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Abstract: The impact of the relative amount of ingredients, wheat variety, and kneading time on the
thermal properties of semolina doughs were investigated by means of thermogravimetric analysis
(TGA). The doughs were prepared by mixing water, semolina, yeast, and salt in different proportions.
The gelatinized flour fraction plays an important role in the thermal properties’ definition, while
the water amount influences the development of the dough network and, consequently, the starch
gelatinization phenomena. Furthermore, the amount of yeast and salt influences the dough network
force and, consequently, the thermal properties. The TGA technique was applied in order to evidence
the mass loss as a function of the increasing temperature, considering that this behavior depends on
the dough network force and extension. In such a way, it was possible to find some information on the
relationship between the dough characteristics and the thermogravimetric analysis outputs. The study
is devoted to acquiring deeper knowledge about the thermophysical characteristics of doughs in the
breadmaking industrial processes, where the controllability and the energy performances need to be
improved. A deeper knowledge of the dough properties, in terms of measurable parameters, could
help to decrease the amounts of off-specification products, resulting in a much more energy-efficient
and sustainable processing.

Keywords: breadmaking; doughs; energy performance; ingredients; kneading; salt; semolina;
sustainability; thermal properties; yeast

1. Introduction

The quality of bread doughs is strongly influenced by the interactions between its ingredients in
the presence of water [1]. As a consequence, the mixing process and its settings are important to assess
the quality of the end product. Another important factor is the flour composition that can strongly
affect the mechanical properties of the dough. The most accurate way addressed in the literature to
study dough mechanical properties is rheological characterization. Rheological properties of dough
strongly depend on its microstructure [2], mostly consisting of the so-called gluten network, a complex
structure that originates from protein hydration [3]. These properties are relevant because they have a
strong impact on the final quality of the product.

Another very interesting technique, which can be used to study the interactions among the dough
components and their impact on the food microstructure, is the thermogravimetric analysis (TGA).
For example, some researchers [4] used this technique to study the effect of operative conditions on the
properties of corn tortillas, and others [5] to assess the thermal properties of apple pomace flours. In the
field of bread (or pasta) doughs, it is possible to find several applications of this technique, in order to
study the effect on the dough thermal properties of some additives [6–8], of the flour particle size [9],
of the operative conditions [10], or of some particular flour varieties [11].
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The dough thermal properties are mainly due to two processes occurring in the dough: Starch
gelatinization and protein coagulation [12]. These transformations occur approximately in the same
temperature range (55–80 ◦C) and moisture level [13]. The starch content and related characteristics
influence the dough rheological properties, especially upon heating in the presence of water when
starch gelatinizes [14]. The gelatinization process causes the transition of insoluble starch granules to
a solution composed of individual molecules [15]. Gelatinization of starch is a cooperative process,
where structural relations between amorphous and crystalline regions within the starch granules are
responsible for the sharpness of the thermal transition and for the temperature at which it occurs [16].
The gelatinization temperature depends on the botanical origin of the starch (some types of unmodified
native starches, for example, start swelling at 55 ◦C, while other types at 85 ◦C [17]), but also on
the amount of water, on pH, and the kind and concentration of salts, sugars, fats, and proteins in
the recipe [18]. The presence of other ingredients and their quantity can influence these parameters
because of the competition between starch and proteins for the available water [19,20]. On the other
side, protein coagulation is a change in the structure of proteins induced by heat in this case. In this
phenomenon, the main role is played by gluten, which is composed of two fractions: The gliadins,
which contribute to viscosity, extensibility, and cohesiveness of the dough, and the glutenins, which
are responsible for the dough strength and elasticity [21]. The ratio between gliadin and gluten
depends on the wheat variety, and it is a very important factor, as if it increases, the elasticity of gluten
decreases [22]. The glass transition temperature (Tg) is the main parameter for understanding the
mechanical properties of gluten proteins [15]. It is defined as the physical change that occurs during
the heating process, between the two equilibrium phases of the proteins: The semi-solid one that
prevails at high temperatures, and the glassy-solid one, typical at low-temperature conditions. Proteins
and gluten influence the gelatinization parameters of starch and water availability [16] because starch
gelatinization and protein coagulation are competitive and antagonistic [23]. The interactions between
starch and proteins are a consequence of the attraction between positively and negatively charged
colloids in an acidic environment, and the modification of wheat proteins due to heating results in
a loss of protein binding to the starch and a decrease of the interactions [24]. Thus, in the presence
of gluten proteins, the starch gelatinization peak temperature increases and the enthalpy decreases.
In addition, the peak temperature increases as the ratio between gluten and starch increases [24].
The thermal stability of the gluten decreases as the level of gliadins increases and their transition also
shifts to lower temperatures; the changes in the starch gelatinization parameters are believed to be due
to the reduced amount of available water in the presence of gluten [25].

The amount and the mobility of water are important parameters concerning starch gelatinization,
gluten network building, the thermal stability of proteins, and glass transition temperature [16,25,26].
Starch and gluten are complex chemical polymers and hence their interaction with water is complex [14],
gluten reacts with proteins to build the gluten network, and it is fundamental to hydrate the starch.

Proteins, starch, and water are the main components of dough, but usually, also salt, yeast, and
other additives are mixed with them in order to improve the texture and the flavor of the final product.
These substances, in turn, influence the rheological and the thermal properties of the dough. In the
literature, few studies about the influence of the ingredients on the thermal properties of doughs can be
found, except for the effect of salt, mainly due to the interest for the human health problems caused by
the excessive use of this ingredient. Some researchers [27] stated that salt enhances strengthening of the
proteins harden and helps in conditioning the dough by improving its tolerance to mixing, producing
a more stable and stiffer dough, by increasing the apparent viscosity and the glutinic network strength
and exalting the portion of solid-like behavior in the dough. The explanation of this can be found in the
behavior of salt, which, in a flour-water system, binds with positive charges of proteins, eliminating
the repulsion between them and promoting their mutual interactions; this phenomenon leads to the
presence of more elongated protein strands instead of less connected protein particles, which results
in slower hydration of the proteins, leading to an increase of the dough optimal mixing time [28],
but also producing a stronger gluten network [29]. In another study [30], it was found out that proteins
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coagulation, and amylase activity are slowed down by the salt content increasing in the dough, leading
to a slowing of the gelatinization process, and also the glass transition temperature is reduced [31].
Other researchers [32] reported that the gelatinization process shows a shift to higher temperatures
when NaCl is added to the dough. However, in these more recent works, the role played by salt on
the dough rheological properties is not clear, and the study of the dough thermal properties could be
useful to understand how the salt affects the glutinic network building. Regarding the yeast effect on
the thermal properties of doughs, there is a lack of information in the literature, and in the previous
work, few studies have been carried out [2].

Additionally, the mixing process and its conditions are important to determine the amount of
free and binding water because all the interactions among the dough components are established
during mixing. An insufficiently developed dough might result in higher free water content because
the latter has no sufficient time to react with the flour proteins and with the soluble components in
the system. On the other hand, if the kneading process is too strong or too long, it can damage the
starch chains or gluten structures. The time required for the optimum dough development is also
positively correlated with the polymeric protein composition and the ratio between protein polymers
and monomers [27]. Regarding starch, its characteristics are important to define the resistance of the
dough, for example, high amylose starches require more energy to break up bonds to gelatinize into
starch molecules, leading to a rigid and stiff gel [33].

The aim of this work is to investigate how the relative amount of ingredients, the composition
of the semolina, and the mixing time may affect the thermal properties of the dough. In fact, it is
known that all these parameters influence the properties of the final product and the process optimal
conditions. With this regard, the TGA may reveal to be a powerful tool to study the thermal properties
of the dough by measuring its weight reduction caused by heating the sample. The weight reduction
of dough is mainly due to water loss and sample degradation. In the literature, two main phenomena,
related to dough characterization by means of TGA, are reported: The first one is linked to the loss of
easily removable water that undergoes diffusion through the dough matrix to reach the surface and
happens around 90 ◦C. The other one, which occurs at approximately 135 ◦C, which is attributed to the
water more tightly associated with the sample matrix and, consequently, requiring higher temperatures
to be removed [2,4,7,8,34,35]. Thus, studying these phenomena by the TGA technique, it is possible to
characterize some kinds of bonds that are established during the mixing and network building phases
and to find information about how the selected parameter influences the dough characteristics [13].
Finally, these results were compared with the rheological properties to establish a possible connection
between these two kinds of measurements. The study aims at satisfying the need for deeper knowledge
about the thermophysical characteristics of doughs and their influence on rheological properties in
relationship with the breadmaking industrial processes, where the controllability and the energy
performances need to be monitored and improved [36,37].

2. Materials and Methods

For the study of water, salt, and yeast impact, doughs were prepared using commercial re-milled
durum wheat semolina with a protein content of about 13% (properties reported in Table 1), distilled
water, commercial baker yeast (Saccharomyces cerevisiae), and commercial iodized salt (NaCl). The dough
kneading was performed by means of a mixograph (National Manufacturing, Lincoln, NB) with 10 g of
flour capacity. The impact of water, salt, and yeast were investigated by means of a “one factor-at-a-time”
approach. In more detail, a baseline set of levels for all the three factors is selected, and then each
factor has been varied along its range with the other factors held constant. The baseline sample was
made with 10 g of semolina, an amount of water of 50%, and without the addition of salt and yeast.
Starting from the reference, three groups, each one consisting of three samples, were taken into account:
I) Samples, identified with letter “W”, made with 10 g of semolina and an amount of water, based on
the semolina weight, of 50% (W50), 55% (W55), and 60% (W60); II) samples, identified with the letter
“S”, obtained by mixing 10 g of semolina with 5 g of water and an amount of salt, based on the semolina
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weight, of 0.5% (S0.5), 1.5% (S1.5), and 3.0% (S3.0); III) samples, identified with letter “Y”, constituted
by 10 g of semolina, 5 g of water and an amount of yeast, based on the semolina weight, of 0.5% (Y0.5),
1.5% (Y1.5), and 3.0% (Y3.0). W50 represents the reference sample because it is prepared with 50% of
the water that hereafter is considered as the reference value and also because it does not contain any
salt or yeast. Each dough was kneaded for 20 min before withdrawing the sample and starting the
thermal analysis. This time was identified as the mean optimum development time by considering the
optimum time detectable by the mixograph, as this parameter could be different from one dough to
another one and affects the thermal properties [38]. The optimum mixograph time is reached when the
mixing process and the building of the network are completed, and the strength of the dough results
to be the highest. To study the influence of the semolina composition, also two varieties of re-milled
semolina from Italian monovarietal durum grains, Alemanno (A) and Cappelli (C), were considered in
addition to the commercial semolina (CS) mentioned above. The semolina samples were mixed in the
mixograph with water (the quantity of added water was 50% based on the semolina weight) for three
different kneading times: The optimum mixing time (2 min for C, 4 min for A, 5 min for CS), half of the
optimum time, and twice the optimum time. This choice was made to study the thermal properties of
a well (optimally) developed, an undeveloped, and an overdeveloped dough. The optimum time on
mixograph corresponds to the optimal kneading time of the sample at which the mixing process and
the building of the network are completed, and the strength of the dough results to be the highest.
The properties of the semolina under study (protein, gluten content, and gluten index) are reported in
Table 1. The gluten index (G.I.) 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 salt solution and centrifugation [39]. The main method applied in the measurement of
G.I. is the AACC Int. 38-12A or ICC Standard method 137-1 [40]. The gluten index works as a criterion
defining whether the gluten quality is weak (G.I. < 30%), normal (G.I. between 30 and 80%), or strong
(G.I. > 80%) [41]. Different kinds of wheat with a similar protein content can be classified according to
the G.I. value. In other words, the G.I. is related to the protein network strength.

Table 1. Properties of semolina under study.

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

Alemanno (A) 11.8 * 7.3 47.12
Cappelli (C) 11.2 * 6.9 37.32

Commercial (CS) 11.7 ** 8.7 88.00

* measured on the grain; ** measured on the semolina.

The composition (% of each ingredient, semolina variety, and the mixing time) are summarized in
Table 2. For each sample, a small quantity (about 100 µg) of dough (prepared just before) was put into
an alumina crucible and inserted into the TGA device (TA Instruments, SDT-Q600), then the sample
was heated up to 600 ◦C with a temperature ramp of 5 ◦C/min. For each run, the weight loss of the
sample was registered, and then the percentage reduction and the derivative of the latter with respect
to the temperature were calculated. Two replicate measurements for every sample were performed,
and then the average value was taken as a result. After this, two main peaks in the derivative curve
(DTG) were individuated and characterized by the following parameters: Peak temperature, height,
and integral. For the first peak (peak 1) the quantification of the left and right (with respect to the
peak temperature) integrals was also performed, whereas for peak 2, an estimation of the temperature
range, useful for the integral computation, was done. Peak temperatures and heights were determined
by means of a regression curve (second or third-grade polynomial) in a strict range around the peak;
integrals were determined as the total weight loss percentage between the considered temperature
range limits; the temperature range was conventionally fixed in 25–200 ◦C for the first peak and
determined for the second one from the intersections between the abscissa axis and the tangent passing
for the inflection point of each (ascending and descending) part of the curve around the peak.
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Data were analyzed by means of statistical tools in order to assess the impact of the different
parameters potentially affecting the process. With this regard, for each parameter, ANOVA tests and
calculation of the Least Square Difference (LSD) were carried out according to [42]. The results of the
statistical analysis are reported in Appendix B. The absolute values of the mean square differences
were calculated comparing sample W50 with every sample of W, S, and Y group, while, regarding the
influence of wheat variety, the reference value taken was the value CS1. These values were compared
to the LSD calculated for each parameter to recognize which parameters are significantly different
from the value taken as a reference.

Table 2. Composition of the samples here investigated.

Sample Water (%) Salt (%) Yeast (%) Semolina Variety Mixing Time (min)

W50 50 0 0 CS 20
W55 55 0 0 CS 20
W60 60 0 0 CS 20
S0.5 50 0.5 0 CS 20
S1.5 50 1.5 0 CS 20
S3 50 3 0 CS 20

Y0.5 50 0 0.5 CS 20
Y1.5 50 0 1.5 CS 20
Y3 50 0 3 CS 20

CS0.5 50 0 0 CS 2.5
CS1 50 0 0 CS 5
CS2 50 0 0 CS 10
A0.5 50 0 0 A 2
A1 50 0 0 A 4
A2 50 0 0 A 8

C0.5 50 0 0 C 1
C1 50 0 0 C 2
C2 50 0 0 C 4

3. Results

3.1. Effect of the Relative Amount of Ingredients

The percentage weight reduction with respect to the initial weight of the sample, and its derivative,
with respect to the temperature, as outputs of the TGA analysis, are shown for the S dough samples
with different amounts of water (Figure 1), salt (Figure 2), and yeast (Figure 3). By observing the DTG
curves in Figures 1–3, first, it can be noted that they present two main peaks: The first one (peak 1)
is in the temperature range 105–130 ◦C, the second one (peak 2) in the range 260–300 ◦C. The peak 1
temperature and height values for samples with different amounts of water are shown in Figure 4,
while the peak 2 height and temperature are shown in Figure 5. Figure 6 reports the integral values of
the two peaks for the samples with different amounts of water. Regarding the yeast and salt impact,
the parameters of the relative peaks are compared in the same graphs. The values for the peak 1
parameters are reported in Figure 7 (height and temperature) and Figure 8a (integral values). Figure 9
reports the height and temperature of peak 2, and Figure 8b shows its integral values.

Peak 1, that is observed just above 100 ◦C, is supposed to be linked to water evaporation.
Its occurrence is mainly due to the delivery of free water, but also to the starch gelatinization that
begins at about 45 ◦C, and finishes at about 85–90 ◦C, when also the gluten reticulation is almost
complete, as also reported in the literature [16]. As it can be observed in Figure 4b, for the W samples,
the height of the first peak is higher as the water content increases. For the S samples, the highest peak
is for the S0.5 sample, and for S1.5 and S3.0, the height of the peak tends to decrease and stabilize
(Figure 7b), while for the Y samples this parameter increases, reaching a maximum for the sample Y1.5,
and then again decreases (Figure 7b).
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Figure 1. Weight reduction percentage (dashed lines) and derivative of weight reduction percentage
with respect to the temperature (continuous lines) as a function of temperature for the semolina-water
dough samples with a water amount of 50% (–), 55% (–), and 60% (–).

As it regards the temperature related to the peak 1, for the W samples, it decreases from about
123.8 ◦C to about 112.2 ◦C when increasing the water amount from 50% to 60% (Figure 4a), it decreases
(from 123.8 ◦C to 111.1 ◦C) also by varying the salt amount from 0% to 1.5%, then slightly increases
(119.3 ◦C) for the S3.0 sample (Figure 7a), and decreases again from 123.8 ◦C to 107.3 ◦C by varying
the yeast amount from 0% to 1.5%, then not significantly increases (108.5 ◦C) for the Y3.0 sample
(Figure 7a).Sustainability 2020, 12, x FOR PEER REVIEW 7 of 23 
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The peak 2 is assumed to be linked to the sample thermal destruction and in particular to the
protein and gluten denaturation that occurs at about 292 ◦C [7]. For this peak, the differences in the
peak temperature for the different amounts of ingredients are smaller than those observed for the peak
1, because the process of sample destruction mainly depends on the protein content, which is not
dependent on the amount of the other ingredients besides semolina. Despite this, analyzing the peak
heights in Figures 5b and 8b, it can be noted that the trend is similar to that of the peak 1, except for
the W samples, in which there is a slight minimum for the W55 sample (Figure 5b). In addition, it is
possible to note (Figure 9a) that the peak 2 temperature for the S samples significantly decreases as the
salt amount increases. This phenomenon could be related to the salt influence on the protein process
hydration, which leads to a weaker protein structure [19].
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with respect to the temperature (continuous lines) as a function of temperature for the semolina-water
dough samples with a yeast amount of 0.5% (–), 1.5% (–), and 3% (–).

The peak 1 integral values, reported in Figures 6 and 9a, tend to decrease when water (Figure 6)
and salt (Figure 8a) amounts increase, while they increase with an increase in the yeast amount
(Figure 8a). On the other hand, the peak 2 integral values (Figures 6 and 9b) slightly decrease in
every case.

The above results allow conjecturing optimal process conditions. In this regard, the following main
aspects should be noted. The amount of water should be maintained between 50 and 55%, as higher
amounts negatively impact the dough structure building: Peak 1 appears at lower temperatures and its
height increases, which means that too much free water is present. The amount of yeast, for the same
reasons, should be minimized, but the optimum value should be more carefully investigated, also
taking into account the leavening time, which is also expected to produce effects on the final product
properties. Additionally, the amount of salt should be minimized, mainly due to its negative effect
on the strength of the protein structure, as can be seen from the behavior of peak 2 temperature and
integral, but it should be more deeply investigated with respect to the impact on the organoleptic
properties of the final product.
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3.2. Effect of Wheat Variety and Mixing Time

The results of TGA, i.e., the weight reduction calculated as the percentage reduction with respect
to the initial weight of the sample, and its derivative with respect to the temperature, are shown
for CS semolina dough (Figure 10) with 50% of water and no yeast or salt, for the three different
kneading times considered (A and C semolina dough weight reduction and derivative, as a function of
mixing time, are reported in Figures A1 and A2, respectively, in the appendix section). Furthermore,
the comparison between the height and the peak temperature of the peaks 1 and 2 for the three semolina
varieties are reported, respectively, on Figures 11 and 12 as a function of the kneading time. Finally,
Figure 13 contains the comparison of the different semolina results for the different kneading times
regarding the integral values of the peaks 1 and 2.
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with respect to the temperature (continuous lines) as a function of temperature for CS dough samples
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By observing the DTG curves (Figure 10, and also Figures A1 and A2), also in this case,
it can be noted that they present two main peaks: The peak 1 occurring in the temperature range
105–120 ◦C and the peak 2 in the range 280–300 ◦C. Moreover, looking at the weight reduction curves
(Figures 10, A1 and A2), it can be observed that the first reduction, between 50 and 120 ◦C, is faster for
the samples which were obtained at the optimum kneading time and the slope of the curve results
higher for these samples.

For S and A semolina dough, the peak 1 temperature increases as the kneading time increases,
varying from 108.0 to 122.0 ◦C for CS and from 106.2 to 110.3 ◦C for A (Figure 11a). In the case of the C
dough, instead, the maximum peak temperature (110.0 ◦C) showed for the optimum kneading time,
and the minimum value (105.2 ◦C) is still that of the undeveloped dough (Figure 11a).

Regarding peak 2, the differences in the peak temperature for the different mixing times are
smaller than those of the peak 1. However, the peak temperature tends to decrease as the kneading
time increases (Figure 12a). A dough presents the highest peak 2 temperatures, thus it is possible to
conclude that is able to build the strongest protein structures.

Analyzing the data of peak heights, it can be noted that the samples kneaded till the optimum
time showed the lower height of the peak 1 (Figure 11b), whilst the under-mixed sample presents a
very higher peak height value if compared with the other two samples related to A and CS semolina
doughs. CS dough, on the contrary, presents the lowest value of peak 1 height when it is under-mixed.
This phenomenon can be related to the higher presence of free water in the undeveloped dough, since
also the peak temperature is slightly higher than the water normal boiling point. Regarding the second
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peak height values, reported in Figure 12b, these are much more stable with the mixing time, because
the total protein content is not dependent on the kneading process.

Additionally, the value of weight reduction at 600.0 ◦C (readable in Figures 10, A1 and A2),
is more stable, and so less indicative, as the mixing time was varied.
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Figure 11. Peak 1 temperature (a) and height (b) as a function of the normalized kneading time for the
A (�), C (�), and CS (N) semolina dough.

The peak integral values, reported in Figure 13, tend to decrease with the mixing time increasing for
the peak 1 (Figure 13a); the peak 2 integral values, instead, present a minimum for the well-developed
dough A and C, and a maximum for CS at the optimal mixing time (Figure 13b).

The peak 2 heights are higher for C semolina samples, and this phenomenon is probably linked to
the lower strength of the gluten network of these doughs, which also presents a faster weight reduction.
The weight reduction at 600.0 ◦C is higher for A semolina doughs due to its higher protein content.
Regarding the integral values for peak 1, CS semolina samples show a higher value of the integral,
which can be caused by the presence of more bonded water. For the peak 2 integral, instead, the CS
semolina samples showed the lowest value, this is probably due to the presence of fewer impurities in
this semolina, which is better sifted compared to the other two semolina samples; furthermore, A and
C grains were milled in an artisanal way, which improves the content of impurities. Typical impurities
in the flour are part of weed seeds or grain, extraneous matter (like dust, sand or soil particles), husks,
ergot, and fragments of insects.
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3.3. Rheological Properties

The rheological properties of the CS dough under study were already examined in a previous
work by Fanari et al. [2]. These results were compared to those already obtained for the A and C
semolina [38]. In both works, complex moduli data were modeled as a function of the deformation
frequency by means of the weak gel model [43] reported in Equation (1):

G∗(ω) =
√

G′(ω)2 + G′′ (ω)2 = AF ω
1
z (1)

where G∗ is the complex viscoelastic modulus,ω is the frequency, AF is a model parameter that is related
to the strength of the interactions among the flow units (i.e., the strength of the network structure),
and z is a model parameter, which is linked to the extension of the three-dimensional network.
In the literature, there are several examples of weak gel model applications to the characterization of
doughs [2,38,44–46].

The rheological data obtained by Fanari et al. [2,38] were compared with the results of the present
work. In particular, the values of integral 1 and integral 2 were compared to the weak gel model
parameter values obtained with doughs carried out at the very same conditions. The interest was
mainly focused on the peak 1 and 2 integral values since they showed the most significant differences
among the samples prepared with the three typologies of semolina (see, e.g., Tables A6 and A12)
and for this reason, they were considered as the most representative parameters. Figure 14 reports
the comparison between the AF parameter and the thermal parameters peak 1 and peak 2 integrals
(Figure 14a,b, respectively). Figure 15 shows the analogies of the rheological z parameter with peak 1
integral (Figure 15a) and peak 2 integral (Figure 15b). The G.I. parameter, often used as a measure of
the strength of the gluten structure, was taken as a comparison parameter.

Moreover, in Figures 16 and 17, the rheological and thermal parameters are directly related,
considering the values of the two replicate measurements carried out for each sample. The statistical
correlation coefficient (r) and the p-value for each couple of parameters compared were calculated
to investigate if the correlation is statistically significant. In particular, it was found that peak 1
integral is directly correlated with AF (r = 0.977) and z (r = 0.948), while peak 2 integral is inversely
proportional to AF (r = −0.864) and z (r = −0.829). The correlation is statistically significant, regarding
AF and peak 1 integral (p− value = 7.62E− 04), but also z and peak 1 integral (p− value = 3.92E− 03);
regarding the peak 2 integral, the p values are slightly higher but still lower than 0.5% (AF vs peak 2
temperature, p − value = 2.62E − 02; z vs. peak 2 temperature, p − value = 4.14E − 02), so it is still
possible to state that there is a significant correlation.
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4. Discussion

Some remarks concerning the previous results are in order. The results presented were related to
the statistical analysis reported in Appendix B The ANOVA tests carried out on the different thermal
parameters (Tables A1, A3, A5, A7, A9 and A11) together with the absolute mean square deviation
values estimated by comparing different ingredient concentrations. As expected, there is a significant
impact of the treatments on the parameters, as confirmed by the small p-values obtained.

First, one should notice that, as it regards the peak 1 temperature, it is possible to state that this
parameter is affected by water (especially when its concentration is higher than 55%), salt, yeast, and
to a lesser extent, by the mixing time, as it can be appreciated from Table A2. In particular, mixing
time influences peak 1 temperature only at high gluten content and gluten index (this feature is more
evident for the CS semolina), probably because the higher quantity of gluten proteins results in a longer
hydration time. On the other hand, peak 1 height is influenced by the semolina variety and mixing
time with absolute mean square difference values higher than LSD (Table A4). As it regards peak 1
integral, the significant differences are reported changing the semolina variety and yeast, adding salt
in high quantities more (at least 3%) and still adding water (Table A6). As a general statement, we can
confirm that this peak is mainly influenced by water availability.

About peak 2 temperature, the salt results to be the only parameter significantly affecting the
thermal properties (Table A8). The same conclusion can be drawn on for peak 2 height, but in this case,
also the different semolina variety plays a role (Table A10). Moreover, the parameters that affect the
peak 2 integral are water, salt, and semolina variety (Table A12).

Furthermore, a comparison of the results concerning the thermal and the rheological properties
leads to some interesting considerations. First, as it regards the comparison between the different
semolina varieties, the semolina with the strongest and most extended network (CS) presents also the
highest peak 1 integral. In particular, the differences in the peak 1 integral value among the varieties
are very analogous to the ones shown by the weak gel model parameters. As previously reported,
the trends of the thermal and rheological parameters with respect to G.I. are very similar. In one case,
the trend is the same, in more detail, the peak 1 integral and weak gel parameters together increase
with the gluten index. On the other hand, the peak 2 integral decreases with the gluten index, whereas
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the rheological parameters behave in the opposite sense. So, it is possible to say that peak 1 integral
is directly related to G.I., strength, and extension of the network. As it regards the peak 2 integral,
its value is inversely related to G.I., force, and extension of the gluten network.

5. Conclusions

The TGA, conducted on semolina doughs revealed to be an interesting tool capable of showing
the differences in the dough characteristics, mainly due to the different composition and availability
of water, which change during the development of the gluten molecular network and are revealed
by the peak 1. The peak 2 shows differences linked to impurities and bond strength of the structure.
As it regards the ingredients, the free water availability turned out to be one of the most important
properties affecting the dough structure building (starch gelatinization and gluten network formation),
so it is important to control its amount. Additionally, the yeast and salt amount were revealed to be
critical, but their role is less clear and appreciable, at least if compared to the water effect. This aspect
needs to be evaluated together with the leavening process (not addressed in this work).

Moreover, the mixing (kneading) role mainly affects the peak 1 shape and position, as both the free
water availability and the dough network building (starch gelatinization and gluten reticulation) status
are changing during the kneading process. In particular, when the mixing time increases, the peak
temperature increases and the height decreases, since the free water availability is decreasing.

Regarding peak 1, comparing the different semolina varieties under study, it is possible to observe
that S semolina doughs present the lowest but broadest peak. This suggests that water is strongly
bounded, and there is less free water if compared to the other two semolina. This feature seems to be
likely due to the higher value of total proteins in the CS semolina. This results also in a stronger and
more extended network structure.

On the other hand, the gluten content and index mainly showed their influence on the integral values
of peak 1 and peak 2, for which the highest differences were found depending on the semolina variety,
while the contribution of the kneading time, even if detected, is almost negligible when compared to the
previous one. This feature is corroborated by the outcomes provided by the rheological experiments
on the samples. Indeed, when G.I. increases, the gluten structure properties improved, and peak 1
integral increases with a similar trend at the same time, whereas peak 2 integral decreases showing an
inverse trend.

The information here obtained meets the need of improving the sustainability of industrial bread
productions, particularly those realized at a small-medium scale, where large amounts of products
are lost because of off-specification, due to the very high lag times (most of the defects are realized
only after baking). Thus, for this kind of process, the introduction of new monitoring and control
techniques, based on measurable parameters, could bring a reduction in the material losses, which
would produce a direct improvement in the energy efficiency of the process.
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Appendix B

ANOVA tests were carried out on the different thermal parameters here estimated, in order to
assess the impact of the different formulations. This has led to the setting of 18 different treatments,
represented by the different samples (reported in Tables A2, A4, A6, A8, A10, and A12, each table for a
different parameter), and for each one of them, two replicates have been made available.

In the following, the ANOVA table for each parameter is reported (Tables A1, A3, A5, A7, A9
and A11) together with the absolute mean square deviation values estimated by comparing different
ingredient concentrations. For the sake of completeness, the Least Square Deviation (LSD) computed
for each dataset is also reported in the MSD table. The combinations leading to an MSD higher than
the LSD are classified as significant and they are highlighted in bold. The same notation will be used
thoroughly in Appendix B.
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Table A1. ANOVA test results for peak 1 temperature.

Source of Variation SS DoF MS F p-Value F Crit

Samples 1373.451 17 80.791 31.506 5.47E-10 2.232
Error 46.158 18 2.564
Total 1419.609 35

Table A2. The absolute value of MSD for the parameter peak 1 temperature, for the treatments
investigated with the ANOVA test. For the sake of comparison, the LSD value is also reported in
the table.

Samples under Comparison MSD Absolute Value

W50-W55 1.570
W50-W60 11.580
W50-S0.5 6.020
W50-S1.5 12.650
W50-S3 4.500

W50-Y0.5 6.830
W50-Y1.5 16.520
W50-Y3 15.320

CS1-CS0.5 6.720
CS1- CS2 13.670
CS1-A1 0.020
CS1-C1 1.660
A1-A0.5 1.840
A1-A2 1.890

C1-C0.5 4.770
C1-C2 2.880

LSD 3.364

Table A3. ANOVA test results for peak 1 height.

Source of Variation SS DoF MS F p-Value F Crit

Samples 58.803 17 3.459 80.990 1.53E-13 2.232
Error 0.769 18 0.043
Total 59.572 35

Table A4. The absolute value of MSD for the parameter peak 1 height, for the treatments investigated
with the ANOVA test. For the sake of comparison, the LSD value is also reported in the table.

Samples under Comparison MSD Absolute Value

W50-W55 0.029
W50-W60 0.392
W50-S0.5 2.661
W50-S1.5 0.197
W50-S3 0.078

W50-Y0.5 0.176
W50-Y1.5 0.475
W50-Y3 0.062

CS1-CS0.5 0.820
CS1- CS2 0.752
CS1-A1 0.744
CS1-C1 0.584
A1-A0.5 3.997
A1-A2 0.060

C1-C0.5 3.499
C1-C2 0.851

LSD 0.434
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Table A5. ANOVA test results for peak 1 integral.

Source of Variation SS DoF MS F p-Value F Crit

Samples 159.160 17 9.362 172.451 1.89E-16 2.232
Error 0.977 18 0.054
Total 160.137 35

Table A6. The absolute value of MSD for the parameter peak 1 integral, for the treatments investigated
with the ANOVA test. For the sake of comparison, the LSD value is also reported in the table.

Samples under Comparison MSD Absolute Value

W50-W55 1.892
W50-W60 6.521
W50-S0.5 0.124
W50-S1.5 0.295
W50-S3 0.572

W50-Y0.5 0.272
W50-Y1.5 0.606
W50-Y3 1.371

CS1-CS0.5 1.140
CS1- CS2 0.473
CS1-A1 2.135
CS1-C1 2.440
A1-A0.5 0.252
A1-A2 0.400

C1-C0.5 0.090
C1-C2 0.181

LSD 0.489

Table A7. ANOVA test results for peak 2 temperature.

Source of Variation SS DoF MS F p-Value F Crit

Samples 1944.970 17 114.410 10.831 3.17E-06 2.232
Error 190.139 18 10.563
Total 2135.109 35

Table A8. The absolute value of MSD for the parameter peak 2 temperature, for the treatments
investigated with the ANOVA test. For the sake of comparison, the LSD value is also reported in
the table.

Samples under Comparison MSD Absolute Value

W50-W55 0.260
W50-W60 0.300
W50-S0.5 7.480
W50-S1.5 19.400
W50-S3 24.590

W50-Y0.5 0.690
W50-Y1.5 1.280
W50-Y3 1.290

CS1-CS0.5 0.270
CS1- CS2 0.970
CS1-A1 1.760
CS1-C1 0.330
A1-A0.5 0.120
A1-A2 0.30

C1-C0.5 0.170
C1-C2 0.370

LSD 6.828
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Table A9. ANOVA test results for peak 2 height.

Source of Variation SS DoF MS F p-Value F Crit

Samples 0.121 17 0.007 6.407 1.41E-04 2.232
Error 0.020 18 0.001
Total 0.141 35

Table A10. The absolute value of MSD for the parameter peak 2 height, for the treatments investigated
with the ANOVA test. For the sake of comparison, the LSD value is also reported in the table.

Samples under Comparison MSD Absolute Value

W50-W55 0.034
W50-W60 0.005
W50-S0.5 0.156
W50-S1.5 0.133
W50-S3 0.041

W50-Y0.5 0.005
W50-Y1.5 0.033
W50-Y3 0.017

CS1-CS0.5 0.007
CS1- CS2 0.023
CS1-A1 0.073
CS1-C1 0.140
A1-A0.5 0.013
A1-A2 0.009

C1-C0.5 0.023
C1-C2 0.009

LSD 0.070

Table A11. ANOVA test results for peak 2 integral.

Source of Variation SS DoF MS F p-Value F Crit

Samples 78.522 17 4.619 52.857 6.39E-12 2.232
Error 1.573 18 0.087
Total 80.095 35

Table A12. The absolute value of MSD for the parameter peak 2 integral, for the treatments investigated
with the ANOVA test. For the sake of comparison, the LSD value is also reported in the table.

Samples under Comparison MSD Absolute Value

W50-W55 1.470
W50-W60 1.703
W50-S0.5 1.781
W50-S1.5 4.496
W50-S3 5.234

W50-Y0.5 0.311
W50-Y1.5 0.225
W50-Y3 0.503

CS1-CS0.5 0.744
CS1- CS2 0.180
CS1-A1 0.867
CS1-C1 0.950
A1-A0.5 0.342
A1-A2 0.302

C1-C0.5 0.345
C1-C2 0.351

LSD 0.621
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