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Abstract: Dynamic vapor sorption equipment (AQUADVS)
was used to determine adsorption and desorption iso-
therms for powder rich in fiber (PRF) produced from
Palm Date flesh of Sifri cultivar (Phoenix dactylifera L.)
at temperatures 25, 35 and 45 °C in a wide range of water
activity (0.09–0.87). Equilibrium was achieved within 29
and 25 h for the adsorption and desorption process
respectively. The obtained data were fitted to ten models
(Peleg, GAB, BET, Halsey, Oswin, Smith, Modified
Henderson, Adam and Shove, Modified Oswin and
Modified Halsey). The results indicated that the PRF fol-
lowed type III behavior. The empirical Peleg model was
found to be the best to represent the experimental data in
the water activity range 0.09–0.87. The isosteric heat of
sorption and the differential entropy decreased by
increasing the moisture content and can be predicted by
polynomial functions. Glass transition temperatures (Tg)
of PRF were determined. The Tg decreased as the moist-
ure content increased and can be correlated using the
Gordon and Taylor model (R2 = 0.976). The PRF should be
stored at moisture less than 9 d.b.% and temperature less
than 35 °C.

Keywords: dynamic sorption isotherms, isosteric heat of
sorption, differential entropy, Date powder, glass
transition

1 Introduction

Palm Dates (Phoenix dactylifera L.) is a very popular fruit
throughout the Middle East and North Africa countries.
Large quantities of Palm Dates products, such as date
juice concentrates (spread, syrup and liquid sugar), date-
honey, date-jam, date-vinegar, and date pastes, are pro-
duced. During the peak of the harvesting season, con-
siderable quantities of the fruit are wasted. In addition,

wastes are generated from transformative processes of
Dates. These by-products are generally discarded and
eventually constitute environmental problem or some-
times are used as animal feed. This constitutes a real
economic loss since some of these by-products can be
converted to high added value products such as powder
rich in fibers (PRF). In fact, it was possible to produce
fine PRF from Palm Date flesh (Sifri cultivar) with total
dietary fiber 72.65%, water holding capacity 6.03 g
water/g dry sample and oil holding capacity 9.1 g oil/g
dry sample [1]. Thus, further investigation of sorption
isotherm of this promising PRF is important.

Usually, powders are hygroscopic material which can
absorb moisture from the surrounding environment
easily. Thus, moisture sorption isotherms are considered
a useful tool to understand the moisture relationship of a
powder and consequently its stability problems [2]. The
relationship between the equilibrium moisture content
and water activity of the food, over a range of values, at
a constant temperature and under equilibrium condi-
tions, gives a moisture sorption isotherm when expressed
graphically. This isotherm curve consists of two different
paths; adsorption or desorption. The sorption processes
are not fully reversible, therefore a distinction can be
made between the isotherms by determining whether
the moisture levels within the product are increasing or
decreasing [3].

The quality of preserved foods depends on the moist-
ure content, moisture migration, and moisture uptake by
the food material during storage. The equilibrium moist-
ure content can be defined as the point when the vapor
pressure of water present in the food equals that of its
surroundings [4].

Many methods are available for determining water
sorption isotherms, of which, gravimetric method. The
gravimetric method includes the measurement of weight
changes, which can be determined both continuously
and discontinuously in dynamic or static systems (i. e.
air may be circulated or stagnant). Continuous methods
employ the use of electro-balances or quartz spring bal-
ances. In the discontinuous systems, salt or sulfuric acid
solutions are placed in vacuum or atmospheric systems
with the food material, to give a measure of the equili-
brium relative humidity (ERH) [3].
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Dynamic vapor sorption (DVS) method could over-
come the disadvantages encountered with the discontin-
uous system (slowness of the equilibrium process, the
possibility of mold or bacterial growth on samples at
high relative humidity (RH) and difficulty). The DVS sys-
tem requires a mixture of dry nitrogen and saturated
water vapor instead of the use of saturated salt solutions
in order to provide the desired RH. In this case, the
equilibration is more rapid due to the small sample
chamber and the continuous flow of dry nitrogen. Such
system avoids the risk of microorganisms growth at high
RH and therefore enables the measurement of the same
sample for absorption and desorption isotherms [5].
Several researchers used DVS to investigate the behavior
of sorption isotherms of some products such as Garlic
powder [6], Wheat flour components [7], sodium starch
glycolates [8] and pharmaceutical granules [9].

Moisture desorption–adsorption isotherms and math-
ematical models to describe sorption isotherms of various
products have been studied by several researchers. Some
researchers observed that the isotherm curves exhibited
type II for some materials such as starch [3], rice grain [5]
and Blackberry pulp powder [10]. Other products exhib-
ited type III isotherm curves such as Apple and Mango
slices [11], Firm ripe plantain [12], berry powders (straw-
berries, blueberries, raspberries, and blackberries) [13]
and Pineapple slices [14]. It should be noticed that type
III found with products high in sugar contents.

Regardless of types of the sorption isotherm curves,
several models can be used to model the adsorption
isotherm. It has been reported that the modified Oswin
equation was the best fit to describe the adsorption iso-
therms of both leaves and stems of lemon balm using an
automatic, gravimetric analyzer (DVS system) [15]. Peleg
equation gave the most adequate model to describe sorp-
tion behavior of different varieties of rice at 25 °C over a
water activity range of 0.09–0.98 [5]. The GAB equation
described appropriately the experimental data for pine-
apple pulp powder over a wide range of aw at 20, 30, 40,
and 50 °C [16]. The GAB isotherm model was found to be
appropriate for describing the experimental data of black-
berry pulp powders [10]. Sorption data of peel and leaves
of orange were best fitted by the Peleg model at 40, 50
and 60 °C in a wide range of water activity (0.109–0.891)
[17]. Sorption data were best fitted by the Peleg model at
water activities and temperatures ranging from 0.058 to
0.898 and from 30 to 50 °C, respectively for Tunisian
olive leaves [18]. The Halsey equation and GAB gave the
best fit to the experimental sorption data for grapes,
apricots, apples and potatoes at 30, 45, and 60 °C using

the static-gravimetric method [19]. The Peleg model was
the best model to describe the experimental data of
starch powder at water activities ranging from 0.05 to
0.95 and temperatures 30, 45 and 60 °C using a gravi-
metric technique [3]. Experimental sorption data for
lemon peel were best fitted by the GAB model at four
different temperatures (20, 30, 40 and 50 °C) and wide
ranges of moisture content (5.381–0.002 kg water/kg dry
solid) and water activity (0.984–0.106) [20]. The GAB and
modified BET models were found to be the most suitable
to model the sorption data of Citrus leaves at 30, 40 and
50 °C with water activity ranging from 5% to 90% [21].
The best fit was obtained with BET and GAB models for
Sicilian lemon residues [22].

The net isosteric heat (qst) is defined as the total heat
of sorption in the material minus the latent heat of vapor-
ization of water, at constant temperature [23]. The heat of
adsorption is a measure of the energy released on sorp-
tion, and the heat of desorption is the energy requirement
to break the intermolecular forces between the molecules
of water vapor and the surface of adsorbent [24]. Thus,
the heat of sorption is considered as indicative of the
intermolecular attractive forces between the sorption
sites and water vapor [25]. The isosteric heat of sorption
was computed from the sorption data by applying the
Clausius–Clapeyron equation for starch powders [26],
Citrus reticulate leaves [21], Tunisian olive leaves [18],
orange (Citrus sinensis) peel and leaves [17], leaves and
stems of lemon balm [15], tow mints [27], withered leaves,
black and green tea [28], grapes, apricots, apples and
potatoes [19] and Chenopodium ambrosioides leaves [29].
Their results indicate an increase in the heat of sorption
with decreasing moisture content.

The differential entropy (ΔS) of a material is propor-
tional to the number of available sorption sites at a
specific energy level [30]. It decreased with increasing
moisture content. The strong dependence of differential
entropy on moisture content with an exponential trend
was found for starch powders [26]. It can be characterized
by a power law equation for tow mints [27].

Since sorption isotherm is essential for evaluation of
storage stability, the glass transition temperature is an
important factor to be considered. Where the glass transi-
tion temperature (Tg) is defined as the temperature at
which a solid “glass” system is transformed to the rub-
bery state “liquid-like”. In glassy state, molecular mobi-
lity is extremely slow, due to the high viscosity of the
matrix (about 1012 Pa.s). Thus the Tg can be taken as a
reference parameter to characterize properties, quality,
stability and safety of food materials [31]. Above glass
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transition temperature (Tg) structural transformations
may occur in amorphous powder such as stickiness, cak-
ing and agglomeration. These changes play an important
role in the ability to store dried food products [32]. Many
researchers studied the plasticization effect of moisture
content on Tg of several food products such as spray
dried tomato pulp powder [33], freeze-dried pineapple
powder [34], freeze-dried onion powder [35], Kiwi fruit
[36] and papaya [37].

Knowledge of the moisture sorption characteristics
and glass transition temperature of a PRF is important
for predicting its stability through storage period and
selecting adequate packaging materials.

For the best knowledge of the authors, no published
work related to moisture sorption and glass transition
temperature of PRF produced from Date flesh was
found. Thus the objectives of this work were to provide
trustworthy experimental data for the sorption character-
istics of PRF, model the sorption isotherms, determine the
isosteric sorption heat and the entropy of sorption and
define the glass transition temperature and moisture con-
tent relationship.

2 Materials and methods

2.1 Sample preparation

The Dates fruits (Sifri cultivar) were obtained from a local
Date market (Riyadh, Saudi Arabia). It was processed to
obtain date PRF, details of the preparation can be found in
reference [1]. Where the soluble solids from Date flesh were
extracted using hot water at 70 ± 2 °C for 15 min. Cycles of
extractions were used starting with 1:2.5 (w/w) Date: water
ratio through a plate filtration unit. Then the suspension
was filtered using filtration plates at pressure equal to three
bars. Cycles of extraction with water were repeated till the
total dissolved solids (TSS) approached 1% or less in the
filtrate. Samples of filtration cake obtained from the filtra-
tion unit were dried in a lab scale convective dryer at 50 ±
1.5 °C and air velocity 2 ± 0.5m/s till moisture content was
less than 9% [38]. The dried samples were grinded to fine
size (125–180µm). Then, the PRFs were stored in very well
sealed glass containers at 4 °C until analysis.

2.2 Sorption isotherms measurements

The sorption isotherms of the samples were obtained by
dynamic vapor sorption instrument (DVS) (AQUADVS,

Quantachrome Instruments, Florida, USA, 2009). The
instrument consists of an electronic microbalance with
two sample pans made of quartz and a humidifier in a
chamber with temperature controller. A mixture of dry
nitrogen and saturated water vapor flows over the pans.
The relative humidity of the mixture was regulated by
two electronic mass flow controllers. The equipment was
connected to a computer, allowing pre-programming of
stepwise variation of relative humidity at set temperature
and continuous measurement of temperature, humidity
and mass during the sorption process.

Pre-dried samples of PRF with weight of 90 ± 1.6mg
and initial moisture content (Xw) of 7.87 ± 0.61% d.b.
were used for the different experiments. The sorption
isotherms were obtained at temperatures of 25, 35 and
45 °C. The relative humidity was changed from 10 to
90% at a constant temperature. For each experiment,
sample was placed into the pan of the equipment. Each
sample was first dried (purge step) by passing dry nitro-
gen until a constant weight of the sample was reached.
Subsequently, the relative humidity was increased
stepwise until the sample weight was equilibrated at
each relative humidity step. Weight, temperature and
relative humidity data were recorded in 5 min time
intervals. The software was programmed so that the
equilibrium was reached when the change in sample
mass as a function of time was lower than 0.005%/
min. The above criteria were met for all of the experi-
ments. All of the experiments were done in triplicate.
To get the sorption isotherms, the moisture content
(Xw) of the sample, expressed in kg water per kg dry
solids, was computed at equilibrium of each relative
humidity step.

2.3 Measurement of glass transition
temperature

Equilibrated PRF samples of 10mg were taken for differ-
ential scanning calorimetry (DSC) analysis. The glass
transition temperature was determined by DSC (DSC
6000, PerkinElmer, USA). The samples were heated at
10 °C/min between –60 °C and 100 °C in an inert atmo-
sphere. The reference was an empty pan, while liquid
nitrogen was used for sample cooling before the runs.
The midpoint of the glass transition was considered as
the characteristic temperature of the transition. The
moisture contents of the samples were determined using
Halogen moisture analyzer (HR73, METELLER TOLEDO,
Switzerland).
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2.4 Data analysis

2.4.1 Modeling of sorption isotherms

Ten mathematical equations were used to fit the adsorp-
tion and desorption isotherms data of PRF at the different
temperatures as shown in Table 1. The models are pre-
sented in terms of equilibrium moisture content, Xe dry
basis (kg/kg d.b.), water activity aw, temperature T (°C)
and model constants. To evaluate the ability of each
model to fit the experimental sorption data, results were
expressed as mean values (standard deviation) of the
three separate determinations. The selected mathematical
models were evaluated using the statistical parameters,
namely, coefficient of determination (R2), the mean rela-
tive percent error (Pe), the standard error of estimate
(SSE) and root mean square error (RMSE). These four
different criteria were evaluated by MATLAB R2010a [39].

2.4.2 Determination of isosteric heat of sorption and the
differential entropy

The net isosteric heat of sorption (qst) was determined by
subtraction of the water vaporization heat from the total
heat of sorption (Qst). The qst could be determined from
experimental data using Clausius–Clapeyron equation [10].

ln awð Þ= −
qst
RTk

+
ΔS
R

(1)

Qst = qst + λ (2)

where the vaporization heat of pure water (λ) (J/mole)
was calculated by:

λ=R 6687− 5.31*Tk½ � (3)

where R is the ideal gas constant (8.314 J/mole.K); Tk
absolute temperature (K) and ΔS is the differential
entropy (J/mole.K).

In this study, the isosteric heat of sorption and the
differential entropy (ΔS) of adsorption and desorption of
water at each moisture content were obtained by fitting
eq. (1) to the equilibrium moisture content data. After
plotting ln (aw) versus 1/TK at constant moisture content,
the isosteric heat of sorption was determined from the
slope which was equal to – qst/R and the ΔS was com-
puted from the linear coefficient (ΔS/R). This procedure
was repeated for many values of equilibrium moisture
content in order to determine the dependence of qst on
the equilibrium moisture content. Although this approach
assumes that isosteric heat of sorption does not change
with temperature, the application of this method requires
sorption data at three temperatures at least [18, 19].

2.4.3 Water plasticization behavior

To predict the plasticization effect of water, glass transi-
tion temperature and moisture content data were fitted to
the model proposed by Gordon and Taylor [50]:

Tg =
1−Xwð ÞTgs + kXwTgw

1−Xwð Þ+ kXw
(4)

Table 1: The models applied to the experimental adsorption and desorption data of Date powder rich
in fiber (PRF).

No Model name Equations References

 Peleg Xe = 1 awð ÞC2 + 3 awð ÞC4 []

 GAB Xe = XmCKaw
1− Kawð Þ 1−Kaw +CKawð Þ []

 BET Xe =
Xmcaw

1−awð Þ+ c − 1Þð1−awð Þaw½ � []

 Halsey Xe = − A
ln aw

� �1=B
[]

 Oswin Xe = k aw=1− awð Þn []
 Smith Xe =A−B ln 1−awð Þð Þ []
 Modified Henderson Xe = ln 1− awð Þ= − k T + cð Þ½ �f g1=n []
 Adam and Shove Xe =A+Baw +Caw2 +Daw3 []

 Modified Oswin Xe = A+BTð Þ aw
1− awð Þ

h iC
[]

 Modified Halsey Xe = −
exp A+BTð Þ

ln aw

h iC
[]

Note: Xe is the equilibrium moisture content (kg/kg dry solid); Xm is the mono-layer moisture content (kg/kg dry solid);
A, B, C, C1, C2, C3, C4, D, K and n: model constants (dimensionless).
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where Tg, Tgs and Tgw are the glass transition tempera-
tures of the mixture, solids, and water, respectively, Xw is
the mass fraction of water and k is the model constant.

3 Results and discussion

3.1 Moisture sorption profiles

Figure 1 represents the temporal profile of moisture
adsorption (a) and desorption (b) of PRF at 25 °C, as an
example of using a dynamic vapor sorption instrument. It
can be observed that the moisture adsorption increased
with increasing relative humidity, while the opposite was
noticed in the case of desorption process. It took up to 29
and 25 h to reach equilibrium state for the adsorption and
desorption process respectively.

3.2 Experimental results

The experimental results of the adsorption and deso-
rption isotherms of the PRF obtained at different tempera-
tures are presented in Figures 2 and 3, respectively. The
adsorption isotherms follow type III shape, which char-
acterizes the products that hold small amounts of water
at low water activity levels and large amounts at high
relative humidity levels according to the BET classifica-
tion [51]. Such relationship has been reported for lemon
peel [20]. It was observed in Figure 2 that the equilibrium
moisture content (Xe), at constant temperature, increased
by increasing aw. The opposite was observed in the case
of desorption where the Xe decreased as aw decreased
(Figure 3). This behavior of adsorption and desorption
experiments was similar to that reported for many food

products, such as Citrus reticulata leaves [21], leaves and
stems of lemon balm [15], Tunisian olive leaves [18] and
orange peel and leaves [17]. Also, the results revealed
that there was no effect of temperature on the sorption
isotherms of PRF. Kaya and Kahyaoglu [52] found similar
result for tarragon leaves. That could be due to the small
temperature range studied in the present work which was
not enough to cause an increase in the excitation state of
water molecules [53].
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Figure 2: Experimental and predicted adsorption isotherms obtained
for PRF at 25, 35 and 45 °C.

Figure 1: Temporal moisture
adsorption (a) and desorption
(b) profiles for PRF under step-
wise change of equilibrium
relative humidity (ERH) at 25 °C.
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Figure 3: Experimental and predicted desorption isotherms obtained
for PRF at 25, 35 and 45 °C.
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3.3 Moisture sorption hysteresis

Moisture sorption hysteresis is the phenomena in which
two different paths exist between the adsorption and
desorption isotherms. The extent of hysteresis is related
to the nature and state of the components in a food. It
may reflect their structural and conformational rearran-
gement, which alters the accessibility of energetically
favorable polar sites, and thus, may hinder the movement
of moisture [54].

The hysteresis loops were seen at the temperatures
(25, 35 and 45 °C) as shown in Figures 4, 5 and 6, respec-
tively. This phenomenon has been explained by several
researchers, among which, Al Hodali [55] who considered
a solid structure pore connected to its surrounding by a
small capillary. It has been reported that during adsorp-
tion, the capillary begins to fill as a result of the rise in
relative humidity, while the pore was still empty. When
the partial pressure of vapor in the air becomes higher
than the vapor pressure of liquid in the capillary, the
moisture will move into the pore. For desorption, the
pore was initially full of liquid at saturation. This liquid
could escape only when the pressure of the surrounding
air becomes lower than the vapor pressure of liquid
inside the capillary. As the system of pores has generally
a large range of capillary diameters, the differences
between adsorption and desorption were observed [21].

It was observed that at the same water activity, the equi-
librium moisture content was higher for the desorption
curve than for the adsorption one as shown in Figures 4,
5 and 6 corresponding to temperatures 25, 35 and 45 °C,
respectively. This hysteresis behavior could be due to the

pre-drying in which the samples were subjected to during
the adsorption process [56]. Such behavior was observed
for orange peel and leaves [17].

3.4 Modeling data

The experimental data of the adsorption and desorption
curves of PRF were fitted to ten isotherm models as listed
in Table 1. The results of non-linear regression analysis of
fitting the adsorption and desorption equations to the
experimental data of the PRF at three temperatures are
shown in Table 2 for the model constants and Table 3 for
the statistical indicators. The best model was selected
based on: Pe ≤ 10, R2 > 0.95, low SSE and low RMSE for
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Figure 4: Experimental and predicted sorption data (desorption and
adsorption) for the PRF obtained at 25 °C (hysteresis loop).
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Figure 6: Experimental and predicted sorption data (desorption and
adsorption) for the PRF obtained at 45 °C (hysteresis loop).

0

0.05

0.1

0.15

0.2

0.25

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

X
e
 (
 k
g
/
k
g
 d
.b
.)

Water activity, a
w

Peleg Model

Adsorption

Desorption

Figure 5: Experimental and predicted sorption data (desorption and
adsorption) for the PRF obtained at 35 °C (hysteresis loop).
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Table 2: Means and (standard deviations) of the empirical parameters of the proposed mathematical models for simulating
the experimental sorption isotherm curves of PRF at different temperatures.

P* Adsorption Desorption

 °C  °C  °C  °C  °C  °C

Peleg model (MN 1) Xe =C1 awð ÞC2 +C3 awð ÞC4
C . . . . −. .

(.)+ (.) (.) (.) (.) (.)
C . . . . . .

(.) (.) (.) (.) (.) (.)
C . . . . . .

(.) (.) (.) (.) (.) (.)
C . . . . . .

(.) (.) (.) (.) (.) (.)
GAB model (MN 2) Xe = XmCKaw

1−Kawð Þ 1− Kaw + CKawð Þ
Xm . . . . . .

(.) (.) (.) (.) (.) (.)
C . . . . . .

(.) (.) (.) (.) (.) (.)
K . . . . . .

(.) (.) (.) (.) (.) (.)
BET model (MN 3) Xe = Xmcaw

1−awð Þ+ c − 1Þð1−awð Þaw½ �
Xm . . . . . .

(.) (.) (.) (.) (.) (.)
C . . . . −. .

(.) (.) (.) (.) (.) (.)
Halsey model (MN 4) Xe = − A

ln aw

� �1=B

A . . . . . .
(.) (.) (.) (.) (.) (.)

B . . . . . .
(.) (.) (.) (.) (.) (.)

Oswin model (MN 5) Xe = k aw=1− awð Þn
K . . . . . .

(.) (.) (.) (.) (.) (.)
N . . . . . .

(.) (.) (.) (.) (.) (.)
Smith model (MN 6) Xe =A−B ln 1− awð Þð Þ
A −. −. −. . . −.

(.) (.) (.) (.) (.) (.)
B . . . . . .

(.) (.) (.) (.) (.) (.)
Modified Henderson model (MN 7) Xe = ln 1− awð Þ= − k T + cð Þ½ �f g1=n
K . . . . . .

(.) (.) (.) (.) (.) (.)
C . . . . . .

(.) (.) (.) (.) (.) (.)
n . . . . . .

(.) (.) (.) (.) (.) (.)
Adam and Shove model (MN 8) Xe =A+Baw +Caw2 +Daw3

A −. −. −. . . −.
(.) (.) (.) (.) (.) (.)

B . . . . . .
(.) (.) (.) (.) (.) (.)

C −. −. −. . . .
(.) (.) (.) (.) (.) (.)

D . . . −. −. −.
(.) (.) (.) (.) (.) (.)
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Table 2: (continued )

P* Adsorption Desorption

 °C  °C  °C  °C  °C  °C

Modified Oswin model (MN 9) X = A+BTð Þ aw
1−awð Þ

h iC
A . . . . . .

(.) (.) (.) (.) (.) (.)
B −. −. −. −. −. −.

(.) (.) (.) (.) (.) (.)
C . . . . . .

(.) (.) (.) (.) (.) (.)
Modified Halsey model (MN 10) X = −

exp A+BTð Þ
ln aw

h iC
A . −. −. . −. −.

(.) (.) (.) (.) (.) (.)
B −. . . −. . .

(.) (.) (.) (.) (.) (.)
C . . . . . .

(.) (.) (.) (.) (.) (.)

Note: *P= empirical parameters. +Numbers in parentheses represent standard deviations.

Table 3: Values of the statistical indicators (SI) of the proposed mathematical models for simulating the experimental sorption
isotherm curves of FRP at different temperatures.

Adsorption Desorption

MN* SI  °C  °C  °C  °C  °C  °C

 SSE . × 
−

. × 
−

. × 
−

. × 
−

. × 
−

. × 
−

R . . . . . .
RMSE . . . . . .
Pe      

 SSE . × 
−

. × 
−

. × 
−

. × 
−

. × 
−

. × 
−

R . . . . . .
RMSE . . . . . .
Pe      

 SSE . × 
−

. × 
−

. × 
−

. × 
−

. × 
−

. × 
−

R . . . . . .
RMSE . . . . . .
Pe      

 SSE . × 
−

. × 
−

. × 
−

. × 
−

. × 
−

. × 
−

R . . . . . .
RMSE . . . . . .
Pe      

 SSE . × 
−

. × 
−

. × 
−

. × 
−

. × 
−

. × 
−

R . . . . . .
RMSE . . . . . .
Pe      

 SSE . × 
−

. × 
−

. × 
−

. × 
−

. × 
−

. × 
−

R . . . . . .
RMSE . . . . . .
Pe      

 SSE . × 
−

. × 
−

. × 
−

. × 
−

. × 
−

. × 
−

R . . . . . .
RMSE . . . . . .
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all temperatures. By applying that, it can be noticed that
the Peleg model was the best model to describe the
experimental adsorption and desorption isotherms of
PRF over a wide range of water activity (0.09–0.87).
Comparing to the other models, the Peleg model was
the highest in R2, and the lowest in SSE, RMSE, and Pe
values. The ranges of R2, SSE, RMSE and Pe are 0.990–
0.999, 2.30 × 10− 5–2.76 × 10− 4, 0.002–0.009 and 3–10 for
both adsorption and desorption isotherms of the PRF,
respectively. The observed and predicted sorption iso-
therms using the Peleg model are jointly shown with
the real data points in Figures 2 and 3. Therefore, Peleg
model can be recommended with the corresponding para-
meters for the prediction of the adsorption and deso-
rption isotherms of PRF at the different temperatures
(25, 35 and 45 °C) and water activity ranging from 0.09
to 0.87.

Also, Figures 4–6 show the experimental data of
adsorption and desorption isotherms of PRF as fitted by
the Peleg model, where a good agreement between
experimental and predicted data can be observed. Peleg
model was successfully applied to several agricultural
products such as starch powders [3], orange peel and
leaves [17] and Tunisian olive leaves [18]. Further, this
model provides a good representation of Type II (sigmoi-
dal) and III (non-sigmoidal) sorption isotherms [51] and it
is also useful for validating a new proposed model
applied to different products [57].

The adsorption isotherms are essential to select the
appropriate storage conditions. Consequently, the equili-
brium values of moisture content of PRF at the microbial
safe water activity of 0.6 [58] and a selected temperature

were experimentally determined. The PRF should be
stored at a maximum moisture content of 7.1, 8.5 and
6.1 d.b. (%) in order to prevent the growth of microorgan-
isms or quality deterioration at temperatures 25, 35 and
45 °C respectively. Larrauri [38] recommended a value of
9 d.b. (%) or less for fibers.

3.5 Isosteric heat of sorption
and the differential entropy

Knowledge of the differential heat of sorption is impor-
tant when designing equipment for dehydration pro-
cesses. This is due to the fact that the heat of
vaporization of sorbed water may increase to values
above the heat of vaporization of pure water as food is
dehydrated to low moisture levels [54].

The isosteric heat of sorption as affected by different
moisture content of PRF is shown in Figure 7, where the
isosteric heat increased by decreasing the moisture con-
tent. It has been reported that the high values of isosteric
heat at low moisture contents are explained by tight
bonds of water molecules to the food constituting a
monolayer of molecules. Therefore the amount of energy
required to remove these water molecules is high. The
values of Qst are higher than λ, indicating that the energy
of binding between the water molecules and the sorption
sites is higher than the energy which holds the molecules
of pure water together in the liquid phase [59]. The
increase in the isosteric heat with decreasing moisture
content of the PRF agrees with the results of other studies
for several products such as Tunisian olive leaves [18],

Table 3: (continued )

Adsorption Desorption

MN* SI  °C  °C  °C  °C  °C  °C

Pe      

 SSE . × 
−

. × 
−

. × 
−

. × 
−

. × 
−

. × 
−

R . . . . . .
RMSE . . . . . .
Pe      

 SSE . × 
−

. × 
−

. × 
−

. × 
−

. × 
−

. × 
−

R . . . . . .
RMSE . . . . . .
Pe      

 SSE . × 
−

. × 
−

. × 
−

. × 
−

. × 
−

. × 
−

R . . . . . .
RMSE . . . . . .
Pe      

Note: *MN, model number (see Table 1).
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grapes, apricots, apples and potatoes [19], sultana rai-
sins, figs, prunes and apricots [23], starch powders [26],
black and green tea [28] and potatoes [53].

The Qst versus Xe results can be adequately repre-
sented by polynomial eqs (4) and (5) for the adsorption
and desorption, respectively.

Qstð ÞAd = 15.808X3
e + 24.736X

2
e − 11.322Xe + 43.97; R2 = 0.915

(4)

Qstð ÞDe = − 120.62X3
e + 68.078X

2
e − 15.888Xe +43.455;

R2 = 0.978
(5)

The differential entropy of adsorption and desorption, at
each moisture content, was calculated by applying eq. (1)
to the experimental data. The differential entropy was
plotted as a function of moisture content as shown in
Figure 8 for both adsorption and desorption. It was found
that the entropy data display a strong dependence on
moisture content. The differential entropy of desorption
exhibits higher values than that for adsorption. It indi-
cates that water molecules are more mobile during deso-
rption than adsorption [26]. The result is similar to that
reported by other researchers [26, 27].

The differential entropy versus moisture content
results can be predicted by polynomial functions as
shown in eqs (6) and (7) for the adsorption and deso-
rption, respectively.

ΔSð ÞAd = − 3412.9X3
e + 1504.7X

2
e − 240.04Xe + 16.714;

R2 = 0.999
(6)

ΔSð ÞDe = − 4854.5X3
e + 1939.6X

2
e − 247.66Xe + 9.6133;

R2 = 0.963
(7)

3.6 Water plasticization behavior

Values of Tg obtained for the different samples as a
function of moisture content are shown in Figure 9. The
water plasticization effect can be observed, where
increasing the water content resulted in a decrease in
the glass transition temperatures. This observation is
similar to that obtained for several food products such
as spray dried tomato pulp powder [33], freeze-dried
pineapple powder [34], freeze-dried onion powder [35],
Kiwi fruit [36] and papaya [37].

It can be noticed also in Figure 9 that the real data
can be predicted successfully by Gordon and Taylor
model (eq. (4)). The Gordon and Taylor model can be
considered a reliable predictor of glass transition tem-
peratures of PRF at different moisture contents. It was
fitted to experimental points using Tgw =–135 °C, with
the following parameters calculated by non-linear
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Figure 9: Relationship between glass transition temperature (Tg) and
moisture content (Xw) of PRF.

Figure 7: Experimental and predicted values of isosteric heat of
adsorption and desorption for PRF as a function of equilibrium
moisture content.
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Figure 8: Experimental and predicted values of differential entropy
of adsorption and desorption for PRF as a function of equilibrium
moisture content.
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regression: Tgs = 64.92 °C and k = 1.607, where R2 = 0.976.
From Figure 9, it can be recommended that the PRF with
Xw ≤ 9% should be stored at temperature less than 35 °C
to avoid formulation to a rubbery state which can cause
agglomeration and stickiness.

4 Conclusion

The moisture sorption curves of PRF obtained at three tem-
peratures (25, 35, and 45 °C (and a wide range of water
activity (0.09–0.87) showed type III shape. The moisture
adsorption increased as the relative humidity increased
while in the case of the desorption process, the equilibrium
moisture content decreased with the decreasing relative
humidity. It took up to 29 and 25 h to reach the equilibrium
state for the adsorption and desorption process respec-
tively. The hysteresis phenomenon was observed. The best
fitted model representing equilibrium moisture data for
both adsorption and desorption was the Peleg model. The
isosteric heats of sorption and the differential entropy of
PRF decreased as the moisture content increased and can
be predicted by polynomial functions. Water can be con-
sidered a plasticizer in PRF where the glass transition tem-
perature decreased by increasing themoisture content (Xw).
Gordon and Taylor model represented adequately the rela-
tionship between glass transition temperature andmoisture
content. The PRF should be stored at minimum moisture
content of 9 d.b. (%) and temperature less than 35 °C.
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