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Abstract 8 

This paper presents a review regarding several aspects of the development of browning 9 

during baking of bakery products, mainly from an engineering point of view. During 10 

baking, the formation of colour is due to the Maillard reaction, and caramelization of 11 

sugars. Besides the major influence of this phenomenon on the initial acceptance of 12 

products by consumers, it is the responsible for other relevant changes occurring in food 13 

during baking, i.e. production of flavour and aroma compounds, formation of toxic 14 

products (e.g. acrylamide), and decrease of nutritional value of proteins. As well as 15 

baking, the development of browning in bakery products is a simultaneous heat and 16 

mass transfer process that occurs mostly in a non-ideal system under non-ideal 17 

conditions. In addition, the mechanisms of chemical reactions involved are still not 18 

elucidated completely, so the process is difficult to control and represents a major 19 

challenge for food engineers. Effects of browning on properties of products and 20 

experimental, modelling and technological aspects of colour formation during baking 21 

are reviewed. 22 
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1. Introduction 26 

 27 

Baking of bakery products can be defined as the process which transforms 28 

dough, basically made of flour and water (other ingredients such as sugars, fat, egg, 29 

leavening agent, and other additives will depend on each specific product), in a food 30 

with unique sensorial features. In this way, the aspect and colour of food surface is 31 

generally the first quality parameter evaluated by consumers and is critical in the 32 

acceptance of the product, since it is associated with flavour and level of satisfaction 33 

(Pedreschi et al., 2006). Respect to bakery products, although typical (and diverse) 34 

quality features are related to each product, surface colour together with its texture and 35 

flavour are the main features considering preference of consumers, and thus can be used 36 

to judge the completion of baking (Abdullah, 2008). Moreover, regulation can also 37 

establish certain parameters in this aspect; e.g. in Argentina, bread crust must present a 38 

uniform yellow-gold colour (ANMAT, 2004). Therefore, understanding the 39 

development of colour at product surface is a very important issue for the bakery 40 

industry. 41 

The formation of colour in bakery products during baking is widely known as 42 

browning. Browning is the result of non-enzymatic chemical reactions which produce 43 

coloured compounds during the baking process; such reactions are the Maillard reaction 44 

and caramelization. The Maillard reaction takes place where reducing sugars and amino 45 

acids, proteins, and/or other nitrogen-containing compounds are heated together, while 46 

caramelization is a term for describing a complex group of reactions that occur due to 47 

direct heating of carbohydrates, in particular sucrose and reducing sugars (Fennema, 48 

1996). Because of chemical features (i.e. reactants and products) of the Maillard 49 

reaction and caramelization, the importance of browning development during baking is 50 
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not only related to sensorial aspects such as colour formation and flavour generation, 51 

but also to nutritional issues. In this sense, the Maillard reaction impairs the content and 52 

bioavailability of amino acids and proteins (Fennema, 1996; Morales et al., 2007), and it 53 

is related to the formation of harmful compounds such as acrylamide and 54 

hydroxymethylfurfural (HMF) (Gökmen et al., 2007, 2008a; Mottram et al., 2002; 55 

Stadler et al., 2002). On the other hand, Maillard reaction products are also associated 56 

with some positive nutritional properties like antioxidant activity (Morales et al., 2009; 57 

Yoshimura et al., 1997). 58 

The occurrence of browning should not be decoupled from transport phenomena 59 

taking place in products during baking. In fact, browning reactions mainly depend on 60 

temperature and water activity, as represents the availability of water for chemical 61 

reactions in food. During the baking process, simultaneous heat and mass transfer 62 

occurs within the product producing several physical, chemical, and biochemical 63 

changes besides browning, i.e. volume change (expansion and shrinkage), water 64 

evaporation, dough/crumb transition due to protein denaturation and starch 65 

gelatinization, and formation of a crust (Mondal and Datta, 2008; Sablani et al., 1998; 66 

Yin and Walker, 1995). So, knowledge about transport phenomena of baking is also 67 

essential to study the development of browning during the process. In particular, the 68 

crust formation and its influence on baking have received much attention recently 69 

(Jefferson et al., 2006; Vanin et al., 2009; Zhang et al., 2007). This clearly contributes to 70 

a better understanding of colour formation, which mostly happens at surface of bakery 71 

products. 72 

During baking of bread and other products such as cake, the formation and 73 

progressive advancing of an evaporation front towards the core are responsible of 74 

generating the crust (Lostie et al., 2002a, 2002b, 2004; Purlis and Salvadori, 2009a, 75 
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2009b; Zanoni et al., 1993, 1994). In the outer region of the product, the water content 76 

continuously decreases down to 5-10% (wet basis), while temperature rapidly increases 77 

above 100 ºC, tending to the oven temperature asymptotically. These variations in 78 

moisture and temperature give certain structural characteristics to the crust which avoids 79 

dehydration of inner regions by restricting the water vapour diffusion to the oven 80 

ambient (Hasatani et al., 1991; Wählby and Skjöldebrand, 2002). Regarding thin 81 

products like biscuit, internal mechanisms of transport may differ from previous 82 

description, but similar changes occur at surface giving the same characteristics (Ait 83 

Ameur et al., 2007; Gökmen et al., 2008a). 84 

In conclusion, browning development in bakery products is related to various 85 

research areas of food science, and has implications to sensorial, nutritional, and 86 

industrial (design, control and optimization) aspects, and therefore, it represents a major 87 

challenge for food engineers. Table 1 presents a summary of the most relevant studies 88 

on the reviewed subject, regarding several aspects. The main objective of this paper was 89 

to review the published literature on browning development in bakery products from an 90 

engineering point of view. In this way, this review seeks to contribute to a better 91 

understanding of this subject from a comprehensive perspective, considering sensorial 92 

and nutritional aspects, measurement, modelling, and technological features that are 93 

important for the baking industry. 94 

 95 

2. Effects of browning on properties of bakery products 96 

 97 

The development of browning in bakery products is the result of the Maillard 98 

reaction and caramelization of sugars. Ingredients of baked foods such as bread, cake, 99 

and biscuit, i.e. carbohydrates, proteins and water, are actually the reactants for these 100 
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chemical reactions, which are catalyzed by a low-medium moisture level and high 101 

temperature obtained at the product surface during baking (Fennema, 1996). Though the 102 

objective of this paper was not to review the browning process from a chemical but 103 

from an engineering point of view, a brief description of browning reactions will be 104 

given in order to have an adequate background to better understand the effects of 105 

browning on properties of bakery products. It is worth to note that the Maillard reaction 106 

and caramelization have been extensively studied in the (food) chemistry field; for a 107 

detailed discussion about this subject, the reader should be referred to specific literature 108 

(Baltes, 1982; Fennema, 1996; Hodge, 1953; Kroh, 1994; Martins et al., 2001; Namiki, 109 

1988). 110 

The Maillard reaction is actually a complex network of various reactions 111 

involving reactants and products with high reactivity, and its mechanism is still a 112 

controversial issue; therefore the reaction is difficult to control (Martins et al., 2001; 113 

Namiki, 1988). Basically, the reaction begins with a condensation between a reducing 114 

sugar (e.g. glucose) and a compound having a free amino group of an amino acid or 115 

mainly the ε-amino group of lysine in proteins. The condensation product (N-substituted 116 

glycosylamine) is then rearranged to form the Amadori product (1-amino-1-deoxy-2-117 

ketose) which is subsequently degraded into different compounds depending on the pH 118 

of the system. At low-medium pH (4-7), HMF or furfural (when hexoses or pentoses are 119 

involved, respectively) are formed via enolization, which are highly reactive compounds 120 

that take part in further reactions (i.e. condensation and polymerization) leading to the 121 

formation of melanoidins and other brown polymers, and aromatic substances (Martins 122 

et al., 2001). A simplified scheme of the Maillard reaction is shown in Figure 1, where 123 

only the pathway corresponding to the formation of colour via HMF or furfural is 124 

depicted. This is the route commonly associated with browning development in bakery 125 
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products because of the pH range, and experimentally followed by HMF quantification. 126 

Other reaction pathways (pH>7) involve sugar dehydration and fragmentation, amino 127 

acid degradation (Strecker degradation), and finally polymerization and formation of 128 

melanoidins. Corresponding (intermediate) reaction products include reductones, fission 129 

products (acetol, pyruvaldehyde and diacetyl), aldehydes, aldols and N-free polymers, 130 

and aldimines (Hodge, 1953). 131 

Caramelization is also a complex group of reactions, and occurs by strongly 132 

heating (i.e. temperature greater than 120 ºC) of reducing carbohydrates without a 133 

nitrogen-containing compound (Fennema, 1996). Kroh (1994) described a principal 134 

sequence of sugar degradation reactions as follows: initial enolization, dehydration, 135 

dicarbonyl cleavage, retro aldolization, aldolization, and finally, radical reaction. From 136 

these principal reactions, the key intermediates are the osuloses (α-dicarbonyl 137 

compounds) obtained after enolization and dehydration, which lead to the formation of 138 

products with double bonds or unsaturated rings such as derivatives of furan, e.g. HMF, 139 

and polymers (Fennema, 1996; Kroh, 1994). During baking, starch and sucrose can be 140 

hydrolyzed leading to reducing sugars that can participate in both browning reactions, 141 

thus the Maillard reaction and caramelization may take place simultaneously (Capuano 142 

et al., 2008). Browning reactions are fundamental for the bakery industry because they 143 

produce changes in colour, flavour and nutritional value of products during baking. 144 

 145 

2.1. Quality aspects 146 

 147 

In bakery products, the surface colour is an important quality feature associated 148 

with aroma, taste, and appearance characteristics relevant from the consumers’ 149 

viewpoint. In this sense, browning can be defined as the formation of typical colour, i.e. 150 
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yellow-gold or brown, depending on each particular product (i.e. ingredients, operating 151 

conditions, product specifications). The development of browning in bakery products is 152 

a dynamic process mainly influenced by temperature and water activity of the system, 153 

and results from the production and accumulation of coloured compounds during 154 

baking, i.e. principally HMF and melanoidins. Then, browning can be followed by 155 

measuring the reaction products concentration, or alternatively, the reactants 156 

consumption. On the other hand, the concept of lightness is commonly used to describe 157 

the variation of colour during baking, since lightness is a parameter of the CIE L
*
a

*
b

*
 158 

colour space (L
*
, which ranges from 100 to 0 – white to black –), an international 159 

standard for colour measurement widely used in food science (Yam and Papadakis, 160 

2004). Aspects related to measurement of browning development are discussed in the 161 

next section. 162 

Before baking, dough presents values of lightness between 80 and 95 (Purlis and 163 

Salvadori, 2009c; Ramírez-Jiménez et al., 2000b; Shibukawa et al., 1989), although 164 

lower values can be measured depending on ingredients, e.g. high amount of egg and/or 165 

sugar generates a darker dough (Broyart et al., 1998); note that this discussion does not 166 

include products containing chocolate or similar coloured ingredients. In a chemical 167 

sense, HMF cannot be detected in raw dough since it is a product of browning reactions 168 

and therefore it is not present in untreated foods (Ait Ameur et al., 2006). 169 

Then, one or two stages could be distinguished in the variation of product 170 

lightness during baking. The first stage is characterized by an enlightenment of the 171 

surface during the first minutes of baking. This phenomenon seems to be absurd since it 172 

is against browning chemistry; however, it was detected by some authors. In biscuit 173 

baking, Shibukawa et al. (1989) measured a slight increase of lightness (ca. 2.7%) at the 174 

early stage of heating (first 5-10 min) and suggested the drying of the surface to be 175 
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responsible. Broyart et al. (1998) also observed this phenomenon (between 7.9% and 176 

11.8%) during cracker baking and suggested the initial increase of product thickness 177 

(cracker spring) to explain it; a similar reason was proposed by Purlis and Salvadori 178 

(2007, 2009c), who observed 1.2-3.5% more of surface lightness in bread at 5 min of 179 

baking. Probably, this first enlightenment is only due to physical changes occurring at 180 

the product surface at the beginning of the process. Before baking, i.e. after dough 181 

preparation (and proving), the surface of dough is wrinkled, irregular, but after a few 182 

minutes of heating, it turns considerably smooth due to volume increase. This change in 183 

surface texture may be the reason of the observed initial enlightenment, since a smooth 184 

regular surface can reflect more amount of light than a wrinkled irregular one. In this 185 

sense, this first stage is related to the method used for measuring browning 186 

development. Certainly, reflectance or visual techniques such as colorimeter or 187 

computer vision system can detect this (physical) change in contrast to chemical 188 

methods, i.e. from a chemical point of view this first stage is a lag phase where the food 189 

system conditions (temperature and water activity) are not sufficient for allowing the 190 

formation of browning reactions products. 191 

Indeed, there exist certain minimum requirements for the initiation of colour 192 

formation during baking of bakery products. In general, browning is detected since 193 

water activity decreases to 0.4-0.7 and temperature surpasses 105-120 ºC (Table 2). 194 

Under such conditions, only the surface (or crust) can show a significant change in 195 

colour during baking. Actually, in bread, HMF is detected almost exclusively in the 196 

crust (Capuano et al., 2008; Ramírez-Jiménez et al., 2000b). In conventional or 197 

traditional processing, temperature in inner regions (or crumb) does not exceed 100 ºC 198 

and water content (and activity) remains almost constant until the end of baking, though 199 

biscuit baking could be an exception when high oven temperature (>200-250 ºC) is used 200 
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due to product thinness (Ait Ameur et al., 2007; Sablani et al., 1998). Temperature 201 

requirement is related to energy necessary to start chemical reactions, i.e. activation 202 

energy. In addition, the production of coloured compounds such as HMF always needs 203 

at least one dehydration step during the Maillard reaction (Figure 1) and caramelization 204 

(Kroh, 1994), so too much water induces an inhibition of browning reaction by the 205 

products (Ait Ameur et al., 2006; Martins et al., 2001). 206 

In this way, low water activity favours the formation of colour during baking, 207 

which is consistent with reported high on-set temperatures, and transport phenomena 208 

involved in baking. In other words, as baking proceeds, temperature increases and water 209 

activity decreases at product surface (Figure 2), and therefore, browning development is 210 

accelerated leading to the formation and accumulation of colour compounds (Figure 3). 211 

Product formulation is also a critical factor for browning development. In bakery 212 

products, sugars content and the type of sugar are the main variables affecting colour 213 

formation. In general, HMF formation is increased with sugars content, but depending 214 

on baking conditions, sugars degradation proceeds in different ways. For instance, at 215 

oven temperatures below 300 ºC, sucrose presents stability and then glucose and 216 

fructose produce more HMF (Ait Ameur et al., 2007; Gökmen et al., 2007). Inversely, 217 

for more drastic baking conditions, sucrose can be totally hydrolyzed, and fructose and 218 

glucose released appear more reactive than pre-existing hexose in glucose and fructose 219 

formulated products in producing HMF (Ait Ameur et al., 2007). On the other hand, 220 

fructose can generate more HMF than glucose in any baking condition (Ait Ameur et 221 

al., 2007). Another important ingredient is the type of (chemical) leavening agent; the 222 

use of ammonium bicarbonate reduces the pH of dough and then accelerates the 223 

degradation of sucrose and consequently the formation of HMF during baking (Gökmen 224 

et al., 2008b). 225 
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It is difficult to suggest standard or target values for lightness or HMF 226 

concentration since there exist a great diversity of bakery products and operating 227 

conditions, besides consumers’ preference is involved, but typical values are given in 228 

Table 3 in order to help establishing a general reference for conventional baking. 229 

Finally, when temperature is very high and low water activity is achieved at product 230 

surface, caramelization takes place producing more coloured compounds in addition to 231 

Maillard reaction products; this drastic condition is responsible for a burnt appearance 232 

characterized by low lightness of products. This can be seen in Figures 2 and 3 for bread 233 

baking; from 15-20 min under 220 ºC oven temperature, surface temperature surpasses 234 

160 ºC and water activity decreases below 0.2, thus producing lightness values lower 235 

than 60 (Purlis and Salvadori, 2009c). Some authors reported values of total colour 236 

change (ΔE
*
) between 50 and 60 as unacceptable condition for consumption regarding 237 

bread baking (Ahrné et al., 2007; Zanoni et al., 1995). 238 

In addition to colour development, browning reactions produce compounds that 239 

contribute to flavour and aroma attributes of bakery products, which are also essential in 240 

the initial judgment of consumers. In the Maillard reaction, the type of flavour 241 

compound formed depends on the type of sugars and amino acids involved, while 242 

temperature, time, pH and water content of the system influence the reaction kinetics 243 

(Martins et al., 2001; van Boekel, 2006). Degradation (i.e. deamination and 244 

decarboxylation) of amino acids by dicarbonyls (Strecker degradation) is of major 245 

importance to flavour formation by the Maillard reaction, though other pathways are 246 

also possible (van Boekel, 2006). Sugars degradation in absence of amino acids, i.e. 247 

caramelization, also gives flavour compounds, especially related to caramel flavour 248 

(Fennema, 1996; Kroh, 1994). Some characteristic (desired) compounds are 2-acetyl-1-249 

pyrroline, 4-hydroxy-2,5-dimethyl-3(2H)-furanone, methional, methylpropanal, 2,3-250 
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butanedione, maltol and isomaltol (Fennema, 1996; Rychlik and Grosch, 1996; Vanin et 251 

al., 2009). 252 

 253 

2.2. Nutritional aspects 254 

 255 

The development of browning also produces important effects on the nutritional 256 

properties of bakery products. In the beginning of Maillard reaction, the condensation 257 

between reducing sugars and amino acids certainly destroys the amino acids, as well as 258 

melanoidins formation (Figure 1). This is of particular importance in the case of lysine, 259 

an essential amino acid whose ε-amino group is the major source of primary amines in 260 

proteins and therefore suffers a significant loss of bioavailability when the Maillard 261 

reaction occurs (Fennema, 1996). Furthermore, during browning occur oxidation and 262 

destruction of other essential amino acids (methionine and tryptophan) and cross-linking 263 

of proteins (also related to crust formation and setting), thus impairing digestibility of 264 

proteins involved and reducing the nutritional quality of bakery products (Morales et al., 265 

2007). For instance, Tsen et al. (1983) reported a decrease in protein efficiency ratio 266 

(PER) of bread dough from 1.34 to 0.92 due to baking, and availability of lysine of 75% 267 

for bread crust in contrast to 90% for crumb, showing the negative effect of browning 268 

on the nutritional value of products. 269 

The Maillard reaction is also associated with the formation of acrylamide, a 270 

probably carcinogenic compound (Mottram et al., 2002; Stadler et al., 2002). In 2002, 271 

significant amounts of acrylamide (150-4000 μg kg
-1

) were found during cooking of 272 

carbohydrate-rich foods (Tareke et al., 2002). Actually, bakery products, together with 273 

potato products and coffee, are the most important sources of acrylamide (Claus et al., 274 

2008). Reported values for acrylamide concentration in bread crust range between 85 275 
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and 230 μg kg
-1

, for conventional baking at 200-270 ºC during 10-20 min (Ahrné et al., 276 

2007; Surdyk et al, 2004); in the case of biscuits, average content of acrylamide is 277 

between 150 and 229 μg kg
-1

, approximately (Gökmen et al., 2008a). Therefore, 278 

acrylamide formation during baking has been the focus of numerous studies with the 279 

aim of understanding the reaction mechanisms involved in order to predict and control 280 

its occurrence. 281 

Acrylamide formation is initiated by the condensation of reducing sugars and 282 

amino acid asparagine in the first stage of the Maillard reaction (De Vleeschouwer et 283 

al., 2009; Mottram et al., 2002; Stadler et al., 2002; Zyzak et al., 2003). Production of 284 

acrylamide is strongly correlated with baking temperature and time, asparagine and 285 

reducing sugars content, and apparently starts at 120-130 ºC, so it could be only found 286 

in the crust of bakery products (Ahrné et al., 2007; Becalski et al., 2003; Bråthen and 287 

Knutsen, 2005; Surdyk et al., 2004). In addition, acrylamide formation is highly 288 

correlated with colour development (Ahrné et al., 2007; Amrein et al., 2004; Gökmen et 289 

al., 2008a; Surdyk et al, 2004). Mitigation strategies have been proposed to reduce the 290 

concentration of this toxic compound in baked foods: the use of sucrose instead of 291 

reducing sugars (Gökmen et al., 2007), and sodium hydrogencarbonate instead of 292 

ammonium hydrogencarbonate as leavening agent (Amrein et al., 2004; Graf et al., 293 

2006); the addition of asparaginase (Capuano et al., 2008); steam and falling 294 

temperature baking (Ahrné et al., 2007). On the other hand, HMF is also suspected to be 295 

a harmful compound, so its presence is also undesired in bakery products (Gökmen et 296 

al., 2008b). 297 

On a positive note, some products of browning reactions are health promoting 298 

substances. Reductones and melanoidins formed in browning reactions present 299 

antioxidative activity based on reducing power and metal chelating capability (Baltes, 300 
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1982; Fennema, 1996; González-Mateo et al., 2009; Morales et al., 2009; Yoshimura et 301 

al., 1997), and desmutagenic effects have been reported in the Maillard reaction 302 

(Martins et al., 2001). 303 

 304 

3. Measurement of browning development 305 

 306 

With the aim of predicting and controlling the development of browning during 307 

baking, it results necessary to quantify the advance of browning reactions. In this way, 308 

the formation of colour has been measured by different experimental techniques, which 309 

can be divided into two main categories: direct and indirect techniques. The first group 310 

involves chemical methods that aim to measure the concentration of browning reactions 311 

products (or alternatively the consumption of reactants). Conversely, the indirect 312 

approach is focused on registering the variation of colour produced by the Maillard 313 

reaction and caramelization, i.e. it is related to technological applications. 314 

Direct or chemical techniques are mostly intended to measure the concentration 315 

of HMF and furfurals in products during baking. The general procedure consists in an 316 

extraction method, and subsequent quantification by HPLC-UV; UV detection is carried 317 

out at 280 or 284 nm (Ait Ameur et al., 2006, 2007; Ramírez-Jiménez et al., 2000b). A 318 

similar protocol is used for furosine determination, which is a compound formed at 319 

early stages of Maillard reaction (Ramírez-Jiménez et al., 2000b). Development of 320 

browning can also be followed by measuring the reactants consumption. In this sense, 321 

Ait Ameur et al. (2007) quantified the degradation of sugars in biscuit baking with a 322 

HPLC-RI (refractive index) detection method, after a water-ethanol extraction. 323 

Indirect techniques are based on a technological or sensorial approach. The 324 

traditional way of measuring the variation of colour has been the use of a colorimeter or 325 
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colour sensor (Ahrné et al., 2007; Ait Ameur et al., 2007; Baik et al., 2000; Broyart et 326 

al., 1998; Keskin et al., 2004; Mundt and Wedzicha, 2007; Ramírez-Jiménez et al., 327 

2000a, 2000b; Shibukawa et al., 1989; Zanoni et al., 1995; Zareifard et al., 2009), while 328 

computer vision systems represent a very promising tool for industrial applications 329 

(Abdullah, 2008; Gökmen et al., 2008; Purlis and Salvadori, 2007, 2009c; Wählby and 330 

Skjöldebrand, 2002). Basically, indirect methods quantify the amount of reflected light 331 

by the surface of the food, i.e. reflectance measurement, and results are given in a 332 

certain colour space. In food science, colour is mostly represented by the CIE L
*
a

*
b

*
 333 

colour space, which is an international standard for colour measurement adopted by 334 

Commission Internationale de l’Eclairage (CIE) in 1976 (León et al., 2006). The three 335 

parameters of this model represent the lightness of colour (L
*
), its position between red 336 

and green (a
*
), and its position between yellow and blue (b

*
) (Yam and Papadakis, 337 

2004). The CIE L
*
a

*
b

*
 colour system is based on the spectral sensitivity of human sight 338 

and its adaptation to prevailing lighting conditions (Mendoza et al., 2007). 339 

Main advantages of chemical techniques are objectivity, since a compound 340 

concentration is being measured, and sensibility (Ramírez-Jiménez et al., 2000b). On 341 

the other hand, such methods are destructive, laborious and time consuming. Inversely, 342 

indirect techniques are automated, rapid and non-destructive, although they have a 343 

sensorial basis. At present, computer vision is preferred over colorimeter or colour 344 

sensor devices in food engineering applications, especially in the research field. This is 345 

because computer vision based on image processing is a low-cost technique. In addition, 346 

computer vision does not imply any contact with samples for measurement, which is 347 

essential in the case of deformable materials such as dough. A major advantage of this 348 

technique with respect to a conventional colorimeter is the measured area in a single 349 

determination. By means of computer vision a great amount of data could be processed 350 
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in one step, e.g. the whole top surface of a product (see Figure 3b), while colorimeters 351 

give information about much smaller areas, e.g. 0.95 cm
2
 for Minolta CR-300 (Japan). 352 

Moreover, other important quality properties besides colour can be assessed by using 353 

this method, i.e. size, shape, and texture of products (Zheng et al., 2006), and also can 354 

be used to evaluate nutritional properties such as acrylamide formation during baking 355 

(Ahrné et al., 2007; Gökmen et al., 2008a). For further information about computer 356 

vision and its applications for food quality evaluation, the reader should be referred to 357 

specific reviews and literature (Brosnan and Sun, 2004; Gunasekaran, 1996; León et al., 358 

2006; Sun, 2008; Zheng et al., 2006). 359 

 360 

4. Mathematical modelling of browning 361 

 362 

Once the browning process has been characterized in terms of product properties 363 

and operating conditions, it becomes essential for food technologists to develop a 364 

mathematical model with the aim of predicting and therefore controlling the browning 365 

development during baking, which not only affects sensorial attributes but also the 366 

nutritional value of food. However, modelling this process in bakery products is a major 367 

challenge, since browning reactions involve complex mechanisms that are still not well 368 

elucidated, and moreover occur in a non-ideal system where simultaneous heat and 369 

mass transfer takes place, producing continuous changes in temperature and water 370 

activity. 371 

Undoubtedly, the best approach to model the browning development would be to 372 

consider the actual mechanisms of reactions and transport phenomena occurring in 373 

products during baking, but this is not possible so far. Instead, the kinetic approach is 374 

widely used for modelling browning. Kinetic modelling establishes that a process can 375 
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be mathematically described by means of rate constants and activation energies (i.e. 376 

kinetic parameters) with the aim of understanding, predicting and controlling the quality 377 

changes in food processing (van Boekel, 2008). In addition, the kinetic approach is a 378 

powerful tool since it is based only on the rate-determining steps of the reaction, which 379 

provide control points (Martins et al., 2001). In this way, colour formation is usually 380 

simplified by assuming a general mechanism of browning including both the Maillard 381 

reaction and caramelization (Zanoni et al., 1995). On these concepts, some efforts have 382 

been made to predict the development of browning during baking. Mostly, browning 383 

models have been developed for bread and biscuit, assuming first-order kinetics with 384 

the browning rate constant dependent on temperature. 385 

In the case of bread, Zanoni et al. (1995) firstly proposed a mathematical model 386 

to predict the browning of crust during baking. The model was set up by using ground, 387 

dried bread crumb as a model system for crust. Flat and compressed discs of milled 388 

crumb were dried until reaching constant weight and then heated at constant 389 

temperature with a refractory plate. Several browning experiments were performed at 390 

different temperatures (140 to 250 ºC). A first-order kinetic model for total colour 391 

difference was proposed, and the reaction rate constant was found to be temperature 392 

dependent following the Arrhenius’ equation. Then, Zanoni et al. (1995) applied the 393 

proposed model to predict crust browning during bread baking at 200 and 250 ºC, but 394 

results were only acceptable for 250 ºC. The authors concluded that kinetic parameters 395 

obtained from isothermal experiments cannot be used for practical baking conditions, 396 

and also remarked on the influence of water content on browning. 397 

Purlis and Salvadori (2007) reported an expression for colour development 398 

during bread baking as a function of product weight loss and baking temperature. 399 

Experimental data were obtained for 180, 200 and 220 ºC oven temperature under 400 
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natural and forced convection baking modes, and colour was measured directly from 401 

bread samples by using a computer vision system. In this way, the development of 402 

browning was followed in a non-ideal system, close to a real baking condition. 403 

Acceptable results were reported for a general baking process. More recently, these 404 

authors proposed another model for browning of bread during baking, but depending on 405 

local temperature and water activity (Purlis and Salvadori, 2009c). This model was 406 

based on a non-isothermal kinetic approach, since bread surface heating (and drying) 407 

and thus browning are non-isothermal processes. So, the variation of temperature and 408 

water activity during baking (obtained by numerical simulation) was included in the 409 

browning model. Good results for kinetic parameter estimation and description of 410 

colour development according to heat and mass transfer processes were reported. 411 

Regarding biscuit baking, Broyart et al. (1998) developed a first-order kinetic 412 

model to predict the lightness variation during the process. For parameter estimation 413 

and model validation, baking experiments were carried out at 180-330 ºC oven 414 

temperature, and colour of cracker surface was measured by a reflectance method. In 415 

addition, average temperature and water content of samples were registered in each 416 

baking test. In this way, the variation of bulk temperature and moisture of biscuit during 417 

baking could be included in the browning model. Prediction errors for lightness were 418 

between 1% and 24% at the end of baking, which were partially attributed to 419 

imprecision of colour measurements at high surface temperatures. Moreover, Broyart et 420 

al. (1998) emphasized the limitation of the model since average parameters (i.e. 421 

temperature and water content) are used to predict a surface property (i.e. lightness). 422 

Also for baking of biscuit, Mundt and Wedzicha (2007) proposed a first-order 423 

kinetic model based on an approach commonly used in colour-using industry (e.g. 424 

textile) to relate reflectance measurements (R, G, B colour values) to concentration of 425 
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coloured compounds produced by browning reactions. The authors reported that water 426 

activity has no effect on the kinetics of browning, though experimental data were 427 

obtained at low temperature (105-130 ºC). Conversely, from a chemical viewpoint, Ait 428 

Ameur et al. (2006, 2007) showed that formation of HMF in biscuit follows first-order 429 

kinetics, as well as colour development, and that water activity highly influences the 430 

production of coloured compounds. Finally, Hadiyanto et al. (2007) proposed a zero-431 

order kinetic model for the formation of melanoidins (due to Maillard reaction) during 432 

baking of bakery products, where the influence of temperature and water activity was 433 

taken into account. Table 4 presents some values of kinetic parameters reported in 434 

literature for browning development. 435 

 436 

4.1. A general model for browning 437 

 438 

So far, it has been demonstrated that development of browning during baking 439 

can be well described by a first-order kinetic model, with parameters depending on local 440 

temperature and water activity of the product. In addition, although colour formation is 441 

caused by group of complex chemical reactions, it can be simplified by assuming a 442 

general mechanism of browning, and followed by using colour models related to 443 

reflectance methods, for technological purposes. Finally, kinetics parameters should be 444 

estimated from experiments close to actual baking conditions, i.e. a non-isothermal 445 

process occurring in a non-ideal system, in order to obtain a better prediction 446 

performance (Dolan, 2003). 447 

Based on these concepts, and selecting surface lightness (L
*
) as browning index, 448 

a general model for colour development during baking can be stated as follows: 449 

*
*

Lk
dt

dL
                (1) 450 
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To describe the dependence of rate constant (k) with temperature, the Arrhenius’ law is 451 

commonly used: 452 











RT

E
kk aexp0

              (2) 453 

where k0 is the pre-exponential factor, Ea is the activation energy, T is (absolute) 454 

temperature, and R is the universal gas constant. However, this expression for 455 

temperature dependence has significance for chemical compounds such as HMF, which 456 

involves an energy activation related to a reaction. In the case of lightness or other 457 

colour variable representing the change of colour intensity, not directly involving 458 

chemical compounds, the activation energy concept may not be applicable (van Boekel, 459 

2008). Instead of Arrhenius’ equation, the following expression can be used to describe 460 

equally well the dependence of browning rate constant with temperature: 461 











T

A
kk exp0               (3) 462 

where k0 and A are fit parameters without physical meaning. 463 

On the other hand, the influence of water activity (or water content) of the 464 

product surface can be incorporated in different ways. For instance, Broyart et al. (1998) 465 

proposed to define the parameters of browning rate constant expression (k0 and Ea in 466 

their model) as a function of water content. Then, Purlis and Salvadori (2009c) adopted 467 

this approach to express the parameters of an Arrhenius-like expression for rate constant 468 

k (Eq. (3)) as a function of water activity: 469 

wa

k
kk 2

10                 (4) 470 

wa

k
kA 4

3                 (5) 471 
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Finally, parameter estimation is required to obtain a model for browning 472 

development. It is not the intention to review here the available numerical methods for 473 

computing the kinetic parameters, but it would be helpful to make some considerations 474 

with respect to the kinetic approach selected to develop a mathematical model. If a non-475 

isothermal approach will be applied, the model will include the thermal history of the 476 

product during baking (the same analysis is valid for water activity or water content). 477 

So, let us consider that the browning development is described by Eqs. (1) and (3), and 478 

the variation of temperature during baking has been registered. Then, an analytical 479 

expression for lightness variation can not be obtained, since k depends on temperature 480 

that also changes with time. Therefore, Eq. (1) must be evaluated numerically in order 481 

to estimate kinetic parameters. For instance, Broyart et al. (1998) applied the Euler-482 

Cauchy method, and Purlis and Salvadori (2009c) used a medium order Runge-Kutta 483 

routine. 484 

 485 

5. Technological aspects of browning 486 

 487 

After understanding the browning process, i.e. chemical reactions involved and 488 

their effects on both sensorial and nutritional properties of products, and knowing about 489 

how to measure and predict its development during baking, it would be interesting and 490 

useful to analyze such phenomenon from a technological point of view. In this way, the 491 

formation of colour has been correlated with other changes occurring during baking. 492 

The major advantage of this approach is that colour development is usually easier to 493 

monitor than other processes or reactions taking place in bakery products during baking, 494 

especially nowadays with the existence of rapid detection devices such as computer 495 

vision systems or colour sensors. Furthermore, surface colour is highly associated with 496 
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the overall quality of food, and certainly has an important effect on the consumer 497 

judgment and therefore the acceptability of bakery products, since colour influences the 498 

anticipated oral and olfactory sensations because of the memory of previous eating 499 

experiences (Abdullah, 2008). In addition, if a computer vision system is used to 500 

measure browning development, other features can be extracted simultaneously, i.e. 501 

size, shape, and texture (Brosnan and Sun, 2004; Zheng et al., 2006). Computer vision 502 

can be coupled to learning techniques such as fuzzy logic and artificial neural networks 503 

for quality evaluation. In this way, assessment of quality attributes can be achieved 504 

automatically, improving production performance besides increasing evaluation 505 

accuracy (Du and Sun, 2006). 506 

In particular, fuzzy logic and artificial neural networks appear as very interesting 507 

tools for food process control based on browning development, since the reasoning and 508 

linguistic terms of operators, experts, and consumers can be taken into account (Allais 509 

et al., 2007; Perrot et al., 2006). For bread baking, Kim and Cho (1997) developed 510 

neural networks models and a fuzzy controller to reduce the cost for heating the oven 511 

and to perform an intelligent control of the process. For the case of biscuit baking, 512 

Perrot et al. (1996, 2000) applied fuzzy methods for real time quality evaluation and 513 

feed-back control of the process. Another contribution to the field was made by Ioannou 514 

et al. (2004a, 2004b): they presented a browning process control system that gives the 515 

operator a diagnosis of the state of the product/process and proposes actions on process 516 

parameters based on a decision model. As well, browning can be part of an overall 517 

procedure developed for process design and optimization (Hadiyanto et al., 2007, 518 

2008a, 2008b; Therdthai et al., 2002), and management of baking ovens (McFarlane, 519 

1990). For these purposes, it can be useful to have a mathematical model for describing 520 

colour development during baking as a function of process variables. 521 
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Finally, the variation of nutritional properties of products could be followed 522 

through browning during baking. For instance, acrylamide formation is of major 523 

concern in food processing, but its experimental determination requires a (destructive) 524 

chemical and non-fast method that cannot be applied in a continuous production line. 525 

Fortunately, a good correlation between browning development and acrylamide 526 

formation was found in baking of biscuit (Gökmen et al., 2008) and bread (Ahrné et al., 527 

2007). In this way, combining a correlation between colour and acrylamide formation, 528 

and a computer vision system, a process control tool could be developed for both safety 529 

and quality evaluation purposes. 530 

 531 

6. Conclusion 532 

 533 

The development of browning in bakery products during baking is a subject of 534 

major interest for food technologists. Browning affects the overall quality of food, 535 

producing changes in sensorial attributes such as colour, flavour and aroma, global 536 

acceptance, and in nutritional properties, i.e. decrease of bioavailability of proteins and 537 

amino acids, formation of toxic compounds (e.g. acrylamide and HMF), and generating 538 

substances with antioxidative capability. Browning is the result of the Maillard reaction 539 

and caramelization, and its development depends on product formulation (amino 540 

compounds, sugars and leavening agents) and operating conditions (temperature and 541 

water activity). In this way, the use of real food systems instead of model systems is 542 

necessary for better understanding and controlling of browning in bakery products. 543 

Colour development is correlated with several changes occurring during baking, 544 

which represents a major advantage for food engineers. In this way, formation of colour 545 

has been measured by chemical and sensorial methods, both providing good results. 546 
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Nevertheless, it would be useful to develop a standard or universal procedure to follow 547 

colour variation during baking. A possible approach would be to calibrate a sensorial 548 

method (e.g. computer vision system or colorimeter) against a chemical technique (e.g. 549 

HMF quantification), as a function of product formulation, and finally to express the 550 

colour in standardized units (e.g. using CIE L
*
a

*
b

*
 model). In other words, an effort 551 

should be made to develop a rapid, low-cost, automated, sensible and objective method 552 

for the baking industry. 553 

Finally, it has been shown that understanding the browning development gives 554 

the possibility of managing the baking process in an overall way; it can be used to 555 

control, optimize, and design processes and equipment for the bakery industry. For 556 

these aims, it will be useful to have a mathematical model for browning development. A 557 

browning model cannot be developed from the actual mechanisms of colour formation 558 

due to they are not elucidated yet, but the kinetic approach is a helpful alternative to 559 

describe colour changes during baking. An adequate model should include the influence 560 

of temperature and water activity (or water content) on browning development, and 561 

kinetic parameters should be obtained under conditions close to real baking situations 562 

(non-isothermal mostly) by using appropriate measurement techniques, experimental 563 

designs, and numerical methods. 564 

 565 

Acknowledgements 566 

 567 

Author would like to thank to Consejo Nacional de Investigaciones Científicas y 568 

Técnicas (CONICET), and Universidad Nacional de La Plata (UNLP) for financial 569 

support. 570 

 571 



ACCEPTED MANUSCRIPT 

 24 

References 572 

 573 

Abdullah, M.Z. (2008). Quality evaluation of bakery products. In D.-W. Sun (Ed.), 574 

Computer vision technology for food quality evaluation (pp. 481-522). 575 

Academic Press, Burlington, MA, USA. 576 

Ahrné, L., Andersson, C.-G., Floberg, F., Rosén, J., & Lingnert, H. (2007). Effect of 577 

crust temperature and water content on acrylamide formation during baking of 578 

white bread: Steam and falling temperature baking. LWT – Food Science and 579 

Technology, 40(10), 1708-1715. 580 

Ait Ameur, L., Mathieu, O., Lalanne, V., Trystram, G., & Birlouez-Aragon, I. (2007). 581 

Comparison of the effects of sucrose and hexose on furfural formation and 582 

browning in cookies baked at different temperatures. Food Chemistry, 101(4), 583 

1407-1416. 584 

Ait Ameur, L., Trystram, G., & Birlouez-Aragon, I. (2006). Accumulation of 5-585 

hydroxymethyl-2-furfural in cookies during the baking process: Validation of an 586 

extraction method. Food Chemistry, 98(4), 790-796. 587 

Allais, I., Perrot, N., Curt, C., & Trystram, G. (2007). Modelling the operator know-how 588 

to control sensory quality in traditional processes. Journal of Food Engineering, 589 

83(2), 156-166. 590 

Amrein, T.M., Schönbächler, B., Escher, F., & Amadò, R. (2004). Acrylamide in 591 

gingerbread: Critical factors for formation and possible ways for reduction. 592 

Journal of Agricultural and Food Chemistry, 52(13), 4282-4288. 593 

ANMAT (2004). Código Alimentario Argentino (Food Code of Argentina, chapter IX). 594 

URL: http://www.anmat.gov.ar/codigoa/CAPITULO_IX_Harinas_actualiz_06-03.pdf 595 



ACCEPTED MANUSCRIPT 

 25 

Baik, O.D., Marcotte, M., & Castaigne, F. (2000). Cake baking in tunnel type multi-596 

zone industrial ovens. Part II. Evaluation of quality parameters. Food Research 597 

International, 33(7), 599-607. 598 

Baltes, W. (1982). Chemical changes in food by the Maillard reaction. Food Chemistry, 599 

9(1-2), 59-73. 600 

Becalski, A., Lau, B.P.-Y., Lewis, D., & Seaman, S.W. (2003). Acrylamide in foods: 601 

Occurrence, sources, and modeling. Journal of Agricultural and Food 602 

Chemistry, 51(3), 802-808. 603 

Bråthen, E., & Knutsen, S.H. (2005). Effect of temperature and time on the formation of 604 

acrylamide in starch-based and cereal model systems, flat breads and bread. 605 

Food Chemistry, 92(4), 693-700. 606 

Brosnan, T., & Sun, D.-W. (2004). Improving quality inspection of food products by 607 

computer vision-a review. Journal of Food Engineering, 61(1), 3-16. 608 

Broyart, B., Trystram, G., & Duquenoy, A. (1998). Predicting colour kinetics during 609 

cracker baking. Journal of Food Engineering, 35(3), 351-368. 610 

Capuano, E., Ferrigno, A., Acampa, I., Ait-Ameur, L., & Fogliano, V. (2008). 611 

Characterization of the Maillard reaction in bread crisps. European Food 612 

Research and Technology, 228(2), 311-319. 613 

Claus, A., Carle, R., & Schieber, A. (2008). Acrylamide in cereal products: A review. 614 

Journal of Cereal Science, 47(2), 118-133. 615 

De Vleeschouwer, K., Van der Plancken, I., Van Loey, A., & Hendrickx, M.E. (2009). 616 

Modelling acrylamide changes in foods: from single-response empirical to 617 

multiresponse mechanistic approaches. Trends in Food Science & Technology, 618 

20(3-4), 155-167. 619 



ACCEPTED MANUSCRIPT 

 26 

Dolan, K.D. (2003). Estimation of kinetic parameters for nonisothermal food processes. 620 

Journal of Food Science, 68(3), 728-741. 621 

Du, C.-J., & Sun, D.-W. (2006). Learning techniques used in computer vision for food 622 

quality evaluation: a review. Journal of Food Engineering, 72(1), 39-55. 623 

Esteller, M.S., de Lima, A.C.O., & da Silva Lannes, S.C. (2006). Color measurement in 624 

hamburger buns with fat and sugar replacers. LWT – Food Science and 625 

Technology, 39(2), 184-187. 626 

Fennema, O.R. (1996). Food chemistry (3rd ed.). Marcel Dekker, New York. 627 

Gökmen, V., Açar, Ö.Ç., Arribas-Lorenzo, G., & Morales, F.J. (2008a). Investigating 628 

the correlation between acrylamide content and browning ratio of model 629 

cookies. Journal of Food Engineering, 87(3), 380-385. 630 

Gökmen, V., Açar, Ö.Ç., Köksel, H., & Açar, J. (2007). Effects of dough formula and 631 

baking conditions on acrylamide and hydroxymethylfurfural formation in 632 

cookies. Food Chemistry, 104(3), 1136-1142. 633 

Gökmen, V., Açar, Ö.Ç., Serpen, A., & Morales, F.J. (2008b). Effect of leavening 634 

agents and sugars on the formation of hydroxylmethylfurfural in cookies during 635 

baking. European Food Research and Technology, 226(5), 1031-1037. 636 

González-Mateo, S., González-SanJosé, M.L., & Muñiz, P. (2009). Presence of 637 

Maillard products in Spanish muffins and evaluation of colour and antioxidant 638 

potential. Food and Chemical Toxicology, 47(11), 2798-2805. 639 

Graf, M., Amrein, T.M., Graf, S., Szalay, R., Escher, F., & Amadò, R. (2006). Reducing 640 

the acrylamide content of a semi-finished biscuit on industrial scale. LWT – 641 

Food Science and Technology, 39(7), 724-728. 642 

Gunasekaran, S. (1996). Computer vision technology for food quality assurance. Trends 643 

in Food Science & Technology, 7(8), 245-256. 644 



ACCEPTED MANUSCRIPT 

 27 

Hadiyanto, H., Asselman, A., van Straten, G., Boom, R.M., Esveld, D.C., & van Boxtel, 645 

A.J.B. (2007). Quality prediction of bakery products in the initial phase of 646 

process design. Innovative Food Science and Emerging Technologies, 8(2), 285-647 

298. 648 

Hadiyanto, H., Esveld, D.C., Boom, R.M., van Straten, G., & van Boxtel, A.J.B. 649 

(2008a). Control vector parameterization with sensitivity based refinement 650 

applied to baking optimization. Food and Bioproducts Processing, 86(2), 130-651 

141. 652 

Hadiyanto, H., Esveld, D.C., Boom, R.M., van Straten, G., & van Boxtel, A.J.B. 653 

(2008b). Product quality driven design of bakery operations using dynamic 654 

optimization. Journal of Food Engineering, 86(3), 399-413. 655 

Hasatani, M., Arai, N., Katsuyama, H., Harui, H., Itaya, Y., Fushida, N., & Tatsukawa, 656 

N. (1991). Heat and mass transfer in bread during baking in an electric oven. In 657 

A.S. Mujumdar, I. Filková (Eds.), Drying 91 (pp. 385-393). Elsevier Science 658 

Publishers, Amsterdam. 659 

Hodge, J.E. (1953). Chemistry of browning reactions in model systems. Journal of 660 

Agricultural and Food Chemistry, 1(15), 928-943. 661 

Ioannou, I., Perrot, N., Curt, C., Mauris, G., & Trystram, G. (2004a). Development of a 662 

control system using the fuzzy set theory applied to a browning process – a 663 

fuzzy symbolic approach for the measurement of product browning: 664 

development of a diagnosis model – part I. Journal of Food Engineering, 64(4), 665 

497-506. 666 

Ioannou, I., Perrot, N., Curt, C., Mauris, G., & Trystram, G. (2004b). Development of a 667 

control system using the fuzzy set theory applied to a browning process – 668 



ACCEPTED MANUSCRIPT 

 28 

towards a control system of the browning process combining a diagnosis model 669 

and a decision model – part II. Journal of Food Engineering, 64(4), 507-514. 670 

Jefferson, D.R., Lacey, A.A., & Sadd, P.A. (2006). Understanding crust formation 671 

during baking.  Journal of Food Engineering, 75(4), 515-521. 672 

Keskin, S.O., Sumnu, G., & Sahin, S. (2004). Bread baking in halogen lamp-microwave 673 

combination oven. Food Research International, 37(5), 489-495. 674 

Kim, S., & Cho, S.I. (1997). Neural network modeling and fuzzy control simulation for 675 

bread-baking process. Transactions of the ASAE, 40(3), 671-676. 676 

Kroh, L.W. (1994). Caramelisation in food and beverages. Food Chemistry, 51(4), 373-677 

379. 678 

León, K., Mery, D., Pedreschi, F., & León, J. (2006). Color measurement in L
*
a

*
b

*
 units 679 

from RGB digital images. Food Research International, 39(10), 1084-1091. 680 

Lostie, M., Peczalski, R., & Andrieu, J. (2004). Lumped model for sponge cake baking 681 

during the “crust and crumb” period. Journal of Food Engineering, 65(2), 281-682 

286. 683 

Lostie, M., Peczalski, R., Andrieu, J., & Laurent, M. (2002a). Study of sponge cake 684 

batter baking process. Part I: Experimental data. Journal of Food Engineering, 685 

51(2), 131-137. 686 

Lostie, M., Peczalski, R., Andrieu, J., & Laurent, M. (2002b). Study of sponge cake 687 

batter baking process. II. Modeling and parameter estimation. Journal of Food 688 

Engineering, 55(4), 349-357. 689 

Martins, S.I.F.S., Jongen, W.M.F., & van Boekel, M.A.J.S. (2001). A review of 690 

Maillard reaction in food and implications to kinetic modelling. Trends in Food 691 

Science & Technology, 11(9-10), 364-373. 692 



ACCEPTED MANUSCRIPT 

 29 

McFarlane, I. (1990). New method for computer management of baking ovens, Food 693 

Control, 1(2), 111-116. 694 

Mendoza, F., Dejmek, P., & Aguilera, J.M. (2007). Colour and image texture analysis in 695 

classification of commercial potato chips. Food Research International, 40(9), 696 

1146-1154. 697 

Mondal, A., & Datta, A.K. (2008). Bread baking – A review. Journal of Food 698 

Engineering, 86(4), 465-474. 699 

Morales, F.J., Açar, Ö.Ç., Serpen, A., Arribas-Lorenzo, G., & Gökmen, V. (2007). 700 

Degradation of free tryptophan in a cookie model system and its application in 701 

commerical samples. Journal of Agricultural and Food Chemistry, 55(16), 702 

6793-6797. 703 

Morales, F.J., Martin, S., Açar, Ö.Ç., Arribas-Lorenzo, G., & Gökmen, V. (2009). 704 

Antioxidant activity of cookies and its relationship with heat-processing 705 

contaminants: a risk/benefit approach. European Food Research and 706 

Technology, 228(3), 345-354. 707 

Mottram, D.S., Wedzicha, B.L., & Dodson, A.T. (2002). Acrylamide is formed in the 708 

Maillard reaction. Nature, 419(6906), 448-449. 709 

Mundt, S., & Wedzicha, B.L. (2007). A kinetic model for browning in the baking of 710 

biscuits: Effects of water activity and temperature. LWT – Food Science and 711 

Technology, 40(6), 1078-1082. 712 

Namiki, M. (1988). Chemistry of Maillard reactions: Recent studies on the browning 713 

reaction mechanism and the development of antioxidants and mutagens. 714 

Advances in Food Research, 32, 115-184. 715 



ACCEPTED MANUSCRIPT 

 30 

Pedreschi, F., León, J., Mery, D., & Moyano, P. (2006). Development of a computer 716 

vision system to measure the color of potato chips. Food Research International, 717 

39(10), 1092-1098. 718 

Perrot, N., Ioannou, I., Allais, I., Curt, C., Hossenlopp, J., & Trystram, G. (2006). Fuzzy 719 

concepts applied to food product quality control: A review. Fuzzy Sets and 720 

Systems, 157(9), 1145-1154. 721 

Perrot, N., Trystram, G., Guely, F., Chevrie, F., Schoesetters, N., & Dugre, E. (2000). 722 

Feed-back quality control in the baking industry using fuzzy sets. Journal of 723 

Food Process Engineering, 23(4), 249-279. 724 

Perrot, N., Trystram, G., Le Guennec, D., & Guely, F. (1996). Sensor fusion for real 725 

time quality evaluation of biscuit during baking. Comparison between Bayesian 726 

and fuzzy approaches. Journal of Food Engineering, 29(3-4), 301-315. 727 

Purlis, E., & Salvadori, V.O. (2007). Bread browning kinetics during baking. Journal of 728 

Food Engineering, 80(4), 1107-1115. 729 

Purlis, E., & Salvadori, V.O. (2009a). Bread baking as a moving boundary problem. 730 

Part 1: Mathematical modelling. Journal of Food Engineering, 91(3), 428-433. 731 

Purlis, E., & Salvadori, V.O. (2009b). Bread baking as a moving boundary problem. 732 

Part 2: Model validation and numerical simulation. Journal of Food 733 

Engineering, 91(3), 434-442. 734 

Purlis, E., & Salvadori, V.O. (2009c). Modelling the browning of bread during baking. 735 

Food Research International, 42(7), 865-870. 736 

Ramírez-Jiménez, A., García-Villanova, B., & Guerra-Hernández, E. (2000a). 737 

Hydroxymethylfurfural and methylfurfural content of selected bakery products. 738 

Food Research International, 33(10), 833-838. 739 



ACCEPTED MANUSCRIPT 

 31 

Ramírez-Jiménez, A., Guerra-Hernández, E., & García-Villanova, B. (2000b). 740 

Browning indicators in bread. Journal of Agricultural and Food Chemistry, 741 

48(9), 4176-4181. 742 

Rychlik, M., & Grosch, W. (1996). Identification and quantification of potent odorants 743 

formed by toasting of wheat bread. Lebensmittel-Wissenschaft und-Technologie, 744 

29(5-6), 515-525. 745 

Sablani, S.S., Marcotte, M., Baik, O.D., & Castaigne, F. (1998). Modeling of 746 

simultaneous heat and water transport in the baking process. Lebensmittel-747 

Wissenschaft und-Technologie, 31(3), 201-209. 748 

Shibukawa, S., Sugiyama, K., & Yano, T. (1989). Effects of heat transfer by radiation 749 

and convection on browning of cookies at baking. Journal of Food Science, 750 

54(3), 621-624, 699. 751 

Stadler, R.H., Blank, I., Varga, N., Robert, F., Hau, J., Guy, P.A., Robert, M.-C., & 752 

Riediker, S. (2002). Acrylamide from Maillard reaction products. Nature, 753 

419(6906), 449-450. 754 

Sun, D.-W. (2008). Computer vision technology for food quality evaluation. (1st ed.). 755 

Academic Press, Burlington, MA, USA. 756 

Surdyk, N., Rosén, J., Andersson, R., & Åman, P. (2004). Effects of asparagine, 757 

fructose, and baking conditions on acrylamide content in yeast-leavened wheat 758 

bread. Journal of Agricultural and Food Chemistry, 52(7), 2047-2051. 759 

Tareke, E., Rydberg, P., Karlsson, P., Eriksson, S., & Törnqvist, M. (2002). Analysis of 760 

acrylamide, a carcinogenic formed in heated foodstuffs. Journal of Agricultural 761 

and Food Chemistry, 50(17), 4998-5006. 762 

Therdthai, N., Zhou, W., & Adamczak, T. (2002). Optimisation of the temperature 763 

profile in bread baking. Journal of Food Engineering, 55(1), 41-48. 764 



ACCEPTED MANUSCRIPT 

 32 

Tsen, C.C., Reddy, P.R.K., El-Samahy, S.K., & Gehrke, C.W. (1983). Effect of the 765 

Maillard browning reaction on the nutritional value of breads and pizza crusts. In 766 

G.R. Waller, M.S. Feather (Eds.), The Maillard reaction in foods and nutrition 767 

(pp. 379-394). American Chemical Society, Washington D.C. 768 

van Boekel, M.A.J.S. (2006). Formation of flavour compounds in the Maillard reaction. 769 

Biotechnology Advances, 24(2), 230-233. 770 

van Boekel, M.A.J.S. (2008). Kinetic modeling of food quality: A critical review. 771 

Comprehensive Reviews in Food Science and Food Safety, 7(1), 144-158. 772 

Vanin, F.M., Lucas, T., & Trystram, G. (2009). Crust formation and its role during 773 

bread baking. Trends in Food Science & Technology, 20(8), 333-343. 774 

Wählby, U., & Skjöldebrand, C. (2002). Reheating characteristics of crust formed on 775 

buns, and crust formation. Journal of Food Engineering, 53(2), 177-184. 776 

Yam, K.L., & Papadakis, S.E. (2004). A simple digital imaging method for measuring 777 

and analyzing color of food surfaces. Journal of Food Engineering, 61(1), 137-778 

142. 779 

Yin, Y., & Walker, C.E. (1995). A quality comparison of breads baked by conventional 780 

versus nonconventional ovens: A review. Journal of the Science of Food and 781 

Agriculture, 67(3), 283-291. 782 

Yoshimura, Y., Iijima, T., Watanabe, T., & Nakazawa, H. (1997). Antioxidative effect 783 

of Maillard reaction products using glucose-glycine model system. Journal of 784 

Agricultural and Food Chemistry, 45(10), 4106-4109. 785 

Zanoni, B., Peri, C., & Bruno, D. (1995). Modelling of browning kinetics of bread crust 786 

during baking. Lebensmittel-Wissenschaft und-Technologie, 28(6), 604-609. 787 

Zanoni, B., Peri, C., & Pierucci, S. (1993). A study of the bread-baking process. I: A 788 

phenomenological model. Journal of Food Engineering, 19(4), 389-398. 789 



ACCEPTED MANUSCRIPT 

 33 

Zanoni, B., Pierucci, S., & Peri, C. (1994). Study of the bread baking process – II. 790 

Mathematical modelling. Journal of Food Engineering, 23(3), 321-336. 791 

Zareifard, M.R., Boissonneault, V., & Marcotte, M. (2009). Bakery product 792 

characteristics as influenced by convection heat flux. Food Research 793 

International, 42(7), 856-864. 794 

Zhang, L., Lucas, T., Doursat, C., Flick, D., & Wagner, M. (2007). Effects of crust 795 

constraints on bread expansion and CO2 release. Journal of Food Engineering, 796 

80(4), 1302-1311. 797 

Zheng, C., Sun, D.-W., & Zheng, L. (2006). Recent developments and applications of 798 

image features for food quality evaluation and inspection – a review. Trends in 799 

Food Science & Technology, 17(12), 642-655. 800 

Zyzak, D.V., Sanders, R.A., Stojanovik, M., Tallmadge, D.H., Eberhart, B.L., Ewald, 801 

D.K., Gruber, D.C., Morsch, T.R., Strothers, M.A., Rizzi, G.P., & Villagran, 802 

M.D. (2003). Acrylamide formation mechanism in heated foods. Journal of 803 

Agricultural and Food Chemistry, 51(16), 4782-4787. 804 

805 



ACCEPTED MANUSCRIPT 

 34 

Figure captions 806 

 807 

Figure 1. Simplified scheme of the Maillard reaction (pH≤7), adapted from Hodge 808 

(1953), and Martins et al. (2001). ARP: Amadori rearrangement product; HMF: 809 

hydroxymethylfurfural. 810 

 811 

Figure 2. Temperature (a) and water activity (b) at bread surface during baking at 180 812 

ºC (squares), 200 ºC (triangles), and 220 ºC (circles), obtained by numerical simulation 813 

(Purlis and Salvadori, 2009c). 814 

 815 

Figure 3. (a) Variation of lightness of bread surface during baking at 180 ºC (squares), 816 

200 ºC (triangles), and 220 ºC (circles). (b) Image gallery of samples corresponding to 817 

(a) (Purlis and Salvadori, 2009c). 818 
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Table 1 

Principal aspects of browning development in bakery products and most relevant 

studies. 

 

Aspect of browning development Reference 

Chemistry of the Maillard reaction and 

caramelization 

Hodge (1953), Kroh (1994), Martins et al. 

(2001), van Boekel (2006) 

Study of the Maillard reaction and 

caramelization in bakery products 

Ait Ameur et al. (2006, 2007), Capuano et 

al. (2008), Gökmen et al. (2007, 2008b), 

Ramírez-Jiménez et al. (2000b) 

Chemistry of acrylamide formation De Vleeschouwer et al. (2009), Mottram et 

al. (2002), Stadler et al. (2002), Tareke et 

al. (2002), Zyzak et al. (2003) 

Acrylamide formation in bakery products Ahrné et al. (2007), Amrein et al. (2004), 

Becalski et al. (2003), Bråthen and 

Knutsen (2005), Gökmen et al. (2007, 

2008a), Surdyk et al. (2004) 

Kinetic modelling Broyart et al. (1998), Dolan (2003), Purlis 

and Salvadori (2009c), van Boekel (2008) 
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Table 2 

Temperature and water activity values for initiation of browning for different bakery 

products. 

 

Product Temperature (ºC) Water activity Reference 

Biscuit 

100% flour 

50% sugar 

20% margarine 

~20% milk 

5% eggs 

>120  Shibukawa et al. (1989) 

L
*
 determination 

Biscuit 

100% flour 

37% sugars 

17.5% water 

16% fats 

>105-115  Broyart et al. (1998) 

L
*
 determination 

Biscuit 

100% flour 

50% sugar syrup 

17% palm fat 

 <0.4-0.7 Ait Ameur et al. (2006, 2007) 

HMF determination 

Biscuit 

100% flour 

44% sugars 

40% shortening 

22% water 

1.5% leavening agents 

1.25% salt 

 <0.4 Gökmen et al. (2008b) 

HMF determination 

Bun 

100% flour 

~57% skimmed milk 

11.4% margarine 

9.7% sugar 

5.7% fresh yeast 

>110  Wählby and Skjöldebrand (2002) 

L
*
 determination 

Bread 

100% flour 

54.1% water 

1.6% salt 

1.6% sugar 

1.6% margarine 

1.2% dry yeast 

>120 <0.6 Purlis and Salvadori (2009c) 

L
*
 determination 
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Table 3 

Some typical values of lightness (L
*
) and HMF concentration (mg kg

-1
 dry matter) in 

bakery products for various baking conditions. Ranges of L
*
, HMF and/or operating 

conditions are ordered respectively. 

 

Product L
*
 or HMF  Operating conditions Reference 

Biscuit L
*
 = 40-50 19 min, 200 ºC Shibukawa et al. (1989) 

 L
*
 = 55.7-14.4 6 min, 240-330 ºC Broyart et al. (1998) 

 L
*
 = 57.1 

HMF = 15.6 

90 min, 180 ºC Ramírez-Jiménez et al. (2000a) 

 HMF = 0.49-74.6 (Commercial, unknown) Ait Ameur et al. (2006) 

Fermented dough, 

~10% sucrose 

L
*
 = 65.6 

HMF = 151.2 

8-10 min, 220 ºC Ramírez-Jiménez et al. (2000a) 

White bread L
*
 = 84.1, 77.2 

HMF = 11.8, 68.8 

50 min, 200 ºC Ramírez-Jiménez et al. (2000b) 

 L
*
 = 81.6 

HMF = 40.1 

60 min, 200 ºC  

 L
*
 = 81.9, 82.1 

HMF = 3.4, 15.7 

30 min, 210 ºC  

 L
*
 = 83.0 

HMF = 21.8 

16 min, 235 ºC  

Bread crisp L
*
 = 80.73 

HMF = 2.53 

40 min, 140 ºC Capuano et al. (2008) 

 L
*
 = 72.40 

HMF = 14.63 

34 min, 160 ºC  

 L
*
 = 63.48 

HMF = 47.02 

25 min, 180 ºC  

Bun L
*
 = 52.13 8 min, 225 ºC Esteller et al. (2006) 

Muffin L
*
 = 83.9 ± 2.8 (Commercial, unknown) González-Mateo et al. (2009) 
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Table 4 

Kinetic models for browning development in bakery products. More details can be 

found in the text (Section 4). 

 

Product Model description Reference 

Biscuit First order for L
*
; Arrhenius-like equation for rate 

constant 











T

A
kk exp0  (min

-1
) 

wX
k

7
8

0

1056.1
1040.2


  

wX
A

2
3 1090.3

1013.8


  

Broyart et al. 

(1998) 

 First order for HMF; Ea = 10.63 kJ mol
-1

 (Arrhenius) 

k = 0.0028 s
-1

 for 200 ºC baking 

k = 0.0067 s
-1

 for 250 ºC baking 

k = 0.0082 s
-1

 for 300 ºC baking 

Ait Ameur et al. 

(2006) 

Bread First order for ΔE; Arrhenius equation for rate constant 

k0 = 42000 s
-1

, Ea = 64151 J mol
-1

 

Zanoni et al. 

(1995) 

 ΔE = (k0 Toven + k1) WL, k0 = 0.0266 ºC
-1

, k1 = -3.4991 Purlis and 

Salvadori (2007) 

 First order for L
*
; Arrhenius-like equation for rate 

constant 











T

A
kk exp0  (min

-1
) 

wa
k

6
6

0

107397.2
109233.7


  

wa
A

4738.49
107015.8 3   

Purlis and 

Salvadori (2009c) 

k: constant rate. Ea: activation energy. ΔE: total colour change. WL: weight loss (%). 

Toven: oven temperature (ºC). T: temperature (K). aw: water activity. Xw: water content 

(dry basis). 

 




