[ TecnoLoégicas
ISSN: 0123-7799
ArMN Oglcas ISSN: 2256-5337
A% ' tecnologicas@itm.edu.co

Instituto Tecnoldgico Metropolitano
Colombia

Effect of Baking Temperature on Carotenoids and
Provitamin A in Bread made with Mandarin (Citrus
reticulata) Epicarp Extract

(i) Ordonez-Santos, Luis E.

@ Estrada, Jessica Esparza

@ Vanegas-Mahecha, Pedro

Effect of Baking Temperature on Carotenoids and Provitamin A in Bread made with Mandarin (Citrus reticulata)

Epicarp Extract

TecnoLogicas, vol. 26, num. 58, 2755, 2023

Instituto Tecnolégico Metropolitano

Disponible en: https://www.redalyc.org/articulo.oa?id=344275988015
DOI: https://doi.org/10.22430/22565337.2755

Esta obra esta bajo una Licencia Creative Commons Atribucion-NoComercial-Compartirlgual 4.0 Internacional.

z 8 ~3.0 PDF generado a partir de XML-JATS4R por Redalyc
gf@&@!@ (3{9 Proyecto académico sin fines de lucro, desarrollado bajo la iniciativa de acceso abierto



https://orcid.org/0000-0002-8958-027X
https://orcid.org/0000-0003-2634-8489
https://orcid.org/0000-0002-8802-9128
https://www.redalyc.org/articulo.oa?id=344275988015
https://doi.org/10.22430/22565337.2755
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://creativecommons.org/licenses/by-nc-sa/4.0/

Luis E. ORDONEZ-SANTOS, ET AL. EFFECT OF BAKING TEMPERATURE ON CAROTENOIDS AND PROVITAMIN A IN BREAD
MADE WITH MANDARIN (CITRUS RETICULATA) ...

Articulos de investigacién
Effect of Baking Temperature on Carotenoids and Provitamin A in Bread made
with Mandarin (Citrus reticulata) Epicarp Extract

Efecto de la temperatura de horneado en carotenoides y provitamina A en pan elaborado con extracto de
epicarpio de mandarina (Citrus reticulata)

Luis E. Ordénez-Santos DOLI: https://doi.org/10.22430/22565337.2755
Universidad Nacional de Colombia, Colombia
leordonezs@unal.edu.co
https://orcid.org/0000-0002-8958-027X
Jessica Esparza Estrada
Universidad De San Buenaventura, Colombia
jesparzae@usbcali.edu.co
hteps://orcid.org/0000-0003-2634-8489
Pedro Vanegas-Mahecha
Universidad Nacional de Colombia, Colombia
pvanegasmah@unal.edu.co

https://orcid.org/0000-0002-8802-9128

Recepcion: 13 Junio 2023
Aprobacién: 30 Noviembre 2023
Publicacién: 29 Diciembre 2023

)
Q Acceso abierto diamante

Resumen

Los consumidores estdn interesados en productos con propiedades funcionales que contribuyan a su bienestar y salud. Una
fuente alternativa de ingredientes funcionales serfan los subproductos de la industria de los citricos, que pueden ser utilizados
como aditivos naturales en productos horneados. Por lo tanto, el objetivo de este estudio fue evaluar el efecto de la temperatura
sobre la concentracién de carotenoides y provitamina A al hornear pan en un rango de temperatura de 160-200 °C. Se estudié la
cinética de degradacién térmica y los pardmetros termodindmicos de los carotenoides -caroteno, a-caroteno, B-criptoxantina,
licopeno y provitamina A en muestras de masa de pan elaboradas con extracto lipidico de epicarpio de mandarina horneadas a
tres temperaturas (160, 180 y 200 °C). Los resultados mostraron que los pigmentos carotenoides y la provitamina A se reducen
significativamente (p < 0,05) a medida que aumenta el tiempo y la temperatura de horneado, y la degradacién de los compuestos
bioactivos se establece en una cinética de primer orden R2 > 0,83. Los valores de resistencia térmica (z) y energfa de activaciéon
(Ea) durante el proceso de horneado del pan mostraron que los -caroteno son un fitoquimico térmico inestable, seguidos por la
provitamina A, a-caroteno, licopeno y B-criptoxantina. En esta investigacion se puede concluir que los resultados serfan
importantes para el disefio y optimizacién de la coccién del pan, ya que permitird maximizar los niveles de estos micronutrientes.

Palabras clave: Actividad equivalente de retinol, energfa cinética, B-caroteno, condicién de entropia, tiempo de vida media.

Abstract

Consumers are interested in products with functional properties that contribute to their well-being and health. An alternative
source of functional ingredients would be the by-products of the citrus industry, which can be used as natural additives in baked
products. Therefore, the objective of this study was to evaluate the effect of temperature on the concentration of carotenoids
and provitamin A when baking bread in a temperature range of 160-200 °C. We studied the thermal degradation kinetics and
thermodynamic parameters of the carotenoids B-carotene, a-carotene, B-cryptoxanthin, lycopene, and provitamin A in bread
dough samples made with mandarin epicarp lipid extract baked at three temperatures (160, 180, and 200 °C). The results
showed that carotenoid pigments and provitamin A are significatively reduced (p < 0.05) as baking time and temperature
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increase, and the degradation of bioactive compounds was set to a first-order kinetic R2 > 0.83. Thermic resistance values (z)
and activation energy (Ea) during the baking process of bread showed that B-carotenes are an unstable thermal phytochemical,
followed by provitamin A, a-carotenoid, lycopene, and B-cryptoxanthin. In this research, it can be concluded that the results
would be important for the design and optimization of baked bread, as it will allow to maximize the levels of these
micronutrients.

Keywords: Retinol equivalent activity, kinetic energy, B-carotene, entropy coding, half-life time.
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Highlights
Highlights

o The lipid extract allowed to enrich the bread with provitamin A carotenoids.
o The B-cryptoxanthin is resistant to heat during baking of bread at 160-200 °C.
o Activation energy (Ea) during baking bread presented the highest value in B-Carotene.

Highlights

o El extracto lipidico permitié enriquecer el pan con carotenoides provitamina A.
o LaP-criptoxantina es resistente al calor durante la coccién del pan a 160-200 °C.
o Laenergfa de activacién (Ea) durante la coccidn del pan presenté el valor mas alto en -

1. INTRODUCTION

It is expected that the year 2025 will see sales of 246.20 billion dollars in the global market for bakery
products, and the bread market will have revenue equaling 460.40 million dollars [1], [2]. The
consumption of bread is high because it is used as a dietary source in various countries. In 2020, average per
capita consumption was 24.50 kg, and the most consumed bread type is wheat because of its textural and
sensory properties [2], [3]. In recent years, consumers became interested in bakery products with
functional properties that contribute to their well-being and health, and this has resulted in a growth in
the use of functional ingredients in bread production [3], [4].

Fruit by-products are a potential source for use in this industry because they are reservoirs of functional
ingredients, such as fiber, minerals, and phytochemicals [S], [6]. Rescarchers have reported that
phytochemicals are non-nutritive bioactive compounds found in plant matrices and are broadly classified
as carotenoids, phenolics, alkaloids, nitrogen compounds, and organosulfur compounds [6], [7]. These
researchers indicated that there is a negative correlation between the intake of phytochemicals and various
diseases such as chronic inflammation, cardiovascular disease, cancer, and diabetes. Different studies have
used fruit by-products as a source of carotenoid compounds in bakery products. [8] studied the mango
epicarp in cookies, [9] evaluated the epicarp of tomato in bread, [10] investigated the epicarp of passion
fruit in bread and cake, [11], and [12], studied mandarin epicarp as a color additive in bread. However,
these studies did not evaluate the effect of temperature on carotenoids during the baking process.

In addition, [13]-[15] stated that the yield of baking processes is complex because the mechanisms of
cooking processes, in particular chemical reactions, are not yet fully understood. They also indicated that
studies on cooking are important to maintaining product quality during cooking. Kinetic and
thermodynamic studies would be very helpful to predicting and modeling chemical reactions of bioactive
compounds in bakery products during baking treatments, which has been studied in thermal treatments in
other vegetable matrices [16]-[18]. Therefore, the objective of this research was to study the effect of
temperature on the concentration of carotenoids and provitamin A when baking bread in a temperature
range of 160-200 °C.

2. MATERIALS AND METHODS

2.1 Obtaining the lipid extract from mandarin epicarp

Once mandarin epicarp flour was obtained according to [11], The samples were dehydrated with forced
convection at a temperature of 40 °C, for four hours, until obtaining a final humidity of 8 %, and the
particle size of the dehydrated samples was reduced to 200 US mesh in an IKA Labortchnik grinding mill.
The flour was subjected to extraction with ultrasound in sunflower oil, following the methodology

3
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described by [12]. The extraction was carried out with the following parameters: solid-liquid ratio of
0.0004 g/mL, one hour of extraction, temperature of 60 °C, 240 W, and 42 kHz; the temperature was
controlled with circulating water cooled at 2 °C.

2.2 Bread with lipid extract from mandarin epicarp

The bread was obtained following the methodology of [12], with some modifications. The ingredients
were: 300 g of wheat flour, 108 g of water, 74 g of margarine, 30 g of sugar, 30 g of eggs, 6 g of salt, 6 g of
fresh yeast, and 20 g of lipid extract from mandarin epicarp, the amount of lipid extract is taken according
to [12]. The process began by activating dry yeast in a mixture of water at 40 °C, sugar, and 10 g of flour for
10 min. Afterwards, the activated yeast was mixed with the rest of the ingredients in a Kitchenaid Artisan,
USA blender, at level 6 for 15 min. The dough was left to rest for 15 min and divided into 60 g, making
the dough into a circular shape. The dough was leavened at 30 °C for 40 min until it tripled in size. Once
the proofing process concluded, the samples were baked in an Oster oven. The temperatures were 160, 180
and 200 °C for 0, 10, 20, 30, 40, and 50 minutes. The temperature profiles in the oven, on the bread
surface, and in the center of the bread were controlled with T-type thermocouples.

2.3 Determination of physicochemical parameters in bread

The moisture content and weight loss in the samples were determined according to [19], [20],
respectively. The quantification of carotenoids and provitamin A in the samples was determined according
to [21]. The concentration of carotenoid pigments (ug/g of bread) was determined with the respective
absorbance and extinction coefficient, for B-carotene (450 nm and 2560), a-carotene (444 nm, 2800), -
cryptoxanthin (451 nm, 2460) and lycopene (472 nm, 3540). Provitamin A (retinol equivalent activity,
REA) was estimated with the conversion factor of 1 pug of REA = 12 ug of -carotene and 24 pg of o-
carotene and B-cryptoxanthin.

2.4 Determination of kinetic and thermodynamic parameters

In accordance the studies by [18], [22] the thermal degradation of the carotenoids and provitamin A
were expressed with a first-order kinetic reaction, as described in (1)

Ct = Cﬂe Kt
(1)

Where, C0 and Ct are the concentration of the molecules of interest at time 0 and ¢, k is the degradation
rate constant (min-1) and t is the thermal processing time. (D, min), (0.5, min), Q10, and (z, °C) are the
decimal reduction time, half-life time, temperature coefficient and thermal resistance coefficient,
respectively. The kinetic parameters were estimated using the Arrhenius equation according to [18], [22].
This equation allows us to model the effect of temperature on the degradation rate constant, where k0, Ea,
R and T are the frequency factor (min-1), activation energy (kJ/mol), universal gas constant (8.314 J/mol
°K), and absolute temperature in °K, respectively. The thermodynamic parameters activation enthalpy
(AH), inactivation free energy (AG), and activation entropy (AS) were estimated applying the equations
described by [16], where, h is Plank's constant (6.6262 x10-34 ]/s), and kB is Boltzmann’s constant
(1.3806 x 10-23 J/°K).

2.5 Statistical analysis

Each of the experiments was carried out in triplicate and the results were expressed as mean values. One-
way ANOVA (p < 0.05) was used to study the effect of temperature on the phytochemicals of interest, and

the degradation of these molecules was modeled using analytical regression. The analyzes were carried out
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in SPSS for Windows v.25. and Excel software (version 10, Microsoft Corporation, Redmond, WA,
USA). The correlation coefficient R2 was calculated to determine the goodness of fit.

3. RESULTS AND DISCUSSION

3.1 Bread temperature profile during baking

The temperature profiles of the crumb and crust when baking the bread at 160 °C, 180 °C and 200 °C
are shown in Figure 1. The temperature increases in the bread crumb followed a sigmoidal pattern,
increasing gradually until it became constant at 100 °C. These results agree with [23], who observed a
sigmoidal pattern with an inflection point of around 50 °C and a gradual increase in temperature until
reaching a constant temperature of 100 °C in the bread crumb. This phenomenon can be explained by the
fact that a homogeneous crumb formed by a complete gelatinization of starch is a poor thermal conductor
and the phenomenon of evaporation-condensation of water generated in the center of the product [23].
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Figure 1.

Temperature profile of the crumb (A) and crust (B).
Source: Created by the authors

At the beginning, the temperature of the crust was less than 100 °C; at this point, no vaporization
occurred through boiling. The production of water vapor in the pores through evaporation was negligible.
The temperature increased from the flow of incoming heat in the second baking phase, when the
temperature of the crust was higher than 100 °C. At this point, the boiling temperature was reached, and
the matter entered the boiling regime. The liquid water turned into steam until exhausted [23]. Once the
liquid water was completely evaporated, the temperature of the crust began to rise, approaching the
temperature of the oven [23]. This explains the behavior of the temperature profile of the bread crust,
where most of the energy supplied in the initial baking stage was used to increase the temperature of the
crust, reaching temperatures greater than 100°C in the first 10 min. Subsequently, there was a gradual
increase in temperature; at this point, the thermal energy was used to move the evaporation front into the
mass and form the crust.

3.2 Loss of weight and moisture during bread baking

Figure 2 shows the loss of weight and moisture in the bread during the baking process. At the end of the
process, the samples had a weight loss of 15.11 + 1.55, 18.49 + 0.16 and 23.14 £ 0.19 and a moisture loss
of 12.60 + 0.17, 10.87 + 0.15 and 9.26 + 0.06 % with baking temperatures of 160 °C, 180 °C, and 200 °C,
respectively. These results agree with the studies by Lara et al. [20], [23], who reported a reduction in these
two variables when making bakery products and reported the greatest losses of these parameters in the
crust. The phenomenon of mass transfer in the crust occurs because of the exposure of the surface to the
high temperatures of hot air and to a partial pressure of water vapor in the surrounding air, far from
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saturation, allowing the diffusion of water vapor in the air [23]. On the other hand, when baking the
crumb, there are two gradients that allow water to be retained in the center of the product: one is the
concentration gradient, which drives water from the inside out, and the other is the temperature gradient,
which drives water vapor to the center. As the temperature in the crumb lowers, the water vapor condenses
[23].

Figure 2. Weight loss (A) and moisture content (B) in bread. Source: Created by the authors
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Figure 2.

Weight loss (A) and moisture content (B) in bread.
Source: Created by the authors

3.3 Thermal kinetics and thermodynamic analysis of carotenoids and provitamin A in bread

The initial concentration of carotenoids in the raw dough enriched with mandarin epicarp extract (20 g
of extract/100 g of dough) included p-carotene (2.88 pg/g), a-carotene (2.74 pg/g), p-cryptoxanthin (1.70
ug/g), lycopene (0.73 pg/g), and provitamin A (425.24 ug RAE/g). The carotenoid pigments and
provitamin A were significantly reduced (p < 0.05) as the bread baking time and temperature increased.
These results are consistent with those recorded in other studies, with a degradation of carotenoids after
baking processes [7], [24], [25] report losses of carotenoids in baked products such as muffins (48-53 %)
and bread (47-67 %). [24] state that the loss of carotenoids during the baking process is associated with the
isomerization and hydroxylation of carotenes at high temperatures. The loss of provitamin A after thermal
treatments has also been reported by [18], [26] in milk, and tree tomato juice, respectively. [27] report
losses of provitamin A between 40-82 % in sweet potatoes after baking, and Muntean [28] reports
degradation of provitamin A in bread enriched with pumpkin flour after baking, the researcher comments
that this thermal reduction is associated with the degradation of (-carotene, the main carotenoid with
provitamin A properties present in the study samples.

Figure 3 and Table 1 show that, when increasing the intensity of the baking treatment, the constant
degradation rate of carotenoids and provitamin A in bread increased, and the correlation coefficient for all
kinetics was R2> 0.83. The first-order kinetics of degradation explained the changes in the concentration
of carotenoid pigments and provitamin A in the bread after baking. The other kinetic parameters of bread
during baking are listed in Table 1. The kinetic parameters D, t0.5, Q10 and z validate that carotenoids
and provitamin A are thermolabile compounds during bread baking, presenting different levels of
resistance between molecules. The thermal resistance value (z) reports that f-cryptoxanthin presented the
highest resistance, followed by lycopene, a-carotene, provitamin A, and P-carotene in the temperature
range 160-200°C (Table 1).



Luis E. ORDONEZ-SANTOS, ET AL. EFFECT OF BAKING TEMPERATURE ON CAROTENOIDS AND PROVITAMIN A IN BREAD
MADE WITH MANDARIN (CITRUS RETICULATA) ...

B-Carotene
1 e
R, [PRR y=-0.0118x + 10932
Tttt e teem. R*=0.9664
'-..____ ] Frhea,, _—
y=-0.0155x + 1.0604" "
. R =09177 ¢
20
=~ 0 10 20 30 40 50 &0
0160°C @180°C
200 °C y=-0.036x+1.107
R®=0.3871
-1
Timea {min}
(a}
a-Carctene
2
# 160°C ®180°C »200°C
1 &,
; y =-0.0191x + 0.9542
_ . W . R=09635
i o -...-____ """'--.._.'
- 10 20 30 fﬁl 50 &0
. y=-0.0382x + 1.1289
R*=0.8528
v=-0.0463x+1.1225
R==0.5174
-2
Time {min)
b
B-Cryptoxanthin
1
¥y,
.“Iu.""-'.'.--.._
g, e y =-0.0225x + 0.5085
o i RT=09394
. 0 10 20 4R 50 &0
T e T LT T
5 #150°C ®180°C »200°C e
y=-0.0262x + 0.6151
1 R*=10.9325
y=-0.0322% + 0.6108
R*=0.932
-2
Tirme [min)
ich
Lycopene
0
0, 10 20 30 0 * ”
L J a I'I".'_'_'!‘_'--.. lllllll
i' y=-0.0126x- 0.2251
Ceeel B RE=08288
E 4 - .
o q 3 n
@ 160°C w 1BO°C 200 °C --,'._;__g_ﬂp_q_qx_u_lggel
Y- 09495
y=-0.0287x - 0.2227 !
R® =0.3634
-2

Tirme (mindl



TEcNoL6GICAS, 2023, VOL. 26, NOM. 58, E2755, SEPTIEMBRE-DICIEMBRE, ISSN: 0123-7799 / 2256-5337

Figure 3.
Thermal degradation kinetic of carotenoids and provitamin A in bread. f-Carotene (a), a- Carotene (b), -
Cryptoxanthin (c), Lycopene (d), and Provitamin A (e).
Source: Created by the authors



Luis E. ORDONEZ-SANTOS, ET AL. EFFECT OF BAKING TEMPERATURE ON CAROTENOIDS AND PROVITAMIN A IN BREAD MADE WITH MANDARIN (CITRUS RETICULATA) ...

Table 1
Kinetic parameters in the thermal degradation of carotenoids in bread (160-200 °C).

Compound T (°C) k (min!) R? D (min) t 1,(min) %)0(160-200 (°C)
160 0.0118 0.970 195.13 58.74

- Carotene 180 0.0155 0.920 148.55 44.72 1.32 82.57
200 0.0360 0.990 63.96 19.25
160 0.0191 0.960 120.55 36.29

a- Carotene 180 0.0382 0.950 60.28 18.15 1.25 104.02
200 0.0463 0.920 49.73 14.97
160 0.0225 0.940 102.34 30.81

B-Cryptoxanthin 180 0.0262 0.930 87.88 26.46 1.09 256.95
200 0.0322 0.932 71.51 21.53
160 0.0126 0.830 182.74 55.01

Lycopene 180 0.0244 0.950 94.37 28.41 1.23 111.88
200 0.0287 0.963 80.23 24.15
160 0.0150 0.986 153.51 46.21

Provitamin A 180 0.0215 0.952 107.10 32.24 1.26 100.81
200 0.0374 0.967 61.57 18.53

Source: Created by the authors
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To date, research on the thermal degradation of carotenoids and provitamin A in bread during baking
processes has not been reported in the scientific literature; however, other studies have applied the hot air
dehydration method in different matrices: [29] for Jackfruit fruits (50-70 °C); and [30] for peaches (50-70
°C). These researchers reported that first-order kinetics can model changes in carotenoids during thermal
treatments in each of the evaluated plant matrices. The degradation of carotenoids during thermal
treatments was mainly due to the conjugated carbon double bond structures present in the carotenoids,
which make them very sensitive to the action of heat, triggering processes of geometric isomerization,
oxidation, and degradation during thermal processing [31].

The thermal sensitivity of P-carotene in this study has also been reported by [32] and [18]. These
authors reported that (p-carotene is more unstable to heat because of the presence of two rings in its
structure and its high sensitivity to isomerization processes. For the thermal stability of B-cryptoxanthin,
[33] offered a possible explanation, reporting that this pigment is more stable in thermal treatments
because it has hydroxyl groups in its structure that replace conjugated carbon double bonds, providing
greater stability against the action of free radicals generated during thermal treatments.

Figure 4 shows the effect of temperature on the constant degradation rate of the carotenoids and
provitamin A during the bread baking process in the range of 160 to 200 °C, which conformed to the
Arrhenius model (R2 > 0.91). The activation energy (Ea) during the bread baking process presented the
highest value in -Carotene, followed by provitamin A, a-carotene, lycopene and B-cryptoxanthin (Table
2). Authors such as [32] have indicated that high Ea values represent greater sensitivity in the compound
of interest to temperature. [30] estimated Ea in B-cryptoxanthin (120.61 kJ/mol) and B-Carotene (90.85
kJ/mol) during peach dehydration in a temperature range of 50-70 °C. [34] reported Ea in p-Carotene
(89.81 kJ/mol) and lycopene (79.66 kJ/mol) during the thermal treatment of tomato epicarp in vegetable
oil in a temperature range of 100-145 °C.

UT (°K)
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QO0195 0,002 0,00205 0,0021 0,00215 0,022 000225 0,0023 000235 0,0024 0,00245
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Figure 4.

Arrhenius plot for degradation of carotenoids and provitamin A in bread.
Source: Created by the authors
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Table 2

Thermodynamic parameters in the thermal degradation of carotenoids in bread 160200 ° C Source Created by the authors

Compound T (°C) (kJ mol 1) R? AH(kJ mol!)  AG(kJ mol!) AS(kJ mol )
160 43.82 137.89 -217.17
- Carotene 180 47.13 0.910 43.66 143.40 -220.11
200 43.49 146.58 -217.88
160 34.71 136.16 -234.21
a- Carotene 180 38.01 0.920 34.54 140.00 -232.73
200 34.37 145.59 -235.06
160 11.92 135.57 -285.45
B-Cryptoxanthin 180 15.23 0.990 11.76 141.42 -286.14
200 11.59 147.02 -286.23
160 32.05 137.65 -243.79
Lycopene 180 35.36 0.910 31.89 141.69 -242.31
200 31.72 147.47 -244.64
160 35.47 137.02 -234.46
Provitamin A 180 38.77 0.980 35.30 142.17 -235.82
200 35.14 146.43 -235.22

Source: Created by the authors
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For provitamin A, [26] reported Ea values (52.26 kJ/mol) in cow's milk for a temperature range of
70-90 °C, and Ordofiez-Santos and Martinez-Girdn [18] reported Ea values (51.67 kJ/mol) in tree tomato
juice in a temperature range of 70-90 °C. The obvious differences with our results may have resulted from
factors such as the type of plant matrix, moisture percentage, and process type. [35] reported that the type
of plant matrix affects the cellular structure of carotenoids since these pigments are linked to different
proteins that form lipid droplets or crystalline structures that release or retain carotenoids. [30] indicated
that the stability of carotenoids in food matrices may be affected by the presence of other bioactive
compounds, such as tocopherols, tocotrienols, and vitamin C.

The values of the activation enthalpy (AH), inactivation free energy (AG), and activation entropy (AS)
in the degradation of the carotenoids and provitamin A during the baking process at each of the evaluated
temperatures can be observed in Table 2. The positive values of AH and AG and the negative results of AS
during the bread baking showed that the degradation of the carotenoids and provitamin A was an
endothermic reaction that was spontaneous in nature. The studies carried out by [33], and [18] confirmed
our results in each of the thermodynamic parameters evaluated during the thermal degradation of
carotenoid pigments and provitamin A in the bread baking process. When correlating the values of (AS)
and (AH), a correlation coefficient of R2 = 0.9947 was obtained, indicating a linear compensation
between the two thermodynamic parameters evaluated in the thermal degradation of carotenoids during
the bread baking process. Other studies carried out by [36], [37], and [18] that evaluated the thermal
degradation of carotenoids confirmed the correlation between these two thermodynamic parameters.
Reports published by [38], [39], [33], and [18] described how temperature plays an important role in the
isomerization and oxidation of carotenoid pigments, forming epoxycarotenoids, apocarotenoids, and low
molecular weight structures.

4. CONCLUSIONS

This study showed that the kinetic and thermodynamic model predicted changes in the carotenoids and
provitamin A during the bread baking process (160 to 200 °C). The thermal degradation kinetics followed
a first-order reaction with a correlation coefficient of R2 > 0.83 in all bioactive compounds evaluated in
the bread. The constant degradation rate of the carotenoids and provitamin A during the bread baking
(160 to 200 °C) was adjusted to the Arrhenius model (R2 > 0.91). The parameters AH, AG, and AS
demonstrated that the carotenoid degradation relationship followed an endothermic, non-spontaneous
reaction and had less structural freedom than the reactants. These results are important for the design and
optimization of bread baking processes since they will maximize the levels of bioactive compounds in this
food type.
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