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Abstract

Casein is a potential food protein, used in a number of food applications. In this work, moisture sorption
isotherms of casein were determined at 10, 20 and 30°C under different relative humidity in the range of 12 to
98% using gravimetric method. The equilibrium moisture uptake data were interpreted with the help of three
well-known sorption isotherm models namely, (GAB, Halsey and Oswin models) using non-linear least square
method. The experimental moisture uptake data were best interpreted by GAB model. The monolayer moisture
content Xm was found to vary from 54.08 x 10-3 to 10.48 x10-3 kg kg™ (db) for a temperature rise from 10 to
30°C, thus indicating negative temperature dependence. The Clausius-Clapeyron equation was used to
determine the isosteric heat of sorption (gst). The uptake data was also used to determine isokinetic temperature
TB (315.9 K) and harmonic mean temperature Thm (292.8 K). The enthalpy-entropy compensation theory
indicated that moisture sorption process was enthalpy driven.
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Introduction

Casein is a major milk protein and it accounts
for almost 80% of the total protein contents of
milk (Silva et al., 2005). This major protein
product is used as a food additive in dairy, dietary
and baby foods (Aneja et al., 2002). Because of a
wide range of applications, last two decades have
witnessed sincere efforts in manufacturing of food
and pharmaceutical grade casein. In fact,
production of dried casein powder has been
recognized as a significant part of dairy industry.

It has been reported that by the year 2011 the
annual casein/cheese production in India might
have reached to 1.23 billion US$ by the year
2011, (Gupta, 2007). Such a large scale
production of casein has imposed serious
challenges on the manufacturing units for its safe
and moisture—free production as well as storage,
particularly in the seasons when there is enough
moisture in the environment. The presence of a
large number of polar groups, in casein also acts
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as a driving force for absorption of water vapors.
In general, dehydrated protein powders have
atendency to absorb moisture at moderate and
high water activities thus resulting in protein
insolubility and enhanced flavor deterioration.
Thus, it is necessary to predict the exchange of
moisture between food materials and surroundings
because it affects the physicochemical properties,
drying process, storage capacity and microbial
safety (Rangel-Marron et al., 2011). The
adsorption of moisture by foods can be defined as
a process in which there is reversible and
progressive combination of water with the food
solids via a number of sorptive processes such as
chemisorptions,  physical  adsorption, and
multilayer condensation The term Equilibrium
Moisture Content (EMC) is usually regarded as
the water content of food stuff when its vapor
pressure equals that of the surroundings. The
quantitative relation between EMC and the water
activities at any temperature is quantified in the
form of moisture sorption isotherms. A correlation
between EMC and corresponding water activities
has been described by a number of isotherm
models (Van Den Berg et al., 1981). Some of the
models also consider the effect of temperature. In
addition to applications in food engineering, the
sorption isotherms of a food product play
significant role in are product and process
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development (Delgando et al., 2002). The water
activities greately influence the deteriorative
mechanisms in food system and therefore for
longer storage stability it is desirable to make
water activity modifications. The storage and
packaging problems can be better handled by
evaluating thermodynamic parameters of water
sorbed (Maltini, 2003; Acosta-Esquijarosa et al.,
2011). In addition, these parameters are also
helpful in appraising the shelf life of food product
under varying product, package and environment
interactions.

In spite of the fact that casein has potential
applications in field of food and nutrition, its
hydrophilicity and stickiness create problems
during its production, drying and storage and
applications. This also affects its shelf life storage
capacity. However, there are a few studies that
have attempted to investigate its moisture
absorption behavior. In a study (Mauer et al.,
2000), B-casein was isolated and its sorption
isotherms were determined at +4°C and +22.5°C.
The isotherms were further determined after 9
months of storage at -29°C and +22.5°C. The
results indicated that storage temperature had
varying effect on moisture sorption isotherms.;
however, at any aw differences in moisture
content were small (< 0.03g H20/g solids at high
aw). B-casein stored at -29°C had lower mo . The
production of casein and its associated products
from buffalo milk has been adopted as very
popular small scale industry in most of the parts of
India where there is huge production of milk.
Therefore it is required to study the moisture
absorption tendency of casein under the Indian
climatic conditions so as to provide some useful
basic information to the manufacturers.

With these objectives this work was
undertaken to study the water vapor sorption
behavior of casein at different temperatures and to
make a quantitative interpretation of the data
using suitable isotherm models. The sorption data
has been used to determine various
thermodynamic parameters also.

Experimental
Materials

The milk protein casein (in soluble form as
sodium caseinate, product code No. 4-2628, mol.
wt 23000) was purchased from Hi Media
Chemicals, Mumbai, India. The relative constant
humidity environments were created by using
saturated solutions of various salts i.e. KOH,
CH3COOK, K2C03, Mg(NO3)2, NaCl, KCI and
K,SO,4. These salts were purchased from Merck
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Chemicals, Mumbai, India and were analytical
grade. The whole study was carried out with
double distilled water.

Water activities (ay) of saturated solutions of
the above salts at 10, 20 and 30°C were adopted
from Labuza (1984) and are given in Table 1
(Ramesh, 2003).

Table 1. The water activities (aw) of saturated salt
solutions at 10, 20 and 30°C.

Salt aw at 10°C aw at aw at
20°C 30°C
KOH 0.1234 0.0932 0.0738
CH;COOK 0.2338 0.2311 0.2161
K,CO;3 04314 0.4316 0.4317
Mg(NO3), 0.5736 0.5438 0.5140
NaCl 0.7567 0.7547 0.7509
KCl1 0.8677 0.8511 0.8362
K,S0, 0.9818 0.9759 0.9700

Study of moisture sorption isotherms

The accurately pre-weighed casein samples, in
triplicate, were weighed in small crucibles of
aluminium foils and then placed in the desiccators.
This desiccator had various saturated salt solution
to provide the required relative humidity
environment. The desiccators were placed in
temperature-controlled cabinets maintained at 10,
20 and 30°C (£1°C). The reason for selection of
the given temperature was that the room
temperature normally falls between 20 and 30°C
in Asia subcontinent countries like India. In
addition, the preservation of casein under low
temperature conditions justifies 10°C as the lower
temperature selected. The pre-weighed casein
powder samples were placed in different
desiccators till they all attained equilibrium weight
which was indicated by the fact that there was no
measurable weight change (+0.001g). The
equilibrium moisture absorption was attained in
almost twelve days. The weight gain was recorded
every day. It took almost 30 s to remove, weigh,
and then put back the samples into desiccators
finally, the moisture content of each sample was
determined by hot air oven drying method
(AOAC, 1984). All measurements were made in
triplicate and the average values were used in the
analysis.

Sorption isotherm models

In this study, the EMC data was analyzed
using four ‘two parameters models’ i.e. the Oswin,
the Henderson, the Cauri, Halsey models and one
‘three parameters model’ namely the GAB model.
All these models along with related parameters are
given in the Table 2. The two parameter models,
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viz., Halsey Henderson, Cauri and Oswin, in their
linear form, were used for the determination of
related constants with the help of linear regression
program. However, a non-linear least square
procedure was applied to determine constants for
three-parameter GAB model. It is often more
convenient to re-arrange GAB equation into a
second degree polynomial equation.

aﬁwzaafﬁﬁawﬂ( (D)
where
QZL[L} (2
M, | C-1
12 ...(3)
And -1 (4
M, Ck

A non-linear regression analysis of a,/M
versus a,, gives a second order polynomial. The
coefficients a, B and y were thus obtained from
this polynomial equation and substituted one by
one to obtain GAB constants M,, C and k, where
M, is the moisture content when all primary sites
are occupied by single water molecules, C is the
Guggenheim constant and k is the factor
comparing the properties of multilayer water
molecules as compared to the bulk liquid.

The mean relative deviation modulus (P) and
the standard error of estimate (SE) were used as
error functions to access the accuracy of fitness of
different models.

Modeling isotherm models

The equilibrium moisture uptake data of
Casein samples, at three temperatures, namely 10,
20 and 30°C, were fitted to various isotherm
models displayed in Table II. The parameters of
the GAB sorption model were calculated using
non-linear regression analysis whereas other
models were applied in linearized forms to
evaluate associated parameters. Two criteria
namely mean relative deviation modulus (P) and
the standard error of estimate (SE) were used to
evaluate the fitness of sorption models to the
experimental data.

100 & | M, -M,,
P== Z:, M. .5
o 2
Z(Mex -M,) ...(6)
SE=1/-!
N-n

Table 2. Sorption isotherm models used in this study.

Name of model Equation Reference
GAB (Guggenheim-Anderson-de Boer) MOCk‘a (Anderson, 1946)
j— W
(l - kaw) (1 —ka, +cka, )

Halsey Al (Halsey, 1948)
(Linearized) a, =exp

In M = InA+A; In (-In ay)
Oswin a B (Oswin, 1946)

o M=A W

(linearized) l1-a,

InM=InA+BIn

Henderson (Linearized)
Caurie

Log [-In (1-ay)] =nlog M, + log K

1
1n;=—1n(CM0)+H1n

W

l-a,

(Henderson, 1952)

2C. 1-a, (Caurie, 1970)

0 w
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Where, M, and M,, were the experimental
and predicted moisture content values,
respectively; N and n were the number of
observations and the number of constants in each
model respectively. The P value of less than 10
percent indicates acceptability of the model
(Arslan et al., 2006). A model is said to be best fit
if SE and P exhibit lowest values for it while the
regression coefficient (R?) has highest value.

The temperature dependency of GAB
parameters C and K can be expressed by
Arrheniutype equation (Goula et al., 2008).

C=C, exp[ AH/RT ] (7
And
..(8)
K=K exp Ak
RT

Here, AH and AK are functions of heat of
sorption of water; and Cy and K, are the adjustable
constants for the temperature effect.

Monolayer moisture contents M,, calculated
using GAB isotherm model was used to calculate
solid surface area S of the sample (Zareiforoush et
al., 2009) using following expression.

s=MMNah 35 500m, -9

M

o
H,0

Where, S is the solid surface area (m’g” dry
solids); M, is the monolayer moisture content (kg
water kg'1 dry solid); Mpyo is the molecular
weight of water (18 9mol™), N, is Avogadro
number (6.023){1023 molecules mol'l), and A, is
the area of a water molecule (1.06x™"’ m?).

The number of adsorbed monolayer was
calculated using the formula

S=2/N ... (10)

Where, S is cauries slope. In Cauris equation,
C represents density of bound water whereas the
product of monolayer moisture content M, and
number of adsorbed monolayers N gives the
percent bound or non-freezable water (Jayendra
Kumar et al., 2005).

Isosteric heat of sorption and entropy of
sorption

The net isosteric heat of sorption (qg) is
defined as the amount of energy by which the heat
of vaporization of moisture in a product exceeds
the latent heat of pure water (Labuza, 1968). The
differential entropy of sorption (s4) is proportional
to the number of available sorption sites at a
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specific energy level. For a thermodynamic

system, the net isosteric heat (qy) and the

differential entropy of sorption (s4) are related as

(Rosa et al., 2010):

L=- Qe Se gy
RT

Where, gy, S4, and R are expressed as kJmol™,
kJmol'K™" and kJ mol™ K, respectively.

For a given range of EMC, corresponding
water activities were calculated and the linear
plots, obtained between In a,, and I/T were used to
calculated qy, and Sy, with the help of slope and
intercept respectively.

Ina

Entropy — enthalpy compensation theory

According to the compensation theory, there
is linear relationship between the net isosteric heat
of sorption (qyx) and differential entropy of
sorption (Sy,) for given moisture content range
(Igathinathane et al., 2007):

Qe =TpSq+ a ...(12)

The linear regression analysis enables us to
calculate isokinetic temperature Tg and constant a.
The parameter Ty is obtained from the slope of
linear plot between qy and S4. Tp is the isokinetic
temperature with an important physical meaning
as it represents the temperature at which all
reactions in the series proceed at the same rate and
a is a constant (Madamba et al., 1996). In order to
corroborate the compensation theory, Gabas et al.
(2000) proposed statistical analysis test to
corroborate the compensation theory. The
harmonic mean temperature (T;,,) was given as
follows:

Thm = n
= (1/T)

...(13)
The compensation theory only applies T §#
Tim- The moisture uptake process is enthalpy

driven or entropy controlled as per condition that
Tp > Tim or Tg > T (Igathinathane et al., 2007).

Results and Discussion
Moisture sorption isotherm

The moisture sorption isotherms for soluble
casein (SC) at 10, 20 and 30°C are depicted in
Figure 1. It is clear that the EMC increases with
water activity at constant temperature. The
isotherms exhibit sigmoidal shaped curves, thus
indicating a Type — II isotherm (Brunauer et al.,
1940), which is characteristic for most of the
foods. A close look at the isotherms reveals some
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interesting results. Firstly, the isotherms obtained
at 10 and 20°C exhibit a S-shaped curve while the
isotherm obtained at 30°C show a little different
behavior with a cross-over at the water activity of
0.8. The observed findings could be explained as
below:

Moisture content(kgkg '1d.b.)

0 01 02 03 04 05 06 07 08 09 1 11

Activity(aw)

Figure 1. Moisture uptake as a function of water activity
at different temperature.

It is commonly observed that moisture
sorption isotherm consists of three zones. Here, in
the isotherms obtained at 10 and 20°C, three zones
can be noted; zone — I (aw: 0.0 to 0.2), zone — II
(aw; 0.2 to 0.7) and finally zone — III (aw: 0.7 to
1.0) In the region I (termed as monolayer sorption
region), the EMC increases with water activity
due to the fact that casein contains a large number
of polar groups along the macromolecular chains.
These groups act as strong binding sites for
incoming water vapor molecules. In addition,
according to Falade et al. (2004), there is
possibility of swelling or unfolding of protein
chains thus offering new active sites for binding of
water molecules. The zone — II, also termed as
multilayer sorption region, consists of multilayer
moisture which is under transition to natural
properties of free water and is available for
chemical reactions. In this zone, there is linear
increase in moisture content with water activity
but relatively at a slower rate as compared to the
rate observed in the zone-1. In this zone, sorption
takes place at less active sites. Finally, in the zone
— III (usually termed as capillary condensation
zone) there is sharp increase in EMC which may
be attributable to diffusion of moisture into voids
and capillaries. The water in this zone is in the
free state. A close look at the two isotherms
reveals that there is more moisture uptake at the
later stages of the curves. The sharp rise in EMC
is also attributable to partial dissolution of casein.
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Here, it is also noteworthy that for a given water
activity, the EMC shows negative temperature
dependence. This may simply be due to the fact
that as the temperature is increased from 10 to
200C, vapor molecules gain more kinetic energy
and this prevents them from binding at available
sorption sites.

The isotherm behavior, exhibited at 30°C,
appears to be a little different. There is gradual
water absorption in linear fashion till the water
activity reaches a value of nearly 0.6. However, a
drastic increase in EMC is observed as the water
activity of the surrounding environment exceeds
0.6. In addition, a crossover is also observed. This
could probably be due to dissolution of casein at
30°C beyond the water activity of 0.6. Such as
intersection or cross-over behavior has also been
reported for moisture sorption by dry powder
(Hassan, 2004), basundi mix (Sharma et al.,
2009), gingerbread (Cervenka et al., 2008) etc.
Overall, all the three curves showed continuity.

Fitting of isotherm models

The experimental data on moisture sorption
was fitted to various isotherm models given in
Table 2. The estimated parameters and various
error functions for selected isotherm models in the
water activity and temperature range studied are
given in Table 3. A close look at the values of
error functions P, and SE indicate that out of
various isotherm models applied, the GAB
isotherm model appears to fit best on the
equilibrium moisture uptake data. The best
quantitative interpretation of the moisture uptake
data by the GAB model was almost expected
because it is a semi-theoretical, multi molecular,
localized homogenous adsorption model. It is also
reported frequently that GAB is the most versatile
sorption model available (Ayrarci et al., 2005).

The treatment of sorption data, according to
GAB model, allows us to evaluate monolayer
moisture content value M,, of foods. The M, value
represents the moisture content of a material when
its entire surface is fully covered with a uni
molecular layer of water vapor molecules
(Sawhney et al., 2011). The significance of M,
values is that deterioration of foods is very small
below M,. because the reason is that water is
strongly bound to the food below M, and does not
take part in any deteriorative reactions either as
solvent or as one of the substrates. Therefore, at a
given temperature the water activity level
corresponding to M, or less is the safest one. The
values of M,, in this work, were found to be 5.40,
3.34 and 1.04 g/100g solid at 10, 20 and 30°C
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respectively. The M, values reported for dried
acid casein from buffalo skim milk are reported to
be 5.60, 4.70 and 4.54 g/100g solid at 25, 35 and
45°C respectively. Similarly, the moisture
contents for soy protein, as reported by Cassini et
al. (2006) at 10, 20 and 30° were 7.40, 6.40 and
5.50 g/100g db respectively. The overall
assessment of all these values reveals that in the
temperature range of 45 to 10°C, the moisture
uptake of food proteins falls in the range of 1.0 to
8.0g/100g dry basis. The observed decrease in
moisture content with temperature range
mentioned above may be due to reduction in
number of active sites for water binding because
of folding of macromolecular chains , thus causing
a decrease in the number of active binding sites
exposed (Ariahu et al., 2006). However this
reasoning does not seem to be justified in the
present study as the temperature range selected
was 10 to 30°C. Also, there is another possibility
that as the temperature is raised, there is increase
in kinetic energy of water vapor molecules and
this makes them less stable, thereby, favoring their
departure from the binding sites of food material
(Tunc et al., 2007). Finally, this causes the
monolayer moisture content to decrease. The
negative temperature dependency of EMC is well
known phenomenon and reported by a large
number of workers.

It has been observed that strong adsorbent —
adsorbate interactions, is exothermic in nature and
is favored at lower temperature. These results in
an increase in parameter C when temperature is
lowered (Diosady et al., 1996). This behavior is
also in agreement with above equation (7) that
suggests negative temperature dependency of C. A
quite compatible behavior is also found in this
study; increasing temperature from 10 to 30°C
caused by decrease in C value from 507.9 to 66.0
From a study of 30 different foods, Iglesias et al.
(2008) reported that in 74% of them, C did not
show negative temperature dependence. They
suggested that there could be some irreversible
changes associated with increasing temperature
such as enzymatic reaction, protein de-naturation.
However, in this study a change of temperature
from 10 to 30°C is not sufficient to cause
denaturation of casein in this work. Finally, as the
values obtained are >2, the isotherms could be
classified as type Il as already mentioned earlier.
Similar observations are reported elsewhere
(Farahnaky et al., 2009).

The interactions between the molecules in
multi layers and the adsorbent are interpreted in
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terms of value of K. When K is unity, the
properties of multi-layer resemble with those of
bulk water, and under this situation the BET
isotherm model can well interpret the sorption
process. However, in this study, the values of K,
displayed in Table 3, are less than unity except
that obtained at 30°C.

Finally, the specific surface area enables us to
determine the water binding properties of
particulate materials. In order to determine surface
area, the monolayer moisture content values (M,),
obtained from GAB isotherm model, were put in
equation (9). The values of S were found to be
189.2, 110.5 and 35.1 m’g” for the equilibrium
sorption temperatures of 10, 20 and 30°C,
respectively. It is clear that specific surface area
decreases with temperature, which may be
attributed to the decrease in the number of active
sorption sites available (Rizvi et al., 1983).

Properties of bound water

The spoilage of food stuff is usually governed
by the physical state of water absorbed by them
(Van den Berg et al., 1981). Hence, it is necessary
to determine various characteristics of bound
water such as its density, its relation to surface
area of adsorbent, number of adsorbed monolayers
etc. All the parameters describing the property of
sorbed water are shown in Table 4. The data
reveals that density of water, percent of bound or
unfreezable water, monolayer moisture content
and specific surface area of sorbent decrease with
increase in temperature. The observed decrease is
simply attributable to the increase in the kinetic
energy of water molecules, thus resulting in a
decrease in the percent bound water, monolayer
moisture content and density of water.

Net Isosteric heat of adsorption (gst) and
differential entropy (sd)

The isosteric heat of adsorption can be
determined by the use of Clausius-Clapeyron
equation, provided the isotherm data is available
at two or more temperatures. The isosteric heat of
sorption varies with the amount of water sorbed
by the substrate. In this work, the In a,, versus 1/T
plots were obtaining for various moisture contents
using the equilibrium moisture uptake data
obtained at different temperature (shown in Figure
1). The slopes and the intercepts of linear plots, as
shown in Figure 2, were used to evaluate qy and
Sq4 respectively. As the slopes obtained are linear,
it may be concluded that the heat of sorption is
independent of temperature for different values of
EMC.
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Table 3. Parameters obtained for various isotherm models.

Model Constants

Temperature ("C)

10 20 30
GAB Mo 5.40 3.34 1.04
C 507.964 477.354 66.0393
K 0.78613 0.5368 1.02667
SE 0.5213 0.4187 0.3217
P 3.4813 4.6143 5.1305
r 0.9736 0.9711 0.7884
Halsey Al 0.07371 0.04212 0.0237
A2 -0.22 -0.1849 -0.5847
SE 1.6783 0.9917 2.3154
P 8.6189 9.2785 11.5680
r 0.774 0.8667 0.5311
Oswin A 0.08579 0.0475 0.0282
B 0.1901 0.1856 0.8666
SE 3.6023 2.1765 1.7436
P 7.3542 6.6076 5.2258
r 0.4284 0.7054 0.8622
Henderson N 0.0291 0.0175 0.0056
K 0.491 0.183 0.091
SE 3.6002 1.2487 1.6321
P 10.6548 8.2416 9.3581
r 0.827 0.727 0.870
Cauri M, 8.18 6.67 2.25
C 0.560 0.964 0.973
SE 2.3126 3.1763 1.9457
P 9.5682 7.3785 8.1793
r 0.884 0.843 0.822
Table 4. Properties of sorbed water of casein at different temperatures.
Temperature Monolayer moisture  Cauri slope No.of Density of Bound Surface
0) content (g/100g dry adsorbed sorbed water ~ water Area
solid) M, S monolayer N C % m’g’
10 5.40 0.364 14.5 0.0926 0.973 186
20 3.34 0.189 6.8 0.0648 0.964 397
30 1.04 0.116 2.3 0.0590 0.560 63

0.00345 0.0035 0.00355

04§34

5l 014 kg ke 1/T(K")

Figure 2. Ina,, versus 1/T plots for evaluation of gst.

The variation in net isosteric heat of sorption
gy with moisture contents is well depicted in
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Figure 3. It is obvious that gy shows a negative
dependence on EMC. This decrease is attributable
to the fact that when moisture content is quite low,
the water vapors are adsorbed at the most active
sites, thus producing highest interaction energy.
This results in higher values of gy at fairly low
moisture contents. However, with the increase in
the moisture content, the number of active sites
available for water vapor sorption decreases, and
this finally results in lower gy values (Paulo et al.,
2010). When the isosteric heat of sorption
approaches towards zero, the interaction between
the adsorbent and the adsorbed molecules
becomes negligible i.e. these water molecules are
termed as ‘free water’ which is available to
microorganisms. The energy required for removal
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of water during the drying process can be
estimated form the heat of sorption (i.e.Qy) data.

Finally, the Sy values obtained at the three
experimental temperature were plotted against
respective  moisture  content  experimental
temperature and the results, as shown by the net
isosteric heat of sorption (qy«) as depicted in Figure
4. Similar types of results have also been shown
elsewhere (Goula et al., 2008).

80 -
78
76 -
74 -
72
70
68 -
66 -
64
62
60 ‘ ‘ ‘ ‘ . T T . )
01 11 21 31 41 51 64 71 81 91

M (kg kg d.b)

qu (kT kg')

Figure 3. Variation of qy with moisture content.

0.27 4
0.26 -

/‘\
0.25 1
0.24 | e

% 023 \

= ;

) 0.22 - \

F 021
0.2 1
0.19 T T T T T T T T ]

0 1 2 3 4 5 6 7 8 9
M (kg kg'd.b)

Figure 4. Variation of differential entropy absorption sd
with moisture content.

Entropy — Enthalpy compensation theory

The plot of gy versus Sy was observed to
exhibit a linear relationship for casein as shown in
Figure 5. The value of isokinetic temperature
Tgand constant o were calculated from the linear
regression analysis and were found to be 315.9 K
and 2.893, respectively (r* = 0.983). According to
Gabas et al. (2000), in order to apply the
compensation theory, it is necessary that
calculated harmonic mean temperature Ty, should

differ significantly from Tj. In this work, the value
of Ty, obtained using eq. (12) was found to be
292.8 K, which is finitely different from the Tp
value.

Finally, as Ty > Ty, the water vapor sorption
onto casein could be said to be enthalpy driven
process.

Conclusions

Casein exhibited typical Type-II adsorption
isotherms with sigmoidal shape. For a given water
activity, the equilibrium moisture content was
found to decrease with temperature. The EMC
data was best interpreted in terms of GAB
isothermal model. The qy and S4 were calculated
using Clausius — Clapeyran equation and showed
negative dependence on moisture contents. The
enthalpy-entropy  compensation theory was
successfully applied on moisture sorption data
obtained for casein. The moisture uptake process
was found to be enthalpy driven.

100 -

20
85 4
80 4

y = 315.9x - 2.893
R? = 0.983

75 1

et ( kJ kg)

60 T T
0.2 0.22 0.24 0.26

Sqtkd kg™')

Figure 5. Sd versus gy, plot to test the compensation
theory.
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