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The partitioning of water sorption isotherms into different zones, according to the strength of water
interactions with solids has very important practical applications. However, the dynamic properties of
water play an important role in complementing the information provided by water sorption isotherms.
One of the most successful techniques used to prove the dynamic behavior of water in foods systems
is pulsed NMR. The aim of this study was to apply the concept of proton mobility in order to better define
the water-related dynamic aspects of freeze-dried fruits. Different water mobility populations were
defined through 1H NMR transversal relaxation times, obtained after the application of several pulses
sequences. The water content limits at which proton populations with different mobility appeared,
allowed a more complete and precise description of water behavior at the different sorption stages than
the parameters obtained by the application of sorption mathematical models.

� 2013 Published by Elsevier Ltd.
1. Introduction

Water presence and its interactions with other food compounds
are important in defining process variables, stability and food qual-
ity aspects. The water sorption behavior in fruits is affected by
many variables, such as sugar content, ripening, process and stor-
age conditions (Bolin, 1980; Kaya et al., 2002).

Mathematical interpretation of water sorption isotherms has
received much attention due to its relationship with food shelf life
(Labuza et al., 1970; Labuza, 1980; Simatos and Karel, 1988). Bru-
nauer–Emmett–Teller (BET) (Brunauer et al., 1938) and Guggen-
heim–Anderson–de Boer (GAB) (Van Den Berg and Bruin, 1981)
are models extensively used. BET model applicability is limited
to relative vapor pressure (RVP) range between 0.1 and 0.5 (Labuza,
1968) while GAB sorption equation has a wider RVP ranging from
0.1 up to around 0.9 (Timmermann, 2003).

Some works on the advantage of the generalized D’Arcy & Watt
equation (GDW) (D’Arcy and Watt, 1970) application in foods have
been published (Furmaniak et al., 2007a,b, 2009). GDW maintains
all the considerations of the GAB model, but also assumes that only
a proportion of water molecules bound to primary centers of
adsorption can act as secondary centers. Also, in some cases one
primary center can absorb more than one water molecule (Furma-
niak et al., 2009).

The sorption isotherms have been used for stability estimations,
and their partitioning into different zones according to the RVP
value, as proposed by Labuza and coworkers in 1970, had very
important practical applications, and has been referenced and
reproduced thousands of times (Schmidt, 2004). The limits between
the different zones are, however, difficult to define only with the
water sorption data.

It has been recognized that the molecular mobility of water and
solids is related to kinetic aspects and its analysis has broad appli-
cations in food stability predictions (Le Meste et al., 1991). These
studies include different materials as starch (Richardson et al.,
1987), sucrose and starch systems (Kou et al., 1999), milk protein
concentrate (Haque et al., 2010), apples (Hills and Remigereau,
1997), and pintado fish (Pitombo and Lima, 2003). Thus, the dy-
namic properties play an important role in complementing the
information provided by water sorption isotherms and can be em-
ployed for establishing the limits between the different sorption
zones.

One of the most successful techniques used to prove the dy-
namic behavior of water in food systems is pulsed NMR (Le Meste
et al., 1991; Hills, 1999; Haque et al., 2010). A relationship between
NMR relaxation times and RVP can thus allow to have a complete
scheme of the water behavior in foods (Schmidt, 2004). The limits
of the different water sorption stages have been empirically
described but are not well defined. Even more, the references to
‘‘bound’’, ‘‘monolayer’’, ‘‘multilayer’’ and ‘‘free’’ water for indicating
the different degree and strength of water–solid interactions are
questioned (Fennema, 1999). The definition of zones according to
proton mobility could give a more appropriated description. Nucle-
ar magnetic resonance (NMR) technique is employed to character-
ize the mobility of water and solids in food systems (Schmidt,
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2004) and could serve as a reference replacing or complementing
the water sorption isotherm concept.

The aim of this study was to apply the concept of proton mobil-
ity in order to better define the water-related dynamic aspects of
freeze-dried fruits.

2. Materials and methods

2.1. Fruits

Fully ripe fresh apple (Granny Smith), melon (Honeydew) and
pear (Packam’s Triumph) were obtained from the local market
and stored at 4 �C prior to experimentation. The fruits were
washed, peeled and were cut transversally into cylinders (2.5 cm
diameter and 0.5 cm thickness). The cut material was immediately
frozen with liquid nitrogen and stored at �20 �C.

2.2. Materials preparation

Previously frozen fruit cylinders were taken from the �20 �C
storage were covered with liquid nitrogen before freeze-drying. A
freeze-drier (ALPHA 1–4 LD2 Martin Christ Gefriertrocknungsanla-
gen GMB, Germany) was used. The freeze-drier was operated at
�55 �C, at a chamber pressure of 4 Pa, and the process lasted
48 h. After freeze-drying, samples were humidified at 25 �C for
14 days over saturated salt solutions in vacuum desiccators. Satu-
rated salt solutions of lithium chloride (LiCl), potassium acetate
(CH3CO2K), magnesium chloride (MgCl2), potassium carbonate
(K2CO3), magnesium nitrate (MgNO3), sodium chloride (NaCl),
and potassium chloride (KCl) were used for 0.11, 0.22, 0.33, 0.43,
0.52, 0.75 and 0.84 RVP, respectively (Greenspan, 1977). The se-
lected equilibration time was based on several experiments in dif-
ferent fruits, and the equilibrium was confirmed at the end of the
humidification time by measuring the aw values of the samples
using a dew-point water activity meter Aqualab Series 3 (Decagon
Devices, Pullman, WA, USA).

2.3. Sugar content

Approximately 1 g of freeze-dried fruit was suspended in 10 mL
of ethanol (80%) by mechanical stirring. The resulting suspensions
were maintained at 4 �C overnight. Sugar analysis was performed
by HPLC (Kontron Eching Germany) isocratically, employing a
Thermo Hypersil Amino column (5 lm, 250 mm � 4.6 mm) and a
refractive index detector. Acetonitrile:water mixture (70:30) was
employed as the mobile phase. An average value of two replicates
was reported along with the standard deviation.

2.4. Water content

The water content (wc) of the previously humidified fruits was
determined gravimetrically by difference in weight before and
after vacuum drying over magnesium perchlorate at 80 �C for
48 h (Agudelo-Laverde et al., 2011), and it was expressed as g
H2O/100 g solids. An average value of at least two replicates was
reported along with the standard deviation.

2.5. Mathematic models

The mathematical form of the GAB model is:

M ¼ moCKRVP
ð1� KRVPÞð1� KRVP þ CKRVPÞ

where mo is the monolayer value (hydration water content), C is the
kinetic constant related to the sorption in the first layer, K is the
kinetic constant related to multilayer sorption. M is the water con-
tent at each RVP.

The mathematical form of the GDW model is:

M ¼ MeKRVP
ð1þ KRVPÞ �

1� kð1�wÞRVP
1� kRVP

where Me is the maximum sorption value on primary centers, K and
k are the kinetic constants related with sorption on primary and
secondary centers, and w is the parameter that determines the ratio
of molecules bonded to primary centers and converted into the sec-
ondary ones. M is the water content at each RVP.

The experimental values were mathematically described by
GAB and GDW equations by nonlinear regression analysis mini-
mizing the root mean square deviation, through GraphPad Prism
5 software.

2.6. Thermal transitions

Glass transitions were determined by differential scanning cal-
orimetry (DSC; onset values) using a DSC 822e Mettler Toledo cal-
orimeter (Schwerzenbach, Switzerland). The instrument was
calibrated with indium (156.6 �C), lead (327.5 �C), zinc (419.6 �C),
and water (0 �C). All measurements were performed at a heating
rate of 10 �C/min. Hermetically sealed 40 mL medium pressure alu-
minum pans were used, (an empty pan served as a reference).
Thermograms were evaluated using Mettler Stare program.

2.7. Proton mobility

Transversal or spin–spin relaxation times (T2) were measured
by time resolved proton nuclear magnetic resonance (1H NMR) in
a Bruker Minispec mq20 (Bruker Biospin Gmbh, Rheinstetten, Ger-
many) with a 0.47 T magnetic field operating at a resonance fre-
quency of 20 MHz. Humidified fruits were removed from the
desiccators placed into 10 mm diameter glass tubes and returned
to the desiccators for additional 24 h prior to analysis. All determi-
nations were performed in triplicate at 25 �C. The average and
standard deviation are reported.

Proton populations of different mobility were measured using
the following three methods.
2.7.1. Measurements using a single pulse method
The spin–spin relaxation time (T2) associated with the fast

relaxing protons (related to the protons of the solid matrix and
to the water molecules interacting tightly with solids) was mea-
sured using a free induction decay analysis (FID) after a single
90� pulse (Schmidt, 2004). The following settings were used:
scans = 4, recycle delay = 2 s, gain = 68 dB and number of
points = 100. The decay envelopes were fitted to mono-exponential
behavior with the following equation:

I ¼ A expð�t=T2�FIDÞ

where I represents the protons’ signal intensity, T2-FID corresponds
to the relaxation time of protons in the polymeric chains of the
material and of tightly bound water and A is a constant. Since no
180� refocus pulse was used in the experiments, the spin–spin
relaxation time constants are apparent relaxation time constants,
i.e., T�2�FID. However for solid materials (like ours), we can consider
that the intrinsic T2-FID is very close to the T�2�FID as reported previ-
ously by Fullerton and Cameron (1988). Therefore, T2-FID was used
for convenience. Dehydrated fruits humidified between 0.11 and
0.84 RVP were analyzed using this method. The device was cali-
brated using three certified standards composed of plastics in oil,
provided by Bruker.
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2.7.2. Measurements using echo spin sequences
2.7.2.1. Hahn spin-echo sequence. It consists of a (90� � s � 180�)
sequence (Hahn, 1950). This method is associated with slow relax-
ing protons (related to the populations of water molecules display-
ing less interaction with solids); the more mobile protons could
not be analyzed using this sequence due to diffusion problems dur-
ing measurement at long times, caused by inhomogeneities in the
magnetic field. Dehydrated fruits humidified between 0.11 and
0.84 RVP were analyzed using this sequence. The following settings
were used: scans = 4, recycle delay = 1.5 s, gain = 75 dB, number of
points = 20, time for decay curve display = 2 s and interpulse (s)
range of 0.001–2 ms. The interpulse range was selected in order
to record the complete relaxation of the signal. No phase cycling
was used. A polyvinylpyrrolidone (PVP of 58,000 Da) system equil-
ibrated at 0.52 RVP was used for the automatic update of the equip-
ment which tunes the pulse duration, detection angles, gain and
magnetic field homogeneity.

2.7.2.2. CPMG sequence. The method consists of a
ð90

�

x � s� ð180
�

y � s� echo� sÞ
n

sequence (Carr and Purcell,
1954; Meiboom and Gill, 1958), with the following setting: s = 1,
scans = 4, number points = 200, gain = 75 dB; phase cycling was
used. This method is associated with very slow relaxing protons
(related to the more mobile populations of water molecules, hav-
ing little interaction with the solid components). In this case, the
mobile protons could be analyzed because the use of several
180� pulses reduces the diffusion problems occurring during mea-
surements at long times. The automatic update of the equipment
was performed employing a same PVP used in Hahn sequence
studies. Since after the CPMG pulse sequence the low mobility pro-
tons had already relaxed, this method allows measuring medium/
high proton mobility populations, therefore only dehydrated fruits
humidified between 0.52 and 0.84 RVP were analyzed using this
sequence.

2.7.2.3. Fitting of the magnetization decay. For measurements after
Hahn and CPMG pulse sequences, the decay envelopes were fitted
to bi-exponential behavior with the following equation:

I ¼ A1 expð�t=T2�1Þ þ A2 expð�t=T2�2Þ

where I represents the NMR signal intensity at time t. The relaxa-
tion time T2�1 corresponds to the protons in the less mobile water
fraction for each sequence employed. A1 is proportional to the num-
ber of protons in the T2�1 state. The relaxation time T2�2 corre-
sponds to the more mobile water fraction. A2 is proportional to
the number of protons in the T2�2 state.

3. Results and discussion

The sugar composition and Tg values after freeze-drying of ap-
ple, melon and pear is shown in Table 1, the sugar proportion
which is in agreement with previous reported values (Tóth-Markus
et al., 2011; Cohen et al., 2012). All the samples presented high pro-
portion of sugars, in a range between 76% and 87% on total dry sol-
ids basis. It is important to note that pear shows the highest
fructose content, and the lowest sucrose proportion, while melon
presented the lowest fructose concentration and higher glucose
Table 1
Sugar composition and water content (expressed in g/100 g dry solids) and Tg values
of the studied fruits after freeze-drying. The average and the corresponding standard
deviations are reported.

Sample Glucose Fructose Sucrose Tg (�C) wc

Apple 17.1 ± 0.6 33.3 ± 0.9 25.8 ± 1.0 �7.1 ± 0.5 4.7 ± 0.01
Melon 36.5 ± 1.2 19.1 ± 0.7 23.4 ± 0.7 14.4 ± 0.6 4.6 ± 0.13
Pear 18.3 ± 0.5 57.5 ± 1.7 10.9 ± 0.3 �11.4 ± 0.5 6.3 ± 0.1
proportion. The Tg data were in agreement to those reported for ap-
ple and pear (Khalloufi and Ratti, 2003). Similar water contents
were reported for apple (Moraga et al., 2011; Acevedo et al.,
2008), and pear (Guiné and Castro, 2002).

3.1. Water sorption isotherms

During primary drying in the freeze-drying process, the cellular
spaces left by ice crystal sublimation are replaced by air. The cool-
ing rate and final freezing temperatures determine the number and
size of ice crystals generated in intra and extracellular spaces. In
consequence, after freeze-drying, a matrix with different water
sorption characteristics is obtained, according to the freezing con-
ditions. Fast freezing rates, as those employed in present work gen-
erate a high amount of small ice crystals leading to a very tortuous
dry matrix as will be discussed later (Delgado and Rubiolo, 2005).

It is known that the use of mathematical models in fitting of
sorption water isotherms, are appropriate only for amorphous
materials (Harnkarnsujarit and Charoenrein, 2011). The DSC ther-
mograms of the studied fruits, performed in temperature ranges
from �100 up to 100 �C, did not show any sign of sugar crystalliza-
tion (Agudelo-Laverde et al., 2011). Accordingly, the corresponding
deltaCp values obtained increased as increasing RVP, as expected in
supercooled systems (Silalai and Roos, 2010). The lack of crystalliz-
alization in multi-sugar systems has been previously reported,
since the presence of different sugars has an inhibitory effect on
each other’s crystallization (Schebor et al., 2002; Leinen and Labu-
za, 2006). Thus, considering that the material remained super-
cooled, without any sign of sugar crystallization, it was possible
to apply the GAB and GDW models.

The GAB model was employed to fit the experimental data of
water sorption isotherms at 25 �C of freeze-dried apple, melon
and pear (Fig. 1). All the water sorption curves showed a sigmoidal
shape, which is typical of biological products and food compo-
nents. According to Brunauer et al. (1940) classification, the result-
ing curves corresponded to type II. GAB equation is extensively
employed to describe water sorption in food matrices, because of
the wide range of relative vapor pressures of this model applicabil-
ity (Timmermann, 2003). In Table 2 the fitting parameters of the
GAB equation are summarized for all the studied fruits. Determina-
tion coefficients (R2) showed variations between 0.985 and 0.987.

Water content hydration limit value (mo, or ‘‘monolayer value’’
as frequently labeled), which corresponds to the first sorption
stage described by GAB equation, was slightly higher for pear than
for the other studied fruits. The differences in mo values between
fruits could be due to their different sugars proportions (Table 1).
Pear is rich in fructose, which is the most hygroscopic sugar and
this can explain the highest mo value obtained for pear isotherm
(Pancoast and Junk, 1980).

The obtained values for kGAB were close to, but less than 1, typ-
ical of food products (Timmermann, 2003) and in agreement with
previously reported by Moraga et al. (2011) values for apple
(mo = 8.6 g H2O/100 g solids, kGAB = 1.). This constant represents
the difference between standard chemical potential of molecules
in intermediate mobility zone (second sorption layer), and pure
water (Viganó et al., 2012; Tolaba et al., 2004).

The third water sorption stage corresponds to the water mole-
cules with high mobility and its location in the sorption isotherm
is very important because it represents the relative vapor pressure
limit at which water can dissolve solutes, it is easy to freeze and it
is available for reactant mobilization and microbial growth (Labuza
et al., 1970; Simatos and Karel, 1988). These phenomena are man-
ifested on curvature changes of the water sorption isotherm. One
way to identify the isotherm inflexion point in the high RVP range
(DG) is applying the linearization of the GAB equation proposed by
Timmermann and Chirife (1991). By this linearization, at initial
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figures.

Table 2
Fitting parameters of the GAB equation for water sorption isotherms at 25 �C. Water
content hydration limit value (mo) is expressed in g H2O/100 g solids. The average and
the standard deviations are reported.

Parameters Apple Melon Pear

mo 8.3 ± 0.6 8 ± 1 9.4 ± 0.4
kGAB 0.89 ± 0.02 0.91 ± 0.04 0.92 ± 0.01
C 13 ± 6 15 ± 9 11 ± 9
R2 0.987 0.986 0.985
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Fig. 2. Linearization of the GAB equation for apple (a), melon (b) and pear (c) at
25 �C.

Table 3
Fitting parameters of the GDW equation for water sorption isotherms at 25 �C. Water
content hydration limit value (Me) is expressed in g H2O/100 g solids. The average and
the standard deviations are reported.

Parameters Apple Melon Pear

Me 19 ± 1 18 ± 1 21 ± 1
KGDW 2.8 ± 0.5 2.7 ± 0.4 2.7 ± 0.6
kGDW 1.0 ± 0.2 1.0 ± 0.3 1.0 ± 0.6
w 0.26 ± 0.09 0.3 ± 0.1 0.28 ± 0.08
R2 0.995 0.995 0.988
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sorption stages there is a linear relationship between the plotted
variables. When the third sorption stage starts, it is possible to de-
tect an important curvature deflection. Linearization of the GAB
equation was applied to experimental data of apple (a), melon
(b) and pear (c) at 25 �C (Fig. 2).

In all of the studied cases a linear trend was observed until a rel-
ative vapor pressure value higher than 0.75 is reached. After 0.75
RVP, the experimental data show a deflection which indicates the
change of the physical state of the adsorbed water. Adamson
(1963) associated the strong increase of water sorption at high
RVP with capillary condensation.

D’Arcy and Watt (1970) generalized model was also employed
to fit the experimental data of water sorption isotherms at 25 �C
(Fig. 1). This model has been previously used to describe water
sorption isotherms of different food products as marjoram, dill,
garlic, milk powered, coffee (Furmaniak et al., 2007a, 2009) and
pineapple (Furmaniak et al., 2007b). When each one of the water
molecules absorbed in primary sites, is converted to a secondary
sorption site, the GDW model is reduced to GAB model. Table 3
shows GDW fitting parameters of water sorption isotherms at
25 �C of freeze-dried apple, melon and pear.

Fitting experimental data of water sorption isotherms by using
GDW equation was adequate for all the studied fruits, with corre-
lation coefficients (R2) ranging between 0.988 and 0.995. GDW
equilibrium moisture content values (Me) were similar for all the
studied fruits, and higher than those obtained for mo by the GAB
model (Table 2). This general trend was observed for sugar systems
(Furmaniak et al., 2007b, 2009).

Sorption kinetic constants for the primary (KGDW) and secondary
sites (kGDW) showed the same behavior in all the studied samples.
KGDW presented values higher than one, as corresponds to type II
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isotherms of highly hygroscopic materials, while when this
variable is lower than 1 the sorption isotherms are classified as
type III. No significant differences were observed in the kGDW of
the different fruits, which were close to 1. The obtained values
indicate that the kinetics of water sorption (both on primary and
secondary sites) is similar for the studied materials.

The obtained w values were lower than unit (around 0.3) in all
the analyzed fruits, which indicates that only a small ratio (25–
30%) of water molecules adsorbed in primary sites were converted
into secondary sorption centers. This ratio could be related with
the high freezing rate used previous to the freeze-drying process,
which produced small pores in the samples structure and high
tortuosity, and then, an impediment to create secondary sorption
sites. In this way, GDW model allows to establish a relationship
with the material structure.

Furmaniak et al. (2011) reported that w values are equal or
close to zero for type I isotherms, while this parameter shows
values higher than zero for type II and III isotherms.

Me and w values reported here are in agreement with those re-
ported by Furmaniak et al. (2007b) for pineapple (Me = 18.57,
w = 0.5).
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Fig. 3. Relationship between the inverse of the transverse relaxation time (1/T2)
and the relative vapor pressure (1�RVP) for apple (a), melon (b) and pear (c) for low
(correspond to T2 values determined by single 90� pulse) and high (insets) proton
mobility regions (correspond to T2 values determined by combined Hahn and CPMG
sequences).
3.2. Proton mobility concept employed to establish the different water
sorption zones

Hills (1999) have found a linear correlation between 1/T2 and
(1�RVP) by empirically relating simplified thermodynamic rela-
tionships with NMR relaxation times. In Fig. 3 the inverse NMR
relaxation times (T2) values were plotted as a function of (1�RVP)
for apple (a), melon (b) and pear (c). Relaxation times data shown
in Fig. 3 were obtained with different pulse sequences (single 90�
pulse, or combined Hahn and CPMG sequences) in order to repre-
sent the different proton populations, according to their mobility,
in the same sample. The pulse sequence was selected according
to the water mobility and the inter-pulse range was selected in or-
der to record the complete relaxation of the signal. Other authors
have obtained the relationship between T2 and RVP, determining
the relaxation times by applying only CPMG sequence with differ-
ent inter-pulse times (Hills, 1999; Schmidt, 2004).

Due to the large differences among the magnitude of the relax-
ation times, the low proton mobility regions (Fig. 3) were analyzed
separately from the high proton mobility regions (insets in Fig. 3).
Both in the low (high (1�RVP) values) and in the high proton
mobility regions (low (1�RVP) values), 1/T2 remained almost con-
stant up to a certain RVP value. Above these points a linear increase
in 1/T2 was observed.

In the low proton mobility regions (insets in Fig. 3) the points at
which the linear increase between 1/T2 and (1�RVP) were observed
at RVP 0.33. These points represent the RVP at which the second
proton population appeared after the Hahn pulses sequence is
applied, and are indicated in the plots as DH.

For the high mobility region (Fig. 3) the deviation points were
coincident with the DG value obtained in GAB linearization plot
(Fig. 2).

Fig. 4 shows the logarithmic relaxation times (different sym-
bols) and relative vapor pressures plotted as a function of water
content (wc) for apple (a), melon (b), and pear (c). The solid curves
correspond to the fitting of the GDW model to the water sorption
isotherms, and the vertical lines inserted in the graph identify the
wc values at which a new proton population, with different mobil-
ity, appeared when employing the Hahn or CPMG pulse sequences.
The characteristic points indicated in Fig. 4 are mo and Me that rep-
resent hydration water contents determined by GAB and GDW
equation, respectively; DG, the deflection points obtained from
GAB linearization (or the deviation from linearity between 1/T2
versus (1�RVP); and DH the point at which 1/T2 establishes a linear
dependence with (1�RVP) in the low mobility region (Fig. 4).

In this way, three sorption stages could be clearly identified by
combining both thermodynamic concepts (water sorption data)
and the complementary dynamic relaxations (determined by 1H
NMR). In the first stage (I) it was possible to identify only one pro-
ton population analyzed after a single 90� pulse or after the Hahn
pulse sequence, and is characterized by log(1/T2) values between
�2 and �1.3, corresponding to relaxation times between 10 and
50 ls in all the studied fruits. These relaxation times are character-
istic of protons of sample solids and consequently to water protons
strongly associated to the solid components. The upper limit of the
stage (I) was defined by the appearance of a second proton popu-
lation after the Hahn pulse sequence (indicated by a grey circle).
It is to be noted that the ‘‘monolayer value’’ obtained through
GAB equation was located within the values of stage (I).

The second water sorption stage (II), can be defined from the
appearance of the second (slow relaxing) proton population after
the Hahn pulse sequence, which corresponds to protons of water
molecules with intermediate mobility, with relaxation times rang-
ing from about 1 up to 5 ms. It is important to note that this water
content was coincident with the deflection point DH observed in
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Fig. 4. LogT2 determined by a single 90� pulse (h) by Hahn pulse sequence (4, N)
and by CPMG pulse sequences (s, d) as a function of wc for apple (a), melon (b) and
pear (c). The solid curves correspond to the fitting of the GDW model to the water
sorption isotherms (RVP in the right axis). The vertical lines identify the wc values at
which a new proton population appeared when employing the Hahn (N) or CPMG
(d) pulse sequences. mo and Me correspond to the hydration limits obtained by GAB
and GDW equations, respectively. DG, deflection points were obtained from GAB
linearization; and DH are the points at which 1/T2 establishes a linear dependence
with (1�RVP) in the low mobility region.
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Fig. 3. It can be observed that the Me values of GDW equation were
positioned within the limits of stage II.

The upper wc limit of the sorption stage II, or ‘‘polymolecular
sorption’’ zone (Furmaniak et al., 2009) is coincident with the
appearance of a second (slow relaxing) proton population after
CPMG pulse sequence (indicated by a grey square). Interestingly,
this water content was concomitant with the deflection point of
the GAB linearization, DG (Fig. 2) and with the deflection point ob-
served in Fig. 3. Also, at higher water contents than this point, fro-
zen water could be detected by DSC after cooling the samples at
�90 �C (data not shown). The third water sorption stage represents
the high mobility water molecules, at which the diffusional phe-
nomena become important (in the studied fruit samples it corre-
sponds to water contents higher than 30% d.b.).

Only the samples at water contents corresponding to the second
and third water sorption isotherm stages (Fennema, 1996) showed
FID signals after application of CPMG pulse sequences, since the
protons with lower mobility had already relaxed before the end
of the CPMG pulse sequence. Thus, the CPMG sequence can be em-
ployed only in samples of water contents corresponding to stages II
or III.
It is to be noted that, while the sorption parameters and the lim-
it between the first and second sorption stages were similar for all
the studied materials, the boundary between the second and third
sorption stages can show differences, as can be seen in Fig. 4. As
discussed before, the point at which the linearization of the GAB
model deflects, which is coincident with the limit between sorp-
tion stages II and III, occurs at the same RVP value (0.75) for all
the fruits (Fig. 2). However, due to the different sugars and biopoly-
mer composition, the water content at which the defection was ob-
served was different for each material. In the case of pear and
apple, which have intermediate content of total sugars but high
proportion of the most soluble sugars (fructose and sucrose, as
shown in Table 1) the third zone begins at about 30% wc. The low-
est limit between the second and third stage was observed for mel-
on samples, which have the highest content of glucose and the
lowest proportion of the most soluble sugars.
4. Conclusions

1H NMR transversal relaxation times, obtained by several meth-
ods (single 90� pulse, Hahn or CPMG sequences), can be applied for
an appropriate definition of the different water mobility popula-
tions, related to the water sorption stages.

The water content limits at which discontinuities in the proton
populations (i.e., the appearance of proton populations with differ-
ent mobility) were observed, allowed a more complete description
of water behavior at the different sorption stages than the param-
eters obtained by the application of sorption mathematical models.
It is to be noted, however, that the points at which a second proton
population appeared, determined through transversal relaxation
times by CPMG pulse sequence were coincident with the deflection
in the GAB linearization plot indicting the highest water mobility
population.

The water hydration limits calculated through GDW (Me) were
higher than those obtained by GAB model (mo), and both values
were positioned in zones with different mobility, as defined by
the proton relaxation times. While mo was in the lowest mobility
stage, Me was located in the intermediate water mobility zone.
However, they do not provide a meaningful information regarding
the molecular mobility and other kinetic aspects, which are key
factors defining food stability. On the other side, 1H NMR relaxa-
tion times were in agreement with the compositional aspects
regarding sugar solubility and molecular mobility, offering a direct
relationship with the dynamic aspects of the materials.
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