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Broadband Dielectric Spectroscopy (BDS) was used to study the dielectric relaxation processes of semolina
doughs. The dielectric properties were analyzed as a function of water content, and, additionally, the effects of
NaCl presence and semolina characteristics were investigated. The dough was prepared using three different
varieties of semolina. BDS measurements were conducted using a custom-made Rheo-dielectric tool composed of
a Broadband Dielectric/Impedance Spectrometer connected to a strain-controlled rheometer. The temperature
range investigated was from —135 °C to 25 °C, with a step of 5 °C, while the frequency range was 10! - 107 Hz.

Dielectric spectroscopy turned out to be a valuable technique for dough characterization. It is capable to
distinguish the carbohydrates contribution and the different interactions between water and dough components.
Moreover, this unique combination allows assessing correlations between rheological and dielectric properties,
like the compliance of dough as a function of the relaxation processes and the influence of semolina components.

1. Introduction

Durum wheat is the most appropriate raw material for making pasta;
it is one of the hardest varieties of wheat, the milling of which produces
coarse particles called semolina (Sicignano, Di Monaco, Masi, & Cavella,
2015). Although common wheat is preferred to durum one in the
bread-making, in the last years the production and consumption of
bread made of durum wheat have been increased (Mefleh et al., 2019).
This is due to the several advantages that this kind of bread presents
compared to common bread (e.g. yellowish colour, appreciated char-
acteristic taste and odour, fine uniform crumb structure, higher content
of proteins, and a longer shelf-life) (Ficco et al., 2017; Pandino, Mattiolo,
Lombardo, Lombardo, & Mauromicale, 2020).

The quality of semolina doughs is strongly influenced by the in-
teractions among the ingredients in the presence of water and salt
(Fanari, Carboni, Grosso, & Desogus, 2020; Torbica, Mocko Blazek,
Belovic, & Jani¢Hajnal, 2019). Several studies concern the influence of
ingredients and semolina variety on the rheological properties of doughs
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and, in the most recent literature, new insight into the dough micro-
structure is presented (Bonilla, Erturk, & Kokini, 2020; Bonilla, Erturk,
Schaber, & Kokini, 2020). The role of gluten in conditioning the texture
and rheological properties is well known, and due to the formation of a
viscoelastic network during hydration and mixing (Bonilla, Schaber,
Bhunia, & Kokini, 2019). However, also starch has a relevant influence
on the rheological properties of dough. Indeed, even if it has no signif-
icant network-forming properties, it is embedded into the gluten
network, it has a large volume fraction and interacts, to a certain extent,
with the surrounding matrix (Brandner, Becker, & Jekle, 2019). For
example, it was found that the viscosity increases with the damaged
starch content due to the higher amount of absorbed water (Barak,
Mudgil, & Khatkar, 2014). Even the particle size showed effects on
viscoelastic properties of durum wheat doughs (Edwards, Dexter, &
Scanlon, 2002). On the other side, semolina doughs have been less
studied concerning their dielectric properties.

Broadband Dielectric Spectroscopy (BDS) is a non-invasive tech-
nique useful to characterize the distribution and influence of the main
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polar components (electrical dipoles within the molecules) which are
present in the system (Kang, Lu, Cheng, & Jin, 2015), e.g. water. This
technique has great importance in food and in the biomaterials systems
field since it is able to discriminate between the free and the various
coexisting bond water states in the material and relates the different
mobility to the structural and textural changes (Li, Zhang, & Yang, 2019;
Nielsen et al., 2016). Various non-equilibrium states and the corre-
sponding transitions, resulting from molecular movements (translation
and rotation) and flow dynamics, could be observed during the pro-
cessing and storage of bakery products (Wang & Zhou, 2017). The rates
of these changes are dependent on molecular mobility, product formu-
lation, water activity, storage condition, processing parameters, etc.
(Slade & Levine, 1995). Despite the potentiality of this spectroscopic
technique, the knowledge and understanding of the dielectric properties
of food components are so far quite limited. An important parameter
that can be determined using dielectric spectroscopy is the glass tran-
sition temperature (Tg), a concept originally developed and applied for
synthetic polymers. Meanwhile, it has been applied to many food
products to predict their stability (Balasubramanian, Devi, Singh, D
Bosco, & Mohite, 2016). Regarding dough, in the literature, we can find
few studies related to dough T; determination. In several publications
(Akbarian, Koocheki, Mohebbi, & Milani, 2016; Ding et al., 2015;
Matuda, Pessoa Filho, & Tadini, 2011; Meziani et al., 2011), a relaxation
process was detected at around —40 °C, through differential scanning
calorimetry (DSC), and it was associated with the dough glass transition.
However, one should remark that dough and foods are mixtures of
different components that have a spatial heterogeneity at longer length
scales (e.g. > 5 nm), consequently, it is not possible to define a single
glass transition temperature, but rather a temperature range, the width
of which is controlled by the dynamic and spatial heterogeneity of the
system (Bohmer et al., 1998; Heuer, Wilhelm, Zimmermann, & Spiess,
1995; Tracht et al., 1998). This fact generates the necessity to investigate
better the relaxation processes in the dough since its dielectric properties
are strongly related to its microstructure, mostly consisting of the
so-called gluten network (Miller & Hoseney, 2008). Also starch has a
relevant role in determining the microstructural and rheological char-
acteristics of durum wheat dough, but it is often underestimated
compared to that of gluten. Indeed, especially when semolina is taken
into account, the surface characteristics of starch granules may affect the
protein-starch interaction and the viscoelastic behaviour of the dough
(Edwards et al., 2002). Dielectric spectroscopy has shown the presence
of several molecular relaxations in starch. Butler and Cameron (Butler &
Cameron, 2000) reported a relaxation in the range from —120 to —90 °C
(denoted with ‘y1’), obeying the Arrhenius law, as reflected by single
activation energy, and another relaxation at slightly lower temperatures
(denoted with ‘y5’), which was observed only in starch with low water
contents. Roudaut et al. (Roudaut, Maglione, Van Dusschoten, & Le
Meste, 1999) also observed a secondary relaxation, with apparent acti-
vation energy (E;) of about 50 kJ/mol, between —60 and —40 °C
(depending on the frequency), which was related to the carbohydrate
ingredients (sucrose and starch) of bread. Also non-starch poly-
saccharides, notwithstanding they represent only about 2-2.5% of the
flour mass (Migliori & Gabriele, 2010), have a great influence on dough
properties (Bibi, Villain, Guillaume, Sorli, & Gontard, 2016). Ross (Roos,
1993) reported various glass transition temperatures of mono- and
di-saccharides, and alditols, in the range between —40 and —70 °C, at
which several works previously reported associated relaxation pro-
cesses. Laaksonen and Roos (Laaksonen & Roos, 2001a), using dielectric
analysis at 0.1 Hz, found a Ty of —33 °C and two relaxation processes,
one f relaxation at —85 °C and one y process at —148 °C. In another
publication (Laaksonen & Roos, 2000), the same authors noticed that
these temperatures increase as frequency increases and they reported
four relaxation processes: one first-order phase transition associated
with ice melting (E; = 266.4 kJ/mol), another one with a glass transition
(Eq = 97.1 kJ/mol), one single p relaxation (E, = 63.0 kJ/mol) and one
single y process (Eq = 31.5 kJ/mol). The results were obtained through
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dielectric spectroscopy, which revealed much more sensitive in
observing thermal transitions with respect to Differential Scanning
Calorimetry (DSC) and Dynamic Mechanical Analysis (DMA). However,
even through DMA, at frequencies of 1, 5 and 10 Hz, Ribotta and Le Bail
(Ribotta & Le Bail, 2007) found a relaxation process at around —7 °C,
corresponding to melting of ice, an o-relaxation (glass transition) at
around —35 °C and a p-relaxation at around —78 °C, while Laaksonen
and Roos (Laaksonen & Roos, 2001b) reported a f relaxation at about
—80 °C and a y process in the temperature range from —100 °C to
—136 °C at 2.5, 5 and 10 Hz.

Despite starch being contained in high amounts in baked doughs, the
main component that influences the dielectric properties is water due to
its high mobility, large dipole moment, and ability to act as a plasticizer.
Goedeken et al. (Goedeken, Tong, & Virtanen, 1997) reported that the
dielectric properties are related not only to the water content but also to
the interaction forces between the other components of the material and
the dissolved water molecules. According to this, any influence of the
starch kind, or crystallinity, is overshadowed by the one of bound water
dipoles rotational motion (Roudaut, Simatos,  Champion,
Contreras-Lopez, & Le Meste, 2004). Water plasticizing properties are
well known and, due to this characteristic, moisture content of about
30% wt. Is sufficient to reduce the Ty of many carbohydrates and pro-
teins, including starch and gluten, up to about —10 °C (Levine & Slade,
1990). Moreover, water influences the temperature effect on the dough
dielectric properties. These results highlight the need for testing samples
with a known and controlled water content. Water dielectric relaxations
can be observed at high frequencies higher than 100 MHz (Popov, Ishai,
Khamzin, & Feldman, 2016) if the local motion of the water is not
substantially constrained. However, the vibration of water atoms or
bonds and the local reorientation of small groups of atoms are still
possible at lower frequencies, even in the glassy state (Chan, Pathma-
nathan, & Johari, 1986), and these movements facilitate the structural
relaxations (Perera, 2002).

Furthermore, the addition of salt, specifically NaCl, affects the
dielectric properties of dough. In more detail, the salt presence signifi-
cantly increases the dielectric loss (¢") because it generates an additional
conductivity due to the ion migration (Fanari, Muntoni, Dachena, Carta,
& Desogus, 2020). Indeed, the number of dissolved ions is the most
important factor affecting the absolute values of the dielectric loss (Kim
& Cornillon, 2001). The ion concentration directly influences water
mobility since only the water molecules having sufficient mobility can
participate in dissolving salts. In addition, other publications (Laakso-
nen, Kuuva, Jouppila, & Roos, 2002; Laaksonen & Roos, 2001a, 2003)
showed that the presence of NaCl significantly decreases the dough T,
but also the temperature of the other relaxation processes, if the same
mobility is considered.

The objective of the present study is to investigate the effect of in-
gredients (water and NaCl) and of the semolina composition on the
dielectric relaxations occurring at low (sub-zero) temperatures in the
dough. In particular, at these temperatures, according to the previous
considerations, the dielectric response could be informative on carbo-
hydrates and thus on their role in the definition of the rheological
properties of dough, as gluten is expected to be not detectable in such
conditions, and the water mobility is reduced as much as possible.
Therefore, measuring and understanding the phase transitions and
relaxation processes occurring in doughs at sub-zero temperatures, and
finding possible correlations with rheological parameters, could be
useful for understanding the role of carbohydrates on the mechanical
properties of semolina doughs. This new knowledge could find appli-
cation in the pasta and baking manufacturing, where optimisation of the
product texture is crucial. So a more and more precise definition of the
rheological characteristics of doughs is necessary. Even the
manufacturing of frozen doughs could benefit from this information,
which is useful for temperature optimisation to limit changes in the
material. Moreover, information about the carbohydrate effects on the
rheological properties of foods has the potential to be useful also in other
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food sectors, e.g. in gluten-free productions, where the texture reveals to
be even more critical.

2. Materials and methods
2.1. Sample preparation

For each sample, 300 g of semolina (three different varieties were
used), distilled water, and sea salt, in different amounts, were kneaded
using a measuring mixer type 350 (Brabender® GmbH, Duisburg, Ger-
many). The mixing time was determined as the one required to reach the
dough maximum strength point, as observed in previous investigations
(Fanari et al., 2019; Fanari, Desogus, Scano, Carboni, & Grosso, 2020),
and it was found to be 3-5 min, depending on the sample. The rotational
mixing speed was set to 20 rpm to reduce the effect of structural breaks
in the dough network. Three different types of semolina were investi-
gated. Two are of non-commercial monovarietal species cultivated in
the “S. Michele” experimental farm of the Agricultural Research Agency
of Sardinia (AGRIS) in Ussana (Italy), resulting from the milling of
Karalis and Cappelli grains. The third kind is a commercial blend ac-
quired in the German retail stores (Gold Puder-Hartweizen Grief,
Aurora Miihlen GmbH, Hamburg, Germany). It should be remarked that
their properties are quite different in terms of protein and gluten content
and gluten index, as can be seen in Table 1. Gluten index (GI) is a
parameter providing information on both gluten quality and gluten
quantity, and it expresses the weight percentage of the wet gluten
remaining on a sieve after automatic washing with a salt solution and
centrifugation (Oikonomou, Bakalis, Rahman, & Krokida, 2015). The
semolina protein content was determined by the nitrogen combustion
method (ISO 16634-2:2016, 2016) using a Leco FP528 nitrogen analyzer
(LECO, Stockport, UK). The gluten content and the gluten index (GI) of
semolina were determined following the ICC standard method No. 158
(ICC, 1995) by using the Glutomatic 2200 system (Perten Instruments
AB, Huddinge, Sweden). Table 2 reports the mass percentual composi-
tion of the samples, with respect to the semolina weight, in terms of
water and salt content.

2.2. Dielectric characterization

For the dielectric measurements, the sample was placed between two
custom-made invar-steel parallel plate electrodes of 25 mm diameter,
mounted on an ARES-G2 strain-controlled rheometer (TA Instruments,
New Castle, USA). The initial gap in the measurement was 1 mm be-
tween the plates. The distance was adjusted during the experiment to
maintain the normal force at around 1 N. This is important because,
during the freezing and defrosting processes, the sample changes its
volume. Thus, the spacing during the experiments resulted from 0.8 to
1.2 mm. The experimental setup is shown in Fig. 1. As soon as the sample
loading was completed, the dough was quickly cooled to —135 °C using
the rheometer temperature control system. This operation was con-
ducted in the fastest way to avoid the sample’s drying, limit the growth
of frozen water crystals, and keep the structure and properties of starch
unmodified (Yang et al., 2021). After the thermal stabilization, the
dielectric analysis was carried out step by step by raising the sample
temperature by 5 °C for each step, from —135 to +25 °C. For each
temperature step, after thermal stabilization was reached, a dielectric
measurement was performed.

Table 1
Semolina varieties characteristics (means + STD); values with different letters in
the same column are significantly different (p-value < 0.05).

Proteins (%) Gluten (%) Gluten Index (%)

Cappelli (CAP) 14.0 £0.17 2 12.3+0.30° 16.5 +2.35°
Karalis (KAR) 11.0 £ 0.05 7.0 +0.34" 98.4+0.79 °
Commercial (COM) 12.0 £ 0.12°¢ 8.3+0.27°¢ 90.3+212°¢
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Table 2
Composition of the dough reported as wt.% based on semolina weight.

Sample Semolina variety Water (wt.%) Salt (wt.%)
CAP40 Cappelli 40 0
CAP50 Cappelli 50 0
CAP60 Cappelli 60 0
KAR40 Karalis 40 0
KAR50 Karalis 50 0
KAR60 Karalis 60 0
COM40 Commercial 40 0
COM50 Commercial 50 0
COM60 Commercial 60 0
CAP50S Cappelli 50 1.5
KARS50S Karalis 50 1.5
COM50S Commercial 50 1.5

Dielectric measurements were carried out by a Novocontrol Tech-
nologies Alpha High-Resolution Broadband Dielectric/Impedance
Spectrometer (Montabaur, Germany), within the frequency (f) range
107! - 107 Hz, connected with the strain-controlled rheometer parallel
plates in a custom-made experimental apparatus already described in
previous works (Hyun, Hofl, Kahle, & Wilhelm, 2009; Meins, Dingen-
outs, Kiibel, & Wilhelm, 2012). The signal voltage to generate the
electric field was set to 0.5 V. Then, phase and state transitions of wheat
dough samples were studied by monitoring the imaginary part of the
complex permittivity (¢”), the dielectric parameter tan(d) (tan(5) =
€"/€) and the real part of the conductivity ¢ as a function of the tem-
perature (¢ is the real part of the permittivity). The frequency dependent
¢’ is particularly important since its value is proportional to the
conductance and can be related to the energy required to align dipoles or
allow the ions movement so that it can be linked to the relaxation pro-
cesses. To clearly see these relaxation processes, notwithstanding the
Ohmic conduction influence, due to the presence of ions, in the cases of
samples without salt, it is possible to apply the Kramers—Kronig rule
reported in Equation (1) (Wiibbenhorst & Van Turnhout, 2002). This
relationship, which is a function of the angular frequency w, defines an
imaginary value &j,, which approximately equals the one of the
Ohmic-conduction-free dielectric loss (¢”,) for rather broad peaks, like
those of the a-transition or the secondary relaxations (Steeman & van
Turnhout, 1994).

e, = — (€8]

A comparison between measured values of ¢’ and the calculated
values of ¢, for a COM50 sample is shown in Fig. 2a. The derivative
method (Equation (1)) emphasizes the ¢’ peaks, in correspondence to
the relaxation frequencies, making their individuation and analysis
easier.

The relaxation frequency was then calculated as the peak frequency
of ¢4 To do this, the dependence of ¢”4, on frequency was firstly
modeled by using the Havriliak-Negami (HN) relationship (Havriliak &
Negami, 1967; Volkov, Koposov, Perfil’ev, & Tyagunin, 2018):

%
e =Ae|l+ 2-(a}-1HN)”-cos<?> + (a)-THN)Z“} ( ! > sin(/i(/;)} 2)

The parameters o and (§ are the fractional HN shape parameters
(corresponding to high-frequency skewness and breadth, respectively);
Ae is the relaxation strength, that is the difference between the static
(low frequency) permittivity and the permittivity at the high-frequency
limit (es-€»); @ is a parameter obtainable by Equation (3); tyy is the
relaxation time associated with the characteristic frequency wgy, which
is related to the frequency of maximum loss (we) by Equation (4).

sin(ar/2)
(@Tyn) ™ + cos(am/2)

3

@ =arctan
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Fig. 2. a) Comparison between ¢” (black) and ¢”4,., (green) values at —50 °C for COMS50 sample; it shows that the derivative method (Equation (1)) enhances the
peaks in ¢”’. b) Example of fitting with Havriliak-Negami relationship for COM50. c) €”4 as a function of frequency (in Hz) at different temperatures as indicated.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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The parameters calculated by fitting Equation (2) (an example of the
fitting is shown in Fig. 2b) were used in Equation (4) to calculate the
frequency corresponding to the maximum of the ¢” function (Schonhals
& Kremer, 2003):

—1/a
(sin “/}”>

2125

Dpax = WHN
o _an
(sm 5 2/}>

Relaxations can be represented on mobility maps which are dis-
played as the logarithm of the relaxation frequency as a function of the
reciprocal values of the absolute temperature (Arrhenius activation).
This can be used to characterize the different motions taking place in a
material at a given temperature and frequency range. Then, the apparent
activation energy of relaxations was evaluated by Equation (5),
describing an Arrhenius type activation behaviour (Iacob, Yoo, & Runt,
2018):

(€3]

(U/;(T) = w0~e’% (5)

where wg is the relaxation angular frequency, E, is the apparent acti-
vation energy; R is the gas constant, T is the absolute temperature, and
o is a constant, having the meaning of a maximum possible angular
relaxation frequency at infinite temperatures. The sensitivity analysis
concerning frequency allows the discrimination between relaxation
processes and structural changes such as melting or crystallization. So,
the values of the activation energies of the samples were calculated for
each of them to enhance the difference between the relaxation processes
occurring and relate them to the difference in the samples. From Fig. 2¢
it is possible to observe how the frequency peaks in ¢” 4, are moving to
lower frequencies as temperature decreases.

2.3. Rheological characterization

The rheological experiments were performed using the same device,
already described in the previous subsection 2.2, equipped with stan-
dard 25 mm plates and a Peltier-based system for temperature control.
Immediately after the kneading process, a piece of dough was loaded on
the rheometer, compressed to a gap of 2 mm, and then left to rest for 15
min to allow the material relaxation, as suggested in the literature
(Phan-Thien & Safari-Ardi, 1998). To prevent evaporation and, conse-
quently, drying of the sample, a layer of silicon oil was applied to its
edge. The temperature in the rheometer was kept constant at 25 °C.
Then, creep tests were performed applying a 50 Pa constant stress to the
sample to stay in the linear viscoelastic region, according to the values of
yield stress limit (70-100 Pa) determined through amplitude sweeps
previously performed. This value also agrees with the values used to
perform creep experiments on dough in other studies found in the
literature (Doring, Nuber, Stukenborg, Jekle, & Becker, 2015; Mironeasa
& Codina, 2019; Moreira, Chenlo, Torres, & Rama, 2014). The stress was
applied for 150 s. Each test for each sample was repeated three times,
and the mean value was considered in the present study. The compliance
J, which is the ratio between deformation and applied stress, was
measured against time to evaluate the rheological properties of the
samples. The dependence of J on time is, in general, described in terms
of mechanical models composed of basic elements. One of the most used
is the Burgers model, which works as a Kelvin and a Maxwell model
placed in series. Mathematically, it can be written as (Mainardi & Spada,
2011):

JO)=Jo+1u(1-e) + - 6)
My

The model parameters are the steady-state viscosity 7,, the instan-

taneous and delayed compliance, respectively Jy and Jp,, and the delay

time 7 that indicates how long the material takes to settle to deforma-

tion. Many applications of this model to bread dough characterization
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can be found in the literature (Beck, Jekle, & Becker, 2012; Mironeasa &
Codina, 2019; Sun, Koksel, Nickerson, & Scanlon, 2020).

3. Results
3.1. Dielectric characterization

The ¢” spectra were analyzed, and the relaxation peaks were detected
in terms of peak frequency. All the spectra at temperatures higher than
0 °C present a deflection in the ¢” values, erroneously attributable to the
a-segmental relaxation process. This peak is, instead, related to the
conductivity relaxation and at around 0 °C is significantly affected by
water crystallization. The effect of this process can be observed from
Fig. 3, where tan(8) and ¢ for samples with 50% of water and no salt
(CAP50, COM50, and KARS50) at different temperatures are reported as
an example. The static conductivity o, detectable from the plateauin o',
sensibly decreases when the temperature goes to 0 °C and sub-zero
values. Consequently, also the corresponding peak in tan(8) is deci-
sively moving at lower frequencies. In this range of temperatures also
the a-segmental relaxation process is screened by the dc conductivity
and water crystallization peak.

For each tested temperature, together with tan(8) and oy, the
relaxation frequencies are reported as a function of inverse temperature
in Fig. 4a for CAP50, KAR50, and COM50 samples. It is possible to see
that only two relaxation processes are revealed. Both relaxations occur
at temperatures lower than the temperatures characteristic of the crys-
tallization process. One process at very low temperatures, classifiable as
y relaxation, and another one at higher temperatures, attributable to a
relaxation, can be found. Their trend suggests a single motion with
Arrhenius type behaviour of the relaxation frequency with respect to the
temperature. Thus, for each sample, the relaxation frequency data as a
function of temperature were fitted using Equation (5) (Arrhenius
dependence law). Fig. 4 shows, as an example, the regressions for
CAP50, KAR50, and COM50, while the mobility map and respective
regressions for the other samples are shown in Figure Al reported in
Appendix A. Additionally, in Table 3, the calculated values of activation
energy for p (f Eg) and v (y E,) relaxations, for all the samples, and the
95% confidence intervals, are reported. Table 4 reports the values of the
statistical parameters of the regressions. The computed statistics (R? and
MSE) suggest that the exponential Arrhenius dependence reveals to be a
simple, though effective, method to describe the relaxation frequency as
a function of temperature, with a value of Adj-R? higher than 0.99 in
most cases. Moreover, the only presence of an Arrhenius dependence
advises that there are no contributions of a multimode glass transition,
so it is not possible to calculate any Ty since the glass transitions usually
show a different behaviour, following a Vogel—Fulcher—Tammann type
temperature dependence (lacob et al., 2018).

The trend of tan(8) as a function of the temperature for a fixed fre-
quency (100 Hz) is shown in Fig. 5 for three samples chosen as an
example, and for the other samples in Figures A2-A3 (Appendix A). The
experimentally determined tan(§) values in the temperature range
investigated show three main peaks for all the samples. The corre-
spondent temperature and tan(d) height values of these peaks are re-
ported in Table 5 for water crystallization, (W¢P), p (fP), and y (yP)
processes, respectively. The dielectric excitation frequency of 100 Hz
was chosen as it allows to clearly see all the three characteristic peaks
identified (Laaksonen et al., 2002). Indeed, at lower frequencies, peaks
are not clearly detectable, especially the ones at a higher temperature.
The first peak in tan(8) is located at about 0 °C, and it is likely related to
water crystallization and not to an a relaxation process. This theory is
supported by visual inspection of Fig. 4 and A1, where conductivity and
tan(d) relaxation peaks are reported as a function of inverse tempera-
ture. In fact, a steep fall in correspondence of the water freezing point
(0 °C) is indeed observed. Another peak is visible in the range between
—60 and —40 °C, which probably corresponds to the 3 process observed
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Fig. 3. Tan(8) and ¢ as a function of frequency (logarithmic scale) for (a) CAP50, (b) KAR50 and (c) COMS50. The values are reported at different temperatures: 25 °C
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in the mobility maps. The other peak which was identified is precisely
located at —105 °C for all the samples and could be due to the y relax-
ation previously detected in the mobility maps.

The influence of salt is appreciable when comparing the samples data
without salt (COM50, KAR50, and CAP50) and with salt (COM50S,
KARS50S, and CAP50S). Focusing on the data reported in Fig. 6 and
Figure Al, an additional relaxation process is observed when salt is
added for both COM and KAR samples. This additional relaxation
(named y_) follows an Arrhenius type dependence on the temperature
and has activation energy (y2 Eg) in the range of 80-90 kJ/mol. In the
CAP50S sample, no additional relaxations were detected, probably
because they are hidden by more dominant ones. In effect, the CAP
samples are the only ones that are not significantly affected in any of the
tan(d) peaks. About the tan(8) peak temperatures, a decrease of 20 °C in
the p relaxation peak temperature can be observed for all the samples,
while the other peaks show a shift in the order of +5-10 °C. Moreover,
for the KAR50S sample, as shown in Fig. 6, tan(8) shows a very sharp
additional peak (denoted with “i” in Fig. 6), at about —40 °C, due to the
additional relaxation process observed in the mobility map, that prob-
ably is hidden by the higher f relaxation peak for CAP50S and COM50S,
as it is observable in figure A3 (Appendix A).

3.2. Rheological characterization

Results are presented in Fig. 7, where compliance as a function of
time for each semolina variety is shown. Results pertaining to CAP, KAR,
and COM samples with different water amounts and salt addition are
reported in Fig. 7a, 7b, and 7c, respectively. The main outcomes of this
analysis are a weak influence of the water amount on the rheological
properties for the CAP samples and, on the contrary, a high sensibility to
water for the COM samples. On the other hand, KAR samples show in-
termediate rheological properties. Moreover, the salt addition has a
mildly negative effect on the dough deformability, increasing the
compliance values of KAR and COM samples while, in the case of CAP

samples, it produces a considerable decrement of compliance, and, as a
consequence, an increase in the strength of the dough network. Fig. 7d,
instead, reports the semolina variety influence on the rheological
properties. It is noticeable that the CAP50 sample presents the lowest
compliance. CAP results to be the strongest semolina variety, followed
by KAR, and COM turned out to be the weakest, with higher
deformability.

Non-linear regression was accomplished on the compliance vs time
data in order to calculate the Burgers model (Eq. (6)) parameters. Their
values for each sample are reported in Table 6.

3.3. Statistical analysis

Pearson correlation coefficients were computed to evaluate correla-
tions between rheological parameters and dielectric ones. Also correla-
tion coefficients between these parameters and water content, protein
amount, gluten amount, and gluten index were evaluated. Finally, sta-
tistical significance for all these correlations was evaluated through the
p-value estimation. The results are reported in Table 7.

4. Discussion
4.1. Water crystallization

The water crystallization process was detected between 0 and -10 °C.
This process provides information about the water state in the system.

The height of the tan(8) peak shows a very weak and negative cor-
relation with the total water content (r = — 0.18). On the other hand, it
shows a good and significant correlation with the semolina protein and
gluten amount (r > 0.76). This means that the dielectric response is
mostly due to the interactions between water molecules and the struc-
tural components of the dough, in other words to the bound water.
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Table 3
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Activation energy (E,) and 95% confidence interval for dough samples with
different water amounts.

Sample S Eq (kJ/mol) v Eq (kJ/mol) 72 Eq (kJ/mol)
COM40 72.5+ 2.8 33.7 £ 22 -
COM50 59.3 £3.5 30.3+1.1 -
COM60 73.6 £ 2.2 31.5+0.9 -
KAR40 74.5 £ 5.7 40.4 +£1.0 -
KAR50 57.8 £ 4.2 35.6 £ 1.6 -
KAR60 62.8 + 3.4 31.8+1.5 -
CAP40 60.0 = 6.9 36.0 £ 1.6 -
CAP50 57.7 £ 4.0 31.8+1.4 -
CAP60 524 +£ 4.1 31.8+1.3 -
COMS50S 57.1 £5.8 38.6 £ 1.0 87.9+ 3.5
KARS50S 63.6 +£ 6.1 39.5+1.4 83.3+1.8
CAP50S 66.9 + 5.2 41.1 £1.2 -
Table 4
Statistical parameters of the regressions.

Sample B Eq 7 Ea 72 Eq

RMSE Adj-R? RMSE Adj-R? RMSE Adj-R?
COM40 0.056 0.995 0.051 0.994 - -
COMS50 0.089 0.992 0.058 0.996 - -
COM60 0.047 0.998 0.059 0.997 - -
KAR40 0.068 0.994 0.044 0.998 - -
KARS50 0.160 0.984 0.035 0.997 - -
KAR60 0.143 0.990 0.039 0.997 - -
CAP40 0.283 0.942 0.061 0.996 - -
CAP50 0.078 0.992 0.050 0.996 - -
CAP60 0.054 0.992 0.055 0.996 - -
COM50S 0.079 0.988 0.044 0.999 0.025 0.999
KARS50S 0.047 0.994 0.039 0.998 0.024 0.999
CAP50S 0.090 0.991 0.035 0.999 - -

4.2. p relaxation

The p relaxation occurred in the temperature range between —40 °C
and —70 °C and shows activation energy of about 50-75 kJ/mol.
Occurrence of f§ relaxation phenomena was already observed, at similar
temperatures and with similar activation energy values, also through
DSC in low molecular weight carbohydrates (Roos, 1993) and through
DMA in frozen wheat doughs (Laaksonen & Roos, 2000; 2001b).

The most likely explanation of this process is that it corresponds to
the glass transition and is linked to a modification in the mobility of
large portions of the amylose and amylopectin molecules. Indeed, these
latter systems show similar behaviour, in terms of temperature range
and values of activation energy for the relaxation, as reported in the
literature at the same frequency of 100 Hz (Butler & Cameron, 2000).
Other studies (Roudaut, Maglione, Van Dusschoten, & Le Meste, 1999;
Scandola, Ceccorulli, & Pizzoli, 1991) related this relaxation also to
dextran or pullulan. This leads to the more general explanation of the
rotational motion of the hydroxyl groups present on the Cy, Cg, or Cg of
the glucosidic units. It is also further confirmed by specific studies
concerning the dielectric relaxations of glucose (Chan et al., 1986).

Possible connections between gluten sub-units and p relaxation can
almost certainly be excluded, mainly based on previous studies, which
revealed that gluten does not show any relaxation in the same temper-
ature range with respect to the present work, but only at higher tem-
peratures, with a peak at 27 °C (Roudaut, Maglione, & Le Meste, 1999).

The height of tan(d) peak is significantly and highly correlated with
the semolina protein and gluten amount (r > 0.71), and also with W¢P (r
= 0.75), while the correlation with the water content presents a low and
negative coefficient (r = — 0.30). The positive and significant correlation
with WP suggests that the two processes are largely explainable in the
same way, i.e. with the bound water (also the other correlations are
similar to those of the water crystallization). Since gluten is not detected,
one can assume that this bound water involves carbohydrate molecules.
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Fig. 5. Dielectric parameter tan(3) as a function of temperature for CAP50, KAR50, and COM50 samples at 100 Hz (a) and enlargement of the p and y relaxations

zone (b).

Table 5

Dielectric tan(8) peak values of water crystallization (WcP), p relaxation (pP)
and y relaxation (yP), and corresponding temperature for all the samples,
measured at 100 Hz.

WcP pP yP
Sample Tan(8) Temp. Tan Temp. Tan Temp.
[°C] ®) [°C] ) [°C]
COM40 19.076  -10 1.170 —60 0.465 —100
COM50 19.532 -5 0.886 —45 0.586 -105
COM60 2.464 0 0.308 —55 0.302 —115
KAR40 4.918 -5 0.412 —50 0.410 -105
KAR50 5.953 -5 0.356 -50 0.496 -105
KAR60 8.061 -5 0.473 —40 0.588 —105
CAP40 21.257 0 1.142 —40 0.472 -105
CAP50 21951 O 1.006 —40 0.552 -105
CAP60 22.099 -5 0.949 —40 0.609 —105
COM50S  1.298 -10 0.104 —65 0.287 —105
KAR50S 9.368 -5 0.302 -70 0.449 —100
CAP50S 22383 -10 1.018 -60 0.541 —100

As activation energy only depends on the energy status of the target
groups, the low and negative correlation (r = — 0.31) observed with the
water amount suggests that water can partially change the energy status
of the target group (hydroxyl), and this could be explained with the
possibility of interaction with water molecules (through hydrogen
bonds). There is no clear explanation of the weak and negative corre-
lation with the protein and gluten amount (r < — 0.36) unless it is
considered that, in wheat flour, the amount of damaged starch is usually
negatively well correlated with the gluten amount (Barak, Mudgil, &
Khatkar, 2013). Considering that the damaged starch is the main
responsible of the water absorption, a hypothesis could be the greater
difficulty in the rotation of the hydroxyl groups due to the lower water
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e
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T B !
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relative availability with respect to the starch.

In the case of samples with added salt, the 20 °C temperature shifting
in the p relaxation dielectric tan(d) peak at 100 Hz, that was observed for
all the samples, could be linked to the NaCl ability to reduce the tran-
sition temperatures of the unfrozen solute, as stated in a previous work
(Laaksonen & Roos, 2001a).

4.3. y relaxation

The y relaxation occurred in the temperature range between —115 °C
and —100 °C and shows activation energy of about 30-40 kJ/mol. The
peak temperature corresponds to that shown in the literature (—112 °C)
for wheat doughs at the same frequency of 100 Hz, and the same cor-
respondence was found for the activation energy (31.5 kJ/mol) (Laak-
sonen & Roos, 2000). From this, the possibility that also gluten
influences the y relaxation process cannot be completely excluded, nor
previous studies clearly assessing this aspect were found. However,
other researchers (Butler & Cameron, 2000), testing only starch and not
doughs, gave an explanation of this relaxation process, claiming that it is
likely due to localized chain motions in starch molecules, probably
enabled by the motion of the water molecules which are
hydrogen-bonded to the amylose and amylopectin molecules, and that
small-amplitude oscillations of the glucose rings about the (1-4)-a and
(1-6)-a linkages are the most likely candidates. The similarity between
the dielectric response in this work and ours makes the possibility of a
gluten influence on the y relaxation process very unlikely.

The height of the tan(8) peak presents the weakest correlation with
the semolina protein and gluten amount (r > 0.32), and also with the
water amount (r = 0.18). Correlation with WP is high (r = 0.71), sig-
nificant, and similar to the one between P and WcP. However, the
correlation between yP and fP is much lower (r = 0.38) and not sig-
nificant. This could be supported by the fact that the two processes are

tand

0.0 T T T T (b)
-150 -120 -90 -60 -30 0
Temperature (°C)

Fig. 6. Tan(d) as a function of temperature for samples KAR50 and KAR50S at 100 Hz (a) and enlargement of the f, vy, and i relaxations zone (b).
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Fig. 7. Compliance against time comparisons among
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related to the motions of different molecular structures. As WP is likely
gablth f the B del estimated for the different ) related to bound water and strongly correlated with yP, this could
arameters of the Burgers moce’ estimated tor the cilierent sampes. confirm that both f and y relaxations are related to different water-
Sample Jo (Pa™h) Jm (Pa™") T (s) fo (Pa +s) Adji-R2 bound molecular structures.
KAR40 1.35.107° 1.26-10°° 27.01 7.35-10° 0.9997 y E, is substantially not correlated with the protein and gluten con-
KAR50 3.65-10’3 2.72'10*2 21.20 3.04<1OZ 0.9997 tent (r < 0.12). The moderate and negative correlation (r = — 0.47) with
KAR60 1'14'1075 8'20‘1075 22.91 1'27'106 0.9995 the water amount could mean, similarly to the case of p relaxation, that
KAR50S 3.13-10 2.16-10 24.20 3.95-10 0.9997 lecul t least i X ke the target Tlati
CAP40 1.01-10-5 9.32.10-6 26,61 8.95.10° 0.9997 wat.er molecules can, at least in part, make the target group oscillation
CAP50 3.10-107° 3.11:107° 24.79 3.45.10° 0.9995 easier by interacting with it.
CAP60 9.42:107° 8.18:107° 23.63 1.14-10° 0.9996 An additional relaxation process in COM and KAR samples (which
CAP50S 2.26107° 1.88107° 26.04 4.86-10° 0.9997 have the highest gluten index), when salt was added, occurred at slightly
COM40 153107 143107 27.01 6.47.10° 0.9997 lower temperatures and with consistently higher activation ener
COM50 4.42.107° 3.05-107° 24.71 3.24.10° 0.9995 P . . y g 8y
COM60 1.20-10~4 8.63.10°° 29.91 1.20-10° 0.9995 (80-90 kJ/mol). According to the literature (Butler & Cameron, 2000),
COMS50S 5.01-107° 3.84.107° 23.45 2.22:10° 0.9996 this additional phenomenon is likely due to a regime of lower hydration
with respect to the main relaxation, which prevails when the hydration
increases, making the secondary relaxation undetectable. This is
compatible with the presence of salt, which competes for water mole-
cules with the starch.
Table 7

Correlation among the rheological, dielectric and composition parameters (° p-value < 0.01; b0.01 < p-value < 0.05; € 0.05 < p-value < 0.10 (WA:added water amount, PRO:
protein content, GLU: gluten content, GI: gluten index, j3 E,: f§ relaxation activation energy, y E,: y relaxation activation energy, WcP: water crystallization tan(5) peak height, SP:
p relaxation tan(5) peak height, yP: y relaxation tan(5) peak height, Jy:instantaneous compliance, Jp,: delayed compliance, t: delay time and no: steady-state viscosity).

WA

PRO

GLU

GI

P Ea v Ea WcP pP vP Jo Jm T Mo
WA 1
PRO 0 1
GLU 0 0.9954% 1
GI 0 —0.9705% —0.9891% 1
p Ea —0.3098 —0.3613 —0.3773 0.3951 1
v Ea —0.4734 —0.1181 —0.0849 0.0324 0.2589 1
WcP —0.1824 0.7722% 0.7764% —0.7690% —0.2937 —0.2323 1
pP —0.2964 0.7177% 0.7350% —0.7483 0.0070 —0.0300 0.7526" 1
yP 0.1764 0.3197 0.3597 —0.4147 —0.4383 —0.3697 0.7133% 0.3839 1
Jo 0.9131% —0.1320 —0.1453 0.1631 —0.0942 —0.5684°¢ —0.3273 —0.3099 0.0051 1
I 0.9166% —0.0308 —0.0414 0.0572 —0.1569 —0.5870° —0.2461 -0.2171 0.05856 0.9883* 1
T —0.74607 0.3278 0.3210 —0.3047 0.4488 0.3301 0.4860 0.5408°¢ 0.0303 —0.6478" —0.6203" 1
o —0.92877 0.1501 0.1649 —0.1848 0.3619 0.4687 0.3015 0.4588 —0.0727 —0.82497 —0.82617 0.8233% 1
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4.4. Relationship between dielectric and rheological response

Looking at correlation coefficients in Table 7, the first considerations
should be done about the relationships between the Burgers model pa-
rameters. Jy and Jp, are very strongly and significantly correlated (r =
0.99), meaning that they are representative of, and influenced by, the
same conditions in the dough. 7, is significantly correlated with all the
other Burgers parameters, even if a little more slightly (r € [— 0.83, —
0.82], while t shows weaker, but still significant correlations with Jy and
Jm (r € [~ 0.65, — 0.62)).

All the Burgers parameters are significantly correlated with the water
content, with r = 0.91-0.92 for J and Jp,, — 0.92 for 5, and - 0.75 for 7.
However, no one of them is significantly correlated to protein and gluten
amount, nor to the gluten index, and the correlation coefficients are in
general low, especially for Jy, Jy, and 7. This could lead to the erroneous
conclusion that the semolina composition does not affect the creep
response of the dough and that the water amount is the only parameter
that influences the rheological behaviour. Actually, the composition
alone cannot completely explain the rheological behaviour, but not even
the water amount alone, because it is well known that the result depends
on the complex interactions among all the dough components.

In effect, looking at the correlations between the Burgers parameters
and the dielectric ones, the latter reveal to be much more informative
about the effects of the molecular dynamics in the dough on its rheo-
logical response. Jy and Jy, present a significant, negative, and stronger
correlation with y E; (r € [— 0.58, — 0.56]) when compared to the
semolina composition parameters. Correlations with W¢P and P are
weaker if compared to the previous one (respectively r € [-0.33, —0.25]
andr € [— 0.31, — 0.22)). However, they show to be higher than those
with the semolina composition parameters. Jy and Jp, are not correlated
with pE, (r € [— 0.16, — 0.09)]), nor with yP (r € [— 0.06, — 0.01)). T is
significantly, even if not very strongly, correlated with P (r = 0.54). ©
also presents a moderate correlation value (r = 0.49) with W¢P, and
weaker correlations with g E; and y E, (r = 0.45 and r = 0.33, respec-
tively). No correlation was found between t and yP (r = 0.03). 5, is the
only Burgers parameter which does not present significant correlations
with dielectric parameters. However, medium correlation coefficients
were found with respect to  E; and y E; (r = 0.36 and r = 0.47,
respectively), to W¢P and $P (r = 0.30 and r = 0.46, respectively). No
correlation was found between 7, and yP (r = - 0.07).

In summary, y E, could give the most significant information on Jj
and Jp, P is the most significant dielectric parameter with respect to 7,
while no dielectric parameter is suitable to give significant information
on 7,. yP revealed to be substantially uncorrelated with respect to all
Burgers parameters, thus not informative on the dough rheological
behaviour.

Looking at the supposed explanations of the dielectric relaxations,
the starch hydration, at the glucose ring level, could be responsible, to a
certain extent, of the dough compliance, as far as the water molecules
are able to make the molecular movements easier, regardless the actual
amount of bound water. On the other hand, the amount of hydroxyl
groups in the glucosidic units of starch can act as a retardant of the
dough deformation, as an increasing amount of them makes the rheo-
logical delay time increase. A similar effect is likely produced on the
dough viscosity, even if the correlation with the dielectric parameters is
not statistically significant.

5. Conclusions

This work aimed to investigate the dielectric properties of semolina
doughs and to find connections with their rheological properties. The
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goal was to develop a characterization technique able to give informa-
tion on the process conditions of industrial bakery products and pasta
concerning their quality properties in manufacturing and freezing
processes.

It was observed that semolina dough displays three molecular
relaxation phenomena: the water crystallization process, p and y
relaxations.

Water crystallization occurred in the temperature range between
0 and -10 °C. This process showed to be mostly related to the bound
water in the system and to the interactions that it establishes with other
molecules in the dough.

The f relaxation occurred in the temperature range between —40 °C
and —70 °C and showed activation energy of about 50-75 kJ/mol. This
process is probably associated with relaxations in glucosidic units, due
to the rotational motion of the hydroxyl groups present on carbon atoms
(Cz, C3, or C6).

The y relaxation occurred in the temperature range between —115 °C
and —100 °C and showed activation energy of about 30-40 kJ/mol. This
process is likely due to localized chain motions in starch molecules,
probably small amplitude oscillations of the glucose rings about the
(1-4)-a and (1-6)-a linkages enabled by hydrogen bound water.

When salt is added to the dough, it is possible to observe an addi-
tional relaxation process at slightly lower temperatures and with
consistently higher activation energy (80-90 kJ/mol) than the y one.
This additional phenomenon is likely due to a regime of lower hydration
compatible with the presence of salt. For the same reason, NaCl is also
able to reduce the transition temperatures of the unfrozen solute, pro-
ducing a temperature shifting in the f§ relaxation.

Concerning the rheological aspects, the Burgers parameters pre-
sented a strong correlation with the water amount, while they were very
slightly correlated with the protein and gluten amount. On the other
hand, much higher correlations were found between Burgers and most
of the dielectric parameters, obtained at sub-zero temperatures,
revealing that the latter can be very informative in explaining, to a
certain extent, the rheological properties of the dough. Finally, no
relationship between the y relaxation tan(8) peak height and the dough
compliance was found in this study.
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Fig. A.1. mobility map and Arrhenius model regression with E, values for samples with 40 wt% amount of water CAP40 (a), KAR40 (b), COM40 (c), 60 wt% amount
of water CAP60 (d), KAR60 (e), COM60 (f), 50 wt% amount of water and 1.5 wt% amount of salt CAP50S (g), KAR50S (h), COM50S (i) samples. Triangles represent
tan(8) while green stars oy values. The red dashed line highlights the crystallization temperature, in correspondence of which a drop in tan(8) is observable
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Fig. A.2. tan(d) as a function of temperature (a) and enlargement of the p and y relaxations zone (b) for CAP40, CAP50, and CAP60 samples; tan(8) as a function of
temperature (c) and enlargement of the f and y relaxations zone (d) for KAR40, KAR50, and KAR60 samples; tan(8) as a function of temperature (e) and enlargement
of the B and vy relaxations zone (f) for COM40, COM50, and COM60 samples. All data reported were measured at the frequency of 100 Hz
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