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ABSTRACT - Hygroscopic equilibrium curves or sorption isotherms are important in order to define dehydration limits of the 
product, estimate moisture content alterations under environment conditions and to acquire moisture content values for safe 
storage. This work aimed to determine desorption isotherms of cucumber seeds stored at different temperature (10, 20, 30, 40 
and 50 ºC) and relative humidity (0.11 to 0.96) and the thermodynamic properties of this process. Mathematical models were 
fitted to experimental data in order to represent the agricultural products hygroscopicity. Net isosteric heat of desorption was 
performed based on the Clausius-Clapeyron thermodynamic relation and Gibbs free energy through the Van’t Hoff equation. 
Based on statistical parameters, Modified Henderson model was the one that best represented hygroscopicity of cucumber 
seeds. Equilibrium moisture content of cucumber seeds decreased with temperature increment at a constant value of relative 
humidity. Differential enthalpy values, representing the energy required to remove moisture from the cucumber seeds, ranged 
from 2923 to 2469 kJ. kg-1. Values of differential entropy and Gibbs free energy decreased with moisture content increase. 
Enthalpy-entropy compensation theory is valid for the sorption of cucumber seeds, in which the water sorption mechanism in 
cucumber seeds can be considered to be enthalpy controlled.

Index terms: equilibrium moisture content, entropy, gibbs free energy, Cucumis sativus L.

Isotermas de dessorção de água em sementes de pepino: 
modelagem e propriedades termodinâmicas

RESUMO - Isotermas de sorção são importantes para definir os limites de desidratação do produto, estimar o teor de 
água e seu valor para o armazenamento seguro. Objetivou-se determinar as isotermas de dessorção de sementes de pepino 
armazenadas em diferentes temperaturas (10, 20, 30, 40 e 50 ºC) e umidade relativa (0,11-0,96) do ar e determinar as 
propriedades termodinâmicas deste processo. Modelos matemáticos foram ajustados aos dados experimentais para representar 
a higroscopicidade. O calor isostérico de dessorção foi calculado baseado na relação termodinâmica de Clausius-Clapeyron 
e a energia livre de Gibbs por meio da equação de Van’t Hoff. Henderson modificado foi o modelo que melhor representou 
a higroscopicidade das sementes de pepino. O teor de água de equilíbrio das sementes de pepino diminuiu com o aumento 
da temperatura em um valor constante de umidade relativa. Os valores de entalpia diferencial, que representam a energia 
requerida para remover umidade das sementes, variaram de 2923 a 2469 kJ. kg-1. Entropia diferencial e energia livre de Gibbs 
decresceram com o aumento do teor de água. A teoria da compensação de entalpia-entropia é válida para a sorção de sementes 
de pepino, em que a sorção de água nas sementes de pepino é controlada pela entalpia.

Termos para indexação: teor de água de equilíbrio, entropia, energia livre de gibbs,  Cucumis sativus L.
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Introduction

Cucumber (Cucumis sativus L.) is a vegetable of great 
importance in Brazil due to social and economic value, 
consumed as salad or canned vegetables. Because of its 

increasing production and aggregated value of cucumber 
seeds, it is important to study new technologies and problems 
solution regarding post-harvest procedures.

Among these procedures, drying and storage are widely 
known and used. In order to accomplish these post-harvest 
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operations, knowledge of the relationship between temperature 
and relative humidity of the air is required. Otherwise, higher 
probability of insect and microorganisms attack at the seeds 
is observed, allowing toxin appearance. Thus, physiological 
quality of the seeds is devalued, hardening or even not feasible 
its commercialization.

Moisture content of the product, when at equilibrium 
with the environment, is called equilibrium moisture content 
or hygroscopic equilibrium. This parameter is useful in order 
to determine gain or loss of water under certain temperature 
and relative humidity condition, affecting directly drying and 
storage processes (Goneli et al., 2013).

Moisture content affects directly vigor and germination of 
seeds (Moreano et al., 2011), leading to products respiration 
alterations. Generally, in order to prevent quality loss of seeds 
during storage, prediction of moisture content due to hygroscopic 
equilibrium at different environment condition is of great 
importance. Storage period of seeds multiplies by two for each 
1% reduction in moisture content (when moisture content ranges 
from 6% to 20% wet basis) and for every 5.5 °C reduction in 
storage temperature (range from 4.4 °C to 37.8 °C), according to 
Harrington (1960).

Relationship between equilibrium moisture content and the 
equilibrium relative humidity of a certain product, at a constant 
temperature, may be expressed by mathematical equations. These 
relationships are denominated sorption isotherms or hygroscopic 
equilibrium curves. There are more than 200 equations in 
order to represent the hygroscopic equilibrium phenomenon of 
agricultural products. These models differs from each other due 
to theoretical or empirical basis and on the amount of parameters 
involved (Yanniotis and Blahovec, 2009).

Hygroscopic equilibrium curves or sorption isotherms 
are important in order to define dehydration limits of 
the product, estimate moisture content alterations under 
environment conditions and to acquire safe moisture content 
values. These values are critical in order to prevent unwanted 
microorganisms activity during storage. In addition, sorption 
isotherms indicates the required energy in order to dry the 
product, represented by the isosteric heat of sorption values 
(Noshad et al., 2012).

Sorption isotherms and isosteric heat of sorption for 
dried products are essential information to model the different 
processes from the food industry and for their storage (Gabas 
et al., 2007). Furthermore, important information in respect 
to sorption mechanisms and interaction among the products 
components and moisture can be obtained.

Development of drying equipment, calculations of the 
energy required to dry products, water properties on food 
surface and sorption kinetic parameters are some of the 

items that the thermodynamic properties would be useful 
information for (Corrêa et al., 2007).

In view of the importance of understanding the 
hygroscopicity of agricultural products, this work aimed to 
determine and model the desorption isotherms of cucumber 
seeds for various temperature  and air relative humidity 
conditions. Also, thermodynamic properties (isosteric heat of 
desorption, differential entropy, enthalpy-entropy relationship 
and Gibbs free energy) were obtained.

Material and Methods

Cucumber seeds with initial moisture content of 38.0% (w.b.) 
were used for the desorption process. Cucumber seeds were 
harvested and retrieved from mature fruits at the Experimental 
Station from EMGOPA, Anápolis city (Goiás State, Brazil), 
hybrid “Caipira” type, Anápolis 796. Samples were stored at 
polypropylene bags of low density, stored in a refrigerator for 
maintenance and uniformity of moisture content. Previously to 
analysis, samples were retrieved from the refrigerator and placed 
on environmental conditions, during two hours, in order to 
prevent temperature effect. The static method was used in order 
to obtain hygroscopic equilibrium. Samples were placed inside 
desiccators containing saturated saline solutions specific for each 
desired relative humidity, according to Table 1.

Table 1. Relative humidities (decimal) established inside 
the desiccators for determination of hygroscopic 
equilibrium of cucumber seeds by means of 
static method.

Saline solution 
Temperature (°C) 

10 20 30 40 50 
LiCl 0.13 - 0.11 0.12 0.11 
CaCl2 0.40 0.35 - - - 
Ca(NO3)2 0.59 0.55 - - - 
NH4Cl 0.81 - - - - 
NaCl - 0.76 0.76 0.75 0.75 
KBr - 0.84 - - - 
K2SO4 - - - 0.96 - 
MgCl2 - - 0.32 - - 
KNO2 - - 0.47 - - 
KNO3 0.96 0.93 0.91 - - 
MgCl2 x 6H2O - - - 0.32 0.31 
Na2Cr2O7 - - - 0.50 0.46 

 
Desiccators containing samples were placed in chambers 

for temperature control for (10, 20, 30, 40 e 50) ºC. Each 
sample was composed by 100 g of the product, weighted 
periodically during the desorption process. Hygroscopic 
equilibrium was reached when mass variation, between 
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three consecutive weightings, was equal or inferior to 0.01 
g. Moisture content was determined by applying the oven 
method at 105 ± 1 ºC for 24 h, in three repetitions, by means 

of modified methodology by Brasil (2009).
Experimental data of hygroscopic equilibrium were fitted 

to five mathematical models (Table 2).

Table 2. Mathematical models used to represent sorption isotherms.

Model Equation Equation number 
Modified Oswin (Chen and Morey, 1989)       [(    )   ⁄ ]  ⁄⁄  (1) 
Modified Henderson (Thompson et al., 1968)   {  (    ) [   (   )]⁄ }  ⁄  (2) 
Modified Halsey (Iglesias and Chirife, 1976)   [   (    )    (  )⁄ ]  ⁄  (3) 
Copace (Corrêa et al., 1995)      (        ) (4) 
Chung-Pfost (Pfost et al., 1976)        [ (   )  (  )] (5) 

 In which: M - Equilibrium moisture content, % d.b.; RH - Relative humidity, decimal; T - Temperature, ºC; a, b, c - Coefficients that depends upon the product.

Differential entropy of desorption (ΔS), differential 
enthalpy (ΔH), Gibbs free energy (ΔG) and enthalpy-entropy 
relationship were obtained by means of a known methodology 
(Corrêa et al., 2012), which an approximate (1-α)100% 
confidence interval for isokinetic temperature is used. These 
parameters are expressed respectively by Equations 6 to 10.
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  In which: ΔH = isosteric heat of sorption, kJ. kg-1; ΔHvap = 
latent heat of vaporization of pure water, kJ. kg-1; ΔHst = net isosteric 
heat of sorption, kJ. kg-1; ΔS = differential entropy of sorption, kJ. 
kg-1 K-1; and ΔG = Gibbs free energy, kJ. kg-1 mol-1; TB = isokinetic 
temperature, K; m = number of data pairs of enthalpy and entropy; 
t = t value at (m-2) degrees of freedom; Thm = harmonic mean 
temperature, K; and nt = number of temperatures utilized.

The experimental data of hygroscopic equilibrium of 
cucumber seeds were submitted to a regression analysis and 
an adequate mathematical model was selected to express 
the relationship between the variables studied. In order to 
analyze the fitting degree of each model, the magnitudes 
of the adjusted determination coefficient (R2) (explained 
variance), mean relative error (MRE), the standard deviation 
of the estimate (SDE), and the analysis of the residual plots 

generated by the models were used.
The residuals (the difference between the observed values 

and the estimated values by the models) were plotted through 
the models as a function of the estimated values. A model was 
considered to be suitable if the residual values were next to 
the horizontal line around zero, indicating no tendency in the 
results. If the residual presented a distribution with tendency, 
the model is considered inadequate to represent the studied 
phenomenon. The values of MRE and SDE are calculated as 
described below:

       
 ∑|   ̂|

  (11)     √∑(   ̂) 

   (12) 

 In which: MRE = mean relative error, %; SDE = standard 
deviation of the estimate, % d.b.; Y = observed value, % d.b.; 
Ŷ = estimated value by the model, % d.b.; n = number of 
observed data; and, DF = residue degrees of freedom (number 
of observed data minus number of model parameters).

Results and Discussion

Table 3 presents the model parameters fitted to desorption 
experimental data of cucumber seeds, obtained at different 
temperature and relative humidity conditions.

At Table 3 it is observed that mathematical models used 
to describe hygroscopicity presented elevated values of 
determination coefficient (R2), higher than 96%. However, 
R2 and the standard deviation of the estimate (SDE) are not 
sufficient to prove the fitting quality of a model, requiring 
the analysis of MRE and residual plots. Throughout the 
results (Table 3), Chung-Pfost and Copace models are not 
suitable to predict the sorption of cucumber seeds, because 
they presented values higher than 10% of MRE, according to 
Mohapatra and Rao (2005).
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Table 3.  Model parameters of hygroscopic equilibrium of cucumber seeds obtained by desorption, with its respective 
determination coefficients (R2), standard deviation of the estimate (SDE), mean relative error (MRE) and residual plots.

Models Parameters R2 SDE MRE Residual plot 

Chung-Pfost 
a = 28.7711 

96.91 2.1547 22.3315 Biased b = 5.7958 
c = 22.7606 

Copace 
a = 0.6683 

97.44 1.8387 17.3195 Biased b = 0.0096 
c = 2.9348 

Modified Halsey 
a = 4.7758 

97.96 1.1791   7.3507 Random b = 0.0271 
c = 2.1996 

Modified Henderson 
a = 8.2x10-4 

98.29 1.6086   6.7204 Random b = 50.9792 
c = 1.2078 

Modified Oswin 
a = 9.9637 

98.40 1.5566   9.2449 Random b = -0.0849 
c = 2.5276 

 

In order to conclude which model is more suitable, 
Figure 1 show the residual plots for the remaining models as 
a function of estimated values of hygroscopic equilibrium of 
cucumber seeds. Residues were obtained by the difference 
between experimental and estimated values for each model.

From Figure 1, it is observed that Modified Halsey, 
Modified Henderson and Modified Oswin presented random 
residual distribution, indicating an adequate fitting to 
experimental data. Among these models, Modified Henderson 
is a traditional model used to represent hygroscopicity. Thus, 
Modified Henderson model was the one chosen to represent 
experimental data of desorption process of cucumber seeds at 
these conditions of temperature and relative humidity. Similar 
results were reported in previous work, which Modified 
Henderson model fitted to experimental data of pearl millet 
grain submitted at the same temperature and relative humidity 
conditions (Goneli et al., 2010).

Figure 2 reports the behavior of experimental values of 
equilibrium moisture content of cucumber seeds, obtained 
by desorption, and its isotherms constructed by means of 
Modified Henderson model.

It can be noticed an increase of equilibrium moisture 
content with water activity increment at a constant 
temperature, fact also reported by other authors (Hessini et 
al., 2015; Thys et al., 2010). Sigmoid shape type of isotherms 
is observed at all temperatures studied. This shape is typical 
for amorphous materials rich in hydrophilic compounds (Al-
Muhtaseb et al., 2004). This is in agreement with the results 
obtained for pinhão flour (Cladera-Olivera et al., 2011) and 
pinhão seeds (Thys et al., 2010).

 

Figure 1. Residual plots of mathematical models (A – Modified 
Halsey, B – Modified Henderson, C – Modified 
Oswin) for desorption process of cucumber seeds.
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Figure 2. Observed and estimated values by Modified 
Henderson model of equilibrium moistures content 
obtained by desorption of cucumber seeds.

 

This sigmoidal shape can be explained by the amounts 
of water binding, and can be divided in three regions: below 
aw of 0.3, 0.3 < aw < 0.7 and above 0.7 (Labuza, 1975). In 
the first region, moisture is due to structural water, which is 
hydrogen bonded, and monolayer water, which is adsorbed 
by hydrophilic and polar groups of the grain components 
(Oliveira et al., 2010). Given that structural water is not 
available, there is low or no insect propagation and fungi 
cannot develop (Bewley and Black, 1994). The same authors 
reported that the fungi development is decreased with 
equilibrium moisture content values below the upper limit 
of the multilayer region, which is the second region of the 
isotherm (in the range 0.3–0.7 aw). 

The second region is marked by the connection between 
several layers and the first layer of water by hydrogen bonds, 
and within this range, respiration rate of seeds increases 
rapidly, leading to quality loss. In the third region, above an 
aw of 0.7, water molecules are easily kept within void spaces 
of the grain due to a capillary region. This makes the grain 
available to insects and fungi, and deteriorates the product.

Equilibrium moisture content presented decreased values 
with temperature increase at constant values of RH. This 
trend is related to the reduced number of available sites at the 
product in order to occur bonds between water molecules and 
the products components. This is the result from physical and/
or chemical alterations promoted by the temperature, since it 
affects the water molecules mobility. At higher temperatures, 
water molecules are in a higher excitement state, thus increasing 
the distance and decreasing attractive forces among themselves 
(Oliveira et al., 2011). This fact leads to a reduction of water 
sorption degree at a constant RH, with temperature increase.

By means of these isotherms, it is possible to handle cucumber 

seeds adequately aiming the maintenance of its moisture content 
at recommended values for a safe storage. Furthermore, sorption 
isotherms can be employed to define more adequate year time 
for storage of cucumber seeds at different regions, taking into 
account the temperature and relative humidity of the local site. 
The importance of these data is higher in the case of seeds, in 
which at inadequate storage conditions may lead to germination 
during storage, which is not desirable.

Figure 3 presents the behavior of differential enthalpy as 
a function of equilibrium moisture content.

Moisture content reduction leads to an increase of required 
energy in order to remove moisture from the product (Figure 3), 
represented by the differential enthalpy values, trend also observed 
by Moreira et al. (2008). For the moisture content range between 
2.0 and 31.0% (d.b.), the values of this thermodynamic parameter 
varied between 2923 and 2469 kJ. kg-1.

 
Figure 3. Observed and estimated values of differential 

enthalpy of desorption as a function of equilibrium 
moisture content.

It can be also noticed from Figure 3 that values of 
differential enthalpy of desorption are higher than the latent 
heat of vaporization of water (2430.50 kJ. kg-1). This trend 
indicates that bonding energy between water molecules and 
sorption sites is higher than the bonding energy of water 
molecules among themselves at the liquid phase (Oliveira et 
al., 2011). Differences encountered between observed values 
of differential enthalpy to different products is due to inherent 
factors of the products and due to possible errors of acquiring 
the water activity values, since these are retrieved from 
mathematical models.

Figure 4 demonstrate the differential entropy of 
desorption values as a function of equilibrium moisture 
content. According to Figure 4, there is a strong dependence 
between differential entropy of sorption and moisture content, 

Eq
ui

lib
riu

m
 m

oi
st

ur
e 

co
nt

en
t (

%
 d

.b
.)

Water activity (decimal)

30

25

20

15

10

5

0
0.0            0.2            0.4            0.6            0.8            1.0

10 oC
20 oC
30 oC
40 oC
50 oC
Estimated

Estimated values
Observed values

Equilibrium moisture content (% d.b.)
0                 10               20                30               40

3000

2900

2800

2700

2600

2500

2400

ΔH
 (K

J. 
kg

-1
)

222 P. C. CORRÊA et al.

Journal of Seed Science, v.37, n.3, p.218-225, 2015



with a similar tendency observed for differential enthalpy. 
Similar results were observed for starch powder (Al-Muhtaseb 
et al., 2004) and sesame seeds (Kaya and Kahyaoglu, 2006).

According to the second law of thermodynamics, a 
process is reversible when the sum of all entropy changes at 
all subsystems of a process is constant. By means of Figure 
4, it is noticed that with moisture content increment there is 
a reduction of differential entropy, with the tendency to reach 
constant value at higher moisture content values. This trend 
indicates that at a certain point of moisture content, sorption 
process is reversible (Madamba et al., 1996). The minimum 
integral entropy can be interpreted as the water activity at 
which the product has the best stability of a food product 
(Domínguez et al., 2007).

Table 4 reports the mathematical model fitted to the 
observed values of differential enthalpy and differential 
entropy of desorption as a function of equilibrium moisture 
content. It is observed that equations are suitable to predict 
the phenomenon, presenting significant regression parameters 
and elevated values of determination coefficient.

Values of differential enthalpy as a function of differential 
entropy values of desorption are presented at Figure 5. It 

was considered that to a certain value of moisture content, 
differential enthalpy and differential entropy are invariant 
with temperature.

 

Table 4. Mathematical model fitted to the observed values of differential enthalpy of desorption (ΔH, kJ. kg-1) and differential 
entropy of desorption (ΔS, kJ kg-1 K-1), as a function of equilibrium moisture content (% d.b.) with their respective 
determination coefficient (R2).

Thermodynamic property Regression equation R2 (%) 
Differential enthalpy ΔH = 601.5359 × exp(-0.0750 × Me) + 2430.50 99.12 
Differential entropy ΔS = 1.4767 × exp(-0.0691 × Me) 97.72 

 

Figure 4. Observed and estimated values of differential 
entropy of desorption (ΔS) of cucumber seeds as a 
function of equilibrium moisture content.

 
Figure 5. Enthalpy – entropy relationship for desorption 

process of cucumber seeds.

It can be observed that there is a linear relationship between 
these two thermodynamic properties, with determination 
coefficient higher than 99%. Isokinetic temperature (TB) and 
Gibbs free energy (ΔGB) at TB were determined by means of 
linear regression and its results are demonstrated at Table 5.

In order to validate the theory of enthalpy-entropy 
compensation, isokinetic temperature was compared to 
the mean harmonic temperature (Thm) obtained from the 
temperature range used to acquire the sorption isotherms. 
Linear chemical compensation only exists if TB is different 
from Thm (Corrêa et al., 2012).

 Harmonic temperature calculated was 302.33 K, value 
significantly different from isokinetic temperature (Table 5), 
confirming that the enthalpy-entropy compensation theory is 
valid for the sorption of cucumber seeds.

Isokinetic temperature is the one at which all reactions in 
sequence must occur at the same time; in other words, when 
the product is in equilibrium (Liu and Guo, 2001). If TB > Thm, 
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the process is enthalpy controlled; when TB < Thm, the process 
is controlled by entropy (Leffler, 1955). Since the TB values 
of the present work led to the former condition, the water 
sorption mechanism in cucumber seeds can be considered to be 
enthalpy controlled. These results are in agreement with several 
studies that have successfully applied the isokinetic theory to 
the sorption of different products, concluding that the sorption 
phenomenon is enthalpy controlled (Goneli et al., 2013; Goneli 
et al., 2010; Oliveira et al., 2010; Madamba et al., 1996).

Conclusions

According to the results, it can be concluded that 
desorption process was well represented by the Modified 
Halsey, Modified Oswin and Modified Henderson model. 
Hygroscopic equilibrium of cucumber seeds is directly 
proportional to water activity and decreases with temperature 
increment at a constant value of relative humidity.

Differential enthalpy, differential entropy and Gibbs 
free energy presented high correlation with the equilibrium 
moisture content of cucumber seeds, and the enthalpy-
entropy compensation theory exists, being desorption process 
of cucumber seeds enthalpy controlled.
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Figure 6. Observed and estimated values of Gibbs free energy 

from desorption of cucumber seeds as a function of 
equilibrium moisture content.
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