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Oscillatory Water Sorption Test for Determining Water Uptake
Behavior in Bread Crust
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In this work, water sorption kinetics of bread crust are described using an oscillatory sorption test in
combination with a Langmuir type equation. Both kinetic and thermodynamic information could be
obtained at the same time. An advantage of applying a Langmuir type equation for a quantitative
description of the water uptake kinetics is that no prior knowledge is necessary with respect to shape
and surface area of the sample. It was shown that adsorption and desorption of water to the bread
crust particle surface is much faster than the experimental time used (15 min at minimum). From
this, we may conclude that diffusion of water into the solid matrix is the rate-limiting step in the water
sorption process. The method also allows one to calculate a Gibbs free energy. The method is suitable
for use up to relative humidities of 60%.
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INTRODUCTION (RH) (as determined by thermodynamics) but also to know the
kinetics of water uptake. This is because the faster the water
uptake, the faster the loss of crispiness. Often researchers use
Fick’s law to describe water sorption kineti@; 9). Fick’s first
law describes water diffusion related to Brownian motions. The
diffusion coefficient depends on local water concentrati®).(
Others used empirical models like the Weibull model or a
mathematical model that accounts for both polymer relaxation
and stochastic diffusion to describe water uptake kinetics of
dry foods (1—14). The Weibull model can be used to determine
the process mechanism of water uptake. Cunha et d).did
this to describe water uptake processes controlled by internal
diffusion, external resistance to mass transfer, and relaxation
at the same time, a loss of the crispy behavior occr$). phenomena. A disadvantage of this model is the lack of a
This makes the product less desirable for the consumer becauséheoreuc"jll ba_5|s (11). )
of the loss of perceived freshness. To improve crispy behavior, Roman-Gutierrez et alg(15) studied the rate of water uptake
more information is required about the mechanisms underlying ©f @ hard and a soft wheat flour and of different flour
the deterioration of crispiness. Because it is clear that water COmMponents. Diffusion coefficients of water in starch or wheat
causes the loss of crispiness, it is of interest to investigate theflqur'systems were determined. Roman-Gutierrez e18).used
state of water in a food product, the kinetics of water uptake, FICK'S law to interpret sorption rates of the flour components
and the mechanism of water binding in a food product. (vygter uptgke vs time). They did not observe a difference in
General water uptake (equilibrium conditions) is usually initial sorption rates for the selected wheat components, except
described by using a sorption isotherm. Several models are fittegfor the water-insoluble pentosans. These adsorbed water faster
to these curves to describe water uptake (7). However, with than all other components. _ _
respect to storage stability, it is important not only to know the D€l Nobile et al. (14) used an oscillatory sorption test for

total uptake of water at a certain environmental relative humidity determining the water transport properties of chitosan-based
films. In this experiment, they used cycles of oscillating water

(telephone 0031 318659511: e-mail PTESSUrES. The water pressure levels around which the water

The crispy/crunchy characteristics of crusts are closely related
to the fracture behavior of the solid matrix and the morphology
of the crust. The solid matrix should break in a brittle way while
sound is emitted. This character is lost at a higher water activity
(1, 2). For example, for bread crust, this is at a water activity
above approximately 0.6). It is especially difficult to keep a
food crispy when the product has a moist interior. Water then
migrates from the interior to the crust causing hydration of the
crust components. This results in an increase of the mobility of
the macromolecules, which causes a brittle to ductile transition
of the amorphous regions of the crust (mainly proteins and
carbohydrates) that were initially in the brittle stat® @oughly
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Hans.Tromp@Nizo.nl). _ pressure oscillated was for every cycle set at a higher level as
IWagen!ngen Se_mfe f:’r Food Sciences. well. They proposed an anomalous diffusion model and a
5 Nfﬁ%?gggnlqeggﬁfﬁ_y' nonideal Fickian model to fit the experimental data; in the latter,
'TNO Quality of Life. they did not take relaxation phenomena into account. The
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Table 1. Characteristics of Soissons Wheat Flour (dm), Results from
Primo-Martin et al. (3)

parameter value parameter value
water absorption (%)? 56.5 starch (%) 77
moisture (%) 14.1 damaged starch (%) 6.0
ash (%) 0.58 energy input (J)° 290 x 1074
protein (%) 10.9 falling number 333

a Farinograph (Brabender). ? Alveograph (Chopin).

anomalous diffusion model accounts for both stochastic diffusion
and polymer matrix relaxation, whereas the nonideal Fickian
model neglects the polymer matrix relaxation phenomeméh (
Both proposed models fitted well to stepwise water sorption
data, but only the anomalous diffusion model fitted well to the

oscillatory sorption data. These results suggest that when the

water sorption kinetics are controlled by polymer relaxation

sorption tests. The use of an oscillatory sorption test will allow

van Nieuwenhuijzen et al.

Methods. Part-Baked BreadsPart-baked rusk rolls (8 cm diameter,
4 cm height) were prepared at the TNO baking laboratory (TNO Quality
of Life, Zeist, The Netherlands). Wheat flour (3000 g), water (1695
mL), based on farinograph water absorption (18), yeast (50 g), salt (70
g), and ascorbic acid (20 ppm) were mixed in a high-speed mixer
(Kemper SP 15, Kemper, The Netherlands) as explained below. First,
all ingredients (temperature &) except water were dry mixed for 1
min at low speed. Next, water (PC) was added, and everything was
mixed at low speed for 2 min. Finally, the dough was kneaded at high
speed until a dough temperature of 2B was reached. After it was
mixed, the dough was allowed to rest for 15 min. Next, the dough was
divided and rounded. Proofing was performed at’'@0and 80% RH
until a fixed volume of the dough sample (500 mL SJA) was reached.
The breads were part-baked at 215 during 12 min in a Rototherm
RE oven (Haton, The Netherlands). The part-baked breads were allowed
to cool down for 30 min and frozen at30 °C and stored at-18 °C
until use.

Breads were baked off in a Bakermat Mastermind oven (Leventi,

. . . .’ Gilze, The Netherlands). The bake off conditions were as follows:
an oscillatory sorption test should be used instead of stepwise

preheating of the oven at 25 followed by 5 s of steam injection
and convection heating during 5 min at 235. After bake off, the

a better determination of the relationship between the water preads were allowed to cool down during 0.5 h at ambient temperature

diffusion coefficient and the local water concentratidd
A disadvantage of using Fick's law for describing the
diffusion of water into a bread crust particle is the requirement

(fresh bread). Next, the crust (2 mm thickness) was separated from the
crumb with a slicing machine (250 TC, Manconi&C, Sumirago-Varese,
Italy). The crust samples were milled in a coffee grinder for 10 s at a

to make an assumption regarding the particle surface to volumetime with a maximum of three times (to prevent heating of the sample)
ratio. This is mostly done by assuming a spherical shape of the until a fine powder was obtained. The powder was sieved with different
particle, which is not the case for bread crust particles. BesidesSieves (63tm, 0.25 mm, and 0.5 mm), and the different sieve fractions

that, Fick’s law results in a diffusion constant of water, which

is an average of the contributions from the adsorption on the

surface of the particles and the diffusion into the particle and
assuming no matrix relaxation. When results obtained by
applying Fick’s law are interpreted as diffusion inside a bread
particle, instant adsorption of the water at the surface of the
material is assumed. Currently, it is unclear whether this
assumption is correct.

In this article, a combination of an oscillatory sorption test

(<63 um, 63um to 0.25 mm, and 0.250.5 mm, called S, M, and L,
respectively) were freeze-dried. The largest sieve fractieah§ mm)

was discarded. Samples were kept at room temperature in closed tubes
until use.

Oscillatory Sorption Experiment3.he oscillatory sorption experi-
ments were performed using a VTI-SGA 100 symmetric vapor sorption
analyzer (VTI Corp., Hialeah, FL). This is a continuous vapor flow
sorption instrument for obtaining water and organic vapor isotherms.
The instrument is equipped with a dew point analyzer and a Cahn
microbalance. All tests on crust samples-{5mg with an approximate

and the use of a Langmuir type equation (17) is proposed to thickness of the powder bed of 0.5 mm) were performed at@5

allow a quantitative analysis of water uptake behavior without

Every experiment was started with a drying step af60during 120

prior knowledge of shape and surface area of the sample. Bymin (this resulted in a water content at the start of each experiment of

varying the oscillation time, it should in principle be possible
to differentiate between water adsorption/desorption from the
surface and diffusion of water into the particle.

In the oscillatory sorption experiment described in this paper,

approximately 2.5% for all samples). The oscillation experiment was
performed by applying block wise oscillations of the environmental
RH between 60 and 80% RH, 50 and 70% RH, 40 and 60% RH, and
20 and 40% RH, respectively. The rising and falling times of each

the air RH oscillates between two different values. Water uptake Plock were 4.5 min gigure 1). The isotherm was determined by

and release during the time span of the oscillation period

involved are measured with a microbalance. In contrast to the

method applied by del Nobile et alL4), oscillations in RH are
applied until a steady state has been reached. Water sorptio
kinetics can be investigated as a function of particle size,
oscillation time, theA,, range studied, and product properties.
How the weight changes in reaction to a change in air RH

depends on the rate of transport to the surface, on the rate o

changing the RH every 570 min or when the isotherm was stable (less
than 0.0001% weight change in 10 min). The weight change of the

sample (caused by the change in environmental RH) was measured in
time. The measurements were stopped when the oscillation of the

r]::ample weight became steady. Two different oscillation times were

used (28 and 48 min).
Differential Scanning Calorimetry (DSGJrust and crumb samples

f(around 15 mg) were weighed, and distilled water was added to a 3:1
r

atio of water to the sample in stainless steel pans (TA Instruments

adsorption and desorption of water at the surface of the sample,nc | United States). DSC measurements were performed with a Perkin-
and on the rate of diffusion of the water into the sample. The gimer DSC 7 calorimeter (Perkin-Elmer Corp., United States). Indium

water sorption kinetics are described using a very simple model was used for calibration of the system. The samples were heated from
based on an equation equal to the equation derived by Langmuir10 to 130°C at 10 °C/ min. An empty stainless steel pan was used as

(17). Besides that, in this article, the use of our model for the
calculation of an imaginary surface area of the sample will be
discussed.

MATERIALS AND METHODS

Materials. Bread crusts baked of a soft wheat flour (Soissons) were

a reference during the DSC measurement. The enthalpy was expressed
in J/g of sample (19). Relative crystallinity (RC) was calculated as:

AH
RC=-—-x 100

AH; (@)

used. The flour was purchased from Meneba (Meneba Meel BV, whereAHs represents the melting enthalpy (J/g) of starch crystallites

Rotterdam, The Netherlands). The composition of the flour is shown
in Table 1.

in the sample andAH; represents the enthalpy (J/g) of starch
gelatinization in the flour.
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Figure 1. Change in applied RH as a function of time for two RH

combinations in the VTI-SGA-100 analyzer (a) 20 and 40% RH and (b)
40 and 60% RH, respectively.

Protein AnalysisThe protein content was determined according to
the Dumas method using a NA2100 Nitrogen and Protein Analyzer
(CE Instruments). Methionine was used as a stand20jl (

Total Starch.The total starch content was measured using a total
starch assay kit from Megazyme-émylase/amyloglucosidase method)
(Megazyme International Ireland, Wicklow, Ireland).

Theory. Analysis by Using a Simple One Exponential Equation.
Weight change [Am(t)] was defined as follows:

M(t) — M(0)

Am(t)= M(0)

(g water/g dry weight) 2

where M(t) and M(0) are the weight at timé and the initial weight
after the drying step of the sample, respectively.
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in Ammax, Which will in theory eventually lead to an infinite value for
Amnax because the system has become a solution. Moreover, a change
in adsorbate properties due to swelling may affect the adsorption energy
and with thatkges and Kags

The rate of the change of surface coverage due to adsorption is
proportional toP and the amount of available surface area (i.e., number
of sorption sites) Ammax — Am(t)]. Equation 4 can be solved as follows:

dAm(t)
dt=
= o KaP)AM() T AP )
Integration of eq 1.5 gives
- —1 —(Kges T KaaP)AM() + AM Koo P
t= In ©)
(kdes+ kadf) [
g (kdestkaaP)t — _(kdes+ kad?)Am(t)‘f‘ Ammaxkadf -
c

wherec is an integration constant. This gives the next expression for
Am(t):

_Ampgkaa® ¢ ~ (kaestKagP)t
Am(t) kdes+ kadf kdes+ kadf € (8)
whent is 0 then:
i Ammaxkadf . C
Am(O) kdes+ kad? kdes+ kadéD (9)
c=—AM(0)' x (Kyes+ KyqP) + AMy o Koo P (10)
This leads to:
B - AMakaiP] peepyt L AMmakaP
A=A ST T e

where Am(0)' is the weight change at the start of the part of the
experiment considered. If the experiment is started from the dry state,
Am(0)'is 0, and when considering the water uptake kinetics for one
oscillation stepAm(0)' is equal toAm(t) at the start of the oscillation
step. The fit results of the last five oscillation steps (when the

For the analysis of the uptake of water by bread crust, this process oscillations were visually steady) were averaged to obtain a value for

is assumed to be expressed by:

kads
H,0(gas)— H,O(adsorbed)
kdes

®)

Then, the oscillation experiment can be described by an equation equal

to the Langmuir equation (21).

When using this equation, we assume that all sorption sites are equal®

the adsorption/desorption of water in a single oscillation step. To avoid
the need for a third adjustable parameter, we assume that the
thermodynamics of the upward and downward water sorption process
are equal. Then, we assume that the equilibrium constant

s
kdes

nd Ampax are identical for both upward and downward branches of

K (12)

and that the adsorption energy is independent of the degree of coveragdh® oscillating data curves afm(t). Note thatk has the units Pa.

of the surface. With these assumptions, we can express the change iff-onsequently,

weight in time dAm(t)/dis (21):

dAm(t)

= KaeAMO+ kPAM G~ AME] (4)

wherekagsis the apparent rate constant for adsorption Ba?), Kqesis
the apparent rate constant for desorption')(sP is the water vapor
pressure (Pa), is time, andAmnax is the maximum weight increase.

fits of

Am(t)= [Am(0) — aje ** + a, (13)
to upward and down branches were carried out vaghand a; as
adjustable parameters. From

ag  Py1+PK

a, P 1+PK

(14)

The latter parameter has only a physical meaning when the properties
of the adsorbent do not change as a function of the amount of water (P, andP; are the water vapor pressure values, agcandag are the
adsorbed. In many practical cases, above a certain degree of wateffitted equilibrium weight change levels for the upward and downward

uptake, the material will begin to swell, introducing a time dependence

oscillation branches, respectively) and
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Am, . KP; a 10
=T kP (15) 9 ' _
1+KP; 5 RH 40-60
and - ! RH 20-40
~ 6 ' i Second part
a1 = Kges,i T Pikags (16) Ef 5 - i _
BN
K, AMnay Kies,; @ndkagsican be calculated. The subscrigquals “h” < 4 \
or “I" and refers to the upward and downward branches of the oscillating Z First part
curve. i
From the obtained equilibrium constakt and the water vapor 1
pressureP;, the Gibbs free energyAG) of the adsorption of 1 mol of 0

water can be calculated as follows (21): 0 10 20 30 40 50 60 70
Experimental time (hours)

AG = —RTInKP, 17)
b 30
whereR is the gas constant (8.314 J/mol K) afids the temperature - + Adsorption ‘
(298 K). S = Desorption
RESULTS 9,20 -
% ]
Reaction Constants. Figure 2ashows an example of an  §1° -
oscillatory sorption experiment for two different RHs. The %10 ) . 0t
experiment can be divided into two parts; the first part in which @ . - .
a steady state is not yet reached and in which a large amountg 5 =
of water is taken up and a second part in which a steady L N
oscillating state (five repetitive oscillation steps are the same (e
within one experiment) is reached. In this study, we will focus 0 20 40 60 80 100
on the second part, the steady oscillating state situcfigoire Equilibrium RH (%)

2a shows that the overall water uptake is less and proceeds aiFigure 2. Oscillatory sorption experiments for bread crust particles (size
a lower rate at a lower air RH as expected. The model was large) of Soissons flour at two different RHs (40-60 and 50-70%) (a)
fitted to the separate oscillation steps in the second part of theand water sorption isotherm of Soissons bread crust large-sized particles
experimentFigure 3 shows the single-exponential fit (eq 13) (b).

of the results obtained for Soissons bread crust with an
oscillation time of 48 min for an upward oscillation step. Fits  gg
of the downward oscillations were similar (data not shown).

From this graph can be concluded that a single-exponential &7 -
model fits the experimental data with an accuraciRb& 0.99. 85
Fitting of the single-exponential model resulted in two kinetic &

parameterskags andkges The values for these two parameters 58-3 » data
are shown inFigure 4a,b, respectively, for both the upward 81 — it
and the downward oscillation branché&ssshould not change
with water content when the affinity for water does not change 7.9
with water content. However, as can be seeRigure 4a, Kags 27 _ v v
is lower for a higher air RH range for both the upward and the ’ ‘
0 5 10 15 20 25 30

downward RH processkges is higher at a higher air RH
oscillation rangeKigure 4b). Bothkagsandkgesfor the upward ! ) ) i ,
RH process are lower than for the downward RH process. At Flg.ure 3. Fit of the smglg-equnenﬂal type.eqtljatmn (eq 1.13) for large
lower air RH (26-40%), this effect is clearer than at the higher Soissons bread crust particles with a RH oscillating between 40 and 60%.
air RHs Figure 5 shows the ratio foKyes upwartKdes, downwardadata indicates a weaker drive for water to adsorb onto crust with a
for kagsnot shown). This could indicate that the material changes higher water activity. A Gibbs free energy of zero suggests the
relatively stronger over the considered lower RH range. This absence of a preference for water molecules to be either in the
complies with the fact that at lower RH the isotherm also shows vapor state or in the adsorbed state.
the largest hysteresis effedtigure 2b). Apparently, already Effect of Size. Figure 5also shows that the difference
hysteresis occurs at small changes in water content. Thereforebetween the upward and the downward process is not influenced
the assumption that there are no differences between theby the size of the particle. In other words, the activation energies
parameters of the upward and downward oscillation brakch ( for adsorption and desorption do not depend on the particle size.
andAmpyaxare equal for upward and downward branch) cannot The other determined parameters are influenced by Bigare
be maintained. 6 shows the effect of particle size orGd dG was found to
Gibbs Free Energy.The Gibbs free energy change due to depend on the size of the particles at lower RH. In a lower air
water adsorption (dG) can give information on the direction of RH range, dGecomes more negative with increasing sample
the reaction of water uptake or loss. The Gibbs free energy of size. Figure 7 shows thatAmyax increases with decreasing
the adsorption/desorption process was calculated from the ratiosample size. This indicates an increase in active “surface area”
of kags X Plkges Figure 6 shows the results for Soissons bread per unit mass for smaller particles. With an increasing air RH,
crust with an oscillation time of 48 min. The Gibbs free energy Ammax also increases. This also indicates an increase in the
goes to zero and reaches a positive value with increasing watemumber of sorption siteszigure 8a,b showskags x P andkges
content. An increasing Gibbs free energy with increasing RH for Soissons bread crust of different size classes of crust particles

Experimental time (min)
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for the upward branchkags x P and kges both decrease with
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Figure 8. kygs*P for Soissons bread crust of different size and for different
RH ranges (a) and kges for Soissons bread crust of different size and for
different RH ranges (b).

mm); therefore, the water uptake process will go slower for
larger particles.

Effect of Oscillation Time. No significant difference was
found between oscillation times of 28 and 48 min for any of
the parameters (data not shown). That means that all processes
that determine the kinetics and average level of water uptake
have a characteristic time that is either well below 28 min or is
much longer than 48 min. This conclusion is supported by the
small size of the hysteresis found when comparing weight
change curves at increasing and decreasing RHs (i.e., the upward
and downward branches of the oscillations).

DISCUSSION

Our results show that it is possible to obtain new information
(Ammax Kadgs andkged from the combination of an oscillatory
sorption test under steady-state conditions and an analysis based
on a single-exponential model. The advantage of this method
as compared to the generally used Fick's law is that no

increasing particle size. The diffusion distance of water into information is required about geometry and size of the used
the particles will be longer for larger-sized particles (average sample because this information is included in one of the fit
diameter of 0.19 mm as measured with a stereomicroscope) tharparameters of the model. This method allows in principle
for smaller-sized particles (approximate average diameter of 0.01differentiation between diffusion of water into the matrix and
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adsorption and transport of water to the surface although we Taple 2. DSC Results and Protein Content for Different-Sized
did not see the latter in our experiments. Fractions of Soissons Bread Crust Particles

No influence was found of the oscillation time between 28

and 48 min on parameters considered. Because the product also relative protein total starch
. . . size crystallinity %) SD (% dm)  SD (% dm) SD
shows hysteresis, most likely, we may conclude that adsorption
large 23 3.1 10.9 74 1

and desorption processes at the surface and transport of Waterme dium o 10 109 02 1 i
to the surface are much faster than the oscillation rates used. gy 18 25 110 01 ND

This means that diffusion of water into the matrix is the rate-
limiting step in the water uptake process. This also confirms
one of the assumptions that is made when using Fick’s law to cryst particles showed a peak at around@dor all sizes, which
describe the diffusion process, instant adsorption of the wateris similar to results found before28). There could be a

to the surface of the prOdUCt. The use of shorter oscillation times difference in nonstarch polysaccharide content (||ke|y a lower
could be of interest, but with our equipment, unfortunately, this content of nonstarch polysaccharide in the small-sized sample),
is not pOSSibIe. The Langmuir parameters and Fickian diffusion which could cause a difference in dG. According to Roman-
can be linked together througkies Desorption is always  Gutierrez et al.24), pentosans have a relatively high equilibrium
activated because the partiCleS have to be lifted from the bottomwater content as Compared to other wheat components. To
of a potential well (21). A highekges therefore indicates a  clarify this point, further research needs to be done.

smaller activation energy for water to jump from one place to kags and kyes Of Soissons bread crust differ for different air
another. Diffusion can be thought of as water molecules jumping g (for both the upward and the downward branch) even
from one place to another. The jumping distance is determined,;ithin one oscillation experimenE{gure 4a,b). This suggests

by the size of the voids/free volume in the system. For example, 4¢ the material changes when the water content of the material
a glassy system has more voids than a crystal, so faster d'ﬁus'onchanges. Because of the water uptake, the material probably
(22). kes increases with increasing RH in our bread crust ge|is. This is also indicated by the increase\imyay with the
particles, thus also suggesting faster diffusion of the water. applied RH range, which indicates an increased number of
Both the adsorption and the desorption rate tend to decreasesorption sites. The variation &fgsandkgeswith RH could mean
with increasing particle size. Besides the difference in surface that the type or number of sorption sites changes (for example,
to volume ratio, the smaller particles have a higher water contentfrom highly reactive polar sites on the macromolecule at low
in the steady state (results not shown), likely due to a higher RH to binding sites with higher activation energies at higher
percentage of the material structurally affected by the penetrationrelative humidities). The change in Gibbs free energy also

of water. Material into which water has penetrated has a higher confirms that a change in the material with a change in RH has
ability to retain water and a higher water diffusivity. The latter occurred.

could result in a highekses andkags for smaller particles. The hysteresis effect as shown between the upward and the
Ammax Of @ smaller-sized sample is larger; the surface area downward branch is not compatible with the absence of an
to volume ratio of a smaller sample is also larger, and as above-influence of oscillation time on the considered parameters. The
described, this could increase the amount of water penetratinglatter indicates that at all times the system is in equilibrium,
the sample and thus increas@énma. Through the parameter  whereas a hysteresis indicates a nonequilibrium. Further research
Amnay it is therefore possible to get an indication of the size is necessary to clarify this point. Taking smaller ranges of air
of the active surface area per unit mass of the sample. The sizeRH could probably improve the experiment. These findings also
effect onAmmaxis only a factor 2 whereas the average diameter indicate that the diffusion is likely not purely Fickian. More
differs by a much larger factor (approximately 10). An earlier likely, the diffusion mechanism lies somewhere between Fickian
study by image analysis (R. H. Tromp, unpublished data) diffusion (case 1 diffusion) and case 2 diffusion, which also
showed that the two-dimensional projections of larger-sized involves matrix relaxation. Case 2 diffusion occurs when the
toasted rusk roll crumb particles have a larger perimeter per characteristic relaxation processes of the polymer are slower
surface area as compared to smaller particles. In other words than that of the diffusion process and the diffusion is completely
the surface of larger particles is rougher than the surface of controlled by the polymer relaxation rate. This relaxation of
smaller particles. This would imply a relatively larger surface the polymer causes a change in the effective local diffusion
area for the larger particles than expected based on their diametetoefficient of the diffusing molecules. This behavior is char-
and the assumption of a smooth surface. Such an effect canacterized by the presence of a sharp penetrant concentration
explain the smaller difference between then,.« for the profile that propagates into the polymer with a constant velocity
different sizes. The dependence Miny,.x on RH and particle (25). The hysteresis effect also indicates a change in the material.
size indicates that this parameter may be used as a tool toThen, according to Del Nobile et all4), indeed, an oscillatory
characterize the active sorption sites of particles from different sorption test should be used.
breao_l sources. It is probably a relevant parameter to des_CI_rlbe It should be noted that the ratio between Hags ypwarsand
the difference in the rate of aging due to a change in humidity the Kges,downwardS €qual for all sizes but changes with RH. This
of bread crust with different ingredients. At higher water jndicates that this parameter may be used as a material property.
contents, the differences between thi@ya for the differently This ratio is lower at a lower water content (RH -240),
sized particles become smaller. This is probably caused by thesyggesting a difference in activation energy for the binding of
fact that at a RH above 60% the assumption that all sorption water between the upward and the downward branch. This
sites are equal does not hold anymore. indicates a more ordered state of the sample as compared to
The fact that & is not the same for all sizes indicates that a the samples at higher RHs. With a larger part of the material in
change in the chemical composition of the sample may have an ordered state, this hysteresis effect will be larger and the
occurred during sieving, although no difference in protein ratio betweerkyesupward@NdKges downwarVill be further away from
content, starch content, or amount of gelatinized starch (100- 1. This ratio being 1 would mean that the material is behaving
RC) was found Table 2). The DSC thermograms of the bread as a dilute solution. @ was calculated for the bread crust
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samples at an oscillation time of 48 miRigure 6). This table (2) Luyten, H.; Plijter, J. J.; van Vliet, T. Crispy/crunchy crusts of
shows that the Gibbs free energy increases with increasing water cellular solid foods: A literature review with discussiod.
content. The Gibbs free energy becomes zero somewhere in Texture Stud2004,35 (5), 445—492.

the water activity range of 0:50.7. This indicates a (generally (3) Primo Martin, C.; Pijpekamp, A. van de Vliet, T.; van de Jongh,
broad) transition from a more adsorption dominated process to H.H. J.; Plijter, J. J.; Hamer, R. J. The role of the gluten network
a more dilution dominated process. This water activity range is g‘sg’e crispniess of bread crust.Cereal S¢i2006 43(3), 342-
also the range at which the crispiness of the bread crust is lost - ] ) ) ) .

(3). A positive value, as found at the highest RH, would mean (4) Nicholls, R. J.; Appelqvist, |. A. M.; Davies, A. P.; Ingman, S.

2 “negative” adsorption of water or an increase of the pressure J.; Lillford, P. J. Glass transitions and the fracture behaviour of
9 P p gluten and starches within the glassy stdteCereal Sci1995,

of water vapor when it is exposed to a crust of a water activity 21 (1), 25—36
of around 0.7. As this is unrealistic, it should be concluded that (5 Roydaut, G.; Dacremont, C.; Meste, M. le, Influence of water
the single-exponential—adsorption approach fails in the high on the crispness of cereal-based foods: Acoustic, mechanical,
RH regime (RH> 60%) or that there is a change in the process and sensory studied. Texture Stud1998,29 (2), 199—213.
that provides the energy for water adsorption. Most likely, the  (6) Slade, L.; Levine, H. A food polymer sciencee approach to
ordered state of the bread crust at lower relative humidities structure-property relationships in aqueous food systems: Non-
finally dissolves. The point at which@l equals zero in this equilibrium behavior of carbohydrate-water systemsWater
respect can be used as a rough indication to determine at which Relations in Foodsl.. Slade and H. Levine, Eds.; Plenum Press:
RH the ordered state has disappeared. New York, 1991, pp 29-101.

As became clear from the results and as can be expected, the (7) Al Muhtaseb, A. H.; McMinn, W. A. M.; Magee, T. R. A.
conditions that are assumed when using the one exponential Moisture sorption isotherm characteristics of food products: A
approach were not or only approximately met during the process review. Food Bioprod. Proces2002,80, 118—128.

of water uptake by bread crust. However, our approach does (8) Roman Gutierrez, A.; Sabathier, J.; Guilbert, S.; Galet, L. Cug,

provide a framework within which this complicated process can B. Characterization of the surface hydration properties of wheat

be discussed flours and flour components by the measurement of contact
The combination of the single-exponential model approach angle.Powder Technol2003,129 (1-3), 37-45.

d il . I d cul kineti (9) Becker, H. A.; Sallans, H. R. A study of internal moisture
and an oscillatory sorption tests allowed us to calculate kinetic movement in the drying of the wheat kern@ereal Chem1955,

and thermodynamic parameters at the same time under steady- 32 (3), 212—226.

state or quasi-equilibrium conditions. (10) Crank, J.The Mathematics of Diffusion2nd ed.; Oxford
The test shows that adsorption and desorption of water to University Press: Great Britain, 1975.

the bread crust particle surface take most likely place on atime (11) Fatima-Machado, M. d.; Oliveira, F. A. R.; Gekas, V.; Singh,

scale of the order of minutes. From this, we may conclude that R. P. Kinetics of moisture uptake and soluble-solids loss by

diffusion of water into the solid matrix is the rate-limiting step puffed breakfast cereals immersed in watet. J. Food Sci.

in the water sorption process. Besides that, a method is Technol.1998,33 (3), 225—237.

developed that enables us to describe water sorption kinetics (12) Marabi, A.; Livings, S.; Jacobson, M.; Saguy, I. S. Normalized

irrespective of the particle geometry but with the possibility to Weibull distribution for modeling rehydration of food particu-

obtain new information (s ksed about the water sorption lates.Eur. Food Res. Techno2003,217 (4), 311-318.

process. These rate parameters change with changing size of(13) Cunha, L. M.; Oliveira, F. A. R.; Oliveira, J. C. Optimal
the particles and with changing water content of the sample experimental design for estimating the kinetic parameters of
and thus may help to understand the water sorption process and ~ Processes described by the Weibull probability distribution
can give information on water uptake kinetics and on activation function. J. Food Eng.1998,37 (2), 175-191.

. for th ter to adsorb t d b f (14) Nobile, M. A. d.; Buonocore, G. G.; Conte, A. Oscillatory
energies, necessary for the water to adsorb to or aesorb from sorption tests for determining the water-transport properties of

the particle. The parametkges upwarikdes downwardan be used to chitosan-based edible filmd. Food Sci2004,69 (1), 44—49.
describe material properties since it was shown to be indepen- (15) Roman-Gutierrez, A. D.; Mabille, F.; Guilbert, S.; Cug, B.
dent of particle size. The use of a simple one-exponential model Contribution of specific flour components to water vapor
could be especially convenient for porous products, because it adsorption properties of wheat floutGereal Chem2003, 80

is difficult to determine the surface area of these samples. In (5), 558—563.

this way, it might be possible to compare different ingredient (16) Nobile, M. A. d.; Buonocore, G. G.; Altieri, C.; Battaglia, G.;
formulations with each other without knowing the exact particle Nicolais, L. Modeling the water barrier properties of nylon film
sizes or porosities. The often-used Fick's law to describe the intended for food packaging applicatiods.Food Sci2003,68
water sorption process, for example, does require this informa- (4), 1334-1340.

tion on surface area. It also appears possible to determine (17) Langmuir, I. The adsorption of gases on plane surfaces of glass,
changes in the active sorption areAntn.,) with changing mica and platinumJ. Am. Chem. S0d.918,40, 1361—1403.

particle size and water content. To validate the method better, (18) International Association for Cereal Chemisti@C Standard
it will be necessary to evaluate more different materials. The Methods, International Association for Cereal Chemistry. Method
results for the Gibbs free energy show that our approach cannot for Using the Brabender Farinograpinternational Association

- for Cereal Chemistry: Detmold, Germany, 1991; No. 115/1.
0,
be used at a RH above 60% for bread crust particles. (19) Attenburrow, G. E.; Davies, A. P.; Goodband, R. M.; Ingman,

ACKNOWLEDGMENT S. J. The fracture behaviour of starch and gluten in the glassy
state.J. Cereal Sci1992,16 (1), 1-12.

We thank Marcel Meinders for participation in the discussion (20) Adler-Nissen, J. Enzymatic hydrolysis of food proteing-

during the preparation of this manuscript. plication Manual NA 200 Nitrogen and Protein Analyzer, CE
LITERATURE CITED Instruments; Elsevier: London, 1986.
(21) Atkins, P.; Paula, JAtkins’ Physical ChemistryOxford Uni-
(1) le Meste, M.; Champion, D.; Roudaut, G.; Blond, G.; Simatos, versity Press: Oxford, 2002.
D. Glass transition and food technology: A critical appraidal. (22) Tromp, R. H.; Parker, R.; Ring, S. G. Water diffusion in glasses

Food Sci.2002,67 (7), 2444—2458. of carbohydratesCarbohydr. Res1997,303 (2), 199—205.



2618 J. Agric. Food Chem., Vol. 55, No. 7, 2007 van Nieuwenhuijzen et al.

(23) Primo Martin, C.; van Nieuwenhuijzen, N. H.; Hamer, R. J.;  (25) Snively, C. M.; Koenig, J. L. Studying anomalous diffusion in
van Vliet, T. Crystalline changes in wheat starch during the a liquid crystal/polymer system using fast FTIR imagidg.
bread-making process: Starch crystallinity in the bread ciust. Polym. Sci.: Part B: Polym. Phy4.999,37, 2261—2268.

Cereal Sci.2007,45 (2), 219—226. Received f ew N ber 14. 2006. Revised int ved
P T ) e eceived for review November 14, . Revised manuscript receive
(24) Roman-Gutierrez, A. D.; Guilbert, S.; Cuq, B. Distribution of January 26, 2007. Accepted January 29, 2007.

water between wheat flour components: A dynamic water vapour
adsorption studyJ. Cereal Sci2002,36 (3), 347—355. JF063291P



