JJOURNAL O

AGRICULTURAL AND
FOOD CHEMISTRY

J. Agric. Food Chem. 2007, 55, 3577-3584 3577

Ethyl Hexanoate Transfer Modeling in Carrageenan Matrices for
Determination of Diffusion and Partition Properties

ALEXANDRE JUTEAU-VIGIER," SAMUEL ATLAN,T ISABELLE DELERIS,®
ELISABETH GUICHARD,* ISABELLE SOUCHON, AND 10AN CRISTIAN TRELEA*:T

UMR 782 Génie et Microbiologie des Praifs Alimentaires, AgroParisTech, INRA, BPO1,
1 Avenue Lucien Brétigniéres, F-78850 Thiverval-Grignon, France, and UMR 1129 Flaveur,
Vision et Comportement du Consommateur, CHU de Bourgogne, ENESAD, INRA,
Université de Bourgogne, F-21065 Dijon Cedex, France

Aroma compound properties in food matrices, such as volatility and diffusivity, have to be determined
to understand the effect of composition and structure on aroma release and perception. This work
illustrates the use of mass transfer modeling to identify diffusion and partition properties of ethyl
hexanoate in water and in carrageenan matrices with various degrees of structure. The comparison
of results obtained with a diffusive model to those obtained with a convective model highlights the
importance of considering the appropriate transfer mechanism. Modeling of the preliminary
experimental steps ensures correct estimation of the conditions for the main aroma release step.
The obtained values of partition and diffusion coefficients are in agreement with those found in the
literature (either experimentally determined or predicted by theoretical equations) and demonstrate
that the structure level of carrageenan matrices has little influence on diffusion properties of ethyl
hexanoate (less than 20%).
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INTRODUCTION parameters of aroma release, depending on the experimental

To induce aroma perception, odorant volatile molecules must systems. The measurements can be performed under in vivo

be released from food matrices and then transported to the(9: 10) or in vitro conditions 11, 12). In vitro experimental
olfactory receptors. However, it is well-known that changes in SYStemS can be open systems with a constant gas flow diluting
both food composition (1) and structure @, often lead to a  (h€ 9as phase above the sample (13) or closed systems
modified aroma perception that could be explained by sensory (€auilibrium establishment) (14).
interactions (45) but also by the release from food matrices ~ Numerous volatile timerelease curves were obtained from
(6, 7). To clarify the sensory and/or physicochemical nature of model or real food matrices, from monophasic or multiphasic
the effect of the food structure on aroma perception, it is Systems, and from liquid, thickened, or gelled matrices. A
necessary to determine the relevant physicochemical propertieglescriptive analysis of these kinetic curves is often made without
of aroma compounds in food matrices in order to better quantify modeling of the release, which could provide information on
the physical mechanisms explaining aroma release. mechanisms involved (diffusion or convection, for example)
Static headspace methods are widely used in aroma studiesand/or on the limiting step in the mass transfer. Several modeling
for volatile release quantification. When performed at the approaches have been considered in the literattielfowever.
thermodynamic equilibrium, a partition coefficient between the Data-driven models consist of mathematical functions that best
gas phase and the food matrix can be calculated, providingdescribe the release curvel6(17), but no real description of
quantitative information on the retention of aroma compounds the release mechanisms can be obtained in this way. The
by the food matrix. information obtained cannot be used for other kinetic predic-
However, aroma release and perception are time-dependentions.
phenomena, and partitioning is not a sufficient key for an overall  The use of a mechanistic description3( 18) is more
understanding of the behavior of volatiles in food matri@s ( appropriate to determine aroma compound properties and to
Several approaches have been developed to obtain the kinetiGgentify the limiting step in the mass transfer. Depending on
the experimental setup and on the hydrodynamic conditions,
* To whom correspondence should be addressed. F88 13081 5490. two main mass transfer mechanisms have to be considered
Fax: +33 13081 5597. E-mail: cristian.trelea@agroparistech.fr. (19): convective transport when phases are well-stirred
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a) b) According to the second Fick’s law, the volatile concentration in the

Height (x Height (x) matrix phase depends on the vertical position and is given by:
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ok Interface . with x € [0,L] andt > to, wheret, corresponds to the beginning of
v step 1 of the experiment (=122 min).

Second, with regard to boundary conditions, the volatile compound
flux is zero at the bottom of the vial, which is expressed as:
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Figure 1. Schematic representation of aroma profiles during release from At the product-air interface, the mass flux conservation is written as:
the matrix to the gas phase. (a) Convective transfer mechanisms in matrix
and in gas phases. (b) Diffusive transfer mechanism in the matrix phase D.. acm(L.Y) - TeS () — ot 3
and convective mechanism in the gas phase. m ox kg [€q (1) = (V)] ®)
(Figure 1b). When the matrix phase is well-stirreBigure 1a), Third, the initial volatile compound concentration in the matrix is

the aroma compound concentration is the same in the Wholesupposed to be uniform. Indeed, volatile compounds are introduced

food matrix (no concentration gradient) except in a thin into the food matrix and the bottle is immediately sealed and stirred
9 p for 15 s. The bottle is then placed in a bath at°80 At this moment,

b(_)undary layer n_ear the Surface._ When the ma_trix _phase is n_Otthe volatile compound concentration is assumed to be the same
stirred, the establishment of gradient concentration in the matrix ihroughout the whole matrix. This can be written as:

is observed (Figure 1b). In the gas phase, volatile transport is

much faster than in liquid and solid samples and the concentra- Cr(X,ty) = Co (@)
tion gradient is generally neglected, with the possible exception

of the thin boundary layer near the interfacégire 1a,b). with x € [O,L].

In this paper, a model corresponding to mass transfer in an__Partitioning at the Gas—Matrix InterfaceAt the gas—matrix
unsirred cosed system was developed. The aim was o dentiy 2%, 062 ermochnaric equitrum s assumed s sy gver
phyS|caI_ properties of the ar(_)ma compotmatrix coup_le t the interfacecy () and the matrix phase at the interfacg (t) is
responsible for aroma release, md_ependently of the experimenta qual to the partition coefficient of the volatile compound:
setup. Juteau et al. (14) have previously used a convective model

to describe aroma release from water, thickened, and gelled c*(t)
matrices. These authors showed that there was a gap between == Kgm (5)
experimental and modeled data and explained these differences Cm ()

by the establishment of a gradient concentration in the matrix.

(ijsmg thelcrj ex;?erln:jentg_lﬁdat_a (pre\éloluslyk_pub_llshed and niw 10000 times higher than in the matri29), suggesting that the gradient
ata), we developed a diffusive model, taking into account the concentration in the headspace can be ignored, except in the thin

concentration gradient between the bulk phase and the surfacg,qyndary layer as shown Figure 1b. Changes in aroma compound

In the Gas Phasdn the gas phase, diffusion coefficients are about

layer. concentrations in the gas phase can be described on the basis of a mass
balance for the experimental system whent,, using a mass transfer
MATERIALS AND METHODS coefficient in the boundary layer of the gas phase (convective

. . . . " mechanism) as follows:
Mechanism Modeling.Depending on hydrodynamic conditions, the

volatile compound mass transfer may be described by a convective or dcg(t) .

diffusive mass transfer model. Vor gt~ Ko Aum (G (0 — Co(O] — Qyt) - () (6)
Convective Mass Transfer Model.The convective model used was

developed by Harrison and Hills2Q, 21). One major hypothesis During steps 1 and 3, the system is closed and the air flow rate

concerning the convective model was that the concentration of the ) is equal to zero. During the purge step (step 2), the system is
volatile compounds in the gas and the product phases is homogeneougpened and a 500 mL mihair flow is introduced. Losses induced by

at any given time, except for a very thin boundary layer. Therefore, this flow Qy(t) are taken into account in the mass balance equation for
convection was assumed to be the main physical phenomenon in thestep 2.

matrix phase, as schematically showrfigure 1a. These authors also Moreover, concerning the initial conditions of the experiment, it was
neglected the mass transfer resistance in the boundary layer of the gagssumed that no aroma compound was present in the gas phase until
phase, thus assuming perfectly uniform gas concentrations(Cy' the beginning of step 1:
in Figure 1a).

Diffusive Mass Transfer Model. A mechanistic model was set up Cy(t) =0 (7

to determine both diffusion and partition coefficients of aroma

compounds in solutions and hydrogels. The entire experimental protocol  Numerical ResolutionA spatial discretization of the partial dif-

was taken into account for the model development, including the first ferential equation (eq 1) using the finite volume method (23) was

equilibration (step 1), the purge step (step 2), and the volatile compound performed. The product was divided irtbvirtual layers of length_,.

release (step 3), as described in the experimental section. SeveralThe centers of the finite volumes are represented by the dashes on the

assumptions based on the experimental setup are given below. vertical axis ofFigure 2. The mass balance in each layer (the elementary
In the Matrix Phase.First, the matrix is not stirred. Thus, the  volumeLm * Agm) is

compound transfer in this phase is best described as a diffusive transport

(Figure 1b). Because of the horizontal plane symmetry, only one- accumulation rate in an elementary volume

dimensional transport along the vertical axis (0x) is considered. (incoming flux) — (outgoing flux) (8)
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Figure 2. Spatial discretization for solving the partial differential equation time (min)

according to the finite volume method; in gray, the food matrix; in white,

Figure 3. Gas-phase concentration profile of ethyl hexanoate during the
the gas phase.

whole release experiment from water (0.1% NaCl) and from 1%
t-carrageenan gel (0.5% NaCl), including the three experimental steps.

The general equation is applied to tNetheoretical layers of the Step 1, 2 h at 30 °C under static conditions; step 2, purge of the

product wherd corresponds to the layer number: headspace; and_ step 3, kilnetics of the release under static pon_ditions at
30 °C. The origin of the time scale corresponds to the beginning of the
dCrin Ci,;l _ Cim Cim _ ci,:,rl release step of the experiment (step 3).
Agm'Lm'E:Agm.Dm. -] _Agm'Dm' —Q
m m

9) The confidence interval for the partition coefficiéfyy, (and similarly

Special forms of this equation were written for the first layer (near [©F Pm) was determined as:

the vial bottom) and the last layer (near the product interface) in order _

to take boundary conditions into account (egs 2 and 3). Kminimax= Kgm = a-ar2,0” Ok (10)
Composition and Preparation of Flavored Polysaccharide Ma- ) ) o

trices. Three different concentrations of NaCl were chosen to generate Whereétu-ay2,. is the inverse of the Student cumulative distribution at

three different melting temperatures of 19%arrageenan matrices. The ~ confidence level and v degrees of freedom. The confidence level

three matrices exhibited three different rheological behaviors 4630~ Was selected as = 0.95, and the number of degrees of freedom was

as previously described4): a macromolecular solution behavior (0.1% ¥ = M — 2 since two parameter&¢x, andDr,) were determined from

NaCl wiw), a very soft gel (0.3% NaCl wiw), and a relatively hard M measurements. The standard eweiwas determined from the so-

one (0.5% NaCl wiw). called local information matrix, computed during the model fitting step
The method was already presented in detail in Juteau efl4). ( (24).

Samples (24 mL flavored matrices in 100 mL borosilicate vials) were

done in triplicate. The flavored carrageenan matrices were preparedRESULTS AND DISCUSSION

by mixing carrageenans in salted agueous solutions a#C20The Concentration Profiles in the Gas Phase during Release
mixture was then stirred at & for 30 min for a complete solvation

of all macromolecular chains. Reference solutions containing the SameMeasurements.As an exampleFigure 3 shows the time-
amount of salt and replacing the hydrocolloid by an equal mass of dependent release curve of ethyl hexanoate from salted water
pure water were also flavored and analyzed. with 0.1% NaCl and from a 1%-carrageenan gel with 0.5%
Ethyl hexanoate is a frequently used compound in food aroma NaCl. The curve consists of three distinguishable parts corre-
formulation. Ethyl hexanoate was added after the matrices were cooledsponding to the three steps of the experiment. Step 1 begins at
from 90 to 60°C. The concentration was set to 4D L ~* corresponding the initial time of the experiment, whereas step 3 begins at the
to 8.73 x 10° mg nr®. The volatile compound losses during the jnijtial time of the measured release step. Step 2 refers to the
preparation of the sample were estimated by,Clbiextraction with purge time between the two. Similar curves were obtained for
the experimental procedure described in T4f ethyl hexanoate from salted water with 0.5% NaCl and from

Samples were then equilibrated for 2 h at 30 °C without stirring .4, . - o
(step 1 of the experiment). This first step was initially intended to obtain i(fjihﬁiiréﬁ%eri%gan matrices containing 0.1, 0.3, and 0.5% of

a thermal and physical equilibrium between the two phases. To begin ) - .
kinetic measurements with the lowest possible aroma concentration in  St€p 1 corresponds to the first equilibration at’&for 2 h.
the headspace, the gas phase in the vial was renewed with a 500 mLNO experimental data were obtained for this part, and the bold
min~* air flow for 2 min (step 2 of the experiment). The same procedure Curve corresponds to simulated concentrations of the volatile
was applied to the reference solutions (without polysaccharides). compound in the gas phase. This concentration increases rapidly
Static Headspace AnalysisThe analyzed matrices were maintained  during the first 20 min, then the increase rate gradually slows
at 30°C for different times (57200 s) (step 3 of the experiment).  down, and the headspace concentration at 120 min is close to
Only one sample per flask was analyzed. Vapor-phase samples (1 mL)gg5 mg nT3. Figure 3 shows that perfect equilibrium was not

were manually taken with a gastight syringe (1 mL, SGE) and manually 50 q]ly reached at the end of step 1, as assumed in the previous
injected into a HP 6890 gas chromatograph at the following times: work (16) ’

8.3x 1072 3, 5, 7, 30, 120, and 240 min. .

Diffusive Model Fitting. The differential algebraic equations (eqs In step 2 tlhe model S'mUIat?S the gas-phase renewall by a
1-9) system was solved using Matlab 7 (The MathWorks, MA). The 200 mL mir* gas flow for 2 min. As expected, the volatile
unknown parameter&(m andD,,) were adjusted to the experimental ~compound concentration in the gas phase decreases rapidly. At
gaseous concentratia®y using the LevenbergMarquardt method of ~ the end of the purge, the concentration of the volatile com-
minimization of the least-squares norm. pound in the gas phase is very low but not null. It is close to
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Figure 4. Comparison of diffusive and convective release models to Figure 5. Calculated concentration profile for ethyl hexanoate in water
experimental data of ethyl hexanoate release from water with 0.1% NaCl with 0.1% NaCl. Thin curves, volatile concentration in the different layers
at 30 °C. in the bulk phase; bold curve, volatile concentration at the interface. The

origin of the time scale corresponds to the beginning of the release step

of the experiment (step 3).
1.26 mg n3. Thus, this simulated step provides missing
information since it is experimentally very difficult to measure
the initial concentration of the volatile compound at the
beginning of the volatile compound release curve (step 3).

During step 3, the gas flow was stopped and the volatile

compound concentration in the gas phase increased. The initial
high rate of release slows down progressively and the concen-
tration in the gas phase tends to an equilibrium value, depending
on the partition coefficient of ethyl hexanoate in the considered
experimental conditions (matrices, pressure, and temperature)
This part is the only one experimentally determined. Experi-
mental values are represented as symbature 3 shows fair
agreement between experimental and modeled data, regardles,
of the matrix, which shows that the selected diffusive model is
appropriate for the description of the considered experimental
setup.

matrix. The most concentrated layers are located at the bottom
of the vial. The bold line represents the volatile concentration
in the matrix at the interface ¢£) and is equal to the gas
concentration at the interface divided by the partition coefficient,
as given by eq 5. Moreover, the time-dependent concentration
in various locations in the product was also simulated for steps
1 and 2. According té-igure 3, the concentration at initial time
(beginning of step 1) is assumed to be null in the gas phase
and homogeneous in the product because it was vigorously
stirred. The aroma concentration in the very first layers of
roduct located near the interface decreases quickly, while the
olatile compound concentration in the gas phase increases.
These first matrix layers are drained, but the concentration in
the deeper layers does not considerably vary because of the low
i ) i ) ) diffusion coefficient and the relatively short duration of the
Comparison with Previous Results Obtained with a experiment (400 min).

Convective Model of Volatile Compound Release. Figure 4 On the basis of the same experimental data, such as those in
shows the adjustment of the diffusive model and of the previous rjg e 4, the estimations of the partition coefficients are slightly

convective model to the experimental data obtained with salted jifrerent depending on which transfer mechanism is assumed
water. Both have the same slope rate at initial time. The valuesjn the matrix, either convective or diffusive. According to the
of the calculated parameters (partition and diffusion coefficients) conyective hypothesis, equilibrium is reached within the duration
are discussed in the next sections. of the experiment, while according to the diffusive hypothesis,
With the previous approach (convective model), a deviation it is not (Figure 4). With the convective model, the last
between theoretical and experimental points was observed inexperimental points (240 min) correspond to equilibrium
the middle section of the curvé=igure 4). Such a deviation  partitioning, while with the diffusive model, these last points
has already been reported for stirred matri@s (3). When  still correspond to a transient (increasing) regime, the equilib-
experimental concentrations in the central part of the releaserium concentration being higher. The estimated partition coef-
curve were systematically higher than model predictions, this ficients are thus slightly higher with the diffusive model. These
was explained by an increased exchange area due to a highestimations are preferred because the diffusive mechanism better
stirring rate. The opposite situation was explained inlteby corresponds to the physical reality of the considered experiments
an inefficient stirring, that is, the establishment of a concentra- (unstirred and, in some cases, thickened or gelled matrices).
tion gradient between the surface layer and the bulk of the  Estimation of the Thermodynamic and Kinetic Param-
matrix. For the considered unstirred systems, this assumptioneters. Partition Coefficient DeterminatiorFigure 6 gives the
was confirmed by the calculation of the apparent order of the partition coefficients determined using both convective and
release kinetic (1619). diffusive models for ethyl hexanoate in water (0.1 and 0.5%)
In contrast, the product concentration is not assumed to beand in 1%-carrageenan matrices containing 0.1, 0.3, and 0.5%
homogeneous with the diffusive model, and the establishmentNacCl.
of the gradient can be simulated and taken into account during The partition coefficient of ethyl hexanoate in water deter-
the whole experiment. Indeed, with the current approach, the mined using the diffusive model (126 102 in water with
theoretical volatile compound concentration depends on the 0.1% NaCl, 30°C) is slightly lower but in the same range as
position in the matrixFigure 5 represents the calculated time- those found in the literature. Indeed, relatively large differences
dependent concentrations at several locations in the foodcan be found between partition coefficients when measured by
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Figure 6. Partition coefficients of ethyl hexanoate estimated with the convective and the diffusive models in water (0.1 and 0.5% NaCl) and 1% «-carrageenan
matrices (0.1, 0.3, and 0.5% NaCl) at 30 °C. Error bars correspond to the 95% confidence interval; *, data from ref 16.

different methods (26). For example, the partition coefficient Table 1. Diffusion Coefficients of Ethyl Hexanoate in H,O and
of ethyl hexanoate obtained by van Ruth et ar)(at 25 °C in ~ t-Carrageenan Matrices at 30 °C*

water was 34x 1078 by static headspace analysis, whereas the
partition coefficient calculated from the activity coefficient at
infinite dilution and the saturated vapor pressure measured by *0.1% - +0.5% - +0.1% - +0.3% - +0.5%
Le Than et al. 28) was 18x 1073 under the same conditions NaCl NaCl NaCl NaCl NaCl
(25 °C). The partition coefficient estimated with the diffusive ~ Dn(10m*s™) 85 8.5 16 17 13
model is 18% higher than the partition coefficient previously v ) 95 118 1Ls 185 208
calculated with the convective model using the same data set.
Thus, it is closer to the values found in the literature. On the
basis of the 95% interval confidence, this difference is not
significant for ethyl hexanoate in salted aqueous solutions. For

olysaccharidic matrices, the partition coefficient is around 50% o , . -
poly b ° coefficient was estimated at 8:510~1°m2 s with coefficients

higher using the diffusive model (for 0:D.5% NaCl matrices, e 0 . .

respectively). For these systems, the differences between the‘?f variation between 9.and 1.2/0' An increase |n.salt concentra-
partition coefficients estimated with the two approaches are tion fTO_m 0.1to _0'5% did not |_n_duce any change in the d|ffl_13|on
significant (based on 95% confidence intervals). coefficient. Taking the variability of the headspace analysis and

Partiti fficients calculated with the tw dels for ethvl the structure of the experimental data set into account, these
artition (_:oe0|C|en S calculated wi € two models Tor €Iyl a5its can be considered as accurate estimations. A comparison

hexanoate in 1%-carrageenan matrices are_3|gn|f|cantly Iowe_r with the values available in the literature (estimated with
than thosg calculgted for ethyl hexanoate in water, suggesn.n.gempirical equations or experimentally measured) also confirmed
molecular interactions between the ester and the polysaccharldlctheir reliability, even if it was the diffusion of ethyl hexanoate
chains. This was also observed for ethyl butanoate, another ester, pure water 'that was considereTiable 2). The absence of
but not for linalool (14)'_ o ) salt effect on diffusion was also measured by NMR spectroscopy

For ethyl hexanoate in water, a significant increase of the concerning the diffusion of ethyl guaicol in salted solutions from
partition coefficient was observed when NaCl concentration g 1 to 0.3% NaCl (Table 330).

incregsed. This can pe explained by changes .i” the activity Regardless of the salt concentration (0.1 or 0.5%), the addition
coefficient of the volatile compound (29). This salting-out effect ¢ 104,-carrageenan induces at least a five-fold decrease of the
was also observed using the convective model. However, in yiffusion coefficient of ethyl hexanoat@4ble 1). Our previous

the three polysaccharidic matrices, no significant differences getermination obtained with the convective model highlighted
were obtained between the thickened solution (0.1% NacCl), the 5 similar effect on the mass transfer coefficied), This can

soft gel (0.3% NaCl), and the hard gel (0.5% NaCl). The salting- pe explained by an increased viscosity, as predicted by the
out effect may have been concealed by an increased retentionsioke —Einstein equation. The study of ethyl guaicol diffusion
when the degree of structuring was increased. in 1% (-carrageenan matrices by NMR with 0.1 or 0.3% NaCl

Moreover, the more structured the matrix is, the more the also highlighted a 1.7-fold decrease of the aroma diffusion in
differences between the two estimated partition coefficients the gel as compared to the free solutidialfle 3; 30). Because
increase. An explanation is that slower transfer in structured no chemical interaction or obstruction effects were identified,
matrices implies that the system is farther from equilibrium at these authors suggested that this retardation of the aroma
the final time of the experiment, implying larger differences compound diffusion could originate from frictional effects
between the two estimation of the partition coefficient, as (incomplete gelation under these conditions, leading to a
mentioned above. heterogeneous system).

Diffusion Coefficient DeterminationFitting the diffusive In polysaccharide gels, the effect of an increase in salt
model parameters to the experimental data allows the determi-concentration on the diffusion coefficients remains limited in
nation of the diffusion coefficients of ethyl hexanoate in the our study, even if we can observe a 20% decrease when NacCl
different matrices at 30C (Table 1). concentration reaches 0.5%aple 1). It is known that an

H20 1% t-carrageenan

@ Determination by fitting the diffusive model parameters to experimental data.

Considering the salted solutions, the ethyl hexanoate diffusion
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Table 2. Diffusion Coefficients of Ethyl Hexanoate in H,O or D,0?

experimental values estimated values
medium H,0 D,0 H,0 H,0
temperature ('C) 25 30 30 30
method Stokes cell NMR DOSY Wilke and Chang equation Hayduk—Minas equation
Dm (10710 m?s71) 7.9 (CV < 10%) 8.5 (CV < 5%) 8.14 7.13
refs 35 36 37 37

2 Experimental or calculated values found in the literature.

Table 3. Diffusion Coefficients of Ethyl Guaicol (30) and Ethyl partition coefficient in gels was obtained). However, we can
Butanoate (33) in H,0 and «-Carrageenan Matrices at 30 °C? also suggest that this discrepancy could originate from the
observation scale: with NMR measurements, local diffusion
0.1% 0.3% 0.5% in the bulk phase is considered, whereas our methodology results
Dn (10770 m? s ™) NaCl NaCl Nacl in a macroscopic analysis, leading to the determination of an
ethyl guaicol®? apparent diffusion coefficient.

TU%O j:g 471:2 Conce_rning NMR measurements, we can observe thgt the use
wcarageenan 2% 58 56 of D20 is kn_own to mod_n‘y the rheological properties of
concentration (%) ethyl butanoates? matrices, leading to more rigid ge3d). One can also question

1%  8.71(x0.76) 9.37 (£0.24)  10.04 (+0.65) the effect that the small size of the NMR cell has on gel

formation.
aDetermination by 'H NMR DOSY. b Standard deviations were estimated for With the objective of a better understanding of aroma
the diffusion coefficients between 0.01 and 0.05. ¢ Values are means (confidence compound release in relation to sensory perceptions, the
intervals at 95%). 9 Diffusion coefficient of ethyl gaicol and ethyl butanoate in water considered methodology seems to be more appropriate for
at 30 °C calculated from the Wilke and Chang (34): Degaorc = 85 x 10710 m? complex food matrices containing numerous aroma compounds.

st and Degorc = 94 x 10710 m? 574, respectively. Influence of the Modeling Assumptions on the Determined

Partition and Diffusion Coefficient Values. For accurate
increase of salt concentration leads first to the formation of the determination of the partition and diffusion coefficients using
carrageenan network (up to 0.3%) and then to a more rigid gel the described method, modeling assumptions must closely reflect
(up to 0.5%) L4). These results suggest that the effect of the the actual experimental protocol. The effects of some of these
addition of 1% polysaccharide on diffusion is much more assumptions are presented below.
important than the Subsequent StrUCtUring of the macromolecular Initial VVolatile Compound Concentration in the Product and
chains in a three-dimensional network. Rondeau-Mouro et al. Measured Headspace Concentratidfhe dynamic model of
(30) came to the same conclusions for ethyl guaicol diffusion the aroma release strongly relies on the mass balance of the
in 1 or 2%:-carrageenan gels since no salt effect was identified. aroma compound between the product and the headspace.
This preponderant effect of the addition of the polysaccharides possible errors in the initial aroma concentration in the product
can be related to the modification of the dry matter content, or in the measured concentration in the headspace significantly
known to greatly influence aroma compound mobili84]. affect the determination of the partition and diffusion coef-

Yet, Colsenet et al3) obtained a faster diffusion for biggest ficients. For example, overestimating the initial product con-
PEGs in casein gels than in casein solutions. This effect wascentration by 20% in the case of a 0.1% NaCl solution would
not identified for PEGs with lower molecular weight. Gostan result in a 19% underestimation of the partition coefficient and
et al. 33) showed a 13% increase of the diffusion coefficient a 29% underestimation of the diffusion coefficient. Such
of ethyl butyrate in 1%-carrageenan gels for NaCl content sjtuations are likely to arise in practice, for example, if volatile
varying from 0.1 to 0.5% (Table 3). Even if these variations compound losses during matrix preparation are not taken into
remain limited, they suggested a positive effect of a better account. It is thus important to verify the actual aroma
structured network, leading to an increase in the open spaceconcentration in the product before the beginning of the
available for molecular movements of the free molecules. The experiment, especially when working with highly volatile
comparison of experimental values of diffusion coefficients of compounds at high temperatures. Systematic errors in the

ethyl butanoate (33) with calculated valueefo-c = 9.4 x ~ measured headspace concentration, due, for example, to gas
107 m? s™%) on the basis of Wilke’s and Chang’s equation  chromatograph calibration, have similar effects.
(34) confirmed that this structuring effect remains limited. Equilibration StepThe experimental protocol include 2 h

This macroscopic study allows the determination of the equilibration step. Simulations show that complete equilibrium
diffusion coefficient of aroma compounds independently from s not actually reached in this step: Some concentration gradient
the experimental setup. Comparisons with the literature dem- still exists in the product, and the gas concentration is not
onstrated the reliability of the approach. It appeared that in perfectly constantRigure 3). The system is sufficiently close
-carrageenan gels, the aroma compounds mobility is more orto equilibrium, however, for the exact duration of the equilibra-
less limited by the level of the matrix organization and seems tion step to have relatively little effect on the determined
to essentially diffuse through the free phase (water). partition and diffusion coefficient values. For example, a 20%

It was observed in this study that the addition of 1% overestimation of this duration does not change the determined
carrageenan induced a higher reduction (5.3-fold) in the partition coefficient and underestimates the diffusion coefficient
diffusion coefficient with regard to the results of Rondeau- by less than 4%. However, modeling this step in the experi-
Mouro et al. (30) (1.7-fold decrease). This could be attributed mental protocol is important. Fitting a simplified model (without
to the existence of molecular interactions between ethyl hex- the equilibration step) to the experimental data would result in
anoate and polysaccharides chains (since a decrease in tha 25% underestimation of the diffusion coefficient.
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Purge StepDuring the purge step, a strong aroma concentra-

tion gradient is created in the superficial product layer, which

influences subsequent aroma release during the headspace
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(6) Boland, A. B.; Delahunty, C. M.; van Ruth, S. M. Influence of
texture of gelatin gels and pectin gels on strawberry flavor release
and perceptionFood Chem2006,96, 452—460.

concentration measurement step. Simulations show that over- (7) Saint-Eve, A.; Martin, N.; Guillemin, H.; Semon, E.; Guichard,

estimating the purge duration or the purge flow rate by 20%
has a negligible effect on the determined partition coefficient
and overestimates the diffusion coefficient by 15 and 5%,
respectively. This is relatively low as compared to the overall
uncertainty in the determined value of the diffusion coefficient,
as indicated by its variation coefficientTgble 1). Exact

knowledge of the experimental conditions during the purge step

is therefore not critical. Not to model the purge step completely

would be an unacceptable approximation, however. Indeed,

fitting a simplified model (without the purge step) to the

experimental data would result in a 75% underestimation of

the diffusion coefficient.
In conclusion, the determination of the partition and of the
diffusion coefficients by the considered method relies on an

accurate modeling of the various phases of the experimenta

protocol, including equilibration and purge. The determination

of the diffusion coefficient appears to be the most sensitive to
true experimental conditions. The most important conditions turn
out to be the initial aroma concentration in the product and the
calibration of the gas chromatograph. Taking these important
points into account, it is possible to determine some specific
physicochemical parameters of the solute in the matrix, even

for complex real matrices that could not be studied by other

expensive direct measurements methods, using just a simple
experimental apparatus combined with a mechanistic modeling

E.; Souchon, I. Flavored stirred yogurts structure affects the real-
time aroma release and the temporal sensory properties during
eating.J. Agric. Food Chem2007, in press.

(8) Baek, I.; Linforth, R. S. T.; Blake, A.; Taylor, A. J. Sensory
perception is related to the rate of change of volatile concentra-
tion in-nose during eating of model gelShem. Senses999,

24, 155-160.

(9) Taylor, A. J.; Linforth, R. S. T.; Harvey, B. A.; Blake, A.
Atmospheric pressure chemical ionisation mass spectrometry for
in vivo analysis of volatile flavor releasé&ood Chem.2000,

71, 327—-338.

(10) Hansson, A.; Giannouli, P.; van Ruth, S. The influence of gel
strength on aroma release from pectin gels in a model mouth
andin-»ivo, monitored with proton-transfer-reaction mass spec-
trometry.J. Agric. Food Chem2003,51, 4732—4740.

(11) Andriot, I.; Harrison, M.; Fournier, N.; Guichard, E. Interactions
between methyl ketones apdactoglobulin: Sensory analysis,
headspace analysis, and mathematical modelinggric. Food
Chem.2000,48, 4246—4251.

(12) van Ruth, S. M.; Roozen, J. P. Influence of mastication and saliva
on aroma release in a model mouth syst&@od Chem2000,

71, 339—345.

(13) Marin, M.; Baek, |.; Taylor, A. J. Volatile release from aqueous
solutions under dynamic headspace dilution conditidnAgric.
Food Chem1999,47, 4750—4755.

(14) Juteau, A.; Doublier, J.-L.; Guichard, E. Flavor release from
(-carrageenan matrices: A kinetic approadh.Agric. Food
Chem.2004,52, 1621—-1629.

approach. The knowledge of these physicochemical parameters (15) Linforth, R. S. T. Modeling flavor release. IFood Flasor

will be necessary for the description of aroma release mecha-
nisms in food preparation, storage, and consumption conditions.

ABBREVIATIONS USED

Agm, gas-liquid contact area (17.9 104 m?); c4(t), volatile
concentration in the gas phase (mé)fny'(t), interfacial volatile
concentration in the gas phase (mé/nc,(0), initial volatile
concentration in the matrix phase (mdjmcm(t), volatile
concentration in the matrix phase (mdmen'(t), interfacial
volatile concentration in the matrix phase (m@/nDy,, matrix
phase diffusion coefficient (f/s); kg, mass transfer coefficient
in the gas phase (& 1072 m/s); Kgm, gas-matrix partition
coefficient;L, height of the matrix phase (1.36 1072 m); N,
number of theoretical layers in the matrix phase=NL00);
Qg gas flow rate (8.3« 1076 m¥/s); t, time (s);to, beginning of
step 1 (—7320 S)ym, volume of matrix phase (24 10°% md);
vg, Volume of gaseous phase (1116106 md).
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