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To better understand aroma release in relation to yogurt structure and perception, the apparent
diffusivity of aroma compounds within complex dairy gels was determined using an experimental
diffusion cell. Apparent diffusion coefficients of four aroma compounds (diacetyl, ethyl acetate, ethyl
hexanoate, and linalool) at 7 °C in yogurts (varying in composition and structure) ranged from 0.07
× 10-10 to 8.91 × 10-10 m2 s-1, depending on aroma compounds and on product structure. The
strong effect of yogurt fat content on the apparent diffusivity of hydrophobic compounds was revealed
(15-fold and 50-fold decreases in the apparent diffusion coefficient of linalool and ethyl hexanoate,
respectively). Protein composition seemed to have a greater effect than that of mechanical treatment.
However, variations in the apparent diffusion coefficient for the considered products remained limited
and cannot completely explain differences in flavor release and in perception that were previously
observed.
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INTRODUCTION

During food consumption, flavor release from food matrices
conditions the aroma compound availability in the oral and nasal
cavities and participates in aroma perception. Flavor release and
perception are complex processes in which physicochemical
(interaction between the aroma compounds and the food
components, partitioning, diffusion, interfacial mass transport),
physiological (breathing, swallowing, salivation, and mastica-
tion), and perceptual phenomena may be involved (1). Since
both thermodynamic and kinetic mechanisms control the release
of stimuli, these two approaches are needed to obtain a complete
overview of involved phenomena. The thermodynamic factor
determines the partition of the volatile compounds between the
food and the air phase under equilibrium conditions. The kinetic
factor influences the rate at which the equilibrium is achieved
and can be affected by resistances to mass transport (limitation
of the diffusion within the food matrix and/or the release from
the matrix to the gaseous phase, depending on the equilibrium
properties). An improved understanding of the behavior of
aroma compounds in complex multiphase media, in relation
to the nature of the volatile compounds and the composition
and the structure of the food product, is of great interest; beyond
the scientific relevance, the management of food flavoring could
be improved, notably for the development of new food products
(lower fat or lower sugar formulations).

Recent studies dealing with strawberry aroma emphasized
the role of product structure on aroma compound release and

perception. In the case of dairy gels, products with the highest
complex viscosity presented a lower amount of released aroma
and were perceived as being less intense than products with
the lowest complex viscosity (2, 3). When pectin or gelatin gels
were considered, the firmest gels presented the highest amount
of released aroma but were surprisingly perceived as being the
least intense, which was justified by a lower release rate (4).
Several hypotheses (physicochemical, sensory, and/or mechan-
ical) were suggested, but the lack of some physicochemical
properties such as diffusion coefficients limited the understand-
ing of the origins of the observed differences in aroma release
and perception.

The release of flavor compounds from foods has already been
studied experimentally using a wide range of devices, from
conventional systems to “artificial mouths” (5–10). The diversity
and the complexity of the involved phenomena often lead to
descriptive analyses depending on the food matrices and on the
experimental conditions. Some mechanistic models were de-
veloped to predict aroma release from different type of products,
sometimes taking the influence of physiological parameters into
account (11–13). However, the lack of experimental validation
of these mechanistic models constitutes a drawback. To better
understand the role of the matrix composition and structure on
flavor release, a quantitative approach allowing the determination
of kinetic parameters from experimental data has to be
performed.

Many techniques are described in the literature to characterize
the diffusivity of solutes in matrices (concentration profile
method, diaphragm cell, Taylor dispersion, nuclear magnetic
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resonance, or fluorescence spectroscopy) (14), but they are often
not adapted to characterizing aroma diffusivity in gelled matrices
such as yogurts because of the product complexity in terms of
composition and structure. A diffusion cell especially adapted
to food products was developed and validated on model matrices
(15). To improve the understanding of flavor perception in
yogurt, the objective of this study was to use the diffusion cell
to determine diffusivity parameters of aroma compounds in
complex viscoelastic products with different structures. The
originality of our work was based on the combination of an
experimental approach and modeling. Physicochemical results
were discussed in relation to previously determined sensory
properties (3).

MATERIALS AND METHODS

Aroma Compounds. Diacetyl, ethyl acetate, ethyl hexanoate, and
linalool were provided by Aldrich (Germany). These four aroma
compounds were chosen for their high contribution to strawberry aroma
(2) and their reliable quantification by gas chromatography. As shown
in Table 1, they presented a wide range of physicochemical properties,
particularly in terms of volatility (Kair/water) and hydrophobicity (log
P).

Gels. As a reference experiment, diffusion measurements were first
performed in an aqueous gel (water (Volvic, Danone, France), addition
of 1% agar w/w (Merck, Germany)). The use of the gelling material
made it possible to avoid convection phenomena without inducing any
diffusivity change in the entrapped solution (16).

Six unflavored stirred yogurts (dry matter: 22.5%; total protein
content: 5.4%; fat content: 4.0%) presenting different complex viscosi-
ties η* were prepared by varying the milk protein composition
(caseinate-enriched yogurt (CAS), milk powder-enriched yogurt (MPO),
and whey protein-enriched yogurt (WP)) and/or the intensity of the
mechanical treatment applied after fermentation (Table 2) (2). After
the reconstitution of the milk base, the first step of yogurt manufacture
was a two-stage homogenization (homogenizer APV1000, APV,
France). A thermal treatment (92 °C for 5 min) was then applied. The
fermentation was carried out in a 7 L fermenter (SGI, Toulouse, France),
maintained at a constant temperature of 44 °C. The milks were
inoculated with Lactobacillus delbrueckii ssp. bulgaricus (LB18
incorporated in 0.005% in milk) and Streptococcus thermophilus (ST7
and ST143 in 0.01%) provided by Chr. Hansen (Arpajon, France).
Fermentation was stopped when the pH reached 4.6, and yogurts were

pumped from the fermenter through a pipe (length: 1.5 m; diameter: 6
mm) and immediately stored at 4 °C (low level of mechanical treatment,
MT–). The additional mechanical treatment (MT+) was performed the
day after the fermentation by pumping the yogurts at 4 °C through the
same type of pipe but ending with a conical tip (diameter: 0.8 mm;
angle: 6°) at 4 °C. All details are specified by Saint-Eve et al. (2).
Rheological properties, using a controlled-stress rheometer (Rheostress
RS1, HAACKE, Germany), and pH were measured and used as controls
to check the reproducibility of yogurt production (2). Measurements
of complex viscosities were performed 7 and 15 days after yogurt
production and demonstrated that the product structure was not modified
over the diffusion measurement period (data not shown).

Since the fat content in food matrices is known to influence aroma
retention and release (17), a commercial fat-free yogurt (Taillefine,
Danone) was studied in comparison with yogurts containing 4.0% fat.
Its composition, given by the producer, was 4.4 g of proteins, 5.0 g of
carbohydrates, and 0.06 g of lipids (for 100 g of product). The complex
viscosity at low shear stress (0.1 Pa) of this yogurt, determined
experimentally at 10 °C, was 19.2 Pa · s.

Experimental Determination of Product/Headspace Partition
Coefficients KP/H. The product/headspace partition coefficient KP/H was
defined as the ratio of the equilibrium concentrations of the aroma
compounds between the gaseous phase and the food product. It was
determined using the phase ratio variation method (PRV) (18) with
previously described operating conditions (2). Glass vials (22.4 mL,
Chromacol, France) were filled with different volumes of flavored
matrices (0.05, 0.20, 0.50, and 2.00 mL). Matrices were flavored with
the four aroma compounds at 0.1% (w/w) each. For agar gels, aroma
compounds in mixture were added under stirring conditions (2 min, at
50 °C), and glass vials were filled just before gelation. For yogurts,
the flavoring step was performed with a food processor (Kenwood)
under controlled conditions as described by Saint-Eve et al. (2).

When equilibrium was reached (after 12 h at operating temperature),
the vials were placed on a thermostated support. Two milliliters of
headspace gas was sampled and injected with an automatic HS
CombiPal sampler (CTC Analytics, Switzerland) into a gas chromato-
graph equipped with an HP-INNOWax poly(ethylene glycol) semi-
capillary column (30 m × 0.53 mm, with a 1 µm thick film) and a
flame ionization detector. The temperatures of the gas chromatograph
injector and detector (GC-FID HP6890, Germany) were set at 250 and
240 °C, respectively. The oven program was 15 min long, starting at
40 °C, for 6 °C/min up to 60 °C, for 10 °C/min up to 120 °C, and 5
min at 120 °C. The carrier gas was helium (flow rate 8.4 mL/min
corresponding to a 56 cm/s average velocity at 40 °C). Peak areas were

Table 1. Main Physicochemical Characteristics of the Studied Aroma Compounds

compound
molecular mass

(g mol-1)
hydrophobicity constant

log Pa
air/water partition coefficient Kair/water × 10-3

at infinite dilution (dimensionless, 25 °C)
saturated vapor pressure

Psat, 25 °Cd (Pa)

diacetyl 86.09 -1.34 0.547b 7718.5
ethyl acetate 88.05 0.73 5.48b 12108.1
ethyl hexanoate 144.2 2.83 29.5b,c 225.1
linalool 154.2 2.97 0.879b 27.27

a log P ) logarithm of the ratio of the compound concentration in octanol and in water, calculated value (EPI, 2000, estimation Programs Interface V3,10: database).
b Reference 31. c Reference 32. d Calculated on the basis of the Antoine equation.

Table 2. Characteristics of the Unflavored Stirred Yogurts Used in This Study (2) in Terms of Composition of the Protein Fraction, Level of Mechanical
Treatment (–: Low; +: High) and Complex Viscosity η* Determined at Low Shear Stress of 0.1 Pa and at 10 °C; Six Yogurts Had the Same Total
Composition (Dry Matter: 22.5%; Total Protein Content: 5.4%; Fat Content: 4.0%)

composition (g /1 L of water)

matrices milk powdera
sodium

caseinatesa
whey

proteinsa lactosea fatb
ducrose
(Daddy)

level of the
mechanical treatment

complex viscosity η*
(Pa · s) at 0.1 Pa

CAS– yogurt 100 14 21 43.2 58.9 - 100.4
CAS+ yogurt 100 14 21 43.2 58.9 + 39.1
MPO– yogurt 135 43.2 58.9 - 73.2
MPO+ yogurt 135 43.2 58.9 + 24.6
WP– yogurt 100 14 21 43.2 58.9 - 30.7
WP+ yogurt 100 14 21 43.2 58.9 + 19.5

a Purchased by Ingredia, France. b Purchased by Lactalis, France.
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measured using Hewlett-Packard Chemstation integration software. A
nonlinear regression was applied in order to accurately determine the
partition coefficients (19). All experiments were performed in triplicate
to validate the repeatability of the measurements. Results, summarized
in Table 3, are in accordance with data available in the literature
(2).

Diffusion Cell. The system was composed of two main gaseous
compartments, separated by the food product being studied (15). The
bottom compartment (VG ) 0.78 L) constituted the “aroma tank”; ∼10
mL of liquid aroma compounds (mixture of pure aroma compounds)
ensured a constant gaseous concentration CG throughout the whole
experiment. The food product was supported by a thin hydrophobic
porous membrane (polypropylene, porosity: 55%; thickness: 25 µm).
The upper gaseous compartment corresponded to the sampling zone
(headspace volume VH ) 0.90 L).

The diffusion cell was closed and placed in a temperature-controlled
vessel after a known weight of product was deposited on the membrane.
The product height hP was 5 × 10-3 m for dairy gels and 2 × 10-2 m
when aqueous gels were studied. The experiment started with the
introduction of aroma compounds in the bottom part of the apparatus
with a 50 mL syringe (t0) and lasted about 300 h. Aroma compounds
moved from the gaseous phase of the lower compartment diffused
through the food product and were finally released in the gaseous phase
of the sampling compartment. These release kinetics were monitored
by a daily sampling of 2.0 mL (Hamilton gastight syringe, type 1002SL,
2.5 mL) and gas chromatography analysis. (Analysis conditions were
the same as the ones used for the PRV method and described in the
previous section.) At least two replicate experiments were performed
for each product. The bottom gaseous phase was also sampled to check
the rapid establishment of the gaseous concentration CG (equilibrium
value was reached less than 1 h after the beginning of the assay) and
its constant value throughout the experiment (data not shown).

Determination of the Apparent Diffusion Coefficient. Similarly
to the mechanistic approach used by Juteau et al. (20), a mass transfer
analysis was performed within each compartment of the experimental
system, as described by Déléris et al. (15). The main assumption was
a limiting diffusive mass transfer of aroma compounds within the
product layer. The gaseous phases were considered as uniform, and a
convective mass transfer was assumed. Transport was considered as
one-dimensional along the vertical axis and uniform on the cross section
A. Assuming local thermodynamic equilibrium at the interfaces and
mass flux conservation through the interfaces at any time, mass balances
on each phase were performed, leading to a mass transfer model. A
summary of the main model equations used to describe mass transfer
in the diffusion cell (diffusion into the product and mass transfer toward
the upper gaseous phase) is presented in the Appendix. The apparent
diffusion coefficient DP was determined by numerically fitting the
mechanistic model to the experimental release data using the Leven-
berg–Marquardt algorithm (least-squares curve fitting). Numeric cal-
culations were performed using MatLab 7 software (The Mathworks,

MA) and the associated statistical toolbox. Confidence intervals were
determined to evaluate the accuracy of the estimated diffusion
coefficients.

RESULTS

Diffusion in Aqueous Agar Gels. Diffusion coefficients
within 1% agar gel at 7 °C were 6.10 × 10-10, 7.24 × 10-10,
3.60 × 10-10, and 2.84 × 10-10 m2 s-1 for diacetyl, ethyl
acetate, ethyl hexanoate, and linalool, respectively (Table 4).
The suitability of our system to accurately determine diffusion
parameters was confirmed by comparing the experimental values
with the ones calculated from the Wilke and Chang equation
(21). Although it is empirical, this equation was assumed to
give a correct estimation of the diffusion properties of
molecules (22, 23).

The impact of the physicochemical characteristics of the
aroma compounds on their diffusivity properties was revealed:
diacetyl and ethyl acetate presented diffusion coefficient values
that were twice as high as the ones of ethyl hexanoate and
linalool (Table 4). As expressed in the Wilke and Chang
equation, the size and the molecular weight of the molecules
contribute to these differences. But other phenomena, as specific
interaction between aroma compounds and the other constituents
of the product, might also contribute to apparent diffusivity.

Influence of the Matrix Composition. Fat Content. Con-
cerning the diffusivity of aroma compounds in fat-free yogurt,
apparent diffusion coefficients ranged from 1.03 × 10-10 to
8.91 × 10-10 m2 s-1, depending on the nature of the molecule
(Figure 1). It is interesting to observe that apparent diffusion
coefficients in fat-free yogurt were quite close to those obtained
in the 1% agar gel at the same temperature, regardless of the
aroma compound. The presence of others constituents in these
complex food matrices (proteins, lactose, etc.) had an effect on
the product/headspace partition coefficients (Table 3), as already
reported in the literature (24–26) but not on the apparent
diffusivity of the aroma compounds.

The presence of 4% fat in yogurt affects the apparent diffusion
coefficients of the four aroma compounds (Figure 1, DP ranging
from 0.071 × 10-10 to 5.17 × 10-10 m2 s-1). Depending on
the aroma compounds, this effect was more or less pronounced
and varied from a 2-fold decrease for the most hydrophilic and
smallest molecules (diacetyl and ethyl acetate) to a 15-fold
decrease for linalool and to about a 50-fold decrease for ethyl
hexanoate.

Release kinetics of ethyl hexanoate and diacetyl from fat-
free yogurt or 4% fat yogurt are illustrated in Figure 2. The
normalized concentrations (ratio between the gaseous concentra-
tions in the upper and in the bottom compartments) were
represented to facilitate the comparison between the assays
(concentration gradient dependent on the amount of liquid aroma
compounds and proper to each experiment).

In the case of diacetyl, a 2-fold reduction in the value of the
apparent diffusion coefficient can be observed when fat is added

Table 3. Product/Headspace Partition Coefficients KP/H of Aroma
Compounds from Yogurts at 7 °Ca

product/headspace partition
coefficient KP/H × 10-3 (CV%)

matrices diacetyl
ethyl

acetate
ethyl

hexanoate linalool

1% agar gel 0.24 (–) 2.77 (13) 8.54 (16.4) 0.79 (25)
fat-free yogurt, 7 °C 0.16 (3.3) 2.48 (8.1) 3.87 (9.9) 0.39 (10)
CAS– yogurt, 7 °C 0.32 (1.4) 3.87 (0.10) 0.55 (0.14) 0.26 (45)
CAS+ yogurt, 7 °C 0.22 (1.6) 3.73 (0.05) 0.64 (0.23) 0.21 (11)
MPO– yogurt, 7 °C 0.26 (6.4) 3.66 (0.13) 0.64 (0.40) 0.89 (22)
MPO+ yogurt, 7 °C 0.18 (14) 3.89 (0.06) 0.73 (0.30) 0.58 (10)
WP– yogurt, 7 °C 0.35 (1.9) 3.64 (0.21) 0.65 (0.25) 0.41 (17)
WP+ yogurt, 7 °C 0.15 (1.6) 3.94 (0.07) 0.62 (0.17) -

a Experimental determination using the phase ratio variation method (CAS:
caseinate-enriched yogurt; MPO: milk powder-enriched yogurt; WP: whey protein-
enriched yogurt. TM–: low level of mechanical treatment, TM+: high level of
mechanical treatment).

Table 4. Experimental Diffusion Coefficients DP of Aroma Compounds
within 1% Agar Gel at 7 °C; Comparison with Calculated Valuesa

diffusion coefficient DP (10-10 m2 s-1)

aroma compounds this study CV (%) calculated value a

diacetyl 6.10 9.1 6.36
ethyl acetate 7.24 8.6 6.19
ethyl hexanoate 3.60 4.9 4.33
linalool 2.84 11 4.08

a Calculation on the basis of the Wilke and Chang equation (21).
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(DPDi ) 7.12 × 10-10 m2 s-1 in fat-free yogurt and DPDi )
1.51 × 10-10 m2 s-1 in WP+ yogurt) (Figure 2a). However,
no significant difference was observed on the release kinetics,
either on the initial rate or on the time necessary to reach
thermodynamic equilibrium (90 h), due to the chosen repre-
sentation mode (relative concentrations). Similar results were
obtained for ethyl acetate, with a 3-fold decrease in the apparent
diffusion coefficient when fat was present without any modifica-
tion of the initial release rate (data not shown). This result clearly
revealed the interest of the modeling approach to correctly
evaluate the effect of product modifications on diffusion
properties.

On the contrary, for ethyl hexanoate (Figure 2b), fat addition
resulted in a 40-fold decrease in the apparent diffusion coef-
ficient of ethyl hexanoate, from 3.46 × 10-10 m2 s-1 to 0.085
× 10-10 m2 s-1 (for CAS+ yogurt). Similar behavior was
obtained for linalool, even if the impact of fat addition on the
apparent diffusion coefficient of this molecule was less pro-
nounced (12-fold decrease). The presence of fat induced a
considerable slowdown of the initial part of the release curve
and delayed equilibrium from being reached, emphasizing the
retention effect of fat (Figure 2b). Longer experiment times
were not conceivable because of yogurt postacidification, which
modified the complex viscosity after 15 days. We made sure
that an accurate determination of the diffusion coefficient was
not prevented in the event that equilibrium was not reached.
Since hydrophobic compounds are preferentially located in the

lipid phase, these results suggested that 4.0% fat was sufficient
to act as a reservoir for these molecules. This mechanism could
explain the observed differences in the time lag and in the release
kinetics of aroma compounds from products with different fat
contents in the mouth and notably the prolonged release of
lipophilic compounds in high-fat yogurts (27) or high-fat
emulsions (28). Vitrac and Hayert applied the principles of
statistical physics to improve the understanding of diffusion
mechanisms in biphasic systems (29); in simulated or digitized
emulsions, they evaluated the impact of local physicochemical
properties (partition coefficient between a continuous and a
dispersed phase, local diffusion coefficients in each phase) on
the diffusion path of small molecules and on the effective
diffusion coefficient. The possible confinement of molecules
within fat globules in relation to their physicochemical properties
was revealed. The diffusivity of small molecules at macroscopic
scale in multiphase products depends on their local diffusion
properties (at microscopic scale) in relation to food composition
and structure and to their physicochemical properties (17).

Protein Content. The protein effect on aroma diffusivity was
evaluated by comparing caseinate-enriched yogurt (CAS), milk
powder-enriched yogurt (MPO), and whey protein-enriched
yogurt (WP) for a similar mechanical treatment (Figure 1). For
both a low (TM-) or a high (TM+) level of mechanical
treatment, apparent diffusion coefficients for all aroma com-
pounds were higher in the MPO yogurt in comparison with the
two others products (from a 20% to 43% difference, depending

Figure 1. Apparent diffusion coefficients DP of the four aroma compounds within 1% agar gel, fat-free yogurt, and 4.0% fat yogurts with different
structures (modification of the protein content and of the intensity of the applied mechanical treatment). Operating parameters: T ) 7 °C; hP ) 5 × 10-3

m (dairy gels) or 2 × 10-2 m (1% agar gel); aroma compounds in mixture; (a) diacetyl, (b) ethyl acetate, (c) ethyl hexanoate, and (d) linalool (CAS:
caseinate-enriched yogurt; MPO: milk powder-enriched yogurt; WP: whey protein-enriched yogurt; TM–: low level of mechanical treatment; TM+: high
level of mechanical treatment).
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on the aroma compounds) (Figure 1). CAS yogurt and WP
yogurt presented similar diffusion properties. We can notice that
these diffusion results were not correlated with complex
viscosities determined at 0.1 Pa (Table 2). Microstructure study
(by scanning electron microscopy (2)) highlighted differences
in the organization of the gel network between the three
products: the CAS yogurt presented a heterogeneous structure
with large pores, the WP yogurt a more uniform distribution of
pore size in the gel, and the MPO yogurt an intermediate
structure. However, even if the protein content had an impact
on the rheological properties of the product and on its structure,
the effect on aroma diffusion remained globally limited.

Influence of the Mechanical Treatment. The variation of
the intensity of the applied mechanical treatment was a way to
evaluate structure effects independently from the composition
(comparison between MT- and MT+ yogurts for a similar
composition, Figure 1). Concerning the CAS yogurt, the level
of the mechanical treatment did not significantly modify the
values of the apparent diffusion coefficients except in the case
of ethyl hexanoate, for which a higher mechanical treatment

induced a 15% decrease in the diffusion properties. The impact
of the mechanical treatment on aroma diffusivity also remained
limited in the case of MPO yogurt, except for linalool (17%
decrease), despite a high breakdown of the product structure
(3-fold decrease in the complex viscosity at 0.1 Pa, Table 2).
For WP yogurt, apparent diffusion coefficients of all aroma
compounds were always higher for a low mechanical treatment
(variations between 7% and 30%, depending on the aroma
compounds). Despite rheological modifications induced by the
mechanical treatment (Table 2), no direct correlation between
product structure and aroma diffusion was observed. Moreover,
when an effect was measured, it was the opposite of what could
be expected in the first place: higher diffusion properties were
obtained in the most structured gel (i.e., MT– yogurts). Although
they are surprising, these results were in agreement with data
found in the literature (30), which investigated aroma compound
self-diffusion by NMR measurements in carrageenan gels with
different structures. The 15% increase in the diffusion coef-
ficients with highest gel strength was explained by a decrease
of the obstruction effect with a better-structured product.

RELATION TO SENSORY STUDIES

Previous studies in our laboratory highlighted the influence
of yogurt structure on both in vivo aroma release and perception
during consumption; for the same matrix composition, aroma
release and intensity of olfactory perception were higher with
less viscous yogurts than with more viscous yogurts (3). The
impact of the mechanical treatment was higher than the
composition effect (2). Nevertheless, CAS yogurt presented
higher aroma retention under static conditions and was perceived
as being less intense for a majority of olfactory notes than the
other yogurts. The authors proposed several hypotheses to better
explain the impact of the product microstructure on the release
of aroma compounds: independently from sensory interactions
that could occur, such as texture–aroma interaction, some
modifications of physicochemical parameters were assumed. In
these studies, experimental investigations enabled the effects
of product structure on partition properties between yogurt and
the gaseous phase or on local mass transfer properties in the
product to be refuted. But the effect of the product structure on
aroma diffusivity could not be verified without an appropriate
experimental system. In the present study, the apparent diffu-
sivity of aroma compounds within these dairy gels could be
characterized thanks to the diffusion cell: even if some differ-
ences were observed between the six yogurts, the impact of the
product structure on aroma diffusivity was found to be too weak
to explain the differences in aroma release and perception
between products. Simulations performed with the mechanistic
model demonstrated that a (20% variation in the contact surface
between the yogurt and the gaseous phase had twice as much
impact on the release kinetics as a (20% variation in the
diffusion coefficients. All these results indicated the preponder-
ant role that the air/product contact area generated in the mouth
could have on mass transfer, as already suggested by several
authors (2, 4, 33).

APPENDIX

Mass Transfer Modeling in the Product. Molecular dif-
fusive transport was assumed within the food product (eq 1),
characterized by an apparent diffusion coefficient of the aroma
compound in the product (DP) on the basis of Fick’s second
law:

Figure 2. Experimental (symbol) and modeled (line) release kinetics of
aroma compounds from fat-free yogurt (solid symbols) or 4% fat yogurt
(open symbols). Operating parameters: T ) 7 °C; hP ) 5 × 10-3 m;
aroma compounds in mixture; (a) diacetyl, DPDi 0% ) 7.12 × 10-10 m2

s-1 (CV ) 2.9%) and DPDi 4% ) 1.51 × 10-10 m2 s-1 (CV ) 5.0%); (b)
ethyl hexanoate, DPEH 0% ) 3.46 × 10-10 m2 s-1 (CV ) 5.0%) and
DPEH 4% ) 0.085 × 10-10 m2 s-1 (CV ) 4.9%).

Aroma Diffusivities in Dairy Gels J. Agric. Food Chem., Vol. 55, No. 21, 2007 8685



∂CP(x, t)

∂t
)DP

∂
2CP(x, t)

∂x2
(1)

At the product/headspace interface, mass flux conservation was
written as

ADP

∂CP(x, t)

∂x x)hG+hm+hP
)AkH[CH

/ (t)-CH(t)] (2)

Partition at the Product/Headspace Interface. The inter-
facial balance was characterized by the product/headspace
partition coefficient KP/H, defined as the ratio between the aroma
concentrations on either side of the interface (eq 3):

KP⁄H )CH
/ (t) ⁄ CP

/( t) (3)

To solve the partial differential equations, the product was
split into n layers (discretization using the finite volume
method).

Mass Transfer Modeling in the Sampling Compartment.
Convective mass transport, characterized by a mass transfer
coefficient kH, was assumed in the sampling compartment (eq
4):

VH

dCH(t)

dt
)AkH[CH

/ (t)-CH(t)] (4)

The whole model was obtained by establishing similar
equations to describe mass transfer in the other compartments
(the bottom gaseous compartment and the membrane) and
through interfaces. The assumption that mass transfer within
the membrane was not a limiting step was checked.

LIST OF SYMBOLS

A, gas–product contact area (m2); CH(t), volatile concentration
in the upper gaseous compartment (kg ·m-3); CH*(t), volatile
concentration in the upper gaseous compartment at the product/
headspace interface (kg ·m-3); CP(x,t), volatile concentration in
the product (kg ·m-3); CP*(t), volatile concentration in the
product at the product/headspace interface (kg ·m-3); DP,
apparent diffusion coefficient of aroma compound in the product
(m2 s-1); kH, gas mass transfer coefficient (m s-1); hG, height
of the bottom gaseous compartment (m3); hm, membrane height
(m); hP, product height (m); KP/H, product/headspace partition
coefficient; t, time (s); VG, volume of the bottom gaseous
compartment (m3); VH, volume of the upper gaseous compart-
ment (m3); x, vertical position (m).

ACKNOWLEDGMENT

We gratefully acknowledge G. Hulin for his technical and
scientific contribution. We also thank G. Wagman for revising
the English version of the manuscript.

LITERATURE CITED

(1) Taylor, A. J. Release and transport of flavors in vivo: physico-
chemical, physiological and perceptual considerations. Compr.
ReV. Food Sci. Food Safety 2002, 1, 45–57.

(2) Saint-Eve, A.; Juteau, A.; Atlan, S.; Martin, N.; Souchon, I.
Complex viscosity induced by protein composition variation
influences the aroma release of flavored stirred yogurt. J. Agric.
Food Chem. 2006, 54, 3997–4004.

(3) Saint-Eve, A.; Martin, N.; Guillemin, H.; Semon, E.; Guichard,
E.; Souchon, I. Flavored Yogurt Complex Viscosity Influences
Real-Time Aroma Release in the Mouth and Sensory Properties.
J. Agric. Food Chem. 2006, 54, 7794–7803.

(4) Boland, A. B.; Delahunty, C. M.; Van Ruth, S. M. Influence of
the texture of gelatin gels and pectin gels on strawberry flavour
release and perception. Food Chem. 2006, 96, 452–460.

(5) Elmore, J. S.; Langley, K. R. Novel vessel for the measurement
of dynamic flavor release in real time from liquid foods. J. Agric.
Food Chem. 1996, 44, 3560–3563.

(6) Marin, M.; Baek, I.; Taylor, A. J. Volatile release from aqueous
solutions under dynamic headspace dilution conditions. J. Agric.
Food Chem. 1999, 47, 4750–4755.

(7) Juteau, A.; Cayot, N.; Chabanet, C.; Doublier, J. L.; Guichard,
E. Flavour release from polysaccharide gels: different approaches
for the determination of kinetic parameters. Tr. Food Sci. Technol.
2004, 15, 394–402.

(8) Piggott, J. R.; Schaschke, C. J. Release cells, breath analysis and
in-mouth analysis in flavour research. Biomol. Eng. 2001, 17, 129–
136.

(9) Rabe, S.; Krings, U.; Berger, R. G. Dynamic flavor release from
sucrose solutions. J. Agric. Food Chem. 2003, 51, 5058–5066.

(10) Weel, K. G. C.; Boelrijk, A. E. M.; Burger, J. J.; Verschueren,
M.; Gruppen, H.; Voragen, A. G. J.; Smit, G. New device to
simulate swallowing and in vivo aroma release in the throat from
liquid and semi-liquid food systems. J. Agric. Food Chem. 2004,
52, 6564–6571.

(11) Harrison, M.; Hills, B. P. A mathematical to describe flavour
release from gelatine gels. Int. J. Food Sci. Technol. 1996, 31,
167–176.

(12) Harrison, M. Effect of breathing and saliva a flow on flavor release
from liquid foods. J. Agric. Food Chem. 1998, 46, 2727–2735.

(13) de Roos, K. B. Physicochemical models of flavor release from
foods. ACS Symp. Ser. 2000, 763, 126–141.

(14) Cussler, E. L. Diffusion. Mass Transfer in Fluid Systems, 2nd
ed.; University Press: Cambridge, 1997.

(15) Déléris, I.; Atlan, S.; Souchon, I.; Marin, M.; Tréléa, I. C. An
experimental device to determine the apparent diffusivities of
aroma compounds. J. Food Eng. 2007, in press.

(16) Menting, L. C.; Hoogstad, B.; Thilssen, H. A. G. Diffusion
coefficients of water and organic volatiles in carbohydrate-water
systems. J. Food Technol. 1970, 5, 111–126.

(17) de Roos, K. B. How lipids influence flavor perception. ACS Symp.
Ser. 2006, 920, 145–158.

(18) Ettre, L. S.; Welter, C.; Kolb, B. Determination of gas-liquid
partition coefficients by automatic equilibrium headspace-gas
chromatography utilizing the phase ratio variation method. Chro-
matographia 1993, 35, 73–84.

(19) Atlan, S.; Trelea, I. C.; Saint-Eve, A.; Souchon, I.; Latrille, E.
Processing gas chromatographic data and confidence interval
calculation for partition coefficients determined by the phase ratio
variation method. J. Chromatogr., A 2006, 1110, 146–155.

(20) Juteau, A.; Atlan, S.; Déléris, I.; Guichard, E.; Souchon, I.; Trelea,
I. C. Ethyl hexanoate transfer modeling in carrageenan matrices
for determination of diffusion and partition properties. J. Agric.
Food Chem. 2007, 55, 3577–3584.

(21) Wilke, C. R.; Chang, P. Correlation of diffusion coefficients in
dilute solutions. AIChE J. 1955, 1, 264–270.

(22) Voilley, A.; Betttenfeld, M. L. Diffusion coefficients of volatiles
in concentrated solutions. J. Food Eng. 1985, 4, 313–323.

(23) Reid, R. C.; Prausnitz, J. M.; Poling, B. E. The Properties of Gases
and Liquids, 4th ed.; McGraw-Hill Book Company: New York,
1987.

(24) Guichard, E. Interactions between flavor compounds and food
ingredients and their influence on flavor perception. Food ReV.
Int. 2002, 18, 49–70.

(25) Kuhn, J.; Considine, T.; Singh, H. Interactions of milk proteins
and volatile flavor compounds: implications in the development
of protein foods. J. Food Sci. 2006, 71, R72–R82.

(26) Nongonierma, A. B.; Springett, M.; Le Quere, J. L.; Cayot, P.;
Voilley, A. Flavour release at gas/matrice interfaces of stirred
yoghurt models. Int. Dairy J. 2006, 16, 102–110.

(27) Brauss, M. S.; Linforth, R. S. T.; Cayeux, I.; Harvey, B.; Taylor,
A. J. Altering the fat content affects flavor release in a model
yogurt system. J. Agric. Food Chem. 1999, 47, 2055–2059.

8686 J. Agric. Food Chem., Vol. 55, No. 21, 2007 Déléris et al.
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