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EFFECT OF DRYING METHODS ON THE THERMODYNAMIC 
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ABSTRACT: Three different types of maltodextrin encapsulated dehydrated blackberry fruit powders were obtained using vibrofluidized 
bed drying (VF), spray drying (SD), vacuum drying (VD), and freeze drying (FD). Moisture equilibrium data of blackberry pulp powders 
with 18% maltodextrin were determined at 20, 30, 40, and 50°C using the static gravimetric method for the water activity range of 0.06–
0.90. Experimental equilibrium moisture content data versus water activity were fit to the Guggenheim–Anderson–de Boer (GAB) model. 
Agreement was found between experimental and calculated values. The isosteric heat of sorption of water was determined using the 
Clausius–Clapeyron equation from the equilibrium data; isosteric heats of sorption were found to increase with increasing temperature and 
could be adjusted by an exponential relationship. For freeze dried, vibrofluidized, and vacuum dried pulp powder samples, the isosteric heats 
of sorption were lower (more negative) than those calculated for spray dried samples. The enthalpy-entropy compensation theory was applied 
to sorption isotherms and plots of ΔH versus ΔS provided the isokinetic temperatures, indicating an enthalpy-controlled sorption process.

KEYWORDS: Fruit pulp, drying methods, water activity, isotherms, thermodynamic properties 

RESUMEN: Se obtuvieron cuatros clases de polvos deshidratados de mora encapsulados con maltodextrina utilizando secado por vibro-
fluidización (VF), por aspersión (SD) vacio (VD)  y liofilización (FD). Se determinaron los datos de  de humedad de equilibrio de los 
polvos de pulpa de mora con 18% de maltodextrina a temperaturas de 20, 30, 40 y 50°C usando el método estático gravimétrico para 
el intervalo de actividad de agua entre 0.06–0.90. Los valores experimentales del contenido de humedad de equilibrio en función de 
la actividad de agua fueron ajustados con el modelo de Guggenheim–Anderson–de Boer (GAB) hallándose una  buena concordancia 
entre los valores experimentales y los calculados. El calor isostérico de sorción, calculado utilizando la ecuación de Clausius–Clapeyron 
a partir de los datos de equilibrio, se incrementó con el aumento de la temperatura y fue ajustado con una relación exponencial. Para 
muestras  de polvos liofilizadas, vibrofluidizadas y a vacio, el calor de sorción fue menor (más negativo) que los calculados para 
muestras secas en el secador por aspersión. La teoría de la compensación entalpia-entropía fue aplicada a las isotermas de sorción y de 
las gráficas de ΔH contra ΔS se obtuvieron las temperaturas isocinéticas, indicando un proceso de sorción controlado por la entalpia. 

PALABRAS CLAVE: Pulpa de mora, métodos de secado, actividad de agua, isotermas, propiedades termodinámicas
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NOMENCLATURE

aw Water activity
C, K Constants of (1)

q0
Isosteric heat of sorption of the first      
water molecular layer

Qst Isosteric heat of sorption (KJ/mol)
qst Net isosteric heat of sorption (KJ/mol)
R Universal gas constant (8.314 J/mol K)
T Absolute temperature (K)
TB Isokinetic temperature
X0 Initial moisture content
Xeq Equilibrium moisture content
Xm Monolayer moisture content (drybasis)
ΔG Free energy (KJ/mol)
ΔH Enthalpy change ((KJ/mol)
ΔS Entropy change (KJ/mol K)
λ Pure water heat of vaporization (KJ/mol)

1. INTRODUCTION

Almost 90% of international blackberry production 
is transformed into processed products: nectars 
and juices, frozen pulps, concentrates, jams and 
jellies, and dehydrated powders [1]. Dried fruit juice 
produces a stable, easy-to-handle form of the juice that 
reconstitutes rapidly into a good quality product, and is 
seen mainly as a convenience food, having long storage 
lives at ordinary temperatures [2-4].

Dehydration of fruit juices is a difficult operation, 
mainly because of the undesirable changes in the quality 
of the dehydrated product. The high temperatures and 
long drying times required to remove the water from 
the sugar containing fruit material in conventional 
air-drying may cause serious damage to the flavor, 
color, and nutrients of the product [5]. To reduce these 
undesirable changes, techniques such as spray drying, 
freeze drying, vacuum drying, and vibrofluidization are 
employed. Maltodextrin has been used as additive to 
decrease the stickiness of the resulting food powders [6].

For food, sorption isotherms give information about 
the sorption mechanism and interactions between the 
food components and water, and they are useful for the 
design of drying processes and identifying their energy 
requirements. Moisture sorption isotherms describe the 

relationship between the equilibrium moisture content 
and water activity [7-9]. Numerous mathematical 
models that describe the sorption behavior of water in 
foods are available in the literature. Several of these 
models are based on theories of sorption mechanisms; 
others are purely empirical or semi-empirical [9-11]. 
The criterion used to select the most appropriate model 
is the adjustment grade for the experimental data and 
the physical meaning of the model [4].

The isosteric heat of sorption is a differential molar 
quantity derived from the temperature dependence 
of the isotherm, which represents the energy or 
intermolecular bonding between water molecules 
and absorbing surfaces at a particular hydration level. 
Usually, the moisture content at which the heat of 
absorption is similar to that of vaporization for pure 
water is considered to be an indicator of the free water 
content. The net isosteric heat of sorption can be 
used to estimate the energy requirements of drying. 
Conventionally, during the sorption process, the net 
isosteric heat is a positive quantity when heat is evolved 
and it becomes negative when heat is absorbed [12,13]. 

The aim of this work was to analyze the effects of 
different drying methods such as spray drying, vacuum 
drying, freeze drying and drying in a vibrofluidized 
bed on the sorption isothermal data for blackberry 
pulp powders, in order to calculate the constants of 
the sorption isotherm GAB model for each powder 
and to determine the isosteric heats of sorption from 
the experimental data.

2. MATERIAL AND METHODS

2.1 Raw material

Blackberry (Mora de Castilla: Rubus glaucus Benth) 
[soluble solid content of 6 – 9 °Brix, moisture content 
of 91 – 94% (wet basis)] was obtained at the local 
market (São José do Rio Preto, SP, Brazil) and stored 
at 7 °C prior to use. The blackberry was prepared in a 
pilot plant finisher and sieved through a 1.6 mm-mesh.

The dextrose equivalent (DE) is a measure of the 
reducing power of starch derived polysaccharides/
oligosaccharides compared to d-glucose on a dry weight 
basis [14]. Commercial maltodextrins of different 
dextrose equivalent values (DE 2-20) possess different 
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physicochemical properties including solubility 
and viscosity. An aqueous solution with 50% solids 
(mass basis) was prepared by dispersing commercial 
maltodextrin MOR-REX® 1920 (Corn Products Brazil) 
in distilled water at 40 °C using a mechanical stirrer. 
This solution was added to the blackberry pulp so that 
the mass ratio between the maltodextrin solution and 
pulp was 18% maltodextrin (MD) on dry basis (i.e., 
18 g of maltodextrin/100 g total solids). According to 
technical specifications provided by the manufacturer, 
maltodextrin MOR-REX® 1920 presents 17.0 £ DE 
£ 19.9. Blackberry pulp with MD was used for the 
different drying methods.

2.2 Drying methods

2.2.1 Vibrofluidized bed

The drying chamber of the vibrofluidized bed consisted 
of a vertical glass cylinder 165 mm in diameter and 704 
mm high. The chamber was suspended by a spindle 
and connected to a direct current motor that drove 
an eccentric wheel that imparted vertical sinusoidal 
vibrations to the drying chamber. The frequency and 
amplitude of vibration could be set from 15 to 40 Hz 
and from 1 to 3 mm, respectively. The air temperature 
used was 70 ºC, and the air velocity was 3.8 m/s. The 
inert particles were supported by a grid having 9.4% 
free cross-sectional area, which was made from 2.5 mm 
holes punched in a 2 mm stainless steel sheet, forming a 
60º rotated triangular staggered array configuration. The 
paste material to be dried was fed continuously to the 
drying chamber at constant rate with a peristaltic pump 
and dispersed by a central single stream nozzle 5 mm in 
diameter. The dry powder separated from inert particles 
by attrition was carried out of the drying chamber along 
with the exhausted air and collected in a cyclone.

2.2.2 Spray Dryer

Powder was obtained by spray dryer (model SD 5.0, 
Labmaq do Brazil Ltda). The spray dryer operates 
concurrently and has a spray nozzle with an orifice of 
2 mm in diameter. The inlet and outlet air temperatures 
for all samples investigated were about 140 ºC and 
102 ºC, respectively. The liquid feed to the dryer was 
between 1 and 1.5 L/h. The flow of the drying air 
was about 12 m3/h. The experiments were performed 
at constant process conditions. The dry powder was 

separated from inert particles by attrition, removed 
from the drying chamber along with the exhausted air, 
and collected in a cyclone.

The obtained material was placed into plastic bags 
and stored in a desiccator containing silica gel until 
utilization.

2.2.3 Freeze dryer

The sample blackberry pulp was put in three stainless 
steel trays and frozen before drying in a freezer (Liotop, 
FV500) at -40 ºC. The freeze dryer used was developed 
by Liobras/Brazil (L101). Freeze drying tests were 
performed for 48 hours with the vacuum chamber total 
pressure and temperature equal to 67 Pa and −45 ºC, 
respectively.

The freeze dryer is composed of a cylindrical 
transparent acrylic drying chamber of 35 cm covered 
with a stainless steel top and eight silicone faucets to 
fit round-bottom glass bottles (vacuum relief system). 
The bottles were connected to the faucets using a silica 
adapter and a stainless steel pipe. The drying chamber 
has a shelf inside that supports four stainless steel trays. 
The samples can be placed on the trays or in the glass 
bottles. The vacuum is produced using a vacuum pump 
that is connected to the freeze dryer through a hose. 
The temperature and pressure are displayed on a front 
panel. The dried product was removed and ground in 
a hammer mill.

2.2.4 Vacuum chamber dryer

The fruit pulp samples were dried on a stainless steel 
tray inserted into a vacuum chamber (Marconi, MA 
030) at 60 °C for 48 h. The dried product was ground 
in a hammer mill.

2.3 Sorption isotherms

Equilibrium moisture content of pulp at several water 
activities were determined by the static gravimetric 
method [7-8], at 20, 30, 40, and 50 °C. Ten saturated 
salt solutions were prepared corresponding to a range 
of water activities of 0.06 to 0.90. Each solution was 
transferred into separated jars in such an amount so as 
to occupy a space of about 1.5 cm deep at the bottom of 
the jar. Triplicate samples of around 1 g of blackberry 
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powder were weighed in small plastic receptacles and 
placed on tripods in the jars, which were then tightly 
closed and placed in a temperature-controlled chamber. 
The required equilibration time was 4 – 5 weeks, 
based on the change in samples weight expressed on 
a dry basis, which did not exceeded 0.1% (0.001 g/g 
dry solids). The equilibrium moisture content was 
determined in a vacuum oven at 60 °C for 48 h [15].

2.4 Mathematical development

The GAB (Guggenheim-Anderson-de Boer) equation 
was used to fit blackberry pulp powder sorption 
isotherm data. This model has three parameters that 
have physical meaning, and it has been found to 
adequately represent water activity experimental data 
in the range of practical interest for most foods, i.e., 
0.10 £ aw £ 0.90 [8, 16]. It is given by (1)  [4, 17]:
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with C and K, the constants related to the temperature 
effect, being expressed by (2) and  (3):
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where ΔHc and ΔHk are functions of the heat of sorption 
of water: ΔHc = Hm - Hn and ΔHk = λ- Hn. 

The parameters were estimated by fitting the 
mathematical model to experimental data using a 
nonlinear regression. The adequacy of the fitted 
function was evaluated by the determination coefficient 
(R2) and the mean relative percentage deviation (P) 
which is defined by (4):
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where mi is the experimental value, mpi  is the predicted 
value, and n, the number of experimental data. It is 
believed that a P value lesser than 10% indicates that 
the approach to the model is good [18-19].

The effect of the temperature and the drying method 
on the parameters of GAB was determined by analysis 
of variance (ANOVA) with  a 5%  significance level (p 
value <0.05 were significant differences).  

The net isosteric heat of sorption or enthalpy of sorption 
(qst) is defined as the difference between the total heat 
of sorption (Qst) and the heat from the vaporization 
of water. It can be determined from the (5), which is 
derived from the Clausius-Clapeyron equation [20]:
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The isosteric heat of sorption is a differential molar 
quantity derived from the isotherm temperature 
dependence and its application requires the measurement 
of sorption isotherms at two or more temperatures 
[21]. An empirical exponential relationship between 
the isosteric heat of sorption and moisture content, as 
proposed by Tsami et al. [22], can be fitted to these 
quantities, according to (6):
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The change in molar differential entropy of sorption 
can be calculated from the Gibbs-Helmholtz equation 
as used by Telis et al. [17]:

T
GHS ∆∆∆ −

= (7)

where the free energy is calculated as

 
walnRTG −=∆ (8)

The effect of a change in water sorption on free 
energy is usually accompanied by changes on both the 
enthalpy and the entropy. Substituting (8) with (7) and 
rearranging results in (9):
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The isosteric heat of sorption or enthalpy of sorption 
and entropy can then be calculated from (9) by plotting 
ln aw versus 1/T for certain values of the material 
moisture content and then determining the slope (-DH/
R) and the linear coefficient (∆S/R). Several researchers 
have used the above procedure for the determination 
of qst [23] and calculated the heat of the sorption of 
water for dried fruits [24]; for some vegetables[25]; 
for garlic [21]; for potatoes and for the skin and pulp 
of persimmon [17]. A plot of ΔH versus ΔS from values 
of (9) can be evaluated for each set of sorption data. 
These values can be correlated according to (10):

( ) BB GSTH ∆∆∆ += (10)

The isokinetic temperature has an important physical 
meaning as it represents the temperature at which 
all reactions in the series proceed at the same rate. 
Since there is a high degree of linear correlation 
between enthalpy and entropy, the compensation 
theory was assumed to be valid for sorption. Krug et 
al. [26] and Madamba et al. [25] recommend a test 
for the compensation theory that involves comparing 
the isokinetic temperature with the harmonic mean 
temperature Thm that is defined by (11) as:
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TB may be calculated from (12):
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m is the number of (DH, ∆S) data pairs, ( H∆ ) is the 
average enthalpy, and S∆  is the average entropy.

3. RESULTS AND DISCUSSION

3.1 Adsorption isotherms 

Experimental results for the equilibrium moisture 
content of blackberry at each water activity (aw) for the 
different temperatures are given in Table 1. Moisture 
content at each water activity represents the mean 
value of three replications, where a maximum standard 
deviation relative of 6% was observed. Figure 1 shows 
the experimental sorption isotherms for blackberry 
powder obtained by different drying methods at 20 °C 
with the respective fittings of GAB.

Through analysis of this figure, it can be seen that 
all the curves exhibit type II behavior according to 
Brunauer’s classification [27], which is typical of fruits 
rich in sugars [11, 16, 28-30], and similar behavior was 
observed at the other temperatures.

Table 1. Experimental equilibrium moisture contents (dry 
basis) for blackberry powders
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For the constant aw, an increase in temperature causes a 
decrease in the amount of adsorbed water. An exception 
to this rule is shown by certain sugars and other low-
molecular-weight food constituents, which become 
more hygroscopic at higher temperatures because they 
dissolve in water [4, 23, 31]. The blackberry results were 
in agreement with the above statement for water activity 
below 0.5, while the effects of higher temperatures on 
the equilibrium moisture content are not clear.

 

Figure 1. Adsorption curve for the blackberry power at 20 
°C obtained by vacuum drying (VD), freeze drying (FD), 

spray drying (SD), and vibro-fluidization (VF).
3.2 Fitting the GAB model to experimental data

The GAB model was selected because it has been 
considered the best-fit model for many food materials 
over a wide range of water activity, in addition to giving 
information on the moisture content of the monolayer. The 
results obtained in this work are within the limit values of 
the constants C and K suggested by Lewicki [32] based 
on mathematical analysis of the model. To guarantee a 
relatively good description of the sigmoidal isotherms and 
to fulfill the requirements of the BET model, as well as 
assuring that the calculated monolayer moisture content 
(Xm) is within ±15.5% from the true monolayer capacity, 
Lewicki [32] stated that the constants should be in the 
ranges 0.24≤ K ≤1 and 5.67 ≤ C ≤ ∞.

The value of the monolayer moisture content (Xm) indicates 
the amount of water that is strongly adsorbed to specific sites 
at the food surface, and this is a value that must be reached 
in order to assure food stability. Below this value, rates of 
deteriorative reactions are minimal [19]. Table 2 shows the 
values of GAB parameters of blackberry powder obtained 
from the four drying methods at different temperatures. It is 
observed that Xm values are in the range of 5.8 to 6.97. The 
higher values are obtained for SD and VF, while VD and 
FD give smaller values. The analysis of these values shows 
they are independent of temperature. Some authors have 
obtained similar results for different foods in which it is 
observed that the monolayer moisture content is constant and 
independent of temperature [4, 28, 33], whereas other authors 
have observed that Xm depends on the temperature [8, 30].

Table 2. Values of GAB parameter of blackberry powers 
obtained by four drying methods
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An ANOVA with a 5% significance level used 
to evaluate the influence of drying method and 
temperature on GAB parameters showed that Xm is not 
influenced by temperature, but that it is affected by the 
drying method. Tsami et al. [34] pointed out that the 
observed differences in moisture sorption capacity can 
be explained by the differences in bulk porosity and 
the pore size of the dried material.

The values of C are within the reported limits for fruits 
[8]. Strong adsorbent–adsorbate interactions, which are 
exothermic, are favored at lower temperatures, causing 
an increase in C with decreasing temperature [4, 11, 
30, 35]. This is in accordance with (2) that describes 
the temperature dependence of C, which means that 
higher temperatures diminish the union energy of the 
first absorbed layer. This work exhibited behavior in 
agreement with the literature, increasing temperature 
from 20 to 50 °C produced a steady decrease in C. 
For all samples of dried blackberries, the parameter C 
decreased from 11.508 – 10.859 at 20 °C, to 5.869 – 
5.229 at 50 °C.

The value of K provides a measure of the interactions 
between the molecules in the multilayers with the 
adsorbent, and it tends to fall between the energy 
value of the molecules in the monolayer and that of 
liquid water. If K is equal to 1, the multilayers have 
properties of liquid water, and the sorption behavior 
can be modeled by the BET equation [4, 36-37]. For 
all samples, K was between 1.010 and 0.937, and these 
values are in agreement with those obtained by Telis et 
al. [17] for persimmon, Gabas et al [4] for pineapple 
pulp power, and Garcia-Pérez et al. [33] for lemon 
peel. For all samples, the parameter K showed little 
change with temperature increase or drying method, 
and an ANOVA with 5% significance level confirms 
its independence of temperature and drying method.

3.3 Sorption thermodynamic properties

The GAB-obtained parameters were used to estimate 
the water activities for certain moisture contents at 
different temperatures, and the net isosteric heats of 
sorption were determined by applying (5). The moisture 
content dependence of net isosteric heat sorption of 
water (qst) for dried blackberry pulp powder obtained 
via vacuum drying, freeze drying, spray drying, and 
vibro-fluidization are shown in Figure 2. For nearly 

the entire range of moisture contents, the values of 
qst for freeze dried, vibro-fluidized and vacuum dried 
samples were lower (more negative) than for spray 
dried samples, indicating a higher degree of water 
binding for these methods compared to spray drying. 
All moisture contents of the blackberry spray dried 
samples had positive values. It is important to note 
that, for moisture content less than 0.3 kg/kg (dry 
basis), the negative increase in the net isosteric heat 
of sorption should be considered in the simulation of 
energy requirements of the drying process.

Figure 2. Net isosteric heat of sorption for the four drying 
methods.

The blackberry results given in Figure 2 clearly show 
an increase in isosteric heats with decreasing moisture 
content. The elevated net heats of sorption of water at 
low moisture content are an indication of strong water-
food interactions in the fruit. As the moisture content 
increases, the available sites for sorption of water 
reduced, resulting in lower values of qst [17]. This is 
in agreement with the work of Mazza and LeMaguer 
[38] for yellow globe onion, Saravacos et al. [5] for 
sultana raisins, Telis et al. [17] for persimmon, and 
Telis-Romero et al. [31] for mangoes. According to 
Wang and Brennan [39], the decrease in the isosteric 
heat with higher amounts of sorbed water can be 
quantitatively explained by considering that initially 
sorption occurs on the most active available sites, 
giving rise to high interaction energy. As these sites 
become occupied, sorption occurs on the less active 
ones, resulting in lower heats of sorption. For very low 
moisture contents, the values qst (kJ/mol) are highly 
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negative, which means that sorption is a compulsive 
reaction. According to Tsami [23], the more negative 
the value of qst, the higher the degree of binding of 
water on the food surface will be.

Experimental values of qst were fitted using (6), and 
the constants q0 and X0, as well as values for the 
determination coefficient (R2), are shown in Table 
3. In general, the R2 values were satisfactory. The 
calculated values of q0 were similar for all samples. 
These results are in agreement with works obtained 
for fruits and vegetables [4, 24, 31]. 

Table 3. Estimated parameters of adjusted data to (6) for 
blackberry powders

qo 

(KJ/mol)
X0 

(% dry basis)
R2

SD 18.2 6.4 0.97

FD 21.7 5.2 0.96

VD 22.6 4.7 0.97

VF 22.6 6.1 0.97

The values of ΔH and ΔS were obtained from the 
straight lines calculated by (9) at different blackberry 
moisture contents. Figure 3 shows that changes in water 
sorption affect both enthalpy and entropy. If the law of 
compensation is applied to the moisture range studied, 
the results correlate with (10).

The isokinetic temperature (TB) was calculated by 
linear regression for all data sets with a 95% confidence 
interval. The harmonic mean temperature (Thm) was 
calculated from (11). According to Krug et al. [40], 
a linear chemical compensation pattern exists only if 
TB ≠ Thm. The isokinetic temperature for the sorption 
of blackberry is shown in Table 4 with the R2 value. 
The harmonic mean temperature was calculated as 
Thm = 307.6 K; this value is significantly different 
from all values of TB described above, and it confirms 
the suitability of the isokinetic theory for blackberry 
water sorption. According to Leffler [41], if TB < Thm, 
the process is enthalpy driven, while for the opposite 
condition (TB < Thm), the process is considered to be 
entropy-controlled.

 

Figure 3. Enthalpy-entropy relationship for water sorption 
of blackberry (10).

Table 4. Isokinetic temperatures for blackberry dried by 
spray, freeze, vacuum drying, and vibro-fluidization

4. CONCLUSIONS

The equilibrium moisture content increased with 
decreasing temperature at constant water activity. 
The GAB isotherm model was found to be adequate 
for describing the experimental data obtained from 
blackberry pulp powders that had been dried by various 
techniques: spray drying, freeze drying, vacuum drying 
and vibro-fluidization. At the same water activity, all 
samples showed lower equilibrium moisture contents 
and were less affected by changes in temperature. The 
net isosteric heats of the sorption of pulp powders that 
had been freeze dried, vibro-fluidized, and vacuum 
dried were lower (more negative) than the values for 
spray dried samples. These values were calculated 
using the Clausius-Clapeyron equation. An empirical 
exponential relationship was used to describe the 
heat of sorption dependence on the material moisture 
content. The enthalpy-entropy compensation and the 
isokinetic theory were successfully applied to the water 
sorption of blackberry pulp, suggesting that this process 
occurs by enthalpy-controlled mechanisms.
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