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Abstract - In recent times, the microalgae Spirulina platensis has been used as a functional ingredient in
several food applications; its process involving drying and storage steps. Moisture equilibrium data for
adsorption isotherms of microalgae Spirulina were investigated at 10, 20 and 30°C and for desorption, at 40,
50 and 60°C, using the gravimetric static method. The experimental data were analyzed by GAB and BET
models. The GAB equation showed the best fitting to the experimental data with R? = 99% and MRE < 10%.
The water surface area values calculated by GAB and BET models were very similar. The isosteric heats were
determined by application of Clausius-Clapeyron equation to sorption isotherms obtained from the best-fitting
equation. The isosteric heat and the entropy of desorption isotherm presented similar behavior, with a sharp
change in an equilibrium moisture content of 10%. The enthalpy-entropy compensation theory was applied to

the isotherms, indicating that they are enthalpy-controlled.
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INTRODUCTION

Proteins are essential components of cells and
biological process. They are involved in regulatory
functions and in controlling intra and extracellular
conditions. Production of  photosynthetic
microorganisms such as microalgae and cyanobacteria
has been widely studied in biotechnology because
such organisms have a very efficient biological
system for harvesting solar energy for the production
of organic compounds (Vonshak, 1997). From the
microalgae and cyanobacteria that have been used as
foodstuffs, food supplements and animal feed in
many parts of the world, Spirulina platensis is the
most popular. Spirulina is nowadays produced
commercially by several companies around the
world, and the product is mainly sold as a food
supplement and animal feed (Belay et al., 1993).
Spirulina has 62% amino acid content and is the
world’s richest natural source of vitamin B, and

*To whom correspondence should be addressed

contains a whole spectrum of natural mixed carotene
and xanthophyll phytopigments. Spirulina has a soft
cell wall made of complex sugars and protein
(Estrada et al., 2001). The high protein content
makes of Spirulina platensis one of the richest
protein sources, far greater than those of meat, fish
or soybean meal (Melfi et al., 1997).

The most widely used control parameter for
drying processes is the moisture content, and
therefore an wunderstanding of the relationship
between water activity and moisture content is
absolutely necessary to achieve optimal storage
stability (Samapundo et al., 2007). Knowledge of the
sorption isotherms is important for the design and
optimization of the drying equipment, for the
evaluation of air—food interface state in drying
process simulation and, also, to determine the drying
limit at given air conditions (Simal et al., 2007).

The isotherm curve can be obtained in one of two
ways: adsorption or desorption. The adsorption and
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desorption processes are not fully reversible, then the
system has hysteresis and therefore a distinction
must be made between the isotherms by determining
whether the moisture levels within the product are
increasing or decreasing. The effect of temperature
on the sorption isotherm is of great importance given
that foods are exposed to a range of temperatures
during storage and processing, and water activity
changes with temperature. Temperature affects the
mobility of the water molecules, and the dynamic
equilibrium between the vapor and adsorbed phases
(Al-Mubhtaseb et al., 2004).

More than 200 equations have been proposed for
modeling the equilibrium data, differing in their
empirical or theoretical character, and in the number
of parameters involved (Mulet et al., 2002). Models
available in the literature to describe moisture
sorption isotherm can be divided into several
categories; kinetic models based on a monolayer
(BET model), kinetic models based on a multi-layer
and condensed film (GAB model), semi-empirical
and empirical models (Al-Muhtaseb et al., 2004).

The thermodynamic properties of foods relate the
concentration of water in food to its partial pressure,
which is crucial in analysis of the heat and mass
transport phenomena during dehydration. They
determine the end-point to which the food must be
dehydrated in order to achieve a stable product with
optimal moisture content, and the minimum amount
of energy required to remove a given amount of
water from the food (Aviara and Ajibola, 2002). The
properties also provide an insight into the
microstructure associated with the food—water
interface (Rizvi, 1995).

Enthalpy—entropy compensation theory is used to
evaluate physical and chemical phenomena such as
sorption reactions. The theory states that in order to
minimize free energy changes due to these
phenomena, compensation (by changing qy or Sy)
arises from the nature of the interaction between the
solute and solvent causing the reaction and that the
relationship between the enthalpy and entropy for a
specific reaction is linear (Fasina, 2006).

The use of Spirulina platensis as a functional
ingredient is novel and very few sorption data are
available in literature. Therefore, the aims of this
work were: (a) to determine the adsorption and
desorption isotherms of Spirulina platensis at 10, 20
and 30°C (storage temperatures) and 40, 50 and
60°C (drying temperatures), respectively, (b) to
evaluate GAB and BET models and compare their fit
in describing the isotherms, (c) to determine

thermodynamic functions such as the net isosteric
heat of sorption and the differential entropy and (d)
to evaluate the applicability of the enthalpy-entropy
compensation theory to the adsorption and
desorption phenomena.

MATERIALS AND METHODS
Procedure

Spirulina platensis LEB 52 (Costa et al., 2000)
was cultivated in open photo-bioreactors, under
uncontrolled conditions, in the south of Brazil.
During these cultivations, water was supplemented
with 20% Zarrouk synthetic medium (Zarrouk,
1966), with an initial biomass concentration of 0.15
gL', Samples were taken every 24 h to determine the
biomass  concentration via optical  density
measurements at 670 nm (Costa et al., 2002). To
recover the biomass the suspension of medium and
algae was filtrated and then pressed. Spirulina
moisture content was determined according to
AOAC analytical norm (1995).

The equilibrium isotherms of Spirulina were
determined at 10, 20 and 30°C (storage
temperatures) for adsorption and at 40, 50 and 60°C
(drying  temperatures) for desorption. The
gravimetric static method was applied. Spirulina
samples dried in spouted bed were used on the
experiments for the adsorption isotherms and on the
experiments for the desorption isotherms wet
Spirulina samples were used. The experiments to
obtain the isotherms were carried on in glass jars,
hermetically closed. Every jar was filled up to a
quarter with various concentrations of sulfuric acid
solutions (0.20 - 0.70 kg/kg) to keep the water
activity inside the bottles from 0.04 to 0.89 (Table
1), according to Perry and Green (1997). Three gram
samples were weighed and placed on a support in
each jar, not allowing contact with the acid solution.
The jars were kept in an incubator, under controlled
temperature during the time necessary to reach
constant weight. Measures of the mass values were
taken every two days in an electronic scale, with a
precision of 0.001 g. The equilibrium condition was
reached when the difference among three
consecutive measures was < 0.00 1g, and in this
condition the moisture content analysis was carried
out in order to determine the equilibrium moisture
content. Each experiment was carried out in
triplicate.
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Table 1: Water activity values for the various sulfuric acid concentrations, at studied temperatures.

Temperature
20°C | 30°C [ 40°C | 50°C | 60°C
Conc. H,SO, (kg kg?) Water activity (ay)

0.20 0.878 0.873 0.878 0.888 0.890
0.25 0.816 0.817 0.824 0.829 0.830
0.30 0.749 0.747 0.753 0.770 0.776
0.35 0.665 0.666 0.674 0.681 0.682
0.40 0.568 0.565 0.574 0.582 0.584
0.45 0.458 0.461 0.470 0.483 0.488
0.50 0.355 0.355 0.366 0.380 0.388
0.55 0.258 0.260 0.267 0.280 0.287
0.60 0.167 0.170 0.178 0.189 0.199
0.65 0.093 0.097 0.102 0.110 0.124
0.70 0.043 0.045 0.049 0.055 0.061

Perry and Green (1997)

The equilibrium moisture data were fitted with
GAB and BET models presented in Equations 1 and
2, respectively.

M_-Cs-k-a
Me = m G w 1
S Ckay)(Ik-ay+Cqkay) )
Me — M,,.Cya,, @)

(1-a,).(1-a, +Cga,)

where: M, is equilibrium moisture content, M,, is
monolayer moisture content, a,, is water activity and
Cg, Cp and k are adjustment parameters.

The BET constant Cy is related logarithmically to
the difference between the chemical potentials of the
sorbate molecules in the pure liquid state and in the first
sorption layer. On the other hand, the GAB constant Cg
is related to the difference of this magnitude between
the upper layers and the monolayer, while the constant
k is related to this difference between the pure liquid
state of the sorbate and the upper layers, and the
product of both (Cg x k) represents the equivalent to Cg
of BET. It should be mentioned that the third GAB
constant k was near to but less than unity, a fact which
constitutes a definitive characteristic of this isotherm
(Timmermann, 1989).

Nonlinear regression analysis, using the software
Statistica for Windows 5.0 (Statsoft, USA), was used
to estimate the constants of the models from the
experimental data of isotherms.

Some years ago, the well-known BET sorption
isotherm (Equation 2) was the most applied model
for water sorption by foods and foodstuffs, although
it was known to hold only for a limited range of
water activity (ay), up to only 0.30-0.40. In more
recent years, the GAB isotherm equation (Equation
1) has been widely used to describe the sorption

behavior of foods. Having a reasonable small
number of parameters (three), the GAB equation has
been found to represent adequately the experimental
data in the range of water activity of most practical
interest in foods (0.10-0.90) (Timmermann et al.,
2001). The GAB model is considered to be the most
versatile sorption model available in literature and is
recommended by the European project COST 90
(Bizot, 1983).

The coefficient of determination, R?, was one of
the primary criteria used for selecting the best
equation to define the sorption curves of Spirulina
platensis. In addition to R? the suitability of the
equations was also evaluated and compared using the
mean relative error (MRE, %), according to Equation
3 (Jamali et al., 2006).

N

100 Mgy —Mear /

MRE(%) =—| > —2—=—
0= M

i=1 €xXp

©)

where: N is the number of observations; Mg, and M,
are the calculated and experimentally measured values
of the equilibrium moisture content, respectively.

To evaluate the monolayer moisture contents
(Mp), the BET (ay, up to 0.4) and GAB (ay, up to 0.9)
models were used. Once the monolayer moisture
content was known, the sorption surface area of
Spirulina could be determined by the Equation 4
(Togrul and Arslan, 2007):

1
s =M, @NOAHZO =3.5x10°M,,, 4)
where S is the surface area (m’g'), M, is the
monolayer moisture content, PMyy,0 is the molecular
weight of water (18 g mol™), Ny is the number of
Avogadro (6x10* molecules mol™) and Apyo is the
area of one water molecule (10.6x1072"m?).
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The isosteric heats of sorption for specific moisture
content were derived from Clausius-Clapeyron
equation (Equation 5) (Tolaba et al., 2003).

where: g is the net isosteric heat of sorption in kJ mol
' a, is the water activity; R is the universal gas
constant (8.314 J mol'K™); T is the temperature in K.

Net isosteric heats (qy) and the differential
entropy (Sq) of sorption at each moisture content
were obtained by fitting Equation 6 to equilibrium
data from the best-fitting equation (Madamba et al.,
1996).

st Sd
—-lna, =—-— 6
¥ RT R (6)
According to the compensation theory, the linear
relationship between enthalpy and entropy for a
specific reaction is given by Equation 7.

The isokinetic temperature, Tp, represents the
temperature at which all reactions in the series
proceed at the same rate, and the free energy at T,
AGg, provides a criterion to evaluate if water
sorption is a spontaneous (-AGg) or non spontaneous
process (+AGp).

To test the validity of the compensation theory,
the isokinetic temperature should be compared with
the harmonic mean temperature (Tym) (Equation 8).
Thus, a linear compensation pattern only exists if T
# Tum (Simal et al., 2007).

®

n.
Zi:l T

where: n; is the total number of isotherms. Moreover,
if Tg > Tum the process is enthalpy driven, while if
the opposite condition is observed (Tg < Tim), the
process is considered to be entropy-controlled.

RESULTS AND DISCUSSION

Figures 1 and 2 present the experimental data
obtained of the moisture content of the Spirulina at
different temperatures as a function of a, for
adsorption and desorption, respectively. The initial
moisture contents of Spirulina samples for the
experiments to obtain the desorption and adsorption

isotherms were 76.7 + 0.6 and 6.6 = 0.2% (wet
basis), respectively.

The adsorption and desorption isotherms
presented a sigmoid shape, also classified as S
isotherm (Hinz, 2001). The adsorption and
desorption isotherms indicated that equilibrium
moisture content increased with increasing water
activity at constant temperature. These changes in
equilibrium moisture content are due to the inability
of the foodstuff to maintain vapor pressure at unity
with decreasing moisture content. As moisture
content decreases, moisture in the food tends to show
a lower vapor pressure, acting as if in solution,
changing with atmospheric humidity. These changes
in vapor pressure with atmospheric humidity in food
result in the characteristic sigmoid shape of water
sorption isotherms (Togrul and Arslan, 2006). The
sorption isotherms obtained have a sigmoid shape of
type II, according to BET classification (Iglesias and
Chirife, 1982).

There was an increase in moisture content with
decreasing temperatures. As temperature varies, the
excitation of molecules as well as the distance, and
thus the attraction between molecules varies (Al-
Mubhtaseb et al., 2004). This causes the amount of
sorbed water to change with temperature at a given
water activity.

The GAB and BET models were fitted to the
experimental data at the studied temperatures in
order to determine the best model to predict the
sorption isotherm for the product being studied. The
results obtained are presented in Tables 2 and 3, for
adsorption and desorption, respectively. The
constants obtained for each equation, the coefficients
of determination (R?) and the mean relative error
(MRE) are presented in those tables.

In Tables 2 and 3 the GAB model shows the best
coefficients of determination (R* > 98%) and low
mean relative error (MRE% <10%). The monolayer
moisture content (M,,), represents the moisture
content of the material when the entire surface is
covered with a unimolecular moisture layer and the
optimum moisture content for maximum shelf
stability may be determined (Ariahu et al., 2006).
Tables 2 and 3 show that the monolayer moisture
contents in GAB were mildly higher than in BET
model, and the Mm values decrecased when
temperature increased in both models. The
monolayer moisture contents of the desorption
isotherms were higher than the wvalues of the
adsorption isotherms due the hysteresis.

The physical structure and solid surface area play
an important role in determining the water binding
properties of foodstuff. The values for surface area,
calculated from Equation 4, using the monolayer
moisture contents evaluated by the GAB and the
BET models, are presented in Table 4.
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Figure 1: Adsorption isotherms of Spirulina, average values (triplicates)
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Figure 2: Desorption isotherms of Spirulina, average values (triplicates)
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Table 2: Estimated parameters, R2 and MRE values of the equations for the adsorption isotherms.

Eq T (°C) Constants® R? MRE
1 10 M,,=0.082+ 0.003 C=84.74+42.39 k= 0.92+0.008 0.986 | 0.051
20 M,;=0.073 0.001 C=44.71£13.49 k=0.97+0.004 0.993 0.077

30 M,,=0.069+ 0.002 C=17.24+1.94 k=0.92+0.004 0.998 | 0.045

2 10 M,;=0.080 0.002 Cp=89.6740.69 0.903 | 0.057
20 M,,=0.071 0.002 Cp=49.75+15.17 0.883 | 0.111

30 M,,=0.067+ 0.002 Cp=16.26+2.11 0.979 | 0.067

*The values are means+ standard deviation, (n=3).
"Water activity range for BET was 0.05-0.40.

Table 3: Estimated parameters, R2 and MRE values of the equations for the desorption isotherms.

Eq T (°C) Constants® R’ MRE
1 40 M,,=0.129+ 0.003 Cg=55.61£23.76 k=0.959+0.006 0.990 | 0.065
50 M,;=0.110+ 0.002 C=37.42£10.95 k=0.945+0.005 0.994 | 0.054

60 M,,=0.068+ 0.002 Cg=35.19+20.44 k=0.944+0.008 0.986 | 0.085

2 40 M,=0.122+ 0.003 Cp=53.82+16.82 0.954 | 0.058
50 M,,=0.103 0.003 Cp=38.68+55.36 0.915 | 0.068

60 M,,=0.066+ 0.003 Cp=24.35+11.94 0.890 | 0.095

*The values are meanst standard deviation, (n=3).
*Water activity range for BET was 0.05-0.40.
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Table 4: Surface area values calculated by GAB and BET models, for adsorption and desorption.

Surface area (m?/g)

T (°C) GAB BET

10 287.0 280.0

Adsorption 20 255.5 248.5
30 241.5 234.5

40 451.5 427.0

Desorption 50 385.0 360.5
60 238.0 231.0

The results presented in Table 4 indicate that the
total surface area available for hydrophilic binding in
adsorption and desorption decreased with increasing
temperature. The large surface area of many
biopolymers is due to the existence of an intrinsic
microporous structure in those materials (Calzetta
Resio et al., 2000). Table 4 also shows that the water
surface area for the GAB and BET models were very
similar. The surface area values calculated were in
the range obtained by Arslan and Togrul, (2005) for
desorption macaroni at 25-45°C (373-380 m’g’1) and
Tolaba et al. (2004) for desorption quinoa grains at
different temperatures(200-350 m°g™).

The thermodynamic functions are readily
calculated from sorption isotherms enabling the
interpretation of experimental results in accordance
with the statement of the theory (Iglesias et al.,
1976). The functions include net isosteric heat of
sorption and differential entropy. The net isosteric
heat of sorption, or enthalpy (qs), provides a measure
of the energy variations occurring when water
molecules mix with sorbent during sorption
processes. The heat of adsorption is a measure of the
energy released during sorption, and the heat of
desorption of the energy requirement to break the
intermolecular forces between the molecules of
water vapor and the surface of adsorbent (Rizvi,
1995). Thus, the heat of sorption is considered an
indicative of the intermolecular attractive forces
between the sorption sites and water vapor (Wang
and Brennan, 1991).

Differential entropy (S4) may be associated with
the binding or repulsive forces in the system and is
associated with the spatial arrangements at the water-
sorbent interface. Thus, entropy characterizes or
defines the degree of order or randomness existing in
the water-sorbent system and aids interpretation of
processes such as dissolution, crystallization and
swelling. Free energy (AQG) indicates the affinity of
the sorbent for water, and its sign provides a criterion
as to whether water sorption is a spontaneous (-AG)
or non-spontaneous process (+AG) (McMinn et al.,
2005).

The net isosteric heats of adsorption and
desorption of water at each moisture content were
determined by applying Equation 6 to data calculated
by using the GAB equation. The variation in net

heats of adsorption and desorption, qg, of Spirulina
with moisture content are shown in Figure 3.

Net isosteric heats of desorption increased to a
maximum and then decreased with the increase in
moisture content. The maximum isosteric heat of
desorption was obtained with a moisture content of
10% dry basis. The maximum enthalpy value indicates
the covering of the strongest binding sites and the
greatest water—solid interaction. Covering of less
favorable locations and formation of multi-layers
follow then, as shown by the decrease in enthalpy with
increasing moisture content. Net isosteric heats of
adsorption decreased with the increase in moisture
content and the trend seemed to become asymptotic as
a moisture content of 15% (d.b.) was approached. This
confirms the fact that at higher moisture levels, the
strength of water binding decreases. Different polar
groups on the water binding polymers in foods and
changes in the dimensions and geometry of the
polymers during sorption are thought to give rise to this
range of activity in sorption sites (McLaughlin and
Magee, 1998).

The sorption entropy obtained by fitting Equation
6 with moisture content is shown in Figure 4.

The desorption entropy decreased to a minimum
and then increased with an increase in moisture
content (Figure 4). The adsorption entropy increased
with increasing moisture content to the maximum
value and did not change thereafter. The decrease of
entropy in the low water activity range for desorption
was attributed to the lateral interaction in the
adsorbed film caused by restrictive effect (loss of
rotational freedom) of the adsorbed water molecules
as the available sites become saturated. Sorption
entropy is proportional to the number of available
sorption sites at a specific energy level. The entropy
values were negative in magnitude for all moisture
content range. Iglesias et al. (1976) attributed the
negative entropy values to the existence of chemical
adsorption and/or structural modifications of the
adsorbent. Rizvi (1986) attributed it to the fact that
the products contain more polar groups, which bind
water more strongly.

The plot of g versus Sy for Spirulina is shown in
Figure 5. A linear relationship was exhibited with
coefficients of determination R? of 0.999. Thus, the
results confirm the compensation theory.
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The isokinetic temperature (Tp) and free energy
(AG) (Equation 7), determined by linear regression
in Figure 5, for adsorption and desorption, were of
336.8K and 0.906 kJ/mol and 355.3 K and 0.166
kJ/mol, respectively. The calculated harmonic mean
temperatures (Equation 8) were 292.8K for

120

195

adsorption and 322.8K for desorption, values
different to the isokinetic temperature values,
confirming the suitability of the isokinetic theory
for water sorption of Spirulina. Furthermore, Ty >
Thm, indicating an enthalpy controlled sorption
process.
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Figure 3: Net isosteric heats of sorption as a function of moisture content
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Figure 5: Net isosteric heat and differential entropy relation for adsorption and desorption.
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CONCLUSIONS

The best fits were obtained with the GAB
equation  for  the  experimental  moisture
adsorption/desorption isotherm data of Spirulina
platensis for the temperatures and the water activity
ranges studied (R* = 99% and MRE < 10%).
Monolayer moisture contents (M,,,) and surface areas
calculated from M,, values decreased with increasing
temperature. The water surface area values
calculated by GAB and BET models were very
similar.

Isosteric heats decreased with the increase of
moisture content and approached the latent heat of
pure water. The entropies increased with increasing
moisture content. The isosteric heat and the entropy
of desorption isotherm presented similar behavior,
with a sharp change in an equilibrium moisture
content of 10%. Enthalpy—entropy compensation
theory could be successfully applied to moisture
adsorption and desorption behaviors of Spirulina,
indicating an enthalpy controlled process.
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NOMENCLATURE
Ay water activity dimensionless
Ao area of one water molecule m?
Cs constant in equation (2) dimensionless
Cg constant in equation (1) dimensionless
AGg free energy at T kJ mol
k constant in equation (1) dimensionless
MRE  mean relative error (%)
Me equilibrium moisture kg kg
content of the sample (d.b.)
M. calculated equilibrium kg kg'l
moisture content
Mexp experimental equilibrium kg kg
moisture content
M, monolayer moisture content kg kg
of the sample (d.b.)
n; number of isotherms dimensionless
N number of experimental dimensionless
points
No number of Avogadro molecules
mol™!
PMy,o molecular weight of water g mol”

st net isosteric heat of sorption kJ mol”
R universal gas constant kJ mol'K!
So surface area m’g’
Sq differential entropy kJ mol'K!
T temperature K
Tp isokinetic temperature K
Thm harmonic mean temperature K
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