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Water binding is frequently cited as the cause of water activity (a,,) depression in aqueous solutions and food systems. Thermody-
namic arguments indicate, however, that a,, is lowered by solutes primarily because of the entropy of mixing. The depressions of
a,, in ideal solutions comes about because of the dilution of the solvent by the solute. Deviations from Raoult’s Law occur because
attractive or repulsive forces allow formation or disruption of molecular clusters between solvent molecules or between solvent
and solute molecules, a type of binding in the general sense. This type of water binding can be quantified from the magnitude of a,,
depression and the extent of deviation from Raoult’s Law. No universal correlation between a,, and bound water may be obtained,
however, since each solute has its own characteristic water binding.

Introduction

The search for a meaningful definition of a bound water has
persisted because of the notion that at low values of a,, not all
water is «available» for processes such as microbial growth,
chemical reactions, or mass transfer. The portion «unavail-
able» for various types of processes has been labeled bound
water. Since these processes differ markedly, it is not surpris-
ing that the various determinations of bound water do not
consistently agree. The word bound connotes only restraint,
a concept which is sufficiently vaque to encompass not only
chemical bonding but all manner of interactions including
physical entrapment. These various states of water in foods
have been discussed in several recent review articles (15, 16,
18).

Intuitively or operationally defined subsets of water need not
be selected as bound water. Greater clarity is afforded by
defining bound water in terms of average properties of all
water within a system. Specifically, the observed water activ-
ity, a,, best reflects the average thermodynamic state of
water. This paper discusses the ways in which water binding
may affect the observed a,. This logically leads to a defini-
tion of bound water based on a,, an easily measured ther-
modynamic property. Furthermore, arguments based on
thermodynamics are presented to demonstrate that water
binding is not a strict requirement for a,, depression.

Results and Discussion

The cause of depression of water vapor pressure in solutions,
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i.e., the depression of a, below 1, may be determined by
considering either the thermodynamic consequences of the
condition of equilibrium or the statistics of mixing two or
more components. ’
For a multicomponent system at equilibrium the Gibbs-
Duhem relation applies:
Zxdw; =0 Equ.[1]
where x; = moles of component i and y; = chemical potential .
of i.

Specifically, by expressing |; in terms of activity, a;, in Eqn
[1], a two-component system at equilibrium must obey the
following:

n;d(Ina;) = -n,d(lna,) Eqn.[2]
Integration of Eqn. [2] may be used to compute the activity
of one component in a binary solution from values of the
activity of the other over a range of mole fraction (11). The
solute activity in a solution of mole fraction 0 is also 0, and
the solute activity would have to remain equal to O at all
concentrations in order for a,, to remain 1. If the solute activ-
ity is to assume a nonzero value and increase with mole
fraction, then a,, must decrease. The depression of a,, can be
argued strictly from thermodynamic considerations without
having to postulate mechanisms.

The statistical derivation of the free energy of mixing of an
ideal solution has been outlined by WALL (27) and HILL
(14). An ideal solution will have, by definition, no binding,
and AH,,;, = 0 and AV, = 0. By calculating the number of
ways of distributing two classes of distinguishable but equiv-
alent molecules over a lattice of possible locations, one finds
that the entropy of mixing is:
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ASnix = —RZIny(N;) Eqn.[3]

with N; = mole fraction of component i. Since AH;;; = 0,

AGry = RT Zn(Ny) Eqn. [4]
but

AGp = ?ni[lli_u?] Eqn. [5]
Thus,

In(N;) = In(a;) Eqn. [6]
and

N; = a Eqn.[7]

which is a statement of Raoult’s Law.

Both of the preceding analyses of the nature of a,, depression.

in solution speak for the view that a,, depression is primarily
the result of dilution, rather than binding, of water by solute.
This same conclusion was expressed by ANDREWS (1).
Two consequences of this view are immediately apparent:
(A) The word “humectant” is an unfortunate choice for
describing solutes in food systems. Regardless of whether
water binding occurs, solutes depress the a, of the water
within a food. Therefore, they permit a higher equilibrium
moisture content for the entire food system at a specified a,,
than if they were not present. (B) Since a, is depressed by
solutes regardless of their water binding properties, a univer-
sal one-to-one correlation of bound water and a,, is impos-
sible. That is, a measurement of bound water in some
unknown sample cannot be used to calculate the a,, of that
sample without additional information.

Definition of bound water in terms of deviation from ideal
behavior

One might imagine that water binding by solutes should
affect a,, in some manner, even though it is not the primary
cause of a, depression. Numerous experimental techniques
have measured hydration of solutes (5, 21, 23) and the
results indicate that solutes have coordinated, or complexed,
water molecules. Real solutions generally show deviations
from Raoult’s Law, indicating preferential interactions
between species in the mixture as well as differences in
molecular dimensions (13). These deviations from Raoult’s
Law provide the basis for a definition of bound water which
is not purely operational (e.g., unfreezable water) but sub-
ject to unambiguous measurement.

The definition of bound water proposed here is based on the
properties of the entire system and refers to the average
interaction of all water molecules with solute molecules. Cal-
culation of the magnitude of this average interaction may be
performed by assigning the deviation from ideality to a
change in the quantity of solvent water, as though some
water were a structural part of the solute species. Raoult’s
Law may be written in the usual manner, except for the use
of an effective molal concentration of solute, m’, instead of
the true molality, m. The change from m to m’ results from
the hypothetical change in solvent water content, or
“binding”

55.51

& =555+ m Eqn. 8]
m' = 10(;2 m Eqn. [9]

where X = g free (solvent) H,O/kg total H,O

B = 1000—X = g bound H,0/kg total H,O Eqn. [10]
or
B, = (1000—X)/(18 m)

= mol bound water/mol solute Eqn.[11]
or
B,—(1000—-X/mM = g bound water/g solute Eqn.[12]

where M = molecular weight of solute

There have been other attemps to treat nonideal aqueous
systems with a modified form of Raoult’s Law. For example,
“semi-ideal” behavior was proposed by SCATCHARD (24)
and again by STOKES and ROBINSON (26) to calculate
average hydration numbers for sugars and polyols. In these
two cases the best average hydration numbers were fit to
data at all a,, values. The present formalism does not presup-
pose one value for bound water, or hydration, but
emphasizes the total bound water level at any given a,,.
Raoult’s Law was also proposed as part of a mathematical
description of the sorption isotherms of polymers (12). The
water-polymer system was divided into free water, free poly-
mer, and various polymer hydrate species (only the monohy-
drate was used in practical application). In order to account
for non-ideality, the experimental sorption data was fit by
calculating an “‘effective molecular weight” and two other
constant terms.

The interpretation of non-ideality proposed here, and those
other interpretations mentioned above, do not rely on the
use of activity coefficients. One may account for deviations
from ideality by means of the activity coefficient of water, vy,
which, when multiplied by the ideal Raoult’s Law expres-
sion, gives the true a,, of a non-ideal system. Although the
use of v, is conceptually attractive for dealing with non-
ideality, and a clear relationship exists between v,, and By,
the use of B, allows for quantitating a certain amount of
water which may be called “bound.” Bound water in this
formalism may thus be compared with that derived from
alternative formalisms or from experiment.

Bound water in solutions

Tab.1 lists the results of calculations for common solutes.
The a,, data at 25°C for sucrose and NaCl were obtained
from ROBINSON and STOKES (21), the data for glucose
from STOKES and ROBINSON (26). The calculated values
of B, do vary with concentration, but to a much greater
extent with the electrolyte than with the two sugars. Similar
behavior was observed in calculations for other non-electro-
lytes including polyols and sugars. Comparison of the by
values for non-electrolytes with experimental hydration data
indicated fairly good correlation. For example, STEIN-
BERG and LEUNG (25), using wide-line NMR, found 6.2
mol H,O bound per mol sucrose and a much smaller,
unspecified amount bound to glucose. Experimental values
for hydration of NaCl have ranged from about 0.5 mol/mol
to 72 mol/mol (23), which result from the strong concentra-
tion dependence indicated in Tab.1.

The data for NaCl also show “negative hydration” at low
concentrations. In this formalism, ‘‘negative hydration” sim-
ply means a positive deviation from Raoult’s Law. Neverthe-
less, “negative hydration” has been discussed by
SAMOILOV (23) and others (e.g., ref. (19) on the basis of
experimental evidence for the disruption of water structure
by certain ions. Ions which are “structure breakers” in the
nomenclature of FRANK and WEN (10) tend to show




“negative hydration” experimentally. Both Na* and Cl~ are
on the borderline between structure making and structure
breaking; the change in sign of B,, with concentration may
reflect a concentration-dependent change in their relative
contributions to water structure.

B, values for other salts containing ions with “negative hy-
dration” are listed in Table 2. Again, the negative values of
B, are highly concentration-dependent. Experimentally
(i.e., by studies of self-diffusion of water and by the tempera-
ture-dependence of ion mobilities), water molecules in solu-
tions of these salts are more mobile and have faster exchange
rates than molecules of pure water (23). Quantitation of this
effect has been reported in terms of interaction energy,
rather than hydration number, but the results of Samoilov
correlate well with the B, values shown in Tab.2. The
experimental observation of ‘negative hydration” results
from measurement of bulk properties, just as the calculation

Tab.1 Bound water in solution of common solutes?

Molal B, (mol H,O/mol solute)
concentration
Sucrose®  NaClb Glucose©
0.5 4.84 —8.58 -
1.0 4.99 —2.85 1.54
2.0 4.91 0.51 1.79
3.0 4.63 1.78 1.84
4.0 4.28 2.41 1.80

2 Calculated from sorption isotherms by means of Eqn.
[8]-[11].

ba,, Data from ROBINSON and STOKES (ref. 21)
¢a,, Data from STOKES and ROBINSON (ref. 26)

Tab.2 Bound water in solutions of salts with “negative
hydration”

Molal B,, (mol H,O/mol solute)?

concentration y CaCl  Csl CaNO,
0.5 895 —16.03 —1687 —26.87
1.0 347 —829 —11.17 -—19.14
12 —251  —6.85 —777 —17.55
1.4 174 =575 —667 —16.51
2.0 —028 —342 —462 -

3.0 +078  —155 —3.03 -

?a,, Data from ROBINSON and STOKES (ref. 21),
calculation according to Eqn. [8] -[11]a

Tab.3 Bound water calculated from protein isotherms?

Serum albumin (-Lactoglobulin Salmine
ay Wb B,® A B,* wh b,

0.1 435 435 . 354 354 535 5.33
0.3 810 809 696 6.94 8.16  8.06

05 1080 1077 1090 10.86 15.40 15.18
07 1624 1618 1547 1535 27.60 27.07
09 2870 2846 2825 2779 6670 64.67
095 3570 3519 3920 3824 113.00 108.72

2 Isotherms reported by“BULL (ref. 6) calculations according
to Eqn. [8]=112].

®W = total moisture, g H,0/100 g protein

‘B, = bound water, g H,0/100 g protein.

of By, refers to the entire solutions, just as the calculation of
B,, refers to the entire solution and not a subset of water
molecules.

Negative values of hydration have no physical significance on
a molecular level. Pure water is highly structured because of
extensive hydrogen bonding, which produces clusters of
water molecules. This structure accounts for many unusual
properties of water in comparison to homologous com-
pounds (e.g., low vapor pressure, high viscosity). In such an
environment of highly polar solvent, all charged species must
have an inner hydration shell of tightly bound water
molecules. However, the region just beyond the inner hydra-
tion shell must be disoriented in comparison to bulk water
(10). Since the value of B, (and Samoilov’s interaction
energy) refers to an overall mean value for water molecules
throughout the system, a negative B,, implies a dominant
role for the outer, disorganized hydration shell.

One may conclude from the foregoing calculations that by
taking the extent of deviation from Raoult’s Law as a meas-
ure of bound water, one arrives at calculated values for By,
which are reasonable when viewed as an indication of the
average structure of water in a mixture compared to the
structure of pure water. That is, bound water is related to the
magnitude of a,, depression, not the fact. A second point,
considered in greater detail below is that for each solute
considered (including many others not reported here) the
calculated values of B are dependent on concentration, or a,,.

Water bound to macromolecules

The bound water formalism can be extended to larger
molecules, specifically proteins. As KUNTZ and KAUZ-
MANN (17) have explained, there are no apparent discon-
tinuities in the properties of protein-water mixtures over the
entire range of moisture content. Thus, even at very low
moistures, such systems may be viewed as highly concen-
trated solutions. As such, they are amenable to calculations
of B, as long as the molecular weight is known. It may be
shown, however, that in heterogeneous proteins the number
average molecular weight is required.

Tab.3 lists the data of BULL (6) for three representative
proteins. Total moisture content is labeled W, and B, is
bound water. Molecular weights were: Salmine 8000 daltons
(20), bovine B-lactoglobulin 36 800 (28, and serum albumin
69000 (28). The higher molecular weight species have no
appreciable “free moisture” below a,, 0.9-0.95, the point on
the sorption isotherm where moisture content begins its
steepest rise. The limit of detection of freezable water by
DSC or DTA is also frequently found to be in that same
range of a,, (9.22). Thus, calculation of B, by the Raoult’s
Law formalism again yields results which are reasonable in
light of experimental measurements.

Calculation of sorption isotherms for proteins solely on the
basis of selecting an appropriate value for bound water and
using Equ. (8)-(12) should now be possible. With the
hypothetical isotherm labeled B, = 0 on Fig.1, in which the
molecular weight has been chosen to be 20000, up to a,, 0.90
there is virtually no moisture content at equilibrium. A
higher molecular weight would shift the onset of moisture
sorption to even higher a,,. In the limit of infinite molecular
weight, no moisture would be sorbed at all until a,, 1.0, at
which point the moisture content in all systems is undefined.
If a value for B, of 25 g/100 g solids were selected and the
isotherm were computed for the 20000 dalton protein, the
value of Q at a,, 0 would be 25 g/100 g. The isotherm would
approach 25 g/100 g asymptotically, in sharp contrast to the
normal shape of protein isotherms. From previous calcula-
tions for low molecular weight solutes, one may hypothesize
that B, varies with a,, perhaps linearly. In other words,
B, = B° a,,. The remaining isotherms in Figure 1 were com-
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Fig.1 Isotherms calculated by Raoult’s Law, Eqn. [8]-[12],
for a hypothetical protein of 20000 daltons. Bound water was
assumed to depend on a,,: B, =B°a,,.
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Fig.2 Calculated and experimental isotherms for p-lactog-
lobulin. Solid circles are experimental data points of BULL
(ref. 6). Open circles are two B° = 55g/100g. The solid line is
a composite calculated isotherm in which B° varies linearly
with a,, from 22 to 55/100g between a,,0.75 and 1.0.

ISOTHERMS FOR B-LACTOGLOBULIN
60 CALCULATED AND EXPERIMENTAL

w

Fig.3 Calculated and experimental isotherms for serum
albumin. The solid line was computed by letting B° vary
linearly with a,, from 23 to 40g/100g between a,,0.70 and 1.0

puted in this manner, for various selections of B°. These
isotherms are more nearly representative of the usual shape
for isotherms of proteins and many other food components.
DOLE (8) addressed the problem of moisture sorption by
polymers with a statistical mechanical treatment involving
binding constants (c;) for the various layers of sorbed water.
A linear relationship between B, and a,, is equivalent to a
harmonic decrease in ¢; (i.e., ¢; =1 ¢;) in Dole’s notation.
One conclusion from this treatment of sorption isotherms is
that an experimental measurement of bound water can give
B° only at a,, 1.0, which will never be obtained in solution.
Therefore, measurements of bound water should be reported
for a specified a,, or osmotic pressure. The variability of pro-
tein hydration determinations may in part reflect the lack of
uniformity of a,, of the protein sample from one study to the
next.

The isotherms of most proteins are approximately linear in
the low and intermediate range of a,, and B, is also linear
with a,, in that range Tab. 3. The slope of the plot of B, vs a,,
is B°, which may then be used to compute the entire
isotherm. Fig.2 shows the results of a calculation for bovine
B-lactoglobulin, with B° =22 g/100 g. The experimental
data (6) fit with the calculated points reasonably well up to
a,, 0.75, but deviate markedly thereafter. On the other hand,
if B>= 55 g/100 g, as obtained calorimetrically by BERLIN
et al. (2), only the very high range of a,, may be fit. The solid
curve between a,, 0.75 and 1.0 was computed by letting B
increase linearly from 22 g/100 g to 55 g/100 g over that a,,
range. By this procedure, the calculated isotherm fits fairly
well with the experimental isotherm.

A similar calculation for serum albumin is presented in
Fig.3. B at low a,, is 23 g/100 g; B at high a,, is 40 g/100 g
(17). The solid curve represents a linear increase in B® from
23 to 40 g/100 g over the a,, range 0.7 to 1.0

The apparent increase in B° may reflect swelling at higher
moisture content or some other conformational change that
allows greater contact between protein and water. In addi-
tion, the appearance of at least two conformational states, or
two limiting values for bound water, implies the possibility of
hysteresis: the higher value of B° may be retained on desorp-
tion if the expanded conformation does not immediately col-
lapse.

Independent evidence for at least a two-state model for
binding is limited and inconclusive. In studies of heat capac-
ity versus moisture content, the partial specific heats of
sorbed water and of protein were significantly different at
higher moisture contents than at low moisture (3, 7). Hys-
teresis between adsorption and desorption has also been
observed by partial specific heat measurement of whey solids
(4). Similarly, a significant change in AH of vaporization at
18 g/100 g for B-lactoglobulin and several other proteins has
been reported (2). The authors attributed the change in AH
to swelling.

Conclusions

1. Water activity depression in solution is not caused solely
by hydration of solute molecules, and therefore no universal
correlation between bound water and a,, is possible.

2. In systems where hydration does occur, water binding may
be defined in terms of deviations from Raoult’s Law. In this
manner, the correlation between water binding and a,,
requires the additional parameter of solute concentration.
3. Sorption isotherms for proteins may be approximated over
the entire range of a,, by means of Raoult’s Law and a value
for bound water which varies linearly with a,, at low a,, and
parabolically at high a,,.
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