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A mathematical model was set up to predict the extent ofgelatinization o f  starch in bread crumb during baking. A bread dough 
was placed into a cylindrical steel mould and baked in a pilot forced-convection electric oven at 250 °C. A type J thermocouple 
was placed into the bread crumb (i.e. at a depth o f  22 mm in axial position) in order to measure the temperature. Samples were 
extracted at different final baking temperatures (60, 65, 70, 75, 77, 80, 85, 90, 95, 98°C) and the determination o f  starch 
gelatinization kinetics was carried out on differential scanning calorimetric traces. It was shown that the extent o f  starch 
gelatinization follows first-order kinetics, where the rate constant varies with temperature according to the Arrhenius equation 
(Ko = 2.8 101S s-l ; E a = 138 kJ/mol). Kinetics were validated under dynamic temperature conditions: the experimental results 
were compared with those obtained from a mathematical model for heat and mass transfer during baking connected to the kinetic 
model for gelatinization. 

Introduction 

Baking is based on simultaneous heat and mass 
transfer, which causes a progressive increase of tem- 
perature and dehydration of the product. Such phe- 
nomena determine the kinetics of a series of complex 
chemical reactions (i.e. volume increase, starch gelat- 
inization, gluten denaturation and surface browning) 
responsible for the formation of bread crust and crumb 
having special sensory characteristics for texture, crisp- 
ness, surface colour and flavour. 
In order to control efficiently and optimize baking, one 
should clearly identify critical phenomena which deter- 
mine the quality of the final product, and their kinetics 
under various baking conditions. 
For baked products with a soft, wet crumb, such as 
bread, starch gelatinization, together with protein 
coagulation, formation of a brown crust and formation 
of ftavour compounds, are critical factors in baking (1). 
In fact, starch gelatinization is one of the factors that 
determine the baking time. Complete starch gelatiniza- 
tion in the crumb should be considered the first quality 
index of soft baked products. If starch gelatinization 
does not occur, sensory acceptability of the product, in 
terms of both appearance and texture, will never be 
ensured. Consequently, the extent of gelatinization may 
be taken as a 'minimum baking index' (i.e. a control 
parameter of the baking process). Complete starch 
gelatinization must first be reached in the product, and 
a flavoured, coloured crust then forms. 
Starch gelatinization has been studied by many work- 
ers, who advanced hypotheses about its molecular 
mechanism and studied the influence of some compo- 
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nents of baked products, such as water, lipids, sugar, 
and salts, on the phenomenon (2-5). 
The molecular mechanism is uncertain. According to a 
more recent hypothesis (4), starch is a dispersion of 
amylopectin crystals and amylose within a non-crystal- 
line (amorphous) matrix. Gelatinization would be 
characterized by two closely correlated phenomena: 
glass transition of the amorphous component and 
melting of the crystalline component. 
According to most authors (6), starch gelatinization in 
water/starch systems follows this kinetic model: 

k I k 2 
A - - , R - , S  Eqn [1] 

where A represents ungelatinized starch, R swollen 
granules, and S solubilized starch. Both phases are 
irreversible and follow first-order kinetics of the form: 

dCA 
- -k1CA Eqn [2] 

dt 

dCs 
= - k 2 C  R Eqn [3] 

dt 

where k~ and k2 are the reaction rate constants, which 
depend on temperature, according to the Arrhenius 
equation. 
If the initial concentration of ungelatinized starch is 
CAo, the kinetic model is: 

Cs k2 kl  
a = = 1 + exp(-klt) + exp(-kzt) Eqn [4] 

CA o k l - k2  k2-k  1 

where ct is the gelatinized starch fraction. If the rate of 
swelling of starch granules is much faster than their 
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dispersion rate, the dispersion rate controls the 
reaction. 
Some authors applied this kinetic theory to the 
molecular phenomenology of starch gelatinization (4). 
According to Lund and Wirakartakusumah (7), who 
have studied rice starch gelatinization kinetics by 
differential scanning calorimetry (DSC), gelatinization 
follows first-order kinetics only beyond a certain extent 
of gelatinization. During the initial phase of heating, to 
slightly above 65 °C, gelatinization would only affect 
the amorphous regions and would not follow first-order 
kinetics. During the subsequent phase of the process, 
the crystalline regions, destabilized by the amorphous 
component, 'melt' according to first-order kinetics. 
Zanoni et al. (8) set up a model of starch gelatinization 
kinetics for bread. Calorimetric traces, after smoothing 
and standardization, were deconvoluted into one or 
two Gaussian curves, depending on the treatment 
temperature and time. This suggested that the system is 
a mixture of two components, the second of which was 
found to have a lower gelatinization rate. The kinetic 
parameterization was only applied to the second 
Gaussian curve. It was shown that the trend of the 
second peak fits well with first-order kinetics, where the 
rate constant varies with temperature according to the 
Arrhenius equation (Ko =2.8 1018s-l;E, = 138 kJ/ 
mol). 
A large number of kinetic models for gelatinization are 
found in the literature. Conversely, few studies are 
available on the use of these kinetic models to control 
and predict baking of products. A kinetic model is 
required, which can be used at varying temperatures 
(i.e. a dynamic model), and which allows the prediction 
of the temperature profile at various points of the 
product during baking. 
The aim of this work is to validate the gelatinization 
model, set up in a previous study (8), and to correlate it 
with a model used to predict heat and mass transfer 
during bread baking, which is a modified form of the 
model by Zanoni et al. (9, 10). 

acquisition and recording system (Datascan 7220 - -  
Measurement Systems Limited, Newbury, U.K.) inter- 
faced by RS232 to a PC, was placed into the bread 
crumb at a depth of 22 mm in axial position in order to 
measure the temperature. Samples were extracted at 
different final baking temperatures as follows: 60, 65, 
70, 75, 77, 80, 85, 90, 95, 98 °C. Crumb samples (about 
60 mg) were immediately collected close to the 
thermocouple and placed into small aluminium DSC 
pans (150 gL), which were then sealed and dipped in a 
liquid ice bath to stop baking and, therefore, starch 
gelatinization. As a result, different degrees of baking 
and extents of gelatinization occurred and were then 
determined. 
In order to evaluate the extent of gelatinization, the 
samples were subjected to thermal scanning from 28 to 
120 °C at 5 °C/min in a Mettler DSC 20 differential 
scanning calorimeter (Pabisch Srl, Milano, Italy). An 
empty cell was used as a reference. The tests were 
performed in triplicate using the bread crumb baked 
for different times. Thirty tests were carded out on the 
raw dough. 
The determination of starch gelatinization kinetics was 
carried out on averaged DSC traces, suitably smoothed, 
standardized, and deconvoluted according to the proce- 
dure described by Zanoni et al. (8). Calorimetric traces 
were deconvoluted into one or two Gaussian curves as 
a function of the degree of baking. The deconvoluted 
peaks were subjected to numerical integration, and the 
relevant areas were compared with the peak areas 
relating to the raw product. 
The extent of gelatinization ct, reached at the end of 
baking, was calculated according to the following 
equation: 

Of 
ct = 1- Eqn [5] 

Omax 

where Q1 and Qm~.~ are the areas of endothermic peaks 
for partially baked samples and for the raw dough, 
respectively. 

Materials and Methods  

Determination of  the extent of  gelatinization during 
baking Model for heat and mass transfer during baking 

210 g flour (92.9 g/kg moisture, 130.0 g/kg proteins on 
dry basis, 6 g/kg ash on dry basis, pH 5.7-6.1), 16 g 
water, 8.4 g leavening powder (A. Bertolini Srl, 
Collegno, Torino, Italy) and 4.2 g salt were mixed in a 
Hobart N50G kneading machine for 5 min. Water was 
added as required to form a dough having a final 
consistency of 500 Brabender Units. 
The dough was placed into a cylindrical steel mould 
(5.44 cm in height, 7.36 cm in diameter) and kept at 
room temperature for 15 min before being baked. 
Baking was carried out in a pilot forced-convection 
electric oven (Carlo Erba, Milano, Italy). The air 
temperature was kept at 250 + 1 °C. A type J thermo- 
couple (0.5 mm in diameter), connected to a data 

This model is based on phenomenological hypotheses, 
equations and boundary conditions reported previously 
(9,10). One of the limitations of this model was the 
estimation of some thermophysical properties, such as 
apparent density, thermal conductivity and thermal 
diffusivity of the product. The values and mathematical 
relationships used to model the trend of these thermo- 
physical properties during baking were obtained from 
literature data and did not take the effect of porosity 
into account. Another limitation was connected to the 
fact that the overall heat transfer coefficient was not 
experimental, but it was calculated from the experi- 
mental profiles of surface temperatures. In order to 
overcome the above limitations, the mathematical 
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model has been revised, although the phenomeno- 
logical hypothesis and equations of the model have not 
been changed. 

Overall heat transfer coefficient 

The value of the overall heat transfer coefficient varies, 
depending on the product surface as follows: 

(a) Sample surface exposed to air. The overall heat 
transfer coefficient of sample surface exposed to air in 
the oven depends on convection (hco,,,,) and radiation 
(hirr) as follows: 

1 
U= Eqn [6] 

1 1 
+ - 

h¢o,~v hrr 

The convective heat transfer coefficient was evaluated 
experimentally (11). The radiation coefficient was 
calculated considering both the sample and the oven as 
grey bodies, according to relationships reported in the 
literature (12): 

TI4-T24 ) 
hir r = o-E 2 T1-T2 Eqn [7] 

where: 
hir r -- radial heat transfer coe f f i c i en t  (W/(m2.K4)) 
o = Stephan-Boltzman constant (W/(m2.K4)) 
T2 = temperature of body 2 (K) (i.e. bread surface) 
7'1 = temperature of body 1 (K) (i.e. oven wall) 
~2 = emissivity of body 2 (i.e. bread surface) 

(b) Sample surface in contact with the mould. The 
overall heat transfer coefficient of sample surface in 
contact with the mould depends on convection (h . . . .  ), 
radiation (hirr) and conduction (hcond), which can be 
expressed by the following equation: 

1 
U= Eqn [81 

1 1 Ax 
+ + 

h¢o,,v h~ L 

where: 
~. = thermal conductivity (W/(m.K)) 
A.x = mould thickness (m) 
To solve equations (6) and (8), the temperature of oven 
walls was measured using self-adhesive thermocouples 
type J (0.5 mm) (Tersid, Milan, Italy), which were 
attached to the lateral, upper and lower oven walls. The 
thermocouples were connected to the automatic data 
acquisition and recording system. 

Apparent density and thermal conductivity 

The relationships describing the evolution of apparent 
density (Q) and of thermal conductivity (~.) during 
baking were set up so as to consider not only the water 

loss, but also the variation in porosity during baking (e). 
For the apparent density: 

Ob = (o~Xw + Od(1-Xw))-Ke Eqn [91 

where: 
Ob = apparent density of bread (kg/m 3) 
Ow = apparent density of water (kg/m 3) 
Qd = apparent density of dry matter  (kg/m 3) 
Xw = mass fraction of water in bread (kg water/kg 
product) 
e = porosity (hollow over total volume ratio) 
K = constant of proportionality (kg/m3). 
In our case (11), O,, and Qd are 1000 (kg/m 3) and 895 
(kg/m3), respectively: K is 990 (kg/m3). Mass fraction of 
water and porosity vary during baking. Xw was calcu- 
lated from mass transport equations of our model. 
Considering that, in our case, the sample diameter 
remained constant during baking, e was calculated as: 

I - I f -  n o 
e = Eqn [10] 

HI 

where Ho(m) and H/(m) are the initial height of the 
sample at time t = 0 and the final height after a time t, 
i.e. before and during baking, respectively. 
The evolution of the sample height (Hf) during baking 
was measured and represented by the equations 
reported in Table 1. 
The variation in the thermal conductivity as a function 
of the water content and porosity is described by the 
following equation: 

~'b = (~.,,X,, + ~.d(1-Xw))-K'e Eqn [111 

Table 1 Data and equations for solving the mathematical 
model 

Sample weight 110 g 
Sample radius 36.8 mm 
Sample initial height (Ho) 32 mm 
Sample initial temperature 24 °C 
Sample initial moisture 409.4 g/kg 
Sample emissivity 0.95 
Thickness of lateral mould wall 0.35 mm 
Thickness of lower mould wall 0.4 mm 
Thermal conductivity of the mould 45 W/(w.K) 
Air temperature in the oven 250 °C 
Temperature of upper and lateral 234 °C 
walls of the oven 
Temperature of lower wall of the oven 262 °C 
(over electric resistors) 
Air relative humidity 
Convective heat transfer coefficient 
Convective mass transfer coefficient 
Baking time 

70% 
20 W/(m2.K) 
4 10 -2 m2/s 
Variable up to 
max. 60 min 

Sample height variation kinetics with baking time: 

for 0<t<600 s H,/Ho = 0.125 10-2t+ 1 

for t> 600 s Ht/H o = 1.78 
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where: 
~.b = thermal conductivity of bread (W/(m.K)) 
kw = thermal conductivity of water (W/(m.K)) 
kd = thermal conductivity of dry matter  (W/(m-K)) 
K' = constant of proportionality (W/(m.K)) In our case 
(11), kw and ~-d are 0.60 and 0.40 W/(m.K), respectively; 
K is 0.3 W/(m.K). Mass fraction of water and porosity 
vary during baking, as shown for the apparent 
density. 
A numerical computer  model in Fortran programming 
language was set up and a PC was used to solve the 
mathematical model. 
The symmetric heating of the sample, which has been 
verified in a previous work (9), facilitates solving the 
mathematical model in the same way for any rectan- 
gular cross-section of the finite cylinder. 
Each cross-section is divided into a grid system whose 
nodes represent the calculated points of temperature 
and moisture of the product. Nodes are marked with I 
and J to show the sequence of vertical and radial 
volume elements, respectively. 
The above-mentioned equations were solved by the 
numerical explicit solution by finite differences, i.e. 
derivatives were replaced with relevant incremental 
ratios. These equations represent the core of the 
numerical computer  model that permits the determina- 
tion of sample moisture and temperature of each node 
at given time intervals. 
Boundary conditions are: 

a t t = 0  

at t > 0  

r = r o  
W=Wo 
T= T~ 
T=Tss 
T =  T~s 
dT/dr = 0 
dW/dr = 0 

for 0 < r<R  and 0 < x < H  
f o r 0  < r ~ R a n d 0  < x < H  
f o r r  = R a n d 0  < x < H  
f o r x  = 0 a n d 0  < r < R  
f o r x  -- H a n d 0  < r < R  
for r = 0 
for r = 0 

where H is the height, R is the radius of the sample, 
T is the temperature,  To is the initial temperature,  Tss is 
the surface temperature,  W is the absolute humidity, W o 
is the initial absolute humidity and Ws~ is the surface 
absolute humidity. 
Data and equations necessary to solve this model are 
reported in Table 1. 

Kinetic model for starch gelatinization 

The model describing the starch gelatinization during 
baking is reported in a previous work (8). According to 
this model, the rate of gelatinization can be described 
by the trend of disappearance of the second peak in the 
calorimetric trace, as discussed in the Introduction. 
Gelatinization follows first-order kinetics of the form: 

(1 - ct) = exp (-kt)  Eqn [121 

where: 
ct is the extent of gelatinization and t (s) is the time. The 
rate constant k (s -1) depends on temperature according 
to the Arrhenius equation (K o = 2.8 1018s- l ;  Ea = 138 

kJ/mol). This model was solved to predict the extent of 
gelatinization at each site within the product during 
baking. This was obtained from the sum of the various 
extents of gelatinization with respect to each finite time 
increase At. k was calculated at the temperature of a 
specific site within the product as follows: 

kT(1..r)=koexp( - RTE(~,j)) Eqn [131 

The extent of gelatinization resulting from the specific 
time interval was calculated and added to that of 
previous time intervals as follows: 

ct(l,/)t = 1 - (1 - ct (IJ) t_At)exp(-kr(u)At)  Eqn [14] 

This model can be applied both to experimental 
temperature profiles and to temperature profiles calcu- 
lated at each site within the product according to the 
model for heat and mass transfer described above. In 
the former, At is equal to the time interval between two 
temperature measurements (in our case At = 10 s); in 
the latter, At is equal to the time interval applied to 
solve equations of our model (in our case At = 0.1 
s). 

Results and Discussion 

Table 2 shows a comparison between the experimental 
results obtained from 11 tests and the results calculated 
by models for heat and mass transfer and starch 
gelatinization during baking. Samples were collected at 
a depth of 22 mm in axial position. This was the site 
within the product representative of the coldest region 
of the product under our experimental conditions. In 
this region, the moisture content did not change and, 
therefore, gelatinization kinetics only depend on t ime- 
temperature relationships. The experimental and calcu- 
lated time necessary to reach the temperature at the 
above-mentioned point are reported in the second and 
third columns. The time calculated by the model to 
reach the same final temperature is reported in the 
fourth column. It can be observed that the calculated 
time is not significantly different from the experimental 
time. 
Mean experimental values of the extent of gelatiniza- 
tion (ct) are reported in the fifth column. It shows that 
the experimental error committed during the tests is 
relatively high, mainly due to the use of very small 
sample amounts in the DSC calorimeter. As a result, in 
most cases, the difference between samples is not 
significant. Moreover,  the moment  of complete gelat- 
inization cannot be measured precisely; in fact, the 
measurement inaccuracy amounts to about 2 min. 
The extent of gelatinization calculated by our model 
according to the calculated temperature profile is 
reported in the sixth column. It can be seen that the 
kinetic model for gelatinization allows the experi- 
mental trend to be predicted adequately. 
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Table 2 Variation of the extent of starch gelatinization during baking of crumb samples collected at a depth of 22 mm in axial 
position 

Experimental 
Temperature Experimental gelatinization 
measured at 22 mm time (s) a Calculated extent ° Calculated 

Test No. from surface (°C) time (s) gelatinization extent 
X S x .~ S x 

1 25 0 0 0 0.01a 0 
2 60 563 49 554 0.12 0.04b 0.06 
3 65 601 55 597 0.08 0.04ab 0.12 
4 70 634 55 653 0.30 0.05c 0.24 
5 75 688 62 713 0.36 0.05c 0.45 
6 77 700 63 740 0.56 0.00d 0.56 
7 80 720 65 760 0.76 0.05e 0.65 
8 85 763 69 800 0.91 0.04f 0.79 
9 90 840 76 908 0.87 0.00ef 0.98 

10 -95 950 86 1065 0.98 0.04f 1.0 
l l  98 1086 98 1200 0.99 0.05f 1.0 

Products bearing different superscripts are significantly different (P < 0.05). 
" Means (.~) and standard deviations (sx). 

It can be conc luded  that  the  overa l l  bak ing  m o d e l  set 
up in this work ,  inc luding  bo th  the  hea t  t ransfe r  m o d e l  
and  the ge la t in iza t ion  ra te  m o d e l ,  is real is t ic  and  
rel iable.  

Conc lus ions  

Three  basic  conclus ions  can be d rawn as  follows: 
1. The  m a t h e m a t i c a l  m o d e l  for  hea t  and  mass  t ransfe r  
in the  c rumb  is a d e q u a t e  and rel iable .  I t  is m o r e  
a p p r o p r i a t e  than  o t h e r  mode l s  r e p o r t e d  in the lit- 
e r a tu r e  (13,14) because  it is based  on a m o r e  real is t ic  
p h e n o m e n o l o g i c a l  hypothes is ,  and,  be ing  m o r e  genera l ,  
it can be app l i ed  u n d e r  var ious  o p e r a t i n g  cond i t ions  of  
ovens.  

2. The  m a t h e m a t i c a l  mode l  for  ge la t in iza t ion  is ade-  
qua te  and conf i rms hypo theses  by o t h e r  au thor s  (4,7). 
Also,  it can be app l i ed  to dynamic  cond i t ions  of  
t e m p e r a t u r e  va r ia t ion  dur ing  baking.  
3. This is the  first work  on bak ing  that  dea l s  with the  
c o m b i n a t i o n  of  a m o d e l  conce rn ing  a chemica l -phys ica l  
t r ans fo rma t ion  of  the p roduc t  (i.e. a cr i t ical  p h e n o m e -  
non for  the  qual i ty  of  the  final p roduc t )  and  a m o d e l  
conce rn ing  physical  p h e n o m e n a  of  hea t  and  mass  
t ransfer .  

A c k n o w l e d g e m e n t s  

R e s e a r c h  s u p p o r t e d  by Na t iona l  Counci l  of  Italy, 
special  p ro jec t  R A I S A ,  sub -p ro j ec t  N o  4, p a p e r  N o  
1791. 

R e f e r e n c e s  

1 STEAR, C. A. Handbook of Breadmaking Technology. New 
York: Elsevier Applied Science, pp. 578-579 (1990) 

2 BILIADERIS, C. G., PAGE, C. M., MAURICE, T. J. AND 
JULIANO, B. O. Thermal characterization of rice starch: a 
polymeric approach to phase transition of granular starch. 
Journal of Agriculture and Food Chemistry. 34, 6-14 
(1986) 

3 ZOBEL, H. E Starch crystal transformation and their 
industrial importance. Starch, 40, 1-7 (1988) 

4 SLADE, L. AND LEVINE, H. Beyond water activity: recent 
advances based on an alternative approach to the assess- 
ment of food quality and safety. Critical Reviews in Food 
Science and Nutrition, 30, 115-359 (1991) 

5 LIU, H. AND LELIEVRE, J. A differential scanning calo- 
rimetry study of melting transitions in aqueous suspen- 
sions containing blends of wheat and rice starch. Carbohy- 
drate Polymers, 17, 145-149 (1992) 

6 KOKINI, J. L., LIH-SHIUH LAI AND CHEDID, L. L. Effect of 
starch structure on starch rheological properties. Food 
Technology, 46, 124-139 (1992) 

7 LUND, D. B. AND WmAKARTAKUSUMAH, M. A model for 
starch gelatinization phenomena. In: McKENNA, B.M. 
(Ed.), Engineering and Food, Vol 1. Engineering Science in 
the Food Industry, London: Elsevier Applied Science 
Publishers, pp. 425--431 (1984) 

8 ZANONI, B., SCHIRALDI, A. AND SIMONETrA, R. A naive 
model of starch gelatinization kinetics. Journal of Food 
Engineering, 24, 25-33 (1995) 

9 ZANONI, B., PERt, C. AND PIERUCO, S. Study of the bread 
baking process. I. A phenomenological model. Journal of 
Food Engineering, 19, 389-398 (1993) 

10 ZANONI, B., PIERUCO, S. AND PEru, C. Study of the bread 
baking process. II Mathematical modeling. Journal of 
Food Engineering, 23, 321-336 (1994) 

11 GIANOWn, R. Messa a punto di metodi per 1o studio del 
trasporto di calore nella cottura dei prodotti da forno. 
Thesis, University of Milan, Milan (1993) 

12 TOLEDO, R. T. Fundamentals of Food Process Engineering. 
New York: Van Nostrand Reinhold, pp. 232-301 (1991) 

13 DE CINDIO, B., NADDEO, C., SAGGESE, A. AND CORRERA, 
S. Modellazione del processo di panificazione. 2°: cottura. 
Industrie Alimentari, 24, 357-364 (1986) 

14 DE WRIES, U., SLUIMER, P. AND BLOKSMA, A. H. A 
quantitative model for heat transport in dough and crumb 
during baking. In: N.G. Asp Lund University (Ed.), Cereal 
Science and Technology in Sweden, Proceedings of an 
International Symposium, 13-16 June, Ystad, Sweden, pp. 
174-188 (1989) 

318 


