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A model of flavor release from encapsulated flavor particles immersed in water has
been developed that correlates well with experimental data. Flavor release from particles
was determined by measuring both the quantities released from the particle to water and
from water to air in the headspace. The model presented here predicts a very different
release with time from the encapsulated flavor if the particle develops a hydrogel at the
surface (swelling) compared to gradual erosion. Controlled heating showed more reten-
tion of flavor when the particle swells compared to a more rapid flavor release under
conditions of particle erosion. © 2004 American Institute of Chemical Engineers AIChE J, 50:
3257–3270, 2004
Keywords: encapsulated flavor, mass transfer, erosion, swelling, water-diffusion coeffi-
cient

Introduction

Most of the key flavor components are volatile and are by
definition the most difficult to retain because they are the first
molecular species to escape. In savory products, for example,
the loss of volatile molecules is crucial for the flavor impact.
Furthermore, a number of cooking processes (such as instant
soups, dough, broth cube) often involve dispersion of flavor
components in an excess of hot water, which then volatilize too
quickly.

A method for protecting flavors from adverse conditions
during storage, and therefore enhancing the shelf life of flavor,
is to confine the volatile molecules in a glassy matrix (Benc-
zédi, 2002; Schultz et al., 1955). This is achievable if the
storage temperature is lower than (Benczédi and Bouquerand,
2001) or close enough to the glass-transition temperature (Tg)
(Blake and Attwool, 1998) and if the relative humidity is low
enough to ensure stability of the glass. Under these conditions,

the volatiles inside the particles are trapped in the solid glassy
structure. When these particles are exposed to temperatures
higher than the Tg, the glassy matrix goes through a second-
order transition. As a result, it becomes rubbery; the mobility of
the volatiles increases and the flavor leaves the particle. The Tg

of a water-soluble matrix also decreases with uptake of water
from the surrounding environment. As they soften, particles
can either dissolve or swell. Depending on the application, it is
sometimes desirable to have different release kinetics: quick
(such as instant beverages) or slow (such as instant soups or
food that needs to be cooked before consumption).

Most flavor-encapsulated particles are based on starch hy-
drolysate (maltodextrin) matrices, which are known to deliver
rapidly in wet conditions (Mutka et al., 2000). For some
applications that need cooking, a slower release is preferred, to
minimize losses during preparation up to the time of consump-
tion. This is achievable when an external hydrophobic barrier
protects the particle from dissolving too quickly (that is, coat-
ing) or if the particle integrity is preserved for longer times
(that is, swelling, which is the subject of the present work)
(McIver et al., 2002).

Our aim in this report is to consider both the quick and slow
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delivery systems using models based on the self-diffusion of
water.

Within an individual particle, various processes can occur
when it is immersed in water, depending on the temperature of
the water and the composition of the flavor carrier matrix. In
this work, the water uptake that induces swelling or erosion of
the particles will be considered as the diffusive process that
drives flavor release.

Many models have been published dealing with the erosion-
controlled release or swelling-controlled release, but these have
been mainly concerned with drug delivery systems (nonvolatile
molecules) (for reviews, see Fan and Singh, 1989; Narasimhan
and Peppas, 1997). Both approaches are logically used in the
appropriate cases; however, a general model that can describe
both phenomena would provide an elegant solution to the
problem.

The model developed here is based on a single particle that
can either dissolve or swell, depending on slight changes in the
composition of its supporting matrix, and can explain the
time–intensity profile of flavor release to water and to the air.
This model was adapted from the extensive work carried out on
rice cooking (Davey et al., 2002; Suzuki et al., 1976, 1977) and
the behavior of wheat grains in hot and wet conditions (Land-
man and Please, 1999; Stapley et al., 1998).

(1) A model for flavor release to air was developed based on
the kinetic effect of water on glassy particles.

(2) NMR and microscopy measurements were used to de-
fine the necessary physical parameters characterizing the effect
of water on the glassy particles.

(3) Flavor release from particle to water and from water to
air was tested against the model using UV measurement and
real-time headspace analysis, respectively.

(4) Implications of the theoretical model are demonstrated
by heating the particles under controlled conditions, to illus-
trate what would happen, say, during cooking of an instant
soup.

Experimental
Fabrication of flavored particles

Two types of particle were used in this study. A classic
particle (particle A) produced according to Benczédi and Bou-
querand (2001) and a newly designed particle, with swelling
rather than dissolution behavior (particle B), produced accord-
ing to McIver et al. (2002). Maltodextrin 10DE (Roquette,
Lestrem F-62) forms the supporting matrix for both types of
particle (59.73% w/w for particle A and 57.39% w/w for
particle B). The flavor encapsulated is “Chicken 700611.05PI”
(Firmenich S.A., Geneva, CH-1217) and represents 32.17%
w/w of particle A and 30.21% w/w of particle B. The hydrogel
precursor (HPG) used in this study is agar–agar (Sigma-Al-
drich Chemie, Steinheim, Germany), which represents 3.3%
w/w of the composition of particle B.

The water content of particles has been measured using the
Karl–Fischer method and was 8.10% w/w for particle A and
8.40% w/w for particle B. Values of the glass-transition tem-
perature (Tg) for particles A and B, measured by differential
scanning calorimetry, were 44 � 1 and 42 � 1°C, respectively.
The concentration of dimethyl sulfide was 0.03% w/w and the
concentration of eugenol (4-allyl-2-methoxyphenol) was 9.7 �
10�3% w/w in both samples.

NMR

The self-diffusion of water in the particle as a function of the
water-phase volume was measured using pulsed-field gradient
NMR. The particles used for these measurements were unfla-
vored and uncolored, but had similar Tg values (39.5 � 1°C)
and maltodextrin species and origin. The water content of the
dry particles was 9.57% w/w measured by the Karl–Fischer
technique. The NMR samples were prepared directly in 10 mm
O/D NMR tubes. Each sample was prepared such that its final
volume was about 1 mL. This was achieved by initially weigh-
ing in the required amount of particles, followed by weighing
in the required amount of water. The samples were then left for
at least 2 days to allow dissolution of the particles in the water,
followed by careful stirring, to ensure uniform mixing before
any NMR measurement. The initial moisture content of the
particles was included in the final water content determination
for each sample prepared.

The self-diffusion coefficients of the water in the samples
were measured at temperatures of 25, 40, and 60°C using a
Resonance Instruments (Witney, UK) MARAN Ultra 20 NMR
spectrometer. Sample temperatures were controlled to within
�1°C using the standard MARAN gas flow temperature con-
trol system, and these were calibrated using a thermocouple for
each temperature studied. The self-diffusion coefficients were
measured using the pulsed magnetic field gradient stimulated
echo-pulse sequence (Tanner and Stejskal, 1968). A magnetic
field gradient of 2.13 T m�1 with 10-ms time between the
gradient pulses was used for all samples � 30% w/w moisture
content. A higher magnetic field gradient of 3.14 T m�1, with
a shorter time of 5 ms between the gradient pulses, was used
for the samples with water content � 30% w/w. The echo
attenuation was recorded as a function of increasing pulse
width of the gradient pulses for each sample, and the results
were fitted according to Tanner’s relationship (Tanner and
Stejskal, 1968) using standard Resonance Instruments software
(RI Diffusion). The magnetic field gradients were initially
calibrated by measuring the echo attenuation as a function of
increasing gradient pulse width for pure water at 25°C, and the
gradient strengths were then calculated from the known self-
diffusion coefficient of water at 25°C.

Microscopy measurements

Microscopy measurements were carried out using a Wild
Makroskop 420 (Leica Microsystems, Milton Keynes, UK)
with an approximate magnification of �30 on the image mon-
itor. A microscope temperature-controlled stage was used at
preset temperatures (Leitz Heating Stage 80, Leica Microsys-
tems). This enabled the characterization of single flavor parti-
cles in a glass petri dish filled with distilled water. The radius
of the particles was determined from maximum surface pro-
jection measurements. Initial particle radii were 1.17 � 0.05
and 1.35 � 0.05 mm for particles A and B, respectively. Using
image-analysis software (KS400, Imaging Associates, Thame,
UK), it was possible to estimate the maximum surface area
change of the particle immersed and therefore the radius con-
sidering spherical shapes. Images were acquired with a time
frequency of 2 s for analysis.

3258 AIChE JournalDecember 2004 Vol. 50, No. 12



Spectroscopy measurements

The flavor composition was complex and was formed by the
combination of 62 different molecular species. Fortunately, the
flavor absorbs in the UV, showing a peak proportional to its
concentration in water at 255 nm, which corresponds to ben-
zenyl properties. Maltodextrins and HGP do not absorb signif-
icantly at this wavelength. In this work, the molecules or group
of molecules that absorb light at this wavelength are called
“tracers” for simplification and are treated as one compound
according to the additivity rule of optical density. This is
dependent on the sample’s being homogeneous before immer-
sion. The absorption measurements were carried out using a
Perkin–Elmer Lambda 25 spectroscope, coupled to a hermetic
dissolution cell (Erweka DT700) filled with water (volume
1000 cm3, mass of particle 2.50 g, and temperature 40°C). The
liquid was continuously cycled from the dissolution cell to the
measurement cell (standard quartz cuvette with 1-cm optic
path; flow rate: 17 cm3/min). The measurement of the variation
in absorbance was performed in real time.

Headspace

Headspace measurements were carried out using a 613-cm3

bottle linked to an atmospheric pressure chemical ionization
mass spectrometer (APCI-MS) (Linforth et al., 1996). The
volume of water used was 50 cm3 for a mass of 0.5 g of
particles. The bottle was maintained at a constant temperature
using a water bath. The contents of the bottle were continu-
ously stirred at 60 rpm using a magnetic stirrer. Several volatile
species contained in the particles were measured and analyzed
in real time using the APCI-MS. A continuous and constant
airflow (30 cm3 min�1) carried a volume of air from the bottle
to the MS. For low volatile concentration in the air, the am-
plitude of the signal could be substantially affected by the
disappearance of the molecules measured. Once equilibrium
had been reached, the disappearance of a volatile, attributed to
the washout of vapor molecules into the MS, was characterized
by a slight and linear decrease in the intensity with time.
Therefore, the apparent intensity was corrected by subtracting
the negative slope throughout the time scale to give the true
intensity profile of the volatile species considered. Given that
the amplitude of the MS signal was proportional to the number
of molecules ionized, it followed that the MS signal measured
the variation in concentration of flavor molecules at constant
flow rate.

The controlled heating experiment was carried out under the
same experimental conditions as previously described (that are,
bottle volume, water quantity, temperature, and stirring rate).
However, MS measurements were preceded by a 15-min par-
ticle immersion in water under 6 � 103 cm3 min�1 nitrogen
flow in open conditions, thus ensuring the renewal of the
headspace.

Among the volatile molecules measured it was pertinent to
follow the release of dimethyl sulfide (C2H6S) because it is
very volatile (vapor pressure 10,420 Pa at 20°C), hydrophobic
(log P � 0.86 at 20°C, where P is the octanol/water partition
coefficient), and small (Mw � 62.13 g mol�1). This molecule is
commonly found in cheese and cooked meat. Because of its
high volatility, it is also a good tracer for the flavor release. The
eugenol is a heavier molecule (Mw � 164.20 g mol�1), more

hydrophobic (log P � 2.41 at 20°C), and less volatile (vapor
pressure 1.77 Pa at 20°C).

Theoretical Development

Several assumptions are necessary in defining the model for
flavor release:

● Low molecular weight volatiles, which constitute the most
difficult compounds of a flavor to trap, are homogeneously
distributed within the dry particle.

● The mobility of these molecules is identical in the hy-
drated particles to what it would be in water (Siepmann et al.,
1999) because the volume occupied by the molecule is small
compared to the hydrogel mesh size. Therefore, it was assumed
that no interactions exist between the volatile and the hydrogel
network, as suggested elsewhere (Lopes Da Silva et al., 2002).

● The aqueous medium is homogeneous at all times when
the solution is constantly stirred.

● No chemical interaction exists between the flavor mole-
cules and the matrix material of the particle.

Flavor release from particle to water

Based on these assumptions, together with the understanding
that the tracer molecule is able to migrate out of the particle,
two different mechanisms are conceivable.

(1) The polymer is totally solvated and migrates into the
solution (Parker et al., 2000; Peppas et al., 1994).

(2) The polymer molecule responsible for the hydrogel for-
mation partially detaches from the glassy core and restructures
itself before total separation can occur. If hydration increases
the flexibility of the polymer molecule, a network permeable to
small molecules forms. The gel is still attached to the glassy
matrix and resistant enough to ensure the integrity of the
particle.

Davey et al. (2002) considered the swelling of a rice grain
for dissolution purposes in beer production with the migration
of a “gelatinization” front toward the center of the grain. For
rice cooked in water, temperature is a critical parameter: rice
grains swell at low temperature but at high temperature they
dissolve. Here, at a given temperature, one composition of
particle favors swelling, whereas a different composition pro-
motes particle erosion.

Model for Swelling Particles. Water motion within glassy
starch particles is driven by a chemical potential gradient. This
gives rise to a Fickian diffusion mechanism for the water
uptake. As the water is absorbed by the particle, the starch
structure will swell or dissolve to accommodate the additional
water. It has been suggested that rice grains take up water for
hydrogel formation.

Using NMR, it has been proven that the waterfront in wheat
grains moves approximately linearly with time in wet condi-
tions (Stapley, 1995; Stapley et al., 1997). If this is true for
natural particles such as whole-wheat grains (Landman, 1999)
and for rice grains (Takeuchi et al., 1997a,b), this may also be
expected for glassy maltodextrin particles.

As a consequence of the Fickian diffusion mechanism of
water into the glass particle, the water self-diffusion in the
glassy matrix depends on the water-phase volume. As the water
content of the particle increases, its self-diffusion increases.
Water self-diffusion has been measured as a function of mois-
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ture content for wheat (Stapley, 1995), rice starch (Gomi et al.,
1998), starch, and corn kernels (Syarief, 1984) using NMR. In
all cases, the mobility of water increases “exponentially” as the
water-phase volume increases. However, the self-diffusion co-
efficient evolution has been fitted by a variety of empirical
functions with parameters explained by individually developed
theories. In all cases, at high moisture content, it is found that
using a simple exponential function of the moisture content
gives a satisfactory fit (Peppas et al., 1994).

It has been shown that the self-diffusion of water inside a
rice grain can be described using a nonlinear diffusion equation
in spherical coordinates, implying diffusion of the solvent
toward the center of the particle (Davey et al., 2002). This
statement leads to the classical equation of mass conservation
where �(r, t) satisfies

��

�t
�

�

�r �D���
��

�r � (1)

where r is the radius of the spherical particle, � is the phase
volume of water, and D(�) is the water self-diffusion evolution
through the particle. It is common to transform each parameter
to a dimensionless parameter because this eases the resolution
and describes the phenomenon more than the effective results.
This has the effect of generalizing the model to a wider range
of materials

��

��
�

�

�� �	�� �
��

��� (2)

The dimensionless parameters � (phase volume), � (time), �
(radius), and the function 	(�) (diffusion coefficient evolution
with phase volume) are defined as

� �
� � �0

�1 � �0
� �

D��1�

R0
2 t

� �
r

R0
	�� � �

D���

D��1�
(3)

where the water-phase volume �1 in the outer part of the
swollen particle (from the outer boundary toward the water-
front) is constant; �0 is the initial water-phase volume in the
dry particle; and R0 is the initial dry particle radius.

A pertinent approximation to consider was the hypothesis of
a pseudosteady state in the swollen region of the particle. As a
consequence, Eq. 2 reduces to

�

�� �	�� �
��

��� � 0 (4)

It is well known that the water mobility is an increasing
function of the water-phase volume where the upper limit is the
self-diffusion of water in water. As mentioned earlier, Gomi et
al. (1998) showed that the water self-diffusion evolution at
25°C can be fitted by a sum of exponential functions of the
water mass in rice grains. For simplicity, however, a single
exponential function is also acceptable if the maximum phase

volume of water is low enough before unity, but high enough
to ensure no solvent quality effect on the flavor self-diffusion.
Therefore

D��� � D0exp�k��

	�� � � exp
k�� � �1�� � exp
k��1 � �0��� � 1�� (5)

The function �(�), a mathematical transform, is next defined
as a tool for solving Eq. 4

��� � � �
0

�

	���d� �
1

k��1 � �0�

exp
k��1 � �0��� � 1��

� exp
�k��1 � �0��� (6)

Here, it is assumed that the water-phase volume, from the
center of the particle to the water diffusion front (�0), is
constant and equal to the phase volume of the water in the
particle before immersion. As a consequence, the system of
equations determining the time evolution of the outer radius
(r/R0) and the inner waterfront (s/R0) takes the following form
where both radii can be redimensioned without loss of integrity

�
dr

d�
�

�1 � �0

1 � �1

��1� � ���w��

1

r2�1

s
�

1

r�
ds

d�
� �

��1� � ���w�

�w

1

s2�1

s
�

1

r�
(7)

The water-phase volume (�1) ahead of the incoming water-
front and toward the external boundary is set constant to ease
resolution and, in reality, this is a sensible approximation. The
phase volume at the waterfront (�w) is set constant. It physi-
cally corresponds to the phase volume of water necessary to
unfold the gelling agent. Because the value of �1 is lower than
unity, the water activity around the dry core of the particle is
reduced.

Numerically solving this system of equations, and redimen-
sioning the time, leads to the expressions of the volume of gel
formed in the periphery of the particle (Eq. 8a). Equations 8b
and 8c give the volume of wet maltodextrin and the mass of
maltodextrin solvated, respectively (density of the starch ds �
1.43 g cm�3)

VGel�t� �
4

3
	
r�t�3 � s�t�3� (8a)

Vwet�t� �
4

3
	
R0

3 � s�t�3� (8b)

m�t� � �1 � �0�dsVwet�t� (8c)

If the flavor molecules are considered as inert and homoge-
neously distributed in the maltodextrin-based glass and assum-
ing that the glass is not perturbed by the presence of the
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volatile, the mass of flavor released in solution is directly
proportional to the mass of polymer solvated, and is thus
linearly related to m(t) in Eq. 8c or Vwet(t) in Eq. 8b.

Model for Erosion of Particles. An extension of the swell-
ing behavior by water uptake is now considered for treatment
of flavor release from a particle by erosion. In this case, the
material lost by the particle depends on the ability of water to
solvate the external layer of the polymer. The outer front
progresses toward the center of the particle and effectively
creates a membrane through which the polymer is released by
reptation (Papanu et al., 1989). In the case of erosion, only the
water penetration front is relevant for the calculation of tracer
release, despite the fact that it is not easily measurable. In
Davey et al. (2002) an adaptation of the swelling model is
developed that uses a discrete calculation for both fronts. This
model has been found more appropriate to particle A’s behav-
ior in water. The reason is that the particles studied in this work
constitute low molecular weight starch hydrolysate molecules
with high dextrose equivalent values compared to those of
starch. Here, the linear backbone of the polymer is composed
of only a few sugar units. This conformation does not allow
much entanglement or gel formation, as suggested by the
improvement of the dissolution process with a decrease in the
molecular weight of the polymer (Devotta et al., 1994). The
hypothesis that particles dissolve step by step, like peeling a
shell of constant thickness, is made (Davey et al., 2002). In
theory, once water has penetrated inside the particle for a
distance 
, the wet external shell can separate from the core and
solubilizes. This smaller particle core is then available for
water uptake. Because the polysaccharide chain (starch deriv-
ative) is short, it is expected that 
 is a very short distance.

In this last case, we assume the quantity of flavor molecules
released in solution to be directly proportional to the volume of
material, which separates from the particle.

To summarize the effect of water on particles, Figure 1
shows the evolution of the incoming waterfront (s) and the
outer radius of the particle (r) in the case of swelling, corre-
sponding to the resolution of Eq. 7 in dimensionless parame-
ters.

Figure 1 presents four different phases. The origin of the
graph is the location of the center of the particle at the time of
immersion. At the origin of times, the dimensionless radius of
the particle is 1.00 and above this dimensionless distance, the
medium is simply pure water. As dimensionless time proceeds,
water penetrates the particle following the dashed line toward
the center of the particle with a waterfront phase volume �w.
This corresponds to the water-phase volume necessary to un-
fold the gelling agent and to promote gelation. As a result of
absorbing water, the particle swells and the external radius
increases (solid line in Figure 1). The evolution of the external
radius is therefore governed by the evolution of the wet front
and experimental measurement of one of these two functions
allows estimation of the other, providing that all needed pa-
rameters to solve Eq. 7 are accessible; that is, if the functions
r(t) and D(�) are measured, only the fit of the tracer concen-
tration release in water during immersion is necessary to access
the phase volumes of water in the swelling phase of the particle
(�1 and �w). From Eq. 8b, the concentration of flavor released
into the surrounding liquid is available and, depending on
whether the particle swells or erodes, different figures are
obtained. These are presented in Figure 2.

When a particle erodes, water penetrates at a faster rate than
if the particle swells (Davey et al., 2002).

Flavor release from water to air

In terms of flavor release, the objective is to consider the
quantity released to the air from the flavor molecules released
in the liquid (Marin et al., 2000).

If release to the headspace over a constantly stirred liquid is
considered, and if a substantial volume of air is analyzed, the
system undergoes a mass transfer “reaction.” This is commonly
written as Eq. 9, where the concentration difference is the
driving force for the mass transfer. Flavor molecules are small
compared to the mesh size of the swollen part of the particle.
Therefore, a simple approximation that neglects the mass trans-

Figure 2. Estimated flavor concentration profiles in so-
lution for erosion or swelling of starch.
All other parameters concerning the swelling are set at the
same values than necessary for calculations shown in
Figure 1.

Figure 1. Evolution of the calculated swelling front and
waterfront in the starch particle using �1 �
0.76, �w � 0.63, �0 � 0.116, and D(�) � D0ek�.
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port rate of volatile molecules from the hydrogel to the liquid
is made. The volatile molecules equilibrate rapidly into the
surrounding liquid following a dilution mechanism. This is true
for small volatile molecules such as dimethyl sulfide and eu-
genol. Therefore, the mass transfer relationship responsible for
the release to air concerns the actual transfer from the liquid to
air

�
dCA

dt
�

kWASWA

VAir
�CA � KAWC*W� (9)

where subscripts A and W represent mean air and water, re-
spectively; C is concentration; kWA is the interfacial mass
transfer constant rate and usually in the order of magnitude of
10�6 m s�1 (Coulson and Richardson, 1977); SWA is the surface
of the water/air interface available for the transfer; KAW is the
air/water partition coefficient (the asterisk represents the target
equilibrium condition); VAir is the volume of air over the
solution. Equation 9 can be resolved analytically if the mass
balance relationship is introduced with Cp0, the initial concen-
tration of the flavor species considered in the dry particle, and
C*W is determined (see Eq. 10). Therefore, at any time t, the
following relationship is necessarily true

Cp0Vwet � CWVWater � CWVGel � CAVAir (10)

As the water progresses into the particle, the resolution be-
comes more complex and it is convenient here to assume a
partial steady state at each measurement time. This takes the
following form:

As time goes on, both the wet volume (Vwet) and the volume
of the gel (VGel) evolve. From Eq. 10, it appears that the
equilibrium conditions are defined as a function of time. Fur-
thermore the next conditions characterize the equilibrium

Cp0Vwet�t � �� � C*W
VWater � VGel�t � ��� � C*AVAir (11)

For any time t, the target equilibrium conditions are dependent
on the water ingress. Therefore, a new mass balance relation-
ship can be written where the equilibrium concentrations de-
pend on time

Cp0Vwet�t� � C*W�t�
VWater � VGel�t�� � C*A�t�VAir (12)

It is also important to consider that at the initial time of the
immersion (t0), concentrations in water and in air are zero.
Then, the mass balance at equilibrium is (if the water uptake
ceases)

Cp0Vwet�t0 � 
t� � C*W�t0 � 
t�
VWater � VGel�t0 � 
t��

� C*A�t0 � 
t�VAir (13)

Then it is possible to approximate the number of molecules at
equilibrium to the number of molecules effectively present in
air

C*A�t0 � 
t�VAir � CA�t0 � 
t�VAir (14)

After substitution of Eq. 14 into Eq. 13 and rearranging, it
becomes

C*W�t0 � 
t� �
Cp0Vwet�t0 � 
t� � CA�t0 � 
t�VAir

VWater � VGel�t0 � 
t�
(15)

Now, Vwet(t) and VGel(t) are functions that were determined
earlier (see Eqs. 8a–8c) and cannot be part of the mass transfer
between water and air phases (the particles dissolve or swell
even if the air phase volume over the water is zero). In other
words, flavor release does not affect the water ingress. There-
fore, combining Eq. 15 and Eq. 9 and rearranging gives a
differential equation characterizing the transfer, providing that

t is small (necessary condition for Eq. 14 to exist)

dCA

dt
� �

kWASWA

VA
�CA�1 �

KAWVAir

VWater � VGel�t�
�

�
KAWCp0Vwet�t�

VWater � VGel�t�
	 (16a)

Equation 16a can also be written in a simpler form as

dCA

dt
� �R
CAP�t� � Q�t�� (16b)

and Eq. 16 leads to

�
CA�t�

CA�t�
t� dCA

CA �
Q�t�

P�t�

� ��
t

t�
t

P�t�Rdt (17)

Within a small time interval, P(t) and Q(t) can be considered as
functions of time but independent of the kinetics involved here,
and resolution of Eq. 17 according to Eq. 16b leads to the
general equation

CA�t � 
t� � �CA�t� �
Q�t � 
t�

P�t � 
t��exp
�P�t � 
t�R
t�

�
Q�t � 
t�

P�t � 
t�
(18)

Examples of simulated release for erosion and swelling of
single particles are presented in Figures 3a and b.

Figure 3 shows the theoretical evolution of flavor concen-
tration with dimensionless time. The simulation is made for a
closed system involving 563 cm3 of air on top of 50 cm3 of
water. The concentrations were calculated both in water (Fig-
ure 3a) and in air (Figure 3b) from a combination of Eq. 18 for
the concentration in air and Eq. 10 for the concentration in
water.

In both cases, the flavor is released from particle to water
quicker than from water to the air. The signal in water increases
rapidly, passes through a maximum, and then decreases be-
cause of the loss of volatile molecules to the air, toward an
asymptotic signal value that corresponds to the equilibrium
concentration in water. Simultaneously, the signal in air in-
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creases monotonically toward a value corresponding to the
equilibrium concentration in air. Ultimately, the signal values
at equilibrium (long time) are identical both in the liquid and in
the air. Only the kinetics reveals the different behaviors, the
release being slower when the particles swell.

Results and Discussion
NMR

Using NMR, the self-diffusion values of water in water,
accurately measured at different temperatures of 25, 40, and
60°C, were 2.3, 3.22, and 4.69 � 10�5 cm2 s�1, respectively.
The relationship between the diffusivity of water in the particle
and the phase volume of water in the particle was determined
for these three temperatures and results are shown in Figure 4
for a temperature of 40°C, relevant for the present study.

The fitting equation used was Eq. 6 and the parameters D0 �
2.324 � 10�7 cm2 s�1 and k � 4.275 were estimated using
least-squares linear regression on a semilogarithmic scale for
phase volumes greater than 50%. For a given starch molecule,

D0 is related to the temperature of the test, and increases when
the temperature increases. The parameter k has been found to
be independent of the temperature.

According to the literature, such a fit leads to parameter
values such as D0 � 1.62 � 10�7 cm2 s�1 and k � 5.1 for rice
grains with a satisfactory confidence (R2 � 0.995) when using
Gomi’s data (Gomi et al., 1998). Similar values and water-
phase–volume dependencies can be extrapolated from a differ-
ent variety of whole-wheat grains. Examples for water self-
diffusion coefficient in dry wheat grains range from 1.8 to 12 �
10�6 cm2 s�1 for temperatures between 22 and 28°C (Cal-
laghan et al., 1979; Eccles et al., 1988) and k ranges from 3.57
to 5.26 [from Stapley’s data (Stapley et al., 1998)]. In evidence,
k varies with the variety of the starch (such as rice, wheat,
potato, etc.) and probably with the molecular weight and the
degree of substitution of the polymer forming the continuous
and protective glassy state. Full analyses of the relationship
between water self-diffusion and water-phase volume would
complete the understanding of the phenomenon.

Microscopy image analysis

Using microscopy, it was possible to determine the evolution
of the particle radius using image-analysis software. Figure 5
shows both the experimental data and the simulation from the
resolution of Eq. 7 and according to the NMR results.

A representation of the same data obtained for short times
(�20 min) is presented as an inset graph. The best fit of the
model for experimental data of particle B has been found for �1

� 0.76 and �w � 0.63; �0 has been defined as the initial water
volume fraction and estimated from the initial water weight
fraction. According to the small quantity of HGP in particle B,
it is assumed that the water-phase volume at the waterfront
(�w) is identical for both particles A and B. Therefore, the best
fit of the model to experimental data for particle A indicates
that the difference between the water-phase volume at the
waterfront and the water-phase volume where peeling occurs is
only 10�4 (0.1% in volume). The depth of the layer before
peeling is 
 � 10�3 that, when redimensioned, gives a distance
of 1.17 �m.

For both particle types, a deviation of the model to the

Figure 3. Simulation of flavor release in the water (a) and into the atmosphere over the water (b) when the particles
are immersed.
The concentrations are expressed as relative to the equilibrium concentrations in a closed environment. The particles can either swell (solid
lines) or erode (dashed lines). All other parameters are set at the same values than those necessary for calculations in Figures 1 and 2.

Figure 4. Evolution of D(�) as a function of � and fit
using an exponential relationship for � > 0.5.
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measurements is observed (see inset graph in Figure 5). How-
ever, for both categories of particles, this deviation can be
discussed. For the swelling model, the particles are treated as
perfect spheres and in reality the particles have a slightly
pronounced oval shape. Nevertheless, a satisfactory agreement
is obtained between the measurement and the model. For
particles that erode, a good fit is obtained for the short times
and a divergence appears after several minutes. This is directly
related to the stirring rate of the solution, as demonstrated in
Figure 6. According to Figure 4, if the polymer is not removed
from the close neighborhood of the particle while this is erod-
ing, the mobility of the water will be reduced outside the
particle and the penetration rate will be affected. However,
with the experimental conditions used, it was not possible to
measure the particle shape while stirring.

The simple representation of the complete dissolution time
against applied stirring rate is well fitted by the following
equation

td �
353.6

�
(19)

where td is the time in minutes when total dissolution is
observed and � is the stirring rate in rpm. A relationship that
links the flux of material from the particle to the liquid as a
function of the shear rate would have been more appropriated;
however, it would have added unnecessary complexity to the
demonstration. From Eq. 19, the dissolution of particle A can

be achieved only if stirring is present. During the experiment,
the agitation resulting from thermal convection corresponds
roughly to a 40 rpm stirring under normal conditions. It is
interesting to note that the beginning of the curve for particle A
still fits well after 200 s when it can be suggested that the
polymer released from the particle starts to substantially affect

Figure 5. Evolution of the outer particle radius with time for two samples from microscopy investigation and fitting
curve of r(t) according to Eq. 7.
The best fit was reached for �1 � 0.76, D0 � 2.324 � 10�7 cm2 s�1, and k � 4.275 for the swelling; calculations for erosion were plotted
according to the same water diffusion function. Initial radii for particles A and B are 1.17 � 0.05 and 1.35 � 0.05 mm, respectively. For the
erosion curve (dashed line), the depth of the layer before peeling is 
 � 1.17 � 10�3 mm with �1 � �w � 10�4 and �w � 0.63. Experimental
data are plotted with standard deviations (bold curves) and calculated evolutions are the dashed line for erosion and solid line for swelling.

Figure 6. Influence of the stirring rate on the dissolution
time for particle A at 40°C in distilled water.
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the mobility of water outside. This would indicate that the first
mechanism involved is limited by stirring.

UV and flavor flux

Kinetics spectroscopy measurements were performed at 255
nm. The Beer–Lambert relationship for the tracer intensity is
linear until at least 9 � 10�4 g cm�3 of flavor with an R2 value
close to 0.997. The apparent constant of absorption for the
flavor is 
app � 1.178 � 10�3 cm2 per gram of particle. The
absorption of light at higher wavelength (results not shown)
close to the infrared region does not increase significantly with
the flavor concentration, showing that the solution’s turbidity
does not affect the measurement. Therefore, the optical density

is proportional to the tracer concentration that is itself propor-
tional to the level of flavor in solution. Spectroscopy measure-
ments reveal the evolution of the tracer concentration in water,
measured as a function of particle immersion time. Figure 7a
shows that the maximum intensity obtained for both particles A
and B at long times are identical. This indicates that the tracer
concentration released in solution is roughly the same for both
particle types. A rapid observation of optical density intensity
as a function of tn indicates that the tracer concentration
evolves linearly with t1.0 when released from particle A and
linearly with t0.5 when released from particle B. From this, both
curves form a master curve before equilibrium (results not
shown). This would indicate the erosion phenomenon to be

Figure 7. (a) Evolution of the concentration of flavor released in water from immersed particles measured by
spectroscopy at 255 nm. Particle A: open circles and particle B: open squares. (b) Comparison of the
experimental signal with the modeling for water uptake in real time considering the diffusion of water as a
function of its phase volume.
Initial conditions: VA � 563 cm3, SWA � 47.8 cm2, kWA � 4 � 10�5 ms�1, KAW � 5.521 � 10�1 (value at 40°C calculated using Eq. 21).
Dashed lines for erosion and solid lines swelling.
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roughly a zero-order kinetics mechanism (Thomas and Windle,
1982) and the swelling behavior a purely classical Fickian
diffusion mechanism.

The calculated intensity of the release (model) is considered
as directly proportional to the wet particle volume Vwet(t). The
comparison between calculated (Eqs. 8b and 8c) and experi-
mental values is presented in Figure 7b, where the percentage
of release is considered (100% release corresponds to the
maximum OD obtained for particle A at long times; dashed line
in Figure 7a), and confirms the values of the parameters ob-
tained from NMR and microscopy.

In the world of industry, it is common to evaluate the release
performance of products in terms of flux. Because of the
complexity of commercial products, a rough indication of the
release rate is usually sufficient. The flux characterizing the
release of material from the particle was calculated from the

following equation to best fit the UV experimental data (Parker
et al., 2000)

CW�t� � C0

4	R0
3

3VWater
�1 � �1 �

Jt

�0R0
� 3� ;

Jt

�0
� R0 (20)

where CW(t) is the concentration of the considered species
released in the solvent and proportional to the optical density
measured, C0 is the initial concentration of that species in the
glassy particle, and �0 is the initial density of the particle. The
only adjustable parameter for this cubic behavior is the mass
flux (J). This has been estimated from the fit to experimental
data presented in Figure 7 (results not shown) and is 2.35 �
10�2 and 0.31 � 10�2 g cm�2 s�1 for erosion and swelling,
respectively. The formation of a continuous gel around the

Figure 8. Comparison between experimental signal and modeling for (a) eugenol and (b) dimethyl sulfide appearance
in air with time after immersion of particles A (open circles) and B (open squares) in 50 mL of water.
Measurements were carried out at 40°C using the same experimental conditions as used for the modeling (see captions for Figures 1–7).
Dashed lines for erosion and solid lines swelling.
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particle reduces the flux of matter roughly by a factor of 10
compared to erosion, but this is an indication of the perfor-
mance of the two particles (A and B) upon immersion in water.

Headspace analysis

The quantity of flavor molecules in both particle A and
particle B is thought to be initially identical. Therefore, once
the carrier (particle) is dissolved or totally wetted, the amount
of volatile molecules released in water is the same in the
absence of an air phase (see Figure 7a). From this, the head-
space signal at equilibrium (long time) must be identical. The
headspace signal, proportional to the number of molecules of a
given weight ionized, is expressed as a percentage of the
intensity value obtained at long time where the signal is stabi-
lized. The headspace intensity at a long time is the same for
both particle types.

Headspace measurements corresponding to the release of
eugenol and dimethyl sulfide and resulting from immersion of
particle A and particle B in water are presented in Figures 8a
and b, respectively.

The release difference between swelling and erosion of the
particle is less obvious when the system equilibrates in the air
compared to water (UV).

It has been recently demonstrated, using quantitative struc-
ture property relationships (Taylor and Linforth, 2001), that the
air/water partition coefficient KAW is strongly correlated to the
log P value (octanol/water partition coefficient). This needs to

be adjusted for changes in temperature. A rough, but useful,
estimation of the water to air partition coefficient is approached
by considering the following equation

KAW � 2
T � Tref�10�log P�1 (21)

where T is the measurement temperature and Tref is the tem-
perature at which the log P is referred to. The advantage of
estimating the partition coefficient is that it helps the determi-
nation of the flavor release in air. Only one adjustment param-
eter (kWA) is now needed for the fit to one experimental results
data set. Resolution of Eq. 18 for partition coefficient estimated
by Eq. 21 is shown for eugenol and dimethyl sulfide in Figures
8a and b. In this exercise, the best accordance corresponds to
where the rate constant kWA equals 4 � 10�3 and 2 � 10�2 cm
s�1 for dimethyl sulfide and eugenol, respectively. These val-
ues from now on are considered as constants for these mole-
cules and will be used as such for the controlled heating
experiment to simulate cooking.

Controlled heating experiment

Results from Figure 8 indicate that if the system is left in
open conditions for a given time (lower than the time necessary
for complete swelling of particle B), and then left closed until
equilibration, particle B would release a higher quantity of
flavor than particle A.

Figure 9. Eugenol: evidence of flavor retention by hydrogel formation under cooking situation, compared with data
presented in Figure 8a.
(a) Experimental data for erosion (circles), (b) simulated data for erosion, (c) experimental data for swelling (squares), and (d) simulation for
swelling (solid symbols: same experimental conditions as in Figure 8a and open symbols: same protocol but after 15 min of immersion in water
at 40°C in open environment).
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The calculations corresponding to heating in an open envi-
ronment for 15 min and then closed until equilibration are
presented in Figures 9 and 10.

Here again, a good agreement is obtained between mea-
surements and calculations for both molecular species. In a
closed environment, the increase in flavor concentration in
air is sigmoidal in shape. However, when the experiment
was carried out in an open environment, the shape of the
curve is exponential (Figures 9b and 9d and Figures 10b and
10d). At 40°C, particle B retains 85 � 2% of eugenol
(Figures 9a and 9b) and around 62 � 5% of the dimethyl
sulfide (Figures 10a and 10b) in the solution after 15 min of
nitrogen flow. During erosion, only 76 � 4% of eugenol
(Figures 9c and 9d) and 41 � 6% of dimethyl sulfide
(Figures 10c and 10d) are retained. Considering this result,
a change in the headspace concentration is expected when
the particle swells and when an open heating process leads
to increase loss of volatiles. It should be noted that a lower
air/water partition coefficient results in a reduced loss of
volatile, even if the molecules cross the water/air interface
more quickly. Therefore, the air/water partition coefficient is
the limiting factor in the loss of volatiles on cooking.

Discussion and Concluding Remarks

A mass transfer model was developed for estimation of the
flavor release from particles, which either swell or erode in a

solvent. The diffusion of water into the flavored particle is the
key to flavor release from an immersed particle to air. This
theoretical work has necessitated specifically designed experi-
mental conditions to reduce considerably the number of vari-
ables and to check the model’s validity.

For particles that swell, the water uptake rate and quantity
are characteristics of the water diffusion coefficient function in
the matrix polymer and of the phase volume of water present in
the newly formed hydrogel.

Spin-echo NMR enables measurement of the water diffusion
coefficient evolution with respect to the water-phase volume
present in the matrix polymer.

Microscopy measurements were used to accurately estimate
the water-phase volume necessary to develop hydrogel forma-
tion and water-phase volume present in the stable hydrogel.
Reinjecting these parameters’ values in the case of particles
that erode enables shell thickness to be estimated before ero-
sion.

UV spectroscopy measurements were used for determining
the rate of molecule release from the particle to water and give
good agreements between the model and experimental results
and has been demonstrated under both swelling and erosion
conditions.

Static headspace analysis was performed to characterize the
transfer rate of flavor molecules through the water/air interface
for different volatile species.

Figure 10. Dimethyl sulfide: evidence of flavor retention by hydrogel formation under cooking situation, compared
with data presented in Figure 8b.
(a) Experimental data for erosion (circles), (b) simulated data for erosion, (c) experimental data for swelling (squares), and (d) simulation
for swelling (solid symbols: same experimental conditions as in Figure 8a and open symbols: same protocol but after 15 min of immersion
in water at 40°C in open environment).
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Finally, dynamic headspace analysis in specific experimen-
tal conditions demonstrates the validity of the theoretical work.
This experiment intends to mimic real-life cooking where most
of the volatile compounds are lost before consumption of the
food. If the 15-min time difference between the closed and the
opened experiment corresponds to the time of preparation of an
instant soup in a pan on the stove, we clearly see the benefit of
using a swelling particle. According to our model 80% of
dimethyl sulfide would be lost in the air (68% experimentally)
after 15 min in the case of eroding particles. When particles
swell this loss is reduced to half: 40% (also in the experiment:
34%). Therefore our model predicts that a swelling particle
would prolong the smell of a soup even after cooking and this
has been confirmed by the headspace experiment.

Then it is possible to reduce the rate of flavor release by
forcing a particle to swell. One way to obtain such behavior is
to include HGP in the composition that will form a physical gel
network at the periphery of the particle when immersed in
water. According to the model developed here, the gel strength
will indirectly play a minor role on controlling the flavor
release in isothermal conditions because it will influence only
the phase volume of water present in the gel (�1). The phase
volume at the inner waterfront (�w) is independent of the
presence of HGP (equivalent value for swelling and erosion).
The HGP characteristics (such as nature, gel strength, back-
bone flexibility, number and nature of crosslinks, etc.) are
expected to have an influence on �1. However, �1 is governed
not only by the HGP networks characteristics, but also by the
material released from the particle to the gel, including the
nonvolatile molecules such as maltodextrin chains. Consider-
ing that the amount of HGP is small compared to the malto-
dextrin amount, we would not consider that �1 would evolve
strongly for different HGP nature or concentration. The gels
formed can have different properties and can promote stability
in different conditions imposed by the application.

If the gel formed is stable at the application temperature, the
flavor release is expected to follow similar kinetics.

Equation 7 is usually written taking into account the loss of
gel molecules by slow polymer molecular diffusion induced by
reptation. Increasing the HGP concentration can reduce the
effect of this phenomenon by the formation of a denser gel
network. Because the reptation is linked to the entropy of the
gel, a rise in temperature would increase reptation and decrease
gel stability. However, the HGP concentration must be low
enough to preserve particle properties [that are, Tg, D(�), etc.].

It has been demonstrated that the flavor release from encap-
sulated particles immersed in water is governed by the diffu-
sion rate of water into the particle. We have compared the
parameters of Eq. 5 obtained and published for different starch
derivatives or sources, and it appears that modifying the carrier
polymer modifies the swelling function. In the case of particle
swelling, we believe that the flavor release is dominated by the
nature of the polymer that forms the glassy matrix more than by
the HGP composition or nature.
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