 B
1þ ω:τ1 Bð Þ

2 þ ε2 B−ε∞B
1þ ω:τ2 Bð Þ

2

εimg B ωð Þ ¼ ε1 B−ε2 Bð Þ :ω:τ1 B
1þ ω:τ1 Bð Þ

2 þ ε2 B−ε∞Bð Þ :ω:τ2 B
1þ ω:τ2 Bð Þ

2

Ethanol εreal Et ωð Þ ¼ ε∞Et þ ε1Et−ε2Et
1þ ω:τ1Etð Þ

2 þ ε2Et−ε3Et
1þ ω:τ2Etð Þ

2 þ ε3Et−ε∞Et
1þ ω:τ3Etð Þ

2

εimg Et ωð Þ ¼ ε1Et−ε2Etð Þ :ω:τ1Et
1þ ω:τ1Etð Þ

2 þ ε2Et−ε3Etð Þ :ω:τ2Et
1þ ω:τ2Etð Þ

2 þ ε3Et−ε∞Etð Þ :ω:τ3Et
1þ ω:τ3Etð Þ

2

N-Butanol εreal Bu ωð Þ ¼ ε∞Bu þ ε1Bu−ε2Bu
1þ ω:τ1Buð Þ

2 þ ε2Bu−ε3Bu
1þ ω:τ2Buð Þ

2 þ ε3Bu−ε∞Bu
1þ ω:τ3Buð Þ

2

εimg Bu ωð Þ ¼ ε1Bu−ε2Buð Þ :ω:τ1Bu
1þ ω:τ1Buð Þ

2 þ ε2Bu−ε3Buð Þ :ω:τ2Bu
1þ ω:τ2Buð Þ

2 þ ε3Bu−ε∞Buð Þ :ω:τ3Bu
1þ ω:τ3Buð Þ

2
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18 carbons, containing C-O-C groups and variable number of unsaturated bonds). For
this reason and according to the procedure used by Arik et al. [47] (applied to
gasoline), single- and double-level Debye models were evaluated. The single-level
Debye model was proved not to be enough to fit the experimental data. Therefore, a
double-level Debye model was selected resulting in a better fit. Accordingly, the
slowest relaxation time (τ1B = 3.57 ps) could be attributed to collective reorientations
of clusters formed by molecules of the esters that compose the fuel, while the fastest
relaxation time (τ2B = 0.08 ps) could be associated with the reorientation of individual
molecules.

Both alcohols were fitted, as mentioned before, to triple Debye models. A plausible
explanation of these three relaxation processes is as follows: the slowest relaxation
time is attributable to the re-establishment of the disturbed structure of the bulk liquid
[40]. The second relaxation time corresponds to intramolecular rotation of alcohol
molecules as monomers and into chains or networks linked by H-bond. The fastest

Fig. 2 Real (left) and imaginary (center) parts of dielectric constant for pure fuels. Empty symbols refer to
experimental data, and solid lines refer to fitted model. Correlation between experimental and modeled values
contrast, and interactions) suggest for real (top right) and imaginary (bottom right) parts

Table 3 Dielectric relaxation parameters of pure fuels as determined by fit of the data from the literature and
from this work

Fuel Source Debye model ε1 ε2 ε3 ε∞ τ1 (ps) τ2 (ps) τ3 (ps)

Diesel [48] Single 2.16 N/A N/A 2.14 0.10 N/A N/A
Ethanol [29] Triple 24.35 4.15 2.72 1.93 161 3.3 0.22
Ethanol [40] Triple 24.32 4.49 3.82 2.69 163 8.97 1.81
Ethanol [55] Single 25.7 N/A N/A N/A 170 N/A N/A
Ethanol [52] Triple 24.5 4.5 3.76 2.6 165 10.04 1.69
Ethanol [53] Triple 24.4 4.4 3.00 1.85 163 4.51 0.33
N-Butanol [55] Single N/A N/A N/A N/A 538 N/A N/A
Diesel This work Single 2.19 [a] N/A N/A 2.16 [b] 0.19 N/A N/A
Biodiesel This work Double 2.95 [a] 2.27 N/A 1.90 [b] 3.57 0.08 N/A
Ethanol This work Triple 24.35 [c] 4.75 2.83 1.93 [c] 161 [c] 1.96 0.14
N-butanol This work Triple 17.52 [a] 3.31 2.38 1.99 [b] 523 2.25 0.10

a: Taken as the experimental relative dielectric constant at 100 Hz

b: Estimated according to the asymptotic trend from the logistic model of Origin Pro 7 software

c: Taken from Kindt and Schmuttenmaer [29]
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relaxation time (around 1 ps) is the result of the dynamics of the H-bond. For ethanol,
the ε∞Et value is experimental, the slowest relaxation (τ1Et = 161 ps and ε1Et = 24.35)
was taken from the Kindt and Schmuttenmaer publication [29], while the others were
determined from fitting to experimental results and are in Table 3. The second
relaxation time was τ2Et = 1.96 ps, and the fastest relaxation time was τ3Et = 0.14
ps. The corresponding dielectric contributions (ε2Et and ε3Et) from each relaxation are
also shown in Table 3. While it was not difficult to obtain such an adjustment for
ethanol from the literature [29, 53], the same was not found for n-butanol. From
Barthel and Buchner [40], data from n-propanol and n-pentanol, C3 and C5 alcohols,
were taken to interpolate each parameter for n-butanol (C4 alcohol). The latter were
used as seed in the fitting process.

3.2 Model Fitting for Blends

Barthel and Buchner [40] demonstrated that the dielectric relaxation behavior of a
mixture is intimately related to the properties of its components. This has been
corroborated by many authors [56–58]. The methodology in this work was adapted
from that used by Arik et al. [48] for ethanol and gasoline blends, due to the
similarity of this system with the ones discussed in this work. They used a mixing
rule based on the volumetric fractions (zj), which is consistent with that proposed by
Reis and Iglesias [59] and used in other works [36]. Unlike the adjustment method of
Arik et al. [48], no correction was made to compensate the deviation of the volu-
metric composition from the ideal one. Instead, for a blend composed of an alcohol
(alc) and a base fuel (bf) with zalc and zbf, respectively, variable values of the
dielectric constants of the components were used, leading to the following set of
equations:

εreal alc:bf ωð Þ ¼ zbf εreal bf−mix ωð Þ½ � þ zalc εreal alc−mix ωð Þ½ � ð6� aÞ

εimg alc:bf ωð Þ ¼ zbf εimg bf−mix ωð Þ� �þ zalc εimg alc−mix ωð Þ� � ð6� bÞ
where εreal alc-mix refers to the real part of the dielectric constant of the alcohol in the
corresponding alc-bf mixture. The same applies to the other factors of the system of Eqs. 6-
a and 6-b. In principle, these factors (such as εreal alc-mix) have the same form as those shown in
Table 2 for pure components; however, each parameter is updated to its corresponding values
in the mixture. Thus, for ethanol, instead of τ3Et (third relaxation time of pure ethanol), τ3Et-EtD
(third relaxation time of the ethanol into an Et-D blend) was used. At first glance, the number
of resulting parameters makes the resulting system of equations very difficult to be solved and
requires additional assumptions. As Arik et al. [48] explained, it is expected that the most
significant mixing effect will be observed in the fastest relaxation time. This is because the
continuity of the hydrogen bonds on the alcohol molecules is disrupted. Based on the above, it
can be assumed that only the fastest relaxation process for each component is affected by
mixing. Therefore, the parameters corresponding to all other relaxation processes can be
assumed unaltered.
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After all these considerations, for ethanol and diesel blends (for example), replacing terms from
Table 2 for each component into Eq. 6, updating the parameters corresponding to the fastest step
(first for diesel and third for ethanol), the following system of equations is obtained:

εreal EtD ωð Þ ¼ zD ε∞D þ ε1D−EtD−ε∞D
1þ ω:τ1D−EtDð Þ2

" #
þ

þzEt ε∞Et þ ε1Et−ε2Et
1þ ω:τ1Etð Þ2 þ

ε2Et−ε3Et−EtD
1þ ω:τ2Etð Þ2 þ

ε3Et−EtD−ε∞Et
1þ ω:τ3Et−EtDð Þ2

" # ð7� aÞ

εimg EtD ωð Þ ¼ zD
ε1D−EtD−ε∞Dð Þ:ω:τ1D−EtD

1þ ω:τ1D−EtDð Þ2
� �

2
4

3
5þ

þzEt
ε1Et−ε2Etð Þ:ω:τ1Et
1þ ω:τ1Etð Þ2 þ ε2Et−ε3Et−EtDð Þ:τ2Et

1þ ω:τ2Etð Þ2 þ ε3Et−EtD−ε∞Etð Þ:τ3Et−EtD
1þ ω:τ3Et−EtDð Þ2

" # ð7� bÞ

where εreal EtD and εimg EtD correspond to the modeled real and imaginary parts and zEt and zD
are the volumetric fractions for Et-D blends.

As described above, as an adjusting approach, deviations were minimized for both real and
imaginary parts until MSD <0.001. It was found that by increasing the alcohol content, a point
is reached where the fitting procedure does not converge so that the adjustment is not possible.
Perhaps this occurs because from a certain concentration onwards, for each system, the effect
of alcohol becomes more and more important, and the relaxation processes, initially taken as
non-variable by the effect of mixing, turn important. A good fitting was possible for the lower
alcohol concentrations for each system: up to 7.5% (v/v) for Et-D blends and up to 20% (v/v)
for Et-B, Bu-D, and Bu-B blends. The results are shown and discussed below.

The results obtained by adjusting the fastest relaxation time for each alcohol (τ3Et-EtD, τ3Bu-

BuD, τ3Et-EtB, and τ3Bu-BuB) and base fuel (τ1D-EtD, τ1D-BuD, τ2B-EtB, and τ2B-BuB) in the blends as a
function of alcohol content are shown in Fig. 3. Some observations can be made. The first is
the increase in relaxation time for diluted alcohols with respect to their pure state (not shown in
Fig. 3 but in Table 3). The relaxation time of ethanol rises from 0.14 ps in pure form to 1.31 ps
for the 2.5% (v/v) blend in diesel and up to 1.59 ps for the 2.5% (v/v) blend in biodiesel.
Similarly, the relaxation time of n-butanol rises from 0.10 ps for the pure state to 2.93 ps for
the 2.5% (v/v) blend in diesel and up to 1.75 ps for the 2.5% (v/v) blend in biodiesel. For
contents from 2.5% (within the modeled range), the fastest relaxation times follow similar
trends, but the numerical values, especially for butanol blends, fall out of the measured
frequency range, and therefore, numerical values are only indicative. In pure alcohols, despite
the molecules are hydrogen-bonded interlinked forming a 3D network, the relaxation times are
shortest, indicating that molecules respond synchronizedly to the electric field. In the case of
2.5% (v/v) alcohol solutions, the alcohol is dispersed in the base fuel, with alcohol molecules
being surrounded by dissimilar non-polar molecules (from diesel and biodiesel) without any
capacity to form hydrogen bonds but with low-energy molecular interactions. However, the
different stereography of such dissimilar molecules reduces the freedom of movement and
therefore leads to longer relaxation times. When the relaxation times of alcohols are compared
to those of the base fuels, it can be concluded that the former ones have a dominant effect on
relaxation dynamics of the blends.
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A second observation is the increase in relaxation time for alcohols in the blends as their
concentration is increased. However, as alcohol concentrations increase, the rate of increase in
relaxation time decreases. Other authors observed similar trends with different techniques and
conditions: Van den Berg et al. [60], with n-butanol in n-hexane; Iglesias et al. [61], with n-
pentanol, n-hexanol, and 1-heptanol in n-hexane and cyclohexane; Sato et al. [52], with
ethanol in water; and Sagal [62], with ethanol in cyclohexane.

Arik et al. [48], in a similar study with ethanol and gasoline, suggested that this is because
the increase in partial volume of ethanol in the mixture provides more space to molecules of
alcohol for mobility, which results in longer relaxation time [62]. However, this statement
overlooks the fact that the higher availability of space (associated with the increase in excess
volume) implies less interaction with surrounding molecules, therefore decreasing the relax-
ation time. To prove this suggestion, the excess volume was measured for all blends, and the
results are shown in Fig. 4. In the figure, for the Et-D system, this relationship is clear: after the
initial increase in excess volume, eventually the excess volume decreases with increasing
ethanol content; thus, relaxation times increase. For all other systems, however, such a

Fig. 3 Fastest relaxation times of the ethanol-diesel (Et-D), ethanol-biodiesel (Et-B), n-butanol-diesel (Bu-D),
and n-butanol-biodiesel (Bu-B) blends (≈25 °C)
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relationship is not evident. In all these systems (Et-B, Bu-D, and Bu-B), relaxation times
increase with the alcohol content, even when the excess volume does not reach its peak. This
suggests that the volume factor is not the only factor involved in the dynamic behavior of
alcohol molecules in these mixtures, nor is it even the dominant factor, as discussed below.

Comparing both alcohols, it is observed that relaxation times for n-butanol were higher than
those for ethanol for analogous blends (same alcohol content), which is related to the size of
the molecules [36] (slower relaxation process for larger molecules).

As expected, diesel and biodiesel basically show no variation in relaxation times throughout
the frequency range measurement. This is because their dynamics are not linked to the
presence of alcohols, at least not significantly for the low concentrations.

The effect of mixing on the fastest dielectric constant contribution for each alcohol (ε3Et-EtD,
ε3Bu-BuD, ε3Et-EtB, and ε3Bu-BuB) and for each base fuel (ε1D-EtD, ε1D-BuD, ε2B-EtB, and ε2B-BuB) as a
function of alcohol content is shown in Fig. 5. This provides insights into the intermolecular
interactions and molecular rearrangement in the mixtures. As already explained for the
relaxation times, the fastest dielectric constant contribution of ethanol rises from 2.83 in pure
form to 15.00 in the 2.5% (v/v) blend in diesel and up to 14.31 in the 2.5% (v/v) blend in
biodiesel. Similarly, n-butanol rises from 2.38 in the pure state to 9.25 in the 2.5% (v/v) blend
in diesel and up to 3.85 in the 2.5% (v/v) blend in biodiesel. Nevertheless, in all cases, as the
alcohol content increases, the contribution of the fastest dielectric constant (ε3alc-alc.bf) to the
total dielectric constant (εalc-alc.bf) decreases. This is a consequence of the previously described
effect on the relaxation time: the OH moiety of the molecule passes from a state in which its
movements are very restricted by the hydrogen bonds in pure alcohols to a very diluted state,
which facilitates its rotation while significantly contributing to macroscopic polarization. It can
also be observed that this effect is associated with the size of the alcohol molecule, because
under the same conditions and with the same base fuel, the effect of the increase in ethanol
content is higher than that of increasing n-butanol content. Note that the increase in the
contribution to total dielectric constant from the fastest relaxation event for both alcohols in
biodiesel (ε3alc-B) is lower than that with diesel (ε3alc-D). Again, this can be explained by the fact
that biodiesel has a significant number of centers of high negative charge (unsaturations and
oxygen atoms), which may serve as anchors to form H-bonds.

Fig. 4 Excess molar volume for ethanol-diesel (Et-D) and n-butanol-diesel (Bu-D) (left) and ethanol-biodiesel
(Et-B) and n-butanol-biodiesel (Bu-B) blends (right)
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3.3 Excess Complex Dielectric Constant

The effect of the mixing on the dielectric constant can be observed comparing modeled results
for the blends (those for which modeling was possible) with respect to the ideal complex
dielectric constant, calculated from the contribution of its components (also modeled), accord-
ing to the formal definition by Iglesias and Reis [63]. The excess complex dielectric constant,
εexc (ω), is defined as the difference between the experimental dielectric constant and the ideal
one. However, for a better analysis the modeled dielectric constant, εmod (ω), has been used
instead:

εexc ωð Þ ¼ εmod ωð Þ−∑n
j z j:ε ωð Þ j ð8Þ

where zj is the volume fractions and εexc(ω)j is each of the value of the components at the
angular frequency ω. The ideal complex dielectric constant of liquid mixtures is a volume-
fraction-weighted average of the pure components [64]. This equation was used by Kanyathare
et al. [16] to study the adulteration of diesel fuel with kerosene.

Fig. 5 Dielectric constants of the fastest relaxation event in the ethanol-diesel (Et-D), ethanol-biodiesel (Et-B), n-
butanol-diesel (Bu-D), and n-butanol-biodiesel (Bu-B) blends
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It is well known that excess dielectric constant (εexc) provides qualitative information about
the interaction of molecules [65] on the formation or extinction of resonant centers (also called
multimers). If εexc = 0, the components of the blend do not interact with each other, and
therefore, each component maintains its resonating poles. Negative values imply that the
components of the mixture interact in such a way that the number of effective resonant poles
(multimers) is reduced and the opposite occurs for εexc > 0 [66]. Furthermore, Iglesias et al.
[67] proposed that the excess values have three separate contributions. The first contribution is
the volume change by the mixing, εexc[volume], related to excess molar volume according to
Eq. 9. The second contribution is the contrast of dielectric constant between the components of
the mixture, εexc[contrast], which is a strong function of the dielectric constant of the
components of the mixture and their composition, according to Eq. 10. The third contribution,
εexc[interactions], is due to changes in the interactions of the molecules in the mixture. In
practice, the latter is estimated by the difference between the real part of the dielectric constant
and the two other contributions, such as expressed in Eq. 11:

εexc ωð Þvolume ¼ −
νexc

ν
εideal ωð Þ−1½ � ð9Þ

εexc ωð Þcontrast ¼ −εreal bf ωð Þ* zalc* 1−zalcð Þ* ralc=bf−1
� �2

ralc=bf þ 2þ zalc* ralc=bf−1
� � ð10Þ

εexc ωð Þinteractions ¼ εreal−exc ωð Þ−εexc ωð Þvolume−εexc ωð Þcontrast ð11Þ
where ν is the molar volume and ralc/bf is the permittivity contrast of the mixture, defined as the
ratio εreal alc (ω)/εreal bf (ω).

Since the dielectric constants are highly frequency dependent (which is characteristic of
relaxation processes), their excess values are also highly frequency dependent. However, for
the purpose of the following analysis, the average of the real part (as well as its three
contributions, volume, contrast, and interactions) and of the imaginary part of the dielectric
constant were taken, in the range of approximately 0.10 and 1.10 THz, and represented against
the alcohol content. The results obtained are shown in Fig. 6.

Comparing Fig. 6 with Fig. 4, it can be noted that there is no apparent correlation between
the excess molar volume (always positive) and the excess of the real components of the
dielectric constant. This would suggest that volume is not the predominant contribution in the
dynamic behavior of these systems, as mentioned in the previous section, and in agreement
with Iglesias et al. [67], who suggested that the contribution of excess volume is usually small
and has a minor influence. In addition, it is also observed that the contrast contribution is also
small, despite the components of the mixtures having differences from a polarity standpoint. In
general, the model indicates that the interactions constitute the main contribution to explain the
behavior of εreal exc.

As a whole, the εreal-exc for Et-B and Bu-B is negative. It suggests that the energy stored per
unit volume by this system is less than the ideal system would be, possibly because coupling
occurs in such a way that the number of resonant dipoles, which contributes to the dielectric
polarization of the mixture, is reduced [22]. The same applies to Et-D with the exception for
very low concentrations. The Bu-B system behaves very closely to ideal.
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The excess of the imaginary part of the complex dielectric constant of the blends (εimg-exc)
are shown in Fig. 6, bottom. The excess of the imaginary part becomes positive for Et-D,
negative for Bu-D blends, and alternating for Et-B and Bu-B blends (positive at the lowest
concentrations and negative for alcohol contents higher than 10%). The behavior of the Et-D
system could be interpreted because the formed dipoles align more slowly to follow the
oscillating field (E) than they would in the ideal mixture. This is consistent with the increasing
relaxation time of alcohols at these concentrations, as outlined in Section 3.2. For the Bu-D
system, the opposite behavior occurs: the formed dipoles are aligned faster to follow the
oscillating field (E) than in the ideal mixture. The Bu-B and Et-B systems have a behavior very
close to ideality.

Dielectric losses are usually described by the tangent of the loss angle, tan δ, which is the
ratio between the imaginary and real parts of the complex dielectric constant (tan δ=εimg/εreal).
The ratio tan δ/tan δ [ideal] is a measure of the difference between the real and ideal behavior.
This ratio was estimated for all the studied systems, and the results are shown in Fig. 7. From
this figure, it can be observed that for system Et-D, tan δ is higher than the ideal one. This
means that there is a higher delay in the response time to the electric field than ideally. For the
Bu-D blends, the opposite is observed; i.e., the system responds faster to the electric field than
ideally. Finally, Et-B and Bu-B systems respond similarly to an ideal system. This behavior is
consistent with the behavior of εimg.

The results of this study are subject to limitations derived from the assumptions made. In
addition to being a technique with a relatively short path, most of the published studies on
mixtures are reduced to binary systems. To the authors’ knowledge, only a few of them
address mixtures with more than two components [47, 48, 56, 68]. It is clear that the
application of the technique to samples of such complexity, such as diesel fuel and biodiesel,
is a challenge. The extension of the reasoning used for binary mixtures to systems with many

Fig. 6 Excess of real part (top) of dielectric constant showing their contributions (volume, contrast, and
interactions) and excess of imaginary part (bottom) of the dielectric constant against the content of alcohol, for
ethanol-diesel (Et-D), ethanol-biodiesel (Et-B), n-butanol-diesel (Bu-D), and n-butanol-biodiesel (Bu-B) blends
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more components is not directly applicable for intermolecular interactions. For example, the
consideration that only the fastest relaxation processes are significant for alcohols, assuming
that the two slowest ones (cooperative volume relaxation and rotation of one end of the chain
or of a free alcohol molecule) remain constant, is arguable for high alcohol contents, where
interactions between alcohol molecules start to be important. Furthermore, a better interpreta-
tion of the results, in particular those related to the excess of dielectric constant, requires
information on the thermodynamic processes associated with the mixing, such as mixing
enthalpy, an indicator of the generation and breakdown of intermolecular H-bonds during the
mixing process [52, 59].

In complex mixtures, much more information is required to estimate, more accurately, how
the alcohol content affects the molecular dynamics, the molecular interactions, and, conse-
quently, the properties depending on them. In this respect, experiments could be designed with
a diesel surrogate, in which the relative concentrations of its main components are systemat-
ically modified, until a full and realistic picture of the molecular interactive phenomena is
outlined.

4 Conclusions

The real and imaginary excess of dielectric constant, for pure fuels and binary blends of
alcohol (ethanol and n-butanol) and commercial fuels (diesel and biodiesel), were determined
and analyzed starting from the spectra in the time-domain in the terahertz frequency region at
room temperature. The main conclusions are:

1. The complex dielectric constant of pure components was successfully modeled with a
single Debye model for diesel, double for biodiesel, and triple for ethanol and n-butanol.
With regard to blends, the systems studied could not be fitted along the whole mixing
range, but only for concentrations up to 7.5% (v/v) for Et-D blends and up to 20% (v/v)
for Bu-D, Et-B, and Bu-B blends.

Fig. 7 Ratio of the loss angle tangent of alcohol-diesel mixtures (left) and biodiesel mixtures (right) relative to
ideal loss angle
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2. The faster relaxation time of both alcohols was found to be significantly higher for low
alcohol contents than for pure alcohols. However, such increase was higher as the alcohol
content was increased in the sample within the fitted low concentration range. The effect
of the alcohol content on the faster relaxation time was much lower for diesel and
biodiesel.

3. Similarly, as with the relaxation time, the contribution of the dielectric constant value by
the faster relaxation event increased significantly more for low alcohol contents than for
pure alcohol. However, successive increases of alcohol content led to lower contribution,
following an asymptotic tendency (within the fitted low concentration range).

4. Ethanol takes the blends further away from the ideal behavior than n-butanol does. The
blends that held the most ideal behavior were those with n-butanol. This suggests that the
length of the carbon chain of alcohol plays an important role, either because it provides
inertia to the molecules or because it contributes to increase the low-energy molecular
interactions.

5. Among the three types of contributions for the dielectric constant excess, it has been found
that the volume and contrast contributions are relatively small and maybe negligible in
front of the contribution of interactions, to explain the dynamic behavior of the studied
systems.

6. The study of the ratio of the loss angle tangent to the ideal suggests that systems with
biodiesel tend to behave closer to the ideal than the systems with diesel fuel.

It would be worthwhile in future works to expand the frequency range to include
lower frequencies to ensure accurate determination of relaxation times, as well as to
evaluate the effect of temperature, since the relaxation processes are highly sensitive
to this variable. Similarly, studies with neat paraffins (such as n-hexadecane) and
methyl esters (such as methyl decanoate) would be helpful to avoid the complexity of
diesel and biodiesel and could therefore generate a better understanding of the
mechanisms responsible for relaxation processes. Finally, mixtures with high ethanol
content need to be tested using an inert gas facility (a N2 chamber, for instance) to
reduce the uncertainties caused by the high degree of fluctuation due to the humidity
in these samples.

Nomenclature A, Amplitude; CFPP, Cold filter plugging point; d, Thickness of the sample; E, Electric
field; f,Oscillator strength; FFT, Fast Fourier transform; I, Intensity; k, Extinction coefficient;MSD,Mean
squared deviation; n, Refraction index; r, Permittivity contrast; t, Time; tan δ, Tangent of the loss angle;
TDS, Time-domain spectroscopy; THz, Terahertz; z, Volume fractions; α, Absorption coefficient; α,
Asymmetry parameter of the Havriliak-Negami relaxation model; β, Broadness parameter of the
Havriliak-Negami relaxation model; ε, Dielectric constant; γL, Damping constant; θ, Phase; τ, Relaxation
time; ν, Molar volume; ω, Angular frequency

Subscripts alc, Alcohol; B, Biodiesel; bf, Base fuel; Bu, N-Butanol; D, Diesel fuel; Et, Ethanol; exc,
Excess; img, Imaginary part; j, Sample index; mod, Modeled; real, Real part; ref, Reference
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