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Abstract
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The paper demonstrates importance of temperature influence on dehydration processes using dry-
ing model equations in introductory part and further presents results of water sorption tests of pars-
ley leaves. Measurements were carried out under laboratory conditions in the temperature range of
1040 °C and relative air humidity from 30 to 100%. Moisture sorption isotherms were tested using a
gravimetric dynamic method with continuous recording of changes in sample weight. Five mathemati-
cal models available in the literature (Chung-Pfost, GAB, Halsey, Henderson, and Oswin) were statisti-
cal evaluated. The Henderson equation was found to be a good model both for moisture adsorption and
desorption. Part of the sorption isotherms measured in parsley leaves show the type II BET classifica-
tion shape. An increase in temperature causes an increase in water activity for the same moisture con-
tent and, if water activity is kept constant, an increase in temperature causes a decrease in the amount

of absorbed water.

equilibrium moisture content, modeling, sorption isotherm, water activity

Reliable predictions of temperature effects on
moisture sorption properties of agricultural produ-
cts are needed when designing storage, packaging or
drying systems, and particularly in the mathematical
modelling of such systems. Water transport is a basic
phenomenon occurring in foods during processing.
The movement of water may be by diffusion within
the material or by moisture exchange between the
material and the environment. Several models are
used to describe the drying characteristics of bio-
logical products (Ertekin and Yaldiz, 2004; Krokida
et al., 2003). Among them are important for drying
processes of agricultural products the one-term ex-
ponential model, the Page model, and the two-term
exponential model.

As early as in 1921 Lewis (1921) suggested a one-
-term exponential model to describe the drying rate of
a particle analogous to Newton's law of cooling:

M

= kM- M) ().

The solution of equation (1) is obtained after vari-
able separation:
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It is possible to receive after integration and after
defining boundary condition, M(¢) = M, at t = 0:
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where M(?) is the moisture content of the particle
at the time ¢, Me is the equilibrium moisture content
(EMC) of the particle, M, is initial moisture content
and k is the drying constant. In equation (5), there are
two parameters to be estimated, k and Me. Determi-
nation of the drying constant for wet materials was
a subject of numerous studies (Krokida et al., 2004;
Pancharyia et al., 2002; Rotz and Chen, 1985; Sa-
voie, Brook and Rotz, 1982). For example Rotz and
Sprott (1984) neglected equilibrium moisture content
(M,= 0) when they calculated the drying constant £.
The error is minimal for moisture contents above 1g
water/g d.b., but becomes significant when moisture
content approaches the real equilibrium moisture con-
tent, as shown by Pitt (1993). In such cases, which are
most important in practice, it is necessary to estimate
equilibrium moisture content M,. This value is limi-
ted for borderline conditions of drying processes, see
equation (4) or (5). The fraction in equation (5) is cal-
led moisture ratio, M :

M) - M
M=—F}7*= (6).
M,-M,

Equation (1) is then commonly expressed as a func-
tion of M :
M = exp(—kt) 7).

Page (1949) proposed a modification of the one-
-term exponential drying model in describing the
drying of shelled corn. The model has the following
form:

M, = exp(-k,t") ®),
where & and n are drying constants. Equation (8) has
been successfully used to describe the drying rate of

corn products (Huizhen and Morey, 1984, Chhinnan,
1984).

Two-term exponential model
Henderson (1974) suggested that thin-layer drying
of biological products can be represented by a two
term exponential model of the form:

M = A, exp(—k,t) + A, exp(-k,t) 9),
where 4, and 4, are empirical constants, and k, and
k,2 are drying constants. Equation (9) is a simpli-
fied form of the solution to Fick’s law of diffusion
(Mechlova and Kost'al, 1999). This model predicts
the drying process of solids during the falling rate
period.

The process of dehydration, equations (7), (8), and
(9), is described under constant temperature and rela-
tive air humidity of the environment in all cases. The
limiting parameter is M, see equations (6), (7), (8),
and (9), which primary depends on M.

The objective of this study is to show influence of
the temperature on the drying process, M, and con-
sequently on water sorption isotherms. Sorption tests
of fibre material, parsley leaves, were chosen as an
example. Water sorption tests with samples of dried
parsley leaves at different temperatures (range of
1040 °C) and relative air humidities (range of 30 to
99%) were carried out. The relationship among M,
equilibrium relative air humidity (ERH), water acti-
vity (a,), and temperature was analysed and described
by existing isotherm equations available in the litera-
ture sources.

MATERIAL AND METHODS

There are numerous models for predicting the re-
lationship of M, a , and temperature (Vitazek et al.,
2003; Jouppila and Roos, 1994; Mazza and Jayas,
1991; Wolf et al., 1990; Chen and Morey, 1989).
These water sorption isotherm models may be theo-
retical, semi-theoretical or empirical and the cho-
ice of the model is depend on many factors. Chen
and Moray (1989) evaluated four EMC/ERH mo-
dels (Halsey, Henderson, Chung-Pfost, and Oswin)
for their ability to fit data from 18 grain, fibrous, and
seed crops. The modified Henderson and Chung-
-Pfost equations were good for fibrous and starchy
materials while the modified Halsey fitted well for
oil and protein products. A European COST 90 pro-
ject (Wolf et al., 1990) on physical properties of ag-
ricultural products revealed that the GAB (Guggen-
heim — Anderson — de Boer) equation was superior
to four other models (Halsey, Henderson, Chung-
-Pfost, and Oswin) in characterising the sorption be-
haviour on the level of monolayer moisture content.
Similar results have been confirmed by a study of
Mazza and Jayas, (1991).

These five mentioned models are:

Chung-Pfost

1 [ w—g]
Ina,
a C

w, =—In

(10),
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Halsey
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Henderson
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where:

w, = equilibrium moisture content (EMC), %w.b.,
a = water activity,

t = temperature, °C

a, b, ¢ = constants for the particular equation,
W = mono-layer moisture content,

W = temperature coefficient,

w . C» K, = pre-exponential constants,

C, K = equilibrium constants,

H = heat of sorption of mono-layer,

H = heat of sorption of multi-layer,

H_ = heat of condensation of multi-layer,

R = universal gas constant,

T = temperature, K.

The gravimetric dynamic method with continu-
ous registration of sample weight changes was used
for determining the sorption characteristics of pars-
ley leaves. Freshly harvested plants were stored at
room temperature conditions for two weeks. The fi-
nal moisture content of leaves was about 15% (w.b.).
Moisture equilibrium data for adsorption and desorp-
tion of such prepared samples were investigated at a
temperature range of 1040 °C in 10 °C steps and re-
lative humidities from 30 to 100% in 10% steps. The
procedure of each test was as follows: after reaching
the equilibrium moisture content of the sample at a
certain relative air humidity (at a constant air tempe-
rature, velocity and pressure), the relative humidity
was automatically increased (adsorption) or decrea-
sed (desorption) and the new equilibrium was obta-
ined under these conditions. Each test was repeated
three times. The experimental EMC data were pro-
cessed using specially developed software and analy-
sed using the non-linear regression procedure of UNI-
STAT (1995).

The precision of fit of a model (Halsey, Hender-
son, Chung-Pfost, Oswin, and GAB) was determined
using several statistics: the standard error of the es-
timate for EMC (s.e. of estimate) (Chen and Morey,
1989; Mazza and Jayas, 1991), the mean relative per-
centage deviation (P) (Chen and Morey, 1989; Mazza
and Jayas, 1991), the Durbin-Watson statistic (d)
(Draper and Smith, 1981), the plot of residuals — pro-
bable Chi-squared value (Chen and Morey, 1989; Th-
akor et al., 1995; Suthar and Das, 1997) and also co-
efficient of determination (R2) (Lamond and Graham,
1993; Menkov et al., 1999).

RESULTS AND DISCUSSION

Equations (Halsey, Henderson, Chung-Pfost,
Oswin, and GAB), which model the dependence of
EMC of leaves of parsley on aw in the temperature
range of 1040 °C were investigated and reviewed.
Convergence could not be achieved for GAB model
in the tested range of EMC and temperature. Analysis
of residuals and goodness-of-fit tests were carried out
after determining parameters. The comparisons of ac-
cepted Chung-Pfost, Halsey, Henderson, and Oswin
models are given in Tab. L.



180

J. Stencl

I: Comparison of Chung-Pfost, Halsey, Henderson and Oswin models for adsorption and desorption of pars-

ley leaves
Model s.e. of P d Probable Chi-squared R
estimate value
Chung-Pfost ads 0.8091 6.8643 1.3904 0.013 0.9442
Halsey ads 0.9757 12.8269 1.0814 0.097 0.9188
Henderson ads 0.3482 3.3633 1.8999 0.171 0.9897
Oswin ads 0.8643 10.7889 1.1167 0.001 0.9363
Chung-Pfost des 0.8045 6.9638 1.3608 0.002 0.9424
Halsey des 0.9551 12.1246 1.0814 0.085 0.9187
Henderson des 0.3540 3.3460 1.8810 0.176 0.9888
Oswin des 0.8479 10.2833 1.1178 0.194 0.9360

ads = adsorption
des = desorption

The statistical values in Tab. I show, that Hender-
son’s model for leaves of parsley, both for water ad-
sorption and desorption, has the smallest standard er-
ror (s.e.) of estimate and the smallest mean relative
percentage deviation. The standardized residuals of

these models are normally distributed (Chi-square
test) and uncorrelated (Durbin-Watson test).

Adsorption and desorption parameters estimated
for Henderson’s model of EMC for leaves of parsley
are presented in Tab. II.

II: Parameter values of constants in Henderson's model of EMC for parsley

Constants for

Constants for

ads Estimate s.e. des Estimate s.e.
a —0.0007 0.00005 a —0.0005 0.00004
b —2.1493 1.07180 —2.9666 1.05750
c 0.4826 0.00790 0.4602 0.00790

ads = adsorption
des = desorption

As an example, the experimental adsorption and
desorption isotherms of leaves of parsley at 20 °C and

25 1
20 A
< 15
s 10 1
5

0 T T T T T T |

03 04 05 06 0,7 08 09 1

aw|[-]
| X actual value — fitted value |

1: Adsorption isotherm for leaves of parsley at 20 °C
(Henderson's model)

for aw ranging from 0.3 to 1.0 are shown in Fig. 1 and
2. Curves represent Henderson’s model.
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2: Desorption isotherm for leaves of parsley at 20 °C
(Henderson's model)
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Fig. 3 and 4 was generated to illustrate predictions
of the adsorption and desorption Henderson’s model
given by equation (12) and using fitted parameters in

03 04 05 06 07 08 09 1

ap[]
——10°C ----- 20°C
30°C —40°C

3: Adsorption isotherms for leaves of parsley (Hen-
derson’s model)

Temperature effects the mobility of water mole-
cules and the dynamic equilibrium between the va-
pour and adsorbed phases. Fig. 3 and 4 show sche-
matically the effect of temperature shifts on both the
moisture content and a, . If a , is kept constant, an in-
crease in temperature causes a decrease in the amount
of absorbed water. This indicates that the material be-
comes less hygroscopic. As pointed out by Rao and
Rizvi (1995), this is necessitated by the thermodyna-
mic relationship. As a result, an increase in tempe-
rature represents a condition unfavourable to water
sorption. An exception to this rule is shown by cer-
tain sugars and other low molecular weight constitu-

Tab. II for near ambient air temperature in the range
of 10-40 °C and aw ranging from 0.3 to 1.0.

0 T T T T T T 1
03 04 05 06 07 08 09 1
aw [-]

10°C ----- 20°C
——30°C 40°C

4: Desorption isotherms for leaves of parsley (Hen-
derson’s model)

ents which become more hygroscopic at higher tem-
peratures because they dissolve in water. This effect
is explained by an increase of the solubility of these
constituents in water. The shift of sorption isotherms
with temperature has an important practical effect on
microbiological and chemical reactivity related to
the quality deterioration of agricultural products du-
ring storage. Part of the sorption isotherms measured
show the type II BET classification shape. The critical
EMC of parsley leaves was approximately 8% (w.b.)
at 20 °C as it is in equilibrium with ¢ = 0.6. Below
this value the growth of micro-organisms, especially
moulds, does not occur (Beuchat, 1981).

SOUHRN
Vliv teploty na sorp¢ni chovani vlhkych zemédélskych produkti

Teplota vnéjsiho prostedi ovliviiuje nejen kinetiku sorpci vlihkosti u zemédé€lskych produktu, ale i je-
jich vodni aktivitu a v navaznosti mikrobialni stabilitu. Clanek dokumentuje vyznam teploty pro rovno-
vazné vlhkosti a pro matematické modelovani suseni. Prezentuje a analyzuje tfi zakladni rovnice (jed-
noparametrickou exponencialni, Pageovu, dvouparametrickou exponencialni) a dale vysledky labora-
tornich sorpénich testt vlhkosti u vzorka listkii petrzelové naté. Rozsah méfeni byl 10 az 40 °C pfi re-
lativnich vlhkostech okolniho vzduchu 30 az 100 %. Pro stanovovani sorp¢nich izoterem vlhkosti byla
pouzita gravimetrickd dynamicka metoda s kontinualnim snimanim zmén hmotnosti. Na zaklad¢ literar-
nich zdrojt bylo analyzovéano pét modelt sorpcnich izoterem: Chung-Pfost, GAB, Halsey, Henderson a
Oswin. Presnost pritazenych matematickych rovnic byla hodnocena nasledujicimi statistickymi kritérii:
standardni chybou odhadu, stfedni relativni odchylkou, Durbin-Watsonovou statistikou, Chi-kvadratem
a také koeficientem determinace. Na zakladé provedenych statistik byla vyhodnocena Hendersenova
rovnice jako odpovidajici model pro adsorpci desorpci vlhkosti u testovanych vzorkt. Tvar vytvorené
sorpéni izotermy odpovidal v rozsahu provedenych méteni typu II BET klasifikace. Pro konstantni ob-
sah vlhkosti se s narustem teploty zvySovala vodni aktivita a pro konstantni vodni aktivitu se s nartistem
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teploty snizovalo mnozstvi absorbované vody. Kritickd hodnota rovnovazné vlhkosti testovanych listka
petrzele, odpovidajici vodni aktivité 0,6, ¢inila 8 % pti 20 °C.

rovnovazna vlhkost, modelovani, sorpéni izoterma, vodni aktivita
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