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The theories of model soil colloids are developed in the
present work. The principal point of departure is thermo-
dynamics, and in the first section, an effort is made to
present a consistent system' of chemical thermodynamics
and pertinent related physical chemistry. The second sec--
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tion, the Gouy theory of the electrical double layer is re-
viewed and the theory is used to calculate ionic activities.
In the fourth section, ion-exchange equations based on vari-
ous models are developed. The significance of different
models for soil systems is-analyzed in relation to the avail-
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the thermodynamics of soil moisture. The emphasis
throughout is on the development of theory, and no effort
has been made to make historical or literature surveys.
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K. L. Babcock

Theory of Chemical Properties
of Soil Colloidal Systems
at Equilibrium'

INTRODUCTION

No sixGLE approach to the physical
chemistry of soil colloids has gained
acceptance in the literature. The ap-
proaches have varied from the assump-
tion that a suspension of clay particles
can be treated by the methods appli-
cable to homogeneous solutions, at one
extreme, to the concept of a soil-water
mixture as a two-phase system of in-
soluble solid particles in an aqueous
medium, at the other. In consequence,
the theoretical aspects of soil chemistry
are at present in a confused state.

The general basis for developing a
physical chemistry for soil colloids is
thermodynamics. It is a rather surpris-
ing fact that the logical structure of
thermodynamics itself has not been well
established. This lack is most strongly
felt when efforts are made to apply
thermodynamics to systems involving
variables other than temperature, pres-
sure and composition. It has therefore
seemed necessary to attempt a treat-
ment of chemical thermodynamics which
has a logical form suitable for applica-
tion to soil systems, and this attempt
forms Section I of the present work. The
method of treatment relies heavily on
E. A. Guggenheim’s book Thermodyna-
macs, an Advanced Treatment for Chem-
ists and Physicists (1949). However,
Guggenheim’s methods and viewpoints
have been modified in many ways.
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Throughout this monograph, the dog-
matic position has been taken that
purely thermodynamic formulas must
involve only macroscopic variables of
state. This classical dogma has often
been contested, but the present writer
feels that it must be retained if we are
to preserve the great certainty which is
attributed to the laws of thermody-
namics. The method of attack, then, is
to construct extrathermodynamic model
systems and from them deduce the
thermodynamic behavior of the model.
Since the thermodynamics involves only
observable properties, the theoretical
predictions can be directly compared
with experimental results.

One of the central problems in soil
chemistry results from the fact that an
extract must be made in order to deter-
mine the chemical characteristics of the
liquid phase in a soil system or in a sus-
pension of colloidal particles. That is,
one must filter, centrifuge or dialyze the
system in order to obtain an extract for
chemical analysis. This means that one
can only infer the state of the liquid
phase in the original system on the basis
of assumptions. Consequently, a large
part of this monograph will be concerned
with the theory of extracts. It is curious
that relatively little attention, theoreti-
cal or experimental, has been given to
this basic problem in soil chemistry.

[ 417]
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The sections in which the theory of
various model systems are developed
are closed with a brief dicussion of their
applicability to soil systems. These dis-
cussions have been intentionally kept
brief, and no effort to present a litera-

" ture survey has been made. Rather, in
the interest of brevity, only typical
papers are cited. The emphasis through-
out is on the development of the theory
of model systems.

Finally, the continuity of the theo-
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retical development of this monograph
must be stressed. For example, the ma-
terial on “other variables” in Section I
is essential to the treatment of Donnan
systems in Section II. Similarly, the
Donnan theory presented in Section II
is a prerequisite for the use of the double-
layer theory in Section III. The reader
is accordingly urged to read the mono-
graph as a whole, since individual sec-
tions, for the most part, will not be un-
derstood in isolation.



Section 1
PERTINENT PHYSICAL CHEMISTRY

A SYSTEM OF CHEMICAL THERMODYNAMICS
Basic concepts

In treatments of thermodynamies, one might expect to encounter first a system
of well-defined concepts and then clear statements of the laws in terms of these
concepts. This is not the case in most presentations. The attempt here will be to
establish a system of logically consistent definitions and then to state the First and
Second Laws of Thermodynamics as inductively proven generalizations in terms
of these definitions.

A difficulty arises at the very start. This difficulty has been clearly stated by
Kline and Koenig (1957):

The usual procedure in giving a statement of a principle is to define certain key terms which
are then used in stating the principle. Usually, these key terms cannot be defined with a satis-
factory degree of rigor. The whole process is then one which starts from vague qualitative notions
based on physical perceptions and proceeds by a stepwise process to a condition of relative exacti-
tude embodied in certain quantitative relations between well-defined symbols. One of the real
problems in the present case is that the two key terms employed, namely, ‘state’ and ‘property,’
have been defined only very loosely, even more loosely than is usually the case. An attempt is
therefore now made to improve these definitions.

The concepts of property and state are inextricably connected. Either can be defined quite
easily if the other is known. There are, therefore, five possible courses of action open: (1) define
either property or state and usc the definition in turn to define the other; (2) assume that either
one is known intuitively and use it to define the other; (3) define both together by successive
stages; (4) define both at once; (5) define each in terms of the other. Of these alternatives, (4) and
(5) are logically fallacious, and (3) is undesirable. In addition, there appears to be no adequate
definition for either state or property alone. The only remaining course of action open, and it is
not an altogether satisfactory one, is to assume that either state or property is known and then
to define the other in terms of it. In this case we shall assume that we understand the term prop-
erty in its general significance.

In line with this suggestion of Kline and Koenig we shall take the concept of a
property of a system as a point of departure and define a subclass called primary
properties as follows: A primary property is a property that has a numerical mag-
nitude directly determinable by experimental observations carried out at some
particular time. We may note, then, that the value of a primary property is inde-
pendent of the history of the system, and that primary properties may be extensive
(depending on the extent of the system), such as volume or mass, or intensive
(independent of the extent of the system), such as pressure or density. Now, the
state of a system is said to be defined when all of its primary properties have fixed
values. It follows that the magnitude of the increment of a property depends only
on the initial and final states of the system and not on the path of the change in
state.

We may now state an important experimental generalization: It is not necessary
to specify values of all primary properties in order to specify the state of a system.
For example, if we fix the temperature and pressure of one mole of gaseous oxygen,
all other properties of the system have determinable values and the state of the
system is fixed. This leads to a generalization called the State Principle, which is
stated by Kline and Koenig as follows: “For any system, there exists a positive
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integer n such that if n intensive primary properties are fixed, all other intensive
primary properties are fixed.”
Concerning the State Principle, we again quote from Kline and Koenig:

The State Principle is a fundamental postulate of thermodynamics in the same sense as are
the First and Second Laws. It is not new; thermodynamicists have understood these facts for
many years. However, it has been employed tacitly rather than explicitly in the vast majority of
cases. No exposition of it appears to have been published previously in any form. Like the First
and Second Laws of Thermodynamics, the State Principle cannot be deduced from any other
fundamental macroscopic postulate, nor can it be proved by any other deductive means. Its sole
proof lies in the fact that the principle and all of its deductive consequences are in accord with
laboratory observations.

The existence of the State Principle means that if p is any intensive primary
property we can find relationships of the type

Pri1 = f(p1, P2, -+ * Dn)

Any such equation is called an equation of state, and the p; - - - p, are called state
variables. In addition, if one extensive property is specified, the size of the system
is determined.

An additional subgroup of properties may now be defined: A macroscopic property
is any primary property or other properties defined in terms of primary properties.

The concept of an zsolated system is fundamental to thermodynamics. By an
isolated system we mean a system which is in such a condition that no change in
its state can be produced by interaction with surroundings. (Such a system is con-
tained in rigid, insulating walls in the absence of long-range forces.)

We are now in a position to deal with equilibria. Equilibrium has been defined
in many ways. This is perhaps the simplest definition: Any system which is in a
state of rest, that is, whose properties do not change with time, is said to be in a
state of equilibrium. Equilibria may be classified as follows:

I. Isolated systems

A. Complete equilibrium
Every homogeneous isolated system in a state of rest is in complete equili-
brium. A heterogeneous isolated system is in complete equilibrium if no
processes occur in its component parts when they are brought into isolation.

B. Incomplete equilibrium
A heterogeneous isolated system in a state of rest is in tncomplete equiltbrium
if processes occur in its component parts when they are brought into
isolation.

II. Systems in contact with surroundings

A. Complete equilibrium
A system in contact with surroundings (including external force fields) is
in complete equilibrium if it is in a state of rest and no processes occur when
it is isolated. This is also called internal equilibrium.

B. Incomplete equilibrium
A system in contact with surroundings (including external force fields) is
in tncomplete equilibrium if it is in a state of rest but processes occur when
it is brought into isolation.
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This classification of equilibria is essential for the form of the Second Law state-
ment we shall adopt.

The reversible process may now be defined: Any process which occurs in a system
which is only infinitesimally removed from any state of equilibrium is called a
reversible process. All other processes are called spontaneous processes.

Zeroth Principle

The Zeroth Principle of Thermodynamics is so called because like the State
Principle, it must logically precede the First and Second Laws. We begin by notic-
ing that, in general, when two separate systems which are in complete equilibrium
are brought into physical contact, changes occur until each attains a state of rest.
In such states of rest, the two bodies are said to be in thermal equelibrium. We now
follow Guggenheim’s statement (1949) of the Zeroth Principle: “If two systems
are in thermal equilibrium with a third system, then they are in thermal equilibrium
with each other.” All systems in thermal equilibrium must have a property which
has the same value, namely, the temperature.

The Zeroth Principle may now be used to establish a temperature scale. Let us
arbitrarily select a standard system which we will call a thermometer. We bring a
thermometer into thermal equilibrium with a large reference system and find the
relationship between the pressure and volume of the thermometer. The resulting
pressure-volume curve must be at constant temperature and it may be called an
isotherm. A temperature scale can now be defined by selecting a function of the type

t=fP,7V)

The only restriction on the function f is that it must be consistent with the
empirically found relationship between P and V. If, for instance, the thermometer
is a gas obeying Boyle’s Law, we find

P - V = constant (temperature constant)

We may then invent a temperature scale by means of any function:

t = f(PV)
The greatest convenience results if we use
t = K(PV)

where K is a constant. The size of the degree is arbitrarily fixed by assigning
K = 1/nR, where R is the gas constant and » is the number of moles. If, now, we
wish to measure the temperature of another system, we bring it to thermal equilib-
rium with our thermometer, measure P and V of the thermometer and use the above
equation to calculate 7. We will find later that this scale has more than arbitrary
significance. For the moment we note only that on this scale water freezes at
273.16°.

First Law

In order to state the First Law the adiabatic process must first be defined. We
again follow Guggenheim and state that a process is adiabatic if the system is con-
fined by insulating walls. Insulating walls prevent any change from occurring in a
system except by movement of the wall or as the result of long-range forces such as
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external fields. We next define a function called the internal energy by means of the
equation
AE = —w (adiabatic process) (1-1)

where F is the internal energy and w is the work done by the system on the sur-
roundings. The First Law is now stated: E is a property of the system. Thus, for
any change in state, AE is independent of process path.
Finally, for any process, we define a quantity ¢, called the heat absorbed by

system, as

qg=AE +w (1-2)
Thus,

AE = q —w (1-3)

is true by definition. While AE is independent of process path, ¢ and w in general
are not. Therefore, ¢ and w are not properties of a system.
It is very important to note that, for the adiabatic process in which the insulating

wall moves infinitesimally,
dE = —P.dV (adiabatic process) (14)

where P.. is the external pressure of the surroundings on the system, since w =
P.dV. If, but only if, the system and surroundings are infinitesimally removed
from pressure equilibrium, then P = P,, and the reversible work is

dE = —PdV (adiabatic process) (1-5)
where P is the internal pressure of the system,

Enthalpy and heat capacity
A convenient function called the enthalpy or heat content is now defined as

H =FE + PV (1-6)
Then, if the only work term is a reversible pressure-volume effect,

dE = q — PdV (1-7)
and

dE = q (V constant) (1-8)
Since

dH = dE + PdV + VdP (1-9)
we find that

dH = q + VdP (1-10)
and

dH = q (P constant) (1-11)

Thus, dH is the measure of the heat effect at constant pressure.
We next define two quantities called heat capacities as

oE

oH
<ﬁ)P =G, (1-13)

and
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It follows that dE = q = C.dT (V constant) (1-14)

dH = q = C,dT (P constant) (1-15)

Second Law

In commenting on his method of treatment, Guggenheim (1949, p. 3) states,

We have deliberately chosen to regard absolute temperature and entropy, just as we regard
pressure and volume, as two quantities both fundamental. We therefore do not attempt to de-
fine them in terms of other quantities regarded as simpler, for we do not admit the existence of
simpler thermodynamic quantities.

This point of view is adopted here. It is furthermore felt desirable to find a
statement of the Second Law which is as abstract as possible, since it is then most
useful. The Second Law, then, may be stated as follows:

For any system there exists a function called the entropy (S) which has the
following characteristics:

(a) It is an extensive property.

(b) dS = d:S + d.S, in which d;S is the internal entropy change and d.S is the
entropy change due to interactions with surroundings.

(¢) d.S = q/0 where 0 is the absolute temperature.
(d) di:S = 0 for every reversible change.
(e) diS > 0 for every spontaneous change.

A number of important corollaries to the Second Law can be found. We find
immediately from (b) and (¢) that for every change

(f) dS = ¢/ + d.S (every change)
From (f) and (d) we find

(g) dS = q/6 (reversible change)
From (f) and (e) we find

(h) dS > q/6 (spontaneous change)

Since ¢ = 0 for an isolated system, we find from (d) and (f) that

(1) dS =0 (reversible change, isolated system)
From (e) and (f) we find that

G d8 >0 (spontaneous change, isolated system)

It is now possible to formulate equilibrium conditions. In an isolated system,
dS = 0 for every reversible process. Since every reversible process is only infini-
tesimally removed from a state of equilibrium,

(k) dS =0 (equilibrium, isolated system)

For a system in contact with surroundings, we defined complete equilibrium as
a state such that it remains in equilibrium when isolated. Thus, a system is in
complete equilibrium if, when it is isolated, a small displacement gives dS = 0.
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This condition for equilibrium can be rendered more convenient by realizing that
every process in isolation must be at constant £ and V. Thus, for a system in con-
tact with surroundings a small displacement at constant £ and V gives the same
result as if the system were isolated. Therefore,

M dS =0 (E, V constant; complete equilibrium)

If the system is in contact with surroundings and in incomplete equilibrium, we
find from (g) that

(m) dS = ¢/ (incomplete equilibrium)
We notice that for a given change in state
q = 6dS (reversible path)
g < 0dS (spontaneous path)

Since dS is a property and independent of path, ¢ must be a maximum for the re-
versible path. Thus,

(n) qmax = 0dS (reversible path)

In other treatments of the Second Law, various combinations of propositions
(g) to (n) are taken as statements of the law. Here, (g) to (n) are regarded as
corollaries.

Finally, for reversible processes, ¢ = 6dS and w = PdV + w’, where w’ repre-
sents any additional work terms (called useful work), so that

dE = q —w
= 0dS — PdV — w’

From the equilibrium condition (1) we know that dE = dS = dV = 0 at complete
equilibrium, so that

(o) w =0 (complete equilibrium)

Hence, useful work cannot be done on the surroundings by a system in complete
equilibrium.
If a reversible process is carried on at constant £ and V in incomplete equilibrium,

6dS — w' =0
w = 0dS

and useful work can be done. In fact, at constant £, ¢ = w and it follows from
(n) that w’ is a maximum along the reversible path.

Temperature scale

For any system containing only one component the Second Law reads

dE = 6dS — PdV (1-16)
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By applying cross-differentiation formulas to this equation one may derive the
thermodynamic equation of state:

oF P
(6V)o h o(ao)v -F (1-17)
It follows that if (dE/0V)s = 0, then
P P
(ao)v =% (1-18)

This equation is satisfied only if P is proportional to 6 at constant V. However,
we have previously defined a temperature scale 7' such that, for a gas obeying
Boyle’s Law, P is proportional to 7. It is therefore convenient to define the perfect
gas as one obeying Boyle’s Law and for which (dE/dV)r = 0. Then both 7' and 6
are proportional to P and therefore they are proportional to each other. By selecting
the same size of degree, we obtain identical scales. The size of the degree is fixed
by specifying that ice melts at 273.16°.

Free energy
A useful function called the Gibbs free energy (@) is now defined as

G=EFE+ PV —-TS8 (1-19)
From the Second Law we find that, for reversible processes,
dE = TdS — PdV — w' (1-20)
Differentiating equation (1-19) and substituting equation (1-20), we obtain
dG@ = —8dT + VdP — v’ (1-21)
At constant 7" and P,
dG@ = —w' (T and P constant)  (1-22)

Hence, at constant 7" and P, dG is the negative of the reversible work done on the
surroundings except for pressure-volume terms. Furthermore, since the complete
equilibrium condition was found to be w’ = 0, we find that

dG@ =0 (T, P constant; complete equilibrium) (1-23)

This form of the equilibrium condition is frequently much more convenient than
the one involving entropy which was stated in proposition (1).

Composition variable

Thus far we have not obtained any formulas in which the composition of the
system explicitly appears as a variable. In dealing with variable composition, it is
convenient to define a number of quantities such that if X is any macroscopic ex-
tensive property of a system then

_ aX) B
X = (ani T, Pn, (1-24)

where n; is the number of moles of a given component in the system, subscript n;
denotes all other mole numbers held constant, and X is a partial molar quantity.
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A number of relations follow from this definition. The total differential of X at
constant 7" and P is

dX - (anl T.Pom,. . dnl + + an.» T, Piny dn1 +

0X
B ; <3ni>T, Ponj o
= > Xdn; (T, P constant) (1-25)

This equation can be integrated by supposing that all mole numbers in the system
be increased in proportion to themselves by a factor da:
dn; = nda
Since X is an extensive property, it follows that
dX = Xda
and thus equation (1-25) becomes
Xda = Y, Xmido
and
X =2 Xm; (1-26)
Differentiating equation (1-26) at constant 7' and P, we obtain
dX = 3 Xidn: + 2 ndX,
Comparison of this equation with equation (1-25) reveals that
> ndX; =0 (T, P constant) (1-27)
This important result is called the Gibbs-Duhem equation. If both sides of (1-27)
are divided by >_ n;, we obtain an alternative form:
D NdX; =0 (1-28)
in which the equation N; = n;/ Z n; is called the mole fraction.
A useful composition variable called the “molality of a solute’ is defined as the

number of moles of solute per kilogram solvent. Thus, for aqueous solutions,
m .

N; = mi (1-29)
where Y m; includes every solute species. For the water,
R T
where subscript w refers to water.
Substituting these equations into (1-28), we obtain
> - mdX; + 55.5dX, = 0 » (1-30)

These equations are of great utility since, if X i 18 known for one component of a
binary mixture, they may be used to calculate X; for the other.
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The Second Law is applied to systems in which the number of moles of material
is variable by expressing the total differential in the internal energy as a function
of S, V and the n;. Thus,

oE o o
= (), 0+ (), v+ 2, 0w

From equation (1-16) we find the first two partial coefficients (recalling that
0=1T):

oFE
< 3 S)V =T (n; constant)
oF
(6—17>s = —P (n; constant)
A quantity u;, called the ‘‘chemical potential,” is now defined as
oF
pi= <3ni> S, V., (1-32)
Equation (1-31) thus becomes
dE = TdS — PdV + X uudn; (1-33)

From (1-33) we find an expression for the free energy. First we recall that the
definition of the free energy is

G=E4+ PV -T8

Differentiating this equation and substituting (1-33), we obtain

dG = —8dT + VdP + 2 pudn; (1-34)
Dividing (1-34) by dn; at constant T, P and n; yields
G -
<6ni)7'. Ping ui= G (1-35)

Thus, the partial molal free energy and the chemical potential are equal to one
another.

We next find the equilibrium condition. Applying equation (1-25) to the free
energy we find that

dG = > Gn; (T, P constant) (1-36)
Furthermore, if more than one phase is present we must write

dG = 2.3 Gn; (T, P constant)  (1-37) A
a ¢

where the summation over alpha is a summation over the phases. However, the
equilibrium condition has been shown to be dG@ = 0 at constant T and P. Thus,

dG = 3, > Gun; =0 (T and P constant; equilibrium) (1-38)
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Now, imagine that dn; moles of the ith component are transferred between two
phases, A and B, which are in equilibrium:

dG = GAdn4; + GBdn®; = 0 . (T, P, n; constant)
But dnt; = —dn?®; and
G4, = Go, (1-39)
We might alternatively have written
udi = uB; (1-40)

Thus it may be said that in a system at equilibrium the chemical potential of each
component is constant throughout.

We next obtain an expression for the total differential in u;. Choosing 7', P and
n; as independent variables, we obtain

(o : @n_) (ai) | )
dui = <6T>P,n; ar + OP/ 7, n; P + o/ 1, pn; dn (1-41)

The various coefficients of this expression may now be evaluated. Dividing equa-
tion (1-34) by dT at constant P and n;, we find that

oG y
(1) - -s (142

Differentiating equation (1-42) with respect to n; at constant 7, P and n; we

obtain:
i[(&) ] _ _<a_S) _ _&,
an; L\OT/ pnidp 1on;, o/ p,T,n; ’

Since the order of differentiation is immaterial

f¢] G -
oT I:(ani>l°, T,n,-:|P,n,- = —5i

and
aG &
(aT )P,n. N —‘51
or
%) - _3. i
(aT o S (1-43)
By an exactly analogous derivation we also find that
%) = T _
().~ " -4
Using N; = n;/(n; + 2 n;), one may readily show that
o i> < o 1)
— dn; = | 5+ N 1-
<3’ni T, Pynj " N ; T,P.n,'d (1-45)

Substituting equations (1-43), (1-44) and (1-45) into equation (1-41), we find that

du; = —8dT + VdP + > (63$f>T . dN; (1-46)
4¥ g y Pynj
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In this equation, as in equation (1-41), the summation is only over the mole frac-
tion of chemical species whose mole number changes. The formal equations re-
quired for the solution of equilibrium conditions for cases of variable composition
have now been obtained.

The treatment of variable composition is completed by finding expressions for
work and heat. We have previously found that, if a process is reversible at con-

stant T and P, then dG@ = —w’, where w’ is the useful work. From equation (1-36)
we find that
> Gidn; = —w' (T, P constant; reversible process) (1-47)

The conclusion is that if a process involving a change in composition occurs re-
versibly at constant 7" and P, the system will do an amount of useful work minus
> Gudn; on the surroundings.
To obtain expressions for the heat effect it is convenient to write the First Law
in the form
dE = q — PdV — w. (1-48)

where w. includes all work effects beyond a reversible pressure-volume term. (w,
may be different from w’, since w’ is always reversible work.) Differentiating the
heat content equation, (1-6), and substituting equation (1-48), we find that

dH = VdP + q — w.
or
dH = q — w. (P constant) (1-49)

Thus, dH is not in general the measure of the heat effect. Another expression for
the heat content can be found by substituting equation (1-33) for equation (1-48):

dH = TdS — VdP + Y udn; (1-50)

It should be emphasized that, while this equation is derived by considering re-
versible changes, it nevertheless applies to any change in state since the change in
the properties of a system depend only on initial and final state. We also find that

dH = TdS + Y udn; (P constant) (1-51)

The heat effect for various process paths can now be found:
For a free-running chemical reaction at constant pressure, w. = 0, by definition,
and

dH = TdS + Y udn; = q (1-52)
Thus, dH measures the heat effect in this case.
For a reversible chemical reaction at constant pressure w, = — Z widn;, and
dH = q + > pidn; (1-53)
g = TdS (1-54)

Thus, T'dS measures the heat effect while dH does not.
For a chemical reaction in equilibrium, w, = —p_ udn; = 0, and

q = dH = TdS (1-55)
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SOLUTIONS
Nonelectrolytes

In order to apply the Second Law to solutions, it is convenient to follow Lewis
and Randall (1923) and define a function called the ‘“fugacity’ (f:) as

Gi=RTInf;+ B (1-56)

where B is an arbitrary constant. We may immediately conclude that, if B is chosen
to have the same value everywhere, the fugacity of a component is constant
throughout a system in equilibrium.

To find the significance of the fugacity, consider one component of a vapor phase
which behaves as an ideal gas. Then,

ini = RT
where p; is the partial pressure of the component. We also know that

G _

6pi

i

_ RT

D
so that integration gives the equation

Gi=RThp; +c

where c¢ is a constant of integration. If we make ¢ = B, we find f; = p; for every
ideal vapor. In every application to be made, taking the fugacity to be equal to
the vapor pressure results in a satisfactory approximation.

Raoult’s Law can now be stated in the following way: In every sufficiently dilute
solution, the fugacity of the solvent is proportional to its mole fraction. Thus,

fi = fN1 (1-57)

where f°; is the fugacity of pure solvent.
The behavior of the solute in dilute solution is found by applying the Gibbs-
Duhem equation, (1-28):
> NdG; =0 (1-58)

Letting subscript 1 refer to solvent and subscript 2 refer to solute, equation
(1-58) for a binary mixture becomes
NdG, + NxdG. = 0 (1-59)
Using equation (1-56), we find that
' G =RTInf:+ B
and

Gi— G =Rl'h 7111 (1-60)

Therefore, in dilute solution,
Gl - Gvol = RT ln N1 (1—61)
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and
an,

N,

Using the equation dN; = —dN, and substituting it into equation (1-59), we find
that

dG, = RT (1-62)

—RTsz + deG’z) =0
and
dN:
N,

Integrating from Ny’ to N,” over small values of N, (where Raoult’s Law applies),
we find that

dGs = RT

(1-63)

_ _ N,
Gy — G =RThn NZ'
However,
- - f 124
Gy — Gy = RT In “
fa
so that
N2II _ f2_ll
Nz’ f2l
This requires that in dilute solution the fugacity of the solute be proportional to
its mole fraction: fo = kN, (1-64)

Equation (1-64) is Henry’s Law and we conclude that, whenever Raoult’s Law
applies to the solvent, Henry’s Law must apply to the solute.
A useful function called the “activity’’ (a;) is now defined as

a: = ?’"_ (1-65)
where f°; is the fugacity in an arbitrarily defined standard state. We also define an
“activity coefficient” (A;) as ,

Y o No= (1-66)

In dealing with solutes in dilute solution we see from equation (1-29) that at
small values of m; the mole fraction and m; are proportional. Thus, in dilute

solution, fi = k'ma
Correspondingly, an additional activity coefficient may be defined for solutes as
aq
Y= (1-67)

The following characteristics of these functions may be noted immediately:

(a) The activity is always unity in the standard state.

(b) The activity is a ratio of fugacities and has no dimensions.

(¢) The numerical value of a; at a given composition depends only on the stan-
dard state selected.

(d) Since both a; and N; have no dimensions, \; has no dimensions.

(e) Since a; has no dimensions but m; is in moles per kilogram, v; has the dimen-
sions of kilograms per mole.
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The treatment is completed by selecting the standard state for the solvent by
means of the condition L om
lim — =1 (1-68)
N,-»1 N 1
Thus, A1 # 1 is a measure of the deviation from Raoult’s Law.
For the solute, a standard state is selected by either condition:

L ay ~
lim o, =1 (1-69)
lim 2 =1 (1-70)
ma>0 M2

Thus, X2 ## 1 or v2 # 1 is a measure of the deviation from Henry’s Law. Equations
(1-69) and (1-70) represent different choices of standard state and thus lead to
different numerical values of the activity. At extreme dilution we find from equa-
tion (1-69) that a; = N, while from equation (1-70) we find that a; = m..

Chemical reactions

It is convenient to represent a generalized chemical reaction by means of the
equation S vad — 3 vsB

which signifies that various numbers of moles »4 of reactants A form various num-
bers of moles v of products B. The free energy change for this process is

AG = vsGs — 2 vaGy (1-71)
Furthermore, if all components are in their standard states,
AG® = > vpGos — D vaGP4 (1-72)
Subtracting equation (1-72) from (1-71), we find that
AG — AG° = Y vp(Gp — G°8) — D wa(Gs — G°)) (1-73)
However, from equations (1-56) and (1-65), we find that
Gi — G = RT I a; (1-74)
so that
AG — AG®° = > vgRT Inas — Y vaRT In as (1-75)

This equation may be rewritten in the form
H(GB)E
H(aA)"A
where II denotes the product. Recalling that AG = 0 is the condition for equilib-
rium, we find that

AG — AG° = RT In (1-76)

(ap)™

Ao Jibri B
AG RT In T(a,) (equilibrium) (1-77)
Since AG° is independent of composition we may write
(ap)"
e =k 1-
- (@) (78
in which —AG° = RTInk (1-79)

and k is the equilibrium constant of the reaction.
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Solutions of strong electrolytes

The treatment of strong electrolyte solutions is begun by assuming that in very
dilute solution, Henry’s Law applies to individual ionic species. We therefore
select the standard state for the individual ions by means of the condition

lim & = (1-80)

An ionic activity coefficient is also defined as

a;
Yi =
) m;

so that v; = 1 at infinite dilution.

We next select a standard state for the electrolyte species which is consistent
with this choice for ions. If an electrolyte X dissociates into v, cations and »_
anions, the process may be represented by writing

X = V+X+ + V_X_.

We have already defined the standard states of the ions so that the standard state
for the electrolyte species may be chosen according to the formula:

G°x = v,G°xy + v_G°x_ (1-81)
This selection results in the equation
AG° =0 (1-82)
Thus from equation (1-79) we find that
k=1 (1-83)
and from equation (1-78) we find that

(@™ - (@)~ _ (1-84)
ax

It is next convenient to define the mean activity, mean activity coefficient, and
mean molality of the electrolyte as

ay = (a2 - ar) (1-85)
v+ = (vt )Y (1-86)
my = (my+ - m_o)t (1-87)

where v = v, + v_. Dividing equation (1-85) by equation (1-87), we obtain

ay _ [(a_+) <£—_>”‘]””
my my m_
= [y - v

= Y+
or
ay = yiMy (1-88)
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From equation (1-86) it is evident that since vy; and y_ go to unity at infinite
dilution, v also goes to unity at infinite dilution.?

In all purely thermodynamic formulations, it is the activity of the electrolyte
a. which appears, or combinations of ionic activities which reduce to a., since ionic
activities cannot be measured. The value of a, can be found either from a, or from
4+ and the molalities by means of the formulas

a; = (ay)’ (1-89)
Az = v - Myt - M (1-90)

Osmotic pressure

It seems desirable to include here a treatment of the osmotic pressure of aqueous
solutions, since it is a quantity which has found widespread application to soil
solutions. Furthermore, many textbooks have presented erroneous derivations of
the osmotic pressure equations.

Consider a system composed of two aqueous phases contained in an apparatus
which permits the pressure on either phase to be varied by means of pistons.
Phase I consists of a solution of nonelectrolyte and phase II contains pure water.
The phases are separated by a membrane, M, permeable to water but not to solute.

M
pl I II pll
Solute + Water
water
In general, water will tend to diffuse across the membrane when P! = PII,

However, this diffusion can be prevented by increasing the pressure on phase I
until G for the water is the same in the two phases. Thus, at equilibrium

G = G! (1-91)

where subscript w stands for water. The pressure required to establish equilibrium
is readily found from equation (1-44):

Gy _
P = Ve (1-92)

Letting P = P° be the standard pressure, we integrate the pressure of phase I
from P°, where G.. = G}, up to P!, where G, = G°,. Thus,

Gy Pol
j:_; 1 dGw = | Vo dP (1-93)

Assuming V,, to be constant,

G_wI - G-ow = _Vw(Pqu - Po) (1—94)

2 It should be emphasized that we have not chosen infinite dilution as the standard state, but
only as a reference state in which v_ is unity. In the standard state, a is equal to unity.
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Therefore, if a,! is the activity of the water at standard pressure P°,

_p = _1;377’ In ay! (1-95)

w

The osmotic pressure (II) is now defined as
= P! — P° (1-96)

The osmotic pressure is thus defined as the pressure that must be applied to a
solution to equilibrate the solution with pure water. Then,

= J—% In aut (1-97)
For dilute solutions of nonelectrolytes, many approximate forms of equation (1-97)
may be derived. We may first obtain II as a function of the solute concentration
by applying the Gibbs-Duhem equation in the form of equation (1-30):

55.5 dpy + msdus = 0 (1-98)

in which subseript S stands for solute. Therefore,

55.5dIn a, + mgdInas =0 (1-99)
s
_ m,sd In as q_
Ina, = . 555 (1-100)
Substitution of equation (1-100) into equation (1-97) gives
=75 5 V f m.d In ag (1-101)

For dilute solutions, as = ms and 55.5 V,, = 1, so that
II = mgRT (1-102)

The similarity between equation (1-102) and the ideal gas law is wholly without
significance.

An entirely analogous derivation for solutions involving strong electrolytes is
possible except that the Gibbs-Duhem equation must be written

55.5 duw + D midp; = 0 (1-103)
where the summation is over every individual ionic species present. We obtain
I = 555Vf > mdn a; (1-104)
In extremely dilute solution this becomes
II = RT > m; (1-105)

Principle of ionic strength

The data available for v, in mixtures of electrolytes are limited. This lack would
constitute a serious problem in dealing with soil solutions if Lewis and Randall
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(1923) had not discovered the principle of ionic strength. To state this principle a
new quantity called the ‘“ionic strength” (s) is defined as

s=1> 2m (1-106)

where z; is the valence. Thus, in a mixture of electrolytes, the ionic strength is
found by multiplying the square of the valence and molality, summing over every
tonic species present, and dividing the result by 2. The principle of ionic strength
then states: In dilute solutions, the mean activity coefficient of a given strong
electrolyte is the same in all solutions of the same ionic strength.

This principle is of great use in dilute mixtures such as soil solutions since the
mean activity coefficient of an electrolyte can be estimated from data obtained on
a single-salt solution. For example, assume that v.i(cac1,) data are available as a
function of molality (m) of the CaCl,. The ionic strength is

s =% [4m + 2m] = 3m

Thus, if we have a mixture of ionic strength (s) containing CaCl, then v.i(cac1,)
in this mixture may be estimated by finding v, in pure CaCl; at molality s/3.

Debye-Hiickel theory

The Debye-Hiickel theory will be presented here in some detail since it has much
formal similarity to the double-layer theory for colloids. Moreover, very similar
theories have been used to estimate ionic interactions in suspensions. This presen-
tation will not be rigorous, but will emphasize those aspects of the theory most
relevant for later work. (For a more detailed treatment, see Harned and Owen,
1958.)

The concern of the Debye-Hiickel theory (DH) is to calculate the activity co-
efficient of an ionic species in dilute solution. The first step is to write the relation-
ship between the ionic activity and the chemical potential:

Mi — /J.Oi = RT ln a; (1—107)

Further, the ionic activity coefficient has been so defined that it measures the
deviations from Henry’s Law with the result that

w; — p° = RT In yim; (1-108)

= RT Inv; + RT In m; (1-109)

That is to say, where Henry’s Law applies to the ions we find v, = 1, and |
pwi — 1% = RT Inm;

In the DH theory it is assumed that all deviations from Henry’s Law are caused
by electrostatic interactions between the ions. Thus, if u;(el) is that part of the
chemical potential which is due to electrostatic interactions we may write

;.u(el) = RT In Yi (1—110)

The problem then becomes to calculate u;(el).

A basic point of departure in the Debye-Hiickel theory is the concept of the ion
atmosphere. We imagine that a given ion in the solution can be singled out and
labeled the ‘“‘central ion.”” The other ions which surround this central ion consti-
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tute what is called the “ion atmosphere.” The Poisson equation is then applied
to this assemblage of the central ion and its atmosphere. This equation reads,

drp

2 = —
Vi D

(1-111)
in which ¢ is the electric potential, p is the charge density of a volume element of
solution, and D is the dielectric constant. It may be remarked in passing that the
Poisson equation is derived from the classical theory of electrostatics in which the
charge density may vary continuously. Thus, in the mere assumption that Poisson’s
equation can be applied, it has been assumed that the ions are point charges.

In spherical coordinates, equation (1-111) becomes

léz%>_jﬂ .
r2 9r (r o/ D (1-112)
Now, to apply this equation to the central ion and its atmosphere, it is assumed
that r is the distance measured outward from the central ion and that the distri-
bution of the ion atmosphere is spherically symmetrical about the central ion.
This permits the removal of the partial signs:

L£2@>_éﬂ 1
7 dr <’ a) = "D (1-113)
It is next assumed that the concentrations of the ions in the atmosphere will be
determined by the Boltzmann equation in the form,

n; = n°; exp (—%;?) (1-114)

in which n; is the ion concentration in ions per cec, n°; is the bulk ion concentration
in the solution, z; is the valence, e the charge on the electron, & the Boltzmann
constant, T is the absolute temperature, and ¢ is again the electric potential. An
analysis of the assumptions underlying the applicability of the Boltzmann equa-
tion would carry the present discussion too far afield. (See Bockris, 1959, Chapter I.)

The density of charge at any distance r from the central ion will simply be equal
to the difference between the concentration of negative and positive charges:

p= 2 zen; (1-115)
Combining equations (1-113), (1-114) and (1-115), we obtain:
£12@>_A£ e <1@) _
2 <r ) = "D z.en°; exp T (1-116)

We now have a differential equation in ¢ and r, but no general solution exists. To
obtain a solution, the factor exp [— (z:e¢)/kT] must be expressed in a series:

_zes) _ 2 L(e@)z_.,. )
e"p( IcT) = AR TANY (1-117)

In very dilute solution, (z,e¢)/kT < 1, so that

20 o _ 2 -
exp(—kT)=l T (1-118)
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1_1 2d¢>__4_7r o‘[ _Zzﬂ?:l
" adr (’ &) = "D et |1 -3

_ _gl‘ Zz,en +41l' Z ,ez'n ld)

Then,

The first term on the right-hand side must be zero owing to the overall electrostatic
neutrality of the solution. Therefore,

1d d¢> dr et B
7 dr (r o) =D = T (1-119)
For convenience we define
= 5 2 1"/2” (1-120)
so that
Ld d_¢) _ _
r2dr (ﬂ ar) = K¢ (1-121)

This equation readily integrates into
¢ = —f— exp (—«r) + ]ri exp (k) (1-122)

in which A and B are constants of integration. From the boundary condition that
¢ = 0at r = o, we immediately find that B = 0.

To evaluate A, we notice that since « contains n°;, x must go to zero as n°; goes
to zero. Further, when n°; is zero, the ion atmosphere has vanished so that only
the central ion is left. Under these conditions, the potential equation must reduce
to the potential distribution around a single point charge. Thus, at « = 0,

A ze
¢= =Dr
Therefore, e
4= D
and
oz .
¢ = Dy &P (—«r) (1-123)

The term exp (—«r) is also expanded according to

exp (—«r) &1 — «r (1-124)
Therefore, .
¢ = Dr[ ]
- ) (1-125)

An inspection of this equation reveals that the first term is that part of the potential
which is due to the central ion only, and it is independent of concentration. Thus,
the second term must represent the potential due to the ion atmosphere which is
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dependent on concentration but independent of distance. Thus, if ¢* is the poten-
tial due to the atmosphere, we find that

o _ 2K _

The remainder of the development of the DH theory is concerned with ¢* only.
The reason is that we are interested only in that part of the electrical potential
which produces deviations from Henry’s Law, and only ionic ¢nteractions produce
such deviations. If the ions do not interact, they would obey Henry’s Law even
though charged. This is indeed the situation at infinite dilution.

At the present point, the electric potential due to the ion atmosphere, or due to
ionic interactions, has been found. We must next find u;(el). This is done by cal-
culating the reversible work necessary to increase the charge on the ions in the
atmosphere from an initial value of zero up to their full value of z;e. This work
gives the extra potential energy of the system due to ion interactions and this
extra potential energy is just u;(el). The reversible work required to change the
charge on a point electrostatic charge is expressed:

work = ¢dg
Thus, for one mole of ions,

ui(el) = NAj; i o* d(z,e) (1-127)

where N4 is the Avagadro number. Substituting equation (1-126) and integrating,
we find that

i 2 62N
pilel) = —z—g—D‘ﬁ (1-128)

Substituting equation (1-128) into equation (1-110), we find that for the activity
coefficient

z%ezNAK

oD (1-129)
From equation (1-120) note that «? is a function of Y. 22°:. Since the ionic

strength is given by s = %Z 22m;, it follows that equation (1-129) can be written
as a function of s'/2. The result is

RT]H’Y,': -

logi v;: = —2%:8s'/2 (1-130)
in which
_ N2,¢8 ) ( 21rp> /2 .
8 = 23rr? " \1,000 (1-131)

where p is the density of the solution. At 25°C, S = 0.511. This is the final DH
equation for ionic activity coefficient.

By noting that for any electrolyte, »,2, = »_|z_| and combining equation (1-86)
with equation (1-130), we find the mean activity coefficient for an electrolyte:

logio v = —ley - 2-|8s1/® (1-132)

At this point, two inconsistencies in the theory should be noted. According to
equation (1-125) the electrical potential (¢) rises to infinity at » = 0. Yet, we have
assumed z,e¢ < kT. (This difficulty does not arise with ¢*, which is independent
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of distance.) Further, we evaluate the integration constant B by making ¢ = 0
at r = . Yet, in equation (1-124) it was assumed that xr << 1. The answer to
these difficulties appears to be simply that the numerical error introduced is not
large. For a full discussion, see Alexander and Johnson (1949).

There have been many efforts to extend the DH theory to higher concentrations.
Only one will be presented here. It involves the introduction of ‘“‘the distance of
closest approach’ of the ions. Without presenting the details, what is involved is
a reevaluation of the constant of integration A when the ions have a minimum
distance of approach a;. Under these conditions A becomes

_ zie | exp (xai):l B
4= D I:l + «ka; (1-133)
Using equation (1-122), with B = 0, we find that
_zie | expkla; — r):| B
""Dr[ L+ a; (1-134)
At the minimum distance r = a;, and
(q) = — %€ _
$@) = 5o 1 ) (1-135)
The expression on the right may be separated into two terms:
zie 2 €K B
$@) = pg. — DU + xad) (1-136)
The first term is the potential due to the central ion, so that
*(o ) — 2K _
#@) = ~ i) (1-137)

Integrating to find u;(el) and solving for the activity coefficient, we find that

2.:Ss!/?
logio vi = 1T+ pagi

(1-138)

where 8 is a constant equal to 3.286 X 10~° and a; is the distance of closest approach
in A. Note that in this derivation, the expansion of exp (—«r) is avoided.

The DH theory, as a limiting law, has found widespread experimental verifica-
tion. It not only predicts the principle of ionic strength, but gives the correct
nunierical magnitude of the limiting slopes of activity coefficient curves for a wide
variety of valence types. However, as might be expected from the assumptions of
the theory, it applies only to extremely dilute solutions. At higher concentrations,
it provides a basis for the evaluation of other types of deviations from Henry’s Law.

SYSTEMS INVOLVING OTHER VARIABLES

General considerations

Thermodynamic equations for systems involving variables other than T, P, and
n; are available in many places. However, the method of treatment is not always
the same. In particular, the use of the chemical potential has varied. It will be
important to examine systems involving other variables closely, since soil systems
also involve additional variables. Further, the macroscopic properties of systems
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in force fields, such as electrostatic fields, are of interest since they frequently form
the microscopic properties of matter in a soil system.

Consider the case in which a complete specification of the energy change for a
certain process requires the specification of not only the changes in S, V and n;,

but also the changes in the extensive variables z;, 2, - -+ @, - - -. In the same manner
that the n; were introduced, we write
dE = TdS — PAV + 2. padni + 2 (ax,,)s, v TP (1-139)
By defining
oF
Xp B (ax—p) S, V,ni, zq (1 140)

and substituting equation (1-140) in equation (1-139), we find that
dE = TdS — PdAV + > widn; + > X,dz, (1-141)

This equation leads at once to:

("E) _— (1-142)

ani S, Vinj, zp

It is with equation (1-142) that difficulties enter. In certain cases, we require the
specification of the z, variable, but its value is not independent of one of the other
extensive variables in equation (1-141). We will later encounter two examples of
the sort. In the case of gravitational fields, we will find that

X, = gh (1-143)

dr, = dm = Y Mdn; (1-144)

in which ¢ = acceleration of gravity, h = height, m = mass, and M, is molecular
weight. In the electrochemical case, we find that

X, =y (1-145)

dx, = dg = . z.Fdn; (1-146)

in which ¢ = electric potential, ¢ = charge, and F, is the Faraday constant.

In both of these cases, specification of the x, variable is required but it is not
independent of n;. Thus, equation (1-142) for the chemical potential does not
exist. Rather, the substitution of the equations for X, and z, in equation (1-141)
yields

dE = TdS — PdV + > (u: + Mgh)dn; (1-147)
and
dE = TdS — PdV + > (u + ziF W)dn; (1-148)
These equations lead to:
oF
(an,)& B + M.gh (1-149)
and
oE
(Gni>s. pony M + 2:F Y (1-150)
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In other instances, the z, variable is independent of any of the other extensive
variables in equation (1-141). In the case of electrostatic fields, we find that

X, =& (1-151)
dv, = d® (1-152)

in which & = field strength and ® = polarization.
In the case of magnetic fields, we find that

X, = 10 (1-153)
dz, = dI (1-154)

in which 3C is the field strength and I is the magnetic intensity. Since ® and I are
independent variables, we may apply equation (1-142) without difficulty:

aE)
<6nz~ SVinne (1-155)
3E>

= M 1-15
<ani Svimnt (1-156)

It is evident that the thermodynamic treatment of other variables must depend
upon the experimentally known characteristics of the variables. The significance of
u; in equations (1-147) and (1-148) differs from its significance in equations (1-155)
and (1-156), but a point worthy of considerable emphasis is that the significance of
u; 18 not arbitrary once we have written equation (1-141).

Gravitational fields

If a piece of matter is present in a gravitational field, it is known from mechanies
that it has a potential energy, E,, given as

E, = mé (1-157)

where m = mass and ¢ = gh, the gravitational potential. By the method used
above this leads at once to the formula:

dE = TdS — PdV + Y (ui + Mip)dn; (1-158)
and
oE
<an,->s, Vimg | T + M (1-159)

We now ask how an equation for the chemical potential can be found. In the
present case this presents no problem since it is a characteristic of the gravitational
field that the potential is independent of the presence of matter, so that ¢ is de-
terminable by direct measurements of space (that is, h). Further, it is a character-
istic of matter that its intensive primary properties are not affected by the presence
of a gravitational field. Thus, all the formulas developed for u; in the absence of
the field are valid in its presence. Therefore, we may write

aE)
= u; 1-160
<6ni 8, V,nj($=0) K ( )

in the presence of the field, provided its value is constant.
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The formula for the free energy may now be found. Resorting to the definition
of G, we know that
G=E+ PV -TS

Differentiating this equation and substituting equation (1-158) for dE, we find for
the total differential in G:

dG = —8dT + VdP + Y (ui + Mp)dn; (1-161)
Dividing by dn; at constant T, P, and n;, we find that

(}1@) =Gi=u+ Mg (1-162)

0N/ T, P,y

Thus, G: is no longer equal to u; when ¢ = 0.
The condition for complete equilibrium expressed in equation (1-23) becomes

dG = 2 (ui + Mip)dn; = 0 (T, P constant) (1-163)

For matter distributed between more than one phase we find that, analogous to
equation (1-38),

G = 3 Z (i + M @)dn; = 0 (T, P constant) (1-164)

For the transfer of dn; moles between two phases, A and B, equation (1-164)
becomes

(wi + Mip)*dna + (us + Mip)Bdng = 0 (T, P, n; constant)  (1-165)

Since dny = —dng, we find that
(wi + Mip)4 = (ui + Mip)® (1-166)
Alternatively, this equilibrium condition can be written in the form,
dG; = du: + Md¢ = 0 (1-167)

The equilibrium condition given in equation (1-167) can be used to derive the
pressure gradient in a fluid in a gravitational field. Retaining the same formula for
du; as on the absence of the field, we have for a single component du; = V.dP, and
using d¢ = gdh, equation (1-167) becomes

VAP + Mgdh = 0 (T constant)

ap _ M,
dh V. g
= —pg (1-168)

This is the familiar formula for hydrostatic equilibrium.

If a binary mixture is present in a gravitational field at constant temperature,
we substitute equation (1-46) in equation (1-167) as in the absence of the field and
obtain, at constant 7',

V.dP + <ﬂ>

N 1. oon, dN; + M.gdh = 0 (1-169)
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Solving for dN;/dh, we find that
. Mg + V(d—P>
dN. _ T \dh (1-170)
dh Ous
(GN,) T, Py,
- Mg — Vipg (1-171)

Opi
oN i) T, Pon;
in which p is the density of the solution.

Finally, we may confirm that chemical equilibria are independent of the field.
Applying previous nomenclature, a chemical reaction is expressed as

ZVAA — Z VBB

The equilibrium condition is

AG = D> vgGs — D vaGa =0 (1-172)
or D ve(us + Mpo) = D valua + Mag) (1-173)
However, owing to conservation of mass,
Z vgMp = Z vaM 4 t1—174)
Thus from equation (1-173) we obtain the formula
Z VBUB = Z Vapa (1—175)

just as in the absence of the field.

Electrostatic fields

For simplicity, we will develop the formula for a system which consists of a
parallel plate condensor, with unit capacity in vacuo, immersed in a dielectric
medium. In this case we have z, = ¢ where ¢ is the charge on the condensor and
Xp = Ay, the electric potential difference. Therefore,

dE = TdS — PdV + Y wdn; + Aydq (1-176)

In this instance, ¢ is an independent variable so that to unambiguously define u;,
we must write <

aE)
- 4 (1-177
ani S, V.nj, q K : )

Using equation (1-176), together with the definition of G, the total differential in

@ is found: dG = —S8dT + VAP + 3" uidn: + Aydg (1-178)
Dividing by dn; at constant 7, P, n; and g,
aG) -
= i = P 1_179
((97%' T,P,nj q @ K ( )

Thus, in contrast to the former case, G, is equal to u;. However, unlike the gravi-
tational case, the intensive properties of the material between the plates depends
on the field, and further, the field strength between the plates depends on the
presence or absence of matter.
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As the result of the lack of any direct knowledge of the field strength between
the plates, we are also in doubt about the pressure. We follow Guggenheim’s treat-
ment (1949), and define P as the pressure outside the plates. It must also be
recognized that V is the volume of the whole system.

As the result of the effect of the field on the intensive properties, we must now
include an extra term in the expression for the total differential in u,;. Thus, equa-
tion (1-46) is replaced by

du; = —8dT + VdP + 3 (%“N—’)dN,- + <g‘q">dq (1-180)
where all the partial coefficients except the last are defined at constant 7, P, n;
and gq.

The relationship between potential and charge is given as

Ay = % (1-181)

where D is the dielectric constant. Substituting this equation in equation (1-178),
we find that

dG = —SdTl + VAP + 3 pdn: + (—%)dq (1-182)
By applying cross-differentiation formulas to equation (1-182), we obtain equa-
tions of the type
<a‘”> - _1 <6D> (T, P, n; constant)  (1-183)
a(] ni D? anl q
<ﬂ> = -2 <Q> (T, n; constant) (1-184)
dq/p D? \oP/,

Equation (1-183) gives the dependence of u; on ¢q. Equation (1-184), giving the
volume change, is called the electrostriction formula.

Frequently it is more desirable to work with Ay as the independent variable than
with ¢. To accomplish this we define a function 9 as

D =K+ PV — TS — q(ay) (1-185)

Combining this with equation (1-176) leads to
dO = VdP — SdT + Y udn; — qd(Ay) (1-186)
= VdP — SdT + D widn; — D(AY)d(AY) (1-187)

Applying cross-differentiation formulas, we obtain equations of the type

(%)m - —(A¢)<ZZ>M (T, P, n; constant)  (1-188)

14 8D 4 )
(a—AT)P = —(Alﬁ)(ﬁ)M (T, n; constant) (1-189)

The treatment of equilibrium conditions when the intensive properties are de-
pendent on the field requires careful consideration. Suppose that the chemical

reaction
Z VAA — Z VBB
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is in equilibrium throughout the system. If material between the plates is isolated,
a spontaneous process will occur until conditions in the isolated system become the
same as they were outside the plates in the original system. By the definitions
previously offered, the material between the plates is in sncomplete equilibrium.
Thus, we cannot apply dG@ = 0, which is the condition for complete equilibrium.
However, a small displacement of the reaction between the plates will be reversible
since the process occurs in incomplete equilibrium. Thus, reversible work is done
on surroundings. This is given as

dG = Aydq (T, P constant) (1-190)
Comparing equations (1-178) and (1-190) we find that, at equilibrium,
dG = D widn; + AYdg = AYdg (T, P constant) (1-191)

and
> widn; = 0 (T, P constant) (1-192)

If, now, we consider the transfer of dn; moles from inside to outside the plates, we
find (by the method previously used)

w; (inside) = u; (outside) (1-193)
or
du; = 0 (1-194)

This is in contrast to the result in a gravitational field.
The effect of the field on composition is now readily found. At constant T and P
for a binary mixture, we may write, at equilibrium,

du; = <§—]‘\‘,ii>de + <%)d(w) =0 (1-195)

If the solution is ideal, du;/ON; = RT/N;, and using equation (1-188) we obtain

the formula oD
dN: A\b(%) Ay

Aay — RT (1-196)
N;
This integrates into the equation
Noo_ (agp (;a_zz) _
lnNoi =BT \on/ s (1-197)

where N°; is the mole fraction outside the plates.

To complete this treatment of electrostatic field, heat effects will be considered.
If a chemical reaction is in incomplete equilibrium between the plates, a small dis-
placement will be reversible, and we know directly from the Second Law that
g (heat) = TdS. Thus, to find the reversible heat effect, we must find the effect of
the field on S. At constant P and n;, equation (1-187) becomes

d9 = —8dT — D(AY)d(AY) (P, m; constant) (1-198)

By direct application of Euler’s theorem we obtain the equation:

N dD ) -
<W>T = A¢<6—T>M (P, n; constant) (1-199)



HILGARDIA - Vol. 34, No. 11 + August, 1963 447

Thus, by measuring dD/dT, the reversible heat effect of the field can be found. It
should be noted that, unlike a gravitational field, the electrostatic field is non-
conservative.

The irreversible heat is also affected by the field. Without presenting any details,
it can be shown that at constant P and charge, dH = ¢ (heat) for a free-running
chemical reaction. Further, by methods similar to those previously used, we find

that
QFL) _ [i(@)] A_r//<aD) i
(amp T Png @QOT| 3:\50.) | — D\an, (1-200)

Thus, if dD/dn; and its temperature dependence are known, the effect of the field
on the irreversible heat can be found.

Surface area

In dealing with soil colloids, surface effects are of paramount importance. One
might expect to find, then, that the application of equations involving surface area
had received widespread attention. This is not the case, apparently owing to the
lack of information on surface tension. However, we will develop the formulas here
as they do lead to important equations for capillarity.

The treatment is begun by introducing the area of the system into the expression
for dE:

dE = TdS — PAV + 3 udn: + (a—E) dA (1-201)
aA S, V,n;
where A is the surface area. We next define the ‘“‘surface tension,” ¢, as
dE
@).... - -2
Resorting to the definition of G, we find that
dG = —8dT + VdP + Y udn; + odA (1-203)
Thus, G
<57—7I:‘>T, P,nj, A B Gi T M (1_204)
and
9&) _ .
(BA pa o (1-205)
From equation (1-203) we obtain, by direct application of Euler’s theorem,
6;.”) _ <66> _
<3A T, P,n; i/ T, p 4 n; (1-206)
and
aV do
(5Z>P, T, ni N (ﬁ) T, A, ng (1—207)

Equation (1-206) is called the Gibbs adsorption isotherm. It enables one to find
the dependence of u; on A from measured values of do/dn;.

In deriving these formulas, it has been assumed that the system is constrained to
some arbitrary shape as the result of interaction with the surroundings. Thus, 4 is
independent of the other extensive variables and the formulas are parallel to those
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for the electrostatic field. This parallelism can be further extended by realizing
that, if the constrained surface area changes by d4 at constant 7" and P, an amount
of work —odA must be done by the system on the surroundings. This is the re-
versible work term for incomplete equilibrium. Therefore,

dG@ = odA (T, P constant) (1-208)

is the incomplete equilibrium condition. Comparison with equation (1-203) leads
to the additional equilibrium condition

> pidn; = 0 (1-209)

Assume now, that the system is a liquid constrained to a given shape by a solid
but porous mold which is saturated with the liquid, the whole system being in
incomplete equilibrium. By considering the transfer of dn; moles between the
phases we find by the method previously used that

du; = 0 (1-210)

If all constraint is removed from the surface area, we must regain the condition
for complete equilibrium expressed in equation (1-23). Thus, we find that

dG = > uidn; + odd = 0 (T, P constant)  (1-211)
However, in view of equation (1-209), this leads to the formula
odd =0 (1-212)

Equation (1-212) is the condition for either a maximum or a minimum in the
value of 4. Thus, on physical grounds we conclude that if all constraint is removed
from a surface, spontaneous processes occur until A is a minimum. For a liquid,
it can be shown from geometry that this is a sphere.

" The constrained equilibrium condition, equation (1-210), may be used to find
the effect of area on a binary mixture. For a change of composition and area in
incomplete equilibrium we obtain

du; = <8N1- AdN, + a4/, dA =0 (T, P constant) (1-213)

Using equation (1-206) and assuming an ideal mixture, we find that

RT do
(Vl)dNi + <6ni>dA =0 (1-214)
. _ (s
RT N, - <6n,~>dA

Integrating from the spherical condition (where N; = N° and A; = A°;) to a con-
strained state, the result is

Ni _ o) (@_) —
In e, = —(4A — A°) an. (1-215)
Usually, dg/n; is very small so that A must be large before N; differs from N°;.
This is precisely the case when the constrained state is colloidal so that composition
effects are generally noticeable only in colloidal phases.
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The entire treatment of surface area changes when a specifically spherical shape
is always imposed on the system. The area is no longer an independent variable but
is uniquely related to the volume:

4
V=§1r7'3
A = 4mr?
dd _ 2
av r

Thus, the internal energy equation becomes
dE = TdS — PdV + Y pdn; + odA
20dV
r

TdS — PAV + Y widn; +

(1-216)

In deriving the equations for a sphere, special attention must again be given to
the pressure term. Qur usage throughout has been that P stands for the pressure
in the environment. However, in the present case we specifically wish to derive the
excess pressure in the sphere. To avoid confusion we will denote the pressure of
the surroundings by P°. Thus,

dE = TdS — P°dV + X wadn, + 2220 (1-217)
The definition of G becomes
G=E+PV—-T8
So that 9dV
d@ = —S8dT + VdAP° + Y udn: + "T (1-218)
Then, G 20V
a- 0
(GTL)T P°,nj = wt r (ani>7', Po,n; (1-219)
or
Gi = pi+ ___2”er (1-220)

Thus far, the treatment has involved an additional variable which is not inde-
pendent, and the formulas are parallel to the gravitational case (for example,
G; # u:). In the gravitational case, the significance of u; is found by realizing that
the properties of matter, and hence u;, are independent of the field. In the present
case, a similar, but not identical, situation exists. u; is independent of area, and
therefore of the equilibrium internal properties of the sphere. Thus, while u; is of
course dependent on P°, it is independent of r and of P, the equilibrium internal
pressure. Thus, for a one component system, u; = G°;, where G°; refers tor = «.

From equation (1-220) we find that
=~ 20 V,'

Gi— G =2 (1-221)

The partial molal free energy, however, does depend on the area and also upon the
equilibrium internal properties. Thus,

-G S
oP =V

(1-222)
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and integration gives Gi— G = TP — P (1-223)

Equating formulas (1-221) and (1-223), we find that

P—p°= 2—:- (1-224)

This formula gives the excess pressure in the sphere. We also immediately derive

RTm 2 = 2V (1-225)
p T

for the vapor pressure. Since p > p°, we conclude that the sphere is unstable in
the presence of a large flat surface.

Electrochemical systems and galvanic cells

The thermodynamics of a galvanic cell is straightforward and requires no special
consideration. It is only in the treatment of the extrathermodynamics of electrode
processes that formulas involving other variables must enter. We first consider the
thermodynamics.

Any chemical reaction which involves the transfer of electrons from one chemical
species to another is called an oxidation-reduction reaction. Any device by means
of which this electron transfer can be effected through an external circuit is called
a galvanic (or electrochemical) cell. In general, we will follow the type of nomen-
clature previously used for a chemical reaction and represent an oxidation-reduction

reaction as Sol — Y vd

In this reaction, certain of the I species (called reducing agents) transfer electrons
to other I species (called oxidizing agents). We arrange the galvanic cell in such a
way that rather than having a direct electron transfer, the reducing agents give up
electrons to a system called a cathode, the oxidizing agents receive electrons from
another system called an anode, and the electrons are externally transferred from
cathode to anode. If, in the external circuit, we introduce a source of electromotive
force which exactly opposes the tendency of the electrons to transfer, we establish
an equilibrium condition. However, the equilibrium is incomplete since a spon-
taneous process would occur if the oxidizing and reducing agents were brought
together. If n Faradays of electrons are transferred at constant T’ and P, in a con-
dition only infinitesimally removed from this condition of incomplete equilibrium,
the reversible work is given by the formula

AG = —nF,8 (1-226)

where F, is the Faraday constant and & is the equilibrium emf. Following methods
exactly parallel to those used in the derivation of equation (1-77), we find that

: H(a;) <4

— ° — 1-22
AG — AG RT In Ti(az)"s ( 7)
Substituting equation (1-226), we derive
g = go — BTy Wa)~ (1-228)

nF,  T(ar)’
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At complete equilibrium for the oxidation-reduction reaction, AG = & = 0 and,
from equation (1-228), we find that

e =" mK (1-229)

where K is the equilibrium constant.

From equation (1-228) we see that the emf of a galvanic cell depends upon the
activity of every chemical species in the oxidation-reduction reaction (cell reaction),
and the activity of every such species must be known before € can be calculated.
Alternatively, if & is measured, and one wishes to calculate the activity of a given
species, a;, the activity of every other species, a;, must be known.

We next turn to the extrathermodynamics of galvanic cells. Imagine that a
piece of metallic zinc dips into a solution containing ZnCl,. Within the metal, zinc
atoms tend to dissociate according to the reaction

In = Zntt 4 2¢~
It is postulated that within the metal, this process is in complete equilibrium, so
that AG = Gaur + 26 — G = 0 (1-230)

It is further postulated that a condition called ‘“‘electrochemical equilibrium”
exists by assuming that the zinc ions in the metal come to equilibrium with the
zinc ions in the solution. Therefore,

Gzn++ (metal) = Ggo++ (solution) (1-231)

We now inquire into the mechanism by which electrochemical equilibrium is
established. Upon initial contact between the metal and the solution, Zn*+ ions
tend to pass from the metal to the solution. In doing so, electroneutrality is vio-
lated since an excess of Znt+ ions is now in solution and an excess of electrons is left
in the metal. Thus, an electrostatic charge is built up in each phase. This process
continues until an electric potential difference is established between the phases
which offsets the tendency of Zn*+ to move from the metal to the solution. This is
electrochemical equilibrium.

The potential difference between the phases at equilibrium is called the ‘“Nernst
potential.” It is also called the “interface potential,” because the excess Znt+ and
electrons form a microscopic double layer at the boundary between the two phases.
The number of the excess charges is extremely small, well below the limit of chem-
ical detection. Thus, although one never notices a deviation from electroneutrality
by chemical analysis, the presence of interface potentials accounts for galvanic
action.

In order to develop equations for the interface potential, we must introduce the
electrostatic charge into the thermodynamic formulas. This is done by writing

dE = TdS — PdV + Y udn; + ydqg (1-232)

where ¢ is the electric potential and ¢ is the charge on the phase. In the present
case, ¢ is not independent. The charge on a phase which results from electrochemical
processes is given as ¢ = 3 aF s

which is simply the difference between the number of positive and negative charges.
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Therefore, dg = 3 2 ydns (1-233)
Substituting this result in equation (1-232), we find that
dE = TdS — PdV + Y (u: + z:F )dn; (1-234)
Using the definition of G we find that
dG = —8dT + VAP + > (u: + 2:F)dn; (1-235)
and )
Gi = M; + Z,'Fyl// (1—236)

Thus, as in the gravitational case, u; is not equal to G for charged species. Also, in
analogy with the gravitational case, the value of u; is not in general affected by v,
since the excess of charge is entirely confined to the surface of the phase. In the
example given above, u; for Zntt ions in the bulk of the liquid phase is unaffected
by the presence or absence of the metal. In dilute solution, u; for the ions in solution
could be found from DH theory whether the metal is present or not. Thus, w; is
independent of . This is not to say that we will not find a relationship between u;
and ¢ in an electrochemical system at equilibrium. By imposing the equilibrium
condition we obtain just such a relationship, in the same way that, although u; is
independent of h in a gravitational system, we nevertheless find du:/dh at equi-
librium.

With this understanding, we may apply equation (1-236) to equation (1-230)

to obtain (uznt + 2F ) + 2(ue — Fpbng) — pan = 0 (1-237)

where subseript S refers to solution and subscript M refers to metal. Solving for
the interface potential, we find that

2F,(Ys — ¥m) = 2F,(AY) = pzn — pzn*t — 2ue (1-238)

Equation (1-238) may be written for the case where the zine, zinc ions, and elec-
trons are in their standard states:

2.F1/(A‘l/°) = ﬂOZn + l‘OZn*'+ + 2H°e' (1_239)

Now, the zinc metal is of invarient composition so that u’z, = uzn, and p°- = .-
Thus, upon subtracting equation (1-239) from equation (1-238), we obtain

2F,(AY) — 2F,(AY°) = —(uzn™ — uza*") (1-240)

From the definition of ionic activity used in the DH theory (1-107), we find that
o _ RT _

Ay = AY° — oF, In azy++ (1-241)

This is the well-known expression for the Nernst potential. We may generalize by
saying that if an electrode reaction is written

> vad — Z vpB + me~
the corresponding Nernst potential is

A¢ — A¢° — R_T lnll(a_B)j

1-242
nF,  T(as)’ ( )
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We next suppose that two different electrodes are immersed in the same solution
and that each electrode has identical metallic terminals. In general, Nernst poten-
tials will be established at each electrode in such a way that the partial molal free
energy of the electrons in each metal differs. Consequently, if the electrodes are
connected, current flows. On open circuit, the difference in G; for the electrons
between the metals may be found as follows:

G = pl — Fyl (1-243)
Gt = it — Py (1-244)
where superscripts I and II denote the electrodes. Since the metals are identical,
wt = ut, and Gt — Gt = —Fy(t — 1) (1-245)

Thus, a measurement of G,-1 — G.-IT gives Y1 — YII. As strongly emphasized by
Guggenheim (1949), equation (1-245) applies only to identical metals. One cannot
measure the electrical potential difference between two phases which differ in chemical
composition.

At each of the electrodes, we have potential differences defined by Ay! = ¢S — !
and Ayl = ¢S — yYII, Therefore,

AP — Ayl ="yl — yII) = ¢ (1-246)

which is the measured cell emf. The difference between the two electrode reactions,
written so as to involve the same number of electrons, is the net cell reaction. This

may again be written
E VII i Z VJJ

Therefore, if equation (1-242) is applied to each electrode and substituted into
equation (1-246), we obtain
° o RT H(aJ) i<
& = (91 — (ay)* — 1 In
where & is the measured cell emf. Putting (Ay1)° — (Ay1)° = &°, we regain equation
(1-228). The method of treatment is thus consistent with thermodynamiecs.
Thus far we have been largely concerned with potential differences between
metals and solutions. In fact, electric potentials may arise between any two phases
of different chemical composition which contain charged species. We now turn
attention to the boundary between two liquid phases.
Consider the following cell:

A J B
I II

(1-247)

E my me + dmi E

E represents identical electrodes dipping into two solutions, I and II, which are
mixtures of ions differing only infinitesimally in composition. Each contains an ion,
say M+, to which the E are reversible.

If the electrodes were connected, current would flow through the system. We
will suppose that positive ions flow from left to right and negative ions from right
to left. We now define the ionic ‘‘transference number,” ¢;, as the fraction of the
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current carried across J by each ionic species. We also define the ionic “mobility,”
v;, as the velocity of an ion in centimeters per second when a field strength of one
volt per centimeter is applied. By a straightforward derivation which is omitted
here (see MaclInnis, 1939) we find

!Zi|mﬂ)i

Z |2:|mw;

When one Faraday of current flows across the boundary J we will thus find that
ti/z; moles of each ion move from left to right (z; < 0 for anions). Thus, the trans-
ference process can be written

t; = (1-248)

11

I
t; li
2 Iy — 22U
where I; denotes an ion species. The free energy change is
AG = Z ? Gill - Z ? G-iI (1—‘249)

However, we have supposed that the concentrations differ only infinitesimally so
that the G; differ only infinitesimally, and

- :— 4G, (1-250)

Now, when phases I and II are initially brought into contact with the circuit
open, we postulate that small currents flow according to the above transference
process until electrochemical equilibrium is established. (This will not establish

diffusion equilibrium, and equation (1-249) is not the AG for diffusion.) This
requires that

dG = ngéi =0 (1-251)
Separating G; into chemical and electrical potential terms, we obtain

2 :— (Aui + 2:Fydy) = 0 (1-252)

~ T tFay = X5 dus (1-253)
Using the definition of ionic activities, we obtain the equation
—Fdy X ti= 3 zt— RT d In a (1-254)
Furthermore, D t; = 1, since the transference numbers are defined as fractions.
Thus, we find ' RT
Z e d Ina (1-255)

In the event that I and II differ by finite concentrations, we integrate and find that

Ay = — Z £ RTd In a; (1-256)
I
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Subscript J denotes the electric potential difference at the liquid-liquid boundary.
The ¢; are clearly dependent on the concentrations, but on substituting equation
(1-248), we obtain -

RT _ edlmas

Ay, = —— dIna;
v F, Ji 2 Z |2 Imw, nai

The solution of equation (1-257) requires knowledge of ionic activity coefficients
and of the dependence of the ionic mobilities on composition, neither of which is
subject to direct experimental measurement. In very dilute solution, one may
assume v; = 1 and »; = constant. The result is the well-known Henderson equation:

Vg
RTZ:(NH_ EUN
F, Y 0{NM — N E:z;DJI

where the N; are normalities. Obviously, it is of limited application.
Equation (1-256) is also of interest for the case in which phases I and II contain
only a single uni-univalent electrolyte. For example, suppose we have the cell

A J B
I II
HC1 HC1

(1-257)

Ays = (1-258)

By previous methods we find that
RT

Al//A = Alﬁo - F,_ In aH+I (1—259)
and ’
Ayp = AyY° — 1;.,—71 In ag+1 (1-260)
Thus, ’
Ays — Ayp = — 7 lna T (1-261)
Applying equation (1-257) to J, we obtain the formula
11 1
All/.r = —f tH+ RT d ln anpt +f tcr IE d ln aci™ (1—262)
I Fy I Fy

In the present case we assume that the ¢; are independent of composition (since

= vi/z v;), and

RT . ay+!! "RT . acr!! ~
Al//.l = —ig F In dH+I + tcl Fy In aCl'I (1 263)
Recalling that {g* = 1 — f{c1- and anc1 = an* - acr, equation (1-263) becomes
_ _R_T an*'! _R_T aHClu _op
Ay, = F, In —— p—y + tci In ol (1-264)
Since
Aya = Y1 — Yu
Ayp = YT — Y3

My = YT — gt
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it follows that

& =1vyYp — Yu = AYs — AYp — AYy (1-265)

where & is the measured cell emf. Using equations (1-261) and (1-264), we find that
- _RT | auci! ~

& = —lic F, In amc (1-266)

Thus, in the case where only one electrolyte is present at different concentrations
(“concentration cell’”), the cell emf can be found on the single assumption that the
v;, and hence t;, is independent of composition. In writing equation (1-263) it is

often further assumed that ag* = aci- = aiuci, so that equation (1-263) for Ay,
becomes RT -
Aps = (1 = 2t) 5 In (1-267)
v aHC1

One of the most widely used galvanic cells is the pH meter. The electrode assem-
bly of this apparatus may be represented as follows:

A c S D B
Ag | AgCl1 Std Soln. | Sat. | Hg,Cl, Hg
HC1 KC1
]

In this assembly, the Ag-AgCl electrode is immersed in a standard HCI solution
of fixed composition. Contact with the solution S is made with a glass membrane
(9) which is permeable to H* only. The calomel electrode on the left is immersed
in a solution of saturated KCl which also makes the other contact with the solution.

In general, the composition of the solution in S is not known so that formal
thermodynamics cannot be applied. However, the more powerful extrathermo-
dynamic method is available.

At the Ag-AgCl electrode the reaction is

Ag + ClI= = AgCl + ¢~

The corresponding electrode potential is

Ay = Y€ — ¢4 = AY°4 + I;—f In ac)-¢ (1-268)
At the calomel electrode the reaction is

2Hg + 2Cl~ = Hg,Cl, + 2¢~

The corresponding electrode potential is

A = 4P = VP = M+ T Inace? (1-269)
Assuming electrocﬁemical equilibrium for H+ across the glass membrane, we find

that BT c
Ay, = ¥5 — ¥0 = Tl 2 (1-270)
Y

ayg+

At the boundary between the solution and the saturated KCI bridge we write
Ayy = Y2 — ¢S (1-271)
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The net cell emf is & = yB — yA (1-272)

= AYa — MYp + (P — ¥°)
= Ay — AYs + (PP — ¥5) + (5 — ¥O)
= Aya — Ay + AYs + AY, (1-273)

Substituting equations (1-268), (1-269) and (1-270) in equation (1-273), we obtain

the formula
ac |- aH*

= Ay’ — AY% +~—1 ———+

s T Ay (1-274)

Since ac1-?, ac)-¢ and ag+© are all ﬁxed, we may deﬁne the standard emf as
RT . au: - ac)-¢

&(PH) = Ay°4 — AY°s + —l tor® (1-275)
Equation (1-274) then becomes
& = &°0H) — L In ay. + A, (1-276)
The pH is defined as ’
pH = —logyw an* (1-277)
so that equation (1-276) becomes
& = &°(pH) —|— F (pH) + Ay, (1-278)
Solving for the pH, we obtain
pH = 88 (‘I’g) =A% (1-279)
23F

When the solution concentration is much lower than that of the bridge, an appli-
cation of the Henderson equation to the boundary between S and D leads to
Ayy =~ 0 since vg* = ver- in D. Thus, &°(pH) may be evaluated in principle by
extrapolating values of & to infinite dilution. In the concentration range when
Ay, remains negligible, equation (1-279) becomes

& — &°(pH)
RT
2.3 F,

In the range of the DH theory, values of the pH found from equation (1-280) are
in agreement with those calculated from the theory. Outside this range, we have
no means of investigating the accuracy of equation (1-280). This has led some
writers to define the pH according to equation (1-280).

A final point concerning electrochemical systems must be made. We have written

in general that dG = —8dT + VAP + Y (i + 2:F ¥)dn; (1-281)

The fact that the u; are independent of ¥ has been emphasized. Therefore, if we
are dealing with a single phase containing electrolytes, in which any electric poten-
tial which characterizes the phase as a whole is incidental, we may abritrarily put
¥ = 0 just as we put ¢ = 0 in the gravitational case. At constant 7" and P, equation

(1-281) becomes dG = 3 pdn; (1-282)

where the summation is over every ionic species present.

pH = (1-280)




Section 11

DONNAN THEORY

Introduction

The theory of membrane systems developed by Donnan (1911) and generalized
by Donnan and Guggenheim (1932), has been widely applied to colloidal systems
of both organic and inorganic origin. The concern of the original theory was to
develop equations for the distribution of ionic species between two macroscopic
phases which are separated by a semipermeable membrane and also to develop
equations for the potential difference which may exist at such a membrane. Un-
fortunately, the expressions ‘“Donnan system’ and ‘“Donnan theory” have been
used in different ways by different writers.

For certain writers (Davis, 1942; Overbeek, 1956; Babcock, 1960), any macro-
scopic system of two phases, one containing electrostatically charged colloidal par-
ticles and the other a solution, separated by a membrane impermeable to colloid
but permeable to ions, may be called a Donnan system. Other writers (Bolt and
Peech, 1953) hold a similar view, but contend that there must be volume homo-
geneity of charge in the suspension before the system can be called a Donnan
system or the Donnan theory applied. In both of these approaches, a Donnan
system is macroscopic and contains a phase boundary at which macroscopic dis-
continuities in ionic concentrations occur.

Still other writers (Wiklander, 1955) prefer to speak of the “Donnan distribution”
of the ionic concentrations in the immediate vicinity of charged colloidal particles.
This distribution does not necessarily involve a discontinuity in the concentrations.
One then speaks of the ‘“micro-Donnan system.”

In the present chapter, the most general macroscopic nomenclature, as described
above, will be adopted. Consider a two-phase system, one phase of which contains
an aqueous suspension of charged colloidal particles and an electrolyte (I) and the
other an electrolyte only (II):

M

/////

The phases are separated by a membrane, M, permeable to electrolytes but not to
colloids. We will consider any such system to be a Donnan system. Furthermore,
any formulas which apply to this macroscopic system will be called Donnan equa-
tions. Thus, we might construct a model in which the microscopic state of the
suspension is governed by the double-layer theory and use the Donnan equations
to find the macroscopic state, since the theories are not incompatible. Such an
effort will be made in Section ITI. Overbeek (1956) used a similar approach.

[ 458 ]
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Macroscopic equations and negative adsorption

Certain equations can be developed with only a minimal number of assumptions.
Consider a diffusible electrolyte species X in the system. We may with confidence
say that, at equilibrium, Gyl = Gyl 2-1)

Further, if the same standard state is chosen for the electrolyte in the suspension
as for electrolyte in the solution, then we also find

axI = aX“ (2—2)

In order to proceed further, it is necessary to go beyond purely macroscopic con-
siderations. It will be recalled that in choosing the standard state for strong electro-
lytes, it was postulated that Henry’s Law applies to ions at infinite dilution. This
led to v = 1 at infinite dilution. In defining the activity coefficient of electrolyte
in a suspension, it is postulated that the electrolyte and the colloid are completely
dissociated, so that the mean ionic concentrations are determinable unambiguously.
Thus, we may write for the electrolyte

ax’ = (v&' - myl)’ (2-3)

where v, and m, are given by equations (1-86) and (1-87), respectively. The only
limitation on this equation is that the mean ionic concentrations must be deter-
minable. In the event that ions in the suspension obey Henry’s Law, v,! will equal
unity at infinite dilution. This will certainly occur if there is volume homogeneity
of charge. If not, it must remain for experiment to determine v.! at infinite dilution.

It must be noted that certain potentiometric measurements made in clay sus-
pensions have been interpreted to mean that clays are not completely dissociated
(Mattson, 1926; Marshall and Krinbill, 1941). If this is so, equation (2-3) cannot
be applied in a straightforward manner. However, in the writer’s opinion, the
weight of experimental evidence strongly favors the conclusion that for the alkali
metals, such as Nat or K+, and the alkaline earths, such as Mgt+ and Cat+, the
ions are completely dissociated from the surface. The alternative is that they are
covalently bonded, or in some sense ‘“complexed,” by the surface. In general, the
data on the rapidity of ion-exchange, the apparent mobilities of ions in suspensions,
and the activity coefficients of electrolytes in clay systems, all indicate complete
dissociation. We will thus assume that equation (2-3) is unambiguous.

Assume that the suspension contains a single electrolyte which dissociates into
v, cations (X,) and v_ anions (X_). Using equation (1-90) for the electrolyte in
the suspension we derive from equation (2-2)

[ramyss - mo ]t = [y - ma]0 (2-4)
where m; is the mean or bulk ionic concentration. Solving for v,I, we derive

I _ .-inI mXII
- [(m+v+ . m_v_)llr]l

Thus, if the quantities on the right-hand side of equation (2-5) are known or meas-
sured, v,! can be found. This equation is also applicable whenever the ionic molali-
ties in the suspension are determinable. We may also write

Y+ 2-5)

[vermyrs - m_r-]t = [ymyrs - m_r-]1 (2-6)
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or m,l “ e (mo\
m1) = \qut) \T @)

Thus, in general the ionic concentrations are not the same in the two phases.

For the most part, we will be interested in negatively charged colloidal systems.
In what follows, then, the equations for anion distributions will be found.

It is convenient to rewrite equation (2-7) in the following way. Let m, be the
concentration of the particles expressed in equivalents per liter, and 6 be defined as

II

T+
g = 1= 2-8
74" @8
Then,
I
myl = myp + _l% (2-9)
24 24
and equation (2-7) may be written
v .’"ﬁ MI’;I) = II v+<m_ll>y- -
0 <Z+ + P - (m+ ) m_1 (2 10)
For a symmetrical electrolyte, v = v, = 1, » = 2, and
s (M l_z-ii—l)= u(ﬂ—_‘_‘> -
6 <z+ + =) m I\ (2-11)
This equation can be solved for the ‘“anion ratio” (a) using m, ! = m_11 = my:
m_11 2]e_|6m,
a=""7= (2-12)

V 02m?, + 4z, |e_|m2) — Om,
We also define the ‘“negative adsorption” of anions as

_ ledtmt — m

B m, (2-13)
Solving equation (2-11) for 3, we obtain
_ 2fe_|6mo + 0m, — \/6°m2, + 424 lz_|m2 g
8= 20m, (2-14)
It is convenient to introduce the parameter
_ le|m_n1 -
V=T (2-15)

as an index of the relative amounts of salt and colloid in the system. Equations
(2-12) and (2-14) then become

o= —28 (2-16)

V0 + 4y — 6

Ry + 1) — e+ 4y
= 20

Thus, the ratio and the negative adsorption are determined by y and 6.

(2-17)
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In general, § will be a marked function of y. However, insight into the behavior
of Donnan systems under nonideal conditions is gained by plotting « and B as
functions of y at constant §. The plots must be considered to represent a series of
different exchanger systems in which, as y increases, the exchanger interactions
change in such a way that 8 remains constant. The plots are given in figures 1 and
2. The results for nonideal systems are interesting in that at low values of 8, « be-
comes less than unity while 8 goes negative. This means simply that for low values
of v.!, due to strong interaction between cations and the colloid, the anion concen-
tration in the suspension must exceed that in the solution in order that the activity
of the salt be the same in two phases. That is, owing to strong interaction between
cation and colloid, one may get positive anion adsorption in a system of negatively
charged particles.

B 0.5+
10 -T 0.4
8 0.34

6 024
«
0.l
N t
2 (o)
o 6=l o
o 8:05 ° -0l
0 2 4 6 8 10
y -0z
Figure 1. Effect of the relative salt content of a  Figure 2. Effect of the relative salt content of a
suspension (y) and the anion ratio (a). suspension (y) on the negative adsorption (8).

Electrochemistry of a Donnan system

Whenever two phases of different chemical composition, each containing ionic
species, are brought into contact, the possibility of an electrostatic interface poten-
tial exists. Interface potentials of this type are discussed in Section I under electro-
chemical systems. In the Donnan system, we have the conditions required for the
existence of such an interface potential.

We must consider the possibility, then, that when contact is established between
two phases of a Donnan system an electric potential difference may arise at the
membrane. Like all potentials in electrochemical systems, this potential would be
due to very small excesses of charge in each phase which form a localized double
layer at the interface.

IFor each diffusible ionic species at electrochemical equilibrium

Gi = G (2-18)
Separating 0; as in equation (1-236) we derive

it AP = p 1+ 2 F gt (2-19)
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The “membrane potential’’ may now be defined as

AY = YT — Yt (2-20)
‘Combining equations (2-19) and (2-20), we obtain

- 1 I II . '
Ay, = ziFy (P-t M ) (2 21)

Using the definition of ionic activity from equation (1-107), we obtain

_ RT a,‘I
ziFy a,~“

AYm (2-22)
Thus, in general the ionic activities are not the same in the two phases.

In deriving equation (2-22), the method employed is precisely the same as that
used to derive interface potentials in a galvanic cell in Section I. Thus, the chemical
potentials in equation (2-21) are independent of Ay,,. For example, if phase II is
dilute, w1 — u°; could be calculated from the DH theory whether phase I is present
or not. In both phases all electrostatic interactions within the phase are included
in u; and in a;. Thus, the electrostatic interactions between the ions and the colloid
in phase I are included in u;.?

These points require emphasis because the symbols u; and a; are sometimes
given a different significance in the literature. In writing

Gi = ui + 2F ¥

for an ion in the suspension, many authors (Low, 1951; Whitney and Peech, 1952)
intend ¢ to stand for the electric potential in the diffuse layer of ions around the
colloidal particle. Since this potential is a function of position and since G; is a
constant throughout the suspension, u; becomes a function of position. Thus, if we
write

wi — s = RT In a;

the activity also becomes a function of position. In this usage, the interaction be-
tween the colloid and the ions is not included in u;.

As discussed in Section I under “Systems involving other variables,” the use of
u;i is not arbitrary once one has written equation (1-125). Thus, using u; to stand
for a quantity which includes only a part of the interactions in phase I is in viola-
tion of the basic definition of y; in thermodynamics. In respect to the activity, one
is free to define this arbitrary function in any manner which is the most convenient,
but to define a; such that it is a function of position violates usage in electro-
chemistry in general and the DH theory in particular. For example, one does not
obtain the conventional formula (2-22) for the membrane potential.

3 Given the existence of equation (2-21), it may seem strange to state that the chemical poten-
tials are independent of Aym. To make this completely clear, recall the gravitational case. It was
carefully stated that u; is independent of the gravitational field, since the properties of matter are
not affected by the field. However, in a series of phases at equilibrium, we know from equation
(1-167) that du; = Mdg¢, which gives u; as a function of ¢. This is in no way different from asserting
that T' and P are independent variables, but then finding the equilibrium pressure of a phase as

a function of temperature. Thus, in electrochemical systems, it is precisely by realizing that u; is
independent of Ay, that we arrive at the equilibrium condition, equation (2-21).
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Therefore, in the nomenclature to be used here:

a) Ay, is a nonspecific membrane potential resulting from a very small charge
separation localized at the membrane.

b) u; is independent from ¢ and is uniform throughout both solution and sus-
pension. It includes interactions between the ions and the colloid.

¢) a; is also independent of ¢ and is uniform throughout both solution and sus-
pension. It also includes interactions between the ions and the colloid.

This nomenclature and its interpretation are in agreement with the treatment
presented by Overbeek (1956).

An additional point must be made. In certain theories of Donnan systems, the
activity of the cations in a suspension is assumed to be the sum of two parts: the
activity of the cations associated with the colloid (Z) and the activity of cations
associated with the anions in the suspension (Y). Thus,

el =Z+7Y

This separation does not appear to have meaning. Ionic activities are not additive
in the way the concentrations are additive. For instance, if one has a mixture which
is 0.1 M in KCl and 0.1 M in KNOs, the concentrations may be added to find that
the solution is 0.2 M in K+. However, the activity of all potassium ions in the
mixture is the same.

Electrical potential measurements in Donnan systems

Consider the following galvanic cell:

A M B
I II

Ag | AgC1 | NaR AgCl | Ag Cell I
NaC1 NaC1

This cell consists of two silver-silver chloride electrodes, each immersed in a phase
of a Donnan system. Phase I contains the colloid NaR and NaCl. Phase II contains
NaCl only. The emf of the cell may be found by the methods used in Section I.
The electrode reaction at 4 is

Ag + Cl- — AgCl + e~

By assuming electrochemical equilibrium on open circuit (AG = 0), separating the

@, for charged species, and applying the definition of ionic activity, we find
AIPA = lPI — l//A = AlPOA + }%Y In aCrI (2"23)
Y
where ¥4 is the electric potential of the piece of silver at A. Similarly at B,

A5 = Y1 — ¢ = AP + T In gy (2-24)
Yy
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Combining equations (2-23) and (2-24), we obtain
AYs — Ayp = (Y2 — ¥4 + (¥F — ¥1)

_RT | aci!

F, In P (2-25)
Using equation (2-20), we find that
& = yB — yA (2-26)
= Ayp — AYa + AYm (2-27)
Equation (2-22) for the membrane potential in the present case becomes
Ay, = —};,—f In :s—:l (2—28)
Substituting equation (2-25) and (2-28) in equation (2-27) gives
&§=0 (2-29)

Thus, by the extrathermodynamic method, we conclude that there is no potential
between Ag — AgCl electrodes immersed in each phase of a Donnan system, even
though wpci! # wpci-'l. This fact is often useful experimentally in determining
whether or not a suspension has come to equilibrium with its dialyzate.

Consider now a second cell:

A (o I M II D
Cell II
KC1 NaR KC1
Hg Hg2C12 Sat. NaC1 NaC1 Sat. H92C]2 Hg

Here we have two calomel half-cells with KCl-saturated salt bridges, each immersed
in a phase of the Donnan system. The electrode reaction at A is

9Hg + 2CI- — HgCly + 2¢-

The corresponding electrode potential is
RT

AYy = YC — Y4 = AY°4 + E In ac,-¢ (2-30)
Similarly at B,
Ayp = yP — yB = AY°p + 1% In ac:-? (2-31)
Therefore, !
Ayu — AYp = (Y2 — ¥4) — (Y2 — ¥9) (2-32)
= I;,—Z’ In % (2-33)

Now, aci-¢ and aci-? are the activity of Cl~ in two identical saturated KCI solu-
tions, so that they are equal. Thus, Ay4 = Ays, and

WE— WA= P — (2-34)
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or, since yB — Y4 is the cell emf,
& = yP — yf (2-35)

We must examine the interfaces between the bridges and the phases of the Don-
nan system. The Henderson equation (1-141) predicts that if the concentration of
phase I is low, and if vx+ = vci-, then the interface potential between bridge D
and phase II should be very small and may be neglected. In many quarters, the
same assumption has been made at the interface between bridge C and phase I.
If these assumptions are arbitrarily made,

Yt = y° (2-36)
Yl = yD (2-37)
and equation (2-35) becomes
& =yt — y! (2-38)
= A¢m

Thus, if the assumptions are correct, Cell II should measure the membrane poten-
aNa+I

tial. Furthermore
’ 7] _II Al

A =
‘Pm F,, acrI F,, aN;H

Thus, if phase II is very dilute so that ac;-!* and ax,+*! can be found from the DH
theory, aci! or ax.+! can be calculated.

Considerable controversy has arisen over the assumption that the junction po-
tential at the boundary between C and I can be neglected. There can be little
doubt that the assumptions underlying the Henderson equation are not applicable
to the boundary between the bridge and the suspension. Since there is no means
available for measuring junction potential, the significance of measurements made
with Cell II, or activities calculated from such measurements, must remain in
doubt.

An additional point concerning the interpretation of measurements made with
Cell II is of interest. Suppose that the colloid in phase I consists of charged particles
surrounded by ions whose concentration gradients are governed by the double-
layer theory to be developed in the next section. The question arises, to what
extent does the measured emf in Cell II include the electric potential in the diffuse
layer around the particle? A wholly unambiguous answer to this question can be
provided.

To make matters clear, consider the following membrane system:

A M B

I II Cell 1III
KC1 KC1
Hg HgZCl2 Sat. | NaCl NaCl | Sat. H92C12 Hg

Here, M is a membrane permeable to Na* ions only, I and IT are dilute solutions
of NaCl at different concentrations. At electrochemical equilibrium,

Gro! = Gnot!! (2-40)
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and pnatt Bt = e 4 F gt (2-41)

F (" — ¢1) = pna*’ — pnatl (2-42)

It is emphasized again that ¢! — ¢! is due to slight charge excesses in each phase
which are localized at the membrane. Within each phase we have electrostatic
interactions, of the type considered in the DH theory, which are included in the

u; and therefore in a;: RT s
1o ogny — fvh o GNav 9_

(¥ ¥h) F, In p— (2-43)

If the extrathermodynamics is applied to Cell III in the same way that it was

applied to Cell II, and if we make the ad hoc assumption that junction potentials

at the bridges are absent,.then
&=yl — Yl = Ay,

Thus, under the assumed conditions, the cell measures only the membrane poten-
tial, and does not directly measure the difference between the electrostatic inter-
actions with each phase. Indeed, if the solutions are so dilute that the interactions
can be entirely neglected, we still have a large membrane potential given as

T ot
& = % n CENNT (2-44)
where c is the concentration.

Exactly the same considerations apply to Cell II. Whatever the nature of the
electrostatic interactions in the colloidal phase, if we make the ad hoc assumption
that the junction potentials between the bridges and the phases of the Donnan
system are zero, the cell emf is equal to Ay,,, which in turn results from a small
charge separation at the membrane. At equilibrium, this Ay, is related to the
ionic activities by equation (2-22) and ionic activities include all electrostatic
interactions within a phase. In the case of an ideal Donnan system, all interactions
can be neglected and the membrane potential is given by equation (2—44).

A related question concerning pH measurements in suspensions is sometimes
raised. Let pH electrodes be immersed in a suspension of particles with diffuse
layers. Assuming no junction potential, to what point in the double layer does the
activity or pH measurement refer? To find the answer, consider the cell:

I II III
g
Std HR KC1
Ag | AgC1 HC1 HC1 Sat. | HgpCly | Hg Cell IV

Phase I is a standard HCI solution enclosed in a glass electrode. ¢ is a glass mem-
brane permeable to H* ions only. Phase II is a suspension containing HR and HCI.
The application of extrathermodynamics (see Section I), yields

& = &% — Tl In g1t 4 yuus — g
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If the ad hoc assumption is made that ¢! — ¢I is zero, ax*!! can be calculated
from &. The point deserving emphasis is that ag. in this equation is defined in
terms of the chemical potential which is uniform throughout the phase. Thus, in
the absence of junction potential, the cell assembly measures the chemical potential
of H* in the phase, and this chemical potential is not a function of position in any
of the diffuse layers which may be present in phase II. The question posed above
thus has no meaning.

Filtration of a Donnan system

Perhaps the most common method of extracting a solution from a soil system or
suspension is filtration. To apply the Donnan theory to this problem, consider a
suspension which is, at some point during the filtration, in equilibrium with a
solution phase of infinitesimal volume. For simplicity, the electrolyte is taken

el

Let the volume of the remaining suspension be V and the amount of salt in the
suspension be a. The volume of the drop will be —dV and the amount of salt in
the drop will be —da. Thus,

da

|4

If V, is the initial volume and m®, the original concentration of the colloid, then
the concentration of colloid at a time when the volume is V will be

mer1t = (2-45)

my = h;iﬂ (2-46)
Then, el = my + mot
= % + meci! (2-47)
Applying the equilibrium condition,
0*(mxatt) (mer) = (mei™)? (2-48)
Substituting mci-! = a/V and equation (2-47) in equation (2-48), we derive
me- 1t = I—efa(a + Vom®,) (2-49)
Therefore, da o
W7 ala + Vom®,) (2-50)

After integrating equation (2-50) and substituting the result into equation (2-49),

we obtain —_—
Mol = 6+/a* + aVom’, (2-51)
et v I:Za + Vom®, 4+ 24 + aVom"p:'
0

J
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where J is a constant given as

J = 2a0 + Vom®, + 2 Va2 + aVem®, (2-52)

and ao is the initial amount of salt in the suspension. mc;-1! may now be plotted as
a function of a or V. This has been done in figures 3 and 4 for the arbitrarily as-
sumed values m°, = V, = a9 = 1. In these plots, the filtration proceeds from right
to left along the abscissa since a and V decrease.

For § = 1, the initial drop filtrate concentrations are higher than the initial
average concentration in the suspension due to the negative adsorption. This effect
is decreased by nonideality (8 < 1). At § = 0.5, the initial drop concentration is
lower than initial mean concentration, corresponding to the positive anion adsorp-
tion discussed above.

¢ 08

0.2

0 02 o4 06 o8 o 082 o4 oe o8 1o
a v

Figure 3. The filtrate concentration (mc,") Figure 4. The filtrate concentration (mg,™m)
as a function of the salt remaining in the sus- as a funection of the volume of the suspension
pension (a) during the filtration of a Donnan  (7) during the filtration of a Donnan system
system at various degrees of ideality. at various degrees of ideality.

It is interesting to note that the concentration curves fall to zero at finite values
of the volume. At # = 1, this occurs because salt is removed from the system at a
higher concentration than the initial mean for over more than half of the filtration.

The curves in figures 3 and 4 were obtained by integrating equation (2-50) at
constant 6. Actually, 8 would be expected to be a function of the salt content of the
suspension. The curves therefore have the same arbitrary significance discussed in
connection with figures 1 and 2.

The Donnan theory can be applied to other methods of obtaining extracts from
soils. Some of these have been worked out and discussed by the writer (Babcock,
1960).

Osmotic equilibrium

Thus far, nothing has been said about equilibrium conditions for water in a
Donnan system. In effect, the membrane has been made impermeable to water as
well as colloid. We now wish to relax this restriction. The treatment parallels the
development of the osmotic pressure equations in Section I.

Consider a Donnan system contained in an apparatus which permits the pressure
on either phase to be varied by means of pistons:
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pll

Assume that every diffusible electrolyte in the system is in electrochemical equi-
librium and the pressures P! and P! are so adjusted that the water is also in equi-
librium. By a derivation parallel to equation (1-95), we find (when PY = P°)

RT In
Vol aw

Aol

Pl — P° = — - (2-53)

where a,! and a,!! are the activities of the water in the phases when the pressure
on each phase is P°, and P! is the equilibrium pressure. The constancy of V! is
assumed in the derivation. The term P,,! — P° is not the osmotic pressure of the
suspension, which is defined as the pressure necessary to make G.! equal to G°,.
In the present case we have made G,! equal to G,'T at P'T = P°.

To find the distribution of ions, we begin by assuming that phase I is in the state
of composition which it has at equilibrium, but the pressure of the phase is P°.

Then u? — @i = RT In ar; . (2-54)

where superseript p denotes phase I at P! = P°. If now the pressure is increased
to its equilibrium value we find, assuming incompressibility,

pil — ur; = VI(Pe! — P°) (2-55)
Combining equations (2-54) with (2-55) to eliminate u?;, we obtain
uil — p° = RT In a?; + V(P — P°) (2-56)

Substituting u,!! — x°; = RT In a;'! and equation (2-56) in the equilibrium con-
dition equation (2-19), we obtain

RT In a?; + V(P! — P°) + z:F W' = RT In ait + 2. F g (2-57)

Thus,

RT ar; L,l
ZiFu In aiH + ZiFy

Ay, = (Peq1 - PO) (2_58)
This formula replaces equation (2-22). By a very similar derivation, the macro-
scopic equation for the distribution of an electrolyte across the membrane can
be found: ) 7

—RT In =% = = (Pl — P?) (2-59)

aiII

where v is the number of ions into which the electrolyte dissociates.

Applicability to soil systems

As already remarked, the only limitation which appears to exist in the macro-
scopic equations is the determination of the mean ionic concentrations in the sus-
pension. In very wet systems, for example, a 19, bentonite suspension, it seems



470 Babcock : Chemical Properties of Soil Colloids

reasonable to write equation (2-9), which states that the average cation concen-
tration is simply the sum of the particle concentration and the anion concentration,
each specified in equivalents per liter.

The desirability of this approach is by no means obvious when we consider soil
systems at water contents in the field moisture range. As we will see in a later
chapter, in such soil systems there is frequently reason to assume that the solution
consists of two discrete phases: an exchanger phase and a solution phase. There is
nothing formally incorrect in applying equation (2-9) to such cases, but it seems
awkward and unnatural. A different sort of model altogether, however, becomes
possible. We suppose that the soil system is composed of a discrete phase containing
exchangeable cations, and no anions, and a homogeneous solution phase. It does
not immediately follow that the filtrate would have a composition identical with
this homogeneous solution owing to the possibility of a membrane potential at
the filtering interface. This model will be examined in some detail in the chapter
on ion exchange.

Negative adsorption of anions in soil systems is well established, but it has not
been extensively studied. In clay suspensions it has been studied by Whitney and
Peech (1952) and in soil systems at low water content by Bower and Goertzen
(1955). The results are not inconsistent with equations (2-16) and (2-17). In
general a decreases with salt content while 8 increases. Positive adsorption of anions
has been more extensively studied, but nearly always under conditions where it
may be the result of positive adsorption sites on clays (for example, kaolinite at
low pH). Whether positive adsorption can occur as a Donnan effect in a system of
negative particles is not known.

Membrane potentials between clays and filtrates, as measured with Cell IT, have
frequently been made (Davis, 1942; Peech and Scott, 1950; Whitney and Peech,
1952; Peech, Olson, and Bolt, 1953). Jenny et al. (1950), however, state that ap-
preciable junction potentials may occur at a salt bridge in a clay suspension. Recent
measurements of apparent mobilities of K+ and Cl~ in clays tend to confirm this.
It appears that nothing conclusive can be inferred from efforts to measure mem-
brane potentials. The significance of the ‘“suspension effect”” for soil pH is likewise
open to question (Jenny, et al., 1950; Peech, Olson, and Bolt, 1953).

Few measurements of the osmotic pressure of clay suspensions have been made.
Low (1955) obtained interesting results using a dynamic flow method. However,
the significance of equation (2-59) does not appear to have been examined.

In summary, the scant data available at the present time do not permit an
evaluation of the significance of the Donnan theory for soil systems.



Section III
DOUBLE-LAYER THEORY

GOUY THEORY
Introduction

A theory for the distribution of ionic concentrations in the neighborhood of
electrostatically charged particles was developed by Gouy in 1910. Since that time
the theory has been presented and discussed in many places (Verwey and Over-
beek, 1948), and it has been applied to soil systems in various ways (Bolt and
Peech, 1953; Bolt, 1955a).

In many applications of the Gouy theory, the charge on the colloidal particles
is assumed to arise from the preferential adsorption of one ionic species from a
solution phase. Electrostatic neutrality then requires the presence of a second
layer of ions of opposite charge. The ‘“‘double layer”’ thus consists of two layers of
adsorbed ions. For example, sich double layers arise in systems of colloidal silver
iodide particles in equilibrium with a solution of the ions. The meaning of the
expression ‘“‘double layer” is unambiguous in such cases.

When the Gouy theory is applied to clay particles, the significance of the expres-
sion ‘“‘double layer’” may not always be clear. In many clay systems, the charge
on the particles is due to isomorphic substitutions in the lattice of the particles,
rather than to adsorption on the surface. Such a particle charge requires the pres-
ence of a layer of ions of opposite charge on the surfaces. Thus, there is actually
only one layer of adsorbed ions, and in this section it will be called the ‘‘diffuse
layer” since it extends outward from the particle surface.

The Gouy theory as it is usually presented yields only the distribution of con-
centrations and potentials around the colloidal particles. Once these have been
obtained, other problems may be attacked. For example, Verwey and Overbeek
(1948) used the distributions in developing a theory of suspension stability. In a
later section, the Gouy theory will be used to find the chemical potential of ionic
species in suspensions.

Infinite plate distance

We begin by assuming that the surface of the colloidal particles can be repre-
sented by a flat surface without edge effects (that is, an infinite surface). The sur-
face has a continuous and uniform electrostatic charge density. It is immersed in
an electrolyte solution which has a uniform dielectric constant. The charge on the
surface is neutralized by an excess of ions of opposite sign, and all ions are taken
as point charges. The model is completed by assuming that the electric potential
is given by the Poisson equation (1-111) and that the ionic concentrations are
governed by the Boltzmann equation in the form of equation (1-114). The latter
condition means that only electrostatic interactions with the surface are considered,
and that the mutual ionic interactions such as those treated by the Debye-Hiickel
theory are omitted. Thus, we have at the start

d’¢ _ _4mp
dz2~ D
[471]

(3-1)
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and

n; = n°; exp (—'2'%)) (3-2)

Equation (3-1) is the Poisson equation for the electric potential in the x direction
measured outward from the surface, and all other symbols have the same meaning
as in equations (1-111) and (1-114). The density of charge at any point in the
diffuse layer is given as

p = Z zen; (3-3)

Combining equations (3-1), (3-2) and (3-3) leads to an equation similar to that
used in the DH theory:

& _ _dr . ( e¢> 5
= "D z.en®; exp W7 (3-4)
The Gouy theory is concerned with the solution of equation (3-4) for various
special cases since no general solution exists.
We first assume that the suspension contains a single symmetrical electrolyte.
Equation (3-4) may then be written

Ao 47r|zl-|cn°1-|: ] <_|z,-|e¢> 3 <|zi|e¢>] o
=" D L[\ "ar /) " \Or (3-5)

where |z;| is the absolute value of the valence of either ion. It is convenient to
introduce a new parameter,

_ lzilep ~
Y= %1 (3-6)
Equation (3-5) then becomes
?y _ _‘ﬁ"zzﬂezﬂoi N B
42 = prr lexp (=) — exp (y)] (3-7)

Furthermore, recalling that by definition

exp (y) — exp (—y)
2

sinh y =

(where sinh y is called the hyperbolic sine of y) we obtain

dy _ Smtenc,
dx* = DkT

It is now convenient to define a new parameter,

sinh y (3-8)

2 . o .
o = S (3-9)
Equation (3-8) becomes
TY = @ sinh y (3-10)

Applying the integrating factor 2(dy/dxz)dx to both sides of equation (3-10), the
solution of equation (3-10) is found to be

@) _ -
<dx = 22 coshy + C (3-11)



HILGARDIA - Vol. 34, No. 11 - August, 1963 473

in which
exp (y) + exp (—y)
2

cosh y =

(called the hyperbolic cosine of y) and C is a constant of integration.
To evaluate C, we use the boundary condition that at ¢ = «, y = 0, and
dy/dx = 0. Since cosh (0) = 1, we find

2
<%> = 2?2 cosh y — 2«2 3-12)

After taking the square root and applying the half angle formula sinh (y/2) =
+v/3(cosh y — 1), equation (3-12) becomes

dy _ oo <g> _
i = 2« sinh 5 (3-13)
since the negative root is required. By integrating equation (3—13), we obtain
In [tanh <%>} = —xzx + C (3-14)

(sinh y/cosh y) and C is a constant of integration. C is evalu-
yo at x = 0. Thus,

tanh (3)

in = —kx (3-15)

(%)

This can be solved for y as follows:

tanh (%) = tanh (gi) exp (—«x)

a = tanh (%“) (3-16)

in which tanh y
ated by using y

Let

so that
tanh (%) = a exp (—«x)

y = 4 tanh~'[a exp (—«2)]

Using an identity for tanh™!, this becomes
B 14 ae*"’) _
—2ln(1_ae_“z (3-17)

Equation (3-17) may also be written

y=2h (e—“L—“) (3-18)

exz_a
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Knowing y as a function of x, one may return to the Boltzmann equation and find
the concentration as a function of x as follows:

n°; exp <—1‘;¢>
° (23

|21
.o, 2 (1 + ae"‘”)jl
= n°; exp [ 2] In [
(1 _ ae_ﬂ)zzi/lz;']
R o —_—
ni; = n’; 1+ ac—=

The distribution of the electric potential and the concentration have now been
found. We next find the net space charge on the diffuse layer, o, by integrating the
charge density at each point over the distance:

nq

(3-19)

g = f pdx (3-20)
0

This space charge will be equal to but opposite in sign from the surface charge
density. Solving the Poisson equation (3-1) for p and substituting in equation
(3—20), we find that

- _| " Dde ey
o = \ dr do? dx (3-21)
This integrates into
_ _Dds|”
’ 47 dx 0
Since d¢p/dx = Oat z = o,
_D dg) y
= (dx . (3-22)
_ DiT g) _
- 41I'|Zil€ (dﬁl) z=0 (3 23)
Substituting equation (3—-13) in equation (3-23), we obtain
_ Dk« . @> _
g = rleile sinh (2 (3-24)
Another form of this equation is
— —Mn—isinh <QQ) (3-25)
K 2

The form of these equations becomes simpler if the DH approximation zeg,/kT
<« 1 is applied. This is equivalent to y, < 1. Expanding the exponents in equation
(3-7), we obtain o

d?y _ 8ma?en’;

dz* ~  DkT
=y (3-26)
Integrating twice and using the same boundary conditions the result is

Yy = Yo exp (—«kzx) (3-27)
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Expanding the exponent in the Boltzmann equation and substituting equation

(3-27), we obtain
ni = n° [1 - |—Z—| y] (3-28)
= [1 — T—}r exp (—xx):l (3-29)

Equations (3-27) and (3-29) are limiting laws which apply at low-charge den-
sities. In figure 5, the electric potential is plotted as a function of distance for ¢ =
100 esu/cm? at two values of m°; (the molality at v = «). In figure 6, the surface
electric potential is plotted as a function of m°; at ¢ = 100. It will be noted that

6
4
- ¢o
m.v.
2
0 .005, .ol
mi
moles per liter
Figure 5. The electric potential in the diffuse Figure 6. The surface electric potential as a
layer as a function of distance at two salt con-  function of salt concentration according to
centrations, according to simplified theory. simplified theory.

¢o increases as m°; decreases. This means that to use the limiting equations, m°;
must be sufficiently high to keep the surface potential low enough to satisfy the
condition gy << 1. At ¢ = 100, the required concentration is in the order of 0.2
me/liter. It is frequently convenient to define the ‘“‘double-layer distance’” as the
distance at which ¢ has dropped to 1/e of its value at the surface. From equation
(83-27) this is seen to be a distance equal to 1/«. Figure 5 shows that this distance
decreases as m°; increases. In order to obtain calculations which are reasonable,
1/x should be large in relation to actual ionic sizes, and this consideration forms
an upper limit for the value of m°;. At ¢ = 100, this is about 2 me/liter. The
limiting equation thus has a narrow range of applicability, and this range decreases
as ¢ increases. For clay particles, with ¢ in the order of 10* esu/cm? or higher,
there is no range of applicability.

Using the general equations (3-17) and (3-19), no lower limit on m°; is formed.
However, it is still desirable to keep m°; sufficiently low that 1/« will be large enough
to render the assumption of point charges reasonable. Unfortunately, this also
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requires the use of values which are below the values found for clays. At ¢ = 10¢,
the value of 1/k required is less than an order of magnitude greater than actual
hydrated ion sizes at all reasonable values of m°;. Thus, equations (3-17) and (3-19)
will represent only systems with low surface charge densities. In figure 7, the elec-
tric potential is plotted as a function of distance for m°; = .005 M and ¢ = 5 X
103 esu/cm?. In figure 8, the concentrations of cation and anion are plotted for two

values of m°;.
0.2

75

0.15
50 ms O
-¢
m.v.
25 .05
m.
o o -
50 100 150 50 100 150
°
X-A X - A
Fig:ure 7. The surface electric potential as a Figure 8. Cation and anion concentrations as
function of distance for m°, =.005 M and ¢= a function of distance for ¢ =5 x 10° esu per sq
5x10° esu per sq em, according to general cm at m°;=.05 and m°; =.01 according to gen-
theory. eral theory.

It is of interest to recall that the Boltzmann equation in the form of equation
(3-2) requires not only that n°; be the concentration at x = o, but also that it
represent the mean concentration in the system. We now verify that equation
(3-19) meets this requirement. The mean concentration in the diffuse layer is
given as

__ Jndx o
n; = —_f . (3-30)
For the cations we find that
. 1 — e 2
Ny =Ny (ﬁ%:;) (3-31)

Substituting equation (3-31) in equation (3-30) and integrating to find the mean
value of n; between any two distances z; and z,, we obtain

f” e (1 — ap‘"’)2 d
z + 1 + ae—** T

ny = T2 — T2 (3_32)

_ n°, 4a ]
T k(xe — 1) l:e“ Fa ™

T3

(3-33) -

E2
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n°+ 4a 4a ]
Tk - -34
K [(172 — 1) (e 4+ a) (z2 — m) (= + a) +« (3-34)
On letting 2, — 0 and &, — o, we find that
gy = n (3-35)

The same result is obtained for anions. Thus, notwithstanding the concentration
gradients near the surface, the average concentrations are equal to n°; and the
requirement of the Boltzmann equation is satisfied. This result might have been
anticipated since at infinite distance between the plates, the colloidal particles are
at infinite dilution.

The important findings of the theory in this section are:

a) that in the case of a negative surface, the excess cations near the surface
neutralize more of the charge than the anion deficit;

b) that the surface electric potential decreases as the salt concentration increases;

¢) that the double-layer distance 1/k decreases as the salt concentration increases.
The two most important limitations on the theory are:

a) it applies only to infinitely dilute clay suspensions;

b) it applies only to low surface charge densities.

Finite plate distance

When the distance between two plates becomes finite, the electric potential
between the plates is everywhere finite. The two diffuse layers are then said to
intermingle or overlap. We cannot then apply the Boltzmann equation in the form
of equation (3-2). By applying statistical mechanics, however, new distribution
equations can be developed. We shall attempt a much simpler treatment based on
extrathermodynamics.

In the nomenclature adopted in Section II, the chemical potential of all ions in
the diffuse layer is constant throughout at equilibrium:

du; = 0 (3-36)

By analogy with the treatment of electrochemical systems, we assume that the
chemical potential of an ion in a volume element of the diffuse layer is the sum of
a concentration term and an electrical term whose source is external to the volume
element. Thus, still leaving mutual ionic interactions out of account, we write

du; = kTd In n; + zedp = 0 (3-37)

Integrating from any point in the diffuse layer to z
point between the plates, we find

d, the distance to the mid-

kT In fd— + 2i0(6 — ¢a) = 0 (3-38)
n; = ni; exp I:_z_.e (¢ — ¢d)] (3-39)
1 % kT

in which n% and ¢, are values at + = d. This equation must be used in place of
equation (3-2).
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We next recognize the existence of a purely formal number defined by putting
¢ = 0:

n°; = n%; exp <%i) (3—40)
Therefore,
n; = n°; exp (—%) (3-41)

Substituting equation (3—41) in equation (3-39), we obtain

n; = n°; exp <—%¢> (3-42)

This has exactly the same form as the Boltzmann equation for d = «, and combi-
nation with the Poisson equation leads once more to equation (3-11) for sym-
metrical electrolytes. However, n°; now apparently stands for a hypothetical con-
centration outside the plates. To evaluate the integration constant in equation
(3-11), we use the boundary condition that at © = d, y = ya4, and dy/dz = 0. The
result is

2
<%> = 2«? cosh y — 2«? cosh yq (3-43)

Thus,
dy
V2 cosh y — 2 cosh yq

Unfortunately, no solution for this equation exists. However, it can be transformed
into the elliptical integral (Verwey and Overbeek, 1948)

= —kdz (3-44)

/2

kd = 2 exp (- %’> de (3-45)
2 /1 — sin% sin%

sin~! e (w~va)/2

where sin @ = exp (—ya)
and sin « sin?z = exp (—y)

Thus, solutions for equation (3—44) can be found from tables.
An expression for the space charge is readily found using equation (3—22). From
equation (3-43), we find that

(Z—i) = A/2¢? cosh y, — 2«% cosh ¥4 (3-46)
and substituting these terms in equation (3—22), we obtain

DET«k
= dnlede

V2 cosh yo — 2 cosh yg (3-47)

(2

This equation can also be put in the form

, _ DETr;

(cosh yo — cosh ya) (3-48)

g
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An analytical solution for the distribution equations can be found by setting
the condition y, << 1 and expanding exponents. We again obtain equation (3-26)
and, after the first integration,

dy ’ 24,2 2,2
% = KY* — kY% (3_49)
Thus,
W__ e (3-50)
VY — Y
Integrating from d to z, we find that
y = ya cosh (kd — xx) (3-51)

Equation (3-22) may again be used to find the space charge. The result can be

put in the form
- = ¢oKD

tanh (xd) (3-52)

On substituting equation (3-51) in the expanded Boltzmann equation, we obtain
the concentrations as functions of distance:

n; = n°.'|:1 _ Ziod cosh (kd — x:c):] (3-53)
kT

Equation (3-30) can now be used to find the mean concentration by integrating

from z = 0 to d. The result can be put in the form

[1 + 41raz,e:|

2T Dd

In figure 9, the electric potential is plotted as a function of distance for ¢ =
100 esu/cm? and m°; = .0005 M, as calculated from these limiting laws. In figure
10, the concentrations are plotted, and the mean concentrations are also shown.

(3-54)

8.0 L0007
e
my
6.0 0006 O I 7 5,
L]
4.0 008 — — e — —_——_———— —“ni
- ¢ m_
m.v. —
2.0 0004 — O — — 2 —m_
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Figure 9. The electric potential as a function
of distance for a finite plate distance of 400 &
and o =100 esu per sq cm according to simpli-
fied theory. m°; =.0005 M. Infinite plate dis-
tance (dashed line) is included for comparison.

Figure 10. The cation and anion concentra-
tions as a funetion of distance for a finite plate
distance of 400 & and ¢=100 esu per sq em
according to simplified theory. The mean con-
centrations are shown.
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Figure 11. The electric potential as a func-
tion of distance for a finite plate distance
according to general theory. ¢ =5 x 10° esu per
sq em and m® =.0005 M.
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Figure 13. Potential at the midpoint and
potential at the surface as functions of the
plate distance according to general theory. o=
5 x 10% esu per sq em and m® =.0005 M.

300 400

Babcock : Chemical Properties of Soil Colloids

.08

.06

m+
.04

.02

80 120

50
m_ X 10®

30

o 40 80
°

X—A

120

Figure 12. Cation concentrations (top) and
anion concentrations (bottom) as a function
of distance for finite plate distance according
to general theory. ¢ =5 x 10° esu per sq cm and
m° =.0005 M.

The difference between these mean concentrations is of course the clay concen-

tration in me/liter.

Returning to the general case, the electric potential and concentrations are
plotted in figures 11 and 12 for ¢ = 5 X 10% esu/cm?, m°; = .0005 and ¢ = —60 mv.
In figure 13, ¢o and ¢, are plotted as a function of d. While ¢, varies widely, ¢ is

a constant until d becomes very small.
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CHEMICAL POTENTIALS
Introduction

Thus far we have obtained only the expressions for the electric potential and
concentrations around the charged colloidal particle. The next task is to calculate
the chemical potential of ions in the diffuse layer. As in the Debye-Hiickel theory,
this will lead to the activity coefficient.

Efforts have been made in a number of places (for example, see Bolt, 1955b) to
include mutual ionic interactions in the double-layer theory and to calculate activ-
ity coefficients defined in terms of these interactions. However, in the present sec-
tion, the aim is to calculate the chemical potential defined so as to include surface-
ion interactions and to find the corresponding activity coefficients from the Gouy
distributions. Mutual ionic interactions are left out of this model on the assumption
that surface-ion interactions constitute the first-order effect.

We must first inquire somewhat more closely into the significance of the activity
coefficient. Following the usage developed in Section II, we obtain

Mi — /.Loi = RT In a; (3—55)

= RT In vy7; (3-56)

in which a; is uniform throughout the phase and #; is the mean concentration. We
may therefore interpret v; as follows. Imagine the transfer of a chemical species

from its standard state to a hypothetical solution which is at molality 7, which is
ideal, and in which u; = u*;. Then,

A}Ll = p*i - y.oi = RT In m; (3—57)

Next imagine the transfer of the species from the hypothetical ideal solution to a
final solution at molality #%;. Then,

Ape = pi — u*; (3-58)
The overall Au is
Ap; = Apy + Aps = p — p% (3-59)
From these equations we find
ui — u*; = RT In v; = Aus (3-60)

Thus, to find v; we must find the Ay for transfer from a hypothetical ideal state at
a concentration 7; to the actual solution at the same concentration. In the DH
theory, we realize that if the hypothetical state is to be ideal, the species must be
uncharged, so that Ay, can be found by calculating the reversible work to charge
the ions. We may note in passing that in general it is not obvious whether Ay, is
negative or positive. In the DH theory it is negative because the attraction between
ions of opposite signs outweighs the repulsion between ions of like signs.

An alternative to this interpretation is to find the AG for changing the whole
system from the hypothetical ideal state to the actual state, and then differenti-
ating with respect to n; to find Au, and ;.

This latter technique is most advantageous in dealing with colloids. We imagine
the colloidal plate and the ions to be in a hypothetical ideal state with concentra-
tions that are uniform and equal to the mean concentrations in the final state. We
then find the AG to change the system to its final state and differentiate with respect
to n;. This leads to Aus and to ~;.
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Charging processes

First, the electrostatic work required to charge the system must be found. An
equation well suited to this problem has been developed by Verwey and Overbeek
(1948). The derivation is as follows.

The charge on each ion in the system is z;e. We may therefore write the process
by which the ions are charged by expressing the change in the charge by z.ed\,
where A is the fractional part of the charge and will increase from zero to one. The
change in the charge on a volume element dV, due to the change in the charge of
the 7th ion species at a concentration n;, is the product of the number of ions in
the volume (n,dV) and the change in charge per ion:

dq; = zend\dV (3-61)
where dg; is the change in charge. The net change in charge due to all ion species is
dq = > ziend\dV (3-62)

At any point during the charging process the charge on each ion is z:;e\, so that the
charge density (o’) of a volume element is given as

pl =2 zen (3-63)
It follows from equations (3—-62) and (3—63) that
Py
dq = N d\dV (3-64)

If ¢’ is the electric potential of the volume element at some point during the charg-
ing, then the free energy change is given as

dG(el) = ¢’dq (3-65)
7.7
= 22 anav (3-66)
Thus,
X ¢/pl
AG(el) =ffT andvVv (3-67)
Since A is independent of position, .
AGel) = f @ f 'p'dV (3-68)
Since ¢’ and p’ vary in the z direction only,
AG(el) = f o f o' p'dz (3-69)

in which AG(el) is now the free energy change per square centimeter of surface.
That is, AG(el) is the free energy required to charge all volume elements opposite
one square centimeter of surface.

One method of employing equation (3-69) immediately suggests itself. We
imagine that as A increases, electrochemical equilibrium is continuously main-
tained as required by the Boltzmann equation. Thus, as the charging goes on, the
concentration gradients will be created automatically. To attempt this, consider
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the simplest case in which 7, < 1 and d = «. At any point during the charging
we find from equation (3-27) that

¢ = ¢’ exp (—«'x) (3-70)
Furthermore, if we replace (z:¢)? in equation (3-9) by (z:e)\)?, we find that
K = Nk 3-71)
Therefore,
¢ = ¢ exp (—k\x) (3-72)
From the Poisson equation we obtain for the charge density
D d’
r !
P= Tian da? (8-73)
_ _D ney _
= —3, )% (3-74)
— A2’ (3-75)
47

Thus, at any point in the double layer we do not find o’ = Mp since the charge and
concentration of each volume element are both changing. However, we must obtain

Y (3-76)

since the total number of ions in the diffuse layer does not change. The relation
between the surface potential and the space charge for the present case is

o= —3 o (3-77)
Therefore,
o = _Dx ¢’ = Ao (3-78)
47
From equation (3-78) we find
¢’ = %’: = ¢o (3-79)

Hence, the charging must be at constant surface potential. From equation (3-72)
we note that this requires that ¢’ = ¢, everywhere at A\ = 0. The conclusion is that
while the electrical work can be found for the equilibrium charging process, this
is not the desired process since we wish to begin from an initial state in which the
potential is everywhere zero.

To overcome this difficulty, the charging process is carried out with all ionic
concentrations fixed at their final values in the diffuse layer. This may be called
charging in situ. Later we will find the purely osmotic work to create the concen-
tration gradients and thus obtain the overall AG. (An analogous osmotic term does
not enter the DH theory since the potential due to the ion atmosphere alone is
independent of distance, and does not create concentration gradients.)

For a charging process in situ, only the ionic charges in a volume element change
since the concentrations are constant. Thus,

Pl = Np (3-80)



484 Babcock : Chemical Properties of Soil Colloids

The Boltzmann equation cannot be applied during the charging process as we do
not have electrochemical equilibrium. However, the Poisson equation is still

applicable. Therefore,

d¥’ _47rp'
dr> D
Y
- D
_ P
=Mz
Integration immediately yields
¢ = N\

(3-81)

(3-82)

(3-83)

Thus, ¢’ is everywhere proportional to A and we have the correct initial and final

states.

The charging process may now be carried out for the general case with d = .

Beginning with

P = Np
= )\E 2en;

we substitute equation (3-19) and find that
1 — ge*e 2zi/lzil
r __ ot~ =
p/ =N\ Zzzen 1(1 T ae“")
For a single symmetrical electrolyte,
N M)t <u_€__“”>—2:|

p = )‘IZTIm zl:<1 + qe*= 1 + ae =

Substituting equation (3—17) in equation (3-83), we obtain

o = 2T <1 + ae"“)

T 2le 1 — ae =

Letting v = exp (kr) and using equations (3-86) and (3-87), we find

vera.  2ETAS: | (u — a)’ <u+a>2] <u+a)d_u
o'z = K |:<u+a>_u—a hlu—au

After a lengthy integration, we obtain

. 2kTN°; S8au u+a> __ 8a? ]
j;qudx— K [u2—a21n<u—a u? — a?

_ __2IcT)\2n°il: 8a? In <1 + a) 8a? ]

K 1 — a? 1—a/ 1-—a

o

1

The free energy is now found from equation (3—69):

o, 2
AG(el) =fd{~\fp'¢'dx = _kY;n : [1 Eaaz In (i i- Z) -1 8_a a2:|

(3-84)

(3-85)

(3-86)

(3-87)

(3-88)

(3-89)

(3-90)

(3-91)
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Equation (3-91) can be put in the more convenient form,

_ ___ 8aRTm° 14 a> _ :l ~
AGED = 1000 (1 — a9 [m (1 iy (3-92)

Since one cannot obtain an analytical solution for the general case at finite plate
distance, the charging process cannot be carried out. However, the necessary equa-
tions are available for y, < 1.

We begin with the components of the system in an uncharged state and with the
ion concentrations everywhere equal to their value at equilibrium. We again obtain

= Np

= Z zie)\ni (3—93)

Combining equation (3-93) with the expanded form of the Boltzmann equation
and with equation (3-51) for the electric potential leads to

p = —% k2@ cosh (kd — kx) (3-94)
Using equation (3-83) for charging in situ,
¢’ = Aga cosh (kd — kx) (3-95)
We then find by straightforward integration that
fo " peds = D finh (2d) + 2] (3-96)
Finally,
AG(el) = f 4 [ roas - ~ D% finh (2ad) + 20d) (3-97)
Using equation (3-52), equation (3-97) can be written as a function of ¢:
AGel) = _71%2 litanil Kkd + sin’;]l2 Kd] (3-98)

Osmotic free energy

It is now necessary to find the osmotic free energy required to create the con-
centration gradients. Consider a given volume of any solution containing solute
and a molality m;. The free energy change for a change in the number of moles of
solute, at constant water content, is

dG = Gidn; (3-99)
Since by definition m; is the number of moles of solvent per kilogram of water,
— . nH’O _
ne = m (3-100)
and
= ™.0 4. _
dn; = 555 dm; (3-101)

If the volume of the solution is one liter and the solution is dilute, ng,0 = 55.5, and

dn; = dm; (one liter) (3-102)
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Substituting equation (3—102) in equation (3-99),
dG(1) = Gdm; (3-103)

where G(l) is the free energy of one liter of solution. Therefore, if we transfer dm;
moles from a solution at a concentration m;’ to a solution at a concentration m;,
the free energy change is

dG(l) = Gdm; — G{dm; (3-104)
If the solutions are ideal,

dG(l) = RT In (Zf,)dm,- (3-105)

(In writing the double-layer theory we have already left the mutual ionic inter-
actions out of account so that assuming ideal solutions here represents no loss in
generality.) Therefore,

AG() = RT f ' < )dm, (3-106)
= m,-'RT[ 1+ ——1 ﬂ—] (3-107)
m, m;
For convenience, let U; = m;/m;’, so that
AG() = m/RT[1 + U;In U; — U;] (3-108)

For the diffuse layer at infinite plate distance, we wish to begin with an infinite
volume at a concentration of m®; and find the free energy change to create the con-
centration gradient opposite one square centimeter of the surface. Since the free
energy change per cubic centimeter is AG(l)/1,000, the free energy change for
each volume element in the double layer is [AG(l)/1,000]dz, and we find the total
free energy change per square centimeters of surface, AG(o0s), by the integration

AG(0s) = fo ’ —14%%% dz (3-109)

Substituting equation (3-108), we obtain
1,000AG(0s) =f m®RT[1 + U;In U; — U,dx (3-110)
0
in which U; = m;/m°; .

Beginning with the general case and d = o, we find from equation (3-19) that
for cations

1 — ae=)\*
s - (t5e) G-11
Letting 4 = e** and substituting equation (3—-111) in equation (3—-110), we obtain
m°RT a\’ (u — a)2
1,000AG(os) f |:1 + (u T a> In v T a

N
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A similar equation may-be found for AG_(os). After lengthy integration the result is

AG(0s) = AGL + AG-

_ __8amRT _ [ <1_+_a) ] _

= 10000 — o 2 \1 =) — 3¢ (3-113)
The osmotic free energy can also be found for finite plate distance provided y, < 1.
In this case we must begin with each ion in an uncharged state and at a concen-
tration equal to the final mean concentration given by equation (3-54). Thus, we
put U; = m;/m; to integrate equation (3—-110). The result is

y _ 2mo? 1 kd _ 1 5
AG(os) = ~p, [2 tanh () T 2 smh? () Kd] (3-114)

Free energy of the plate

It will be recalled that in the DH theory, the expression for the electric potential
was divided into a term for the central ion and a term for the ion atmosphere.
Only the term for the ion atmosphere was retained since we wished to calculate
only the extra energy due to interactions. No analogous separation occurs in double-
layer theory, but in the present treatment of particles with a permanent charge,
we wish to find only the extra free energy of the diffuse layer. This requires that
the free energy of the plate be calculated and discarded. This situation is also
different from the case treated by Verwey and Overbeek (1948) in which the charge
is built up by the preferential adsorption of a ‘“‘potential determining” ion.

The free energy of the plate is readily found. As the space charge is built up by
charging the ions in situ, we also gradually build up the electrostatic charge on the
plate. It follows that if o, is the charge on the plate then

o) = Aoy (3-115)
¢’ = Ao (3-116)
where ¢, is the potential of the plate. Therefore,
AG(])) = f¢o’d0'p/ (3-] 17)
1
= f d)o)\o',,d)\
0
_ $oop —
=75 (3-118)
For the general case with d = «, substitution of equation (3-25) results in
86(p) = LTS o @) (3-119)

This can be transformed to read

8aRTm® In <1 + a> (3-120)

AGP) = 1000k — @ 2 \i =

For the case of finite plate distance with y, << 1, if we substitute equation (3-52)
in equation (3-118), we find that

2ma?

AGP) = D tanh (d) (3-121)
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Final free-energy equations

The final equations for the free energy may now be found. For the case of infinite
plate distance, the free energy per square centimeter, AGg, is

AGs = AG(el) + AG(0s) — AG(p) (3-122)

_ 8aRTm° [ln <1 + a> _ ]
= TL,000«(I — @) I—a) ¢

8aRTm® |, 1+a) ]
T 1,000l — a9 [2 n < sa

__ 8aRTm® 1+ a>] o
1,0006(1 — a?) [In ( (8-123)

Equation (3-123) simplifies to

16a*RT'm°

AGs = =1 000x(1 — a9

(3-124)

For the case of finite plate distance with y, < 1, if we substitute equations
(3-97), (3-114) and (3-121) in equation (1-122), we obtain

o 1 kd
AGs = =3¢ I:tanh «d) T smhe (Kd)]

wol 1 kd 1
T e [2 tanh (d) T 2smh? (ed) x_d]

mo?

~ Dx tanh (d) (3-125)
Equation (3-125) simplifies to
21o? 1 1
AGs = =Tp¢ [tanh @ T El] (3-126)

Content of the diffuse layer

We must next find the appropriate composition variable against which to dif-
ferentiate the equation for AGs. Returning to equation (3-32) for the mean con-
centration of ions between two points x; and z,, we may let x; = 0, and find that

—_my f - (L:ﬂ) _
me =" \I ¥ ar= dx (3-127)
If we integrate equation (3-127), we obtain
o omy 4da  _4a :|
M = [m + a+ e g+ 1
o, 4am’®, __4am®y _
=m + + sz(a + e“zz) KT2(a + 1) (3 128)
The surface excess of ions between x = 0 and & = z, is, therefore,
o o *
(77L+ - m°+)x2 = 4am + 4am + (3—129)

ka + e=)  x(a + 1)
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Now, as 2, — =, the right-hand side of equation (3-129) becomes

o
_ 4am’®

(Mg — m°)my = W +a (3-130)
A similar derivation for the anions yields the equation
_ o _ _dam’_ .
(M = m* )z = s (3-131)

Thus, although z, is infinite, we have previously shown that 7, = m°, and that
the difference 7, — m°, is zero. In this case, the product (M, — m°_)ax: = 0 X
is finite. We obtain a similar result for anions. Therefore we define an ‘‘ionic con-
tent of the diffuse layer” (A;) as the difference between the mean concentration
and the concentration at infinity, multiplied by the complete thickness of the layer.
Thus,

4am®
A+ = ~T000«1 + ) (3-132)
AL = —tam’ (3-133)

1,000«(1 — a)

The subscript has been dropped from m°; since m°, = m°_ for symmetrical elec-
trolytes. In defining the A;, equations (3-130) and (3-131) have been divided by
1,000 to give units of moles per cm?. Equations (3-132) and (3-133) give the excess
or deficit of ions per cm? of surface, and AGs is the extra free energy due to these
ions. Thus, the required derivative is dAGs/dA;.

For the case of finite plate distance and 3, < 1, we define the content of the

diffuse layer as (s — m®)d

A4=""1000 (3184
Following a derivation similar to the one just presented, we find
a
Ay = m (3-135)
g
A_ = BT (3-136)

The form of these results might have been anticipated since the expansion of
exp (—y) always leads to symmetrical concentration curves for cations and anions.
The surface charge is therefore neutralized equally by an excess of one ion and a
deficit of the other.

Activity coefficients and filtrate composition

The activity coefficients of the ions in the suspension are now readily found:

@gﬁ)_ - .
( aA; = Mz Mg (3 137)

Since AGs in equation (3-124) is in units of RT per cm? and A; is in moles per cm?,
u*;is in RT per mole. Thus,

Mi — p*i = RT In Yi (3—138)
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The differentiation of equation (3—124) is carried out as follows. We notice that
the A; is the excess or deficit of each ion species per em? of surface. It follows that

> zehi = o (3-139)

(This equation can be verified by substitution of equations (3-132) and (3-133)
and comparing the resulting equation with (3-25) after making appropriate changes
in units.) Thus, to bring about the change in the ionic content of the diffuse layer
required by equation (3-137), we make a displacement in ¢. To do this it is con-
venient to define two new parameters, B; and B,, as

8meiN Azz,-
9 . OfY ‘VAC i —
B* = 1 000DkT (8-140)
_ 2melz|o .
B, = DT (3-141)
If appropriate transformations in these equations are made, we obtain
K2
B2, = poec (3-142)
2ak
B, = e (3-143)

Omitting the algebra, these equations lead to the following equation for AGs as a
function of A, :

_ 8RTB, _
AGg = 1 00057, 4RTA, (3-144)
Thus,
' dAGs _ _8RT dB, _ ~
dA, ~ 1,0008% da, ~ ‘BT (8-145)
Again omitting the algebra, we find
-2 g _ = B, _
A, = 1.00057, [B: — k + V/k? + B2 (3—-146)
Thus,
dA, 2 [ Bs ]
T =1 4+ (3-147)
2 J—
dB,  1,000B% e F B,
Upon substituting equation (3-147) in equation (3-145), we find
ddAAGs - _ 4RTB, (3-148)
* B: + Vk* + B%
Therefore,
Iny, = — 4B, (3-149)

B, + \/K2 + B,
Rationalizing the denominator on the right, we obtain

In v, = —‘1’% (V@ + B — By) (3-150)
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By a similar derivation we find that, for anions,

Iny_ = é’% (V/x? + B% + By) (3-151)
In fact, a second derivation for anions can be avoided simply by realizing that the
behavior of an anion in a negatively charged system must be identical with the
behavior of the cation in a positively charged system and by writing equation
(3-150) for this latter case. Since the sign of B, runs with the sign of ¢, this merely
involves changing the sign of Bs.

It is interesting to note that the activity coefficients in equations (3-150) and
(3-151) depend only on the ratio «/B,. This ratio in turn is fixed by the ratio of

m° to o. In figure 14 the value of v, is plotted against x/B,. It is seen that as the

1.0 1.0 J‘p
0.8 0.8
0.6 0.6
7+ 7+

0.4 0.4
0.2 0.2

o o

2 4 6 8 10 12 14 16 18 20 : > 3 P s
x/8B
2 82 /x

Figure 14. Cation activity coefficient in a
system of negative particles as the relative salt Figure 15. Cation activity coefficient in a
content (measured by x/B;) increases, accord- system of negative particles as the salt content
ing to general theory. The plate distance is decreases from high values according to gen-
infinite. eral theory. The plate distance is infinite.

relative salt content of the system increases, v, increases. This is of course quite
the opposite of DH behavior. It results from the fact that as the relative salt
content increases, the electric potential everywhere decreases according to equa-
tion (3-17). Thus the attraction energy between the cations and the negative
particles decreases, and the activity coeflicient increases.

In figure 15 the value of v, is plotted against the inverted ratio B/« for positive
values of o. This curve shows that v, rises to unity at infinite salt concentration,
where all attraction energy between the cations and the plate has been ‘‘salted
out.” Actually, mutual ionic interactions would presumably prevent v, from rising
to a value of unity.

In figure 16 v_ is plotted against x/B; for positive values of ¢. Here the activity
coefficient decreases as the relative salt content increases, from large positive values
down to unity. The limit of v_ at high salt content is also shown in figure 17 where
v_ is plotted against the inverted ratio By/x. The positive values of v_ simply mean
that, owing to the repulsion between the anions and the plate, the value of u — u*
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is positive. Thus, if the path were open, anions would spontaneously transfer from
the suspension to the hypothetical ideal state.

The activity coefficients are not unity at infinite dilution. This result was antici-
pated in Section IT where it was noted that in cases where we have inhomogeneity
of charge distribution, the ions would not be expected to obey Henry’s Law at
infinite dilution. This, however, does not constitute any limitation on the Donnan
equations of Section II. We have at hand the situation where the microscopic state
of the suspension is determined by the double-layer theory and the macroscopic
behavior may be found from the Donnan equations. Overbeek (1956) has also
treated this system.

25 T
20
25
15 20
-
15
10
Y- 10
5 5
o 2 4 6 8 10 12 14 16 18 20 o 0.l 03 0.5
x/Bgy BZ/K
Figure 16. Anion activity coefficient in a Figure 17. Anion activity coefficient in a

system of negative particles as the relative salt  system of negative particles as the salt content
content (measured by «/B,) increases, accord- decreases from high values according to gen-
ing to general theory. The plate distance is eral theory. The plate distance is infinite.
infinite.

The mean activity coefficient of salt in the system and the composition of filtrates
in equilibrium with the suspension may now be found from the Donnan equations.
For a symmetrical electrolyte,

v = (v4 - v)? (3-152)
Using equations (3-151) and (3-152) we find

Inyy = 4<—> (3-153)

To find the filtrate composition, it must be remembered that the condition d = «
requires an infinitely dilute suspension. Therefore, the mean molality of both ions
in the suspension is m°. Assuming a dilute filtrate at compsition m;, equation (2—4)
becomes

Y2 (m°)? = m? (3-154)
Therefore,
= ye (3-155)

m
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and from equation (3-153), we obtain

In 74— 4<&>2 (3-156)
m° K
In figure 18, m,;/m° is plotted as a function of «/B.. The results show that at low
relative salt content there is a large negative adsorption which rapidly decreases
as the relative salt content increases. The curve is remarkably similar to figure 1
in Section II.

These results are in contradiction to the usual assumptions made in the double-
layer theory. It is frequently assumed that for d = o, the composition of the
equilibrium filtrate must be equal to m°. According to the present theory, the
filtrate composition ean be found only by calculating the chemical potential, and

50 4.0
as
40
3.0
35
30
mg/ m*
25 y 29
20 7
15
10
10 7+
) dpfoﬁ/o___o———o_—o
o -2 4 € -8 10 0 50 100 150 200
Ba/x xd-A
Figure 18. The ratio of the salt concentra- Figure 19. Cation and anion activity coeffi-

tion in a filtrate to the salt concentration in an  cients as a funetion of plate distance according
equilibrium suspension as the salt concentra- to simplified theory. ¢ =100 esu per sq em and
tion decreases. The plate distance is infinite. —m°= .00322 M.

thus the activity coeflicient, of the ions in the suspension, and applying the Donnan
equations. The results indicate that x/Bs, must be in the order of 6 or 7 before m;
is within a few per cent of m°.
For the case of finite plate distance and y, << 1, equation (3-135) may be re-
written
2B,

= 1,000B2,

Using equations (3—-126) and (3—-157) and following a derivation parallel to the one
given, the activity coefficients are found to be

Ay (3-157)

_ 4B [_ 1 1_} _
Inyy = k Ltanh «d + xd, (3-158)

_4By[_ 1 1_} _
Iny- = K [tanh kd + xd (3-159)

Thus, the v; are no longer determined by x/B; since the plate distance enters the
equations. In figure 19 the activity coefficients are plotted as a function of plate
distance for o = 100 esu/cm? and m° = .00322. Under these conditions, one cannot
caleulate with d < 13 A without violating the condition y, < 1.
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In all cases for which y, < 1, the symmetrical concentration curves also lead to
symmetrical equations for the activity coefficient. Thus, the result of substituting
equations (3-158) and (3-159) in equation (3-152) is

Y+ = 1.0 (3-160)

However, this result does not mean that negative adsorption is absent. The ionic
activity coefficients have been defined such that

a; = vim; (3-161)
Therefore, assuming a dilute filtrate, we find from equation (2-4) that

(i - M) = m, (3-162)

o 50 100

Xd- A
Figure 20. The ratio of the filtrate molality to the mean suspension molality as a function of plate
distance according to simplified theory. ¢ =100 esu per sq cm and m° =.00322 M.

Substituting equation (3—54) for the mean concentrations and solving for m, the

result is oo \/1 _ (Amozie \? (3-163)
;= (szTDd

In figure 20 the ratio m,/m_ is plotted as a function of the plate distance to show
the negative adsorption. Equation (3-163) also shows that one cannot identify m°
with the filtrate composition.

Strong interactions

A general analytical solution for the case of overlapping diffuse layers has not
been found. However, the value of y, was shown to increase as the plate distance
d decreases. If the plate distance is sufficiently small that ys >> 1, then

2coshy = e¥ 4+ e v > e (3-164)

Equation (3—44) takes the form
dy

— = —xdx (3-165
»\/ell _— eUd
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This equation can be integrated. The result is

k(d — x) exp (?)
Y = Ya — 2 In cos 5 (3-166)
The corresponding concentration equation is
k(d — x) exp (%) 2eillzil
m; = md; cos 5 (3-167)

The use of these distribution equations to calculate chemical potentials would
undoubtedly lead to more realistic results than the approximation y, << 1. However,
the use of equations (3-166) and (3-167) to find p’ and ¢’ for substitution into the
charging equation leads to a lengthy expression which cannot be integrated.

APPLICABILITY TO SOIL SYSTEMS

It has been shown that the theory itself contains inherent limitations. While it
may be reasonable in many systems to assume point charges, it does not seem
reasonable to apply the theory to systems in which the theory itself predicts that
the concentration gradients are confined to distances which are in the same order
as the size of ions in solution. We have seen that this limits the theory to surface
charge densities which are lower than that of clay systems. At best, then, one would
expect the theory to predict the behavior of clay systems with low surface charge
densities. It furthermore seems unlikely that any of the equations based on the
condition yo << 1 would apply to clays.

Other aspects of the theory have been examined in detail by Bolt (1955b) who
concludes that the introduction of a number of effects such as mutual ionic inter-
actions, dielectric saturation, and ionic polarization tend to have a cancelling
effect. Bolt (1955a), Bolt and Peech (1953), and Bolt and Miller (1955) have also
presented evidence to show the applicability of the Gouy theory to clay systems.
The negative adsorption data mentioned at the end of Section II may also be
interpreted as evidence for the Gouy theory. Marshall (1958) has reviewed further
evidence. In recent years, then, there is a growing body of evidence that a diffuse
layer does exist around soil particles. As previously explained, the presence of such
a diffuse layer would also lead to the expectation of Donnan effects, in the sense
that this term is used in Section II. However, the full evaluation of the significance
of the diffuse layer must be postponed until the theory of ion-exchange in the next
section has been presented. '



Section IV
ION-EXCHANGE THEORY

ION-EXCHANGE EQUATIONS
Introduction

In dealing with negatively charged colloids thus far, the main concern has been
with the distribution of a single salt between two macroscopic phases. When we
include more than one salt and focus attention on the cation distribution, the prob-
lem becomes one of cation exchange. Any equation which gives the distribution of
cations between a suspension and its dialyzate may be called a cation-exchange
equation.

Two categories of model systems have been employed for the derivation of
cation-exchange equations. The first is the double-layer model, in which the Gouy
distribution equations are used. In the second, the suspension is assumed to be
composed of two discrete phases. One phase contains only the exchangeable ions
and an infinitesimal amount of electrolyte, and the other is a homogeneous solution
of electrolyte. This latter model is the basis for the mass-action approach and the
statistical-thermodynamic approach. After examining the theory of these models,
an attempt will be made to find which is most suited for soil systems.

Double-layer theory

A general analytical solution for the local distributions when d ## o cannot be
found, since the equation for dy/dz given by equation (3-44) leads to an elliptical
integral. However, Ericksson (1952) has shown that to find the cation distribution,
this equation does not need to be integrated. A cation-exchange equation can be
found provided we deal with mixtures of symmetrical electrolytes.

Consider first a mixture of two uni-univalent electrolytes. The general form of
the Poisson-Boltzmann equation given by equation (3—4) becomes

2 2
% = —18%7—, [n°1 sinh y + 7n°; sinh y] 4-1)
In the case of overlapping double layers, n°; is the concentration outside the plates.
We define
8me?

2 _ _
A DT (4-2)
Equation (4-1) becomes
%y 0 0
dn? = \2(n°; 4+ n°) sinh y (4-3)
This integrates into
% = N V2(n°; 4- nf2) (cosh y — cosh y,) (4-4)
Using equation (3-23) for the space charge, we obtain
o= D_f,rj_} V/2n°; + n°) (cosh yy — cosh ya) (4-5)

[ 496
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We next find the fraction of this space charge which is due to the ith electrolyte
species: "
0; = f pdx (4-6)
0
Th
en, pi = Z zem;
_ o _zi%p
= D zen°; exp < lcT)
= —(2en°;) sinh y 4-7)
Substituting equation (4-7) into equation (4-6), we find that
'd
o = ——f (2 en®;) smh y dx 4-8)
0

Solving equation (4-4) for dz and substituting the result in equation (4-8), the
resulting expression can be integrated.

Letting
v = cosh y (4-9)
the result is
_ 46”101 Vo — Vg _
78T TN N2@ + ) (4-10)
Then, dividing equation (4-10) by equation (4-5), we obtain
. o
gi _ M1 (4-11)

¢ n°; + n°
Thus, the fraction of the surface neutralized by either electrolyte is simply equal
to its fraction outside the plates. This result might have been anticipated since
the Gouy distribution equations contain no ionic specificities.
Consider next an unsymmetrical exchange between two symmetrical electrolytes.
Let electrolyte species 1 be a uni-univalent salt and species 2 be a di-divalent salt.
The Poisson-Boltzmann equation becomes

d?
o % A2[n°; sinh y + 2n° sinh 2y] (4-12)
Upon integrating once and using equation (3-23) for the space charge, we find that
Dkl'
c = \/2n Wvo — va) + 4n°av? — v%) (4-13)

Equation (4-6) may again be used to find the fraction of the surface neutralized
by either electrolyte. Thus we find that

o= — en’y In [kﬂx/;bz’—z%—‘levoffz + €n°1j|
! \ e (dvan°s + n°1)e

(4-14)

Equation (4-13) may be solved for v, and used to eliminate v, from equation (4-14).
The result is

(4-15)

gl = ——

en®y I Ao V1% + VeEn°; + Anwa)? + n°a\ie?
(4vgn°y + n°))e
)\’\/’ﬂoz
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Equation (4-15) can be transformed to read

o =L sinh—ll: Ao Vs :I (4-16)
A/1°s 1n°; + 4vg A/ (n°9)e
and -
? = m—l_sinh—1 [ Ao v/ L— :] (4-17)
Ao /1% n°1 + 4dvg \V/(n°2)e
Equation (4-17) can be put in the form written by Bolt (1955a):
FI:‘ =" sinht [_P—VB_} (4-18)
I - B r 4 dvg /M
in which
r= L (4-19)
\/m°2

is called the “reduced ratio.” T is the surface charge density in me/cm? and 8 is a
constant given as :
8,000x5?

B = "DRT (4-20)
where § = 2.892 X 10 esu/me. At 25° C, 8 = 1.080 X 10%. Equation (4-18)
gives the fraction of the surface charge neutralized by the monovalent electrolyte
and may therefore be considered an ion-exchange equation, provided the m°; (the
concentration outside the plates) can be identified with the filtrate. In Section III
it was argued that this may not be the case, but we shall find in the next section
that this argument has no effect on the ion-exchange equation. In most applica-
tions of equation (4-18), the value of vs is taken as unity. This amounts to cosh
ya = 1.0 or y; = 0, that is, infinite plate distance.

Mass-action theory

In order to apply the mass-action theory, a model must be assumed in which a
suspension consists of two discrete phases. We may then speak unambiguously of
the “exchanger phase’ and the ‘“solution phase’ in the suspension. It is not neces-
sary to assume any further details. The process of cation exchange may be repre-
sented as an interchange of ions between the exchanger phase and the solution
phase as follows:

VAA(ad) + VBB d VAA + VBB(ad)

The suffix (ad) represents an adsorbed ion and the absence of a suffix denotes an
ion in solution. The free energy change for this process is

AG = vpGpun + vaGa — v5Gs — vaGaca (4-21)

The partial molal free energies may be separated into chemical potentials and the
electric potential of each phase according to the equation

Gi = pi + 2.F
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Equation (4-21) becomes
AG = vp(uB@ay + 28FWF) + va(ua + 2aF ¥5)
— ve(us + 2BF¥5) — va(paea + 24aF¥F) (4-22)

Superseript E refers to the exchanger phase and S to the solution. However,
electroneutrality requires that

VBZB = VAZ4 (4—23)

The electric potentials therefore cancel out of equation (4-22), so that

AG = vppuBd) + vapa — VBB — VAlA(ad) (4-24)

The possibility also exists of an electric potential difference between the solution
in the suspension and an equilibrium filtrate. Any such potential difference also
cancels out of the free energy equation, and we may therefore regard equation
(4-24) as the AG for an exchange between the exchanger phase and a filtrate. It is
this fact which also allows the identification of the m°; with the molalities in the
filtrate in the case of the double-layer equation of the preceding section. For an
exchange in which all ions are in their standard states, equation (4-24) becomes

AG® = vau’B@aay + vap’s — vBuB — var°a(ed) (4-25)
Subtracting equation (4-25) from equation (4-24) and using the definition of ionic

activity according to the equation u; — u°; = RT In a;, we have

AG — AG° = RT In (uﬂ’—l—é) (4-26)

Q’44 (ad) * G"BB
At equilibrium, AG = 0, so that the equilibrium condition is
AG° = —RT In (MA) (4-27)

avBA(ad) . aVuB
Therefore, at equilibrium,

@’2B(ad) * Q"4 _ _AG°) _ ~
T eay - @5 exp < 7T ) = k (4-28)

Here, k is the equilibrium constant. Equation (4-28) may be regarded as a mass-
action equation.

The derivation of equation (4-28) is exactly parallel to the treatment of a chem-
ical reaction. There is, however, nothing in the derivation which assumes that a
molecular species is formed by the ion on the surface. The mass action approach
has been criticized on the ground that it implies an exchanger phase of homogeneous
composition. This condition is not required for the derivation of equation (4-28).
w; must be uniform in the exchanger phase at equilibrium, but the composition
need not be uniform.

The standard state for ions in the exchanger phase is sometimes taken as the
same as that selected for ions in solution (Babcock, Davis, and Overstreet, 1951).
This results in AG° = 0, since the exchange reaction will involve the transfer of
ions between two states having the same free energy. Then, £ = 1 and

@’Bad) * @74 _ 4 (4-29)

Q"44(ad) *© Q"B
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With this selection of standard state, all thermodynamic equilibrium constants
become equal to unity. This procedure is perfectly acceptable for certain purposes,
but it is uninformative from the point of view of predicting the cation distribution.

The activity ratio a’4/a'p in the solution phase is thermodynamically well
defined. It is somewhat clumsy to write the general case, but if each electrolyte
has a common anion X of any valency, it can be shown that

ay"A _ (,Y(vuA/v.,.)i)AvaA

a’sg - (,Y(rvB/v.,_)i)BmvBB (4—30)

where » is the number of ions dissociated from either salt 4,,X,_or B, . X,_.

To obtain a cation-exchange equation, a theory for the activity of the ions in
the exchanger phase must be found. One of the first theories was advanced by
Vanselow (1932) who assumed that the exchanger phase could be treated on
analogy with an ideal solid solution. On this assumption, the activities of adsorbed
ions are set equal to their mole fraction in the exchanger phase. Equation (4-28)

becomes
N’8paay * @"44

=k, ‘ -31
N“A(ad) . ayBB (4 3 )

where N is the mole fraction.
Vanselow found that many systems obey (4-31). When the value of the function
on the left does not yield a constant, k, may be called a ‘“‘selectivity function.”
Argersinger, Davidson, and Bonner (1950) have extended Vanselow’s theory for
the case where the selectivity function k, is not a constant. Activity coefficients
for adsorbed ions are defined as

@ i(ad) .
;= el 4-32
/ N i(aay (4-32)

Equation (4-28) becomes

J*28 - N**pa) - @44 _ 28
fra4a - N'g@ay - @’ f'14

k, =k (4-33)

The activity coefficients are evaluated by applying the Gibbs-Duhem equation to
the exchanger phase. We obtain

N4dus + Npdup = 0 (4-34)
Nisd Infs + dNs+ Npd Infz + dNp = 0 (4-35)
Since N4 + Np = 1.0,
Niad Infs + Npgd Infg =0 (4-36)
From equation (4-33), we find that
vgInfeg —valnfs+Ink, =k (4-37)

Differentiating equation (4-37), we obtain
ved In fg = vad Infy — d Ink, (4-38)

Substituting equation (4-38) in equation (4-36) for d In fz, and solving for d In f4,
we obtain N
B

———dInk, (4-39)

d ln fA = VBZVA + VANB
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It is convenient to define a parameter x as

vaNg

= VaNa +viNz (4-40)
Equation (4-39) becomes
vad In f4 = xd In k, (4-41)
Equation (4-41) is more convenient in the form
vad In f4 = d(z In k,) — In k.dz (4-42)

If we select N4 = 1 as the standard state for the 4 ions, then according to equation
(4-32), f4 = 1 at Ny = 1, since the activity must be unity in the standard state.
Then,

VA In fA =zln kv —f In kvdil) (4—43)
0

since x = 0 at N4 = 1. By an entirely parallel derivation we find the activity
coefficient of B based on a standard state of Nz = 1:

vgIn fp =@ — 1) n k,,f In k.dx (4-44)
1

Therefore, when k, is variable, the activity coefficients for A and B can be found
by measuring k, as a function of z and using equations (4-43) and (4-44). When
these equations are substituted in equation (4-37) we find the equilibrium constant:

1
Ink = f In k,dx (4-45)
0

Argersinger and his associates have evaluated a number of such thermodynamic
constants for synthetic exchangers.

Equations (4-43) and (4-44) are expressions for single ionic activity coeflicients
in the exchanger phase. Thus, although the derivations appear straightforward, an
extra-thermodynamic assumption must have entered. This assumption is that the
activity of an adsorbed ion is uniquely determined by its mole fraction in the
exchanger phase. Thus it is assumed that the standard chemical potential is com-
pletely specified by assigning N,; = 1 as standard state. In fact, this may not be
the case. At unit mole fraction the chemical potential of an adsorbed ion may be a
function of the single electrolyte concentration with which the exchanger phase is
in equilibrium. In such a case, the values of f4, fz and k will be found to depend
upon the particular path of composition variables over which the parameter x is
varied during the integration of equations (4-43), (4-44) and (4-45). A better
insight into the nature of this problem will be found in the course of a statistical-
thermodynamic analysis.

An interesting standard state for adsorbed ions was presented by Gaines and
Thomas (1953). For adsorbed ions, they select as standard state a condition in
which the ions are at unit mole fraction and in equilibrium with a solution of the
ions at infinite dilution. A practical difficulty with this selection is that weakly
adsorbed cations hydrolyze as the salt concentration in the solution decreases.
Thus, extrapolation of the data to the standard state may be impossible. It might
be imagined that this difficulty could be overcome by specifying an arbitrary
solution concentration with which the adsorbed ions at unit mole fraction are in
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equilibrium. This procedure has a curious result. Suppose the arbitrary concen-
tration of solution ions chosen is m;’. This may be assumed to fix the chemical
potential of the solution ions at some value, u;’. AG® is now found by summing the
AG values of the following processes:

1. v4 moles of A ions are transferred from an infinite surface at unit mole fraction
of A to a solution at composition m,’ with which it is at equilibrium:

V4l aa(Ny = 1) > viAd(m4’)
2. v4 moles of A ions are transferred from the solution m4’ of the ions to its
standard state (us = x°4):
vaA(ma') — vaA(u4)
3. vp moles of B are transferred from a solution in its standard state to a solution

at concentration mp’:
veB(u’p) — veB(mg')

4. vg moles of B are transferred from the solution mp’ to an infinite surface at
unit mole fraction of B with which it is in equilibrium:
vgB(mp") — vpBw(Np = 1)

The AG for the net process is AG°. For processes 1 and 4, we obtain AG = 0, since
they occur in equilibrium. Summing the AG values of processes (2) and (3), we

obtain AGO = VAGOA - VAG'AI + VBG-BI - VBG-OB (4—46)
Here, each value of G refers to the solution, so that (as explained in Section I)
AG® = vau’s — vaps’ + veus' — veus (4-47)
(ap’)=
= RT In .—— -
(as))s (4-48)

Thus, whenever we choose a standard state for adsorbed ions by selecting an
arbitrary mole fraction (unity or otherwise) and an arbitrary solution concentra-
tion with which the surface is in equilibrium, AG® simply becomes a function of the
ratio of the ionic activities at the arbitrarily chosen concentrations.

This is scarcely the desired result. One may arbitrarily select standard states,
but they should be selected in such a way that AG° measures the relative affinity
of the ions for the surface when all components are in their standard states. To
accomplish this, the components must not be in equiltbrium when they are in their
standard states or in reference states.

The problem, then, becomes one of selecting states for adsorbed ions and solu-
tion ions which are not in equilibrium with one another so that AG° measures the
tendency of ions to either enter or leave the exchanger phase. Doubtless many such
states may be chosen. There is some convenience in selecting standard states such
that the ions have the same mole fraction on one and the same surface. This can
only occur at N; = 0.5. Furthermore, since the activity is always unity in the stan-
dard state, we know for this selection that f°; = 2 for all ions. While this may seem
unusual, it is a convenient method of procedure. (The activity coefficients for ions
in solution are not equal to unity in the standard state. They are equal to unity
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at infinite dilution rather than when a; = 1.) The value of k and AG®° may now be
found by the method given above, provided that the mole fraction is sufficient to
specify the chemical potential. AG° then represents the relative affinity of the ions
for the surface when the adsorbed ions are each at the same mole fraction and the
solution ions are in their standard states. For the special case in which the value
of the selectivity function k, is found to be a constant experimentally, we conclude
from equation (4-33) that the ratio fz’2/f4 must be a constant. Since f°5 =
f°4 = 2, we find that

k= k,(2)5 (4-49)

The value of AG® is thus
AG° = —RT In k, — (vg — v4)RT In 2 (4-50)
= —RT In k, — (v — v4)(0.693)RT (4-51)

Since AG° refers to the standard states discussed above, a more rational measure
of relative affinities for the case of unsymmetrical exchanges is provided. This also
illustrates the advantage of having both adsorbed ion species in their standard
states on one and the same surface.

Osmotic effects

In deriving equations for the distribution of cations from either the double-layer
theory or the mass-action model, nothing has been said about the equilibrium con-
ditions for water.

The equations for the chemical potential of a single ion have already been found
in Section II. According to equation (2-56), we know that for an ion in the
suspension

pd — p% = RT In a?; + V(P! — P°) (2-56)

in which a?; is the activity of the ion at standard pressure P°, and P.,! is the pres-
sure which must be applied to the suspension to equilibrate the water in the
suspension with the solution phase which is at P°. Subtracting equation (4-25)
from equation (4-24) and substituting equation (2-56), we obtain

AG — AG®° = v[RT In a?pua + VBI(Peq — P°)] 4+ RT In ay
— v4[RT In a”4¢a + VAI(Peq — P°)] — RT In a%p (4-52)

At equilibrium, AG = 0 and

(075 @n)]"(a.4)" Vst 7 o
IV P v - p.I _ — _Ae B
RT In (0% 4 (aty)"4(a5) " + wsV3 vaVa)(Peq P AG (4-53)
The” thermodynamic equilibrium constant is still given by AG° = —RT In k.
Therefore,

M]_"M — eXp{—(VBVBI - VAI-/AI)(Pqu - PO)} (4-54)

(0”4 @a]*4(aB)’> RT
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If, at standard pressure, the activity of adsorbed ions is determined by the mole
fraction, then _ _
’ _ f’u) {_(VB Vol — vaVa)(Ped — P°)} B
k, = k( g exp BT (4-55)

Thus, in swelling systems, &, will not in general be constant even if f*4,/f*p is con-
stant, since P.,! — P° will vary with composition.

Anion effects

It is of some interest to note that the ratio of solution ion activities, which is
required by mass-law equations, depends upon the nature of the anion present.
This is seen in equation (4-30). For example, if we have Na* and Ca** present as
chlorides, equation (4-30) gives,

a’Nar _ Y'iNach - MNar
Acar+  Y34(CaCly) * MCar+

However, if the Na* and Ca*+ are present as sulfates,

@®Na Y34 (Na.80,) © MENa

ACat++ Y24(Ca80,) * MCa++

o] .002 .004 006 .008 .0l
mCao

Figure 21. Excl{angeable sodium percentage as a function of calcium concentration at a fixed
cation ratio for different anion species. The curves were calculated from Vanselow’s equation.

Thus, at identical values of m2x./mc.*+, the activity ratios are different. As an
example of such effects, the equilibrium exchangeable sodium percentage has been
calculated as a function of mc,+ for a ratio of mya.*/mec.t = 9. Vanselow’s equation
was used for the calculations, and v, values were estimated from available data
with the aid of the principle of ionic strength. The results, shown in figure 21,
indicate that the anion effect can be appreciable.

Statistical thermodynamics

In the double-layer theory, the charge density on the surface of the particles is
assumed to be uniform and the ions are taken as point charges. However, the actual
charge on colloidal particles may be due to the dissociation of a surface group, the
preferential adsorption of a given ion, or isomorphic substitution of ions within
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the colloid. Thus, the charges arise at specific points on or near the surface, and
at any given time an adsorbed ion may be associated with a particular adsorption
site. In the language of statistical thermodynamics, such adsorbed ions are said to
be localized, whereas in double-layer theory the adsorbed ions are nonlocalized.

An ion-exchange equation, derived for localized adsorbed ions by the methods
of Fowler and Guggenheim (1939), was first presented by Krishnamoorthy, Davis,
and Overstreet (1949) and developed by Davis (1950a, b) and Davis and Rible
(1950). The model to which the statistical thermodynamics is applied may be stated
as follows:

(a) The surface is composed of identical, discrete sites with unit electric charge.

(b) The total number of ionic charges on the surface is equal to the number of
oppositely charged sites, and each ion is localized.

(¢) The interaction energy between a site and its adsorbed ion is not affected by
neighboring ions.

(d) The mutual interaction energy of the adsorbed ions is the same for ions of
the same valence.

We may note in passing that condition (b) involves the exclusion of anions, and
the model thus consists of two discrete phases. Although each ion is assumed to
be localized at a given time, its position is not rigidly fixed and the adsorbed ions
may constitute a more or less diffuse layer.

When statistical thermodynamics is applied to this model for symmetrical ion
exchanges, the result is identical with Vanselow’s equation (4-31). In a model
which meets conditions (a) to (d), the chemical potential is specified by the mole
fraction because the energy is independent of configuration, that is, the way in
which the ions are distributed among the sites. Furthermore the constancy of the
selectivity function results from the constancy of the specific ionic interactions.

For unsymmetrical exchanges, two additional characteristics must be assigned
to the model:

(a) A polyvalent ion of valency z; must occupy a number of nearest neighbor
sites of z;.

(b) When a polyvalent ion of valency z; replaces z; monovalent ions, the mutual
interaction energy is decreased by the interaction energy of the monovalent ions.
The resulting ion-exchange equation reads

(a4)*4(np)’s
(a)5(na)’s - [Zqmi]"s-"a

where 7n; is the number of moles of adsorbed ions. ¢; is a parameter which depends
upon the valence of the ion and the geometry of the surface as follows:

= kp (4-56)

; 2
Qi—zi—Y+Y (4-57)
where z; is valence and Y is the number of adsorption sites which are nearest neigh-
bors to a given site. Davis (1950a) discusses three types of surfaces:
1. A multilinear array of widely spaced rows—

Y =2andallg; =1
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2. An open-packed array of sites—

Y=4:aJndqi=Z"_2|_1
3. A close-packed array of sites—
Y =6and ¢; = 22,~?—)}-1

The results for the multilinear array that all ¢; = 1 means that in this case equation
(4-56) becomes identical with Vanselow’s equation. Krishnamoorthy and Over-
street’s results (1950a) indicate that choosing an open-packed array with ¢; =
(z: + 1)/2 leads to somewhat more constant values of kp.

Other equations

Two other types of equations are in use in the current literature. One was ad-
vanced by Gapon (1933), and it may be obtained in the following way. Assume
that the exchange between Nat and Cat+t can be presented by writing

CaypX + Nat = NaX + 1/2 Catt
The suffix X denotes an adsorbed ion. The equilibrium constant is then formulated
as (NaX)(CatH12 L (4-58)
(Cai2X)(Nat) — ¢

where parentheses denote activities. If the activities of adsorbed ions are replaced
by the number of moles on the surface and the activities of ions in solution are
replaced by concentrations, the result is Gapon’s equation:

N Nat(ad) * (mCa++)l/2 _
NCat++(ad) * MNa+

ke (4-59)

Still other equations have been used by workers at the U. S. Salinity Laboratory
(Richards, 1954). These equations involve the following quantities:
SAR* = sodium adsorption ratio
_ MNa+
- (mMgH» + Mca++ 1/2

Here, the molalities of the solution ions are in millimoles/liter.

ESR = exchangeable soldium ratio
_ ES
~ CEC — ES
Here, ES is the exchangeable sodium (me/100 g) and CEC is the cation exchange

capacity (me/100 g). The analyses of a large number of soil samples led to the
following empirical regression equation:

ESR = —0.0126 4 0.01475 (SAR) (4-60)

More recently, Bower (1959) has published a similar empirical regression equa-
tion in which ESR = (Nat).a/(Cat*)aa + (Mg)aq is correlated with SAR. The

result is ESR = .0057 + .0173 (SAR) (4-61)

4 SAR, in (millimoles/liter)!’2, is related to the r in equation (4-18), which is given in (moles/
liter)!’2, by: SAR = 31.6 r.
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APPLICABILITY TO SOIL SYSTEMS
Introduction

The two major theoretical approaches to cation exchange are the double-layer
theory and the statistical-thermodynamic theory. The mass-action theory is
largely formal, and does not present any detailed picture of the state of ions in
soils. We will therefore regard Vanselow’s equation as a special case of the statis-
tical theory, although it will be frequently convenient to make calculations based
on Vanselow’s equation.

The double-layer theory assumes that the charge on the surface is continuous
and uniform and that the adsorbed ions are nonlocalized. In a general way, these
assumptions should find greatest applicability where the distance between the
charged sites on the surface is small relative to the radius of the adsorbed ions.
Under these conditions, several layers of ions would be required to neutralize the
surface. On the other hand, the statistical-thermodynamic model assumes discrete
adsorption sites and localization of the adsorbed ions. This model should be appli-
cable where the distance between the adsorption sites is large relative to the size
of the ions. Under these conditions one layer of ions would neutralize the surface.

In the case of symmetrical ion exchanges, the double-layer theory predicts a
value of unity for all selectivity functions since no specificity is included in the
theory. The statistical-thermodynamic approach seems far more informative in
such cases. If the selectivity function is a constant, we may infer that the conditions
set forth in the model are met. If it is not a constant, one may apparently infer
that the specific interaction energy is not fixed.

Greater attention has been given to unsymmetrical exchanges, particularly the
Ca*t+ — Nat exchange. Here, the double-layer equation (4-18) and the statistical
thermodynamic equation (4-56) are again in conflict. Data supporting both equa-
tion (4-18) (Bolt, 1955a; Bower, 1959; Lagerwerff and Bolt, 1959) and equation
(4-56) (Vanselow, 1932; Krishnamoorthy and Overstreet, 1950a; Van der Molen,
1958) have been presented in the literature.

After considering Gapon’s equation and the significance of the regression equa-
tions, an effort to resolve this conflict will be made.

Double-layer theory and Gapon’s equation

The double-layer equation gives a plot of the ratio of exchangeable monovalent
and divalent ions (ESR in the case of sodium) against the reduced ratio (r) that
appears to be linear for values of ESR below unity. This has been a basis for the
contention that the double-layer exchange equation provides a theoretical basis for
Gapon’s equation (4-18). While it is a fact that the plots appear to be linear, the
double-layer equation actually predicts a considerable dependence of the ratio on
¢s, and this is not consistent with Gapon’s equation. In figures 22, 23, and 24,
values of I'y/T; are plotted against r as calculated from equation (4-18) for various
surface charge densities. The values of the slopes (Gapon’s constant) are sum-
marized in table 1. For a given surface charge density, there is a marked dependence
of the slope on ¢, and it is difficult to see how any support for Gapon’s equation
is provided by the double-layer equation even at low values of I';/T'.. This same
conclusion can be reached from Lagerwerff and Bolt’s calculations (1959) at two
different values of c,.
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TABLE 1
VaLugs or GapoN’s FuNcTioN (k¢) CALCULATED FROM DOUBLE-LAYER
THEORY FOR VARIOUS DIVALENT-ION CONCENTRATIONS AND SURFACE-
CHARGE DENsITIES AT LOw VALUES OF THE REDUCED RATIO

ke(moles/liter)1/2
(molca:lity)
r=1X10"7 I'=2X107 I' = 3.5 X107
0 1.392 0.653 0.379
.0025 1.123 0.580 0.348
.025 0.792 0.473 0.302
.25 0.404 0.304 0.219
e}
c,=0
1.5
C,=.0025M
_ -7 2
'=3.5X10""m.e./cm C, =.025M
1.0
C,=.250M
h
rz
0.5
o 1.0 20 30 4.0

[molesrlliter]l/z

Figure 22. Ratio of adsorbed mono- and divalent ions as a function of the reduced ratio at various
divalent ion concentrations according to Gouy theory.
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[moles;liter] A

Figure 23. Ratio of adsorbed mono- and divalent ions as a function of the reduced ratio at various
divalent ion concentrations according to Gouy theory.

When T'y/T; exceeds unity, the plots no longer appear to be linear as shown in
figures 25, 26, and 27.

Finally, it should be noted that at low values of the reduced ratio, Vanselow’s
equation also gives a linear relation between the ESR and r, when activity coef-
ficients of solution ions are omitted. To see this, consider Vanselow’s equation for

+ — Qa++ .
a Na Ca*t exchange: [Nata]? - (Ca*)

(Nat)[Catt,[Catte + Natw]

Here, brackets denote the moles of adsorbed ions and parentheses denote solution
concentrations. Let C represent the exchange capacity, so that

Na"‘,,d —I— 2 Ca++ad = C

ky (4-62)

and
(Nat)

V/(Catt)

r =
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r=2x10"" m.e./cm*

C,=.250M

(0] 1.0 2.0
r '

A

[moles /Iiter] *

Figure 24. Ratio of adsorbed mono- and divalent ions as a function of the reduced ratio at various
divalent ion concentrations according to Gouy theory.

Solving for ESR, we find

ESR = Natw] _ 2r \/k, (4-63)
[Catta] T 7
\/4 + kvrz -7 \/kv
For r/k, < 2, this gives .
ESR ~r \/k, (4-64)

Thus, linearity between ESR and r at low values of r is predicted by both the
diffuse-layer model and the discrete-phase model.

Regression equations and Gapon’s equation

A number of workers have obtained good correlation coefficients between the
ESR of soils and the SAR of their saturation extracts when a large number of
samples were analyzed and subjected to statistical analysis (Banerjee, 1959;
Richards, 1954). It has been contended that these results support the practical use
of Gapon’s equation since that equation predicts a linear relationship between the
quantities.
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i

C,=.250M
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Figure 25. Ratio of adsorbed mono- and divalent ions as a function of the reduced ratio at various
divalent ion concentrations according to Gouy theory.

There are two objections to the contention. First, plots of the regression equa-
tions do not actually intersect the origin as required by Gapon’s equation. Thus,
values of ke calculated from the regression equations deviate from constancy at
low ESR values even though the discrepancy appears small in the regression plots.
In figure 28 the course of k¢ is plotted using the regression equation (4-60). Since
the regression equation leads to variability in ke below about ESP = 50, and
since validity is claimed for the regression equations only up to ESP = 50, it is
difficult to accept the conclusion that the high correlation coefficients support
Gapon’s equation. This difficulty is less marked with the regression equation (4-61)
published by Bower, since the regression equation comes nearer the origin.

The second objection, perhaps more serious, involves the nature of “proofs’’ that
use statistics. One may question the procedure of taking a large number of soil
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Figure 26. Ratio of adsorbed mono- and divalent ions as a function of the reduced ratio at various
divalent ion concentrations according to Gouy theory.

samples, with widely varying properties (including, no doubt, exchange character-
istics), and attempting an interpretation of a statistical analysis of the results. The
regression equations may have practical significance, but there is doubt that the
correlation coeflicients have any meaning in relation to Gapon’s equation.

As an illustration of this point, a number of workers have obtained high corre-
lation coefficients between ESP and SAR (Lewis and Juve, 1956; Longenecker and
Lyerly, 1959) rather than between ESR and SAR. This should not have been pos-
sible if Gapon’s equation were obeyed by all soils studied and if all soils had the
same exchange constant. However, the fact that a statistical correlation between
ESP and SAR has been established does not necessarily mean that Gapon’s equa-
tion is invalidated.

As another example, when Vanselow’s equation is used with &k, = 0.5 (moles/
liter)~! (based on Krishnamoorthy and Overstreet’s results for Yolo clay, 1950a)
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Figure 27. Ratio of adsorbed mono- and divalent ions as a function of the reduced ratio at various
divalent ion concentrations according to Gouy theory.

and appropriate activity coefficients for the salts in solution are employed, one can
calculate an ESP versus SAR pilot. This has been done for the chloride salts of
sodium and caleium and the results are presented in figure 29. The ESP and SAR
are highly correlated by a factor of 0.979. Such a linear relationship between these
quantities should not exist in a system obeying Vanselow’s equation. Thus, by the
method of statistics, results calculated from Vanselow’s equation can be used to
show that Vanselow’s equation is invalid.

Finally, and perhaps most importantly, it must be pointed out that when Gapon’s
equation has been subjected to direct experimental test, it has been shown to be
completely inadequate. The most familiar examples of this are the experiments of
Krishnamoorthy and Overstreet (1950a) and of Vanselow (1932). To provide
another example, taken at random from the literature, values of k¢ and k,” (where
k.’ is k, uncorrected for activity coefficients) have been calculated from the data
of Mattson and Larsson (1946) on the NH,+ — Cat+ exchange in bentonite. The
value \/,’ is used because it is more directly comparable with k,. Mole fractions
were calculated from the data by assuming that the difference between the sum of
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Figure 28. Gapon’s ion exchange “constant” calculated from the indicated regression equation.

(NHt)q and (Catt),q is adsorbed H+*.® The results are presented in table 2. The
regular trend of k¢ and the random differences in k,” are quite typical. Note the
wide variation in pH over which k,’ is roughly a constant. Krishnamoorthy and
Overstreet’s data are even more striking.

Statistical-thermodynamic and double-layer equations

Bolt (1955a), Bower (1959) and Lagerwerff and Bolt (1959) have presented
experimental evidence in support of Ericksson’s double-layer exchange equation.®

5 This assumption is in error if exchangeable aluminum is formed during the course of the
experiment.

¢ Note added in proof: Pratt and Blair (Hilgardia 33:689, 1962) have added an impressive
example of support for the double-layer equation.

TABLE 2

VALUES OF k¢* AND v/k,'* CALCULATED FROM MATTSON AND LARSSON’S DaTa
FOoR THE NH,* — Ca*+ EXCHANGE IN BENTONITE

Solution concentrations Adsorbed ions
(normality) me/100 g
rH ke VET
NH*+ Cat+ NH*aa Cattaa
4.94 .01005 .01004 10.52 64.26 1.64 2.43
2.51 .01017 .01031 6.92 30.40 2.27 2.05
2.19 .00997 .00938 6.32 26.68 2.30 1.93
1.08 .00995 .00963 5.12 10.84 4.66_ 2.36

* Uncorrected for activity coefficients.
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Figure 29. Exchangeable sodium percentage calculated from Vanselow’s equation and plotted
against the reduced ratio.

Before considering these articles it is important to point out that the double-layer
equation predicts, for the case of ion pairs of unequal valency, that the replace-
ability of the monovalent cation should increase as the surface charge density
increases. This is illustrated in figures 30 and 31, where I';/T is plotted against r at
various values of 7, and also in figure 35. In fact, Ericksson has pointed out that
if the NH,+ — Cat+ exchange constant found by Krishnamoorthy and Overstreet
(1950a) is multiplied by the exchange capacity of the clay, one gets rather a good
constant. However, this is fortuitous. Table 3 shows the value of the product of
the Ca-monovalent ion constant and the exchange capacity (C) for other cations.
Only for the NH,+ — Ca*+ case is the product a constant. In addition, Bolt (1955b)
has called attention to the fact that it is the surface charge density, rather than
the exchange capacity, which should influence the exchange constant.
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Figure 30. Degree of monovalent ion saturation as a function of the reduced ratio according to
Gouy theory.
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Figure 31. Degree of monovalent ion saturation as a function of the reduced ratio according to
Gouy theory.



HILGARDIA - Vol. 34, No. 11 - August, 1963 _ 517

TABLE 3

Probucr oF THE Ca*t — MoNOVALENT IoN-ExcHANGE CONSTANT AND
THE EXCHANGE Caracity (C) FOR VARIOUS CLAYS

Material mg/g kxat - C kxm+ - C kx+ - C kryt - C kest - C
Utah Bentonite 1.30 0.0025 0.057 0.095 0.58 12.2
Yolo 0.60 0.0047 0.054 0.055 0.28 3.8
Aiken 0.30 0.0021 0.055 0.019 0.90

In Bolt’s article, the results of a study of the Nat — Cat* exchange in an illite
suspension over a wide range of concentrations are presented. The experimental
values of T'y/T were plotted against log » and the resulting graph was compared
with the theoretical plot from equation (4-18) at ¢; = .001 moles/liter. The data
in a general way accord with the theory. However, it is interesting to note that a
plot of I'y/T against log r as calculated from Vanselow’s equation has the same
appearance. Figure 32 is plotted with results calculated from Vanselow’s equation
using k, = 0.5 (moles/liter)~* but uncorrected for activity coefficients. It seems
clear that Vanselow’s equation could account for the general shape of the curve
obtained by Bolt. However, the double-layer equation does fit the data better than
Vanselow’s equation, at least in the form where activity coefficients are taken
equal to unity.

.o

08

0.4 -

0.2 -

1 i - 1 1 1 1

(0}

-1.5 -1.0 ~-0.5 0 0.5 1.0 1.5
log r \

r in [moles/liter] 2

Figure 32. Degree of monovalent ion saturation as a funection of the logarithm of the reduced
ratio calculated from Vanselow’s equation.
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Figure 33. Degree of monovalent ion saturation as a function of the logarithm of the reduced
ratio according to Gouy theory.
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Figure 34. Degree of monovalent ion saturation as a funection of the logarithm of the reduced
ratio according to Gouy theory.
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It is again instructive to recall that the double-layer equation contains a depend-
ence of I'y/T on ¢,. This is illustrated in figures 33 and 34 in which values of I';/T
calculated from equation (4-18) are plotted against log r. For I' = 3.5 X 1077
(the surface charge density used by Bolt), there is a discernible dependence of
I',/T on ¢, which is not evident in Bolt’s data, although in his experiment ¢, varied
from .00028 M to .69 M.

Thus, it might be argued that Bolt’s data actually support Vanselow’s equation,
since the Vanselow plot in figure 12 is independent of c,.

A strong point in favor of the double-layer equation is the fact that it contains
no undetermined parameters, and therefore numerical predictions are possible.
For this reason, the numerical agreement between the theory and experiment
obtained by Bolt is impressive. Unfortunately, this agreement seems to be partly
illusory. The surface charge density for the illite sample used by Bolt was estimated
from negative adsorption data by the method of Schofield (1947), and multiplied
by a factor of 1.2. This method is based on the assumption of the validity of the
double-layer equation, so that when the determined value is used in Eriksson’s
equation, one would expect the numerical results to be in the right order of mag-
nitude.

More recently Bower (1959) has presented data to show that in soil systems the
double-layer exchange equation is followed for the Nat — Cat+ exchange. Bower
plots T';/T; against r for six soils and clays, and the plots have the same appearance
as figures 5 to 7 as required by the double-layer equation. Again, there is fair nu-
merical agreement between theory and experiment. Bower, in agreement with
Bolt, concludes that these results rationalize Gapon’s equation up to about ESP =
509%.

Bower presents data to show that the exchange relationships for Chino soil are
independent of the total cation concentration, by equilibrating the soil with a
series of solutions of varying reduced ratio but a constant total cation concentra-
tion (50, 100, and 200 me/1). The experimental points in plots of I';/T. against r
all fall on the same curve. Actually, this is contrary to the behavior required by
the double-layer theory, since equation (4-18) contains a dependence on c,. Table 4
shows the effect of total salt concentration as predicted by equation (4-18) for the

TABLE 4

EFrrecT OF ToTAL SALT CONCENTRATION ON I'1/T'2 FOR CHINO SOIL* AS
CALCULATED FROM THE DOUBLE-LAYER ExcHANGE EqQuATION

" c1+ 2¢c2 = 0.05N c1 + 22 = 0.2N RD
, i
(moles/liter) /T Ty/T2 (moles/liter) /T /T2 %
0.25 0116 099 110 0675 079 0856 22.2
0.50 00585 187 .230 .0463 154 1827 20.2
0.75 .00330 262 355 .0322 224 1289 18.6
1.00 .00210 324 480 .0235 288 404 55
2.00 00060 513 1.050 .0084 484 936 10.9

*I' = 1.76 X 1077 me/cm?.
t Relative decrease in I'1/T: due to increased salt concentration.
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Figure 35. Ratio of adsorbed mono- and divalent ions as a function of the reduced ratio calculated
from Vanselow’s equation.

range examined experimentally by Bower. It will be noted that in the region for
which validity is claimed for Gapon’s equation (that is, up to I';/Ts = 1), the double-
layer equation predicts a notable dependence on total salt concentration between
0.05 N and 0.2 N. The effect is even more pronounced with soils of lower surface
charge density. For example, at T = 1 X 1077, the relative decrease in I';/T,
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between .05 N and 0.2 N is 319, at r = 0.5 (compared with 20.29, in table 3).
The relative decrease is, of course, also larger when a greater concentration range
is selected. Thus, for Chino soil, the relative decrease in going from zero molality
t0 0.2 N at r = 0.5 is 33.7%,.

These effects, predicted by the double-layer equation, are not evident in Bower’s
data. Once again, the fact that the plot is independent of ¢, could actually be
interpreted as evidence for Vanselow’s equation. When results calculated from
Vanselow’s equation are used to plot I';/T'; against r, the curves present an appear-
ance very similar to Bower’s plots. This has been done in figure 35, using activity
coefficients for chloride salts.

Bower also studied mixtures of Na-Ca-K and Na-Ca-Mg-K in Chino soil. He
found that the presence of K had little or no effect on the exchange relationship
between Nat and Cat* or between Nat and Ca*+ 4 Mgt+. He remarks that
“there appears to be no theoretical explanation” for these results. However, Krish-
namoorthy and Overstreet (1950a) also found that the value of a given statistical
ion-exchange constant was independent of the amounts of a third ion present, and
this is what one would expect on the basis of the two-phase model: the equilibrium
constant in equation (4-56) should not be affected by other composition variables.
The data of Mattson and Larsson (1946) given above lead to the same conclusion.

Lagerwerff and Bolt (1959) have published data on the Ca-K exchange in illite
and montmorillonite suspensions. They conclude that the double-layer equation
applies to this exchange in montmorillonite suspensions up to an exchangeable K+
percentage of 259, but does not apply to illite. They further conclude that the
results indicate that Gapon’s equation should be of practical use in natural soil-
water systems. While the usefulness of an exchange equation is not the question
primarily considered here, the experimental results do not provide much confidence
in Gapon’s equation. For the montmorillonite used by Lagerwerff and Bolt, the
value of Gapon’s “constant’” varied from 0.82 to 2.10; the double-layer theory
accounts for the observed variation in a qualitative way.

In the three articles just discussed, the conclusions are reached that the mono-
divalent exchange reaction at low degrees of monovalent ion saturation is con-
trolled mainly by valence and concentration and that specific effects are of a second
order which can be treated by multiplying ' by various factors. However, Krishna-
moorthy and Overstreet’s results (1950a) indicate very pronounced specificities.
The constants, in (me/100 ce)™!, for the M+ — Ca** exchange when Davis’ statis-
tical equation is applied to Utah Bentonite, are:

Lit : 7.76 X 1073
Nat: 1.95 X 107#
K+ 7.32 X 1072
Rbt : 0.448
Cst : 9.38

These values indicate that there is pronounced specificity in monovalent-mono-
valent exchange reactions; double-layer theory does not include these effects in a
direct way.
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Hysteresis

Vanselow’s study of cation exchange (1932) revealed that in certain exchanges
an effect called hysteresis may be observed. That is, a different value of the equi-
librium constant is obtained depending upon the direction of approach to equilib-
rium. In a recent study of this problem, Tabikh, Barshad, and Overstreet (1960)
conclude that hysteresis is not an inherent part of the exchange reaction, but that
it is induced by treatments which change the character of the adsorbing surface.
In particular, when clay systems are dried, changes are induced which affect the
interactions between adsorbed ions and the surface, which in turn affect the selec-
tivity function. The exchange reactions are completely reversible in systems which
are always wet.

Exchangeable hydrogen

Krishnamoorthy and Overstreet (1950a) found very satisfactory exchange con-
stants for all ion-pairs except those involving hydrogen ions. Later, Krishna-
moorthy and Overstreet (1950b) were able to obtain exchange constants for H+
by defining a special function of the hydrogen adsorbed to be used in place of the
function derived from statistical thermodynamics. The theoretical significance of
their procedure is not at present understood.

Summary

According to the present analysis, support is not provided for Gapon’s equation
by either double-layer theory, or by experimental regression equations. Further-
more, Gapon’s equation generally has been shown to be completely inadequate
when subjected to direct experimental test so that there appears to be every
reason to abandon this formulation.

The situation is not so definite in comparing the double-layer equation with the
statistical-thermodynamic equation. Much of the pertinent data is consistent with
either equation, although in the writer’s opinion, there are a number of reasons for
preferring the statistical-thermodynamic approach.

1) At the high surface charge densities of clay particles and at the salt concen-
trations encountered in soils, there is good reason to believe that the exchangeable
ions are at a distance from the surface which is in the same order as the hydrated
radius of the ion. Further, an appreciable fraction of the ions may be held between
the layers of expanding lattices in localized positions. In such circumstances, the
assumption of point charges and the neglect of ion-ion interactions may constitute
an omission of first-order effects. The statistical-mechanical approach should prove
more satisfactory in such circumstances.

2) Specific effects are more rationally introduced into statistical theory, and
these effects are large.

3) The available data do not appear to exhibit the dependence on ¢, required
by the double-layer theory.

4) The independence of a given exchange relationship from the presence of a
third ion cannot be explained in the double-layer theory, whereas it is a direct
consequence of statistical theory.

5) Direct experimental tests of the statistical-thermodynamic theory have been
very successful.
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It would appear, then, that the first order effects in ion-exchange in soils are
best approached on a localized statistical-thermodynamic model, rather than a
nonlocalized model. However, Donnan effects and negative adsorption are also
observed in these systems. There is every possibility that the localized layer treated
by statistical mechanics has a diffuse “tail’’ so that in dealing with first order cation
effects the statistical model is appropriate, while in dealing with first order anion
effects, the double-layer model is appropriate.



Section V
THERMODYNAMICS OF WATER IN SOIL SYSTEMS

INTRODUCTION

Much greater attention has been given to water in soil systems than to any of
the subjects in preceding sections. As a result, there has been an even greater multi-
plicity of methods of approach and systems of nomenclature. Bolt and Frissel (1960)
have systematically summarized the equations which have been presented in the
literature. The equations are somewhat bewildering because of their large number
and the inconsistency of their nomenclauture.

Two approaches to model systems for the development of the theory of soil
water are possible. The first assumes that the soil can be represented as an assem-
blage of particles forming pores which contain water and air thus comprising a
three-phase system. While this seems quite natural, it offers some difficulties for a
thermodynamic treatment. For example, in specifying composition variables, the
composition of the gaseous phase should be given, although this is often not neces-
sary or convenient. Another difficulty concerns the partial molal volume of water
in the system. This quantity is the derivative of the volume of the whole system
with respect to the amount of water in the system:

= v
Vu‘ N <anw>7‘, P, n;

where subscript w refers to water. In a three-phase system, this quantity requires
careful interpretation. For example, one can imagine an assemblage of sand grains
such that when water is added no change in the total volume occurs. However,
Vw is not zero in such a case. Such an addition of water at constant external pres-
sure also involves the expulsion of matter from the gaseous phase so that the con-
stancy of the n; required in the partial derivative is not satisfied. If water were
added in such a way that the quantity of matter in the gaseous phase were held
constant and the pressure were held constant, a volume increase would in fact
occur. If the density of water in the system is essentially the same as pure water,
this volume increase would be V°,dn,, where V°, is the molal volume of pure water.
In the case where water is added and air is expelled, the volume change is given as

av =23 Vidn, (5-1)

the double summation being over the components and the phases. In the simplest
cases, this summation may be zero, although the various values of V; are not.
These difficulties might be avoided by defining the soil system to include only
the particles and the water. The gaseous phase would thus always be a part of the
surroundings, and composition variables for this phase would not be required. If
one mole of water were added to a large volume of the system, the volume increase
would be approximately that of the added water and thus approximately equal to
V... However, even greater difficulties are now presented. An accurate determination
of the volume of the system becomes difficult. The concept of a saturated soil
becomes lost or difficult to define. The process of swelling is difficult to treat.

[ 524 ]
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In view of these difficulties, the three-phase system will be used in this section.
The model will be assumed to be macroscopically homogeneous. Air bubbles will
be assumed absent and hysteresis will be ignored. These omissions may be serious,
but at present a means of including air bubbles or hysteresis in a thermodynamic
treatment does not appear to be available.

NONSWELLING SYSTEMS
Chemical potential

Babcock and Overstreet (1955) presented a treatment of soil moisture by select-
ing temperature, external pressure, solute concentration and water content as
independent variables. No specific mention of swelling was made. Bolt and Frissel
(1960) as well as Takagi (1959) have pointed out that where swelling occurs, it
may be necessary to add a term for the change in the geometry of the particles.
For the moment we will defer the question of swelling to a later section.

In an expression for the free energy change of a.model system in which geometry
is constant, it is convenient to choose the usual independent variables. Thus,

dG = —8dT + VdP, + > udn; (5-2)

It should again be emphasized that P, is the pressure external to the system, as
discussed in Section I. In the case at hand, this means the pressure in the gaseous
phase just outside the solid-liquid-gas system. Just as in the cases of electrostatic
field or variable surface area treated in Section I, the use of external pressure is
crucial for a clear exposition of the energetics of soil moisture.

The significance of the chemical potential in equation (5-2) is given as

EYe: o
<w> pony M = G (5-3)

where n, represents the number of moles of water in the system. The chemical
potential is thus defined at constant external pressure. (Geometrical terms are
again implicitly constant.) Therefore, if a change in the amount of water in the
system produces a change in the curvature of the air-water interface and thus a
change in the pressure difference across the interface, the change is nevertheless at
constant pressure so long as the external pressure is constant. This treatment is
entirely analogous to the treatment of excess pressure in bubbles required in
Section I. ‘

One other aspect of equation (5-3) must be considered. It has already been noted
that subscript n; requires that matter other than water be constant in the whole
system, including the gaseous phase. However, while the matter in the gaseous
phase may contribute significantly to the volume of the system, it will be assumed
that it does not contribute significantly to the free energy. Therefore, the free energy
change with respect to n, represented in equation (5-3) will be taken as independ-
ent of the matter in the gaseous phase.

The total differential in the chemical potential for water in soil is now formu-
lated in terms of exactly the same independent variables used in equation (5-2):

— M> <aﬂw> <M> ‘ .
o = <aT pons Tt \aP )y et Gni) o, B (5-4)
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This form of the expression for the chemical potential is essential in order to
obtain the correct cross-differentiation formulas for the coefficients of the chemical

tential:
potentia <M> = — <ﬁ> - _3 (5-5)
aT P, ni 6nw T, P, nj w
%> _ _<6_V> _ i
<6Pe T, n; N an.w T,nj, P, - Vw (5 6)

It is important to note that if other independent variables had been used in equa-
tion (5-4) (for example, intensive concentration terms), these formulas could not
be obtained.

We now wish to transform equation (5—4) into a form containing intensive com-
position variables rather than the extensive n;. It was shown in Section I that the
transformation to mole fraction may be made by using the formula

<%%Z>ni dn; = <%i>n, dN; [T, P. constant] (5-7)
where N; represents the mole fraction. Thus,
dpy = —8,dT + V,dP, + > <§]’(,”> dN (5-8)

As emphasized in Section I, the summation term in equation (5-8) is still over only
those chemical species whose mole number changes, not over all mole fractions.

In applying equation (5-8) to water in soil, it is convenient to make a special
case of water and introduce the water content 6 as the composition variable. For
solute ionic species, it is likewise convenient to introduce the molalities in moles
per 1,000 g of water as the composition variable. Then, for any change at constant
mass of soil particles,

dpw = —BudT + VudP, + <(;%> L dmi (%‘;f) L, do (5-9)
Any pressure effects due to changes in surface curvature are here included in the
O,/ 00 term.

It is important to notice two points. As mentioned above, in summing over the
solute molalities, the summation is over only those molalities whose mole number
changes. TFurther, in changing the variable from the 7; to composition variables,
the subscript on the partial coefficients in equation (5-7) or (5-8) does not change.
Thus, du.,/36 is defined for the change in which the mole number, but not neces-
sarily the composition variable, of all other species is fixed. (For example, if we add
water to a binary mixture of water and alcohol, only the change in the mole fraction
of the water enters the equation for the chemical potential of either component.)
Therefore, for any change in which only the amount of water changes, only the 6
composition term is required in equation (5-8) no matter what the changes in
solute concentrations may be.

Equation (5-8) is a macroscopic equation in which each variable is subject to
direct and unambiguous measurement. The value of w, itself is directly obtainable
from the vapor pressure: '

My — #Ow = RT In P/Po (5—10)
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Therefore, if the vapor pressure is a known function of the water content, du,/d6
may be directly found. The temperature and external pressure are subject to direct
measurement with thermometers and pressure gauges. The water content may be
slightly ambiguous since different values are obtained depending on the temper-
ature at which the soil is dried when the water content is determined. This ambigu-
ity can be completely removed by the arbitrary specification of a drying tempera-
ture of 105° C.

Two separate treatments of the ionic molalities in equation (5-8) are possible,
but neither involves ambiguity. First, as in the Donnan theory presented in Section
II, the bulk concentrations of all the ions in the system may be employed. Second,
the molalities of the ions in an equilibrium dialyzate may be used in equation (5-8).
To see this, notice that if the soil system is in equilibrium with a dialyzate, the
chemical potential of the water in both the soil system and the dialyzate is the
same. Furthermore, the value of du, for water in the dialyzate is determined by the
dm; term for ions in the dialyzate. This means that the total differential of w, for
water in the soil is fixed by equation (5-8) if the molalities in the equation are
understood to be molalities in the dialyzate. This treatment is by far the most
commonly employed and will be the one adopted here.

Pressure terms

For a three-phase solid-liquid-air system, an external pressure may be applied
in different ways. The pressure in the external gaseous phase may be increased,
pressure may be applied to solid particles by a piston keeping the gas pressure
constant, or both the gas pressure and the pressure on the solid may be increased.
Since we wish to work with nonswelling conditions in this section, we will generally
have in mind changes in gas pressure since these are least likely to produce any
changes in geometry. It should also be noted that throughout this chapter it is
assumed that work done on the surroundings during a volume change at constant
geometry is P.dV. This will not be the case if conditions are anisotropic. This may
be an important limitation in many problems.

When water is added to a saturated system, the volume of the system will in-
crease by the volume of the added water unless the particles have in some way
affected the density of the water. In an unsaturated system, the situation is more
complex. When water is added, its density may be affected by the particles, there
may be an expulsion of air, and the particle geometry may change. All of these
will affect the volume change. However, in this section we are not considering
changes in geometry and, as previously explained, we interpret V., as the volume
effect when water is added without the expulsion of air. Thus, V., for water in the
soil will differ from V,, for pure water only if the particles have an effect on the
density of water.

As the gas pressure on the mass of a confined soil system is increased, the vapor
pressure of water increases. We wish to find the pressure increase necessary to
increase the vapor pressure, and therefore the chemical potential, up to the value
for pure water. If the pressure increase can be effected without change in the
geometry of particles and at constant composition, then

dpy = VudP. = RTd In p (5-11)
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Therefore, % Peq
LW(P") dﬂw = jP°, dePe (0—12)

where p,(P°) is the chemical potential of water in the soil at standard pressure and
P., is the pressure needed to increase y, up to u°,. Therefore, if V,, is independent
of P.,

po(P?) — 10w = —Vu(Peq — P°) = RT In & (5-13)
4
Thus, RT RT
Peq — P° = —I;—_ In p/po = —V_ In a, (5—14)

where a,, is the activity of the water at standard pressure. This use of the activity
of the water was introduced by Taylor (1958). Note that it is not assumed that V,,
is independent of water content, only of pressure.

Suppose now that the external pressure is increased on a soil sample which rests
on a membrane with atmospheric pressure on the lower side. The membrane is
permeable to salts but not to soil particles, as in the pressure membrane apparatus.
The pressure is increased until solution just begins to flow out of the system. Let
this pressure be P.,’. The water in the soil (I) and in the solution (II) is in equilib-

i h
rium, so that pl = ol (5-15)

If, during the increase in pressure, 7, n;, 6, and geometry are all constant,

dut = V,1dP, (5-16)
Furthermore, if V,! is constant,
uwp!1(P°) Peq’
1 — 7 I B
Lw'(lﬁ) d#w = »L" Vw dPe (O 17)
/"wH(PO) - ,UwI(Po) = VwI(Peq, - PO) (5—18)
Therefore, R .
’ lo] aw
P, — P° = T In Tl (5-19)

Since P.,’ — P° depends upon the ratio of the activity of the water in the soil at
standard pressure, and the activity of water in an equilibrium solution at standard
pressure, this pressure difference has been widely interpreted as the measure of
the effect of the soil particles on u,.

The water in a soil system may be equilibrated with a liquid phase in other ways.
Suppose, for instance, that the soil system is separated from pure water by a mem-
brane which is permeable only to water. Instead of increasing the pressure on the
soil, equilibrium may be established by lowering the pressure of the pure water and
allowing the soil to remain at P°. The necessary pressure lowering is readily found
by integrating over the pressure change in the pure water:

“wI(Po) Peq _
f du,tt = f V.,1dP (5-20)
ne Pe

V.,!! can be taken as constant, so that

#wI(PO) - :u'ow = I’-711111(Peq - Po) (5‘21)
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Th
s RT

P, — P° = I—_/F In a,! (5-22)

Alternatively, one may equilibrate the water in the soil with a liquid phase
across a membrane permeable to both solutes and water by lowering the pressure
in the liquid phase (as in the tensiometer). At equilibrium the liquid phase will
have the composition of an extract from the soil. Integrating over the pressure
change n the tenstometer,

! (P°) Pey'
j; - TS L V,'dp (5-23)
Again taking V! to be constant,
wA(P°) — w1 (P°) = V,1(Peg’ — P°) (5-24)
Thus,
Po — P° = g;l In ;’T'”III (5-25)

The nomenclature for these pressure terms has been the subject of considerable
debate and appears likely to change in the near future. We will note, however, that
the negative of the pressure difference in equation (5-22) may be called the ‘‘total
stress,” and the negative of the pressure difference in equation (5-25) may ke called
the “tension.” Thus,

RT

Total stress = —V‘T In a,! (5-26)
. I
Tension = —%ﬂ% In ‘% (5-27)

Subtracting equation (5-27) from equation (5-26), we obtain

: T
Total stress — tension = _%Tx In a,! (5-28)

The term on the right is the osmotic pressure of the extract, so that

extract
Total stress = tension + (osmotic pressure) (5-29)

This nomenclature has been extensively used in the past, although it is now passing
from use. It should be noted that the derivation of equation (5-29) involves only
pressures in bulk liquid phases and the partial molal volume of water in such phases.
The equation for the pressure-membrane apparatus is not as straightforward since
it involves V,, for water in the soil.

Bolt and Frissel (1960) have pointed out difficulties in equation (5-9). First, the
curves for u, versus 6 show an appreciable hysteresis. Second, the equation does
not contain a geometrical term. They suggest that to get around these difficulties,
the total differential in u, be expressed in terms of the tension by writing

dﬂw = —SwIdT + I-/wIdPe + Z <M)dmz + undt (5_30)

8mi
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in which ¢ is the tension as defined above. This is equivalent to writing
7 odt = %) (M) N
Vedt = <60 de + ox dx (5-31)

where x is an unspecified geometrical term. It is considered that by avoiding the
use of a 6 term, in which hysteresis occurs, and a x term, which is difficult to
measure, the resulting equation (5-30) is more useful in many applications.
Equations (5-30) and (5-31) appear to be based on the assumption that only
variations in the 6 or x terms will produce a change in the measured tension. How-
ever, the equilibrium pressure in the tensiometer will also depend on the tempera-
ture and external pressure of the water in the soil. For example, as the external
pressure on the soil moisture is increased at constant composition, the equilibrium
pressure in the tensiometer will also have to be increased. It follows that equation
(5-31) is not the complete expression for the total differential of the tension. The

complete differential runs
>dP + < >d0 + < > (5-32)

e (Br (2

No term is included for salt concentration as the effect of adding salt on the chemical
potential of soil water and water in the tensiometer is the same at equilibrium, and
no change in tension in the tensiometer is required to maintain equilibrium. The
coefficients in equation (5-32) will now be found.

For any variation in the properties of the soil, the properties of the water in the
tensiometer are changed so as to maintain equilibrium. Therefore,

dut = du, 1! (5-33)
and, for the most general variation,

- 8,1 F 1 0#«» Otk Ottw _
du,t = —8,4dT + V,dP, + > dmi + \ 5, )do + " dx (5-34)
while s

du, ¥ = =8, 1T + V,1dP1T + ( :;{”)dmi (5-35)

Using the definition of tension to eliminate P! from equation (5-35), we find that

du V= =8, 19dT — V,1dt + ) <0:1w>dmi (5-36)

T

Equating formulas (5-34) and (5-36), we obtain

~8,4dT + V,dP, + (6,uu>d0 + <3Mw> dx = — 8T — V., 1dt (5-37)

We at once find that 51 5.1 g
ﬁ) . = = (5-38)
e Nwy X

at V!
(5F;>T Nw, X - lel (5_39)

g) _ <§~_>
30/ r.p.x V. \90 (5-40)
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Kl -t M) -
<6X>T, P,ny - an (6)( (5 41)

It is of interest to note that if S, = S,II, then the effect of temperature is
eliminated. However, the partial molal entropies are not likely to be equal (Bab-
cock and Overstreet, 1955; Taylor and Stewart, 1960). Substituting the coefficients
into equation (5-32), we obtain

S, — S, Vol 1 (dpw 1 O
dt = (_v )dT ~yale -y <W>d0 T L (‘a;>dx (5-42)

This is the equation for dt, rather than equation (5-31).
Multiplying by —V,, and substituting from equation (5-34), we obtain

dut = —8,dT — V,"dt + 2 (%’%)dmi (5-43)
This is the general relationship involving u, and ¢ rather than equation (5-30). As
Bolt and Frissel have indicated (1960), equation (5-43) is much simpler to apply
in practice than equation (5-34).

SWELLING SYSTEMS

Any process in which water spontaneously enters a system and increases the
volume of the system may be called swelling. The pressure which must be applied
to the system to prevent such an entry of water may be called the swelling pressure.
Thus, for aqueous solutions, the swelling pressure is simply equal to the osmotic
pressure.

When water enters a system, an external pressure on the surroundings may or
may not develop. If the system is free to increase in volume indefinitely at atmos-
pheric pressure, then water will continue to enter the system until the water phase
with which it is in contact is depleted. During this process, no external pressure
will develop. If the system is surrounded by a rigid semipermeable membrane, an
external pressure will develop until equilibrium is established with the water phase
with which it is in contact. The swelling pressure of a system as defined here is
therefore not necessarily an external pressure which the system exerts on its sur-
roundings under some standard conditions of temperature, pressure and composition
of the system. Rather, it is the pressure one must apply to the system to prevent
the entry of water. The external pressure which may develop in a swelling system
is always exerted on a semipermeable membrane or its equivalent.

A difficulty is encountered with swelling colloidal systems or with three-phase
solid-liquid-gas systems which may undergo a change in volume at constant pres-
sure. In such cases a volume change may result from either of two distinct effects.
The volume may change owing to the simple entry of water, as in aqueous solutions,
or it may result from a change in the geometrical arrangement of particles. In many
colloidal systems the geometry change may be the major volume effect. In general,
energy will be required to change the geometry or packing, and an appropriate
term must be included in the free energy equation. Bolt and Frissel (1960) intro-
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duced an unspecified. x term to care for geometric effects. Such a term may be
introduced into the free energy equation as follows:
G
dG = —S8dT + VdP, + D pdn; + 3}; dx (5-44)
T, Pe,ni
The corresponding expression for the chemical potential, as adapted to soil
moisture, is

duw = —SudT + V.dP, + (;:;)dmi + (%)do + (%‘”)dx (5-45)

A second difficulty encountered with swelling systems is that the degree of a
change in geometry due to pressure change will depend on how the pressure change
is applied. In the previous section, changes in gaseous pressure were used on the
assumption that this would minimize changes in geometry. However, if pressure is
applied to the solid matrix by means of a piston system, significant changes in
geometry may occur. Therefore, in considering swelling, an external pressure
change will mean a change induced by a piston system with the gaseous phase
exposed to the atmosphere. Such pressures are often called ‘‘confining pressures.”’

The coefficient in the x term is defined at constant T, P., and all mole numbers.
Thus, its measurement depends upon finding a method of determining the effect
of a change in particle arrangement at constant temperature, external pressure, and
composition. The method of inducing the change in geometry is immaterial. For
example, an external pressure may be applied to compress the sample and then
removed to restore the original external pressure. In many cases, mechanical
manipulation such as stirring may induce the change in geometry. In general, a
volume change will be induced by such changes in geometry. If we continue to
leave x unspecified but select volume units, one may express the x coefficient in
terms of the volume change:

Q&z) _ (%) _
<ax T, Pe,n;, 0 n aV T,P. ni 6 (5 46)

Any method of measuring u, as a function of V at constant T, P,, n; and 6 will now
give this coefficient. For example, one might measure the vapor pressure change
induced by mechanical manipulation of a sample.

We have not yet, however, completed the specification of the x term. To
attempt this, let us momentarily reconsider the osmometer system described on
page 434. The equilibrium condition for water in this system is w,! = w,. If, in
equilibrium, an infinitesimal change in pressure is made on each phase in such a
way as to maintain equilibrium, we obtain

Ayt = dp,'t (5-47)
and _ _
V,ldPt = V,11dP1 (5-48)

It follows that the pressure difference required to maintain equilibrium will be a
constant only if V,I = V,!I. Otherwise,
I 11 V“"II II
d(PT — PU) = T 1)dP (5—49)

w
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Now consider a soil system containing a tensiometer, with variable confining
pressure P! and an equilibrium pressure P in the tensiometer cup:

pl

%L

Assume that the system is in equilibrium and that infinitesimal changes are made
in P and P™ in such a way as to maintain equilibrium. We must include any
change in the geometry in the expression for u!:

V., 1dPt + (aV) dx = V, 1dPu! (5-50)

d(PL — Py = <Zﬂ— 1>dPH 1 < )d (5-51)
V! Vo \av/p™x

Thus, the pressure difference will not in general be constant. In many cases, the
first term may be much smaller than the second so that Ax can be found with
equation (5-51) in the approximate form

fV Ld(PT — P
(0u/0V)p

In the experimental study of swelling, the usual practice is to compress the sample
in such a way that equilibrium solution may outflow at atmospheric pressure during
the external pressure change. Returning briefly to the osmometer analogy, the
pressure on the solution in an osmometer may be increased beyond that required
for equilibrium so that water is removed to phase IT which is at constant pressure.
The compression is therefore at constant chemical potential, and we may write for
phase I

(5-52)

duw = VudP + <a""’> dn, = 0 (5-53)

w

This gives the change in the composition of the solution as the pressure increases.
The volume change of the solution during the compression is given as

oV 4 , )
dv = <5n—w)1>dnw + <gﬁ>nwdp (56-54)
- vV
= denw + <6P>nde (5—55)
Vv ~ oV dP
e = Ve + <§>nw dn. (5-56)
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To eliminate dP/dn, the equilibrium condition may be written in the form

VwdP 4 (ptw/ 01) pdny, = 0 (5-57)
Th
= AP _ _ (Quu/0nu)r (5-58)
dnw Vw
Substituting equation (5-58) in equation (5-56), we find that
v _ gy 1 (a7 s'm_> }
=TT <6P>n,,,<6nw P (5-59)
This may also be written
v _ o @) <ﬂ> _
dn, = Ve (aV ~\aP/.. (5-60)

Notice that in this case the volume change divided by the change in the number
of moles of water is equal to V,, only if (8V/dP).,, is zero. For a solution, of course,
this term is very small.

Consider now the soil system. If we change the external pressure on the soil
keeping the pressure in the tensiometer constant, but maintaining equilibrium by
allowing water to flow, then we have the equilibrium condition

duo = VudP + (%)P dx + ("—“) dn =0 (5-61)
»n v X

an

where P stands for confining pressure and » for moles of water. The expression for
the volume change of the soil is
- 14 14
dV = V.dn + <6P>n'de + <6x >n’P dx (5-62)
Combining equations (5-61) and (5-62), we find

v _ 5 1 (a¥ ﬂ) (@) (a_u)] <ﬂ> A s
dn Ve Ve <6P>n,x|:<6V p.n\dn + o/ py + % /npdn (5-63)

The total change in volume with n,, is thus a complex function equal to V,, only if
such coefficients as (dV/9P). 5 and (0V/3x) p are zero. Anderson and Low (1958)
measured dV /dn in an experiment of this type and set this derivative equal to V,,.
If equation (5-63) is correct, the results will require reinterpretation. It may be
noted again that V, is a partial derivative at constant pressure.

Taylor and Box (1961) studied the compression of unsaturated soils by measur-
ing the change in the bulk density with a confining pressure and with the gaseous
phase open to the atmosphere. This constant water content process is represented
as a function of bulk density only. According to the theory above, one should write
a two-term equation for the chemical potential change in this case:

— T dl Otk _
d,uw - dePe + <6V>dx (5 64)

Taylor and Box, however, write

dpw = <§ﬂ>dpb (5-65)
dpp
where p; is the bulk density.
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The use of bulk density is convenient in that it is easily measured. However, it
leads to other complications. The bulk density is defined as

m

=5 (5-66)
where m is the mass. Then,
(i) m -
(), - - (-67)
Therefore,
) (o) _
<3x Pn V2\Ox/pa (5-68)
Using equation (5-46) to find (dV/dx)p,» = 1, we obtain
%) _.m .
<<9x TV (5-69)

The dpy/dx term is thus more complex than dV/dx = 1.

Collis-George (1961) has indicated that the introduction of additional terms,
such as a geometrical term or a bulk-volume term, for swelling systems can be
avoided by defining the moisture content (6) term on a volume basis. However, in
the view of the present writer, an independent variable for geometry is required.
This is shown by the fact that the volume of a soil system, and hence its geometry,
can be changed at constant water content. An additional difficulty in the use of
the volume of water in soil is that in cases where the particles affect the density
of water, an accurate measure of the water volume is very difficult.

RELATION BETWEEN THERMODYNAMIC AND
MECHANICAL TREATMENTS

Day and Forsythe (1962) have presented a treatment of unsaturated soil systems
based on the mechanical principle of virtual work. This treatment has been the
basis for experiments of exceptional interest, and an effort will be made here to
provide a thermodynamic analysis of their derivation.

The usual variables selected in chemical thermodynamics are the pressure,
temperature and mole numbers. Thus, in equation (5-44) the Gibbs free energy is
expressed as a function of these variables with a x term added for swelling systems.
This leads to the complex equation (5-63) for the relation between the volume and
number of moles of water in a swelling system.

The principle of virtual work equation formulated by Day and Forsythe can be
derived by a similar procedure using the Hemholtz free energy, rather than the
Gibbs free energy. Consider the following diagram due to Forsythe (1962).

A B C

l

Pw P Pa
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The piston compartment on the left contains water, that on the right contains
air, and chamber B in the middle contains soil. Plate A is permeable to water but
not to soil and plate C is permeable to air but not soil. The pressures and volumes
are as indicated and P is the confining pressure. The whole system is in equilibrium
and we may therefore apply the equilibrium condition that for any small displace-
ment at constant temperature and total volume (all three phases) the change in
the Hemholtz free energy is zero. (This follows directly from the Second Law,
although it is not derived in Section I.) The Hemholtz free energy, F, is defined as

F=F-—-TS (5-70)
Differentiating and combining with equation (1-33), we find that
dF = —8dT — PdV + > pdn; (5-71)

For a swelling soil system, we may write

dF = —8dT — PdV + Y. wdn: + < >dx (5-72)

Therefore, the total Hemholtz free energy change for the system in the diagram is

dF = —P,dV,' — PdV — PdVi' + 3 widn; + < > dx (5-73)

Now, as previously argued, if the particles have had no influence on the density of
water in the soil system, then }
AV = Vadnyg (5-74)
where V, is the volume of water in the soil. Thus,
Vw' 4+ V., = constant (5-75)

TFurther, since it is highly unlikely that there would be a pressure difference between
the air in the soil and the air in the gas compartment,

Vi + Va4 = constant (5-76)

where V4 is the volume of air in the soil. It follows that
av,' = —dV, (5-77)
dVi' = —dVa (5-78)

Substituting these equations in equation (5-73), we obtain

dF = P,dV, — PAV + P.dVi 4+ X pdn; + ( )dx (5-79)

It will be recalled that the expression for the chemical potential could be simpli-
fied by introducing a tension term which eliminated the 6 and x terms. A similar
device may be employed for equation (5-79). A quantity F; is defined as

= Z wdn; + <%§>dx (5-80)
Then,
dF = P, dV, — PdV + P.dV4 + dF; (5-81)
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We now set dF = 0 at constant temperature and total volume as the equilibrium
condition and find

P,dVy, — PdV 4 P4dV4 + dF; = 0 (5-82)
> — PdVy + PdV — PydV4 —dF; =0 (5-83)
Day and I'orsythe (in press) write the principle of virtual work in the form
— P, dVy + PdV — P4dV4 — 7dV, =0 (5-84)
where 7 is ‘““the work done by the internal forces of the system per unit volume of
water absorbed. . . .”” Comparing equations (5-83) and (5-84), we obtain
dF; = #dV, (5-85)

This shows the equivalence of the thermodynamic and mechanical treatments
provided that it is assumed that V,, is independent of water content. The signifi-
cance of the quantity = will next be investigated. Substituting equation (5-85) in
equation (5-81), we find that

dF = P,dV, — PdV + P4dV4 + wdV, (5-86)

= (P, + m)dV., (V, V4 constant) (5-87)
or
oF

These equations present a situation which is parallel with the treatment of gravi-
tational fields and electrochemical systems in Section I. A new term, the ndV,
term, has been introduced in which the new extensive variable (V) is the same as
an existing variable in the equation. In the gravitational case, this led to equation
(1-163),

dG =3 (u; + Migp)dn; (T, P constant)

0
( G) = #i+M1¢
T,P,n;

an,-

or

In the electrochemical case the result was equation (1-235), which may be written
in the form
dG = Z (ui + z:F)dn; (T, P constant)

<QQ> = u; + ZiFyIP
T, P,nj

or

ani

In each case, the significance of the individual terms u; and ¢ or x; and ¥ had to
be determined independently. For gravitation, ¢ can be determined by direct
physical measurement, and the significance of u; is not altered by the field. In
electrochemistry, however, u; and ¢ cannot be given thermodynamic significance.

In the case at hand, the physical significance of P,, is unambiguous. It may next
be shown that this is also true of . Day and Forsythe (in press) show that

— (Po — P)dV,y+ (P — Pi)dV — ndV, = 0 (5-89)
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We have already assumed equation (5-74), so that

— (P, — P)Vudn, + (P — Pa)dV — «V,dn, = 0 (5-90)
Dividing by dn, at constant confining pressure, we obtain
— (P~ POV + (P - m)(ai’n—vw)P — Ve =0 (5-91)
and
D, o

The right-hand side contains only macroscopic properties and thus gives the
physical significance of =. Notice that for a saturated soil in which geometry effects
may be assumed absent, (8V/dn,)p = V,, so that

=P —P, (5-93)

This is known as the Terzaghi equation.
In nonswelling soils, P = P4, and
7T=PA_Pw (5_94>

If P4, = P°, 7 is the negative of the tension.

VERTICAL DISTRIBUTION

Babcock and Overstreet (1957b) applied equation (5-9) to the vertical distribu-
tion of water in soil above a water table. For a salt-free soil at constant tempera-
ture, a combination of equations (1-167) and (5-9), results in

VudP, + (3u/00)pd6 + Mgdh = 0 (5-95)

Solving for the vertical distribution, we obtain
= (dP.
o Mot (%)
dh (aﬂ/ ae)P

This result differs from Buckingham’s equation (1907) by the dP./dh term. Bab-
cock and Overstreet (1957b) concluded that where the ‘“hydrostatic pressure”
gradient in the soil water is governed by the ordinary condition,

(5-96)

dP = —pgdh (5-97)
- _<%> gdh (5-98)

Then equation (5-96) yields df/dh = 0. It was further concluded that *. . . there
is the possibility of capillary fringes extending to greater heights than might be
anticipated from curves determined with tensiometers or pressure plates.” This
conclusion has been criticized by Collis-George (1961), whose conclusions the
writer now believes to be correct in many respects. A re-evaluation of the problem
will be attempted.
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Imagine a column of dry, uniformly packed, salt-free soil in a cylinder with
rigid walls. The soil may be supported at the bottom by a rigid sereen which holds
the particles but will allow water to pass freely. The bottom end is now immersed
in a large free water table, and subsequently sealed at the top. The column is allowed
to come to equilibrium at a uniform temperature.

For a nonswelling soil, the equilibrium vertical distribution is given by equation
(5-96). In any zone of unsaturation, the pressure gradient is merely the vertical
pressure gradient in the gaseous phase which is negligible. Thus, Buckingham’s
equation is regained. In any zone of saturation, the pressure is the macroscopic
pressure exerted by the walls on the soil. It is the same as the “confining pressure”’
exerted by a piston in the previous section. The point overlooked by Babcock and
Overstreet (1957b) is that as water enters the soil, no force can be exerted against
the wall unless there is a displacement of particles in space,” that is, by swelling.
The treatment, then, must be entirely parallel to the treatment of excess pressure
in spheres in Section I, where the pressure external to the sphere, rather than the
pressure within the sphere, entered into equation (1-218). Therefore, in the satu-
rated zone of a nonswelling soil, the vertical distribution would still be given by
Buckingham’s equation. Consequently, the vertical distribution could be pre-
dicted from the moisture characteristic.

For a swelling soil, there appears to be agreement (Bolt and Frissel, 1960;
Collis-George, 1961) that Buckingham’s equation will not give the vertical distri-
bution. Geometric terms must be included in the expression for chemical potential,

so that
(%) ()8
g _ Mot V"’<dh> + <av dh

dh (81/36)

(5-99)

So far as the writer is aware, no means exists for the prediction of dP./dh or
dx/dh. These terms must be measured experimentally by measuring the pressure
exerted by the confining wall and the geometry term as functions of height. Clearly,
an experiimental check of equation (5-99) would be difficult, and as indicated by
Collis-George (1961), the results would depend upon the manner in which the
vertical column is brought to equilibrium.

7 First suggested to the writer by R. D. Miller.



LITERATURE CITED

ALEXANDER, A. E., and P. JouNsON
1949. Colloid science. Oxford Univ. Press, London. 837 p.
ANpERsON, D. M., and P. F. Low
1958. The density of water adsorbed by lithium, sodium, and potassium bentonite. Soil
Sci. Soc. Am. Proc. 22:99-102.
ARGERSINGER, W. J., A. W. DavipsoN, and O. D. BONNER
1950. Thermodynamics and ion exchange phenomena. Kansas Acad. Sci. Trans. 53:404-410.
Bascock, K. L.
1960. Some characteristics of a model Donnan system. Soil Sci. 90:245-252.
Bascock, K. L., L. E. Davis, and Roy OVERSTREET
1951. Ionic activities in ion-exchange systems. Soil Sci 72:253-260.
Bascock, K. L., and Roy OVERSTREET
1955. The thermodynamics of soil moisture: A new approach. Soil Sci. 80:257-263.
1957a. The extra-thermodynamics of soil moisture. Soil Sci: 83:455-464.
1957b. A note on the “Buckingham’ equation. Soil Sci. 84:341-343.
BENERJEE, SOMIR .
1959. Some aspects of salt-affected soils of West Bengal. Soil Sci. 88:45-50.
Bockris, J. O'M. [ed.]
1959. Modern aspects of electrochemistry. Academic Press, New York. 416 p.
Bort, G. H.
1955a. Ion adsorption by clays. Soil Sci. 79:267-276.
1955b. Analysis of the validity of the Gouy-Chapman theory of the electric double-layer.
J. Colloid Sci. 10:206-218.
Bovr, G. H., and J. M. FRIsSEL
1960. Thermodynamics of soil moisture. Netherlands J. Agr. Sci. 8:57-78.
Bour, G. H,, and R. D. MILLER
1955. Swelling pressures of illite suspensions. Soil Sci. Soc. Am. Proc. 19:285-288,
Borr, G. H., and M. PEECH
1953. The application of the Gouy theory to soil-water systems. Soil Sei. Soc. Am. Proc. 17:
210-213.
Bower, C. A.
1959. Cation-exchange equilibria in soils affected by sodium salts. Soil Sci. 88:25-35.
Bower, C. A,, and J. O. GOERTZEN
1955. Negative adsorption of salt by soils. Soil Sci. Soc. Am. Proc. 19:147-151.
BuckingHAM, E. A.
1907. Studies on the movement of soil moisture. U. S. Dept. Agr. Bull. 38. 61 p.
CorLis-GEORGE, N.
1961. Free energy considerations in the moisture profile at equilibrium and effect of external
pressure. Soil Sci. 91:306-311.
Davis, L. E.
1942. Significance of Donnan equilibria for soil colloidal systems. Soil Sci. 54:199-219.
1950a. Ionic exchange and statistical thermodynamics. I. Equilibria in simple exchange sys-
tems. J. Colloid Sci. 5:71-79.
1950b. Ionic exchange and statistical thermodynamics. 1I. Equilibria in irregular systems. J.
Colloid Sci. 5:107-113.
Davis, L. E,, and J. M. RiBLE
1950. Monolayers containing polyvalent ions. J. Colloid Sci. 5:81-83.
Day, P. R., and W. M. FORSYTHE
1962. Effect of isotropic confining pressure on the hydrostatic pressure of water in unsaturated
soil. Science 136:779-780.
Donnan, F. G.
1911. Theorie der Membrangleichgewichte und Membranpotentiale bei Vorhandensein von
nicht dialysierenden Electrolyten. Ztschr. f. Electrochem. 17:572-581.
Donnan, F. G., and E. A. GUGGENHEIM
1932. Die genaue Thermodynamik der Membrangleichgewichte. Ztschr. f. Phys. Chem.
162(A):346-360.

[ 540 ]



HILGARDIA - Vol. 34, No. 11 + August, 1963 541

Eriksson, E.
1952. Cation exchange equilibria on clay minerals. Soil Sci. 74:103-113.
ForsyrHe, W. M.
1962. The effect of an applied isotropic pressure on soil water pressure of unsaturated soils.
Ph.D. Dissertation. University of Calif. 85 p.*
FowLEer, R. H., and E. A. GUGGENHEIM
1939. Statistical thermodynamics. Macmillan Co., New York. 693 p.

Gaings, G. L., and H. C. THOMAS
1953. Adsorption studies on clay minerals. II. J. Chem. Phys. 21:714-718.
Garon, E. N. .
1933. On the theory of exchange adsorption in soils. [In Russian] U.S.S.R. J. Gen. Chem. 3:144.
Gouy, C.
1910. Sur la constitution de la charge electrique a la surface d’un electrolyte. J. Phys. 9(4):
457-468.
GUGGENHEIM, E. A.
1949. Thermodynamics. An advanced treatment for chemists and physicists. Interscience Pub.
Inc., New York. 394 p.

Harnep, H. 8., and B. B. OWENS
1958. The physical chemistry of electrolytic solutions. 3d ed, Reinhold Pub. Corp., New
York. 645 p.
JEnny, H., D. E. WrLLiams, and N. T. CoLEMAN
1950. Concerning the measurement of pH, ion activities, and membrane potentials in colloidal
systems. Science 112:164-167.
Kuing, J. J., and F. O. Koenig
1957. The state principle—some general aspects of the relationships among the properties of
systems. J. Appl. Mechanics 24:29-34.
KrisunamoorTHY, C., L. E. Davis, and R. OVERSTREET
1949. Ionic exchange equations derived from statistical thermodynamics. Science 108:439-440.
KrisunamoorTHY, C., and R. OVERSTREET
1950a. An experimental evaluation of ion-exchange relationships. Soil Sci. 69:41-53.
1950b. Behavior of hydrogen ion-exchange reactions. Soil Sci. 69:87-93.
LaGerwerrr, J. V., and G. H. BorLr
1959. Theoretical and experimental analysis of Gapon’s equation for ion exchange. Soil Sci.
87:217-222,
Lewis, G. C,, and R. L. Juve
1956. Some effects of irrigation water quality on soil characteristics. Soil Sci. 81:125-137.
Lewis, G. N., and M. RaNDALL
1923. Thermodynamics and the free energy of chemical substances. McGraw-Hill Book Co.,
New York. 653 p.
LoNGENECKER, D. E., and P. J. Lyerly
1959. Chemical characteristics of soils of West Texas as affected by irrigation water quality.
Soil Sci. 87:207-216.
Low, P. F.
1951. Force fields and chemical equilibrium in heterogeneous systems with special reference
to soils. Soil Sci. 71:409-418.
1955. Effect of osmotic pressure on diffusion rate of water. Soil Sci. 80:95-100.
MaclInnts, D. A.
1939. The principles of electrochemistry. Reinhold Pub. Corp., New York. 476 p.
MagrsHaLL, C. E.
1958. Physico-chemical properties of solid-liquid interfaces in soil systems. Soil Sci. Soc. Am.
Proc. 22:486-490.
MagrsHaLL, C. E., and C. A. KRINBILL
1941. The clays as colloidal electrolytes. J. Phys. Chem. 46:1077-1090.
MaATTSON, J.
1926. The laws of colloidal behavior. I. Soil Sci. 28:179-220.
MarTson, S., and K. G. LarssoN

1946. The laws of soil colloidal behavior: XXIV. Donnan equilibria in soil formation. Soil
Sci. 61:313-330.

* Microfilm copies may be purchased from the University of California Library Photographic Service, Berkeley.



542 Babcock : Chemical Properties of Soil Colloids

OVERBEEK, J. TH. G.
1956. The Donnan equilibrium. Progr. in Biophysics 6:58-94.
PeecH, M., R. A. Ouson, and G. H. Borr
1953. The significance of potentiometric measurements involving liquid junction in clay and
soil suspensions. Soil Sci. Soc. Am. Proc. 17:214-218.
PeEcH, M., and A. D. Scorr
1950. Determination of ionic activities in soil-water systems by means of the Donnan mem-
brane equilibrium. Soil Sci. Soc. Am. Proc. 15:115-119.
RicHARDS, L. A. [ed.]
1954. Diagnosis and improvement of saline and alkali soils. U. S. Dept. Agr. Handbook 60.
160 p.
ScuoriELD, R. K.
1947. Calculations of surface areas from measurements of negative adsorption. Nature 160:
408-410.
TaBIkH, A. A., I. BARsHAD, and R. OVERSTREET
1960. Cation exchange hysteresis in clay minerals. Soil Sci. 90:219-226.
Tacaxgi, S.
1959. Theory of freezing point depression of soil water, and a note on the extrathermodynamics
of soil moisture. Soil Sci. 88:25-31.
TAYLOR, S. A.
1958. The activity of soil water. Soil Sci. 86:83-90.
TayLoR, S. A, and J. E. Box
1961. Influence of confining pressure and bulk density on soil water matric potential. Soil
Sci. 91:6-10.
TAYLOR, S. A,, and G. L. STEWART
1960. Some thermodynamic properties of soil water. Soil Sci. Soc. Am. Proc. 24:243-247.
Van pErR Moren, W. H.
1958. The exchangeable cations in soils flooded with sea water. Ph.D. thesis, Agricultural
University, Wageningen, Netherlands.
VansgLow, A. P.
1932. Equilibria of the base exchange reactions of bentonites, permutities, soil colloids and
zeolites. Soil Sci. 33:95-113.
VerweEY, E. S. W, and J. TH. G. OVERBEEK
1948. Theory of the stability of lyophobic colloids. Elsevier Pub. Co., Inc., New York. 205 p.
WaiTnEY, R. 8., and M. PEECH
1952. Ion activities in sodium clay suspensions. Soil Sci. Soc. Am. Proc. 16:117-122.
WIKLANDER, L.
1955. Cation and anion exchange phenomena. Chapt. 4. In: Chemistry of the Soil. F. E. Bear
[ed.]. Reinhold Pub. Corp., New York.

4m-8,'63 (D6774) AM S 14



CONTENTS

Section I. Pertinent physical chemistry .
A system of chemical thermodynamics
Solutions .
Systems mvolvmg other vanables &

Section II. Donnan theory

Section III. Double-layer theory
Gouy theory . y
Chemical potentials . 2

_ Applicability to soil systems .

Section IV. Ion-exchange theory .

Ion-exchange equations
Applicability 'to soil systems .

Section V. Thermodynamics of water in soil systems
Introduction
Nonswelling systems
Swelling systems .

Relation between thermodynarmc and
mechanical treatments . 37

Vertical distribution

419
419
430

458

471
471
481
495

496

496

507

524
524
525
o)

535
538



The journal HILGARDIA is published at irregular intervals,
in volumes of about 650 to 700 pages. The number of issues
per volume varies.

Single copies of any issue may be obtained free, as long as -
the supply lasts; please request by volume and issue number
from: ' 3

Agricultural Publications
207 University Hall
University of California
Berkeley 4, California

 'The limit to nonresidents of California is 10 separate titles.
The limit to California residents is' 20 separate titles.

The ]ournal will be sent regularly to hbrarles, schools, or
institutions in one of the following ways:

1. In exchange for similar published material on research.
2. As a gift to qualified repository libraries only.

3. On a subscription basis—$7.50 a year paid in advance.
All subscriptions will be started with the first number
issued durmg a calendar year. Subscribers starting dur-
ing any given year will be sent back- numbers to the first
of that year and will be billed for the ‘ensuing year the
following January. Make checks or money orders pay-
able to The Regents of The University of California;
send payment with order to Agricultural Publications
at above address.





