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Introduction. It was reviewed the results of scientific
studies on the presence of non-enzymatic browning
compounds in bakery products, the mechanism and factors
influencing their formation, as well as the prediction and
control of the development of browning in baked goods using
mathematical modelling.

Materials and methods. Analytical studies on the
mechanism of browning on the surface of bakery products and
the prediction and control of the development of browning in
bakery products using mathematical modelling based on
already available research articles.

Results and discussion. The formation of colour in
bakery products during the baking phase is commonly known
as browning. The brown colour on the surface of bakery
products comes from melanoidins (an insoluble brown
pigment) and caramel, which are products of non-enzymatic
browning reactions (Maillard reactions and caramelization).
These reactions can also form undesirable products with
potentially mutagenic effects (acrylamide,
hydroxymethylfurfural and furfural), resulting in a loss of
nutritional value of the product. The change in the colour of
the surface of the product is considered an essential parameter
for determining the end of the baking process of bakery
products. Efforts should be made to develop a fast,
inexpensive, automated, reasonable and objective method to
track colour change during baking. The development of a
mathematical model of browning is essential to predict and
control this phenomena during baking as a function of
operating conditions and the product recipe. Kinetic models
for the colour change of bakery products are divided into two
groups. The first group consists of kinetic models of colour
change where the independent variable is time. This group
includes kinetic models of zero, first and second order
reactions and the exponential empirical model. The second
group consists of kinetic models of colour change where the
independent variable is mass loss.

Conclusion. Since browning affects the overall quality of
food and leads to changes in sensory and nutritional properties
(reduction in bioavailability of proteins and amino acids,
formation of acrylamide, hydroxymethylfurfural, and
formation of substances with antioxidant activity), it is a topic
of great interest to food technologists.
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Introduction

Bakery products include foods whose main ingredient is flour and which undergo a
baking process, such as bread, various pastries, cakes, crackers, pies, croissants, and many
other products. The external appearance is the first characteristic of the quality of bakery
products that the consumer perceives. Controlling the development of colour on the surface
of bakery products directly affects their acceptance or rejection by consumers. The formation
of colour on the surface of bakery products during baking is considered a desirable
characteristic and is the result of non-enzymatic browning reactions (Hodge, 1953). By
monitoring and controlling these reactions, it is possible to influence the desired colour of
the final product.

The brown colour on the surface of bakery products comes from melanoidins (an
insoluble brown pigment) and caramel, which are products of non-enzymatic browning
reactions (Maillard reactions and caramelization). These reactions can also form undesirable
products with potentially mutagenic effects (acrylamide (AA), hydroxymethylfurfural
(HMF) and furfural), resulting in a loss of nutritional value of the product.

During baking of bakery products, a crust is formed and the change in the initial colour
of the crust starts with the appearance of light yellow dextrins when a temperature of 110 to
120 °C is reached on the surface of the product (Wahlby and Skjoldebrand, 2002). A further
increase in temperature leads to the formation of products of the Maillard reaction and
caramelization (melanoidins and caramel) and then to the combustion of the products and the
formation of a black porous mass. The speed of colour development on the surface of bakery
products depends on the process conditions such as temperature and baking time. However,
apart from the process conditions, colour development is also influenced by the amount of
water, water activity, pH, amount of reducing sugars, etc.

Numerous researchers have developed various direct and indirect methods for
measuring colour on the product surface. Direct methods aim at quantitative monitoring of
the products of Maillard reactions and caramelization (AA, HMF and furfural) (Ramirez-
Jimenez et al., 2000). While indirect methods are based on the principle of measuring the
amount of light reflected from the surface of the analysed sample using devices such as
colorimeter, chromameter (Gokmen et al, 2008a-b; Purlis and Salvadori, 2007), and a
computer image analysis system (Brosnan and Sun, 2004, Du and Sun, 2004, 2005; Shahin
and Symons, 2001).

All reactions proceed at a certain rate, which depends primarily on the temperature and
concentration of the reacting substances. The rate of chemical reactions (chemical kinetics)
is an area of interest for many scientists (Montgomery and Runger, 2003; Purlis and
Salvadori, 2007, 2009a-c; Purlis 2010, 2011; van Boekel, 2008), whose research is related to
the colour change of bakery products during baking (kinetic modelling). Furthermore, a good
understanding of the kinetics of non-enzymatic browning reactions can inform how to
improve the food product, preserve existing nutritional components during processing or
minimise the occurrence of undesirable degradative changes. Therefore, the purpose of
developing mathematical models is often to predict the behaviour of food ingredients during
processing and storage and to optimise the process to obtain the highest quality product.

Considering that the external appearance is the most striking feature of the quality of
bakery products, monitoring the kinetics of colour change during baking is important for
optimising the quality of the final product. Good management of all processes in the
production and distribution chain in the market leads to high quality food that is safe for the
health of consumers. Among other things, it is necessary to prevent non-enzymatic browning
reactions to reduce colour and flavour changes when these changes have a negative impact
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on the quality of the final product. Changes caused by non-enzymatic browning may be
desirable in some cases when a specific flavour is to be achieved during a thermal treatment
such as baking, roasting or drying. Enzymatic browning reactions can contribute to the
general acceptability of foods such as tea, coffee, cocoa and dried fruits. Despite much
research on non-enzymatic browning, with a focus on Maillard reactions, the means to
control these reactions during processing are not yet fully understood.

The change in the colour of the surface of the product is considered an essential
parameter for determining the end of the baking process of bakery products. The development
of a mathematical model of browning is essential to predict and control this phenomenon
during baking as a function of operating conditions and the product recipe. Kinetic models
for the colour change of bakery products are divided into two groups. The first group consists
of kinetic models of colour change where the independent variable is time. This group
includes kinetic models of zero, first and second order reactions and the exponential empirical
model (Pedreschi et al., 2006; van Boekel, 2008). The second group consists of kinetic
models of colour change where the independent variable is mass loss (Purlis and Salvadori,
2007).

The aim of this article is to present, based on the available literature, the results of
scientific studies on the presence of non-enzymatic browning products in bakery products,
the mechanism of their formation and the factors influencing their formation, as well as the
prediction and control of the development of browning in bakery products using
mathematical modelling.

Materials and methods

The review is based on already available research articles on the presence of non-
enzymatic browning products in bakery products, the mechanism of their formation and the
factors influencing their formation, as well as on the use of kinetic models of browning,
which are essential for predicting and controlling this phenomenon during baking depending
on the operating conditions and product formulation.

Literature referenced in this review article was obtained from bibliographic information
in Google Scholar, Web of Science, Science Direct, Scopus, Springer Link, EBSCO host,
Wiley online library, PubMed, DOAB (directory of open access books), Ovid SP database
and CAB abstracts.

Results and discussion
Changes in bakery products during heat treatment

Products in which flour is the main ingredient and which undergo a baking process are
called bakery products. Bakery products include bread, pastries, croissants, pies, cookies,
cakes, and many other products, all of which differ in their composition and production
methods. Baking is a heat treatment process in which heat is applied directly to the food and
temperatures of up to 260 °C are reached. Due to the high temperatures used in baking and
the low moisture content, the heat treatment of bakery products triggers a series of chemical
reactions between food ingredients that affect the quality of the final product. The
consequences of these chemical reactions are mainly improvements in the textural and
organoleptic properties of the food. However, undesirable consequences may also occur, such
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as the natural formation of potentially toxic products, which may also affect the final taste
and appearance of the food. Baking can be defined as a process that transforms a base of flour
and water or a dough into a food product with unique sensory characteristics. Therefore, the
appearance and the colour of the surface of bakery products in general are very important
quality parameters on which the consumer's decision to accept the product depends, as it is
related to the taste and the degree of satisfaction (Pedreschi et al., 2006). As for the quality
of bakery products, although the typical characteristics depend on the product itself, the
surface colour, together with texture and taste, is the most important characteristic for
consumer preference, so they can be used to evaluate the baking result (Abdullah, 2008). In
addition, legal regulations may also set certain parameters for this aspect. For example, in
Argentina, bread crust must have a uniform golden yellow colour (ANMAT, 2004).
Therefore, understanding the evolution of colour on the product surface is a very important
factor for the bakery industry.

Chemical processes that influence the colour development of bakery products

Baking is a complex process that involves a number of physical, chemical, and
biological changes, such as water evaporation, creation of porous structures, volume
expansion, denaturation of proteins, gelatinization of starch, crust formation, and others
(Mondal and Datta, 2008). The consequence of the above changes is the development of
certain characteristics of bakery products — colour, shape, size and texture, where the colour
of the product surface has a significant impact on the evaluation of the quality of the food
itself. During baking, a brown colour develops on the surface of bakery products, which is
the result of non-enzymatic chemical reactions of the colorants present (Purlis, 2010).

Non-enzymatic browning reactions include several types of reactions: dehydration,
degradation, fragmentation, condensation, and polymerization, whose chemistry and kinetics
are complex. In many cases, non-enzymatic browning is a negative phenomenon that leads
not only to a change in colour, but also to other changes such as the degradation of food
components (amino acids, ascorbic acid), a decrease in protein digestibility and, in some
cases, the formation of toxic compounds. Non-enzymatic browning involves a whole series
of reactions that lead to the formation of brown pigments. However, non-enzymatic browning
is not always a negative phenomenon, and work is often done to create the conditions for its
occurrence. Non-enzymatic browning products are compounds with a certain colour and
flavour, which in some cases are desirable and very important for consumer acceptance of
some products (bakery products, roasted meat, roasted coffee, French fries, etc.).

When non-enzymatic browning reactions occur without the presence of nitrogen
compounds, these reactions are called caramelization reactions, and when they occur in the
presence of nitrogen compounds, they are called carbonyl-amine reactions or Maillard
reactions. Maillard reactions and caramelization reactions are the main processes involved in
the colouration of bakery products (Capuano et al., 2008).

The brown products of Maillard reactions, melanoidins, are formed when reducing
sugars and amino acids, proteins, and/or other nitrogenous compounds are heated at specific
temperatures. The process of caramelization involves complex groups of reactions that result
from the direct heating of carbohydrates, particularly sucrose and reducing sugars (Bemiller
et al., 1996). Maillard reactions occur under conditions corresponding to an average moisture
content, a temperature above 50 °C, and a pH between 4 and 7 (Kroh, 1994).
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Caramelization and Maillard reaction

Caramelization, which depends on direct degradation of sugar, requires stronger
conditions, such as temperatures above 120 °C, pH between 3 and 9, and low water activity
(Kroh, 1994). During baking, starch and sucrose can be hydrolysed to reduce sugars, which
can then participate in both reactions, usually allowing the Maillard reaction and the
caramelization reaction to occur simultaneously (Villota and Hawkes, 2007). In
caramelization reactions in many cases, although not necessarily, sugars are the main
reactants. These reactions involve the conversion and degradation of sugars without the
presence of amino compounds. The process of caramelization includes the following
reactions: enolization, isomerization, dehydration, fragmentation and polymerization,
forming light yellow to black pigments. During caramelization of sucrose at 200 °C, three
endothermic processes were observed:

- After melting of sucrose, foaming of the mass begins and there is a loss of one

molecule of water per molecule of sucrose, resulting in the formation of isosucrose.

- Further heating with loss of mass produces caramel (C,sH36O1s). The isolated

caramel dissolves in water and ethyl alcohol and has a bitter taste.

- The third stage occurs after foaming, with prolonged heating, and the caramel

pigment is formed.

Further heating of sucrose leads to the formation of humin, i.e. caramelin, a dark
substance with high molecular weight. The mechanism of caramel pigment formation
involves a polymerization reaction that produces coloured polymers with high molecular
mass, in which the number of C atoms increases in proportion to the degree of dehydration,
i.e. the temperature and duration of their exposure. In systems subject to caramelization
reactions, this leads to further parallel reactions with a very complex mechanism and to the
formation of red, brown and dark brown pigments of different composition and properties,
which differ significantly from Aldo-caramel in structure, composition and properties
(Nursten, 2005).

Maillard reactions are named after the French chemist Louis-Camille Maillard, who
was the first to describe the changes in flavour and colour when reducing sugars are heated
with amino acids (Nursten, 2005). These reactions are of great importance in food technology
and chemistry, as well as in medicine and nutrition (Tomasik, 2004). Maillard reactions are
one of the main reactions that cause protein degradation during food processing and storage.
They can also cause other undesirable nutritional changes, such as loss of essential amino
acids (lysine, arginine, cysteine, and methionine) or reduction of protein digestibility and
amino acid availability or changes in flavour. The whole process of forming Maillard reaction
products can be divided into three main stages depending on the colour formation (Figure 1).
In the first stage, sugars and amino acids condense, and after condensation, the Amadori
rearrangement and 1-amino-1deoxy-2-ketose are formed. In the second stage, the product
may be slightly yellow or colourless, and dehydration and fragmentation of the sugar
molecules occur. Amino acids are also broken down at this stage. In this intermediate stage,
HMF cleavage products such as pyruvaldehyde and diacetyl are formed. In the last stage,
aldol condensation takes place and finally the heterocyclic nitrogenous compounds, the
melanoidins, which are strongly coloured, are formed (Nursten, 2005).
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Figure 1. The process of Maillard reaction products formation

The Maillard reaction is the main reaction for colour formation. The formation of
melanoidins by the Maillard reaction follows a zero order kinetic (Bates et al. 1998; Martins
and van Boekel, 2003; Morales and van Boekel, 1998). The formation of melanoidins in
biscuits is faster than in bread. The low water content and small size cause the water to
evaporate quickly and the product to dry out faster. The nature of these reactions and the
nature of the resulting products are influenced by the properties of the medium itself, more
specifically the food (e.g. water activity, pH, chemical composition of the food, temperature).
The type of reducing sugar is also very important, for example, pentoses react much faster
than hexoses, monosaccharides faster than disaccharides (Tomasik, 2004; Hui et al., 2006).
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Because of the chemical characteristics (i.e., reactants and products) of the Maillard and
caramelization reactions, the importance of colour development during roasting is not only
related to sensory characteristics such as the formation of a desirable hue and flavour, but
also to changes in nutrient composition. In this sense, Maillard reactions affect the content
and bioavailability of amino acids and proteins (Morales et al., 2007), which is associated
with the formation of harmful compounds such as AA and HMF (Stadler et al., 2016). The
formation of AA begins with the condensation of reducing sugars and the amino acid
asparagine in the first stage of Maillard reactions (De Vleeschouwer et al., 2009). The
formation of AA correlates strongly with the temperature and duration of the baking process,
the amount of asparagine and reducing sugars, and starts at a temperature of 120 — 130 °C
(Ahrné et al., 2007). The formation of AA is also related to the development of surface colour
of bakery products (Gokmen et al., 2008a, b; Mesias and Morales, 2016).

Factors influencing the non-enzymatic browning reaction of bakery products

Important parameters in non-enzymatic browning reactions are temperature, pH of the
environment, water activity, type and concentration of reactants, reaction time and water
content. Depending on these factors, the reaction proceeds with different qualitative changes
and at different rates.

The temperature dependence of the reaction is often expressed by the activation
energy. Activation energy data for Maillard reactions range from 10—160 KJ/mol, depending
on which effect of which reaction was measured. The activation energy is highly dependent
on pH and reactant structure, making it difficult to isolate the effect of temperature as an
independent variable. For all model systems, the rate of browning, as measured by colour
development, increases two- to threefold for every 10 °C increase in temperature. As
temperature increases, compounds are formed that may participate in or inhibit browning
reactions. Sucrose is inert at relatively low temperatures, but when reaction conditions are
suitable for its hydrolysis to glucose and fructose, the newly formed compounds are readily
involved in caramelization reactions or in the carbonyl-amine reaction. Amino acids catalyse
the reaction of sucrose at neutral pH, while formaldehyde formed by the Strecker degradation
of glycine can effectively block the involvement of unreacted glycine or other amino acids
in the non-enzymatic browning reaction.

Changing the pH of a model system results in qualitatively different browning
reactions. The browning reactions show a decrease in reaction rate at low pH values, i.e., pH
values with optimal stability of the reducing sugars present. The browning reactions
themselves affect pH, making it difficult to assess the effect of pH on the overall system.
Tests have shown that browning in aqueous solutions is a consequence of caramelization,
while in the almost dry state of the reactants or at alkaline pH values, the Maillard reactions
predominate.

Water and concentration of reactants (sugar and protein) — water catalyses the
enolization of reducing sugars and the enol forms readily undergo fragmentation and
dehydration reactions. At the beginning of the carbonyl-amine reaction, an aldose or ketose
sugar reacts with a primary or secondary amine or amino acid to form a glycosylamine, and
the reaction is reversible. The influence of water content is important for glycosylamine yield.
At low water content, there is a significant accumulation of these compounds, which is why
non-enzymatic browning of carbonylamine is pronounced in dehydrated and concentrated
foods.
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Mathematical model for browning of bakery products during baking

Determining the colour of bakery products

The first step in predicting and controlling the development of browning is its
quantification. Numerous researchers have developed various methods to determine the
colour on the surface of bakery products. Generally, methods can be classified in:

— Direct (chemical, objective) methods,

— Indirect (sensory, subjective) methods.

Direct methods aim at the quantitative monitoring of the products of Maillard reactions
and caramelization (AA, HMF and furfural) (Ramirez-Jimenez, 2000), while indirect
methods are based on the principle of measuring the amount of light reflected from the
surface of the analysed sample with different measuring devices. Many different devices for
indirect colour determination are available on the market. Most of them are designed in such
a way that the colour determination is done by direct contact between the instrument and the
sample. Instruments for indirect colour determination that are frequently used in practise are:
Colourimeter, Chromameter, Spectrophotometer, Densiometer (Gokmen et al., 2008a; Purlis
and Salvadori, 2007) and more recently a computer vision system (Brosnan and Sun, 2004;
Zeng et al., 2007; Lukinac et al., 2018).

Baking temperature
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Figure 2. Browning development at surface of bakery products during baking at different
baking temperatures
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The computer vision system can cover the entire surface of the sample, making it a more
objective and precise method, in contrast to the colorimeter, which analyses the surface of
only a few centimetres (about 2 cm?) (Mendoza et al., 2007a, b). This method of colour
measurement can be used as a tool for automatic process control in industry (for a visual
overview of the production process), improving the overall quality of the product. The
advantage of the computer vision system over colour assessment with the human eye is the
objectivity and continuity in colour assessment (Zheng et al., 2006).

In food research, colour is often represented using the CIE L*a*b* colour space, which
is an international standard for colour measurement (Mendoza et al., 2007a, 2007b). The
three parameters of this model represent the lightness of the colour (L*), which is between 0
and 100 (0 = black, 100 = white), its position between red and green (a*, values between -
120 and +120) and its position between yellow and blue (b*, values between -120 and +120)
(Yam and Papadakis, 2004).

Some typical values of lightness (L*) of the bread crust at different baking conditions
are shown in Figure 2, where the influence of the oven temperature on the colour
development can be clearly seen. The intensity of the colour of the samples increases with
baking time, which is to be expected and is also confirmed by the lower values of L*. In
addition, increased temperatures and a low water content influence the formation of the
yellow-brown colour of the bread crust. Browning occurs only after baking for 10 minutes at
250 °C, 15 minutes at 235 °C and 20 minutes at 215 °C oven temperature.

Modelling the crust browning of bakery products based on the measurement of
lightness and total colour change

According to Haefner (2005), modelling has three goals: understanding, predicting and
controlling the process, while other authors also mention optimisation (Montgomery and
Runger, 2003). In terms of understanding, modelling is a tool in science that uses
mathematical models to describe the physical and chemical changes that take place in food.
The difference between prediction and control is that prediction is a quantitative prediction
of the future properties of a food based on knowledge of the food and the processing it will
undergo. Control, on the other hand, is about checking the process conditions during
production with the aim of achieving the desired quality. It can be concluded that
mathematical models can be used to predict and control the qualitative properties of food and
other possible changes in these properties. Mathematical models are mostly linear,
polynomial, and exponential or power expressions (van Boekel, 1996, 2008; Dolan, 2003).

Although a group of complex chemical reactions causes colour formation, it can be
simplified for technological purposes by assuming a general mechanism of browning and
then using colour models based on reflectance methods. It has been found in the literature
that the development of browning during baking can be well described by a first-order kinetic
model whose parameters depend on the local temperature and the water activity of the
product. Moreover, the kinetic parameters should be estimated from experiments that are
close to the actual baking conditions, i.e. a non-isothermal process occurring in a non-ideal
system, to obtain better predictive performance (Dolan, 2003). The kinetic models used to
describe the colour change of bakery products can be divided into two groups.

— The first group consists of kinetic models of colour change in which time is the
independent variable (Eq. (2-14)), kinetic models of zero-, first- and second-order
reactions and the empirical exponential model (Pedreschi, 2007; van Boekel, 2008).

— The second group consists of kinetic models of colour change of bakery products where
the independent variable is mass loss (Eq. (15-18)) (Purlis and Salvadori, 2007).
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Hermann and Nour (1977) studied the kinetics of surface browning in dough made of
flour and water during baking at 150, 170 and 190 °C. They found that the surface browning
of dough made of flour and water is due to Maillard reactions, which are described as
sequential reactions Eq. (1):

k k k
A+K. S5 Z 3P 3M (1)

The reaction between amino acids (4) and reducing sugars (K) leads to intermediates
(Z). These lead to water-soluble coloured products (P), which turn into insoluble coloured
compounds, namely melanoidins (M). Experimental tests have shown that the kinetics of
browning are characterised by three phases: a lag phase (found at 150°C), followed by an
exponential phase (found at the three temperatures) and an asymptotic phase (found at
190°C). The browning reaction after the lag phase can be described by first order kinetics for
the formation of compounds P (i.e. exponential phase) when k, > k5, and then by the
combination of kinetics for the formation of compounds P and M when k,~ —k; (i.e.
asymptotic phase).

Based on the general rate law, the disappearance of a compound in a closed system with
only one compound reacting can be written in Eq. (2). By including the surface lightness (L")
in Eq. (2) and choosing the surface lightness as the browning index, a general model for the
colour development of the surface of bakery products during baking can be given as follows

(Eq. 3)):

_ch_

== Lo 2
r it k-c (2

dL*
E=k'(L) A3)

where r = reaction rate (mol/dm®-s);

¢, = concentration of reactants A (mol/dm?);

t = baking time (s);

k = reaction rate constant (s!);

¢ = concentration (mol/dm?®);

n = order of reaction (0 < n < 2)

L* = CIE colour component of surface lightness.

The temperature dependence of the reaction rate constant for browning is generally

explained by the Arrhenius equation (Eq. (4)), and isothermal and non-isothermal methods
have been used to determine the kinetic parameters.

k=k,-exp (— %) “)

where k, = Arrhenius constant (s');
E, = activation energy (J/mol);
R = universal gas constant (8.314 J/mol/K);
T = (absolute) temperature (K).
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The kinetics of the browning reaction in food is generally considered to be a zero-order
or first-order reaction, with first-order kinetics being the most commonly used in the
literature. First order kinetics was frequently used for describing the browning reactions in
terms of the colour change indicated in CIEL *a*b* colour model.

Shibukawa et al (1989) studied the effect of heating by convection and radiation in an
oven at different baking temperatures (180 — 240 °C) on the surface colour of biscuits. This
colour was compared to the browning of a model solution of monosodium glutamate and
glucose, which followed first order kinetics. Mundt and Wedzicha (2007) proposed a first-
order kinetic model based on the measurement of the surface colour of biscuits in R, G, B
colour values during baking at temperatures of 105-130 °C. Ait Ameur et al., (2006, 2007)
showed that the formation of HMF in cookies follows first-order kinetics, as does colour
development, and that water activity strongly influences the production of coloured
compounds. The rates of HMF formation during baking were 0.0028, 0.0067 and 0.0082 s!
at 200, 250 and 300 °C, respectively. Furthermore, Hadiyanto et al. (2007) proposed a zero-
order kinetic model for the formation of melanoidins (by the Maillard reaction) during the
baking of bakery products, taking into account the influence of temperature and water
activity.

To obtain a model for browning development, parameter estimation is required. If a
non-isothermal approach is applied, the model will include the thermal history of the product
during baking (the same analysis is valid for water activity or water content). To describe the
dependence of rate constant (k) with temperature, the Arrhenius’ law is commonly used (Eq.

(5): .
k=A-exp (_R_;") (5)

where k =reaction rate constant (s);
A = pre-exponential factor;
E, = activation energy (J/mol);
R = universal gas constant (8.314 J/mol/K);
T = (absolute) temperature (K).

The kinetic constants of the browning reaction during baking (k) are different for
different products. They depend on the composition, especially on the concentration of
reducing sugars and amino groups.

Zanoni et al. (1995) proposed a first-order kinetic reaction model for prediction of crust
browning of bread during the baking process. The experimentally determined colour values
of samples of grinded bread crust by heating in the range of 140 — 250 °C served as the basis
for building the model. In this model (Eq. (6)); the reaction rate constant depends on surface
temperature according to the Arrhenius equation:

Ea
k=ky exp (_ﬁ)

with k, = 42000 (s~1), E,= 64.151 (kJ/mol)

where k =reaction rate constant (s);
ko = pre-exponential factor;
E, = activation energy (J/mol);
R = universal gas constant (8.314 J/mol/K);
T = (absolute) temperature (K).

(6)
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He gave the relationship between the reaction rate constant and the baking temperature
by applying the Arrhenius law. The proposed model was tested on bread samples, at baking
temperatures at 200 and 250 °C. According to the results, the model was applicable at a
baking temperature of 250 °C, given that the experiment was conducted in non-isothermal
conditions (real conditions).

However, this expression (Eq. (6)) for temperature dependence is relevant to chemical
compounds such as HMF where energy activation occurs in the context of a reaction. In the
case of lightness or any other colour variable that represents the change in colour intensity
and is not directly related to chemical compounds, the concept of activation energy may not
be applicable (van Boekel, 2008). Instead of the Arrhenius equation, the following expression
can be used to describe the dependence of the browning rate constant on temperature equally
well (Eq. (7)):

C=cy-exp [—A exp (— %) . t] @)

where ¢ = concentration (mol/dm?);
¢, = initial concentration at =0 (mol/dm?);
A = pre-exponential factor;
E, = activation energy (J/mol);
R = universal gas constant (8.314 J/mol/K);
T = (absolute) temperature (K);
t = time (s).

Because of the strong correlation between A and E, it is desirable to reparametrize the
Arrhenius equation (van Boekel, 1996). A very simple reparametrization is the introduction
of the reference temperature (T;..¢) in the Eq. (5):

E,

k1 =A- exp (_R_Tl) (8)
E,

k2 =A- exp (_R_TZ) (9)

where k =reaction rate constant (s);
A = pre-exponential factor;
E, = activation energy (J/mol);
R = universal gas constant (8.314 J/mol/K);
T = reference temperature.

Besides temperature and baking time, colour development on the surface of bakery
products is also influenced by water activity (a,, ), or the amount of water in the crust (X}).
Broyart et al. (1998) proposed to define the parameters of the browning rate constant (k, and
E, in their model) as a function of water content (Eq. (10—12)). The kinetic model developed
is a first-order reaction and is based on monitoring the lightness of the cracker (L") as a
function of product temperature and moisture. The model is applicable for predicting the
brightness change within the temperature range 180-330 °C. The model is also suitable to
suggest how baking profiles should be changed in order to obtain products with a different
final lightness. The authors (Broyart et al., 1998) have proposed a model (two multiparameter
equations) for prediction of lightness variations during baking as a function of time,
temperature and water content, that differs for the lightening (Eq. (10)) and darkening (Eq.
(11-12)) phases of the biscuit surface during baking:
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dL*
E =+k L
(10)
E
— 0. _ al
k, =k exp( RTb(t))
dL*
G Tkl
(11
E
— 0. _ a2
k, = k3 exp( RTb(t))

(12)

where L* = CIE colour component of surface lightness.

k, = reaction rate constant of enlightenment reaction (min™');

k, = reaction rate constant of darkening reaction (min™');

k9 = kinetic constant of enlightenment reaction (min™');

k9 = kinetic constant of darkening reaction (min™');

k3, k2, k9, k?, = Kinetic parameters of darkening reaction (respectively in min-!, g
water/100 g dry matter/min, K, g water/K/ 100 g dry matter);

E,, = activation energy of enlightenment reaction (kJ/mol);

E,, = activation energy of darkening reaction (kJ/mol);

R = universal gas constant (8.314 J/mol/K);

t = baking time (min);

Tyt = cracker temperature (°C)

Xp(e) = water content (g water/100 g dry matter).

In addition to the temperature and baking time, the water activity in the bread also has
significant influence on the colour. Considering this fact, Purlis and Salvadori (2009c)
proposed another model for monitoring the colour development of the crust of bread. This
approach to define the parameters of an Arrhenius-like expression for the rate constant (k)
as a function of water activity (a,,) (Eq. (13—-14)):

k

ko =k, + — (13)
a‘W
k

Ar = ks +—= (14)
a‘W

where a,, = water activity;
ko, k1, ko, ks, k, and Ar are fit parameters.

Kinetic models for the colour change during bread baking as a function of product
weight loss and baking temperature were reported by Purlis and Salvadori (2007) and are
represented by the equations Eq. (15-16). They proposed a colour prediction model where
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the total colour difference (AE) is a function of product mass loss (WL) and baking
temperature (T,yer ):

AE =k-WL (15)

k=ky Typen + ki (16)

where AE = total colour difference;
k = reaction rate constant (s!);
WL = product weight loss (%);
T,ven = baking temperature (°C);
kg, and k, are fit parameters.

The experiment was conducted at temperatures of 180, 200 and 220 °C, with forced and
natural convection, and the colour of the surface of the bread samples during baking was
monitored by computer image analysis. The developed mathematical model predicted the
colour change in non-ideal conditions, similar to the real conditions of bread production in
the bakery industry. In this way, the evolution of browning was followed in a non-ideal
system close to real baking conditions. Acceptable results for a general baking process were
reported. Quevedo et al. (2017) investigated the browning kinetics of two types of pita bread
based on computer vision colour measurement on the surface at four different baking
temperatures (160, 180, 200 and 220 °C). They suggested that the fractal method can be used
to record the browning of the pita bread and to calculate a fractal browning rate. In general,
the fractal method can be considered as a new means to quantify the browning kinetics, where
the formation of a heterogeneous colour on the surface is observed and where the traditional
method is more difficult to apply. The method offers great potential for application not only
to bread but also to other foods which show an inhomogeneous colour on the surface. Zhang
et al. (2016) investigated the bread baking process using a miniature bread approach and
modelled the browning kinetics of miniature bread during baking with spatial reaction
engineering approach (S- REA). They found that the combination of S-REA and equations
relating surface moisture content and temperature to overall colour changes modelled
browning kinetics well. Golchin et al. (2020) developed a mathematical model for predicting
the crust temperature and weight loss of toast bread at different oven temperatures and baking
times. The predicted crust temperature and weight loss of the bread (control and with guar
gum) agreed well with the experimental temperature with coefficients of determination of
0.98 and 0.99, respectively (Eq. (17-18)).

Wlyye = —0.0325 - (WLg,)? + 2.326 - Wiy, + 3.474 (17)

WLy = —0.017 - (WLg,)? + 1.218 - WLy, + 3.507 (18)

where WL,,. = predicted weight loss of sample containing guar (%);
WL, = Measured weight loss (%).
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Conclusion

1. Chemically, non-enzymatic browning is mostly based on caramelization reactions and
Millard reactions. Various factors such as temperature, concentration of reactants,
water activity, pH and others influence the intensity of the colour change. These
reactions occur when food is treated at elevated or high temperatures.

2.  Efforts should be made to develop a fast, inexpensive, automated, reasonable and
objective method to track colour change during baking. One possible approach would
be to calibrate e.g. a computer vision system or a colorimeter) against a quantification
of AA or HMF depending on the product recipe and finally express the colour in
standardized units (e.g. using the CIEL *a*b* model).

3. The formation of colour in bakery products during the baking phase is commonly
known as browning. Understanding browning development provides the opportunity
to control, optimize and design processes and equipment for the bakery industry as it
affects the overall quality of bakery products, including their sensory and nutritional
properties. For this purpose, a mathematical model for browning development is
useful.

4. The development of a mathematical model of browning is essential to predict and
control this phenomenon during baking depending on the operating conditions and the
product recipe. A browning model cannot be developed from the actual mechanisms
of colour formation, as these have not yet been clarified. However, the kinetic
approach is a helpful alternative to describe colour changes during baking.

5. Since browning affects the overall quality of food and leads to changes in sensory and
nutritional properties (reduction in bioavailability of proteins and amino acids,
formation of AA and HMF, and formation of substances with antioxidant activity), it
is a topic of great interest to food technologists.
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