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Experimental data obtained for the equilibrium moisture content of 11
materials by the dynamic method provide a basis for an analysis of
the hygroscopic properties of foodstuffs, Equations of the sorption and
desorption isotherms are given,

F¥oodstuffs are capillary-porous colloidal materials
and their interaction with moisture in the hygroscopic
region depends on the molecular interaction of the
material withthe surrounding moist air. The mechanism
of this action and the way in which moisture is bound with
the material are different for different materials. In
practice the removal of moisture requires the expendi-
ture of heat to overcome the energy of binding of the mois-
ture withthe material and to evaporate the moisture. H
Hence, the classification of the ways of binding of mois-
ture withmaterials inthe hygroscopic region is based on
the evaluation of the binding energy {1]. The moisture-
binding energy for a particular specific moisture content
is calculated from the sorption and desorption isotherms.

An isolated system consisting of a material and
damp air tends to the most probable and unique state—
thermodynamic equilibriuma—which is characterized by
the equality of the factors affecting the rate of the
process in the whole system: the temperature and
water vapor pressure. In equilibrium the temperature
of the material becomes equal to that of the surround-
ing air and the partial pressure of water vapor above
the material is equal to the partial pressure of water
vapor in the surrounding air. With such a system we
can, of course, have cases where the material ab-
sorbs moisture from the air and becomes moist
{sorption process) [2] or, conversely, gives up mois-
fure to the air and becomes drier (desorption pro-
cess). The direciion of the process depends on the
initial moisture content of the material. It is obvious
that the equilibrium moisture content of the material
characterizes its hygroscopic moisture capacity.

Numerous investigations have shown that the equi-
librium moisture content of a particular material de-
pends on the relative humidity of the air ¢, the tem-
perature, the direction of the process (absorption or
desorption of moisture), and other factors [3,4].

It is impossible at present to obtain an analytical
relationship between the bound moisture and the rela-
tive humidity of the air in the whole range of ¢.
Hence, the collection of experimental data on equi-
librium moisture content is of great importance in the
theory and practice of drying of foodstuffs [5, 6].

In fact, the removal of hygroscopic moisture from
a material requires the expenditure of heat to over-
come the moisture binding energy and to evaporate
this moisture. For a material with a given moisture
content the binding energy is

E=-—RTIng.

The specific mass capacity of a material in the
hygroscopic region is determined from the isotherms.
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Fig. 1. Isotherm of potato crackers at T = 313° K
(drawn from mean points).

An investigation of the families of isotherms ob~
tained at different temperatures can provide the value
of the thermogradient coefficient. From the amount of
adsorption-bound moisture (the moisture of the mono-
molecular layer) determined from the isotherms, the
specific surface of the solvent for water can be cal-
culated with a known degree of accuracy. Finally, the
sorption and desorption isotherms are used to deter-
mine the optimum storage conditions for the product.

Hence, a complete understanding of drying and
moistening processes, the practical accomplishment
of these processes, and the choice of the optimum
drying conditions and the parameters of the drying
agent require a complete investigation of the sorption
and desorption isotherms.

The most common way of determining the equilibrium
moisture content up till now has been the tensimetric
method with solutions of salts and acids. It should be
noted, however, that the long duration of the experi-~
ment renders the tensimetric method unsuitable for
the majority of foodstuffs, since a moist product is
destroyed by mold long before equilibrium is attained.

In the drying laboratory of Odessa Technological
Institute of the Food and Refrigeration Industry a
great deal of experimental work has been done on the
equilibrium characteristics of foodstuffs. A special
apparatus for determining the equilibrium moisture
content by a rapid method is used (a flow of air is
used and the time required is 8—12 hr).

Figures 1 and 2 show the desorption isotherms of
eight foodstuifs: crackers—a product cbtained by dry-
ing potato puree concentrate with starch and flavoring
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additives, dogberries, apricot kernels, peppercorns,
peas, carrots, persimmon, and garden beet—pro-
ducts which are dried by convection.
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Fig. 2. Desorption isotherms: 1) dogber-
ries, T = 293° K; 2) apricot kernels, T =
= 293° K; 3) peppercorns, T = 303° K;
4) peas, T =298° K; 5) carrots, T =
= 293° K; 6) persimmon, T = 303° K;

7) garden beet, T = 293° K.
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As the graphs in Figs. 1 and 2 show, the isotherms
are asymmetric S-shaped curves which differ from
one another not only in slope, but also in shape. The
points marked in Fig. 1 are for different series of
experiments, which illustrates the good reproducibil-
ity of the results of the rapid method.

The different shape of the different parts of the iso-
therms illustrate the different ways in which moisture
is bound with the material. All the isotherms are
drawn to pass through the origin. It is very difficult to
investigate the relationship on this part of the iso-
therm and, hence, researchers produce the isotherms
to the origin rather arbitrarily, assuming that when
@ = 0, we = 0, irrespective of the temperature. This
arbitrariness stems from the fact that it is very dif-
ficult to distinguish between removable water and
chemically bound water. This region characterizes
the adsorption-bound moisture of the monomolecular
layer—the most tightly bound moisture. The amount
of this moisture can be used to calculate the surface
of the sorbent for water. According to Filonenko's
suggestion, the adsorption-bound moisture of the
monomolecular layer is given by the moisture con-
tent wy—the point of intersection of the produced lin-
ear part of the isotherm in Fig. 1 with the axis of
equilibrium moisture content. Each isotherm has a
linear portion. It is most distinct in the case of apri-
cot kernels and terminates at ¢ = 75%; it is less dis-
tinct in the case of apples where it terminates at ¢ =
= 30%. The linear part of the isotherm characterizes
the binding of moisture by sorption and the formation
of polymolecular layers, but the capillaries are still
not filling up with moisture. The end of the linear por-
tion is characterized by the values ¢m and wm. Be-
ginning at these values the isotherm turns sharply to
the right even with a very slight increase in ¢. The
relationship between the equilibrium moisture con-
tent and the relative humidity of the air on this part of
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the isotherm is of a legs definite nature. It is diffi-
cult to determine experimentally the maximum hy-
groscopic moisture content of materials which swell
to a limited extent and it can be obtained only by
extrapolation of the curve. The isotherms actually
turn to the right and do not intersect the line ¢ = 100%.
This can be attributed to the fact that at ¢ = 100% the
water vapor pressure over the material must be equal
to the vapor pressure over pure water. Bound water,
however, is not pure water, but a solution with pro-
perties which differ from those of pure water. Hence,
the water vapor pressure over the moist material

will always be lower than over pure water. In view of
the indefinite nature of the relationship, most research
workers terminate the isotherms at ¢ = 85-90%.

The upper curvilinear part of the isotherm char-
acterizes the moisture bound by capillary and osmotic
forces, and by wetting water, the relationships govern-
ing the retention of such water are extremely in-
definite. This end effect is characterized by a great
scatter of the points at ¢ > 85%.

The equilibrium moisture content depends to a
lesser extent on the temperature. This relationship
has received little study, especially in the case of
foodstuffs. The equilibrium moisture content of most
foodstuffs decreases with increase in temperature.
Figure 3 shows families of isotherms for four pro-
ducts: potato crackers, apricots, apples, and plums.
As the graphs show, the variation of the equilibrium
moisture content with temperature is different even
within one isotherm. This difference is most pro-
nounced in the region up to ¢ = 80%. For ¢ greater
than 95% the curves practically merge.

Since the curves sometimes cross at the top, this
means that the equilibrium moisture content is great-
er, and not less, at higher temperature. This can be
attributed to the fact that at temperatures above 330°
K and high air humidity the material begins to be
affected by the heat, which alters its structure and
hygroscopic properties.

The degree to which the equilibrium moisture con-
tent depends on the temperature is different for dif-
ferent materials and varies over awide range. In Fig.
2, curve 1 for dogberries corresponds to three tem~
peratures (293°, 313°, and 333° K). As the graph
shows, temperature has practically no effect in this
case.

The sorptive properties of materials depend on
their structure, which depends in turn on the pro-
cessing [8]. Hence, the same raw material can be
used to give products with different prescribed sorp-
tive properties, as is done in the building materials
industry, etc. It is obvious that the identity of the iso-
therms indicates similarity of the structures of the
matetials.

The equilibrium moisture content depends least of
all on whether it is reached by sorption or desorption.
The effect of the direction of the process is mani-
fested in sorption hysteresis and the sorption and de-
sorption isotherms do not quite coincide. The most
likely of the numerous explanations of the hysteresis
is that which attributes it to the irregular nature of
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Fig. 3. Desorption isotherms: a) Potato crackers (1—293; 2—303;

3—313; 4—323; 5—333°K); b) apricots (1—293; 2-—313; 3—333°K;
¢ and d) apples and plums (1-293; 2—313; 3—333; 4—353°K).

Values of Coefficients k, a, B, and wy, for Isotherms of Some

Foodstuffs
2 We] in range | Wej] in range
g 0-om Ym¥max
Material g F I —_— P w,, {sotherms
g
[
[
Dogberries 293 | 40 (50 1.9 60 45 1.75/ Drawa through
mean points
Apricot kernels 293 | 30 10 6 48 45 10.4 | Desorption
Peppercorns 303 | 20 6.95| 8.4 58 55 | 10.8 | Desorption
Peas 298 | 25 7 7.4} Bl 55 11.4 | Desorption
Carrots 203 | 5 8.2 17 80 35 9.5 | Desorption
Persimmon 303 , 20 7.2 17 70 35 7.7 | Desorption
Garden beet 293 | 40 6.9 9 47 50 13.0 | Desorption
Potato crackers 293 | 15 4.78 | 12.92] 51 65 16,1 | Desorption
Apricots 293 | 17.5 | 3.55 | 22 75 40 | 16.2 | Desorption
Apples 293 | 32 8.5 17.6 | 75 30 7.2 | Desorption
Plums 293 | 13 3.77 | 20 75 30 12.8 | Desorption
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the process. Hence, some researchers draw the iso-
therms through the mean point.

Figure 1 shows the isotherm for potato crackers
drawn from points obtained by sorption and desorption.
It is obvious that it is difficult to separate points ob-
tained by the dynamic method of determining equilib-
rium moisture content.

We have already pointed out that the isotherms
represent a complex relationship between the equi-
librium moisture content of a material and the degree
of saturation and temperature of the air. The way in
which moisture interacts with a material is different
at different stages. Hence, it is difficult to represent
the isotherm by one equation. According to Filonenko's
suggestion the isotherm can be divided into two parts
(Fig. 1): 1) from w; to wiy; 2) from wy, upward.

The part from 0to w; is of limited practical im-
portance and is excluded trom the analysis. The value
w, characterizes the adsorption-bound water of the
monomolecular layer. The linear part from w; to wyy,,
which represents the sorption-bound water, is given
k7 the equation

_ate M
wp1~ L .

The coefficient k characterizes the temperature
dependence of the equilibrium moisture content on this
part. For different materials this dependence is dif-
ferent:

for crackers k= 4.75 -+ 0.00075 £, (la)
for apricots £ ==3.44 4-0.00025 £, (1b)
for apples k=82 4 0.00075 7, (1c)
for plums % = 3.64 + 0.00035 /2. (1d)

The curvilinear portion from wy; upward, which
represents capillary-bound and osmotic water, is
described very accurately by Filonenko's equation:

_ Blo—g)
I R @

On this part of the isotherm the temperature depend-
eunce of the equilibrium moisture content is character-
ized by the coefficient B. It is obvious that the value
of wy,, also depends on the temperature:

for crackers

B =13.4—0.00122 £, (2a)
w, = 18.8—0.135 . (2b)
for apricots
B =23-—0.057 (2¢)
w, = 17.7—0.736 ; (2d)
for apples
B ==18-—0.000125 £, (2e)

w, = 8—0.04¢ (21)

m
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for plums
B =20.4--0.001 2, (2g)
w, = 14.4 —0.075 1. (2h)

The table gives the values of the coefficients k, a,
b, B, and also the values of wy, for the isotherms of
some foodstuffs.

The collection of experimental data of sorption
isotherms at different temperatures will help to es-
tablish quantitative and qualitative relationships be-
tween the coefficients k and B on one hand, and the
temperature and physicochemical properties of food-
stuffs, on the other.

NOTATION

we is the equilibrium moisture content of material
on dry weight basis, %; ¢ is the relative humidity of
air, % or fractional; w, is the moisture content char-
acterizing adsorption-bound water of the monomolec~
ular layer; wy, and ¢y, denote the point on the iso-
therm representing the upper limit of linear relation-
ship between wg and ¢; a and b are constants for
isotherms; k and B are temperature-dependent coeffi-
cients in equations of isotherms; E is the moisture
binding energy; R is the universal gas constant; t is
temperature.
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