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ABSTRACT

The objective of this work is to present the metilody used to bring insight into interactions betweéeat
and mass transfer phenomena (within the heatindustcand between the product and its environmemt) a
the extent of Maillard reaction (influenced by thariations of local values of product moisture eomnt
temperature and reactants concentration) duringnbadf a sponge-cake type bakery product. Therefare
heat and mass transfer model coupled with a stoddéhetic model has been developed. This model dime
at mechanistically inter-relate the level of opigtconditions and the initial composition of theklery
products (in terms of reducing sugars and amind-&cintents) with the nature and extent of Maillard
reactions occurring during baking. The developest lamd mass transfer model takes into accountniaiter
moisture evaporation and vapour migration withia tipen porosity of the product during heating a age
apparent liquid moisture migration described bykBidaw. Internal heat transfer phenomena were riteest
using Fourier's law and apparent thermal heat cotindty. External heat and mass transfer phenomena
taken into account were convective drying, conwecind radiative heat transfer for both heatingdpco
and baking tray. Concerning the stoechio-kinetidelaeveloped in the present work, attention wag fma
the nature of simplifying assumptions made to dei&h phenomena of concern. This point is partidylar
important considering the complex reaction schefdaillard reaction which was necessarily reduced t
simplified observable scheme taking into accoubtidgraphical references about the subject andahlai
experimental data about reactivity acquired dutheystudy. The level of physical realism of head amss
transfer model previously discussed has hence dd@pted to the level of complexity of the stoedkiitetic
model.
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INTRODUCTION

The present work is part of the REACTIAL projectréBiction and control of the appearance or
disappearance of reactional markers during foodge® and conservation" (ANR-06-PNRA-023) supported
by the French National Research Agency. The mamddithis project is (i) to develop elements of gen
methodology in order to predict and control theroleal reactivity during food processing and storage

(ii) to study interactions between this reactivitgd heat and mass transfer phenomena occurringgduri
processing. In this project, the case of Maillagdation occurring during baking of cereal proddnzs been
chosen as one of the case studies. Maillard remesssociated with thermal treatments concern a mp
network of different pathways producing a huge nemtf newly-formed compounds leading to important
changes in food flavour, texture and nutritiondueawith both positive and negative consequencespiie

the number of papers dealing with Maillard reactfoften with one particular part of the whole réaal
scheme), very few studies have taken into accoatit bffect of heat and mass transfer phenomena and
composition of the product (in terms of chemicaka@ps involved) upon nature and extent of Maillard
reaction within solid food products undergoing frgt&c” heat treatments.

One of the major issues of this work is hence toaex an “apparent reaction scheme” from the cormpled
exhaustive Maillard reaction scheme. This appareattion scheme must be: (1) able to give reliable
representation of the real complex reaction schasseciated with Maillard reaction in the case déea
products (2) coherent with analytical capabilitigsisolating so-called chemical markers represaaif

the extent of Maillard reaction and accessible xyyeementation. This apparent scheme has beenndietx!
from a bibliographic review of Maillard reactions ¢ereal products [1, 2] and from baking experiraemtd



subsequent analysis of products of Maillard reactioorder to identify the main (and neglectedhpatys
followed by the initial reagents present in thedarct recipe and experimenting thermal conditiorseeisited
with hot air baking experiments. From this appaner@ction scheme, stoechio-kinetic models (so d@alle
chemical model) will be developed. These equatisitisappear as sink- and source-terms in classieait
and mass transfer continuity equations (so callegipal model) in order to predict local kinetidspooduct
temperature rise and moisture loss as well as iketf variation of concentrations of chemical spsc
appearing in the reaction scheme. A key point iadapt the level of complexity and physico-chemical
realism of both chemical and physical models tocbapled in order to obtain reliable predictions of
phenomena of concern.

The aim of this work is to give an overview of tresults concerning the prediction of extent of Nad
reaction during sponge cake baking coupled withpttegliction of product temperature rise and moéstass
kinetics during baking. Main hypotheses of both gitgl and chemical models will be given as well as
constitutive equations. Preliminary results of dation will also be given.

MATERIALS& METHODS

The sponge cake formula used for this study coraprizg5% flour (Moulins Soufflet, Corbeil-Essonnes,
France), 25% monohydrate dextrose (IMCD, Saint-BelRrance), 4% palm oil (local market), 1% sodium
chloride and 45% pasteurizd liquid eggs —Agro-Doutagey, France). The mixing and forming protocols
are detailed in [3]. Baking experiments and assedi@hemical analyses upon initial reagents andyuts

of Maillard reactions (including vapour productegent in the baking atmosphere) were realised wsing
specifically instrumented electric convective oyeesented in [3]. The thermal environment of thkela
products within this oven was precisely characegtim terms of convective and radiative heat flthose
homogeneity within the baking surface was checRedduct core and surface temperature as well aslbve
product moisture contents (with product samplingrgvs min during 30 min of baking) were recorded
during four experiments realised at maximum levieVentilation (v, and at air temperature of 140, 170
and 200°C and at minimum level of ventilatiof,fy at 170°C. Specific non-disruptive sampling systeas
also designed in order to sample products duriddgnigawithout thermal perturbation in the oven cgvit
Oven atmosphere was also continuously extracterh ftoe oven cavity and analysed using dynamic
headspace-solid phase microextraction (HS-SPME)@&DeMS system adapted to the present oven from a
previous study [4]. Seven Maillard reaction markeese followed during baking (1 measurement every 5
min during 30 min of baking) among which non-vditmarkers measured globally within the product
(glucose, amino groups and 5-hydroxymethylfurfuddiF) and volatile markers measured in the baking
atmosphere (furfural, 2,3-dihydroxy-6-methyl-pyrasoor DDMP, acetic and formic acids and HMF), the
analysis protocols being described in [1].

RESULTS & DISCUSSION

The apparent reaction scheme and associated chensdeers (species whose concentration can besesbtes
by experimental measurements) are presented irlREigd the associated chemical reactions in Tab. 1.
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Figure 1 : Apparent reaction scheme for Maillaracteons during sponge-cake baking
with chemical markers appearing as surrounded epeci
Table 1. Chemical reactions used in the apparent reactioenselof Maillard reaction (R: radical)



Reaction Reaction
number

R-NH, + glucose> Amadori compounds +

Amadori compound® R-NH, +HMF

Amadori compound® R-NH, +DDMP

Amadori compounds +4@ - R-NH, +Acetic acid + Erythrose

Amadori compounds +J@ - R-NH, +Formic acid + 2-deoxyarabinose

OO WIN|F

Amadori compound® R-NH, +Furfural + 2 HO + CHO

In order to convert the system of chemical reastionTab. 1 into a stoechio-kinetic model, a phdrder of
1 is assumed for all the reaction reagents anththence of temperature on rate constgmif reaction (j) is
assumed to be describable by Arrhenius model.

Concerning the modelling of heat and mass trangfemomena, the cereal product is considered as a
biphasic medium constituted of a continuous “pseligiad” phase (L) containing liquid water, dissety
chemical markers of Maillard reaction and dry nrattecally in equilibrium with a gaseous phase (G)
composed of vapour and volatile chemical markehe fieat and mass transport phenomena in the product
are assumed unidirectional since the lateral sesfa€¢ the mold are thermally insulated. The uppefase of

the product is heated by convection and radiati@myglecting the thermal resistance induced by thg then
mold, the lower surface of the product is heatadlyphy contact with a perforated baking tray aratly by
convection and radiation (part of the lower surfatéhe mold in contact with baking air). The temgtare

rise of the baking tray will be also predicted assg that the baking tray temperature is spatiatiiform at

all baking times. The value of product porositgénoted by (voume fraction of G) and is assumed uniform
within the product and constant during baking. fneduct is assumed non-shrinking during baking, the
concentration of dry matter in the liquid phaseknof dry matter/ rhof L) is denoted b{. The porosity of

the product is considered as an open porosity alpwas diffusion from the core of the product t® i
surface. This mass transport phenomenon is dedchipe pseudo-Fick law using apparent gas difftsivi
D¢ (m?/s) taken equal, for all species, to the vambffusivity in air. Diffusion of chemical species liquid
phase is assumed negligible except for water wheeaido-Fick law is used with an apparent liquidewat
diffusivity D, whose value is taken equal to£0n?/s as a first approximation. In the open poyosftthe
product and at its surface, the composition oflidi@d phase and the gaseous phase in a chemicabm@

is assumed locally at equilibrium and the valuesafcentrations in liquid phase @in kg/n? of L) and in
gaseous phasggQin kg/n? of G) are related using partition coefficiéqt:

Ce =K, C, (1)

The value of partition coefficient is determined féMF since this species is measured both in tloelyost
and in the baking vapours. For other compounds asddDMP, the value of partition coefficient isdika
priori by comparison with the value of the partition dméént for HMF taking into account the difference
the boiling point of the pure species. Concernhey\tolatile chemical markers of the Maillard reastithey
are detected and quantified using dynamic headsgpaizk phase microextraction (HS-SPME) and GC-MS
system. For a given marker (i), the informationegivby this analysis is expressed in peak @ean a
chromatogram and must be converted in gas contemtnasing a proportionality coefficief; quantifying
the affinity of the species (i) for the fibre sekst for the extraction:

C.=A/R 2)

whereC;, (kg/n?) is the concentration of species (i) in the bakitgosphere. The values of proportionality
coefficients for species of concern (HMF, formidaacetic acids, DDMP and furfural) were determined
previous studies [1]. Taking into account previdugpotheses and using gas concentratiy liquid
concentratiorC;_ or content in dry basi%;_ as state variable for the species of concerngélseous mass flux
for the species (i) at a positiarfrom the lower surface of the product is calculaedording to:
. oC, a(K,c.) a(K,BX,)
:_8D |G:_ED i iL =—8D i iL

Mo ¢ ox ¢ ox ¢ ox
wherex is the spatial coordinate (m). For vapour flux, tregour concentratio,g is not related to the
liquid water concentratiorC,, using partition coefficient but using classical teraactivity formalism

®)



(assuming that the water activigy, is independent of product temperature and thafptréect gas law is
applicable for the gaseous phase):

—_ pr MW — MW
Co= = T)—% 4
wG RT a‘w( ) vsal( ) RT ( )
whereT denotes the local product temperature @), the moisture content (dry basig)ss the saturating
vapour pressure (Pdyl, the water molar mass (kg/mole) aRdhe universal gas constant (J/mole.K). The
moisture liquid mass flux is calculated according:

. aC opBXx,)
=-(1-¢D,, —*=-(1-¢)D,, ——** 5
I’nwL ( ) wL ax ( ) wL ax ( )

The mass flux expressions having been defineddoh €@omponent (water in liquid and gas phase, il®lat
chemical species in gas phase), conservation eqgasind associated boundary limits are given. Fdemy
using moisture conteiX,,. and vapour conter,c (in kg/ kg of dry matter) as state variables:

0 6
a[(l_E)B (xwL + st)] 6x Lt mNG zr (6)

wherer,; is the net conversion rate of water (in kg’ fof productper s) for the ' reaction of the reaction
scheme presented in Fig. 1.This reaction rate eamelpo if water is neither a reactive nor a prodfch
reaction but can appear as a reaction reagent atupr as given in Tab. 1. The associated boundary
conditions are :

i, +m,, =0 inx=00t and s, +m, =k (C,.-C.) inx=elt @)

wheree is the thickness of the product assumed constajtl(, is the external mass transfer coefficient
(m/s) andC,., (kg/nT) is the vapour concentration in the baking atmesph(assessed by experimental
measurement). For the volatile chemical species,cttnservation equation and corresponding boundary
conditions are:

2fa-elp (x, + xS+ 2 =3, ®)

i, =0 inx=00t and .=k, (C.-C.) inx=e0t 9)

whereC,, is the concentration of volatile compound (i) fre tbaking atmosphere (kghmnoting that the
external mass transfer coefficient for speciess(assumed equal to external mass transfer camfficised
for water. For the non volatile compounds, the eovetion equation is simplified since there is mpour
concentration and no migration phenomena for tispseies. Finally, the enthalpy conservation eqnato
given as follows:

0 ~1. 0 (:
—|l-¢)H[+—\H)=0 10
ool 2 () (10)
where the mass enthalpy (J/kg) and the enthalpy(¥NYm2) are respectively calculated according to:
I:i = (CpDM +prL xwL +prG XWG)(T _273)+AHV0 XWG (11)
=\ ‘;—Z tiiny, ¢, (T =273) 411, (BH, +c,. (T -273)) (12)

where, in Egs. 11 and 18ypm, Cow @andcpuc are the heat capacities (J/kg.K) of dry matteyiti water and
vapour,T the product temperature (K)o the latent heat of vapourization for water at Q3&g) and\ the
product apparent conductivity (W/m.K). Note thaé thnthalpy flux associated with migration of vdeati
chemical species has been assumed negligible.drhesponding boundary equations are :

H=a(h, +h, )T, -T)+@-a)h, (T, -T) inx=0,0t (13)

tray

=(h, +h, )T ~T)+ e (BH,, +c,0 (T-279) in x=¢,0t (14)



wherea is the surface fraction of the product mold amadntact with baking air through the perforated
baking tray and (1&) the surface fraction of the product mold in plkgicontact with the baking tray at the
temperatureT,., (see discussion and hypotheses abdug)and h,, are respectively the convective and
equivalent radiative external heat transfer coiffits andT,, the temperature of the air assumed equal to the
temperature of the radiating walls of the oven.

The predictions of the model are compared withrdsults of experiments described in the “Materaid
methods” section of this document. A first levelvalidation can be made by considering the prediadf
product physical variables such as product centrd surface temperature. For the baking experiment
conducted at 170°C and at maximum ventilation pireglictions of the model seem in good accordante wi
the experimental measurements (Fig. 2).
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Figure 2 : Comparison between experimental (boles)irand predicted (dashed lines) product centresarfdce
temperature during an experiment conducted at 1@a@imum ventilation)

Concerning the chemical model, data about kinesirameters for the apparent reactional scheme cHosen
this study can not be found. A lack of data hae &lsen noted for equilibrium data concerning thiatie
chemical species appearing in the reactional schparétion coefficient for the equilibrium betwedéquid

and gaseous phase (inside the product and at theedrate vicinity of its surface) and proportionalit
coefficient between the gaseous phase and thecsufahe fibre used for the HS-SPME measureméiats.
this reason, a trial and error methodology has bedopted to find acceptable values for the kinetic
parameters appearing in the stoechio-kinetic motlbese values are given in the Tab.2 and must be
considered as rough estimates (and hence usedtiapebation with caution) taking into account the
numerous hypotheses made when developing the @ihysid chemical models and the lack of data in the
literature for the model unknown parameters asudised above.

Table 2. Chemical reactions used in the apparent reactioenselof Maillard reactions
Reaction Pre-exponetial factor Activation energy (kJ/mole)

number

1 3.10' M1s? 75

2 5.10°s* 100

3 5.10°s? 90

4 6.10'°s? 15

5 9.10s? 40

6 7.10°s? 50

When using the kinetic parameters given in Tab@ @lotting experimental measuremewessuspredicted
values for a baking experiment at 170°C realisedfiplicate (Fig. 3), an acceptable accordanceoimdl



except for glucose where the model overestimates/étues of glucose concentrations within the peadu

This can be explained by a neglected pathway irafiparent reactional scheme retained for this stundly
leading to glucose consumption and not taken inbmant in previous calculations.
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Figure 3 : Comparison between experimental (mark&rsplicates) and predicted (continuous linesxeotrations for
water and chemical species of the apparent reastioeme during a baking trial at 170°C (maximum ilegian)

CONCLUSION

This work presents an attempt to predict mechavaibyi the extent of Maillard reaction during bakiofja
sponge-cake type bakery product. The formalisatiottansfer phenomena includes heat and mass éransf
phenomena within the product during baking but #lansfer phenomena between volatile chemical speci
and the fibre used in HS-SPME measurements in aaeguantify the amount of volatile compounds
generated during baking. The complexity of phencantken into account and the lack of literatureadat
about unknown model parameters force us to fixapggmal values of unknown kinetic parameters using
trial and error methodology. Although the resultimpdel predicts experimental measurements to some

extent, the values of identified kinetic parametensst nevertheless be used with caution in extedpdl
conditions
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