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Release of aroma compounds in selected (-carrageenan systems was studied by static headspace
analysis. By varying the sodium chloride content, different rheological behaviors were obtained ranging
from solution to gel. From the release curves, mass transfer (hp) and partition coefficients (Kga) of
ethyl butanoate, ethyl hexanoate, and linalool were extracted using a mathematical model based on
the penetration theory. This model, previously developed for flavor release from stirred solutions,
was found to fit well the data obtained from structured systems (nonstirred conditions) at the beginning
and at the end of the release curves: this allowed the determination of hp and Kgy.. Matrix effects
appeared to be dependent on the chemical class of the compounds. For the alcohol, the main effect
on both equilibrium partitioning and mass transfer across the interface was ascribed to a salting
effect. In the opposite, for esters, (-carrageenan addition induced an increase of aroma retention and
also a slower transfer across the interface. The respective effects of an increasing viscosity of the
medium and of the formation of a tridimensionnal network are discussed.

KEYWORDS: -Carrageenan; gels; rheology; aroma release; interfacial mass transfer; diffusivity;
partitioning; headspace

INTRODUCTION gum), cellulose derivatives (CMC, HEC, . . .) or xanthan gum.

In the two remaining cases, physical cross-linking through
fpolymer—polymer interactions yields a three-dimensional net-
work giving rise to solidlike properties. Carrageenarstj,

Sensory attributes are critical for the acceptance of food by
consumers. Among them, aroma and textural properties are o

interest and may qletermlne Whethgr a product will be. preferred alginates, and pectins are examples of such gelling agents that
or not. Added thickening or gelling agents often induce a - : .
are widely used in the food industry.

significant decrease in aroma perception and may also produce
. . . . . When textural agents are added to food systems, a decrease
off-odor. This observation naturally points out the relationships . L
in both flavor release and perception is often encounte2ed (

between textural and aroma perceptions. These relatlonshlps3)_ Reversible and nonreversible interactions between biopoly-

contain both a theoretical interest and an obvious practical . .
. . - mers and flavor compounds have been widely studied and
importance: in order to control aroma perception, we need a discussed (4)

better understanding of matrix influences on the overall odor . .
. o P . - In the present work, we aimed at a better understanding of
intensities and odor equilibrium between the different aromatic :

aroma release from an aqueous gelled matrQarrageenan

notes of foodstuffs. . systems have been chosen as model matrices. It is well-known

th'PI? Iy;acchar|(1llgs are ofte;p usTeI;j as texturti agent?hfor thel'trthat gelation of-carrageenan takes place through a conforma-
ICkening or gelling properties. 1Nese properties are the resully;, a1 yransition from a disordered state (coil) to an ordered

of high solvation of polysaccharide macromolecules. Indeed, onformation (helix). This transition is controlled by the ionic

tt:reettyp?s of ?¥ﬁtemsdgan .be generattled |r; mcreia?mg orderko ontent of the medium. Sodium, potassium, or calcium ions are
structuration of the medium. macromolecuiar Solutions, Weak e o5t common cations that are employed to induce the

gels, a}nd lstrong gelihx_. m thetﬁrstlcgse_, _the :f,olv?ted chains transition..-Carrageenan gels are known as fully thermorevers-
move Ireely and are€ highly entangled giving rise 1o macromo- g, q - e melting temperature being identical to the gelling

lecular solutions that exhibit thickening properties. Examples temperature, unlikec-carrageenan gels, which exhibit large

of thickening agents are galactomannans (guar, locust beanthermal hysteresis5]. Furthermore, they do not display any

syneresis, unlike-carrageenans as well. Therefore, the gelation
77*;0 Wg%n(ﬁo)cgrégsgggdzegge éhoul_ilﬂ bE_aﬁdVSS@SGd- Tela,_33(Q)3 8f0 69 32 and melting temperatures can be monitored by choosing the
. Fax: . E-mall: guichar arome.dijon.inra.ir. . . . :
* Institut National de la Recherche Agronomique. cation and varying the sglt content in the medium. M.oreover,
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handle. By changing only the cations contents of the medium, Taple 1. Physicochemical Characteristics of Aroma Compounds
different degrees of organization will be obtained for each

(-carrageenan concentration. ethyl butanoate  ethyl hexanoate linalool
The aim of the present paper is, therefore, to combine a formula CeH120, CsH10, CioH1s0

mechanical characterization of gelled/nongelled systems with cas number 105-54-4 123-66-0 78-70-6

headspace analysis in order to develop a more comprehensivegiecyiar weight (g mole?) 116.16 14492 154.95

understanding of the influence of macromolecular network .. i oc) at 105 Pa 1210 1650 198b
formation on flavor release. To have a more extensive inter- .

. . . Log P calculated with the 1.70 2.83 3.54
pretation of the obtained data, mathematical models were ~“rethod of Rekkers

developed, describing aroma release in the gas phase as 8ctivity coefficient at infinite

) _ ) 803¢ 16 195¢ 14 000¢
function of physicochemical parameters. These models were dilution y.. in water at 25 °C 13 300¢
based either on gas phase dilution of equilibrium headsggce (  saturated vapor pressure (Pa) 2306.5¢ 204 51.6¢
or on following up the return to equilibrium from initial at25°C 346.5¢
condition with no volatile compound in the gas phagg We partition coefficient vapor— 1811x1079 3.4 x10°%
chose to apply to our data the models developed by Hills’ team ~ Waterat25°C ;33'5:139;9 aax 118:22: 86x10°
(7), because they cover a wide variety of food materials and o ' '
were developed to take into account release into the gas phase®™PIiy inwaer (gL at25°c 2?; 8§§E 26"

in the mouth.

In this model, partition coefficients, binding parameters, and ~agef g bRef 9. ¢Ref 10. ¢ Ref 11. ¢ Ref 12. ' Calculated from the activity
resistance to mass tr_anSf(_ar were used to describe the overalloeficient at infinite dilution and saturated vapor pressure obtained by footnote c.
release curve in a quite simple exponential form. The model gRef 13, " Calculated from the activity coefficient at infinite dilution obtained by
assumes that transport of a volatile compound across the gas footnote d and saturated vapor pressure obtained by footnote e. ' Calculated from
liquid interface can be described by the penetration theory of the activity coefficient at infinite dilution and saturated vapor pressure obtained by
interfacial mass transfer. It was thus assumed that phases weréotnote e. /Ref 14. ¥ Ref 15. ' Ref 16.
homogeneous and that no concentration gradients were formed o _
within the sample or the air. Each sample was prepared by mixing 21 g of the polysaccharide

In the present study, we tried to apply a mathematical model ;olutlon and 3 mL of the aroma solution at 80. The:-carrageenan

. . . final concentration was 1% w/w. For ethyl butanoate and ethyl
proposed by Harrison and Hill®) on headspace analysis data

. irred d limiti h hexanoate, the final concentration was set taflQ ~* and to 20QuL
obtained from nonstirred structured systems. By limiting the | -1 o jinalool. The same procedure was applied to prepare reference

number of constituents in the matrices, one flavor compound so|ytions for headspace analysis, in which the hydrocolloid was replaced
and one polymer type in saltwater, we have chosen to focus onpy an equal mass of pure water. For the rheological characterization,
the flavor/polymer network relationship and to avoid multiple matrices with or without aroma addition were prepared.

interactions between ingredients. Rheological Characterization.Dynamic viscoelastic measurements
were performed on-carrageenan systems with a stress-controlled
MATERIALS AND METHODS rheometer SR5 (Rheometric Scientific Rheometric Scientific, NJ)

equipped with coaxial cylinders (cup diameter, 32.54 mm; bob diameter,

Materials. (-Carrageenans were kindly supplied by Rhodia Food 30.0 mm; bob length, 59.5 mm) or with a strain-controlled rheometer
(Aubervilliers, France). Ethyl butanoate and ethyl hexanoate were (RFSII, Rheometric Scientific) also equipped with a coaxial cylinders
supplied by Degussa (Grasse, France). Linalool was obtained from device (cup diameter, 34.0 mm; bob diameter, 32.0 mm; bob length,
Sigma-Aldrich (Steinheim, Germany). Purity of aroma compounds was 33.0 mm). This latter rheometer was more sensitive and was used when
evaluated by GC-MS =99, 92, and 88%, respectively, for ethyl  dealing with “fluid” matrices (at low salt concentration).
butanoate, ethyl hexanoate, and linalool). Aroma solutions were  All samples were prepared as previously described and transferred
prepared in pure water. The three aroma compounds were separatelyat 60 °C into the cylinder (set at 60C, too). Then, the temperature
studied. was progressively decreased down to RD. It was checked that

The main physicochemical characteristics of these compounds aremeasurements were performed in the linear viscoelastic domain, whether
given inTable 1. The two esters were chosen because their solubility the sample was in the sol or in the gel state. Frequency sweep tests
and their polarity are very different to each other, while having the were performed at 30C (5% strain) in order to precisely describe the
same chemical function. As shown Trable 1, ethyl butanoate has a  degree of organization of the matrices at the headspace measurements
higher solubility and a lower log P value than ethyl hexanoate. Linalool temperature (30°C). Similar measurements were carried out at
belongs to another chemical class and presents a solubility close totemperatures between 30 and %0 at 5 °C intervals in order to
that of ethyl butanoate but a high log P value like ethyl hexanoate. determine the gelling/melting temperature.

Polysaccharide Matrices.Equilibrium Measurements: in Nongel- Static Headspace AnalysisDetermination of the Initial Concentra-
ling Conditions. These experiments were performed on dispersed tions of Aroma Compounds in the MatriXo model aroma release
systems of-carrageenan without salt. The polysaccharide matrices were curves, it is important to know the initial concentration in the matrix.
prepared by mixing-carrageenan in water. The mixture was stirred at To determine the aroma concentrations in the matrix at the beginning
90 °C for 30 min for a complete solvatation of all macromolecular of the release experiments, the losses during the sample preparation
chains. Each sample was prepared by mixing 21 g of the polysaccharidewere estimated.

solution and 3 mL of the aroma solution at 20. The:-carrageenan We calculated the remaining amount of aroma by,Clklextraction

final concentrations were 0, 0.5, or 1% w/w. For ethyl butanoate and (1 g of sample mixed with 3 mL of C4€l, containing dodecane as
ethyl hexanoate, the final concentration was set toulLOL ~%; for external standard) in the following samples. Processed sample: samples
linalool, it was 200uL L2, used for kinetic measurements and prepared as described above

Kinetic Measurements and Rheological Characterization: in Gelling (including the gas phase renewal procedure). Nonprocessed samples:
Conditions.Time-dependent experiments were performed on systems in this latter case, aroma addition was done at’60and the flasks
of «-carrageenan containing salt. The polysaccharide matrices werewere immediately put at OC (without equilibration at 3C°C and
prepared by mixing-carrageenan in the salt aqueous solution (NaCl). without any gas phase renewal).
Three NaCl concentrations (0.1, 0.3, and 0.5%) were chosen to cover The remaining amounts of aroma compounds in the processed sample
a large range of melting temperatures and of gel rigidity. The mixtures were deduced by comparing the obtained chromatographic peak areas
were stirred at 90C for 30 min. for the processed samples to that of the nonprocessed ones. The results
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Table 2. Description of Symbols with Corresponding Default Values t— + 00) = Cy(0) ¢ 3

Used in the Calculation Gy ( ) = L+ K,Cy) 0 G
symbol description value Kga Y
A —liquid surf 2 179 - . T .
c:&) 82&”21&% iﬁc:qﬁfoigc&;se (mgfem?) Statistical Model Used for Regression Optimizatidwonlinear
Gqlt) volatile concn in gaseous phase (mg/cm?) regressions were conducted using SAS/STAT. Typically, error vari-
c(0) initial volatile concn in aqueous phase (mg/cm3) ability (¢) increases with the mean values, and variation coefficients
hp gas-liquid mass transfer coefficient (cm/s) appear to be nearly constant. Estimation of the mass transfer coefficient
Kga gas—liquid partition coefficient was obtained using eq 3, which can be written as:
Kga®f effective vapor-liquid partition coefficient
Ky volatile macromolecule gIlobaI binding coefficient (M) Cg(t) =at+e (4)
Cp concn of macromolecule in aqueous phase (M)
Vg volume of gas phase (cm?) 111.63 .
Va volume of aqueous phase (cm3) 24 with
t time (s)

Var (€) = o” [c4()]°

were used for the mathematical modeling. The losses during sample The homoscedasticity hypothesis €90) was tested and rejected.
preparation were calculated and are presented in the Results section oft and 6 were estimated using SAS Mixed procedure. Taking into
the present paper because they give information on the behavior of theaccount variance heterogeneity led to a more accurate estimation of
aroma compounds in the different studied systems. the parameter standard error.

Equilibrium Measurement&amples were equilibrated at 30 until
thermodynamic equilibrium was reached. Vapor phase samples (1 mL)RESULTS AND DISCUSSION
were taken with a gastight syringe (1 mL, SGE) and injected onto a . o . . .
HP 6890 gas chromatograph equipped with a DB-Wax column (J&W Rheological Characterization. The viscoelastic properties
Science, i.d. 0.32 mm, 30 m, film thickness0.5 um). Temperatures of the systems were assessed by means of dynamic oscillatory

of the injector and FID were, respectively, 240 and 280 The H shear measurementsigure 1a—cshows the variations of the
carrier gas velocity was 37 cnt’s The oven temperature was 6C storage modulusy’) and of the loss modulus ($as a function

for ethyl butanoate, 90C for ethyl hexanoate, and 16@00 °C (5 of frequency (viscoelastic spectra) at 30 for the three ionic
°C/min) for linalool. contents considered, that is, 0.1, 0.3, and 0.5%, respectively.

Kinetics of Aroma Releas&@he samples (24 mL) were prepared in  |n 0.1% NaCl Figure 1a), G" and G’ varied strongly with
quadruplicate in 100 mL borosilicated vials (137 mL actual volume). frequency ands” > G' all over the accessed frequency range.
The volume ratio between the gas phase and the matrix was 4.7. AsTys is the typical behavior of an entangled macromolecular
described above, odorants were added &t@0and then, the samples solution as it is displayed by polysaccharidesl@). The resuits

were equilibrated fo2 h at 30°C without stirring. To begin kinetic . . o - .
measurements with the lowest aroma concentration in the headspace?btamed in 0.3 and 0.5% NaCl dramatically contrast with those

the gas phase in the samples was renewed with a 500 mit* aiifiow in 0.1% NaCl: G' was much higher tha@" and did not vary
for 2 min. Then, analyzed matrices were equilibrated at’@0for with frequency. This is evidence that both systems exhibit the
different times (5—9000 s) without stirring. The time to reach typical behavior of a gelled systert). The values of th&'
equilibrium in these experimental conditions varied between 7200 and modulus,~5 Pa in 0.3% and-15 Pa in 0.5%, are relatively
9000 s, depending on the aroma compound and the composition of thelow. This means that the gels are soft while the flat frequency
matrix. Only one sampling and one analysis were performed per flask. dependence suggests that both systems are true gels. It is clear
Vapor phase samples (1 mL) were taken with a gastight syringe (1 however that in 0.5% NaCl the gel was more rigid than in 0.3%
mL, SGE) and injected as described for equilibrium measurements. Nac. Moreover, from the comparison of tarf= G"/G'), which
Mathematical Model. Mathematical Model Used for Aroma Release was 0.14 in 0.3% NaCl and 0.067 in 0.5% NaCl as measured

Description.A mathematical model previously developed to describe at 0.01 rad/s, it could be inferred that the structure of the gel in
flavor release from aqueous solution containing flavor-binding polymer 0.5% NaCl is slightly d than in 0.3% NaCl
was used to interpret the dat@)( This model (eq 1) assumes that 270 Nat.lis slightly aenser than in 0.570 Natl.

transport of volatile across the galiquid interface can be described From the same viscoelastic measurements within the tem-

by the penetration theory of interfacial mass transfer. This model was Perature range of 15—6TC, it was possible to determine the
successfully applied on liquid phases containing gelatine (17). melting/gelling temperature of the gels. This was obtained by

applying the so-called “tat procedure” (20). In this method,

Cy(0) Agh [ 1 the tand (= G"/G) variations at different frequencies are plotted
ey = [(1+ K,ColKoat (0] ’1 - E‘XF{— " (K_+ as a function of temperature, the melting/gelling temperature
b ga o g o being obtained from the common crossing of the curves. This
Y9_ 1 x tp| () technique initially proposed in the case of synthetic polymers

va1+ K,C, (20) has been successfully applied to biopolymérs 22). In

the present case (curves not shown), it was confirmed that the
A description of the parameters used in eq 1, with default values, can gels were entirely thermoreversible, the melting/gelling tem-
be found inTable 2. peratures being 27.5, 35.5, and 42, respectively, in 0.1, 0.3,
Harrison and Hills 7) used two important features of this model in  and 0.5% NaCl. This is consistent with the fact that aG0
order to interpret the obtain(_ad curves, pro_v_iding val_ugble information {he system was fluid in 0.1% NaCl while it was gelled in the
on the mass transfer coefficie, and partition coefficient(s, The other two conditionsFigure 2a,b shows the flow behavior of
mass transfer coefficient is given by the initial rate of release: the carrageenan solution in 0.1% NaCl, respectively, at 30 and
42 °C. A Newtonian behavior was clearly exhibited at 42
Cy(0) Agath @) (viscosity, 0.0175 Pa s) while a shear-thinning behavior was
1+KGC, oy seen at 30C with a limiting zero shear Newtonian viscosity
(o) of the order of 0.40 Pa s. There is therefore a dramatic
and the partition coefficient by the equilibrium headspace concentration: difference in the rheology afcarrageenan solutions from the

Cy(t—0)=
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Figure 1. Mechanical spectra (5% strain; measurement temperature, 30
°C) of 1% «-carrageenan systems in 0.1 (a), 0.3 (b), and 0.5% (c) NacCl.
G' (storage modulus) and G" (loss modulus).

vicinity of the melting temperature (3TC) to higher temper-
atures (42C).

In structural terms, it is clear that different structures can be

Juteau et al.
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Figure 2. Flow curves of 1% :-carrageenan systems in 0.1% NaCl.
Measurements at 30 °C (curve a) and at 42 °C (curve b).

Table 3. Characteristic Parameters of the Different 1% «-Carrageenan
Systems Investigated

0.1% NacCl 0.3% NacCl 0.5% NacCl
melting/gelling 215 355 42
temp (°C)
macromolecular
solution gel gel
structure at 30°C no=04Pas G'=5Paq; G'=15Pa;
tan 6 = 0.142 tan 6 = 0.0672

2 As estimated at 0.01 rad/s.

ment temperature; and (iii) a slightly more rigid gel with a higher
melting temperature (42C).

For the three aroma compounds, no significant difference was
observed in the viscoelastic properties-cfrrageenan gels. In
the case of starched-based food systems, addition of aroma
compounds led to slightly weaker gel networks, which was
mostly related to the formation of inclusion complexes with
amylose (23).

obtained depending upon the ionic content and the temperature | ysses of Aroma while Preparing the Samples.osses of
(Table 3). The conditions that have been chosen in the presentaroma during the preparation of the samples have been

work (30 °C; three NaCl concentrations) correspond to (i) a
shear-thinning solution close to the gel point, which could be
defined by its limiting Newtonian viscosity;); (ii) a soft gel
whose melting point (35.8C) was slightly beyond the experi-

estimated. The results (Figure 3) give information on the
behavior of aroma compounds in water and polysaccharide
matrices. For ethyl hexanoate, the loss was significantly more
important ¢t = 0.05) in water (29.8%) than in gels (6.2%). The
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Figure 3. Losses of volatiles during process in water and 1% «-carrageenan systems (gels), both with 0.3% NaCl.
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Figure 4. Effect of «-carrageenan concentration on flavor concentration (peak area) in the headspace at equilibrium (without NaCl addition). Each
chromatographic area was divided by the mean value obtained with water for the same compound.

same tendency, but non significant, was observed with ethyl Time-Dependent Release CurvBgyure 5 shows the time-
butanoate (9.9% in water and 7.3% in gels). The differences dependent release curves of ethyl butanoate, ethyl hexanoate,
between ethyl hexanoate and butanoate can easily be explainednd linalool from salted water (0.1% NacCl). For each compound,
by a higher hydrophobicity and a lower solubility of the former 100% of release corresponds to the concentration in the gas
(Table 1). For linalool, the loss in water was significantly less phase measured at equilibrium: 4.521072, 9.77 x 1072, and
important than for esters. Despite a higher log P value, this 16 x 1073 uL L~ for, respectively, ethyl butanoate, ethyl
difference can be explained by the water solubility of linalool, hexanoate, and linalool. Three parts of the curves can be
which is five times higher than that of ethyl hexanoafalfle distinguished.
1). Contrarily to esters, the loss of linalool in gels was foundto  The initial part (between 0 and 300 s for esters and 0 and
be three times higher (15.5%) than that estimated in water 180 s for linalool) is almost linear. This part of the curve can
(3.7%). be described by eq 2 of the mathematical model. The final part
Equilibrium Measurements: in Nongelling Conditions. of the curves is horizontat (= 5000 s). It corresponds to the
These experiments were performed on dispersed systems othermodynamic equilibrium between the two phases and depends
t-carrageenan without salt, to evidence molecular interactions essentially on the aroma compound partition coeffickegt(as
between:-carrageenan and flavor compounds. As shown in described by eq 3). The lines displayedrigure 5 correspond
Figure 4, no significant retention was observed in the carrag- to the fit of experimental points by eq 1. Clearly, the fit was
eenan matrices. In these macromolecular solutions, where chainsatisfying in the initial and final parts of the curves.
are under coil conformation and move freely, no molecular In the middle part of the curves, a deviation between
interaction can be evidenced for the concentrations studied.theoretical and experimental points can be observed. Such a
Thus, for our experiments, the general model (eq 1) can be deviation has already been reportéd, 24). When experimental
simplified, considering thak, = 0. points lied above the theoretical fit, this was explained by an
Kinetic Measurements: in Gelling Conditions. Time- increasing area of exchange due to an increasing stirring rate.
dependent experiments were performedi-@arrageenan sys- In the reverse case, the fact that experimental data were lower
tems containing sodium chloride. than theoretical ones was explained by an inefficient stirring
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Figure 5. Flavor release of ethyl butanoate (BE), ethyl hexanoate (HE), and linalool (LI) in water with 0.1% NaCl at 30 °C. For each aroma compound,
experimental points (BE exp, HE exp, and LI exp) are fitted using the mathematical model (eq 1), (model BE, model HE, and model LI).

rate (24). Indeed, mass transfer across the liggas interface nonstirred conditions. Nevertheless, a supplementary time-
depends on the respective concentrations of solute into the thindependent phenomenon takes place during aroma release, for
layer on both sides of the interface. Generally unknown, these instance, the establishment of a concentration gradient between
concentrations are assumed to be equal to that in the bulk ofthe surface layer and the bulk of the matrices. For this reason,
the phases. These phases are consequently assumed to lmur values cannot be compared with others obtained with
perfectly stirred. The mass transfer coefficient is related by the different experimental conditions arg should be called the
penetration theory to the solute diffusion coefficieb) énd to “apparent” mass transfer coefficient.
the contact time of an element of solution with the gaS phase Similar curves than those presented:igure 5 for a water
(Te): solution are obtained ircarrageenan matrices. As an example,
D \u2 initial parts of the release curves of ethyl hexanoate are shown
hy = 2(—) (5) for the different systemsF{gure 6). Values obtained at the
T, beginning of the release (0—300 s) were modeled using eq 4.
Values obtained at equilibrium are givenTable 4.

With regard to the difference between aroma compounds,
linalool has a faster relative rate of release than esters.
Consequently, the intercept values at tisn® were higher than
that found for esters. This point shows the difficulties linked
with this methodology. Therefore, to obtain the best fit of the
data and thus a good estimation fus, eq 2 was modified,

This mean contact tim&, is assumed to be proportional to
the stirring rate 25). Data obtained on liquid stirred phases
containing gelatinX7) confirmed this assumption. Additionally,
in agreement with the Stokeginstein relation betweeb and
viscosity, the mass transfer coefficient was found to be inversely
proportional to the square root of viscosity.

However, in our experiment performed on structured systems, . . : .
the phases were not stirred. Bakker et &l)(used this model |nclud_|ng an intercept parameter to l_)e estlme_\ted. )
with several experimental conditions and in particular a wide  EStimated Parameter§he two main coefficients obtained
range of stirring rates in order to determine the applicability of from the release experiments are the partition coefficikg) (
the model. In aqueous gelatine solution (15% wi/v), mass transfer@nd the mass transfer coefficierio]: Kqa is given by the
coefficients of diacetyl were found to be linearly dependent on Plateau in the final part whilep is obtained from the slope of
the square root of the stirring rate. Consequently, mass transferthe initial part of the curve. All of these coefficients in water
cannot be considered as absolute values and should be only"‘“d |nthe presence ofarrageenan in the three ionic conditions
compared for similar experimental conditions. In our previous are given inTable 4.
study (26), we were interested in the use of this mathematical (&) Partition CoefficientsPartition coefficientsi{y,) in water
model for the treatment of aroma release curves with very for the three aroma compounds are lower but in the same range
different systems from a structural point of view. The questions than those found in the literatur@gble 1). Differences also
were as follows: do solutions and gelled systems exhibit the exist between authors in relation to the method employed. For
same mass transfer mechanisms in nonstirred conditions, ancexample, the data obtained by van Ruth and co-worke4$ (
is it possible to compare mass transfer coefficients obtained with by static headspace analysis on ethyl butanoate are twice those
the same mathematical model? In this study, the calculation calculated from activity coefficients at infinite dilution and
showed that apparent kinetic orders of the release, at thesaturated vapor pressure found by Le Than and co-workers (10).
beginning of the release, were the same for water (the mostHowever, relative values obtained for flavor compounds follow
typical solution) and for hard gels, indicating that the same the same tendency for all of the authors. Partition coefficients
mechanisms occurred in the two systems. This observationobtained for ethyl butanoate are half of those estimated for ethyl
allows one to estimate and to compdme values obtained in hexanoate. The two additional carbons of the aliphatic chain of



Flavor Release from (-Carrageenan Matrices J. Agric. Food Chem., Vol. 52, No. 6, 2004 1627

4,00E-03 -
g
= a
3,00E-03 + :
E DOE-0: @ iota0.1% NaCl
=
8 A 101 0.5% NaCl
§ O water 0.1% NaCl
= SIED = model iota 0.1 % NaCl
é - model iota 0.5 % NaCl
=
= <] model water (1.1 % NaCl
g 1,00E-03
.:
-~
=%
o

0 60 120 180 240 300

time (s)
Figure 6. Initial part of the release curves of ethyl hexanoate (concentration in the vapor phase/total initial concentration in the matrices) in water with
0.1% NaCl and in 1% ¢-carrageenan systems with 0.1 and 0.5% NaCl at 30 °C. Experimental points are fitted using the mathematical model (eq 4).

Table 4. Mass Transfer and Vapor/Medium Partition Coefficient for Ethyl Butanoate, Ethyl Hexanoate, and Linalool in Water and 1% ¢-Carrageenan
Matrices with Several Amounts of NaCl?

ethyl butanoate ethyl hexanoate linalool
hp x 108 95% interval hp x 106 95% interval hp x 108 95% interval
Kgax10°  cms™  confidence x 10 Kga x 10° cms™t confidence x 105 Kgx 105  cms™!  confidence x 108

water 452B,b 27.3Ab +3.0 10.62 B,a 68.0Aa +9.6 9.41C,c 1.19Ac +0.32
0.1% NacCl
water 493Ab 299Ab +2.0 13.75Aa 76.4 Aa 6.1 11.17B,c 1.23Ac +0.37
0.5% NacCl
-carrageenan 1% 385Ch 17.9B,b +1.2 6.72C,a 29.9B,a +4.7 10.68 B,c 1.13Ac +0.32
0.1% NaCl
-carrageenan 1% 3.86Chb 151Ch +1.3 531D,a 25.7BC,a +2.9 10.83B,c 0.74 Ac +0.55
0.3% NaCl
-carrageenan 1% 3.69Chb 15.0Chb +1.3 5.62CDa 200Ca +2.9 12.99Ac 1.32Ac +0.57
0.5% NaCl

2 For each column, the same capital letters mean that the results are not significantly different (based on 95% interval confidence). For each line, the same small letters
mean that the results (respectively, for Kz and hp) are not significantly different (based on 95% interval confidence).

ethyl hexanoate explain a reduced solubility, an increased Loglinalool (27) whereas complexes are found between amylose
P value, and reduced partition coefficients. Between ethyl and linalool (28).

hexanoate and linalool, the higher solubility of the alcohol  |n the case of esters, a significant decrease of partition
explains its lower affinity for the gas phase and thus a lower coefficients is observed withcarrageenan addition (o. = 0.05)
partition coefficient. (Table 4) contrary to our previous experiments in dispersed

For linalool, comparing partition coefficients in water with  systems without salt (Figure 4). In experiments performed on
0.1 and 0.5% NacCl, a significant increase can be observedHMP (27), a retention of esters by model jam systems (with
(+18%) due to a salting out effect. This effect is also found in sucrose as the gelling agent) was evidenced whereas no binding
(-carrageenans systems (+21% between 0.1 and 0.5% NacCl)effect was observed by the exponential dilution method in
Moreover, if we compare water to carrageenan systems with systems containing only esters and HMP (without sucrose). In
the same amount of salt, a slight increase (+13.5—16%) in our case, a possible reason might be a conformational specificity
partition coefficients is noticed by addition of carrageenans. This for esters/i-carrageenan molecular interactions. Indeed, in our
could be partly explained by the N&K™ counterions of the first experiments (without salt), polysaccharide chains were only
polysaccharide powder (of the order of 0.01% w/w), but it could solvated and in a statistical coil form. In processed samples (with
also be due to a salting out effect of carrageenan itself. Thesesalt), a coil—helix conformational transition occurs during
results confirm the previous observatidfigure 4) on dispersed gelation (29). For a given temperature, structural information
systems without salt that no interaction occurs between linalool on (-carrageenan in our experimental conditions would be
and (-carrageenan. Previous studies on other polysaccharidesecessary to go further in the interpretation of our results. For
showed that high methoxylated pectin (HMP) does not bind these two esters, a salting out effect was evidenced in water
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but not in polysaccharide matrices. The salting out effect is at time= 0, whereas a better precision was obtained for esters.
probably less important than the reverse effect due to changesAnother explanation could be that polysaccharide addition
in the matrix organization. induces two opposite effects, hydrophobic interactions and a
Indeed, as previously showRifure 2), the higher the NaCl ~ salting out effect due to the counterions of carrageenan itself.
concentration, the more linked are thearrageenan helices. In the case of linalool, the second would be the most important.
For ethyl hexanoate, significant differences are observed only Thus, viscosity, hydrophobic interactions, and salting out effects
between the 1%-carrageenan system in 0.1% NaCl and those Seem to occur but the respective importance of each still has to
in 0.3% NaCl. The first one is characterized as an entangled be determined and understood.
macromolecular solution whereas the second exhibits the In the case of ethyl butanoate, the decrease in mass transfer
behavior of a soft gelRigure 2). An explanation could be that  coefficients is more pronounced between 0.1 and 0.3% NaCl
the more important effect is the three-dimensional network polysacharidic systems than between 0.3 and 0.5% NacCl. This
formation (0.1 and 0.3% NaCl) and that the increase in hardnessdifference can be explained by the fact that the 0.1% salt system
of gelled matrices (0.3 and 0.5% NaCl) may be balanced by is not gelled. Indeed, formation of a three-dimensional network
the opposite salting out effect. may influenceTe and/orD (eq 5) and therefore values of mass
(b) Initial Rates of Releas@uring the short time period of  transfer coefficients.
the eating process, flavor release will depend essentially on the  To conclude about the effects of both carrageenan addition
breakdown processes and on initial rates of release. Moreover.and sol—gel transition ohy, (i.e., diffusion coefficients and/or
in model gels differing by their gelatin concentration, the rate T,), diffusion measurements in the studied systems are needed.
of release showed a good correlation with perceptsf).(By For the pectin systems previously discusséd)( apparent
modeling the initial part of the curves using mass transfer diffusion coefficients were evaluated using the concentration
coefficient as the fitting parameter, information on the flavor profile method (33). Nevertheless, this method gives a great
transfer through the matrix—gas interface can be obtained.  variability of the results and the obtained coefficients may also
Table 4 gives the mass transfer coefficientp) of the three contain the effect of free convection and molecular interaction.
aroma compounds in the studied matrices. Previous studiesOther techniques using measurements on very short distances
calculated mass transfer coefficients under stirring conditions such as fluorescence recovery after photobleaching (34) allow
(17). These authors showed that mass transfer coefficientsdetermination of more realistic diffusion coefficients. However,
decrease with the square root of the stirring rate (rps). Our valuesthese techniques can only be applied with specific probes and
are lower than those by working in nonstirring conditions. not with aroma compounds. The development of new high
Moreover, the systems and flavor compounds are not the sameprecision methods applicable for the measurement of aroma

In water, no significant effect of salt addition was detected diffusion is therefore required.

for any of the three compounds whereas an effect was observed

at equilibrium. Indeed, it is logical to assume that mass transfer ocxkNOWLEDGMENT
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