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Abstract

This paper points out the importance of the multitemperature fitting procedure in description of water sorption on foodstuffs. The
data tabulated in literature (water sorption at different temperatures on: chickpea seeds, lentil seeds, potato and on green peppers) were
described applying the BET, GAB and recently proposed GDW models. Our results explain total failure of the first model in description
of multitemperature data and the similarities between the GAB and GDW are shown. Finally the general mechanism of water sorption
on foodstuffs is proposed. This mechanism can be of the GAB or GDW type, depending on the arrangement and features of the primary
water sorption sites. If the geometrical constraints for creation of the BET – like type clusters do not occur on surface, and if each from
primarily sorbed water molecules convert only into one secondary surface site, one can say that the mechanism follows the GAB scenario
(as for example in the case of lentil seeds). Contrary, in the case of rough or porous surfaces, where there are the geometric constraints for
creation of secondary sites (for example sorption on chickpea seeds), and/or where one primary site produces more than one secondary
site (potato and green peppers), the mechanism of water sorption is of the GDW type.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction and the aim of the study

It is well known that sorption isotherms of foodstuffs are
very important for design, modelling and optimization of
many processes. Different authors (for example Czepirski,
Komorowska-Czepirska, & Szymońska, 2002, 2005; Hoss-
ain, Bala, Hossain, & Mondol, 2001; Lewicki, 1997, 2000)
pointed out the importance of those data in drying, aera-
tion, predicting of stability and quality during packaging
and storage of food. Therefore, different more or less
advanced adsorption models have been used (with greater
or smaller success) in the field of food engineering science
for description water sorption data. Here very important
question arises about the purpose of application of those
models. Analyzing different results presented in many
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papers from the area of interest one can conclude that in
the most of cases authors apply a model since they have
(or try) to do something with experimental data (i.e. describe
them applying mathematics). In many cases they do not
analyze the fundamental assumptions of the applied theory,
its physical validity for the studied case and so on. More-
over, often the model applied to describe of a set of experi-
mental data says anything about the mechanism of the
adsorption process and, what is more important, the data
obtained from the fitting of different models lead authors
only to the conclusion that a model, say, A is better than
model B. In our opinion the major features of a chosen
model should be the reality and simplicity, while the major
purpose of its usage is something that one can call ‘‘the pre-
dictive ability”. Therefore, the evaluated (by fitting to exper-
imental data) parameters of the model can be applied to
predict different sets of data, for example the sorption results
measured for different temperature(s). The measurements of
temperature dependence of water sorption on foodstuffs is
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Nomenclature

C the kinetic constant related to the sorption in the
first layer

C0 the pre-exponential entropic factor related to C

constant
C* the constants in Eqs. (17)–(20)
DC the global determination coefficient value
DCT the value of DC calculated for the data mea-

sured at the considered temperature
hr relative humidity
K the kinetic constant related to multilayer sorp-

tion (GAB model), the kinetic constants related
to the sorption on primary sorption sites (GDW
model)

K0 the pre-exponential entropic factor related to K

constant
k the kinetic constants related to sorption on sec-

ondary sorption sites
k0 the pre-exponential entropic factor related to k

constant
L the enthalpy of condensation of water,

43.96 kJ mol�1

Me equilibrium moisture content, % (dry basis)
Mo

e;i observed moisture content for ith experimental
point, % (dry basis)

Mt
e;i theoretical value of the moisture content, % (dry

basis)
Mo

e the average value of the observed moisture con-
tent, % (dry basis)

m monolayer capacity (BET/GAB model) and/or
the concentration of primary active surface sites
(GDW model), % (dry basis)

m* the constants in Eqs. (19) and (20), % (dry basis)
N the number of temperatures for which the exper-

imental data were measured
ps saturated vapour pressure, Pa
Q the enthalpy values related to the primary sorp-

tion sites, kJ mol�1

q the enthalpy values related to the secondary
sorption sites, kJ mol�1

qC the value of the enthalpy related to C constant,
kJ mol�1

qK the value of the enthalpy related to K constant
(GAB model), kJ mol�1

qst isosteric enthalpy of sorption, kJ mol�1

qX the value of the enthalpy related to X constant,
kJ mol�1

R the universal gas constant,
0.008314 kJ mol�1 K�1

T temperature, K
w the parameter determining what part of water

molecules adsorbed on primary sites convert
into the secondary adsorption sites

X the kinetic constants
X0 the pre-exponential entropic factor related to X

constant
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very important task in the field of food science (Myhara,
Sablani, Al-Alawi, & Taylor, 1998) however, the attempts
of description of those data (i.e. determined at different tem-
peratures) are rarely met in the literature and they mainly
deal with the GAB model. It is obvious that the temperature
dependence of the parameters of each model should be
clearly defined. Moreover, since in the correctly derived
models the meaning of the parameters is well known, the
whole set of sorption data determined for the same material
at different temperatures should be fitted by one sorption
isotherm equation. What is also important, the application
of this procedure is equivalent to the simultaneous descrip-
tion of the enthalpy of sorption, since the isosteric sorption
enthalpy is strictly related to the branch of isotherms deter-
mined at different temperatures by the Claussius – Clepey-
ron formula. This procedure reduces the number of
variables and increases the reality of the applied model. This
is the fundamental (and known for many years in the field of
adsorption science) difference between the multitemperature
fitting of the data and the separate fitting of each isotherm
(from the branch determined at different temperatures) by
a chosen model (Steele, 1974).

In previous study the application of Generalised
D’Arcy and Watt (GDW) model to the description of
water vapour sorption on different foodstuffs was pro-
posed (Furmaniak, Terzyk, Gauden, & Rychlicki, 2007).
The applicability of this model for description of the data
on macaroni, sardine and pistachio nut paste was shown.
The GDW is capable of describing a set of data on pine-
apple measured at different temperatures. The major aim
of this paper is to check the applicability of the GDW
and two additional widely applied models to description
of multitemperature (determined at different temperatures)
water sorption data on foodstuffs. As it will be shown
below, this can lead to the proposition of the general
mechanism of water sorption, and makes it possible to
arrange the models according to the complicity of water
sorption mechanism they postulate.

2. Models and the temperature dependence of parameters

In this study the considerations will be limited only to the
models having theoretical basis, since for those cases the tem-
perature dependence of the parameters is clearly defined.
Thus the most widely used models were chosen: BET,
GAB and the one mentioned above the GDW (Furmaniak,
Gauden, Terzyk, Wesołowski, & Rychlicki, 2005b; Furma-
niak et al., 2007). They can be written in the following forms:
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BET:

M e ¼
mChr

ð1� hrÞð1þ ðC � 1ÞhrÞ
ð1Þ

GAB:

M e ¼
mCKhr

ð1� KhrÞð1� Khr þ CKhrÞ
ð2Þ

GDW:

M e ¼
mKhr

1þ Khr

� 1� kð1� wÞhr

1� khr

ð3Þ

where Me is the equilibrium moisture content, hr is the rel-
ative humidity, m is the monolayer capacity (BET/GAB)
and/or the concentration of primary active surface sites
(GDW), C is the kinetic constant related to the sorption
in the first layer, K (GAB) is the kinetic constant related
to multilayer sorption, and in the case of the GDW K
and k are the kinetic constants related to the sorption on
primary and secondary sorption sites, respectively. The
coefficient w determines the ratio of water molecules sorbed
on the primary sites which is converted into the secondary
sorption sites.

The physical meaning of the parameters m and w leads
to the conclusion about their temperature independence

m 6¼ f ðT Þ ð4Þ
w 6¼ f ðT Þ ð5Þ

On the other hand, for all kinetic constants (X) physical
chemistry formulates the following temperature depen-
dence equation:

X ¼ X 0 exp
qX

RT

� �
ð6Þ

where X0 is almost independent on temperature pre-expo-
nential entropic factor, qX is the value of the enthalpy re-
lated to a given constant (in the case of equations where
the relative humidity occurs the enthalpy qX should be
diminished by the value of the enthalpy of condensation),
R is the gas constant and T is the absolute temperature.
Therefore, for the parameters of Eqs. (1)–(3) the relation
(6) for the BET and GAB can be written as

C ¼ C0 exp
qC

RT

� �
ð7Þ

K ¼ K0 exp
qK

RT

� �
ð8Þ

while for the GDW

K ¼ K0 exp
Q

RT

� �
ð9Þ

k ¼ k0 exp
q

RT

� �
ð10Þ
3. Experimental data

In this study four sets of tabulated water sorption data
measured at different temperatures on the same foodstuff
were chosen, namely: on chickpea seeds (Menkov,
2000a), on lentil seeds (Menkov, 2000b), on potato (McM-
inn & Magee, 2003) and on green peppers (Kaymak-Erte-
kin & Sultanoglu, 2001). Those data were applied as the
raw data for the fitting using the procedure described
below.

4. Data description

The simultaneous fitting procedure of theoretical equa-
tions to the whole set of data (determined at different tem-
peratures) was used, applying the genetic algorithm
(differential evolution (DE)) constructed by Storn and
Price (1996, 1997) and applied successfully (Furmaniak,
Terzyk, Gauden, & Rychlicki, 2006; Furmaniak et al.,
2006; Furmaniak et al., 2005a; Furmaniak, Terzyk, Gau-
den, & Rychlicki, 2005; Gauden, 2005; Terzyk, Rychlicki,
Ćwiertnia, Gauden, & Kowalczyk, 2005) also in the field
of food science (Furmaniak et al., 2007). The value of the
determination coefficient (DCT) for the data measured in
the whole temperature range was calculated

DCT ¼ 1�
P

i Mo
e;i �M t

e;i

� �2

P
i Mo

e;i �Mo
e

� �2
ð11Þ

where Mo
e;i is the observed moisture content for ith experi-

mental point, M t
e;i is the theoretical value of the moisture

content calculated from Eq. (3), and Mo
e is the average ob-

served moisture content. The global fitness parameter is the
mean square root of DC determined for the particular
temperatures

DC ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
T DC2

T

N

s
ð12Þ

where N is the number of temperatures.
The best fit parameters are: m, C0, qC (for the BET), m,

C0, K0, qC, qK (for the GAB), and m, K0, k0, Q, q, w (for the
GDW model). Since (theoretically) the entropic terms can
change in the range even of few orders of magnitude they
were applied during the fitting in the logarithmic form.
The program fitting is simply the maximization of the value
of DC (Eq. (12)).
5. Results and discussion

The BET model did not provide satisfactory fitting to
experimental data, that is why the results for this equation
are not presented. The reasons of such behaviour is the
small temperature dependence of the BET curve, and the
most pronounced temperature dependence is visible only
at the initial ranges of the relative humidity (in the case
of sorption on foodstuffs, due to experimental procedure,
there is usually small number of points in this range).
The consequence of this property leading to the failure of
the BET model, is that when one tried to use the multitem-



Table 1
The best fit parameters for the GAB model (the values of DCT are given according to the rise in T)

Product m (% (db)) C0 K0 qC (kJ mol�1) qK (kJ mol�1) DCT DC

Chickpea seeds 5.266 1.971 � 10�5 0.5003 36.09 1.449 0.9932; 0.9806; 0.9966; 0.9919 0.9906
Lentil seeds 7.093 1.009 � 10�3 0.3390 24.01 2.017 0.9880; 0.9681; 0.9958; 0.9822 0.9836
Potato 5.282 1.925 � 10�13 4.499 � 10�2 83.43 7.637 0.9911; 0.9843; 0.9797 0.9851
Green peppers 6.706 6.497 � 10�9 0.7351 52.19 0.5063 0.9912; 0.9914; 0.9917 0.9914

Table 2
The best fit parameters for the GDW model

Product m (% (db)) K0 k0 Q (kJ mol�1) q (kJ mol�1) w DCT DC

Chickpea seeds 6.157 2.811 � 10�4 0.6790 27.97 0.7852 0.7557 0.9953; 0.9876; 0.9975; 0.9930 0.9934
Lentil seeds 7.307 5.055 � 10�4 0.5046 25.27 1.096 0.9915 0.9898; 0.9753; 0.9967; 0.9877 0.9874
Potato 4.066 2.918 � 10�17 5.790 � 10�2 108.3 6.853 1.748 0.9960; 0.9922; 0.9910 0.9931
Green peppers 4.230 3.852 � 10�9 0.8801 55.89 �0 2.001 0.9917; 0.9935; 0.9924 0.9925
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perature fitting it was noticed relatively good fit in one of
the temperatures studied, while completely bad fit for the
other ones. Contrary, GAB and GDW lead to very good
fits and consequently to large values of the DCs (0.99
and more). It can be mentioned here that the GDW model
leads to the better fits for all studied isotherms (Tables 1
and 2, Figs. 1 and 2).

For all cases, as well as for the both models (GAB and
GDW) one can notice the following regularities: the kinetic
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Fig. 1. The results of the multitemperature fitting of studied experimental
constants related in the GDW model to sorption on pri-
mary sites (or in the GAB to adsorption in the first layer)
are associated with large enthalpy values, and therefore
they strongly decrease with the rise in the temperature.
On the other hand, the constants associated with the cover-
ing of the secondary adsorption sites in the GDW model
(or related to polymolecular sorption in the GAB) are of
the magnitude of enthalpy of water condensation and are
dependent on temperature in small extent.
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Fig. 2. The same as in Fig. 1 but for the GDW model.
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Fig. 3. The plots of the enthalpy of water sorption generated from Eqs. (14) and (15) applying the data from Tables 1 and 2. GAB – dashed lines, GDW –
solid lines (for chickpea seeds and lentil seeds t = 20 �C, while for potato and green peppers t = 30 �C).
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6. Isosteric enthalpy of sorption

An additional advantage of the multitemperature fitting
applied in this study is the possibility of generating the isos-
teric enthalpy (qst) of water sorption on foodstuffs. The for-
mula applied for this purpose is

qst � L ¼ RT 2 o ln hr

oT

� �
Me

ð13Þ

where L is the enthalpy of water condensation. The analyt-
ical equation describing the enthalpy of sorption related to
the GDW model was derived previously (Furmaniak et al.,
2005b, 2007)

qst � L ¼
K

ð1þKhrÞ2
� 1þ wkhr

1�khr

� �
� Qþ Khr

1þKhr
� wk
ð1�khrÞ2

� q
K

ð1þKhrÞ2
� 1þ wkhr

1�khr

� �
þ Khr

1þKhr
� wk
ð1�khrÞ2

ð14Þ

Applying Eq. (13) and the same method (Furmaniak et al.,
2005) to the GAB model one obtains

qst � L ¼ ð1� KhrÞ2qC þ qK þ ðC � 1ÞK2h2
r qK

1þ ðC � 1ÞK2h2
r

ð15Þ
Fig. 4. The schematic representation of the general mechanism of wate
Fig. 3 shows the sorption enthalpy plots related to the both
studied models. As one can see similar plots are observed,
moreover for some cases very close enthalpy values can be
seen.

7. The GAB equation as the special case of the BET, and the
GDW as the most general model. The mechanism of water

sorption on foodstuffs

The similarity in the DC values obtained for the GAB
and GDW (Tables 1 and 2) as well as similar shapes of
sorption enthalpy plots (Fig. 3) suggest similarity between
the both models. To consider this one can start from the
BET model (Eq. (1)) and compare it with the GAB equa-
tion (Eq. (2)). One can see that assuming in Eq. (2)
K = 1, the GAB model simplifies to the BET one. There-
fore the GAB is more complicated version of the BET
where the original BET assumption (K = 1/ps) is treated
as invalid. This leads to the large improvement of the fit
of GAB model (comparing to the BET) to multitempera-
ture data of sorption on foodstuffs.
r sorption on foodstuffs according to the GAB and GDW models.
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Next one can analyze the GDW model but for the spe-
cial case, i.e. assuming w = 1. This means that each pri-
mary adsorption site converts exactly into one secondary
site. In this case Eq. (3) can be rewritten as

M e ¼
mKhr

ð1þ KhrÞð1� khrÞ
ð16Þ

One can define a new constant C* related to constants K

and k by

K ¼ ðC� � 1Þk ð17Þ
and now re-write Eq. (16) as

M e ¼
mðC� � 1Þkhr

ð1� khrÞð1þ ðC� � 1ÞkhrÞ
ð18Þ

Finally denoting

m� ¼ m
C� � 1

C�
ð19Þ

Eq. (18) can be written in the same form as the GAB Eq.
(2)

M e ¼
m�C�khr

ð1� khrÞð1þ ðC� � 1ÞkhrÞ
ð20Þ

For large values of the parameter C* in numerator of Eq.
(19) one can neglect unity, and in this situation m from
Eq. (16) equals m* from Eq. (20).

Therefore it can be stated that the differences in the fits
of the GAB and GDW to experimental data are mainly
caused by the assumption of possibility of w parameter
to be different than unity. Therefore summing up this part
of the study hierarchy of the models arranging them from
the most general to the simplest one can be created as:
GDW > GAB > BET.

The analysis of the results obtained in previous study, as
well as shown in the current paper leads to the conclusion
about the general mechanism of water sorption on food-
stuffs, showing in Fig. 4. This mechanism can be of the
GAB or GDW type, depending on the arrangement of
the primary water sorption sites. If the geometrical con-
straints for creation of the BET – like type clusters do
not occur on surface, and if each from primarily sorbed
water molecules convert only into one secondary surface
site, one can say that the mechanism follows the GAB sce-
nario (see for example the case of lentil seeds). Contrary, in
the case of rough or porous surfaces, where there are the
geometric constraints for creation of secondary sites
(chickpea seeds case), and/or where one primary site pro-
duces more that one secondary site (potato and green pep-
pers), the mechanism of water sorption is of the GDW
type.

8. Conclusions

The failure of the BET model in description of mult-
itemperature water sorption data on foodstuffs is caused
by small changes of the isotherm generated from this model
with temperature. Such a situation is rarely observed in the
case of experimental data on foodstuffs.

The hierarchy and the applicability of the models,
arranged from the most sophisticated to the simplest one,
is as follows: GDW > GAB > BET.

Water sorption mechanism on foodstuffs consists of two
steps: high energetically sorption on primary active surface
centres, and the forming of water clusters. In the latter case
the energy of formation is close to the value of enthalpy of
water condensation.

GAB and GDW models differ by the assumption of the
number of secondary sites created from the primary ones.
Experimental data of sorption on foodstuffs show that
the scenario assumed in the both models is possible.

9. Program availability

The listing of the program fitting the GDW and GAB
models to experimental sorption data is available upon
request.
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