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Abstract. This study evaluated the kinetics of water vapour
adsorption on the surface of starch molecules derived from wheat.
The aim of the study was to determine an equation that would
allow estimation of water content in tested material in any time-
point of the adsorption process aimed at settling a balance with
the environment. An adsorption isotherm of water vapour on
starch granules was drawn. The parameters of the Guggenheim,
Anderson, and De Boer equation were determined by character-
izing the tested product and adsorption process. The equation of
kinetics of water vapour adsorption on the surface of starch was
determined based on the Guggenheim, Anderson, and De Boer
model describing the state of equilibrium and on the model of
a first-order linear inert element describing the changes in water
content over time.

Keywords: sorption isotherms, adsorption kinetics gluten-
free starch, Guggenheim, Anderson and De Boer model

INTRODUCTION

Absorption of water vapour by food products determines
their stability and safety (Barnwal ez al.,2012). Research into
water vapour adsorption usually involves adsorption iso-
therms set with static methods in order to explain the relation-
ship between water content in food and relative humidity
equilibrium in the surrounding atmosphere. It provides
information on the mechanism of water binding during its
interaction with the food matrix, especially when thermody-
namic properties are included. In addition, it is a source of
useful information for evaluation of food processing tech-
nologies such as drying, mixing, and storing. It can also be
used for testing structural characteristics of food products
eg specific surface, size distribution of pores, and crystal-
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line structure. This data can be applied to optimize storing
conditions and packaging systems that stabilize the nutritio-
nal value of food products (Patacha and Sitkiewicz, 2010).

An adsorption isotherm is a graphic representation of
the relationship between water mass per dry matter and
water activity in a given constant temperature and describes
the state of dynamic equilibrium of a system. Our attention
should focus on the complex nature of water vapour adsorp-
tion in food products. In the case of biopolymers, absorption
of water includes not only adsorption, but also structural
changes of the polymer matrix due to swelling of some of
its components. A sigmoid adsorption curve indicates a pro-
cess of creation of multi-molecular layers of water on the
surface eg of starch granules (Limousin et al., 2007) and
describesatriple-phasedadsorptionprocess. Inthefirstphase,
polar groups of hydrophilic components, with high binding
energy, are saturated with water molecules. In the second
stage, other water molecules are bound to the filled mono-
layer and water starts to form clusters. During the third
phase, water accumulates in the intercellular spaces, which
results in partial swelling that consequently leads to lo-
osening of the macromolecule structure and exposure of
additional hydrophilic sites (Patacha and Sitkiewicz, 2010).

Solid bodies have an irregular structure and defects
such as fissures and dislocations, both internally and on the
surface of a solid body. Even crystals show diversification
of individual crystalline planes. Adsorption properties on
a smooth surface are different from those on a margin or in
a corner. Therefore, the surface of real adsorbents should
not be regarded as homogeneous. Food products are thus
heterogeneous in the chemical composition and structure,
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which influence the capacity for water vapour absorption
from the environment. The analysis of adsorption kinetics
should include the fact that the rate of adsorption may be
determined by the degree of filling of the adsorbent surface
with adsorbate molecules, which is conditioned by intermo-
lecular interactions of the adsorbate (Lewicki et al., 1977).

Starch is composed of two polymers: linear ie amylose,
and branched ie amylopectin. All types of starch contain both
polymers. In a native state, starch has an organized struc-
ture composed of granules and is similar to crystals. Both
polymers have a laminar and radial arrangement with alde-
hyde groups projected externally. Starch of cereal origin (eg
wheat starch) has a crystal form with a concentric arrange-
ment. Starch granules are macromolecules rich in polar sites
(-OH, —SH groups), which enable significant adsorption
of humidity (Ocieczek, 2007). The adsorption capacity of
starch largely depends on the arrangement of polar groups,
the availability of these groups for water, the degree of
matrix crystallization, the relative strength of water-water
and water-macromolecule interactions, as well as the con-
ditions of relative humidity (Patacha and Sitkiewicz, 2010).
Some of these characteristics are reflected in the parameters
ofthe Guggenheim, Anderson and De Boer (GAB) equation
and features that can be calculated based on the para-
meters of the GAB equation. The parameters of the GAB
model are determined based on the empirical data describ-
ing the isotherms in a 0.07-0.98 @ range. The GAB model
is recommended by the European Project Group COST 90
to describe the water adsorption process by food products
(Blahovec and Yanniotis, 2008; Timmermann, 2003).

The capacity of the monolayer (v ) defines the adsorption
capacity of adsorbents, serves as an index of availabili-
ty of polar sites for water vapour, and determines the volu-
me of water that is strongly bound to the food matrix
(Patacha and Sitkiewicz, 2010). The deviations of the
parameters of the GAB equation, based on the BET theory,
from the parameters of the BET equation are described by
the value of the K parameter in the GAB equation. The value
of the K parameter allows us to determine whether the
GAB equation may be applied to describe a set of empirical
data. Lewicki (1997) proved that the GAB equation might
be used to describe an experiment only when 0.24 <K < 1.
The K parameter serves as a constant that corrects the fea-
tures of molecules localized in the adsorptive multi-layer in
relation to the liquid phase. The magnitude of the K para-
meter not only indicates the range of application of the GAB
equation, but also describes monomolecular (K<0.5) and
multi-layer (K>0.5) adsorption (Caurie, 2006). Chirife and
Iglesias (1992) reported that the value of the K parameter
depended on the type of the described product. However, it
is impossible to explain whether this relation results from
amathematical form of the model or has any physical mean-
ing. The C constant is the second parameter that indicates
that the GAB model is useful to describe specific sets of
data. According to Lewicki (1997), this parameter should
fall in the range from 5.67 to infinity. The energy constant
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C reflects the difference between desorption enthalpy from
a monolayer and enthalpy of liquid evaporation of an
adsorbent. The value of enthalpy of physical adsorption
is approx. 20 kJ mol! and does not influence the state of
physically adsorbed molecules (Atkins, 2003). There are
some reports which indicate that the energy constant C may
lack a physical sense due to mathematical compensation
of parameters found in each procedure of curve matching
(Blahovec, 2004; Pérez-Alonso et al., 2006).

Assuming heterogeneity and porosity of biological
materials, the state of saturation of a solid body surface with
water vapour during the adsorption process depends on its
duration. The aim of the paper was to create a kinetic model
for determination of the state of saturation of gluten-free
wheat starch with water vapour at any time-point during
the adsorption process (v) leading to a state of humidity
equilibrium (v) estimated with the GAB model.

MATERIALS AND METHODS

The studies were carried out on gluten-free wheat starch
commercially manufactured by Label Articles Gluten-Free
‘BEZGLUTEN” S.c., Koniusza, Poland. The experimental
material was stored in accordance with the manufacturer
recommendations specified on the packaging.

Water content in the tested material was determined
with a drying method (at 105°C) according to the procedure
described in AACC (2000) in grams per 100 g d.m.

The water activity was evaluated in AquaLab (Series 3,
TE model, Decagon Devices, Inc., Pullman, WA, USA)
with an accuracy of + 0.003 at 293.15 K (20°C).

The adsorption isotherms were determined with the
static-desiccator method, according to the procedure de-
scribed by Ocieczek (2012).

GAB equation parameters of the formula (Blahovec and
Yanniotis, 2008):

B v,CKa,
" T (-Ka,)(-Ka, +CKa,)

(1

where: a  — water activity, v — equilibrium water content
(g H,0 100 g' d.m.), v — water content in the monolayer
(g H,0 100 g" d.m.), C — energy constant of Guggenheim,
K — constant correcting properties of multilayer molecules
in relation to the liquid phase.

GAB equation parameters were determined based on
the empirical data, in accordance with the procedure de-
scribed by (Ocieczek and Kostek, 2009). The calculations
were performed using MS Excel 2003. The errors of the
determined equation parameters were detected with the
SolverAid macro command.

The kinetics of water vapour adsorption was determined
with a dynamic method using a measurement station, which
allowed constant measuring of sample mass. The imple-
mentation of POMIAR WIN software enabled us to record
the changes in the mass of the tested samples.
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The kinetics of water vapour adsorption was determined
based on the changes in the water content of the samples.
The experiment was carried out on app. 2 g starch samples
with initial humidity (v,) of 12.5% and water activity that
equalled 0.415, the samples were collected directly from
a hermetically closed container. The starch samples were
placed in environments with water activity 0.0698, 0.2310,
0.4400, and 0.6986 regulated respectively with the follow-
ing solutions of salts: NaOH, CH,COOK, K,CO,, and KJ.

The measurements were taken in a climatic chamber at
20°C+1°C for 48 h.

It was assumed that the kinetics of water vapour could
be described with the following first-order linear difference
equation:

dv, _ v-v) @)
dt T
where: ¢ — time, T — time constant, v — equilibrium water
content described with the GAB model, v, — water content
in starch at a given time-point ¢.

RESULTS AND DISCUSSION

In the tested material, the initial water content (v, ) was
12.5% and the water activity was 0.415. The determined
isotherm (Fig. 1) reflected the physical adsorption process
on a porous body and therefore yielded a curve typical of
type II isotherms.

The adsorption of water vapour increased in the whole
aw range. The determined adsorption isotherm was contin-
uous across the whole range of water activity. This means
that during adsorption of water, no change in the structure
conditioned by an increase in the arrangement of starch
granules occurred; this phenomenon may be observed in
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Fig. 1. Isotherm of water vapour adsorption on gluten-free wheat
starch.
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some dried dairy products (Patacha and Sitkiewicz, 2010).
The adsorption of water was particularly evident above
0.75 a,, which might be attributed to the effect of capillary
condensation.

The parameters of the GAB equation (v, C, K) and
the value of water activity corresponding to monolayer
covering and the errors in the determined parameters are
presented in Table 1.

The determined capacity of the monolayer (Table 1)
corresponded to the values reported by Karel (1975) for
different food products. The activity of water correspond-
ing to the monolayer indicated that the tested product was
microbiologically safe. The GAB model was suitable for
describing the isotherms of water vapour adsorption on the
surface of gluten-free wheat starch. In addition, the param-
eters of the GAB equation indicate that the tested process is
a multilayer physical adsorption.

Water vapour adsorption on food products proceeds
with varied speed depending on the nature of the food pro-
duct and the relative humidity of the environment. Starch
is a relatively homogenous material with a significant rate
of adsorption, which is determined by a high number of ad-
sorption centres with a balanced energy level (Lewicki et al.,
1977). Studies on the kinetics of water vapour adsorption
by selected food products carried out by Lewicki et al.
(1977) revealed that the impact of relative air humidity
on the mechanism of adsorption depended on the nature
of the product. Starch does not show any change in the
adsorption mechanism under the influence of relative air
humidity and its speed depends on the volume of adsorbed
water. Changes in the adsorption mechanism affect amor-
phous products and are most often determined by structural
conversions of components such as swelling, increased
mobility of protein chains, or presentation of new adsorp-
tion centres. The rate of adsorption increases significantly
as a result of these transformations and this process per
se involves more centres available for water molecules.
Following absorption of a given volume of water, amor-
phous components evolve into a crystalline form, which
absorbs a small amount of water in the medium range of
relative humidity of air. The mechanism of adsorption
changes after crystallization. At a low degree of adsorp-
tion, its speed depends on the volume of adsorbed water. In
the next stage, adsorption speed depends to a minor extent
on the degree of adsorption. In the final phase, adsorp-
tion speed is again significantly determined by its degree.
The change in adsorption speed depending on its degree

Table 1. Parameters of the GAB equation and water activity values corresponding to monolayer covering determined for gluten-free

wheat starch

Results of point estimation v =10.54

K=0.5556

C=46.85 a,=0.2294

Estimation of SD for tested
c =032
parameters v

6, =0.0163

c.=745
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is consistent with the theory of multilayer adsorption and
capillary condensation (Galus ef al., 2012). In the case of
small covering of adsorbent surface with water molecules
(adsorbate), intermolecular interactions have a significant
impact on the energy status of an adsorbent surface and the
adsorption then proceeds quickly. After filling all available
active centres (though of different values), intermolecular
interactions become homogeneous, mainly of a water-water
type. The speed of adsorption becomes less dependent on
the volume of adsorbed water. This progressive process of
adsorption results in filling some of the capillaries, which is
called ‘capillary condensation’. In this stage of the adsorp-
tion process, the curvature of the meniscus is determined
by the amount of adsorbed water and the speed of adsorp-
tion again becomes dependant on its degree. Lewicki et al.
(1977) concluded that the correlation between the speed of
adsorption and its degree might serve as a basis for measur-
ing the capacity of the monolayer and the content of water
that initiated capillary condensation.

The GAB model used in this experiment to describe
parametrically the state of equilibrium requires carrying
out an experiment for a relatively long period. Therefore,
the changes in starch humidity are presented below over
a time function and they characterize the kinetics of adsorp-
tion. The unknown state that was not in equilibrium was
thus described.

Inert models are implemented in mechanics, biome-
chanics, electrical engineering, heat engineering, and in
many other scientific disciplines. A first-order linear inert
element is used to model configurations that have a cer-
tain degree of inertia and require time to set a given state
of equilibrium. The increase in the tested value in a linear
model is proportional to the difference between the value
corresponding to the state of equilibrium in certain condi-
tions and the current value (Eq. (3)). In other words, the
increase in product humidity over time is proportional to
the difference between humidity in an equilibrium state and
humidity in a given time-point. The intuitive explanation
may be that, initially, a water molecule easily finds an opti-
mal site for adsorption, whereas over time, the best sites are
occupied and a smaller surface is left for filling. Therefore,
the process of adsorption slows down over time. For a high
activity of water and dry product, adsorption of molecules
runs initially on a dry surface and then on subsequent lay-
ers of water molecules, which additionally slows down this
process.

The experiment per se consists in identifying the time
constant T of the Eq. (3). This constant was identified based
on the changes in product humidity recorded over time.
A product with known humidity was placed in an atmos-
phere with known water activity (@, ) which corresponded
to a step function. The response of inert configuration to the
step function is described with Eq. (4). Assuming minimi-
zations of quadratic residues as an objective function and
the application of a non-linear regression, the time constant

A. OCIECZEK et al.

T was identified. The experiment, planned and organized
in this manner, enables identification of the parameters of
Eq. (3).
The following exponential function is the solution of
Eq. (3) for water activity constant:
v, :vw+(v—vw)(l—e?)

3)

where: v, — water content in starch in 7 time, v, — initial
humidity of starch for t = 0, v — water content in starch in
the humidity equilibrium state estimated based on the GAB
model, T — time constant, f — time.

The above equation describes a first-order linear inert
element that is commonly used in automatic control engi-
neering for modelling numerous phenomena. A similar
approach to modelling the kinetics of adsorption has been
presented by Noorbakhsh ez al. (2006) and Svabova et al.
(2011).

The v parameter describes the content of water in the
tested material in t = 0 time of adsorption kinetics and,
thus, the initial content of water in starch, and is regarded
as a known value. The identification was therefore limited
to the T parameter; the direct method was applied and T
was determined based on the recorded time courses. The
method of identification is discussed above. The identified
time constant is T = 22 830 s. The results of identification
are presented in Fig. 2.

The results indicate sufficient compatibility between
the experimental results and the results of theoretical cal-
culations, which proves good reflection of the described
phenomenon. The mathematical model of the kinetics of
adsorption obtained may be regarded as valuable. Some
differences between theoretical and experimental results
may be a consequence of the heterogeneity of the material
in terms of its humidity and adsorption characteristics. The
weight of samples, distribution of material on a plate, and
time between consecutive measurements could also exert
an impact. The samples may have absorbed moisture or
become dried. Therefore, further work into this subject will
be conducted. Further studies will consist of experimental
verification of the model in different water activities and
initial humidity of material. The studies will include both
adsorption and desorption.

/é'\ 20 — Experimental results

e _ — Results of simulation

e 15

(=2

=

2 10

> = —8—a .= 0.6986

‘g ———F— o —e—a,=0.4400

‘g 5 A —a—a=02310

g e —— a = 0.0698

G

= 0p 100000 200000 300000
Time, ¢ (s)

Fig. 2. Comparison of the experimental results of kinetics with
the calculations for the determined model of adsorption kinetics.
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CONCLUSIONS

1. The presented equation sufficiently describes the
kinetics of adsorption and desorption of water on a starch
surface for the examined activities of water and humid-
ity of starch. This equation is based on the Guggenheim,
Anderson and De Boer model and the model of the first-
order linear inert element. The Guggenheim, Anderson
and De Boer model describes the state of equilibrium,
whereas the inert element models present changes in
humidity over time.

2. The time constant of the inert element is a parameter
that characterizes the process of establishing equilibrium. In
the presented model, it was assumed that the time constant
did not depend on water activity or humidity of material
and was regarded as fixed for this material. The time con-
stant depends on the course of adsorption and desorption on
the sorbent surface. Furthermore, it depends on the physi-
cal and chemical interaction between the sorbent and water
molecules (eg swelling, dissolving, crystallization).
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