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ABSTRACT

Exchange isotherms were established for major irrigated soils in

Hawaii by equilibrating divalent-saturated soils with chloride solutions

containing competing divalent-monovalent pairs among the cations Ca, Mg,

Na, and K. Total concentrations were 0.01 and 0.1 N. The soils were

Molokai (a Typic Torrox), Ewa (an Aridic Haplustoll), Honouliuli (a

Typic Chromustert), two Lualualei samples (Typic Chromusterts), and

Kawaihae (a Typic Camborthid). Upper and lower horizons were separately

studied.

Generally, divalent cations were more preferred than monovalent

cations. The relative preferences varied in magnitude depending on the

soil, horizon, electrolyte concentration, and cation types.

General linear regression equations were derived for divalent-Na

and divalent-K exchange. These equations based on experimental data

obtained for all experimental conditions were:

ESR = 0.021 + 0.011 SAR

EPR = 0.049 + 0.059 PAR

where ESR, SAR, EPR, and PAR refer to exchangeable sodium ratio, sodium

adsorption ratio, exchangeable potassium ratio, and potassium adsorption

ratio, respectively. Other equations were derived for each soil and for

specific soil horizons, electrolyte concentration levels, and competing

cation pairs. These provided more accurate predictions of exchangeable

cation ratios. Surface horizons generally adsorbed more sodium than the

sUbsurface, except for the Ewa soil where horizons behaved similarly.

Subsurface soils generally adsorbed more potassium than the surface.
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except for Molokai and Kawaihae soils which showed the opposite trend.

Exchangeable sodium ratios at specified sodium adsorption ratios

were generally higher at low concentration than at high concentration.

On the other hand, exchangeable potassium ratios were lower at low

concentration. Exceptions to the general trends of Na and K preferences

at different concentrations were noted in both Lualualei soils.

Calcium was generally more preferred by the soils than magnesium

and potassium than sodium. In a few cases Mg was preferred over Ca.

However, combining Ca and Mg in the same regression equations did not

result in nearly as serious errOrs as did the combination of Na and K.

On the other hand, the generalized regression equations were derived

for divalent-Na and divalent-K exchange.

Preferences of the surface horizon of Molokai (Ml ), Honouliuli

(Hl ), and Lualualei from Kokohead (KL1) for divalent over monovalent

cations increased at higher temperature. Based on calculated equili

brium constants, these preferences were ranked in the order Ml >

KL l > Hl , at 20 0 C and Ml > Hl > KL l at 40 0 C. Calculated standard

free energy changes (~GO) for the exchange equilibria confirmed these

preference trends. However, standard enthalpy (~HO) and entropy (~SO)

changes did not confirm the observed preference trends.

Hysteresis studies showed that Ca- and Mg-saturated soils showed

higher preferences for divalent ions than Na- or K-saturated soils.

The observed discrepencies could not be explained by the lack of equili

brium achievement. Rather, it was explained by differences among

monovalent- and divalent-saturated soils which arose during soil

preparation. It was concluded that regression equations derived for
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divalent-Na or divalent-K exchange cannot be applied for predicting

results of K-divalent or Na-divalent exchange equilibria.

Comparison between available exchange models showed that Gapon

type equations gave closer estimates of experimental data than did the

equation based on the double layer theory. The latter equation gave

improved predictions when appropriate correction factors for the surface

charge densities were employed. These correction factors rectified

the underestimates of exchangeable potassium and overestimates of

exchangeable sodium.

The equations recommended for use by the United States Salinity

Laboratory predicted higher ESR and EPR values than obtained experi

mentally. Equations developed later by Bower predicted still higher

values. Since, in this study, Gapon type linear relationship was well

confirmed between ESR or EPR and SAR or PAR, regression equations were

developed from experimental data for divalent-Na and divalent-K exchange.

These equations are recommended for more accurate predictions of exchange

equilibria in irrigated tropical soils.
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(1 )

INTRODUCTION

Cation exchange in soils refers to a competition process in which

a cation adsorbed at the soil surface is replaced by another cation

from the soil solution. At equilibrium both the soil surface and

solution phases contain a certain proportion of each cation. As an

example, the competition involving calcium and sodium may be expressed

in the form of the chemical equilibrium

Ca + 2Na+ t 2Na + Ca++

where Ca, Na and Ca++, Na+ represent the ions in the adsorbed and

solution phases, respectively.

Exchange equilibria are very important for many natural, industrial

and agricultural processes. These include geological weathering of

minerals and rocks, water-softening or desalting, the choices of ferti

lizers or amendments to be applied on certain soils, and the availa

bility of plant nutrients for use by plants. Aside from such

considerations, however, exchange reactions are of interest to the

irrigation planner and the soil salinity specialist because of their

importance in:

1. Predicting the effects of irrigation water on the chemical

properties of the soil and particularly on changes of

exchangeable cation proportions caused by the use of a

given water for irrigation.

2. Anticipating the nature of possible changes in soil

physical conditions which may result because of the

abundance of certain ions on the exchange complex.

For instance, it is known that exchangeable Ca and Mg
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enhance favorable soil structure while exchangeable Na

may be detrimental in certain soils.

3. Successful planning of the reclamation of sodic soils

for which the limiting step is replacing detrimental

Na ions from the exchange complex by cations which

contribute to favorable soil structure. The valence

dilution method is a typical application of cation

exchange equilibrium data to soil reclamation.

4. Assessment of the potential contribution of excess

irrigation waters (which may find their way back to

ground water sources by deep percolation) to changes

in quality of basal water resources. Such potential

contaminations can be rather significant in the absence

of artificial drainage such as in most irrigated

plantations in Hawaii.

A survey of literature reveals that there is no shortage of

information on the nature of cation exchange equilibriu in irrigated

soils. However, such information is virtually non-existent for soils

of tropical regions in general and for soils of Hawaii in particular.

Therefore, this study was carried out on selected irrigated soils from

___.~he State with the following objectives:

1. Establish the nature of equilibria involving pairs among

the cations Ca, Mg, Na and K at various electrolyte

concentration levels.

2. Determine factors which affect the selectivities of the

selected soils for these cations using mineralogical,

thermodynamic, and kinetic interpretations.
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3. Test applicabilities of some important exchange equilibrium

models for predicting the nature of cation exchange equilibria

in the soils.

LITERATURE REVIEW

I. Presentation and Interpretation of Cation Exchange Equilibrium
Data

Ion exchange equilibria may be represented by various ways

(He1fferich, 1962). Most conveniently, however, they may be represented

as an ion exchange isotherm. The ion-exchange isotherm is a presentation

of the ionic composition of the ion exchanger (or the surface phase of

the soil) as a function of the ionic composition of the equilibrium

solution under a defined set of experimental conditions. Thus, the

equivalent ionic fraction ~, of a counter ion, A, in the ion
qo

exchanger may be plotted a function of its equi1iva1ent ionic fraction
C
C~ in the solution, where

qA = number of equivalents of ion A on the exchanger,

q = total number of equivalents of ions on the exchangero
(and may be closely estimated by the cation exchange

capacity) ,

CA = number of equivalents of ion A in the equilibrium

solution.

C = total number of equivalents of ions in the equilibriumo
solution.

Similar terminology would be employed for the competing counter ion, B.

In a hypothetical system in which the ion exchanger shows no prefer-
qA _ CA qB CBence for either A or B, ---- - -C--- (or ---- =----) a linear ion-qo 0 qo Co'
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exchange isotherm with a unit slope is obtained. Such an isotherm is

commonly called the non-preference line. In general, ion exchangers

exhibit more preference for one ion over the other. If ion A is pre-
qA CAferred throughout the isotherm, the curve relating ---- to -C--- will
qo 0

lie above the diagonal non-preference line and if B is preferred the

curve will fall below the line. The absence of one counter ion from

the solution at equilibrium also requires its absence from the ion
qA CA qA CAexchanger. Thus ---- = 0 when ---- = 0, and ---- = 1 when ----- = 1.qo Co qo Co

Thus the origin and the end point of the isotherm must lie in the lower

left and upper right corners of the diagram, respectively.

As implied by the name, a unique ion exchange isotherm is obtained

for a defined set of experimental conditions at a defined temperature.

As discussed later, most important of these conditions are the electro

lyte concentration level (Co) and the source of the counter ion (solu

tion or exchanger).

The ion-exchange equilibrium can be described by various

characteristic quantities; all of which may be derived from the ion

exchange isotherm. The quantities provide quantitative expressions

for ion preference by the colloid. Below is a brief description of

each:

1. The distribution coefficient, AA' for ion A at a given
C

equivalent fraction in solution c~ is defined in terms

of the units stated above as

(2)

This unit, sometimes called the partition function, describes the
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(4)
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proportion of a given ion which is present in an exchangeable

form to that present in solution. It may be l~eadily seen that

AA = 1 when the two competing ions are equally preferred by the

colloid. A similar distribution coefficient, AB, may be defined

for ion B.
A2. The separation factor, aB' is defined for ion A as

aA = qA,CB
B qB,CA

The value of a~ is larger than 1 if ion A is preferred, and its

value is less than 1 if ion B is preferred. A similar separa

tion factor, a~, may be defined for ion B and would have a

numerical value = l/a~.

3. The selectivity coefficient may be given one of several general

definitions, depending on the units employed. Using the equi-

valent ionic fractions for the competing ions, a rational

selectivity coefficient expressing the exchanger's preference

of ion A over B may be written as follows:

x IzBI X IZAI
NKA = ---'-A'-----'B"--_

B X IzBI X IZBI
B A

where NK~ is the rational selectivity coefficient, XA and XB

represent the equivalent fractions of the ions on the surface

(q/qo)' and XA and XB represent their fractions in solution

(C/Co)' The valencies of ions A and B are represented by zA

and zB respectively. A similar selectivity coefficient NK~

may be defined to express the preference for B. If ion A is
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more preferred, then NK~ > 1 and vice versa. It may be noted

that the selectivity coefficient resembles the f~rm of an equi

librium constant. However, it is essential to remember that a

true equilibrium constant must be expressed in terms of ionic

activities rather than concentrations or equivalent fractions.

This is further discussed below.

4. The thermodynamic equilibrium constant; K~ is an integral

quantity characteristic of the whole isotherm surface and is

a true constant depending on temperature only. For the reaction

involving competition between a divalent ion A and a monovalent

B, the equilibrium

(5)

has one thermodynamic equilibrium constant which may be written

as

(6)

where a, and a, represent the ion's activity in the surface

and solution phases, respectively. Equation (5) has to be

written for the reverse reaction so that the equilibrium

constant expressing the preference of B over A, K~, may be

obtained. The constant then would have the numerical value

of l/K~. The difficulty in calculating a true equilibrium

constant is that while the activities of soluble ions are

easily calculated, (Helfferich, 1962), those of exchangeable

ions are difficult to establish.

In sUbsequent calculations of the thermodynamic functions,
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one faces the same problem in defining the standard states of

adsorbed ionic species. For instance, the standard Gibbs free

energy change ~Go for the exchange reaction may be written as

~GOp,T = -RT lnK~ (7)

in which Rand T have their usual meanings and K~ is the

equilibrium constant for reaction (5) at temperature T.

Certain specifications were found necessary for applying

this, and similar questions, to experimental exchange data.

Most of these specifications were related to definitions of

reference or standard states and activity coefficients of

adsorbed species (Gaines and Thomas, 1953; Glueckauf, 1955;

Babcock, 1963; and Bolt, 1967). Glueckauf chose activities

in infinitely dilute solutions as standard states. Gaines

and Thomas, on the other hand, used the monoionic forms of

the exchanger as reference states, assuming an activity

coefficient of unity for exchangeable ions when their mole

fractions are unity. Diest and Talibudeen (1967) stated

that the Law of Mass Action, which takes into account all

ions taking part in the exchange, should describe the

equilibrium adequately if the activities of the adsorbed

ions are known. They found that activity coefficients of

adsorbed ions, f, changed with K-saturation differently for

exchange reactions involving the ion pairs K-Ca, K-Rb, and

K-Na. Thus, the activity coefficients for Na and Ca, f Na and

fCa ' decreased continuously with increasing K-saturation.

However, f K remained constant with increasing Ksaturatir for
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for K-Ca and K-Rb exchange and increased in K-Na exchange.

They interpretated these changes in terms of the effect of

the various ions on the interlayer space of 2:1 type clay

minerals and the possible distribution of adsorbed ions

between the Gouy and Stern layers. Argersinger, et. al.,

(1950) described the ion exchange of an exchange resin by use

of the equilibrium constant and activity coefficients. In so

doing, they assumed that the resin phase behaves as an ideal

solid solution.

Enthalpy change, ~H, is the change of heat content during

a chemical reaction. It is determined only by the initial and

final states of the substances involved in the reaction. The

standard enthalpy change, ~Ho, is related to temperature

dependence of ion exchange equilibria by the thermodynamic

relation

(dl~~~) =
p

(8)

where N~ is the rational thermodynamic equilibt"ium constant.

~Ho is the standard enthalpy change for the ion exchange reac

tion stated in equation (5)
-+ -A+B+B+A

Gast, Bladel, and Deshpande (1969) employed Van't Hoff's

relationship using selectivity coefficients to calculate

standard enthalpy changes

(9)

dln K~ /
7 d (liT)

(10)
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at 25 and 50° C ± 0.1° C. Also El-Sayed, Burau and Babcock

(1970) calculated standard enthalpy change from the integrated

form of the Van't Hoff equation
K
T1 !J. HO (1 - 1 )

ln K
T

= R T2 T
l2

where K is the equilibrium constant of the exchange at a

certain temperature. They stated that !J. HO values obtained as

such probably include enthalpies of hydration, dilution, mixing

and exchange. This gave rise to difficulties in data inter

pretation.

Laudelout, Bladel and others (1968) used !J. HO measurements

to illustrate that aggregation is an important cause for

incomplete equilibria involving exchange reactions in clay

suspensions. They were able to illustrate how true equilibrium

may be reached by way of observations of !J.Ho on partially

equilibrated systems. Repeating their experiments at progres

sively lower clay and salt concentrations, they noted definite

increases in the molar enthalpy change. This increase was

linear with the square root of the clay concentration. Thus,

they were able to extrapolate !J.Ho values to vanishing clay

concentration where incomplete equilibrium due to aggregation

of clay platelets was expected to be no longer a problem.

Coleman (1952) reported that the change in enthalpy !J.H,

for the exchange of Ca++ by K+ was negative. Using calorimetic

measurements for some exchange resins and one clay, he concluded

that !J.H values obtained for the exchange of monovalent metal
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cations were close to those expected from the change in coulom

bic energy. The negative ~H indicated, as will be discussed

below, that a large negative entropy change may occur when a

monovalent cation replaces a divalent one.

Entropy change (6S) arises mainly from mixing processes.

In addition, it reflects changes in the configuration of the

matrix, and changes in the state of order of solvent molecules

resulting from the formation and degradation of aggregates and

solvation shells. When free energy changes of a chemical

reaction are known, entropy changes may be calculated by use

of the general thermodynamic equation

6G = 6H -T6S

Standard changes in free energy, enthalpy and entropy are

similarly interrelated. Thus,

(12)

(13)

El-Sayed et al (1970) derived thermodynamic functions for

the exchange reaction between Cu++ and Ca++ on bentonite clay.

Although their exchange isotherm showed a higher preference of

clay for Ca, this proved to be only apparent since a large

component of the free energy change for copper adsorption was

due to entropy loss. Standard entropy changes revealed that

the bonding of copper ions to clay surfaces was stronger than
++that of Ca. Those measurements showed Cu to be arranged at

the surface in a more orderly structure than calcium ions, thus

indicating stronger attractive forces between them and the

exchange sites. Wild and Keay (1964) stated that the preference

for divalent ions over monovalent ions is largely determined
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by the increase in entropy which accompanies the replacement

of monovalent ions by divalent ions. Using vermiculite for

their studies, they found that free energy and enthalpy changes

for the exchange reactions involving Na+ and divalent ions have

opposite signs, and that the sign of the free energy change is

determined by the entropy terms. Hutcheon (1966) reported that

the changes ;n enthalpy and entropy in the exchange of Ca for

Kon K-montmorillonites were 3.87 k cal/mole and 6.7 e.u/mole,

respectively. The activity coefficients for K and Ca decreased

as the fraction of K on the clay increased. The results were

discussed in terms of the hydration of ions and entropy changes

due to adsorption of water on the clay.

Cruickshank and Meares (1957) reported data on changes of

free energy, enthalpy and entropy at 25° C of some mono-mono

valent exchange on various resin exchangers. They emphasized

that in every case, changes in the heat content, internal

energy, and free energy of exchange have the same sign. Usually

the heat content and entropy changes also have the same sign.

This suggested an increased binding of the more preferred

cations by the resin with subsequent decreases in internal

energy and entropy.

II. Factors Affecting Clay Selectivity for Exchangeable Cations

1. Nature of the Surface

In the absence of specific adsorption, which will be discussed

below, surfaces with high charge densities (cation exchange capa

city per unit soil surface) exhibit more preference for higher
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valency ions than do those with low charge densities. This is

quantitatively predictable from theoretical considerations such

as those based on the theory of the diffuse double layer (Section

III). It follows from this consideration that a surface on which

charges are more localized would be expected, to exhibit higher

preference for higher valency ions than one on which charges are

more uniformly distributed. Several authors have confirmed this

fact. Pratt and Bair (1962) stated that specific adsorption of

certain ions affects the exchange equilibria, particularly if such

adsorption results in changing the charge density of the surface.

They corrected for changes in surface charge density resulting from

specific adsorption, by using appropriate factors which allowed

better agreement between experimental ratios of exchangeable Na:Ca

and their theoretical values obtained from the Gouy theory. They

also confirmed the theoretical prediction that as surface charge

density increases the ratio of adsorbed Na:Ca decreases.

Bolt (1955) studied the exchange equilibria between Na-Ca on

illite using mixed NaCl + CaC1 2 solutions. His experimental points

fit well the theoretical curves obtained from Gapon's equation and

double layer equation. In addition to the valence effect, a small

correction factor of 1.2 was needed to adjust the surface charge

density. This factor, according to Bolt, can be easily accounted

for by expanding the energy terms of the Boltzmann distribution to

allow for secondary energy terms arising from ionic interaction and

polarization. Bower (1959) found that the best agreement between

experimental data and theory was obtained by correcting the deter

mined values of surface charge density for effects related to the
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radii of the ions in water by 1.4. Erbes and Jacob (1969)

investigated the criteria of judging soil dispersion by using

the value of exchangeable sodium percentage (ESP). They found

that Gapon's proportionality constant depends on surface charge

density. The percent of exchangeable sodium adsorbed for each

unit of sodium adsorption ration (SAR as defined later) supplied

in soil solution was about one and a half times greater at a

surface charge density of 1.1 x 10-7 me/cm2 than at a surface

charge density of 2.4 x 10-7 me/cm2. Heald, Frere, DeWit (1964)

developed an ion exchange equation based on adsorption on charged

surfaces in relation to the total charge density, constants of ion

pair formation, the double layer theory, and the total electrolyte

concentration. They stated that a material with high surface charge

density is a special case which results in simplified equations.

Van Schouwenburg and Schuffelen (1963) reported on studies of

Mg-K and Ca-K exchange in illite. They explained that the speci

ficity of the Kadsorption may be due to the existence of three

different types of exchange sites, i.e., planar, edge, and inter

lattice sites. Each of these types showed a normal exchange

process described very well by Gapon's exchange equation with each

type having a characteristic exchange constant. The exchange

constant for edge sites for Mg-K exchange was 102 and that for

Ca-K was smaller than 102.3. The constant for planar sites for

Mg-K was 2.21 and for Ca-K was 2.12. On the other hand, the

constant for interlattice sites for Mg-K was infinitely large

(> 2000). Thus, for all practical purposes neither Ca nor Mg are

able to expel K from interlattice position in a reasonable period
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of time. However, when enough time was given, Ca and Mg were able

to exchange with interlattice K by means of particle diffusion.

Aside from surface charge density, several other properties of

clays have been found to be important in affecting their relative

selectivities for exchangeable cations. Melsted and Bray (1947)

believed that the distribution of ions on an exchange surface is

controlled by the II nature ll of the colloid or exchange material to

a greater degree than it is by any other single factor. Dolcater

and others (1969) showed that the selective adsorption of cations

within the lyotropic series was controlled not only by the cation

properties but also by both structural and charge properties of

clay minerals. The cation affinity of Na saturated montmorillonite

increased in the order K< Mg < Ca < Sr < Ba. The order was Mg <

K< Ca < Sr < Ba for Bi oti te, Mg < Ca < Sr < K< Ba for muscovi te

and K< Ba< Sr..: Ca< Mg for vermiculite.

Pratt, Whittig and Grover (1962) speculated that the specifi

city of adsorption of Ca vs Na might be related to the chemical

nature of the negative charge on some of the exchangers in the soils

as well as to the surface charge density. The underestimation of

the surface charge density of the exchangers because of materials which

contribute to surface area, but not to CEC, and the specific nature

of the negative charges aside from surface charge density, are

probably both factors which contribute to the value of whatever

correction factors are necessary to make the experimental data

better fit the double-layer equation. Generally, these correction

factors ranged from 1.06 to 1.75 depending on the type of clay and

the presence of organic matter (Bolt, 1955; Bower, 1959; Pratt
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and Grover, 1964; and Pratt and Bair, 1964).

Barshad (1954) reported that various amounts of interlayer

Mg, Ca, Ba, Na were trapped in the interior of vermiculite particles

and rendered difficultly exchangeable upon replacement of the most
+ +accessible of these cations by NH4 or K. They further found that

variations in particle size did not affect adsorption of Mg++,
++ ++ + . +Ca ,Ba ,or Na , but strongly affected adsorptl0n of NH 4 and

K+. The larger the particle, the smaller was the amount of these

cations adsorbed. Diest and Talibudeen (1967) found that the CEC

of Na-soil is higher than that of K-soil because Na could not enter

the interlayer spaces of the collapsed materials. The decrease in

CEC of a 2:1 type clay mineral on saturation with K, NH4, Rb, or Cs,

was attributed to the fixation of these ions. However, they stated

that it could also be caused by larger hydrated ions being trapped

inside the clay lattice if the peripheral layers of 2:1 type clay

minerals collapse when lattice-collapsing ions are adsorbed. Another

form of specific adsorption was reported by Wild and Keay (1963) and

Peterson, Rhoades, Arca and Coleman (1965). Contrary to the

generally accepted fact that Ca is preferred over Mg in cation

exchange reaction by soils and clay minerals, they found Mg to be

preferred markedly over Ca by a specimen vermiculite when the

equivalent percentage of Mg in solution exceeded about 35. This

was further confirmed by Rhoades (1967).

Hunsaker and Pratt (1971) studied the Ca-Mg exchange equili-

bria in soils. By use of selectivity coefficients, they found that

a hydroxy-aluminum coated montmorillonite clay had a higher pre

ference for Ca than the original clay. Allophane, an organic soil,
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and soils which contain amorphous minerals or kaolinite plus

gibbsite, all showed higher preferences for Ca than was expected

for montmorillonite clays and soils.

Forces other than those which are electrostatic in nature may

be responsible for the surface's selectivity of certain cations

over others. Levy and Hillel (1968) in a comparison of the

thermodynamic equilibrium constants revealed that two of their

soils, a dark brown residual clay loam and a Hamra sandy clay loam,

show twice the preference for Ca over Na of a dark brown grumusolic

silty clay. The forces of interaction between the exchangeable ions

and the soil matrix were found to be mainly long-range electrostatic

ones, but the role of other forces of interaction could not be

disregarded. This was particularly true at low mole fractions of

exchangeable sodium. It must be emphasized however, that the

magnitudes of non-electrostatic forces, though may be sufficient

to modify electrostatic ones, are seldom large enough to override

them.

Pauley (1954) explained the selectivity of ion exchange resins

by considering only coulombic interactions within the system. Hence,

they assumed that the free energy change involved cation exchange

(and subsequently the equilibrium constant) may be determined from

the work necessary to remove each of the competing cations from its

distance of closest approach to infinity against the energy of

coulombic attraction acting between the cation and the resin sur

face. A more thorough treatment of potential distribution around

charged clay surfaces with defined effective surface charge density,

was presented by Kemper and Quirk (1970).
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Organic matter contributions are important in discussing the

effects of the nature of the surface on cation exchange equilibria.

Pratt and Grover (1964) found that the destruction of the organic

matter increased the ratio of Na to Ca adsorption to a much greater

extent than would be predicted by the decrease in measured surface

charge density. The effect of organic matter may be mainly due to

the nature of the charge groups that produce preferential adsorption

of one cation over the other. On the other hand, E1-Swaify and

Swinda1e (1970) reported that the upper horizon of Molokai and Kawaihae

soils had less preference for Ca over Na than did the lower horizons.

This could not be explained on the basis of differences in organic

matter distributed within the profile, in view of the findings of

Pratt and Grover. Kown and Ewing (1969) found that when organic ions

are adsorbed on Mississippi montmorillonite, the c1ay's affinity for

inorganic exchangeable cations is altered. They reported that if a

competing ion pair includes an organic cation, the relative affinity

of the clay for this cation decreases as more of the exchange sites

are occupied by it.

It is worthwhile to state here that one complication which may

affect equilibrium studies in tropical soils, is the tendency of

certain components in these soils to exhibit variable charges with

variations in electrolyte concentration (Birrell, 1961). Precautions

were taken in this study to detect any such variations.

2. Ionic Valency

It is theoretically expected and well confirmed experimentally,

that ions of higher valency are more preferred by clay surfaces than
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ions of lower valency (Bolt, 1955, Bower, 1959). This fact is

referred to as lI el ectro-selectivity ll and is the overwhelming

factor affecting clay selectivities between ions of different

valencies. It is also well confirmed that such preference

increases as the total electrolyte concentration decreases, an

effect first noted by Eaton and Sokoloff (1935). This affect is

referred to as the IIvalence-dilution effect. 1I In general, elec

trolyte concentration represents a third dimension in cation

exchange equilibria, which modifies the relationship between the

equivalent ionic fractions in solution and on the surface.

Ionic valency and electrolyte concentration effects may be

modified by forces causing specific adsorption (such as fixation)

in certain clays. A brief review of this subject was presented

in section 1. A more detailed review of concentration effect will

be presented in a later section.

3. Ioni c Si ze

The lI effective ionic size,1I in contrast to II crys talline ionic

size,1I is presumed to be an important factor in determining clay

selectivities for ions of equal valencies. The so called 1I1 yotropic

series ll predict that the more hydrated ions would be less attracted

by clays than those which are less hydrated. This is theoretically

expected because attractive forces, electrostatic or otherwise, are

more intense at closer separations. Marshall (1969) confirmed one

of Weigner's rules, namely that among ions of equal valency those

which are least hydrated have the greatest energy of replacement.

Recent findings seem to emphasize that there is no such thing as a

general lyotropic series which is applicable to all soils or clay
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minerals. Cases of specific adsorption provide many important

distinctions between clay materials, insofar as their preferences

for exchangeable cations are concerned.

Glueckauf and Kitt (1955) reported that the sequence of

decreasing hydration number of the divalent cations is Be++ > Mg++

c ++ S ++ B ++ h' h' . th th t f> a > r > a , w 1C 1S 1n e same sequence as a 0

increasing selectivity. Birrell (196l) found that the amounts of

cations physically adsorbed by allophane are dependent upon their

effective radii as well as their concentrations. His results for

hydrated cations were consistent with the idea of effective size

as a factor affecting adsorption. He reported that the hydration

numbers of Glueckauf were relevant in explaining the order of

adsorption, namely La > Ba > Rb, on Tirau ash subsoils.

Gast (1969) found that there is a linear relationship between

standard free energy and the ionic s'ize parameters of the Debye

Huckel theory for exchange equilibria involving Na, K, Rb, and Cs

in 5% Wyoming bentonite gels. He concluded that the adsorption of

mono-valent cations from strong electrolyte solutions is governed

by their hydrated radii.

Keay and Wild (1964) confirmed that rates of exchange of the

alkaline earth metals vary inversely with the hydrated ionic radius.

It might be expected that the order of exchange rate follows the

sequence of mobility of ions in aqueous solutions and depends there

fore on the sizes or the hydrated ionic diameter. Hutcheon (1966)

stated that it was incorrect to assume that a divalent cation is

more strongly bound than a monovalent one because of its charge.
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Two factors tend to offset the greater charge, namely, the distance

between the ions and the charged surface, and the hydration.

4. Electrolyte Concentration

As stated previously, electrolyte concentration represents a

third dimension to the exchange isotherm which affects the propor

tion of a cation adsorbed from a solution containing a certain

proportion of that cation.

Gapon (1933), Mattson and Wiklander (1940) reported that

dilution decreased the amount of divalent cations in solution.

Eaton and Sokoloff (1935) showed that an exchange reaction occurs

upon dilution whereby cations of lower valence go into the solution

in exchange for cations of higher valence from the adsorbed phase.

Khasawneh and Adams (1947) noted that dilution increased the

total amount of electrolyte in the soil solution and altered the

relative amount of Ca and K in the equilibrium solution. Reitemeier

(1964) reported decreases in the concentrations of Ca and Mg in

soil solution resulting from the valence dilution effect whereby

on dilution, soluble Ca or Mg replaces exchangeable Na, K, or NH4
from the soil colloids. Ivanov and Gapon (1941) devised a theory

based on exchange between silicates and electrolytes solutions

which suggests that the amounts of adsorbed cations are independent

of the concentration of the equilibrium solution if the competing

ions have the same valence. On the other hand, if the ions are

of different valences, dilution of the equilibrium increases the

adsorption of higher valency ions.

Kelley (1964) emphasized that although the exchange equilibrium
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between a salt solution and soil is reached rapidly, it is easily

disturbed by the mere dilution of the liquid phase. Such dilution

caused a shift in equilibrium which he believed is due to the fact

that activities of different kinds of salts are affected differant1y

by dilution. For instance the activities of the Ca salts are increased

to a greater extent by dilution than those of Na salts. Me1sted

and Bray (1947) noted that the distribution of ions of the same

valence on an exchange surface by the concentration of the solution

is affected less in a equilibrium (batch) system than in a leaching

system. They confirmed that the concentration of a solution con

taining ions of different valences has a marked effect on their

final distributions of the exchange material regardless of the

type of system.

5. Co-Ion Effects

The term "co-ion" refers to those ions in solution which carry

a charge opposite to that of the exchangeable ions. For cation

exchange equilibria, therefore, this term refers to anions in

solution. It·is interesting to note that Me1sted and Bray (1947),

believed that soluble anions associated with the cations in a

leaching solution do not affect the proportions of bases on the

exchange surface but may affect the total amount of bases adsorbed.

However, later studies disproved this claim.

Babcock and Schulz (1963) reported that exchangeable sodium

percentage (ESP) was higher when the soils were leached with S04

solutions than when leached with chloride solutions. They attri-

buted this effect to the different activity instead of concentration

in such exchange studies since activity takes in consideration the
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effects of cations as well as anions. Hardan and Whittig (1965)

reported that, in the presence of CaC03 and organic matter, the

rate of increase of ESP on the exchange complex of an alluvial

soil was greatly increased with the use of Na2S04 solutions.

Arshad and Carson (1967) studied the movement of 45Ca due to

leaching with salt solutions of varying concentration and ionic

composition. They noted that the distribution pattern of radio

active calcium in soil columns varied with the anion species as

well as type of cation in the solution. Exchange and movement of

45Ca was higher with sulfate than chloride solutions. The differences

were explained by considering the solubility products (Ksp ) for

these calcium salts and also by differences in ionic association

(or ion pair formations), since the electrostatic attraction

b c ++ d °=.. h ++ d 1-etween a an S 4 1S h1gher t an Ca an C .

Szabolcs and others (1967) reported that in bentonite-sodium

sulfate systems the calculated selectivity coefficients approached

in value those in chloride systems but both were considerably

different from those obtained in bentonite-sodium carbonate

systems. Undoubtedly, the low solubility of CaC03 in alkaline

media leads to a predominance of sodium ions in the solution. This

means that the degree of sodium ion saturation of the adsorbent

becomes higher and depends essentially on the concentration of

sodium ion in the solution.

It is essential to state here that the concepts of "res idual

sodium carbonate II and "effective salinity" are based on the tendency

of Ca and Mg ions to precipitate from irrigation water, upon appli

cation to soil, as carbonates, bicarbonates, or sulfates (Doneen,
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1954, Eaton, 1950).

6. Complementary Ions and Equivalent Fraction on the Exchange
Complex

The term IIcomplementary ion ll refers to the exchangeable

cation(s) which occupies the exchange sites not occupied by the

exchangeable ion under consideration. This factory may be of

particular importance in tropical soils where difficulties in

removing natural exchange acidity may be encountered. In such

soils it is possible that many equilibria involving cations may

involve H+, and/or Al ions as well.

Melsted and Bray (1947) reported that H+ was the only cation

in studies involving also Na, K, Mg, and Ca that did not behave like

other mono-valent cations. Its distribution on an exchange surface

did not appear to be a function of its concentration in the leaching

solution.

Keay and Wild (1964) noted that the rate of exchange of the

alkaline earth metals on vermiculite was independent of pH in the

range 4 to 9. Nye and others (1961) reported relatively large

affinity of acid clays for Kwhen saturation with this ion was

small. When Al occupied most of the exchange sites, a smaller

affini ty of cl ay was noted for Ca than for K.

Newman (1969) studied exchange equilibria in two groups of

mica. For one group, decreasing pH caused only a small increase

in solution K and this was attributed to more mica being dissolved

in the acidic solution. In the other group the exchange parameter

at pH 3 was 2-4 times greater than the parameter at pH 9. This

behavior was probably due to specific interaction between H ions
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and the mica structure. An application of this work is that micas

may act as K-buffers in the soil.

Pratt, Whittig and Grover (1962) found that the theoretical

equation based on the Gouy theory satisfactorily predicted the

relative change in the ratio of adsorbed Na to Ca as the pH of

the equilibrium solutions decreased. As the pH increased the

adsorbed ratio of Na to Ca decreased. Such behavior may be easily

explained by changes in surface charge density at various levels

of pH. Pratt and Bair (1962) confirmed that as the cation exchange

capacity decreased with reduction in pH, the exchangeable Ca

decreased more than exchangeable Na.

Beckett and Nafady (1967) reported that the increase in the

amount of exchangeable Al on the soil surface, and the resulting

displacement of Ca, reduced the soil's buffering capacity. Carlson

and Overstreet (1967) demonstrated that the adsorption of incomplete

ly dissociated hydroxides of Mg, Ca, Sr and Br by bentonites takes

place in significant amounts in equilibrium systems with pH values

as low as 7.

Gast (1969) proved that the surface of Wyoming bentonite is

not polyfunctional. He measured equilibrium selectivity coeffi

cients for the exchange of Na.with Li, K, and Cs as a function of

pH. He found that pH had very little effect on exchange selectivity

coefficients at all surface compositions studied. The order of

equilibria selectivity coefficients was Cs > Rb > K> Na > Li and

did not change significantly with the pH of the system. The

relative values within the sequence quantitively varied with the

surface phase composition.
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7. Temperature

Keay and Wild (1964) studied temperature effects on the

exchange involving Na, Mg, Ca, and Sa ions in the range 25° C to

70° C. Vermiculite showed a preference of divalent ions over Na

ions at 25° C and the preference increased very greatly at higher

temperatures. Temperature effect was less marked on exchange

between divalent ions.

Rhoades (1967) demonstrated the different behaviors of three

groups of minerals. He found that the sorbed Na/Ca ratio for a

given SAR value increased in the order montmorillonite, soil

vermiculite, and specimen vermiculites. Specimen vermiculites

were found to have a markedly greater affinity for Na than is

typical of most soil materials, the affinity being greatest at

low temperature. Diest and Ta1ibudeen (1967) obtained exchange

isotherms of five soils. They concluded that the ratio of adsorbed

K, in competition with higher valency cations, decreases with

increasing temperature. Gaines and Thomas (1955) also reported

that temperature affected the exchange equilibria. Their clays

became less specific for cesium as the temperature was elevated.

Temperature effects were very marked in the region of low cesium

concentration.

8. Kinetic Factors and Cation Exchange Hysteresis

Theoretical thermodynamic considerations require that any

chemical equilibrium be described by a unique equilibrium constant.

These considerations, therefore, preclude the existence of IIHystere

sis ll phenomena in a model exchange equilibrium reaction, i.e., the

same status must be reached in an equilibrium reaction involving
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cations A and B, regardless of which one was originally present at

the soil surface. Thus, if the value of the equilibrium constant

for the reaction
- + -A + B + A + B (14)

is K, then the equilibrium constant for the reaction

A+ st A+ B (15)

must be 11K. If. experimental values do not confirm this prediction,

hysteresis is said to take place. Presumedly, a most serious cause

for hysteresis is incomplete equilibration, most often by not

allowing sUfficient time for equilibrium.

Gaines and Thomas (1955) emphasized that ion exchange experi

ments require that the CEC of the exchanger reamins constant over

the isotherm and that the exchange isotherm be completely reversible.

They concluded that a decrease in CEC of their montmorillonite from

133 me Cs/gm to 119 me KllOO gm did not affect the isotherm by more

than 4%. Amphlett (1958) noted that ion exchange reactions on clays

are reversible in general. He believed that there are two important

exceptions to this behavior, namely hydrogen exchange and cation

fixation. Hydrogen ion exchange is not completely reversible, and

this behavior is most marked in the expanding interlayer exchangers.

In cation fixation, a fraction of the exchange is found to be irre

versible for certain ions and in certain clay minerals.

In a pioneering study, the Ca-Mg exchange reaction of Miami

silt loam equilibrium was approached by Kerr (1928) from both

directions, with no evidence of hysteresis. On the other hand,

Oiest and Talibudeen (1967) constructed isotherms of some soils
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which were reversible and others, which showed some hysteresis.

In these latter soils, Kwas adsorbed more strongly when Ca-ions

were added to Ksaturated soil than when K ions were added to

Ca-saturated soils. Vanselow (1932) found that Na-K, Ca-NH4
exchange reactions of bentonites, permutites, and zeolites showed

pronounced hysteresis or failure to attain "true" equilibrium. He

speculated that it probably is not a question of rate of reaction

or insufficient time for attainment of equilibrium but rather a

phenomenon associated with the crystal structure of alumino-sili

cates. Faucher and Thomas (1958) designed a study to determine the

rate of the exchange reaction between clay and solution. They

equilibrated Cs-clay with l37Cs at 15, 90, and 1080 minutes and

concluded that a matter of hours was required for the attainment

of equilibrium. The results of the experiment were consistent with

the idea that diffusion in the solid (particle diffusion) is the

rate-limiting factor. Diest and Talibudeen (1967) found that the

isotopic exchange of 42Kand 45Ca in vermiculite (20%), chloritized

vermiculite (40%), and montmorillonite (35-40%) at 25° and 50°C

was complete in about 5 minutes.

Gapon (1933) assumed that ionic exchange is a reversible

process leading to the formation of two complexes formed by

adsorption of each kind of exchangeable ion. At equilibrium, the

rates of adsorption of each must be equal. Tabikh and others

(1960) stated that hysteresis may be expected in any cation

exchange reaction involving systems which are subjected to drying.

They argued that adsorbents used for approaching equilibrium from
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both sides of the exchange equation actually represent two

different systems. It is evident, therefore, that hysteresis is

not an inherent part of the exchange reaction, and that instead, it

is induced by changes in the adsorbent. Any changes produced by

experimental treatments, and which induce a heterogeneous phase in

a clay system, will produce hysteresis.

In a recent report, Laudelout, Bladel and others (1968)

demonstrated that aggregation effects are indeed responsible for

the incomplete equilibrium observed. They concluded that, whatever

the causes of the exchange hysteresis may be, no thermodynamic

treatment of primary experimental data showing irreversibility of

the process is justified. Thus, if one wants to make use of the

conciseness which the thermodynamic approach allows for describing

experimental results, and of its predictive value, then one has to

make use of systems which have reached their true equilibrium

states.

That attainment of cation exchange equilibrium can consume

much time before completion, has been demonstrated by several

authors. Initially it was always assumed that cation exchange

reactions are almost instantaneous (e.g. Borland and Reitemeier,

1950). However, Keay and Wild (1961) studied the rate of cation

exchange in vermiculite and found that particle diffusion was the

rate limiting step. Using particles ranging in size from 1.0-1.18

mm they found that electrolyte concentration in the range 1.0-2.0

N had no effect on the exchange rate. They also reported that

stirring affected only the initial exchange rates. Gast (1966)

showed by electrical conductance and diffusion measurements in
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dilute bentonite pastes that significant changes occur in Na+ and

Sr++ ion mobility on increasing solution or clay concentration.

The reductions in cation mobilities in clay systems were attributed

to the lowering of cation activity rather than increased activation

energy as measured by electrical conductance.

The tendency of a given soil material to exhibit particle or

film diffusion is generally expected to depend on the dominant

mineralogy, the particle size distribution, the degree of aggrega

tion, and particle orientation within soil aggregates.

III. Predictive Equations for Cation Exchange Equilibrium

In predicting the behavior of ion exchange there are many

approaches. Therefore, many models have been developed based on the

assumptions and theory of each approach.

1. Adsorption Equations

A. Langmuir's Equation. Langmuir developed an equation to

express the exchange adsorption of solution ions by soils:

x _ ks.c ( )
in - l+kc 16

where x/m = number of molecules of cations adsorbed of a

given species

s = adsorption maximum

c = number of molecules of cations remaining in

solution (equilibrium concentration)

k = constant

This equation may be useful for predicting exchange

equilibria in certain soils. Knowing the amounts of
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cations exchanged at two different concentrations of a

given salt, it is possible in many cases to calculate the

amount that will be exchanged with a third concentration

(Kelley, 1948). Bolt (1967) stated that the original

Langmuir equation was found directly from the application

of the Mass Law to an idealized adsorption equilibrium

between a surface and a single adsorbate. Its simplest

form is useless for cation exchange, as it does not

consider all the factors affecting competition between

the cationic species.

B. Freundlich's Equation. The equation applied to cation

exchange is

x/m = kpl/n (17)

where x/m = equilibrium amount of cations adsorbed per

gram of soil

p = amount of cation remaining in solution

k,n = constants

Many investigators have shown that this equation

cannot express cation exchange over a wide range of

concentration (Kelly, 1948).

2. Mass Action" Equations: The mass action principle is based

ultimately on the law of conservation of energy. All mass

action equations for cation exchange in soils contain the tacit

assumption that the activities of adsorbed ions and the solution

ions are definable and can be determined experimentally. The

major equation based on this principle are summarized here.
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Vanselow developed his exchange equation in 1932. The

equation is still being used at present. He visualized the

surface phase of the clay as an ideal two dimensional solid

solution. He then assumed that the activities of the two

exchanger components to be proportional to their respective

mole fractions. His equation is:

= constant ( 18)

(19 )

+ ++ 'where m and m are the mole fractions of exchangeable mono-..
and di-valent cations, ao+' ao++ are their activities, and Kv is

the Vanselow exchange constant.

In 1933, Gapon proposed the following equation for mono

valent-divalent equilibrium

K = in + . (m++)~
G ++ +m • m

- + +where m and m denote surface and solution molar contents of

the monovalent cation and m++ and m++ of the divalent cation,

respectively. This equation received wide use in Eastern

Europe. The constant KG was evaluated by the u.s. Salinity

Staff (1954) who introduced the concept of the SAR (Sodium

Adsorption Ratio) which expresses the ratio between soluble

sodium (m+) and the square root of the molar concentration of

divalent ions in solution (m++) . According to Gapon's equation,

a linear relation is expected between this ratio and the ratio

of adsorbed monovalent to divalent cations (Exchangeable Sodium

Ratio, ESR). Equation 19 may be written as
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(20)

= KG SAR

·+·Na+
The molar ratio __m____ becomes ~~;;: when equivalent concen-

Im++ /ca'2Mg

trations are used. Extensive analysis of samples from salt

affected soils resulted in the following regression equation

relating ESR and SAR (U.S. Salinity Laboratory, 1954):

ESR = -0.0126 + 0.01475 SAR

A similar regression equation was derived for potassium

EPR = 0.0364 + 0.1051 PAR

(21)

(22)

where EPR refers to the exchangeable potassium ratio and PAR to

the potassium adsorption ratio. Both qu~ntities are defined

similar to ESR and SAR, respectively.

Bower (1959) modified these equations in order to improve

their predictive values. Based on further soil analysis he

proposed the following relations:

ESR = 0.0057 + 0.0175 SAR

EPR = -0.01 + .3675 PAR

(23)

(24)

Both the above sodium exchange equations were found inadequate

for describing cation exchange equilibria in certain tropical

soils (El-Swaify and Swindale, 1970).

Babcock (1963) call ed for aband01i ng the use of Gapon' s

equation because "it generally has been shown to be completely

inadequate when subjected to direct experimental tests." On the

other hand, Lagerwerff and Bolt (1959) made the following general

observations concerning the inapplicability of Gapon's equation
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to some experimental work: (a) Equilibrium between the exchange

and ambient solution in a number of cases may be either incomplete

or disturbed in the course of procedures preparatory to further

analysis. In particular, they stated that one should be wary

about the practice of washing the exchanger columns with ethyl

alcohol, (b) Specific adsorption and other forces not accounted

for by the electric and osmotic forces of the double-alyer theory

may not always be eliminated, (c) Prevailing amounts of a third

cation may still be present in some systems, and (d) The use of

concentrations instead of activities in calculations pertaining

to concentrated ionic systems can undoubtedly lead to inaccurate

results. Nevertheless, they stated that Gaponls equation should

still be of practical use in natural soil-water systems. Bolt

(1967) affirmed that the estimation of exchangeable sodium per

centage (ESP) in soils is more conveniently achieved by use of

Gapon's equation. However, he believed that such use is warranted

only if the ESP does not exceed 50%. Bower (1959) also agreed

with Boltls statement.

Helfferich (1962) criticized the approach mentioned above

for attempting to fit predictive equations to experimental

results by use of suitable empirical constants. In his opinion,

the weak point of such derivations is that they take many

different forms, each with a different set of empirical constants.

Therefore, different experiments are required to obtain the

required empirical constants.
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3. Equation BasedonAbsttac~Thermodynamics: Gains and Thomas

(1950) developed the first equation of this type. In its most

complete form, the equation may be written (Bolt, 1967) as:

ln K= 1 + fl ln KdN+ = fl ln K dN+ = ~Go (25)o N 0 om RT

in which
++

(N+)2 ao
and KN = (N++) . -a-=o~+~2~

where KN= selectivity coefficient N+ and N++ are the number of

equivalents adsorbed of the monovalent and divalent cations, ao+

and ao++ are the respective cation activities in solution, and

the remaining terms are as previously defined. Their derivation

required no specific assumptions, such as a model with defined

properties. Therefore, the equation is universally applicable

to ion exchange even though its value is limited for practical

applications. Ionic activity coefficients and the thermodynamic

equilibrium constant may be calculated only from a considerable

number of ion-exchange equilibrium measurements. Therefore

prediction of equilibria by use of their equation is very

difficult (Helfferich, 1962). Bolt (1967) also stated predictions

of exchangeable ions by such equations are possible if the values

of thermodynamic equilibrium constant and activity coefficient

are available. As the corrected selectivity coefficient (KN) is

used, it is understandable that for the purpose of practical

application, one does not go beyond experimental determination of

KN as a function of solution composition.
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4. Equations Derived'by'UseofStatistical Thermodynamics:

Davis (1950) derived an ion-exchange equation through an approach

of statistical thermodynamics. Krishnamoothy and Overstreet

(1950) applied the equation to exchange equilibria on soil clays.

The equation reviewed by Bolt (1967) is

in which

++a
o + 2 = constant

(ao )
(27)

n = 2 for linear array of surface charges

n = 4 for square array of surface charges (open-packed)

n = 6 for hexagonal array of surface charges (closed-packed)

Davis considered the total number of ionic charges on the

surface as equal to the number of oppositely charged sites and

that each ion is localized. This condition required complete

exclusion of anions from close vicinity to soil surface. The

model thus consisted of two discrete phases. Although each ion

was assumed to be localized at a given time, its position was

not considered permanently fixed. Therefore, adsorbed ions

were visualized to constitute a more or less diffuse layer

(Babcock 1963, Bolt 1967). Babcock (1963) also gave many

reasons for his preference of the statistical-thermodynamic

approach: a). Weaknesses of some assumptions inherent to the

double layer theory such as that ions may be considered as

point charges and the neglect of ion-ion interactions. Such

assumptions constitute an omission of first order effects in

some circumstances. For instance, at the high surface charge

-density of clay particles and at the salt concentrations
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normally encountered in soils, the exchangeable ions are present

at a distance from the surface which is the same order as the

hydrated radius of the ion. These considerations are better

treated in the statistical thermodynamic approach. b). Specific

effects are more rationally introduced into statistical theory.

c). Available data appear to exhibit independence of any present

amounts of a third ion. d). Such independence cannot be explained

by the double layer theory where as it is a direct consequence of

statistical theory. e). Direct experimental tests of the theory

have been very successful.

Krishnamoorthy and Overstreet (1950) applied the equations

proposed by Gapon, Vanselow and an equation based on statistical

thermodynamic by Guggenheim to ion-exchange experiments on

bentonite clay, soil colloids, and resins. They found that

Gapon's equation was unsuitable for mono-divalent ion pairs

while Vanselow's and Guggenheim's were quite satisfactory except

for pairs involving hydrogen.

5. Donnan Equation: Most equations mentioned before assumed

the exchanger as a discrete component without considering the

nature of the binding forces between ions and exchanger. In

fact, the electrostatic forces are important in determining the

distribution of ions of different valence between solution and

exchanger. The equation based on Donnan's model is different

from others stated previously. However, by itself, the equation

is of no interest because the difference in affinity of the

exchanger for the two ions is not considered.
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The mono-divalent equilibrium equations based on this

theory may be written as:

(28)

N+, N++, ao+' and ao++ are defined in page 35, fm is the micellar

activity coefficient for a given cation, d+ is thickness of the

layer of cation accumulation, and r is surface charge density in
2 d+

meq/cm. The ratio -r--- ( = Vm) represents the micellar volume

in cm3/meq.

6. Equations Based on the Double Layer Theory: The theory of

the diffuse double layer has also been widely used for predicting

cation exchange equilibria. Eriksson (1952) derived a mono-divalent

cation exchange equation which was later modified by Bolt (1955a).

The equation has the form:

r l _ r sinh- l r l S
r- r·; S r+4vclC'2

in which r = surface charge density~ ,
cm

(29)

~
r

r

= fraction of the surface charge neutralized by the

sum of excess monovalent cations and deficit of

monovalent anions,
c

= 1_ (mole/l) and is calied the reduced ratio
IC2
in which cl and c2 are the bulk concentrations of

in moles/l monovalent and divalent cations, respec-

tively.
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2
B = 8,~~~TIF in which F = 2.892 x lOll esu/me, D = the

dielectric constant, and R, T have their usual meanings.

At 25° C B = 1.060 x 1015 cm mmole/me2.

Vc = the potential ratio half way between clay plates and for

all practical purposes = 1.

This equation has been successfully used by many authors, some

times with certain modifications. For instance, Pratt et al

(1962, 1964) and El-Swaify and Swindale (1970) found it necessary

to make certain assumptions regarding surface charge densities

of their soils in order to have satisfactory predictions.

The well known assumptions of double layer theory (e.g.,

that charges on the surface are continuous and uniform, and

adsorbed ions are non-localized point charges) require that

the above equation should find greatest applicability where the

distance between the charge sites on the surface is small

relative to the radii of adsorbed ions. In the case of symmetrical

ion-exchange, the simple theory of the diffuse double layer pre

dicts a value of unity for all selectivity functions. This is

true because no specificity is included in the theory and only

electrostatic forces are considered. For unsymmetrical exchange,

especially Ca-Na, the double layer equation as stated above

appears to be in conflict with statistical thermodynamic equations

(Babcock, 1963). The strong point in favor of the double layer

equation is the fact that it contains no undetermined parameters.

Therefore numerical agreement obtained between the theory and

experiment is impressive (Bolt, 1955-b, Bower, 1959). Many
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experimental data on Ca-Na exchange in soils and clays,

especially i11itic clay, agreed well with predictions from the

equation (Bolt, 1955, Bower, 1959, Bower and Hatcher, 1962,

Lagerwerff and Bolt, 1959, Pratt and Grover, 1964). This is

surprising considering that both specific adsorption forces and

activity corrections are neglected. Lagerwerff and Bolt (1959)

studied the Ca-K exchange in illite and montmori11ionite suspen

sions. They concluded that the double layer equation applies

for exchangeable K percentages of up to 25%. Understandably,

however, the predictions were less applicable to illite.

Helmy (1964) discussed the limitations of the double layer

equation of Erickson and Bolt. A limitation which he considered

serious is the means by which the correction of cation exchange

values for the negative adsorption was made. This usually dis

tributed the negative adsorption arbitrarily between cations (Na,

Ca) according to their proportions in solution. Helmy found that

this might not be correct and thus derived another equation using

the double layer model, in which negative adsorption was propor

tioned according to positively adsorbed cations. His equation

predicts relatively smaller amounts of adsorbed monovalent cations.

His equation predicts relatively smaller amounts of adsorbed

monovalent cations than does the original equation. However,

results from the two equations were almost identical at low

electrolyte concentrations, where negative adsorption was less

significant.

Bolt (1967) stated that the prediction of exchange behavior

of soil materials must be only approximate for a particular system
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if a wide range of compositions is to be covered. This is due

to the fact that selectivity coefficients are not true constants.

He recommended that one should select the coefficient which best

fulfills the condition of constancy under a well defined set of

experimental conditions. He believed that Gapon's equation is

perhaps best suited for approximate predictions.



MATERIALS AND METHODS

I. The Soils

The selection of the soils for this study was based on the needs

and/or suitabilities for irrigation, area extent in Hawaii, mineralogical

composition, and their representations to the important orders within the

soil classification scheme. It is presumed that these factors can

determine the extent of similarity between these soils and tropical soils

in other areas of the world.

The selected soils were collected from the type locations specified

by the Soil Conservation Service. The series employed in this study

were:

1. Mo10kai silty clay, a Low Humic Latoso1, now classified

under the Clayey, ha110ysitic, isohyperthermic family of

the Typic Torrox [subgroup, Torrox great group, Torrox

suborder, of the order Oxiso1s]. Samples were collected

from the Ap (surface plow layer) of a depth 0-15 inches

and from the 82, horizon, 15-30 inches deep.

2. Ewa clay, a Low Humic Latoso1, now classified under the

Fine, ha110ysitic, isohyperthermic family of the Aridic

Hap1usto11s [subgroup, of the Hap1usto11s great group,

Usto11s suborder, of the order Mo11iso1s]. Collected

samples were from Ap and 82 horizons which were 0-13 and

13-18 inches deep, respectively.

3. Honou1iu1i clay, a Gray Hydromorphic, now classified under

the Very fine, ha110ysitic, isohyperthermic family of the

Typic Chromusterts [subgroup, Chromusterts great group,



Usterts sUborder, of the order Vertisols]. Two horizons

were collected from the soil, namely the Ap and B2 which

occurred at 0~15 and 15-26 inches depths, respectively.

4. Lualualei Clay, a Dark Magnesium Clay, now classified

under the Very fine, montmorillonitic, isohyperthermic

family of the Typic Chromusterts [subgroup, Chromusterts

great group, Usterts suborder, of the order Vertisols].

This soil was collected from two different sites:

A. At the naval radio station in Lualualei valley where

three horizons were obtained, namely Al (0-1 inches),

All (1-10 inches), and Ac (10-20 inches).

B. From the Kokohead area, where Al (0-2 inches) and,

All (2-12 inches) samples were obtained.

Heretofore, these two samples will be referred to as

Lualualei and Lualualei from Kokohead, respectively.

5. Kawaihae very fine sandy loam, a Tropical Red Desert, now

classified under the Medial, isohyperthermic family of the

Typic Camborthids [subgroup, of Camborthids great group,

of the Orthids suborder, of the order Aridisols]. Samples

were collected from Al (0-6 inches) and B2 (6-15 inches)

horizons.

The above soils will be symbolized heretofore as M, E, H,

L, KL, and K, respectively.

II. Experimental Procedures

1. Preparation of Homoionic Soils.

Collected samples were dried, mixed, passed through 5 mesh

sieves, and packed in large Buchner funnels. Homoionic

42
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Ca-, Mg-, Na-, and K-soils were then prepared by leaching

with li CaC1 2, MgC1 2, NaCl, or KC1. The leaching was continued

until the 1eachates had compositions identical to those of the

applied solutions. This was ascertained by testing for some

ionic species contained in the untreated soil. Sensitive ion

electrodes were used for testing the monovalent ions and

Eriochrome Black T indicator (used for EDTA titrations) for

divalent ions. The absence of sulphate from 1eachates was

also ascertained by using BaC1 2 turbidity tests.

To remove excess electrolytes from treated soils distilled

water washing was used for Ca and Mg saturated soils, and methyl

alcohol washing, for Na and K-soi1s. This washing was continued

until a negative test for chloride was obtained by using 0.1 N

AgN03. The homoionic, electrolyte-free samples were then air

dried, passed through 2 mm sieves, stored in air-tight containers.

and their moisture contents determined. Moisture contents of

treated samples were generally about 11%.

2. Determination of Cations Retained by Homoionic Soils.

The amount of Ca, Mg, Na, or Kretained by the prepared soils,

a quantity symbolized by II qo " and corresponds approximately to

the cation exchange capacity, was determined using extraction

by ammonium acetate. One gram of the soil was placed on a

funnel and leached by 1~ ammonium acetate. The leachate was

collected and made up to a volume of 250 m1. The concentration

of Ca, Mg, Na, or K in this solution was measured and the value

of the cation retained by 1 gm of soil was calculated. Even
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though negative tests for chloride were obtained, it was later

found that some free electrolyte was left in several samples.

A batch equilibrium of homoionic samples with distilled water

revealed the existence of varying amounts of ions in the

equilibrium solution. Thus, the concentrations of these ions

in the aqueous extracts were determined and appropriate

corrections in the value of II qo ll were made accordingly. Final

calculations of equilibrium data were based on the corrected

II qo ll values. These values are reported in table 1. It is

noted that qo values for monovalent cation saturations were

generally higher than those for divalent cation saturations.

In all Vertisols, the qo values were exceptionally high for

potassium saturations. The feldspars present in these soils

may have provided a source of soluble potassium which was not

easily detected in batch equilibria with distilled water.

3. Preparation of Batches for Eguilibrium Studies.

An amount varying between 0.2-12 grams of homoionic soil was

weighed into a 50 ml centrifuge tube and mixed with 20 ml of

the desired solution to prepare a given batch. The larger

amounts were used for batches involving high electrolyte

concentrations and for soils with low values of qo' and vice

versa. This plan was followed in order to assure that changes

in ionic concentration due to the equilibrium reaction for

every soil exceed the normal possible experimental error and

lie safely within the detection limit of the experimental
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apparatus.* These problems could not be overcome for l!

exchange isotherms by use of the present technique. Therefore,

these data will not be reported. Added solutions (original

solutions) contained defined proportions of the competing

cation pair, one of which was the same as the cation introduced

with the soil. Cations were introduced in solution as chlorides.

All equilibria studied were mono-divalent equilibria. Thus,

the added solutions contained Ca-Na, Mg-Na, Ca-K or Mg-K mix

tures. The total electrolyte concentration in added solution

was .01 or 0.1 N. The total electrolyte concentration in the

equilibrium solutions, symbolized as "C
O

" was also approximately

0.01 and O.l~. Cation proportions A:B (where A is the cation

present in the homoionic soil and B a competing cation) in the

original (added) solutions were 18:2, 15:5, 12:8, 10:10, 8:12,

5:15, 2:18 and 0.20, on an equivalent basis. Where these

experimental points were insufficient for constructing a

complete isotherm, more batches of the solution containing the

proportion 0:20 (only the competing cation) were used, but

with smaller amounts of soil in each batch. This allowed

obtaining experimental data at small values of CA/Co• Mixed

batches were equilibrated for 5 days, a period which was

found adequate to reach equilibrium during preliminary experi

ments. All batches were sealed to avoid concentration changes

*According to Minor (1954), the probable error (P.E.) for a

set of cation adsorption measurements may be calculated from

errors incorporated in each step as follows: weighing 1%,

automatic pepetting 1%, automatic diluting 3%, atomic adsorption

2%, p.E. =~+-1--+j2+22 = 3.88%.
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SOILS IN me/l00 gm.

46

Soil Horizon Sym.+ Ca Mg Na K

Molokai A M1 15.00 15.36 18.06 19.06p
B2 M2 10.34 10.17 11.41 9.57

Ewa Ap E1 '14.69 18.05 15.86 19.20

B2 E2 13.83 14.28 14.43 14.62

Honouliuli Ap H1 26.23 30.81 27.00 34.80

B2 H2 27.59 28.45 26.43 36.65

Lualualei A1 L1 41.97 39.11 39.69 52.33

All L2 35.02 41.98 35.76 53.75

Ac L3 33.16 35.81 34.13 52.96

Lualualei
from
Kokohead A1 LK1 57.19 68.79 51.92 106.61

All LK2 57.69 53.44 48.60 95.91

Kawaihae A1 K1 15.52 19.23 24.38 34.47

B2 K2 12.96 12.77 19.46 26.54

+These symbols will continue to be used throughout the text for
reference to the respective soil horizons.
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by evaporation. They were shaken occasionally until equilibrium

was reached. The samples were then centrifuged at sufficient

speeds and for a sufficient period of time to obtain clear

equilibrium solutions. These solutions were separated, diluted,

and their contents of appropriate cations were determined.

These concentrations were used to calculate the proportion of

the cation in equilibrium solution, C/Co' and compared with

those of the original solutions in order to calculate the

proportion of each ion present in an exchangeable form,

namely q/qo. Plots of q/qo vs C/Co provided the exchange

isotherm at the particular electrolyte concentration level.

As will be discussed later, the high preference of a soil

for an exchangeable cation usually results in isotherms which

are almost linear and have steeper slopes than the non-preference

line at low C/Co values. These isotherms are also linear but

have less slopes than the non-preference line at high C/Co
values. Since there are the portions of the isotherm that are

more difficult to construct experimentally, it was assumed that

extrapolation of the isotherms over these linear regions is

justified. Several authors (e.g., Gaines and Thomas, 1955;

Diest and Talibudeen, 1967) made similar extrapolations.

Extrapolated q/qo values were used to compute selectivity data

when necessary.

4. Determination of Changes in "go" Due to Changing Concentration

of Electrolyte Solution.

A determined amount of the homoionic sample, depending on the

qo of the soil, was weighed in a centrifuge tube and equilibrated
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with a solution containing only the chloride of the exchangeable

cation. Added solutions had concentrations of 0.01,0.1, and

l!. After equilibrium was reached, the solution was separated

and the concentration of the cation in the dialyzate was

determined. Changes in qo were calculated by comparing the

concentrations of the original and equilibrium solutions.

These changes were found negligible in all soils used in this

study.

5. Determination of the Rate of Exchange.

Molokai and Lualualei were selected to study the kinetics of

cation exchange equilibria. Molokai soil is well aggregated

and was expected to exhibit slow equilibrium rates controlled

by particle diffusion. Lualualei has an extensive surface area

on which the more rapid film diffusion was expected to be

pronounced. The amounts of soil used were the same as those

used in batches equilibrated with solutions containing only

competing cations. Various equilibrium times were used before

supernatent solutions were obtained. These times were 1, 2,

5, 10, 20, and 50 minutes, 2, 5, and 10 hours, and 1, 2, 3, 4

and 5 days. For establishing equilibrium times with Na- and

K-Lualualei samples, 35 gms of the soil were mixed with 150 ml

O.l~ MgC1 2. The mixture was stirred and representative ali

quots were sampled at different time intervals beginning 2

minutes and ending 8 days after the mixing. Aliquots were

centrifuged and separated solutions were analyzed for either

Na, K, or Mg. Results showed that Molokai soil achieved

equilibrium faster than the Lualualei soil. For Ca- and Mg-
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saturations the Molokai soil reached equilibrium after 10 hours

while Lualualei soils needed 24 hours. Further experiments

showed that Na- and K-Lualualei reached equilibrium even slower,

needing two and three days, respectively. This indicated that

cation diffusion within Molokai soil aggregates to reach the

exchange sites on the surfaces of Kaolinite particles is faster

than diffusion within the lattices of mixed 2:1 and amorphous

materials prevailing in the Lualualei soil. It is also essen

tial to remember that the capacity of the exchanger affects the

rate of equilibrium, the larger the capacity, the slower the

rate. This further explains the observed differences between

Molokai and Lualualei soils.

6. Cation Exchange Thermodynamics (dependencies of equilibrium on

ambient temperature).

The same method of preparing the batches for obtaining exchange

isotherms was followed. However, this experiment was conducted

at two different temperatures namely, 40° C ± 0.5° C and 20° C

± 0.01° C. Temperature control was achieved by use of constant

temperature water baths in which the centrifuge tubes were

mounted by specially designed holders. After equilibrium, the

tubes were centrifuged and solutions separated and analyzed.

Equilibrium constants for the exchange reaction, K, were

calculated using both equations 6 and 167. Standard enthalpy

change, 6Ho, standard free energy change, 6Go and entropy

change, 6So, were calculated according to equations 11,7, and

13, respectively.



50

7. Chemical Determinations:

A Perkin-Elmer atomic absorption spectrophotometer was used

for determinations of Na, Ca, and Mg. A Beckman DU-flame spectro

photometer was used for K-determinations. Methods used for all

other chemical tests are specified where appropriate in the

respective sections.

8. Determination of Surface Area of Soils:

Specific surface areas were measured using the ethylene glycol

retention method as described by Bower and Goertzen (1958).

Table 2 shows values obtained for each soil with various cation

saturations. Cation saturations affected the surface area

measured for a given soil. Such observation was previously

reported by McNeal (1964).

9. X-Ray Identification of Soil Mineral Constituents:

Methods recommended by the Western Regional Technical Committee

(1970) were used. The soil samples were disaggregated and

dispersed by an ultrasonic probe. The sand fraction was sepa

rated by wet sieving in a 325 mesh sieve (47 ~). The clay

fraction was obtained from the silt and clay fraction by

centrifugation. Each clay sample was divided into two sub

samples, the first saturated with 1:1 mixture of l! MgC1 2 and

Mg(OAc)2 solutions, and second sub-sample saturated with a

1:1 solution of IN KCl and IN KOAc. The saturation was done

by washing five times with the appropriate solution in centri

fuge tubes. Excess salts were then removed by washing five

times with methanol. Oriented samples were prepared by smearing

clay paste to cover one entire side of a glass slide. The smear



TABLE 2. SURFACE AREAS OF Ca~, Mg~, Na~, AND K-SATURATED
SOILS IN m2/gm.

Soil Ca Mg Na K

Ml 121 104 82 80

M2 99 96 71 62

El 111 105 91 68

E2 88 97 86 51

Hl 200 173 159 88

H2 185 172 143 89

Ll 253 239 204 153

L2 246 235 201 150

L3 244 241 199 148

LKl 370 308 274 117

LK2 363 338 297 200

Kl 167 152 143 111

K2 171 157 143 129
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TABLE 3. APPROXIMATE ABUNDANCE OF SOIL CONSTITUENTS

52

Mineral Constituentsa) Organic)
Matterb

Soil A F Gi Gp He Ha I K Magh Magn 0 Q S %

Ml 3 3 4 3 5 3 3 5 4 0.83

M2 3 3 4 3 5 3 3 5 4 0.53

El 2 4 4 3 2 5 5

E2 2 4 4 3 2 5 5

Hl 3 4 4 4 2 4 1. 25

H2 3 5 5 4 4 4 2 4 0.36

Ll 3 5 3 3 4 5 3 5 4 4 1. 14

L2 3 4 3 3 4 5 3 5 4 4 0.72

L3 3 4 3 3 4 5 3 5 4 4 0.36

KLl 2 3 4 4 5* 4 4 4 1.61

KL2 2 3 4 4 5* 4 4 4 0.91

Kl 2 5 4 4 4 4 4 0.83

K2 2 5 4 4 4 4 4 0.40

a) Reported information is based on x-ray diffraction of the (silt +
clay) fractions. For Lualualei samples, only the clay fractions
were analyzed.

b) Data obtained from the unpublished Soil Data Bank, Department of
Agronomy and Soil Science, University of Hawaii.

Legend
A =Amorphous He = Hematite Magh = Maghemite 1 = 40% or more

(including some Ha = Ha 11 oys ite Magn = Magnetite 2 = 25-40%organic material)
F = Feldspar I = Interstra- o = Olivine 3 = 10-25%

tifi ed
Gi = Gibbsite Q = Quartz 4 = 1 - 10%

K= Kaolinite S = Smectite 5 = detectedGo = Goethite
* = Unidentified member of the kaolin group.
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was allowed to dry at room temperature. After drying, the

K-saturated slide was x-rayed in a Norelco diffractometer to

cover a span of 28 between 2-60°. The same slide was heated

consequently at 105°, 350° and 550° C. Diffraction patterns

for a 28 span from 2° - 20° were again obtained after each of

these heat treatments. The Mg-saturated slide was also x-rayed

for 28 between 2° - 12° after drying. The same slide was later

solvated overnight by placing it flat on the rack of a covered

dessicator which contained ethylene glycol. The slide was then

scanned at 28 from 2° - 16°. Results of the analysis are

included in table 3, together with other information on soil

constituents.

10. Determinations of pH Values for Homoionic Soils. A five gm

sample from each soil was added to 25 ml of deionized H20,

stirred occasionally, and let equilibrate overnight. Then the

pH was measured by a Bechman Research Model pH meter. Data

obtained are shown in table 4. It was found that the pH values

for Na and Ksoils were higher than those for Ca and Mg soils.

However, the pH values of all were always near 7 or slightly

higher. Therefore, it was assumed that at no time did hydrogen

ions interfere in the exchange equilibria reported in the follow

ing section.



TABLE 4. pH OF Ca-, Mg-, Na-, AND K-SATURATED SURFACE
AND SUBSURFACE SOILS.

Soil Ca Mg Na K

M1 6.476 6.595 7.577 7.549

M2 6.847 6.703 7.461 7.161

E1 6.909 6.663 7.852 7.855

E2 6.928 6.918 7.722 7.695

H1 7.151 6.998 8.284 8.222

H2 7.211 7.118 8.296 8.057

L1 7.038 7.478 8.476 8.463

L2 7.276 7.199 8.337 8.033

L3 7.330 7.151 8.337 8.062

LKl 7.106 8.180 9.080 8.480

LK2 7.355 7.480 8.620 8.750

Kl 7.802 7.060 7.070 7.030

K2 6.457 6.390 7.160 6.800
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RESULTS AND DISCUSSION

I. Exchange Equilibria in Soils

Results of all cation exchange equilibria were expressed as exchange

isotherms by plotting the equivalent fractions of the divalent cation on

the surface; symbolized as qo/qo' against the equivalent fractions in the

equilibrium solutions, CA/Co. Thus, qA represents either the exchangeable

Ca or Mg at equilibrium in me/g, qo the sum of exchangeable cations on
.

the surface in me/g of soil, CA the concentration of Ca or Mg in the

equilibrium solution in me/l, and Co the total concentration of the equi

librium solution in me/l.

The relative trends for preferences of certain cations over others

were determined by several methods. The first was qualitative and based

on the relative positions of the exchange isotherms and with respect to

each other and/or the non-preference line. Whenever two given isotherms

gave different q/ao values at the same C/Co' these isotherms expressed

different preferences of the soil for the competing ions. The higher

the value of q/qo' the higher is the preference for the divalent cation.

Thus the higher displacement of the isotherm with respect to the non

preference line indicates higher preference for the divalent cation.

Quantitative methods for comparing the relative trends of the exchange

reactions included calculations of selectivity coefficients and Gapon's

constants. Formulae 4 and 20 were used for these calculations.

The results are presented below individually for each soil. Within

each presentation the effects of experimental variable are emphasized.

These include the soil horizon, total electrolyte concentration, and

the prevailing competing ion. All data presented in the sections imme

diately following, represent results of the equilibrium reaction
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involving a divalent cation-saturated soil and a solution containing

mixtures of competing ions. Results for the reaction involving a

monovalent cation-saturated soil are presented separately in the

section entitled "hysteresis".

1. Exchange Equilibria in Molokai Silty Clay.

According to x-ray diffraction analysis, both horizons

employed in this study are primarily composed of kaolinite,

crystalline iron oxides, amorphous constituents, and gibbsite.

They also contain other minor constituents as shown in table {3}.

Exchange isotherms representing equilibrium reactions among the

four cations are presented in figures 1 and 2.

A. Effect of Soil Horizon. The qo of surface soil, as table 1

shows, qo values for surface samples were always higher than

their counter parts in the subsurface samples.

The relative preferences of surface and subsurface horizons

for the competing ions are evident from examining figures 1 and

2. At the same CICo values, M2 shows generally higher q/qo than

does Ml indicating that M2 has the higher preference for exchange

able divalent cations at CICo values of 0.25, 0.50, and 0.75.

The relative preferences of surface and subsurface horizons

were further examined by calculating the selectivity coefficients

for the exchange reaction according to equation {4}. In terms

of q/qo and CICo that equation may be used to express the pre

ferences for a divalent ion, A, over a monovalent ion, B, as

follows
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Figure 1. Exchange isotherms obtained for 0.01 N (left) and 0.1 N
(right). From top to bottom Ca-Na, Ca-K, Mg-Na, and Mg-K
equilibria are shown. Closed and opened circles represent
di-monovalent and mono-divalent exchange, respectively.
Data represented by triangles were obtained by analyzing for
both competing ions.
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Molokai Soil, Subsurface Horizon (M2)
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Figure 2. Exchange isotherms obtained for 0.01 N (left) and 0.1 N
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Data represented by triangles were obtained by analyzing for
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Table 5. Exchange equilibrium data for divalent-monovalent exchange in the
surface horizon, Ml , and subsurface horizon, M2, of Molokai soil.

A. Equivalent fractions for adsorbed divalent ions (q/qo)

Ml t·12

-
C/Co

0.01 0.01 0.01 0.01 0.1 0.1 0.1 0.1 I 0.01 0.01 ·0.01 0.01 o~ 1 0,1 0.1 0.1
Ca-tla Il,g-~a Ca-K Il,g-K Ca-Na l'.g-Na Ca-K Mg-K Ca-Na Mg-Na Ca-K Mg-K Ca-Na rog-Na Ca-K I~J-K

0.25 0.940 0.912 0.770 0.680 0.875 0.690 0.578 0.477 I0.941 0.930 0.740 0.658 0.900 0.78 0.614 0.470

0.50 0.968 0.940 0.872 0.790 0.960 0.855 0.720 0.7~1 0.980 0.956 0.894 0.780 0.976 0.90 0.789 0.740

0.75 0.990 0.967 0.957 0.883 0.970 0.931 0.836 0.882 I 0.995 0.978 0.890 0~917 0.987 0.93 0.880 0.975

B. Selectivity coefficients (N~)

M1
NKA M2B

C/Co 0.01 0.01 0.01 0.01 0.1 0.1 0.1 0.1 0.01 0.01 0.01 0.01 0.1 0.1 0.1 0.1Ca-Na Mg-Na Ca-K Mg-K Ca-Na Mg-Na Ca-K Mg-K Ca-Na Mg-Na . Ca-K Mg-K Ca-Na Mg-Na Ca-K Il,g-K

0.25 587.5 265.8 32.7 14.9 126.2 16.1 7.3 3.9 608.4 428.7 24.6 12.6 202.5 32.2 9.2 3.7
0.50 472.6 130.5 26.6 8.9 300.0 20.3 4.5 5.5 1225.0 246.9 39.7 8.0 847.2 45.0 8.8 5.4
0.75 825.0 74.0 43.1 5.3 89.8 16.2 2.5 5.2 3454.8 168.3 204.1 11.0 489.5 15.8 5.0 21. 7

- c.n
\0
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(30)

Results of these calculations are shown in table 5; In general,

these results confirm the higher preference of the subsurface

Mo10kai soil for divalent cations.

It may be noted that the preference of the surface soil

for divalent ions exceeded that of the subsurface soil only

under certain conditions. For instance higher q/qo or NK~ were

observed for M1 soil at C/C = 0.25 for 0.01 N concentrationso -
of Ca-K and Mg-K exchange. Also at C/Co = 0.75 for 0.1 Mg-Na,

q/qo is almost equal for the two horizons. Because of the

high sensitivity of NK~ to changes in q/qo' the differences in

selectivity between these points are exaggerated.

In general, however, when the equilibrium involved soils

saturated with Ca or Mg, i.e., the competing monovalent ions

were introduced in solution, M2 showed higher q/qo and NK~ than

M1. This differences between the horizons is not easy to explain

since both have similar mineralogical composition (table 3), even

though M1 appears slightly more enriched in amorphous and M2 in

crystalline materials. Differences in organic matter content

and in charge density (table 43"section V), should favor higher

adsorption by the surface layer of divalent cations. Nevertheless,

the trend observed in this study confirms earlier observations

by El-Swaify and Swinda1e (1970).
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Based on Gapon's equation of cation exchange, the U.S.

Salinity Laboratory Staff (1954) developed two regression

equations for the exchange equilibria between divalent ions

and Na or K. These equations, relating exchangeable cation

ratios with their adsorption ratios, were previously given as

equations 21 and 22, respectively. Later Bower (1959) tried to

improve these equations by using different regression constants.

His two equations were given as equations 23 and 24.

In order to express equations 21 and 23 for Na exchange in

terms of the q/qo and C/Co for the divalent cations, these

equations may be re~written as:

(USSL, 1954) qCa
qo

= 1 _ [-0.0126 + 0.01475 (Co - CCa)/~· (31)

1 + [-0.0126 + 0.01475 (Co - CCa)/0~CCa

(Bower, 1959) qCa = 1 _ [0.0057 + 0.0173 (Co - CCa)/~~CCa
qo (32)

1 + [.0057 + 0.0173 (Co - CCa)/~~CCa

where all quantities are expressed on milli equivalent basis.

Similar equations were derived for divalent-K exchange, based on

equations 23 and 24.

Theoretical lines of Ca-Na (or Mg-Na) exchange were construc

ted based on Bower's and USSL's equation and are given in figure

3. Values of q/qo and NK~ based on these equations are given in

table 6. Even though isotherms prediced by both are close, the

USSL's line predicts higher preference for Ca (or Mg) over Na

than Bower's. Comparison between the two Molokai horizons shows

that Ml has higher preference for divalent ions than predicted
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Table 6. Exchange equilibrium data for divalent-monovalent exchange based
on USSL's and Bower's equations.

A. Equivalent fractions for adsorbed divalent ions (q/qo)
USSL q/qo SOlver

0.75 0.984 0.848 0.945 0.682 I 0.973 0.677

C/Co

0.25

0.50

0.01 Ca-Na
(or 0.01
Mg-Na)

0.915

0.962

0.01 Ca-K
(or 0.01
Mg-K)

0.550

0.715

0.1 Ca-Na
(or 0.1,. ,,)['jg-j,a

0.750

0.875

0.1 Ca-K
(or 0."
~~g-K)

0.300

0.465

0.01 Ca-Na
(or 0.01
r':g-Na)

0.897

0.948

0.01 ~lg-K

(or 0.01
tt.g-K)

0.276

0;440

0.1 Ca-Na
(or 0.1
r'lg-Na)

0.725

0.855

0.931

0.1 Ca-K
(or 0.1
r·1g-K)

0.106

0.210

0,400
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by either equation. M2 exhibits still higher preference

divalent ions than predicted by either equation. On the other

hand, the USSL's and Bower's equations are considerably different

from each other for Ca-K (or Mg-K) exchange, figure 3. The first

predicts higher preference for divalent ions than does the second.

Comparing these prediction with actual divalent-K exchange data

for the surface and subsurface horizons, it is apparent the

sequence for preference of divalent ions is M2 > Ml > USSL's >

Bower's.

The following regression equations were derived for

divalent-Na exchange for Ml and M2 horizons:

ESRM = 0.0061 + 0.0112 SAR
1

ESRM = -0.0055 + 0.0091 SAR
2

(33)

(34)

(35)

The correlation coefficients for these equations were 0.804 and

0.865, respectively. The following equations were similarly

derived for divalent-K exchange in Ml and M2
EPRM = 0.0181 + 0.0439 PAR

1

EPRM = 0.0584 + 0.0338 PAR
2

for which the correlation coefficients were 0.942 and 0.864,

(36)

respectively. As shown in table 7, the above four equations

predict lower preferences for Na and Kfor M2 than for Ml ,

confirming q/qo and NK~ data. It is also readily seen that,

at any given SAR or PAR, the surface horizon adsorbs more Na

or K than does the subsurface. However, as will be later shown,

the surface soil has relatively higher affinities for Na and K



TABLE 7. ESR AND EPR VALUES FOR MOLOKAI SURFACE (M ) AND
SUBSURFACE (M2) AND ACCORDING TO USSL AND BOWER'S E~UATIONS

Basis of SAR or PAR
Calculation 10 20 30

Bower (Na) 0.178 0.251 0.524

Bower (K) 3.665 7.340 11. 015

USSL (Na) 0.134 0.282 0.429

USSL (K) 1.087 2.138 3.189

Ca-Mg-Na M1 0.118 0.230 0.342

Ca-Mg-Na M2 0.085 0.176 0.267

Ca-Mg-K M1 0.457 0.896 1.335

Ca-Mg-K M2 0.396 0.734 1.072
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in the cases involving Mg-monovalent than those involving Ca

monovalent exchange (table 8). Furthermore, table 9 shows that

the higher preference of the subsurface soil was true at any

SAR or PAR value of the cases involving Mg-Na, Mg-K, and Ca-K

exchange. In the case of Ca-Na exchange, this was true only at

low SAR values as M2 seems to adsorb more Na than does Ml at

higher SAR values.

B. Effect of Electrolyte Concentration. As stated earlier,

the concentration of chloride solution does not affect the qo

value of the Molokai soil, regardless of cation saturation. All

plots of exchange isotherms show higher affinity for divalent

ions at lower electrolyte concentration than at higher concen

tration. This can be explained by the valence dilution effect

(Gapon, 1933; Eaton and Sokoloff, 1935; Reitemeier, 1946;

Khasawneh and Adam, 1967; Kelley, 1964). This preference is

quantitatively shown in terms of q/qo and NK~ at various C/Co in

tables 5, 6. The difference in affinity for higher valency ions

between low and high concentrations is more evident in the surface

soil than in the subsurface soil. Whether the soil is saturated

with Ca or Mg and whether the competing ion is Kor Na, these

trends are generally the same. Exceptions exist at higher C/Co

(0.75) of Mg-K exchange, where Ml has almost the same degree of

affinity for Mg at low and high concentration, whereas M2 appears

to have higher affinity for Mg at the high concentration than at

the low concentration. This contradicts the usual valence dilu-

tion effect, and such a phenomenon may be explained by specific

adsorption of Kat low equivalent ionic fractions in solution.



TABLE 8. REGRESSION DATA* AND ESR VALUES AT THREE
SAR LEVELS FOR MOLOKAI SOILS

SAR or PAR

Equilibrium b a r 10 20 30

Mg-Na M1 0.0171 -0.0081 0.972 O. 162 0.333 0.504

Mg-Na M2 0.0128 -0.0138 0.958 0.114 0.242 0.369

Mg-K M1 0.0513 0.0207 0.973 0.539 1.047 1.560

Mg-K r~ 2 0.0441 0.0551 0.933 0.496 0.937 1.378

Ca-Na r~l 0.0046 0.0188 0.896 0.069 O. 110 0.156

Ca-Na M2 0.0054 0.0014 0.922 0.055 0.110 0.164

Ca-K M1 0.3160 0.0407 0.992 0.356 0.672 0.982

Ca-K r~2 0.2560 0.0566 0.894 0.312 0.569 0.825

* The equation is ESR = a + b SAR, where r is the correlation
coeffi ci ent.

67
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Furthermore, exchange equilibria depend directly on ion activities

rather than concentrations, a fact which was not reflected in

NK~ calculations.

Comparing the experimental data with the USSL's and Bower's

theoretical lines, it is noted that both Ca-Na and Mg-Na isotherms

are close to USSL's line for 0.01 N. Nevertheless, it appears

that the soil has slightly higher preference for Ca in Ca-Na

exchange and lower predicted by that line. A larger discrepency

is noted when these curves are compared with Bower's line. This

discrepancy increased for the higher salt concentration and for

Mg-Na than for Ca-K exchange. Both the USSL's and Bower's

equations generally predict lower affinity for divalent ions than

the soil exhibits. However, the USSL predicts higher preference

of Mg than is obtained for the surface soil with the 0.1 li Mg-Na

isotherm. On the other hand, Bower's equation provides an accu

rate prediction of this same isotherm. The USSL theoretical

line predicts lower Mg preference than obtained for the subsur

face sample at low values of C/Co'

The regression equations derived for divalent-Na exchange

at two different concentrations are

ESRO. Ol N= 0.0085 + 0.0081 SAR

ESRO. l N = 0.0008 + 0.0101 SAR

(37)

(38)

for which the correlation coefficients are 0.911 and 0.759

respectively. The first correlation coefficient is high

indicating that Ca and Mg behaved rather similarly at lower

electrolyte concentration. Distinctions between Ca and Mg as

divalent cations became more apparent at higher electrolyte
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concentration as indicated by the low correlation coefficient

for the second equation. This is well illustrated by the fact

that r values are considerably higher when Ca and Mg are treated

separately at higher concentration:

ESRO. l Ca-Na = -0.005 + 0.0054 SAR; r = 0.908 (39)

ESRO. l Mg-Na = -0.0082 + 0.0148 SAR; r = 0.933 (40)

Similarly, the regression equations for divalent -K exchange are

EPRO.Ol N= 0.0413 + 0.0476 PAR; r = 0.906 (41)

EPRO. l N = -0.0928 + 0.0453 PAR; r = 0.911 (42)

Again when Mg and Ca are combined according to USSL1s and

Bower's treatments, the correlation coefficients dropped down

from 0.959 and 0.957 to 0.906 for 0.01 N, and from 0.978 and

0.957 to 0.911. The equations for separate divalent cations

are:

EPRO.Ol Mg-K = 0.0706 + 0.0544 PAR; r = 0.959 (43)

EPRO. Ol Ca-K = 0.0001 + 0.0498 PAR; r = 0.957 (44)

EPRO•l Mg-K =-0.177 + 0.0578 PAR; r = 0.978 (45)

EPRO. l Ca-K = 0.0257 + 0.0288 PAR; r = 0.957 (46)

However, in this case, the observed decreases in r values were

not as significant as for divalent-Na exchanges.

To illustrate predictions provided by the various regression

equations, ESR and EPR values were calculated at SAR and/or PAR

of 10, 20, and 30. As table 9 shows, the soils prefer to adsorb

more Na at higher concentrations in divalent-Na exchange but the

opposite is true for divalent-K exchange. Considering Mg-Na and
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Ca-Na separately, it is noted that Ca- soil seemed to adsorb

more Na at low concentration than it did at high concentration

but the opposite is true for Mg-Na exchange. In both Ca-K and

Mg-K exchange reactions, the soils seemed to adsorb less K at

high concentration than at low concentration. As stated above,

this is in contradiction to the valence dilution effect. Specific

adsorption probably accounts for this odd behavior.

C. Effect of Cation Types. It is evident from the data presented

thus far that in accordance with principles of electroselectivity,

divalent ions are generally preferred over monovalent ions.

However, distinctions must be made between ions of equal valency.

Thus, Ca is preferred by the Molokai soil than Mg and K than Na.

These expected observations may be explained in terms of the

higher electrostatic attractions between clay surfaces and ions

of smaller effective diameters (El-Swaify, 1969). This was

quantitatively shown in terms of qlqo and NK~ values at various

C/Co levels in table 5, section A. Comparing the exchange

equilibria of the cation pairs Ca-Na and Mg-Na, it is apparent

that q/qo values are always higher for the first than for the

second. This emphasized the higher preference of the soil for

Ca over Mg. A similar behavior is exhibited for Mg-K and Ca-K

equilibria at 0.01 N. However, a different behavior is noted

when the electrolyte concentration increases especially high

C/Co values. Ca is preferred over Mg at low C/Co values for

the 0.1 Nisotherm, but the opposite is true at high equivalent

ionic fractions of these ions in solution. Similar observations

were reported by Wild and Keay (1964), Peterson, et. al. (1965),



TABLE 9. EXCHANGEABLE SODIUM AND POTASSIUM RATIOS
AT THREE LEVELS OF SAR (PAR) FOR MOLOKAI SOIL*

SAR or PAR

Equil ibrium 10 20 30

0.01 Ca-Na 0.085 0.169 0.253

0.01 Mg-Na 0.096 0.179 0.263

0.01 Mg-K 0.614 1.158 1.702

0.01 Ca-K 0.447 0.895 1.342

0.1 Ca-Na 0.049 0.103 0.157

0.1 Ca-K 0.313 0.601 0.889

0.1 Mg-Na 0.404 0.289 0.437

0.1 t1g-K 0.400 0.978 1.556

0.01 Ca-Mg-Na 0.090 0.171 0.253

0.01 Ca-Mg-K 0.517 0.993 1.469

0.1 Ca-Mg-Na 0.101 0.202 0.303

0.1 Ca-Mg-K 0.359 0.812 1.265

*Based on regression equations derived for the specified
experimental variables.
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and Rhoades (1967) who found higher Mg preference than Ca by

certain 2:1 clays at high equivalent fractions of Mg in soil

solution.

When comparing the affinity of the soil for monovalent

cations, it is noted that K is preferred over Na in almost all

cases (at 0.1 ~ concentration and C/Co = 0.75 the values of

q/qo and NK~ for Mg~K exchange are higher than those for 0.1 N

Mg-Na exchange. (The significance of the difference between

the two is doubtful, however.) According to USSL's and Bower's

predictive equations, Ca and Mg were similarly treated but

distinctions were made between Na and K. The experimental data

for Mg-Na exchange were very close to the predicted data at 0.01

N, table (5, 7). Higher discrepencies between predicted and

experimental values were noted for Ca than for Mg exchange and

for Kthan Na exchange. The highest discrepancy was noted for

Ca-K exchange. Both equations predicted generally lower affinity

for divalent ions than actually obtained. These observations

were made clear by the following regression equations for the

various cation pair combinations:

ESRCa _Na = 0.0098 + 0.0050 SAR; r = 0.907 (47)

EPRCa _K = 0.0456 + 0.0291 PAR; r =0.950 (48)

ESRMg _Na = -0.0092 + 0.0147 SAR; r = 0.946 (49)

EPRMg _K = 0.0289 + 0.0493 PAR; r = 0.961 (50)

The combined divalent Na and divalent Kexchange regression

equations are:

ESR = 0.0013 + 0.01 SAR; r = 0.811 (51)



TABLE 10. EXCHANGEABLE SODIUM AND POTASSIUM RATIOS
AT THREE LEVELS OF SAR (OR PAR)

FOR MOLOKAI SOIL*

SAR or PAR
Equilibrium 10 20 30

Ca-Na 0.060 0.110 0.161

Ca-K 0.336 0.627 0.917

Mg-Na 0.156 0.304 0.451

Mg-K 0.522 0.304 1.509

Ca-Mg-Na 0.101 0.201 0.301

Ca-Mg-K 0.434 0.839 1.244

*Based on regression equations derived for the speci-
fied experimental variables.
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EPR =0.029 + 0.0405 PAR; r =0.914

74

(52)

From these equations ESR and EPR values were calculated at

SAR (or PAR) levels of 10, 20, and 30, respectively. These

calculations are shown in table (10). From this table it can be

concluded that K is always more highly preferred by the soil

than is Na. Furthermore, less Na or K is adsorbed when the

competing ion is Ca than when Mg is the competing ion. Obviously,

therefore, neither the monovalent nor the divalent cations should

be combined together assuming their behaviors to be identical.

Values of the correlation coefficients indicate that combining

monovalent cations causes more serious predicative errors than

combining the divalent cations.

2. Exchange Equilibria in Honouliuli Clay.

The major clay minerals in this soil are kaolinite and amorphous

materials with traces present of olivine, goethite, feldspar,

hematite, gibbsite and some interstratified 2:1 clays as shown

in table 3.

A. Effect of Soil Horizon. The qo of surface and subsurface

horizons were not much different from each other. The exchange

isotherms are shown in figures 4 and 5.

The cation exchange properties of surface and subsurface

soils appear to be similar. Therefore the q/qo and NK~ of Hl
and H2 are similar at a given CICo value (table 11). However,

at the 0.1 N concentration, H2 seems to adsorb more divalent

ions than does Hl (except at lower CICo for 0.1 li Mg-K exchange).

At 0.01 N concentration, the two horizons saturated with either
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Honou1iu1i Soil s Surface Horizon (H1)
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Figure 4. Exchange isotherms obtained for 0.01 ~ (left) and 0.1 ~
(right). From top to bottom Ca-Na s Ca-K s Mg-Na s and Mg-K
equilibria are shown. Closed and opened circles represent
di-monovalent and mono-divalent exchange. respectively.
Data represented by triangles were obtained by analyzing for
both competing ions.
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Honouliuli Soil t Subsurface Horizon (H2)
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Data represented by triangles were obtained by analyzing for
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Table 11. Exchange equilibrium data for divalent-monovalent exchange in the
surface horizon t Hl t and subsurface horizon t H2t of Honouliuli soil.

A. Equivalent fractions for adsorbed divalent ions (q/qo)

H1 q/qo H2

CICo
0.01 0.01 0.01 0.01 0.1 0.1 0.1 0.1 0.01 0.01 0.01 0.01 0.1 0.1 0.1 0.1
Ca-Na Mg-Na Ca-K Mg-K ·Ca-Na Mg-Na Ca-K Mg-K Ca-Na Mg-Na Ca-K Mg-K Ca-Na Mg-Na Ca-K Mg-K

0.25 0.940 0.920 0.700 0.650 0.780.0.705 0.305 0.387 0.938 0.914 0.703 0.635 0.820 0.700 '0.342 0.330

0.50 0.960 0.953 0.818 0.760 0.880 0.841 0.535 0.610 0.960 0.950 0.840 0.750 0.915 0.850 0.568 0.603

0.75 0.984 0.978· 0.980 0.875 0.956 0.897 0.750 0.835 0.980 0.975 0.961 0.846 0.9~6 0.955 0.780 0.888

B.• Selectivity coefficients (NK~)

H1
NKA H2B'

0.01 0.01 0.01 0.01 0.1 0.1 0.1 0.1 I 0.01 0.01 0.01 0.01 . 0.1 0.1 0.1 0.1C/Co Ca-Na ~:g-Na . Ca-K I'.g-K Ca-Na Mg-Na Ca-K Ng-K Ca-Na Mg-Na Ca-K Mg-K Ca-Na Ng-Na Ca-K Mg-K

0.25 587.5 323.4 17.5 11.9 36.2 18.2 1.4 2.3 549.6 279.4 17.9 10.7 56.9 17.5 1.7 1.6

0.50 300.0 215.8 12.3 6.5 30.5 16.6 1.2 2.0 300.0 190.0 16.4 6.0 63.3 18.8 1.5 1.9

0.75 320.3 168.3 204.1 4.6 41.1 7.0 1.0 2.5 204.1 130.2 52.6 2.9 41.1 39.3 1.3 5.8

......

......



TABLE 12. REGRESSION EQUATION CONSTANTS AND EXCHANGEABLE SODIUM
AND POTASSIUM RATIOS AT THREE LEVELS OF

SAR (PAR) FOR HONOULIULI SOIL*

SAR or PAR
Equi 1ibri urn b a r 10 20 30

Mg-Na H1 0.0197 -0.0129 0.975 0.184 0.381 0.578

Mg-Na H2 0.0183 -0.0033 0.988 0.180 0.363 0.546

Ca-Na H1 0.0118 0.0042 0.978 0.122 0.240 0.358

Ca-Na H2 0.0097 0.0148 0.963 O. 112 0.240 0.306

Mg-K H1 0.0519 0.1066 0.946 0.626 1.145 1.664

Mg-K H2 0.0657 0.0573 0.970 0.714 1.371 2.029

Ca-K H1 0.0915 -0.0732 0.988 0.842 1. 757 2.672

Ca-K H2 0.0863 -0.0578 0.977 0.805 1.669 2.531

*Based on regression equations derived for the specified experi
mental variables.
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Ca or Mg exhibit similar equilibrium behaviors when the competing

ion is Na. H2 seems to adsorb less Mg over the whole isotherm,

and less Ca at low C/Co than does Hl . This is contrary to what

was expected since there are no apparent differences in the

properties of the two horizons. Comparison with the USSL

isotherm, shows close agreement with 0.01 ~ Ca-Na isotherm at

higher C/Co (015). At lower C/Co the prediction is closer to

the 0.01 ~ Mg-Na exchange isotherm. However, Bower's equation

predicted lower affinity for divalent ions than established by

experimental data except for 0.1 ~ Mg-Na exchange. At higher

concentrations, the USSL prediction of Ca-Na exchange was

closer to Hl than H2, indicating that H2 has higher affinity

for Ca than Hl .

The regression equations for divalent-Na exchange for Hl
and H2 were found to be

ESRH = -0.0194 + 0.0179 SAR; r = 0.951 (53)
1

= -0.0106 + 0.0164 SAR; r = 0.952 (54)

And the general equation for the Honouliuli soil was

ESRH H = -0.0141 + 0.0171 SAR;
1 2

r = 0.951 (55)

ESR calculated from these equations is lower for H2 than for

Hl . This means that subsurface horizon adsorbs less Na than

does the surface soil.

For the divalent - Kexchange, the equations were:

= 0.0633 + 0.0616 PAR; r = 0.930 (56)



EPRH ~ 0.0235 + 0.0708 PAR;
2

EPRH H = 0.0433 + 0.0662 PAR;
1 2

r ~ 0.966

r ~ 0.948
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(57)

(58)

At any PAR value, EPR calculated for H2 is always higher

than that for Hl , Contrary to what was observed for ESR values,

the subsurface soil has higher preference for K than does the

surface soil.

This finding is also true when Ca-Na and Mg-Na exchange of

Hl and H2 are separately considered. However, the cases for

Mg-K and Ca-K exchange do not agree. Although the combined

equations predict that H2 can adsorb more K than Hl , this is

true only for Mg-K exchange not for Ca-K exchange. As shown

in table 12, H2 adsorbed higher divalent ions than Hl except

for Mg-K exchange, where Hl adsorbed higher divalent ions than

H2. Bower's equation predicted ESR values closer to experimental

Mg-Na data than for Ca-Na exchange. His equation for EPR also

predicted much higher values than experimental data. The USSL

equation predicted ESR values which were too low for Mg-Na

exchange and too high for Ca-Na exchange. Predicted EPR values

were lower than those measured in all cases.

The surface and subsurface horizons of Honouliuli soil

behaved slightly different. However, when the regression

equations for exchange between similar cation-pairs in Hl and

H2 were combined, the correlation coefficient either remained

the same or was nearly an average of the two originals. This

simply means that the effect of horizons on the exchange is not
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as serious as other variables, i.e., concentration and types of

ions. These will be further discussed in the following sections.

B. Effect of Electrolyte Concentration. As stated before, the

electrolyte concentration did not change the qo of this soil or

any other soil used for this study. In general, and for every

soil horizon, the exchange isotherms showed higher affinity for

divalent ions at lower concentration than at higher concentration.

This is more evident when comparing qlqo and NK~ values at any

C/Co for the different concentrations and for any pair of compet

ing ions. However, this was not true at higher C/Co [0.75 or

more] for Mg-K exchange where H2 adsorbed more Mg at higher

concentration than at lower concentration. The USSL predicted

isotherm was closer to the 0.01 N isotherm than the 0.1 N.

Bower's equation predicted still lower affinity for divalent

ions in both cases, Na or K, at both concentrations.

The regression equations derived for divalent-Na exchange

at two different concentrations were:

ESRO.Ol N= 0.0159 + 0.0084 SAR;

ESRO. l N = -0.0265 + 0.0177 SAR;

r = 0.963

r = 0.938

(59)

(60)

When Ca-Na and Mg-Na cases of 0.01 Nexchange were combined

together the correlation coefficient "r " was about the average

of these two. However, for 0.1 N the r value for the combined

Ca-Na and Mg-Na exchange was lower than the value for either

case. The resulting equations were:

ESRO.Ol Ca-Na = 0.0129+ 0.0089 SAR; r = 0.971 (61)
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ESRO. Ol Mg~Na = 0.0179 +0.0079 SAR; r = 0.949 (62)

ESRO. l = 0.018 + 0.0104 SAR; r = 0.967 (63)
Ca~Na

ESRO•l Mg-Na = -0.0057 + 0.0191 SAR; r = 0.976 (64)

This result leads to the conclusion that Ca and Mg behave

more differently at high concentration rather than at low

concentration. This trend agreed with that observed for

Molokai soil where concentration effects were more pronounced.

Following are the regressions for divalent-K exchange:

EPRO.Ol N= 0.1133 + 0.0717 PAR; r = 0.946 (65)

EPRO. l N = 0.0797 + 0.0646 PAR; r = 0.934 (66)

The combined equations for Ca-K and Mg-K at both concentrations

had lower correlation coefficients than the original equations

shown below:

EPRO.Ol Ca-K = -0.0116 + 0.0639 PAR; r =0.958 (67)

EPRO.Ol Mg-K = 0.059 + 0.0758 PAR; r = 0.986 (68)

and

EPRO.l Ca-K = -0.0591 + 0.0894 PAR; r = 0.979 (69)

EPRO. l Mg-K = 0.0685 + 0.0588 PAR; r = 0.940 (70)

ESR and EPR values were calculated from the above equations

at SAR or PAR values of 10, 20 and 30 (table 13). The results

showed that the soils generally adsorbed more Na at higher

conetrations than they did at lower concentration, regardless

of whether Ca or Mg was the competing ion. The preference for

Kwas more at higher concentration than at low concentration



TABLE 13. EXCHANGEABLE SODIUM AND POTASSIUM RATIOS
AT THREE LEVELS OF SAR (OR PAR) FOR HONOULIULI SOIL*

SAR or PAR
Equilibrium 10 20 30

0.01 Mg-Na 0.098 0.117 0.256

0.1 Mg-Na 0.185 0.376 0.566

0.01 Ca-Na 0.105 O. 191 0.279

0.1 Ca-Na 0.122 0.226 0.330

O. 01 Ca-t~g-Na 0.100 0.184 0.267

0.1 Ca-Mg-Na O. 151 0.328 0.504

0.01 Mg-K 0.812 1.570 2.328

0.1 Mg-K 0.657 1.245 1.832

0.01 Ca-K 0.628 1.267 1.905

0.1 Ca-K 0.835 1.729 2.622

0.01 Ca-Mg-K 0.830 1.547 2.269

O. 1 Ca-Mg-K 0.726 1.372 2.017

*Based on regression equations derived for the specified
experimental variables.
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for Ca-K exchange, but not for Mg-K exchange. Nevertheless,

the combined equation for divalent-K exchange showed lower

affinity for K at higher concentration.

C. Effect of Cation Types. At low concentrations Ca was

preferred over Mg for any pair of cations under study. This

was true for both horizons and at all C/Co values. This trend

was also true at higher concentration for Ca-Na and Mg-Na

exchange but not for Ca-K, Mg-K exchange. Thus, Mg was preferred

over Ca at any CICo for 0.1 ~ exchange in Hl but only at higher

C/Co for 0.1 ~ exchange in H2. It may be recalled that these

trends resemble those for the Molokai soil.

Comparison between Na and Kwas made by pairing them with

the same competing ions at a defined concentration and soil

horizon. It was concluded from Ca-Na and Ca-K exchange data

that K is always more highly preferred than Na. The difference

between cations was wider at low concentrations as evidenced

by NK~ data shown in table 13.

The regression equations of Ca-Na, Ca-K, Mg-Na, and Mg-K

exchange were given below:

ESRCa _Na = 0.0098 + 0.0107 SAR; r = 0.966 (71)

ESRMg _Na = -0.0078 + 0.019 SAR; r =0.980 (72)

EPRCa_K = -0.0254 + 0.0889 PAR; r = 0.983 (73)

EPRMg _K = 0.0813 + 0.0588 PAR; r = 0.954 (74)

The combined equations for divalent-Na and divalent-K

exchange were



TABLE 14. EXCHANGEABLE SODIUM AND POTASSIUM RATIOS
AT THREE LEVELS OF SAR (OR PAR)

FOR HONOULIULI SOIL*

SAR or PAR
Equil i bri urn 10 20 30

Ca-Na 0.116 0.223 0.330

Ca-K 0.863 1.752 2.641

Mg-Na 0.182 0.372 0.561

Mg-K 0.669 1.257 1.845

Ca-Mg-Na 0.156 0.327 0.498

Ca-Mg-K 0.705 1.367 2.029

*Based on regression equations derived for the speci-
fied experimental variables.
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ESR ~ -0.0141 + 0.0171 SAR; r = 0.951

EPR = 0.0433 + 0.0662 PAR; r = 0.948
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(75)

(76)

It can be easily seen that when Mg and Ca were combined

together, the correlation coefficient was lowered. However,

the effect of combining Na and Ktogether was even more

serious. To illustrate the differences between these equations

the ESR and EPR were calculated from each at SAR or PAR of 10,

20, and 30 respectively. These calculations are shown in the

table 14. From this data, it is evident that K is more preferred

over Na, when Ca is the competing ion than when Mg is, and that

more Na was adsorbed when Na was paired with Mg than when paired

with Ca. It is obvious, therefore, that Ca and Mg should not be

combined into the same equation.

3. Exchange Eguilibria in Lualualei Clay.

Mineralogical analysis by x-ray diffraction showed that this

soil contained mostly amorphous, gibbsite, goethite, kaolinite,

and traces of other constituents shown in table 3. This was

surprising in view of the findings of several other authors

(e.g. Raymundo, 1965).

A. Effect of Soil Horizon. The qo of the three horizons, Ll ,

L2 and L3 of Ca, Mg, Na and K saturated soils are shown in

table 1.

Analysis of the Ca-monovalent exchange isotherms (figures

6, 7, 8 and table 15) show that both q/qo and NK~ values are

generally higher for Ll than L2 and L2 than L3. However, one

exception was noted for 0.1 N Ca-Na isotherm where this was
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Lualualei Soil , Subsurface Horizon (L2)
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Lualualei Soil, Subsurface Horizon (L3)
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Table 15. Exchange equilibrium data for divalent-monovalent exchange in the
surface horizon, Ll , and subsurface horizons, L2, L3, of Lualualei soil.

A. Equivalent fractions for adsorbed divalent ions (q/qo)

L1 GIGo L2
GIGo L3

C/Co 0.01 0.01 0.01 0.01 0.1 0.1 0.1 0.1 0.01 0.01 0.01 0.01 0.1 0.1 0.1 0.1 0.01 0.01 0.01 0.01 0.1 0.1 0.1 0.1
Ca-Na Mg-Na Ca-K Mg-K Ca-tla Mg-Na Ca-K l'.g-K Ca-tla "'g-rla Ca-K Hg-K Ca-Na Mg-Na Ca-K Mg-K Ca-Na Mg-Na Ca-K ~:g-K Ca-tla Mg-Na Ca-K 1o!g-K

0.25 0.941 0.916 0.725 0.655\ 0.814 0.666 0.433 0.34 0.934 0.928 0.680 0.650 0.770 0.73 0.26 0.310
1
0.932 0.920 0.640 0.630 0.764 0.665 0.25 0.23

O.~O 0.962 0.9" 0."0 O"",j 0.596 0.820 0.622 0.5'10.9'0 0.952 0.8C5 0.'6' 0.855 0.89 0.52 0.550 0.958 0.945 0.620 0.752 0.B80 0.835 0.50 0.50

0.75 0.985 0.973 0.972 0.&48 0.942 0.926 0.800 0.83 0.985 0.978 0.960 0.850 0.945 0.98 0.75 0.9080.982 0.974 0.955 0.860 0.943 0.960 0.75 0.90

B. Selectivity coefficients (NK~)

L1 NK~ l2 NK~ L3

C/Co 0.01 0.01 0.01 0.01 0.1 0.1 0.1 0.1 0.01 0.01 0.01 0.01 0.1 0.1 0.1 0.1 10.01 0.01 0.01 0.01 0.1 0.1 0.1 0.1
Ca-Na ~~g-Na Ca-K Mg-K Ca-Na Mg-Na Ca-K P.g-K Ca-~Ia t~g-Na Ca-K l'~-K Ca-Na Mg-ria Ca-K ~~g-Kl Ca-Na Xg-~;a Ca-K I~g-K Ca-rla ~lg-tta Ca-K Mg-K

0.25 608.4 292.7 21.5 12.3 52.9 13.4 3.1 1.7 456.4 404.6 14.9 14.9 32.7 22.5 1.2 1.4 455.8 323.4 11.110.3 30.8 13.3 1.0 0.8

0.50 333.1 175.2 21.9 5.5 41.4 12.6 2.1 1.4 300.0 205.5 10.5 8.6 20.3 35.7 1.1 1.4 271.5 162.2 12.6 6.1 30.5 15.3 1.0 1.0

0.75 366.4 111.3 103.3 3.0 23.3 14.0 1.6 2.3 ;55.4 166.3 50.0 3.6 26.0 204.1 1.0 8.9 252.5 120.0 39.3 3.6 24.1 50.0 1.0 7.5

\D
a



91

only true at low CICo values (0.25). At CICo = 0.5, it is

noted that q/qo and NK~ vary in the order Ll > L3 > L2, and at

still higher CIC , the three horizons are only slightly differento
for this isotherm. For Mg-monovalent exchange at any concentra-

tion, both qlqo and NK~ are highest for L2, then L3 and Ll ,

respectively. Again, one exception was noted whereby Ll adsorbed

more Mg than L2 and L3 for 0.1 ~ Mg-K at low C/Co'

Comparison shows that, at low CICo' the USSL theoretical

line was closer to the 0.01 N Mg-Na isotherm of Ll than L3 or

L2, in this order. When CICo increased, the line predicted

higher Mg adsorption than did the experimental data. This

prediction was very close to data obtained for the 0.01 N Ca-Na

exchange. Indeerl, it fell on the 0.01 ~ Ca-Na isotherm for Ll
at higher CICo and shifted only slightly from the isotherms for

L2 and L3. For the remaining cases, the theoretical lines pre

dicted lower affinity for divalent ions than what was verified

experimentally. Bower's equation predicted even lower divalent

cation affinity for all cases.

The regression equations derived for divalent-Na exchange

for Ll , L2 and L3 were:

ESRL = -0.0282 + 0.0197 SAR; r = 0.909 (77)
1

ESRL = 0.0116 + 0.0154 SAR; r = 0.965 (78)
2

ESRL = -0.0244 + 0.0189 SAR; r = 0.914 (79)
3
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(81)

(82)

EPRL = -0.1093 + 0.0047 PAR; r =0.920
1

EPRL = -0.0705 + 0.0951 PAR; r =0.952
2

EPRL = -0.1669 + 0.1362 PAR; r =0.959
3

Similarly, the regression equations for divalent-K exchange are:

(80)

These equations show that the ESR and EPR for L3 are always

higher than for L2 at any value of SAR or PAR. This is in

agreement with the previous discussion. Thus, the L2 horizon

can adsorb more divalent-ions than does L3 from a solution of

a given composition. The surface sample, Ll , seems to adsorb

the highest Ca, lowest Mg, highest sodium and least K among the

three horizons. In this case, it would be clearer if the exchange

pairs were separated out as in table 16.

This table shows also the ESR and EPR values as calculated

for three different levels of SAR and PAR. It is clear for any

case that L3 attains higher ESR and EPR than L2. However, Ll
is irregular in behavior since it has the highest ESR for Mg-Na

exchange (adsorbs lowest Mg) and lowest ESR forCa-Na exchange

(adsorbs highest Ca). Ll also exhibits the lowest EPR for Ca-K

exchange, but an intermediate level between L2 and L3 for EPR

in the case of Mg-K exchange.

As shown in table 17, the combined equation of the exchange

pairs for each of the three horizons would have lower correlation

coefficient compared to either Ll , L2 or L3.

Because the horizons affect the ESR and EPR values, the

combined equations for any cation pair would predict less precise
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TABLE 16. REGRESSION EQUATION CONSTANTS AND EXCHANGEABLE SODIUM
AND POTASSIUM RATIOS AT THREE LEVELS OF SAR (PAR)

FOR LUALUALEI SOIL*

SAR or PAR
Equilibrium b a r 10 20 30

Mg-Na L1 0.0233 -0.0206 0.9776 0.212 0.445 0.678

Mg-Na L2 0.0163 -0.0209 0.9808 0.142 0.305 0.468

Mg-Na L3 0.0206 -0.0266 0.9843 0.179 0.385 0.591

Ca-Na L1 0.0086 0.0180 0.9421 0.104 0.190 0.276

Ca-Na L2 0.0123 0.0123 0.9219 0.135 0.258 0.381

Ca-Na L3 0.0133 0.0054 0.9499 0.138 0.271 0.404

Mg-K L1 0.1165 -0.1564 0.9658 1.008 2.173 3.338

Mg-K L2 0.0765 -0.0234 0.925 0.741 1.506 2.271

t~g-K L3 0.1342 -0.1566 0.9583 1.185 2.527 3.869

Ca-K L1 0.5660 0.0109 0.9931 0.576 1.142 1.708

Ca-K L2 0.1111 -0.118 0.9694 0.999 2.110 3.221

Ca-K L3 0.1380 -0.1758 0.9603 0.204 2.584 3.964

*Based on regression equations derived for the specified experimental
variables.
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ESR and EPR values, the extent of the discrepancy depending on

the horizon itself.

B. Effect of Electrolyte Concentration. The soils adsorbed

high Na and K at high concentration. At the same concentration,

the soils adsorbed more Na when paired with Mg than when paired

with Ca. Similarly, they adsorbed more Kwhen paired with Mg

than with Ca except at the higher concentration. In other

words, q/qo and NK~ values for Ca are higher than those for Mg

which means that the Lualualei soil generally preferred Ca over

Mg. One exception was noted for 0.1 ~ when the divalent ions

were paired with K. In this case, the soil seemed to absorb

higher Mg than Ca at the higher C/Co levels.

As mentioned before, the USSL predicted isotherm was close

only for 0.01 li isotherms. When the concentration increased the

discrepancy increased. The discrepancy was even higher for

Bower's exchange isotherm.

The regression equations for divalent-Na exchange for 0.01

and 0.1 N are:

ESRO.Ol = 0.0144 + 0.0083 SAR; r = 0.930 (83)

ESRO. l = -0.0292 + 0.0185 SAR; r = 0.919 (84)

and the equations for 0.01 and 0.1 ~ divalent-K exchange were

EPRO.Ol = 0.0316 + 0.0672 PAR; r = 0.944 (85)

EPRO. l =-0.2444 + 0.1155 PAR; r = 0.911 (86)

Numerical examples are given in table 17 at three levels of

SAR and PAR with a breakdown of cation pairs. Examination of the

table shows that Ca and Mg behave rather similarly at low con

centration, and that the differences between them were more



TABLE 17. REGRESSION EQUATION CONSTANTS AND EXCHANGEABLE SODIUM
AND POTASSIUM RATIOS AT THREE LEVELS OF

SAR (OR PAR) FOR LUALUALEI SOIL*

95

SAR or PAR
Equil ibrium b a r 10 20 30

Mg-Na 0.0201 -0.0134 0.9647 0.177 0.378 0.579

Ca-Na 0.0114 0.0123 0.9159 0.120 0.240 0.354

Mg-K 0.1108 -0.1156 0.9443 0.991 2.100 3.208

Ca-K 0.1005 -0.0857 0.9044 0.919 1.924 2.929

0.01 Mg-Na 0.0087 0.0150 0.9277 0.102 1.189 0.276

0.01 Ca-Na 0.0079 0.0140 0.9450 0.093 0.172 0.251

0.1 Mg-Na 0.0203 -0.0256 0.9580 0.177 0.380 0.583

0.1 Ca-Na 0.0103 0.0381 0.8624 0.141 0.244 0.347

0.01 Mg-K 0.0659 0.0672 0.9742 0.726 1.385 2.044

0.01 Ca-K 0.0692 -0.0026 0.9414 0.689 1.375 1.969

0.1 Mg-K O. 1256 -0.3570 0.9518 0.899 2.155 3.411

0.1 Ca-K 0.1043 -0.1310 0.8775 0.912 1.955 2.998

*Based on regression equations derived for the specified experimental
variables.
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pronounced as the concentration increased. At high concentration

the soil adsorbed more monovalent ions than they did at low

concentration, in agreement with the valence~dilution effect.

Both USSL's and Bower's equations predicted higher ESR and

EPR than obtained except for 0.1 li Mg-Na exchange where the

experimental determination produced higher ESR than either

equation. For 0.1 li Mg~K exchange, the soils showed slightly

higher EPR than USSL's but lower than Bower's predictions.

C. Effect of Cation Types. From the data already presented

for q/qo and N~, it was shown that Ca is more preferred over

Mg except for divalent~K exchange particularly at high C/Co

where the soils had higher affinity for Mg than Ca. Among the

monovalent ions, K appears to be always more preferred over Na

at any concentration and for the whole isotherm.

The USSL's regression equation gives the closest ESR values

to the experimental values for Ca-Na exchange. Bower's equation

gives ESR values closer to those for Mg-Na exchange but over

estimates EPR values for all divalent-K equilibria. Furthermore,

the USSL equation predicts a reasonably close EPR value which is

slightly lower than experimental data for Mg~K and higher than

Ca-K exchange equilibria.

The regression constants for Ca~Na, Ca-K, Mg~Na, and Mg~K

were shown in table 17. Numerical examples at three levels of

SAR or PAR showed the already established trend that the ESR

for Ca~Na exchange is generally lower than that for Mg-Na

exchange at any values of SAR. Similarly the EPR for Ca-K is
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lower than EPR of Mg-K exchange. However, these differences are

not caused only by the types of cations but also by the interac

tion between horizons and electrolyte concentration.

The combined equations of divalent-Na and divalent-K

exchange were

ESR = -0.0211 + 0.018 SAR; r = 0.935 (87)

EPR = -0.1022 + 0.106 PAR; r = 0.926 (88)

TABLE 18. CALCULATED ESR AND EPR VALUES AT THREE LEVELS
OF SAR AND PAR ACCORDING TO EQUATIONS 87 AND 88.

SAR or PAR

ESRCa_Mg_Na

EPRCa_Mg_K

10

0.1589

0.9578

20

0.3389

2.0178

30

0.5189

3.0778

As noted in the above table, the combined equations gave

closer ESR values for Mg-Na exchange than for Ca-Na and closer

EPR values to Ca-K than Mg-K exchange.

4. Exchange Equilibria in Lualualei Clay from Kokohead

In contrast to the first Lualualei soil, x-ray diffraction

analysis showed that both horizons collected from this site

contained primarily amorphous materials, feldspars, and traces

of other constituents shown in table 3.

A. Effect of Soil Horizon. The results of equilibrium studies

are presented in terms of exchange isotherms and relative pre

ferences for various cations are quantitatively described by
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Lualualei from Kokohead Soil, Surface Horizon (KL1)
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Figure 9. Exchange isotherms obtained for 0.01 N (left) and 0.1 N
(right). From top to bottom Ca-Na, Ca-K, Mg-Na, and Mg-K
equilibria are shown. Closed and opened circles represent
di-monovalent and mono-divalent exchange, respectively.
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Lualualei from Kokohead Soil, Subsurface Horizon (KL 2)
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equilibria are shown. Closed and opened circles represent
di-monovalent and mono-divalent exchange, respectively.



Table 19. Exchange equilibrium data for divalent-monovalent exchange in the
surface horizon, KL1, and subsurface horizon, KL 2, of Lualualei from Kokohead soil.

A. Equivalent fractions for adsorbed divalent ions (q/qo)

Kl1 Q/Qo Kl2.

CICo 0.01 0.01 0.01 o.m 0.1 0.1 0.1 0.1 0.01 0.01 0.01 0.01 0.1 0.1 0.1 0.1
Ca-Na r.g-Na Ca-K r.g-K Ca-Na Mg-Na Ca~K Mg-K Ca-Na Mg-Na Ca-K Hg-K Ca-Na Mg-Na Ca-K Mg-K

0.25 0.920 0.806 0.635 0.840 0.818 0.807 0.36 0.430 0.930 0.910 0.629 0.530 0.810 0.793 0.310 0.370

0.50 0.965 0.911 0.800 0.890 0.900 0.911 0.60 0.534 0.960 0.940 0.800 0.711 0.890 0.895 0.542 0.495

0.75 0.982 0.943 0.977 0.908 0.940 0.977 0.79 0.631 0.983 0.973 0.963 0.827 0.943 0.971 0.774 0.646

B. Selectivity coefficients (N~)

Kll NK~ Kl2

CICo
0.01 0.01 0.01 0.01 0.1 0.1 0.1 0.1 0.01 0.01 0.01 0.01 0,1 0.1 0.1 0.1

Ca-Na Mg-Na Ca-K Mg-K Ca-Na Mg-Na Ca-K Mg-K Ca-Na Mg-Na Ca-K Mg-K Ca-Na Mg-Na Ca-K Mg-K

0.25 323.4 48.1 10.7 73.8 55.5 48.7 1.9 2.9 428.7 252.7 10.2 5.3 50.5 41.6 1.4 2.0

0.50394.1 57.5 10.0 36.7 45.0 57.5 1.8 1.3 300.0 130.5 10.0 4.2 36.7 40.5 1.2 0.9

0.75 252.5 24.1 154.1 8.9 21.7 154.1 1.4 0.3 284.4 111.3 58.6 2.3 24.1 96.3 1.2 0.4

.....
0
0
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calculated q/Qo and NK~ values at different levels of C/Co

(table 19). From these information it is noted for divalent

Na exchange that, at low concentration, the subsurface shows

more preference for divalent ions than does the surface soil.

On the other hand it is noted for divalent-K exchange that the

surface prefers divalent ions more than the subsurface, except

at a C/Co level of 0.5. For the high concentration it is

generally noted that qlqo and NK~ for KL l are higher than those

for KL2, except at C/Co = 0.75 in Ca-Na and Mg-K exchange.

Comparing data for KL l and KL2 with Bower's and USSL's

equations showed that the USSL's generally fit very close to

experimental 0.01 N Ca-Na exchange data for both horizons. On

the other hand, this equation overestimated the preference of

horizons for divalent ions in all other reactions of 0.01 N

divalent-Na exchange. Bower's equation predicted lower equiva

lent fractions of adsorbed divalent ions than actually obtained

for 0.01 N Ca exchange in both horizons. The predicted fractions

were too high for 0.01 ~ Mg-Na exchange in KL 1 and too low for

0.01 ~ Mg-Na exchange in KL 2 at low C/Co (0.25) values.

However, this equation agreed with the experimental results for

this horizon at high C/Co of 0.01 ~ Mg-Na exchange. At low

concentrations of diva1ent-K exchange, the USSL's equation pre

dictions were generally too low even though the theoretical

and experimental results agreed well for 0.01 li Mg-K exchange

in the subsurface. Bower's equation also predicted lower

preferences for Mg than actually measured in this case. At

high concentration for diva1ent-Na exchange, the USSL's
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predictions provided lower q/qo than measured experimentally.

Exceptions were noted at high CICo values for 0.01 li Ca-Na

exchange in both horizons where both results were very close.

For 0.1 N divalent-K exchange both Bower's and USSL's predictions

of q/qo were too low except at high CICo of 0.1 li Mg-K exchange

where the second gave overestimates. From the above statements,

the conclusion can be drawn that the accuracy of predictions of

the preference for divalent cations in the soil is limited to

only certain conditions. These conditions depend on experimental

variables such as solution concentration, soil horizon, and types

of competing ions.

The regression equations derived for divalent-Na exchange

in KL l and KL 2 were:

ESR KL = 0.0424 + 0.0086 SAR; r = 0.886 (89)
1

ESR KL = 0.0127 + 0.0106 SAR; r = 0.963 (90)
2

Those derived for divalent-K exchange in KL l and KL 2 were:

EPR KL = 0.0685 + 0.0518 PAR; r = 0.919 (91)
1

EPR KL = 0.1164 + 0.0581 PAR; r = 0.929 (92)
2

From these equations, the subsurface soil generally seems to

adsorb higher K and Na than does KL l except at low SAR values.

This is noted in table 20 which shows calculated ESR or EPR

at SAR or PAR levels of 10, 20, and 30. The table shows that

the relative preference for Na or Kof KL2 generally exceeded

that of KL1. Table 20 also shows that this trend is still true
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regardless of the competing divalent ions. It is noted that

the difference between KL l and KL 2 is more evident when the

competing ion was Mg than when it was Ca. Also the soil had

tended to adsorb higher Na or Kwhen the competing ion was Ca

than when it was Mg.

The regression equations for divalent-Na and divalent-K

exchange is KLl and KL2 at various concentrations were:

ESRO.Ol KL l = 0.0406 + 0.0256 SAR; r = 0.79 (93)

ESRO.Ol KL 2
= 0.0110 + 0.0132 SAR; r = 0.94 (94)

ESRO.l KL l
= 0.0264 + 0.0089 SAR; r = 0.948 (95)

ESRO. l KL 2
=-0.0020 + 0.0112 SAR; r = 0.954 (96)

EPRO.Ol KL l
= 0.626 + 0.0375 PAR; r = 0.724 (97)

EPRO.Ol KL 2
= 0.0578 + 0.0994 PAR; r = 0.924 (98)

EPRO. l KL l
= 0.1404 + 0.0498 PAR; r = 0.901 (99)

EPRO. l KL 2
= 0.1542 + 0.0552 PAR; r = 0.902 (100)

The correlation coefficients of the equations for the

surface horizon at low concentration were very low. This is

the result of combining Ca and Mg in the same equation. It may

be recalled that Ca and Mg behaved much differently at low

concentration especially in the surface soil. This is further

illustrated by regression equations for divalent-Na and divalent

Kexchange in KL1. The equations were:



TABLE 20. EXCHANGEABLE SODIUM OR POTASSIUM RATIO
AT THREE LEVELS OF SAR (PAR) FOR

LUALUALEI SOIL* FROM KOKOHEAD

A. Di-monovalent exchange

SAR or PAR
Equilibrium 10 20 30

Ca-Mg-Na LK1 0.128 0.214 0.299

Ca-Mg-Na LK2 0.119 0.225 0.331

Ca-t·1g-K LK1 0.586 1.105 1.623

Ca-Mg-K LK2 0.697 1.279 1.860

B. Mg- and Ca- monovalent exchange

SAR or PAR
Equil ibrium b a r 10 20 30

Mg-Na LK1 0.0076 0.098 0.962 0.145 0.221 0.296

r~g-Na LK2 0.0102 0.0173 0.972 0.119 0.221 0.373

Ca-Na LK1 0.0105 0.0113 0.957 0.116 0.221 0.326

Ca-Na LK2 0.0111 0.0072 0.956 0.118 0.230 0.341

Mg-K LK1 0.0408 0.0689 0.962 0.476 0.885 1.293

Mg-K LK2 0.0510 0.1713 0.964 0.681 1.192 1.702

Ca-K LK1 0.0744 0.0068 0.979 0.750 1.495 2.239

Ca-K LK2 0.0769 0.0344 0.923 0.803 1.572 2.341

*Based on regression equations derived for the specified experi-
mental variables. Part B includes regression constants for these
equations.

104
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ESRO.Ol Mg-Na = 0.0302 + 0.0339 SAR; r = 0.978 (101)

ESRO. l Ca-Na = 0.0127 + 0.0111 SAR; r = 0.987 (102)

EPRO. l Mg-K = 0.0474 + 0.0192 PAR; r = 0.987 (103)

EPRO.Ol Ca-K = 0.0197 + 0.0808 PAR; r = 0.969 (104)

The correlation coefficients for these equations are notably

high as a result of making the distinction between competing

divalent ions, i.e., Ca and Mg.

Calculated ESR or EPR values at the given SAR or PAR values

based on these equations are given in table 21. According to

this table, it is shown that the preference of KL 2 for Na or K

does not always exceed that of KL1. Thus, KL l seems to adsorb

higher Na than KL 2 at low concentration.

B. Effect of Electrolyte Concentration. Regardless of the

saturating cation, qo values for the soil did not change with

changing electrolyte concentration.

Generally, the soil seemed to adsorb higher divalent ions

at low concentration than at high concentration because of the

valence dilution effect. Among ions of the same valency, there

still existed some obvious differences. For example, the soil

in general prefers Ca over Mg even though some exceptions were

noted. Furthermore, the soil preferred to adsorb much more K

than Na. According to the q/qo data, this preference of Kover

Na was more evident at higher electrolyte concentration. It is

interesting to note that NK~ calculation did not confirm this

finding. This is probably due to the high sensitivity of NK~

values to small changes in ion selectivity. Apparently,



TABLE 21. EXCHANGEABLE SODIUM AND POTASSIUM RATIOS
AT THREE LEVELS OF SAR (OR PAR) FOR

LUALUALEI SOIL* FROM KOKOHEAD

106

Equil i bri urn 10

SAR or PAR
20 30

0.01 Ca-Mg-Na KL1 0.296 0.552 0.808

0.01 Ca-Mg-Na KL 2 0.143 0.275 0.407

0.1 Ca-Mg-Na KL1 0.115 0.204 0.293

O. 1 Ca-Mg-Na KL 2 0.110 0.222 0.335

0.01 Ca-Mg-K KL1 0.438 0.813 1.189

0.01 Ca-Mg-K KL 2 1.055 2.053 3.050

0.1 Ca-Mg-K KL 1 0.633 1.126 1.619

0.1 Ca-Mg-K KL 2 0.706 1.258 1.810

*Based on regression equations derived for the specified
experimental variables.
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therefore, the NK~ values provide better indications then visual

observation of isotherms as to whether or not the divalent ion

is preferred over monovalent, and as to which, among ions of the

same valency, is more preferred than the other.

Comparison between the USSL's or Bower's predicted lines

and the experimental lines were already discussed in the previous

section. The regression equations derived at the two concentra

tions for divalent-Na exchange were:

ESRO.Ol N = 0.0108 + 0.0185 SAR; r = 0.741

ESRO.l N = 0.016 + 0.0097 SAR; r = 0.945

Those for divalent-K exchange were:

EPRO. Ol N= 0.0739 + 0.0576 PAR; r = 0.743

EPRO. l N = 0.1480 + 0.0523 PAR; r = 0.878

(105)

(106)

(107)

(108)

It is noted generally that at low concentration the correlation

coefficients are low because of the effects of combining Ca and

Mg which behaved distinctly different, particularly in the sur

face horizon. Therefore, the divalent-monovalent exchange should

be considered separately for each of the ions at the different

concentrations. However, at low concentration, the soil behavior

reflected more notably the effects of the horizon. The regression

equation for each pair of exchange equilibria at different con

centrations were derived as follows:

ESRO.Ol Mg-Na = 0.0188 + 0.0224 SAR; r = 0.806 (109)

ESRO. l Mg-Na = 0.0173 + 0.0091 SAR; r = 0.971 (110)

ESRO. Ol Ca-Na =0.0132 + 0.0102 SAR; r =0.978 (lll)
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ESR = 0.0017 + 0.0112 SAR; r = 0.925 (112 )
0.1 Ca-Na

EPRO.Ol Mg-K = 0.1021 + 0.0411 PAR; r = 0.569 (113 )

EPRO. l Mg-K = 0.2069 + 0.0434 PAR; r = 0.963 (114)

EPRO.Ol Ca-K = 0.0371 + 0.0804 PAR; r = 0.955 (115)

EPRO. l Ca-K =-0.0572 + 0.0803 PAR; r = 0.932 (116)

It is noted that, for the Mg-monovalent exchange at low

concentration, the surface and subsurface soil act quite differ

ently, thus the low correlation coefficients when equations for both

horizons were combined. The original equations for 0.01 ~ Mg-Na

exchange of KL l and KL 2 were:

ESRO.Ol Mg Na KL = 0.0303 + 0.0339 SAR; r = 0.973 (117)
- 1

ESRO.Ol Mg-Na KL
2

= 0.0127 + 0.0149 SAR; r = 0.978 (118)

Those for 0.01 ~ Mg-K exchange in difference horizons were:

EPRO. Ol Mg-K-KL
l

= 0.0474 + 0.0193 PAR; r = 0.987 (119)

EPRO.Ol Mg-K-KL
2

= 0.0800 + 0.1319 PAR; r = 0.992 (120)

It is noted that the correlation coefficients became larger when

the regression equations were separately derived for each horizon.

Table 22 shows the ESR or EPR values calculated at different

SAR or PAR levels (10, 20, 30) according to the above equations.

The data in the table shows that, for the Ca-monovalent exchange,

the soil adsorbs more Na at high concentration than it does at

low concentration. In contrast, the soil adsorbs more Kat low

concentration. For Mg-Na exchange both horizons adsorb more Na
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at low concentration than at high concentration. The surface

soil also adsorbed less K while the subsurface soil adsorbed

more K at low concentration than at high concentration.

C. Effect of Cation Types. The divalent ions were generally

more preferred over monovalent ions for every horizon. On the

other hand, ions of equal valency do not always interact with

the soil in the same way. For instance, Ca is generally more

preferred by the soil than Mg and K than Na. This is evident

by comparing the quantitive data for q/qo and NK~. For the

surface soil, exceptions to the Ca preference over Mg exist for

low C/Co (0.25, 0.5) at low concentration and when Kwas a

competing ion. Similar exceptions were also noted in both

horizons for high C/Co (0.25, 0.75) at high concentration when

Na was the competing ion.

The preference of Kover Na by soil was generally evident

except in the surface soil for low C/C (0.25) values at theo
low concentration when Mg was the competing ion.

The noted deviations of the results of each horizon from

the USSL's and Bower's predicted lines must be due not only to

differences among soil horizons or varying concentrations, as

already discussed, but also to the types of competing ions. This

is clearly shown by the following regression equations derived

for various cation pair combinations:

ESRMg _Na = 0.0426 + 0.0086 SAR; r = 0.895

ESRCa_Na =0.0093 + 0.0108 SAR; r =0.956

EPRMg _K = 0.1275 + 0.0462 PAR; r = 0.943

(121)

(122)

(123)



TABLE 22. EXCHANGEABLE SODIUM AND POTASSIUM RATIOS
AT THREE LEVELS OF SAR (PAR) FOR

LUALUALEI SOIL FROM KOKOHEAD*

SAR or PAR
Equilibrium 10 20 30

0.01 Mg-Na 0.243 0.467 0.691

0.1 Mg-Na 0.108 0.200 0.291

0.01 Ca-Na 0.114 0.216 0.317

0.1 Ca-Na 0.113 0.225 0.337

0.01 Mg-K 0.513 0.924 1.336

0.1 Mg-K 0.640 1.073 1.507

0.01 Ca-K 0.841 1.645 2.450

0.1 Ca-K 0.745 1.548 2.351

0.01 Mg-Na KL l 0.369 0.708 1.017

0.01 Mg-Na KL 2 0.161 0.310 0.559

0.01 Mg-K KL l 0.240 0.433 0.626

0.01 Mg-K KL 2 1.399 2.718 4.037

Mg-Na 0.128 0.214 0.299

Ca-Na 0.117 0.225 0.333

Mg-K 0.589 1.051 1. 513

Ca-K 0.775 1.528 2.281

*Based on regression equations derived for the specified
experimental variables.
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EPRCa~K = 0.0232 + 0.0753 PAR; r = 0.951

111

(124)

From these equations, it is clear that the soil has more

preference for monovalent ions when Ca is the competing ions than

when it is Mg. This is further verified by table 22, which shows

the values of ESR or EPR at SAR or PAR levels of 10, 20, and 30.

The regression equations for divalent~Na and divalent~K

exchange in this soil are:

ESR = 0.0503 + 0.0083 SAR; r = 0.947

EPR = 0.0957 + 0.0549 PAR; r = 0.919

(125)

(126)

Comparison shows that the USSL's equation predicts higher

exchangeable Na and K than do the above experimental equation.

Bower's equation predicts still higher exchangeable monovalent

ions.

5. Exchange Equilibria in Ewa Silty Clay Loam.

Both horizons of the soil contain primarily kaolinite, amorphous

materials, hematite, as well as traces of other constituents as

shown in table 3. Isotherms for divalent monovalent exchange

are presented in figure 11 and 12.

A. Effect of Soil Horizon. The relative preferences for competing

ions are evident from examining the exchange isotherms and the

values of q/qo and NK~ in table 23. The subsurface soil genera

lly has slightly higher preference than or equal preference to

the surface for divalent ions at low concentration. One exception

is 0.01 ~ Ca-K exchange where the preference of E2 for Ca is

lower than that of El at CICo 0.25 and 0.5. At high concentration

the affinity of E2 for divalent ions is in general slightly higher
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Ewa Soil ~ Subsurface Horizon (E2)
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Table 23. Exchange equilibrium data for divalent-monovalent exchange in the
surface horizon, El , and subsurface horizon, E2, of Ewa soil.

A. Equivalent fractions for adsorbed divalent ions (q/qo)

E1 q/qo E2

CICo
0.01 0.01 0.01 0.01 0.1 0.1 0.1 0.1 0.01 0.01 0.01 0.01 0.1 0.1 0.1 0.1

Ca-Na Mg-Na Ca-K Mg-K Ca-Na Mg-Na Ca-K Ng-K Ca~Na Mg-Na Ca-K Mg-K Ca-Na Mg-Na Ca-K Mg-K

0.25 0.934 0.910 0.756 0.655 0.825 0.750 0.470 0.487 0.941 0.920 0.741 0.67 0.847 0.751 0.496 0.46

0.50 0.969 0.948 0.912 0,770 0.925 0.895 0.654 0.710 0.970 0.956 0.883 0.77 0.890 0.895 0.660 0.77

0.75 0.989 0.979 0.985 0.878 0.942 0.940 0.820 0.880 0.990 0.984 0.980 0.88 0.928 0.950 0.805 0.95

B. Selectivity coefficients (NK~)

E, NKA E2B

C/Co
0.01 0.01 0.01 0.01 0.1 0.1 0.1 0.1 0.01 0.01 0.010.01 0.1 0.10.10.1

Ca-Na Mg-Na Ca-K Mg-K Ca-Na Mg-Na Ca-K Mg-K Ca-Na Mg-Na Ca-K Ng-K Ca-Na ~lg_Na Ca-K Mg-K

0.25 486.4 253.4 28.5 13.3 60.6 27.0 3.7 4.1 608.4 323.4 29.8 13.8 81.4 27.2 4.3 3.5

0.50 504.6 175.2 58.8 7.2 82.2 40.5 2.7 4.2 538.8 246.9 32.2 7.2 3fi.7 40.5 2.8 7.2

0.75 688.8 185.4 356.4 4.9 23.3 21.7 2.1 5.0 825.0 320.3 204.1 5.0 14.9 31.6 1.7 31.6

--'
--'
-$:>
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than that of El except at CICo = 0.5 and 0.75 of Ca-Na, 0.75 of

Ca-K and, at CICo 0.25 of Mg-K exchange. These are also confirmed

by the relative values of NK~.

The isotherm for divalent-Na exchange based on USSL's

equation gives quite close values to the experimental 0.01 ~

Ca-Na exchange at higher CICo but gives lower affinity for Ca

at low C/Co' This isotherm also gives close values to those of

0.01 ~ Mg-Na exchange for E2 but does not fit well for 0.01 ~

Mg-Na exchange for El . Rather it predicts higher qlqo values

at every C/Co' However, at high CICo the prediction based on

Bower's equation is more close to the 0.01 ~ Ca-Na exchange.

Bower's equation predicted lower qlqo than obtained experimentally

at low CICo values. Furthermore, the deviation of the predicted

from the experimental values is more evident in the subsurface

than surface horizon.

The regression equations derived for divalent-Na exchange

for El and E2 were:

ESRE = 0.0025 + 0.0114 SAR; r = 0.968 (129)
1

ESRE = -0.004 + 0.0115 SAR; r = 0.914 (128)
2

These equations predict almost equal ESR for El than for

EZ at any given SAR value, as shown in table 24.

The following equations were similarly calculated for

divalent-K exchange in El and E2, respectively.

EPRE = 0.0499 + 0.0412 PAR; r = 0.96 (129)
1

EPR E = 0.0387 + 0.0461 PAR; r = 0.96 (130)
2



TABLE 24. EXCHANGEABLE SODIUM OR POTASSIUM RATIO AT
THREE LEVELS OF SAR (PAR) FOR EWA SOIL.*

A. Di-monova1ent exchange

SAR or PAR
Equilibrium 10 20 30

Ca-Mg-Na E1 0.116 0.230 0.344

Ca-r~g-Na E2 0.111 0.226 0.341

Ca-Mg-K E1 0.461 0.872 1.285

Ca-Mg-K E2 0.486 0.881 1.276

B. Mg- and Ca- monovalent exchange

116

SAR or PAR
Equilibrium b a r 10 20 30

Mg-Na E1 0.0124 0.0019 0.979 0.125 0.249 0.373

Mg-Na E2
0.0148 -0.0208 0.983 0.127 0.275 0.423

Ca-Na E1 0.0095 0.0070 0.973 0.102 0.197 0.292

Ca-Na E2
0.0066 0.0255 0.943 0.091 0.157 0.223

Mg-K E1
0.0363 0.0855 0.950 0.448 0.811 1.174

r~g-K E2
0.0508 -0.0037 0.950 0.504 1.012 1.520

Ca-K E1 0.0481 0.0014 0.988 0.482 0.963 1.444

Ca-K E
2

0.0395 0.0911 1.000 0.486 0.881 1.276

*Based on regression equations derived for the specified experimental
variables. Part B includes regression constants for these equations.
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Calculated EPR at 10, 20, and 30 PAR are also shown in

table 24.

The data in the table shows that EPR values of E2 are

slightly higher than for E
l

at low PAR but the trend is reversed

at high PAR. The surface horizon has a tendency to adsorb more

Na than the subsurface. When the adsorption ratio of K is low

the subsurface tends to adsorb higher K than the surface and

vice versa. However, these differences are not significant.

The results show more differences between El and E2 when Ca and

Mg are not combined in the same equation as shown in table 24.

This table shows that E2 prefers to adsorb more Na or K

than does El when the competing ion is Mg but El adsorbs higher

Na or K if Ca is the competing ion. Higher adsorption of Na is

noted in the case of Mg-Na than for Ca-Na exchange for both El
and E2. This difference is more evident for E2 than El and is

also true for K-divalent exchange in the subsurface horizon.

On the other hand the affinity of the surface horizon for K is

higher when it is paired with Ca than when with Mg.

Comparison between ESR or EPR values from table 24 and

from USSL's and Bower's equation (table 7) shows that the

latter overestimated ESR and EPR, and that the first gives good

estimates of ESR for Mg-Na exchange in the subsurface soil.

However, this equation also overestimates both ESR and EPR in

all other cases.

When the regression equations for divalent-Na or K cases

were calculated separately for different concentrations the

following equations were obtained:
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ESRO.Ol El
= 0.0073 + 0.0093 SAR; r =0.951 (131 )

ESRO.Ol E2
= 0.0032 + 0.0091 SAR; r = 0.939 (132)

ESRO. l E
l

=0.0073 + 0.0113 SAR; r =0.957 (133)

ESRO. l E
2

= 0.0007 + 0.0114 SAR; r = 0.879 (134)

EPRO.Ol El
= 0.0212 + 0.051 PAR; r =0.94 (135)

EPRO.Ol E2
= 0.0521 + 0.0431 PAR; r = 0.908 (136)

EPRO. l E
l

= 0.0524 + 0.0403 PAR; r = 0.958 (137)

EPRO. l E
2

= 0.0292 + 0.0467 PAR; r =0.955 (138)

According to these equations ESR and EPR of the surface at a

given SAR or PAR are always higher than the subsurface at low

concentration. As the concentration increases, the ESR of E2
became only slightly lower than that for El while the EPR of the

subsurface became higher than that of the surface.

B. Effect of Electrolyte Concentration. Similar to other soils,

the qo of the soil did not change when the concentration of

solution changed. Regardless of competing ions the soil seems

to adsorb more Ca or Mg at lower concentration than at higher

concentration because of the valence dilution effect. One

exception was noted at high CICo (0.75) of Mg-K exchange where

El exhibited almost the same degree of affinity for Mg at low

and high concentrations. Also E2 appears to have higher affinity

for Mg at high concentration than it does at the low concentration.
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This can only be explained by the specific adsorption of Kwhen

the equivalent ionic fraction of K in solution is low.

The differences in affinity for higher valence ions at low

and high concentrations was more evident in subsurface than in

the surface for diva1ent-Na exchange. When Kwas the competing

ion, the difference in preference for divalent ions between two

different concentrations was more pronounced than that observed

when Na was the competing ion. However, this trend was not

true for Mg-K exchange at higher C/Co values.

As mentioned before, the USSL's prediction was close to

the experimental data for 0.01 ! Ca-Na exchange in E1 and 0.01 N

_Mg-Na in E2 while Bower's equation predicted very closely the

0.01 li Mg-Na exchange behavior of E1. The USSL's equation pre

dicted closely the 0.1 ! Mg-Na exchange of both horizon~.

However, this equation predicted lower equivalent fractions of

adsorbed Ca than the experimental values. Bower's equation

underestimatated q/qo values for both Ca-Na and Mg-Na exchange

in both horizons. For the diva1ent-K exchange at any concentra

tion both USSL's and Bower's equations gave lower qlqo than the

experimental values.

The regression equations derived for diva1ent-Na exchange

at the two different concentration were:

ESRO.01 N= 0.0056 + 0.0091 SAR; r = 0.94 (139)

ESRO.1 N =0.0048 + 0.0113 SAR; r = 0.914 (140)
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Similarly, the equations for divalent-K exchange were:

EPRO. Ol N =0.0368 + 0.0468 PAR; r =0.922 (141)

EPRO. l N = 0.0402 + 0.0437 PAR; r = 0.952 (142)

The ESR values calculated from the above equations at high

concentration are higher than those at low concentration. On

the contrary, the EPR values at high concentration are lower

than those at low concentration (table 25). This simply means

that at high concentration the soil appears to adsorb more Na

than at low concentration. Nevertheless, the difference between

low and high concentrations is not pronounced for either divalent

Na or divalent-K exchange.

Considering Ca-Na and Mg-Na separately, the Mg-soil seems to

adsorb more Na at higher concentration than at lower concentra

tion, a trend that is contradicted by the Ca-soil. For Ca-K

and Mg-K exchange, the soil tends to adsorb less Kat high

concentration than at low concentration. Some calculated results

confirming these statements are presented in table 26.

C. Effect of Cation Types. It was stated in the previous

section that the divalent ions are generally 'more preferred in

this soil than monovalent ones. Nevertheless, there are still

distinctions between ions of the same valence, that is, Ca is

always more preferred than Mg and K than Na. This was confirmed

quantitatively by calculations of qlqo and NK~. The q/qo of

Ca-Na are always higher than those of Mg-Na at equal C/Co values.

One exception exists at higher C/Co (0.5, 0.75) of 0.1 li

exchange for the lower horizon. Similarly, the soil tends to



TABLE 25. EXCHANGEABLE SODIUM AND POTASSIUM RATIOS AT THREE
LEVELS OF SAR (OR PAR) FOR EWA SOIL BASED ON REGRESSION

EQUATIONS DERIVED FOR THE SPECIFIED EXPERIMENTAL VARIABLES.

SAR or PAR
Equilibria 10 20 30

0.01 Ca-Mg-Na E1 0.100 0.193 0.286

0.01 Ca-Mg-Na E2 0.094 0.185 0.276

0.1 Ca-Mg-Na E1 0.120 0.2333 0.346

O. 1 Ca-Mg-Na E2 0.114 0.228 0.342

0.01 Ca-l~g-K E1 0.531 1.041 1. 551

0.01 Ca-Mg-K E2 0.483 0.914 1.345

0.1 Ca-Mg-K E1 0.455 0.858 1.261

0.1 Ca-Mg-K E2 0.496 0.963 1.430

0.01 Ca-Mg-Na 0.096 0.187 0.278

0.1 Ca-Mg-Na 0.117 0.230 0.343

0.01 Ca-Mg-K 0.504 0.972 1.440

0.1 Ca-Mg-K 0.477 0.914 1.351

121
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adsorb more Ca than Mg when either cation is paired with Kat

high concentration. However, this was not the case for El or

at higher C/Co values (0.5, 0.75) for E2 where Mg is preferred

over Ca. Comparing the preferences of the soils for monovalent

ions, it is noted that K is always more preferred than Na at

any concentration, for any horizons, and regardless of the

competing ions. Oddly enough, however, Na and Kwere equally

preferred by E2 for C/Co = 0.75 and at high concentration.

Bower's and USSL's predictions seldom fit the experimental data

because Ca and Mg behaved differently. This was further com

plicated by interactions between horizons and electrolyte

concentration levels. This may be illustrated clearly by the

regression equations for various cation pair combinations:

ESRCa _Na = 0.0172 + 0.0078 SAR; r = 0.943

ESRMg _Na = -0.0453 + 0.0151 SAR; r = 0.998

EPRCa _K = 0.0457 + 0.0437 PAR; r = 0.991

EPRMg _K = 0.0423 + 0.0439 PAR; r = 0.938

(143)

(144)

(145)

(146)

Table 27 shows ESR (or EPR) values calculated according

th these equations at SAR (or PAR) levels of 10, 20, and 30.

From table 27, it is seen that Ca and Mg behave differently

when Na is competing ion, the soil appearing to adsorb higher

Na with Mg than with Ca. On the other hand, Ca and Mg behaved

similarly when Kwas competing ion.

The combined regression equations for divalent-Na and

divalent-K exchange are:



ESR = -0.001 + 0.0114 SAR; r = 0.937

ESR = 0.044 + 0.0438 PAR; r = 0.959

123

(147)

(148)

It is concluded that K is always highly preferred over Na

by the soil, therefore, it is erroneous to combine Na and K in

the same equation. For Ca and Mg, the combined equation, of

course, causes predictive errors which are not as serious as

those obtained combining Na and K.

6. Exchange Equilibria in Kawaihae Very Fine Sandy Loam

The field texture for this soil is very fine sandy loam in the

A horizon and silty loam in the B horizon. The x-ray diffraction

analysis showed that the soil contained primarily amorphous

materials and traces of other minerals as presented in table 3.

A. Effect of Soil Horizon. The qo values of the surface soil,

designated as Kl are higher than those of the subsurface, K2,

table 1. This table shows that qo values for different cation

saturations are appreciably different.

The relative preferences for divalent ions over monovalent

ions are qualitatively illustrated by figures 13 and 14. They

are further confirmed quantitatively by calculations of qlqo

and NK~ at given values of C/Co (tables 28). It is noted that

the preference of the subsurface horizon for divalent cations

is generally higher than that of the surface horizon. Exceptions

exist in certain cases, i.e., at C/Co = 0.25 for 0.01 li Mg-K

exchange and high C/Co (0.5,0.75) for 0.1 li Ca-K exchange

(table 28A). The surface soil seems to have higher affinity for

Na or Kthan does the subsurface.
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TABLE 26. REGRESSION EQUATION CONSTANTS AND EXCHANGEABLE SODIUM
AND POTASSIUM RATIO AT THREE LEVELS OF

SAR (OR PAR) FOR EWA SOIL*

SAR or PAR
Equilibria b a r 10 20 30

0.01 Mg-Na 0.0092 0.0090 0.925 0.101 0.193 0.285

0.1 Mg-Na 0.0138 0.0124 0.150 0.288 0.426

0.01 Ca-Na 0.0094 0.0002 0.980 0.094 0.188 0.282

0.1 Ca-Na 0.0069 0.0430 0.917 0.112 0.181 0.250

0.01 Mg-K 0.0471 . 0.0836 0.957 0.554 1.025 1.496

0.1 Mg-K 0.0481 -0.0789 0.945 0.402 0.883 1.364

0.01 Ca-K 0.0451 -0.0049 0.951 0.446 0.897 1.348

0.1 Ca-K 0.0380 0.1743 1.000 0.554 0.934 0.131

*Based on regression equations derived for the specified experimen-
tal variables.
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Kawaihae Soil, Surface Horizon (Kl )
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Figure 13. Exchange isotherms obtained for 0.01 N (left) and 0.1 N
(right). From top to bottom Ca-Na, Ca-K, Mg-Na, and Mg-K
equilibria are shown. Closed and opened circles represent
di-monovalent and mono-divalent exchange, respectively.
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Kawaihae Soil, Subsurface Horizon (K2)
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Figure 14. Exchange isotherms obtained for 0.01 ~ (left) and 0.1 ~
(right). From top to bottom Ca-Na, Ca-K, Mg-Na, and Mg-K
equilibria are shown. Closed and opened circles represent
di-monovalent and mono-divalent exchange, respectively.



TABLE 27. EXCHANGEABLE SODIUM AND POTASSIUM
RATIOS AT THREE LEVELS OF SAR (PAR)

FOR EWA SOIL*

SAR or PAR
Equil ibria 10 20 30

Ca-Na 0.095 0.172 0.251

Mg-Na 0.105 0.256 0.407

Ca-K 0.482 0.919 1.356

Mg-K 0.481 0.920 1.359

Ca-Mg-Na 0.113 0.227 0.341

Ca-Mg-K 0.482 0.920 1.350

*Based on regression equations derived for the speci-
fied experimental variables.
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Table 28. Exchange equilibrium data for divalent-monovalent exchange in the
surface horizon, Kl , and subsurface, K2! of Kawaihae soil.

A. Equivalent fractions for adsorbed divalent ions (q/q )
0

K1 q/qo K2

CICo
0.01 0.01 0.01 0.01 0.1 0.1 0.1 0.1 0.01 0.01 0.01 0.01 0.1 0.1 0.1 0.1

Ca-Na ~\g-Na Ca-K Ng-l< Ca-Na Mg-Na Ca-K I·lg-K Ca-Na I·lg-Na Ca-K r~g-K Ca-Na Mg-Na Ca-K ~lg-K

0.25 0.915 0.860 0.602 0.562 0.753 0.755 0.~60 0.395 0.923 0.878 0.605 0.550 0.753 0.780 0.390 0.467

0.50 0.950 0.915 0.755 0.687 0.860 0.810 0.593 0.532 0.970 0.944 0.788 0.688 0.915 0.850 0.586 0.580

0.75 0.984 0.975 0.938 0.770 0.912 0.895 0.790 0.650 0.988 0.983 0.970 0.859 0.950 0.926 0.774 0.843

B. Selectivity coefficients (N~)

Kl
NKA ·K.D 2

C/Co
0.01 0.01 0.01 0.01 0.1 0.1 0.1 0.1 0.01 0.01 0.01 0.01 0.1 0.1 0.1 0.1Ca-Nil I'~g-Nil Cil-K /-lg-K Ca-Na r"g-Na Ca-K l"g-.K Ga-Na 1·lg-Na Gil-K Ilg-K Gil-Ila 1~~l-NlI C.i··K 1·19-K

..__._--
0.25 285.9 98.7 8.5 6.5 27.7 28.3 1.9 2.4 350.7 132.7 8.7 6.1 27.7 36.2 2.3 3.(i
0.50 190.0 63.3 6.2 3.5 21.9 11.2 1.7 1.2 538.8 150.5 8.7 3.5 63.3 18.8 1.7 1.6
0.75 320.3 130.2 20.3 1.2 9.8 6.7 1.4 0.4 571.7 284.4 89.8 3.6 31.6 l~.O 1.2 2.8 .....

Nco
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As for other soils, comparison was made between the

exchange isotherms, q/qo values, or NK~ values derived from the

USSL's and Bower's equations and those derived from experimental

results. It was noted that the USSL's predictive equation was

more accurate for predicting the 0.01 N Ca-Na exchange rather

than was Bower's, even though the first predicts slightly lower

soil affinity for Ca in the subsurface (K2) than do the experi

mental points. Bower's equation predicts yet lower affinity.

On the other hand, the latter equation appears to better fit

the 0.01 li Mg-Na exchange, particularly in the K2 horizon. For

the 0.1 li Ca-Na exchange, the USSL's equation predicts reasonable

values at low C/Co (0.25) while Bower's gives lower values for

both horizons. As the C/Co increases, both the USSL's and

Bower's predictions seem lower than actual values for K2 and

higher than those for Kl . At high concentration of divalent-Na

exchange the USSL's equation also gives accurate prediction at

low C/Co for both horizons except for 0.1 li Mg-Na exchange in

K2, As the C/Co increases this equation provides over-estimates

except for 0.1 li Ca-Na of K2 where the opposite is true. Both

Bower's and USSL's predictive equation are limited to certain

conditions because of the effects of horizons, the concentration

of the solution, types of competing ions, and, sometimes the

equivalent ionic fraction of the cation in solution.

The regression equations for the divalent-Na exchange of

Kl and K2 were found to be:

ESRK = 0.0556 + 0.0087 SAR; r = 0.931
1



TABLE 29. EXCHANGEABLE SODIUM OR POTASSIUM RATIO AT
THREE LEVELS OF SAR (OR PAR) FOR KAWAIHAE SOIL. *

A. Di-monovalent exchange.

SAR or PAR
Equilibrium 10 20 30

Ca-Mg-Na Kl 0.142 0.228 0.315

Ca-Mg-Na K2 0.110 0.176 0.243

Ca-Mg-K Kl 0.761 1.401 2.042

Ca-r~g-K K2 0.580 1.008 1.436
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B. Di-monovalent exchange for 2 concentrations

SAR or PAR
Equilibrium b a r 10 20 30

0.01 Ca-Mg-Na Kl 0.0167 0.0130 0.864 0.180 0.377 0.514

0.01 Ca-Mg-Na K2 0.0168 0.0111 0.952 0.157 0.325 0.492

0.1 Ca-Mg-Na Kl 0.0076 0.0922 0.927 0.168 0.244 0.320

0.1 Ca-Mg-Na K2 0.0061 0.0652 0.938 0.126 0.187 0.248

0.01 Ca-Mg-K Kl 0.0992 0.0461 0.933 1.038 2.030 3.022

0.01 Ca-Mg-K K2 0.1059 0.0214 0.918 1.037 2.096 3.156

0.1 Ca-Mg-K Kl 0.0636 0.1167 0.924 0.753 1.390 2.026

0.1 Ca-Mg-K K2 0.0411 0.1626 0.896 0.574 0.985 1.397

*Based on regression equations derived for the specified experimental

variables. Part B includes regression constants for these equations.



ESR K = 0.0436 + 0.0067 SAR; r = 0.938
2
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Both ESR and EPR calculated from the above equations for Kl
are always higher than those for K2 at any given SAR or PAR

(table 29). The results agree with the q/qo data, that is, the

surface soil seems to adsorb high Na or Kand less Ca or Mg than

does the subsurface horizon regardless of the competing ions.

Both Bower's and USSL IS equati OilS predi ct values of ESR

and EPR which are too high for both horizons. However, the

preference of Kl for Kwas always higher than that of K2. At

low concentrations K2 exhibits slightly higher preference for K

than Kl (table 29).

B. Effect of Electrolyte Concentration. As stated earlier the

concentration of the solution does not affect the magnitude of

qo' The general trend in the soil seems to be the adsorption of

higher proportion of divalent cations at low concentration

whether the competing ion is NA or K. The effect of electrolyte

concentrations on the affinity for higher valence ions is more

evident in the surface than in the subsurface soil, except at

high values of CICo (0.5 and 0.75) for Ca-K exchange.

Comparison between the experimental results and those pre

dicted by Bower's and USSL's equations was already given in the

section on the effect of soil horizon.

The regression equations derived for the divalent-Na exchange

at the two concentrations are:

ESRO.Ol N= 0.0039 + 0.0161 SAR; r = 0.889 (151)



ESRO. l N ~ 0.0854 + 0.0065 SAR; r = 0.876
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Those for the divalent-K exchange are:

EPRO.Ol N=0.0136 + 0.1019 PAR; r =0.937 (153)

EPRO. l N = 0.1387 + 0.0521 PAR; r = 0.876 (154)

These equations predict higher Kor Na adsorption at low concen

tration than at high concentration (table 30). This contradicts

the general conclusions based on the exchange isotherm or q/qo

data. This trend was noted regardless of the competing divalent

cation.

C. Effect of Cation Types. According to q/qo and NK~ data, it

--is obvious that divalent ions are generally more preferred by

the soil (table 28) than the monovalent ions. Among the divalent

ions, the soil preferred Ca over Mg except under certain condi

tions, e.g., for low C/Co (0.25) at high concentration and when

the competing ion is K, Mg is preferred over Ca, and at high

C/Co (0.75) of K2 at high concentration. It is clear that even

though the ions have the same valency, they don't necessarily

behave in the same way. Differences are more evident between

Na and K than between Ca and Mg. The soil always preferred K

over Na for all cases. Therefore it may be concluded that when

Ca and Mg are assumed to behave similarly, less errors are

obtained than when assuming Na and K behave similarly.

The accuracy of the fit between the USSL's and Bower's

equations and experimental results in relation to the type of

competing ion as well as concentration was discussed in the

previous section. The predictions by the equations are accurate



TABLE 30. EXCHANGEABLE SODIUM OR POTASSIUM RATIO AT
THREE LEVELS OF SAR (PAR) FOR KAWAIHAE SOIL*

A. Di-monovalent exchange

SAR or PAR
Equilibrium 10 20 30

0.01 Ca-Mg-Na 0.164 0.325 0.486

O. 1 Ca-Mg-Na 0.150 0.214 0.279

0.01 Ca-Mg-K 1.032 2.051 3.070

0.1 Ca-f'lg-K 0.659 1.180 1.701
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B. Mg- and Ca- monovalent exchange

SAR or PAR
Equil i bri urn b a 4 10 20 30

O. 01 r~g-Na 0.0194 0.00370 0.942 0.197 0.390 0.584

0.1 Mg-Na 0.0060 0.0978 0.929 0.158 0.218 0.279

0.01 Ca-Na 0.0123 0.0043 0.954 0.127 0.249 0.372

0.1 Ca-Na 0.0075 0.0682 0.866 0.143 0.218 0.292

0.01 ~lg-K 0.1118 0.0506 0.969 1.168 2.286 3.404

O. 1 ~1g-K 0.0421 0.1711 0.908 0.591 1.038 1.461

0.01 Ca-K 0.0975 -0.01947 0.951 0.955 1.929 2.904

0.1 Ca-K 0.0729 -0.01197 0.940 0.717 1.446 2.175

* Based on regression equations derived for the specified experi-
mental variables. Part B includes regression constants for these
equations.
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for only certain conditions. If the theoretical equation, on

the other hand, is used for generalized predictions, i.e.,

regardless of the effects of horizons, electrolyte concentration,

and especially the types of the competing ions, the error

increases. In some cases the error becomes sol~rge that those

equations cannot be of use. This is exemplified by the divalent

Kexchange.

The regression equations derived separately for each of

the cation pairs were:

ESRMg _Ca = 0.0639 + 0.0068 SAR; r = 0.931 (155)

ESRCa _Na = 0.0348 + 0.0085 SAR; r = 0.902 (156)

EPRMg _K = 0.1935 + 0.423 PAR; r = 0.914 (157)

EPRCa_K = 0.0317 + 0.0718 EPR; r = 0.954 (158)

Examples of calculated ESR (or EPR) at SAR (or PAR) values of

10, 20, and 30 are shown in table 31.

From this table, the soil's preference for Kover Na is con

firmed, as well as the fact that the soil tends to adsorb more

Na or Kwhen the competing ion is Ca than when it is Mg.

The generalized equations for divalent-Na and divalent-K

exchange for the Kawaihae soil are:

ESR = 0.0522 + 0.0073 SAR; r = 0.917

EPR = 0.1346 + 0.0531 SAR; r = 0.904

7. Comparative Behavior of Soils

A. Comparing Soil Preferences for Ions by Use of Regression

Equations.

From general regression equations for divalent-Na

exchange 51,75,87,125,147, and 154, it is clear that



TABLE 31. EXCHANGEABLE SODIUM AND POTASSIUM
RATIOS AT THREE LEVELS OF SAR (PAR)

FOR KAWAIHAE SOIL*

SAR or PAR
Equilibrium 10 20 30

.Ca-Mg-Na 0.131 0.200 0.268

Ca-Mg-Na 0.120 0.205 0.291

Ca-Mg-K 0.616 1.038 1.461

Ca-Mg-K 0.749 1.467 2.186

* Based on regression equations derived for the speci
fied experimental variables.
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each soil is different from others in susceptability

to sodic effects. Using irrigation waters of low SAR

(10), the soils may be arranged as follows in terms of

resistance to the development of sodic conditions:

Molokai (M) > Ewa (E) > Kawaihae (K) > Lualualei from

Kokohead (LK) > Honouliuli (H) > Lualualei (L). Dif

ferences between Honouliuli and Lualualei are considered

insignificant. With higher SAR values (30) the order

of resistance is changed. Thus, Kawaihae is the most

resistant to develop sodicity, followed by Lualualei

from Kokohead, Molokai, Ewa, Honouliuli and Lualualei.

Furthermore, the soils resist the adsorption of K ions

to different extents. The sequence of resistance in

this case was Molokai > Ewa > Lualualei from Kokohead >

Kawaihae> Honouliuli > Lualualei. However, the Lualua

lei from Kokohead and Kawaihae soils behaved similarly

at higher PAR (30).

Furthermore, it is noted that the applicability of

Gapon's model to equilibria in these soils (as evidenced

from r values which reflect the linearity of the

relation between ESR or EPR and SAR or PAR may be

arranged in the order H> KL > E > L > K> Mfor Na

exchange and E > H> L > KL > M> Kfor Kexchange.

B. Relative Effects of Soil Horizon.

From previous discussions for each soil, it is



evident that the effect of soil horizon on the

exchange behavior varied with the soil. For

instance, both horizons of Ewa soil would have

the same ESR when in equilibrium with a given

solution. On the other hand, obvious differ

ences occurred between horizons of Lualualei

from Kokohead. For Honouliuli and Lualualei,

the horizon had no effect on the exchange

behavior at low SAR (10). However, as the

SAR increased, (30), the ability'of each hori

zon to adsorb Na was different.

The effect of horizon was more significant

for divalent-K exchange. Horizon effects at

low PAR may be arranged in the order Lualualei >

Kawaihae> Lualualei from Kokohead > Molokai >

Honouliuli > Ewa. As the PAR increased to 30,

the order was changed and the effects became

less pronounced for Ewa, Honouliuli, Lualualei

from Kokohead, and Kawaihae but more pronounced

for Lualualei and Molokai.

The effect of horizons on the exchange

behavior cannot be explained clearly by using

the mineralogical data because surface and sub

surface samples had much the same mineralogical

composition and the proportions of various
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minerals in each horizon were not significantly dif

ferent. Neither can the difference be explained by

differences in the surface charge density. For example,

in Molokai and Kawaihae soils, th~ sUbsurface had lower

surface charge density than the surface but adsorbed

higher proportions of divalent ions than did the

surface. As discussed in the next section, this is

contrary to expected trends. Differences in organic

matter content may, therefore, be responsible for the

observed differences between horizons (El-Swaify and

Swindale, 1970, and Pratt and Bair, 1962).

C. Relative Effects of Electrolyte Concentration

From 0.01 ~ divalent-Na regression equations, it

appeared that Molokai, Ewa, Honouliuli, and Lualualei

soils yielded about the same ESR under similar solu

tions. However, Lualualei from Kokohead and Kawaihae

adsorbed about twice as much Na as did the other

soils. The two latter soils also exhibited the odd

behavior of adsorbing more Na at low concentration

than at high concentration, a trend which is opposite

from expected and confirmed by data on the first four

soils.

The exchangeable sodium ratios attained at low and high

concentrations are more widely different for Lualualei
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and Honou1iu1i than for Ewa and Mo10kai soils. The reduction

in ESR at higher concentration was more pronounced in Lua1ua1ei

from Kokohead than in Kawaihae.

For divalent-K exchange, most soils adsorbed less Kat

low concentration than at high concentration except Lua1ua1ei.

The decreased EPR at higher concentration was in the order of

Kawaihae> Molokai > Ewa > Lua1ualei from Kokohead. The

latt&r soil adsorbed more Kat high concentration than at

low concentration for small PAR levels (10).

D. Relative Effects of Cation Types

The ESR values attained for Mg-Na exchange were

generally higher than those for Ca-Na exchange. The

differences varied from soil to soil. Difference between

Mg-Na and Ca-Na exchange were more pronounced in Mo10kai

than Honouliu1i, Lualualei, Ewa, Lua1ua1ei from Kokohead,

and Kawaihae, in that order.

For divalent-K exchange, Mg and Ca behaved similarly

in the Ewa soil and differed only slightly in Lualua1ei as

evidenced by the EPR values. However, some soils seemed to

adsorb more Kwhen Mg was the competing ion than when Ca was

the competing ion. Others behaved in the opposite manner,

as was the case for Molokai and Lua1ualei, both of which

adsorbed more Kwhen the ion was paired with Mg. Honou1iu1i,

Lua1ualei from Kokohead, and Kawaihae adsorbed more Kwhen

paired with Ca. The differences in Kadsorption in the

presence of Ca and Mg were more serious in the sequence

Honou1iuli > Lualualei from Kokohead > Kawaihae.
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II. Hysteresis in Cation Exchange Eguilibria

The phenomenon of hysteresis was studied by equilibrating K

or Na-soils with chloride solutions containing appropriate mixtures

of monovalent and divalent cations. The terminology for these

reactions will be Na-Ca, Na-Mg, K-Ca, and K-Mg exchange, rather

than Ca-Na, Mg-Na, Ca-K, Mg-K, respectively, as previously used.

Generally, most soils showed some hysteresis, whereby equili

bria attained by using monovalent-saturated soils were not identi

cal to those attained in the sections described previously. The

degree of hysteresis varied with the type of soil, the soil horizon,

electrolyte concentration, and types of competing ions.

It is also important to state that the regression equations

derived from the experimental results of divalent-monovalent

exchange are more applicable for predicting exchange equilibria

in soils rich in divalent ions (when monovalent cation rich

irrigation water is added) and may be applied for soils rich in

monovalent cations (such as in reclamation processes) in soils

which exhibit little or no hysteresis. Otherwise, different

regression equations are needed for soils which show appreciable

hysteresis. Such equations are shown in appropriate sections.

It was generally noted, however, that regression equations derived

for mono-divalent exchange predicted higher ESR and EPR values

than those discussed earlier. The effects of soil type, soil

horizon, electrolyte concentration, and types of competing ions

on these equations and on hysteresis in general are discussed

separately below.
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1. Effect of Soil Types

The degree of irreversibility varied from soil to soil as

noted in figures 1-14 and table 32. For Na-Mg exchange,

Honouliu1i and both Lua1ua1ei soils seemed to adsorb higher Mg

than for Mg-Na exchange except for the KL2 soil at low CICo for

0.01 li exchange. This is contrary to Molokai, Ewa, and Kawaihae

soils which adsorbed less Mg. The latter behavior is more

expected since soils tend to release preferred ions with more

difficulty. However, this behavior may be exaggerated because

all soils contained appreciable amounts of free Na salt even after

extensive washing with H20 andlor alcohol. This caused increases

in solution concentration above the levels intended in the equi

librium batches. This, in turn, may have shifted the exchange

isotherms to reflect lower preference for Mg, as expected from

the valence-dilution principle. The apparent reason for the

opposite behavior of Honouliuli and Lualualei soils is that

more dispersion was noted in them upon sodium saturation than

was observed for the other soils. Dispersion can cause more

accessible exchange sites with subsequent higher Mg adsorption

for a given value of C/Co' Mg-soi1s probably retained more

intact aggregates and were more flocculated, causing Na to

be partially blocked from reaching all potential sites of

exchange.

K-saturated Honouliuli, Lua1ualei, Molokai, Ewa, showed

little or no hysteresis in the case of 0.1 ~ K-Mg exchange.

At 0.01 li the preferences of Lua1ua1ei from Kokohead, and
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Table 32. Equivalent fractions for adsorbed divalent ions
(q/q ) for monovalent-divalent exchange of Molokai, Ewa, Honouliuli,

Lualualgi, Lualualei from Kokohead, and Kawaihae soils (top to bottom) and
surface and subsurface horizons (left to right) .

.
cleo

0.01 0.01 0.1 0.1 0.1 0.01 0.01 0.1 0.1 0.1
I:J-:':~ K-r~:J ::-)-Cc:: Ila-:·;g K-~:'J lIa-I':;} r.-I~g . 11'1-Ca lia-:':g K·:·lg

0.25 0.673 ·0.(,50 0.5~O 0.503 0.'.77 0.5aB 0.415 0.51 0.(,18 0.55

0.50 0.735 0.530 0.7J9 0.670 0.791 0.664 0.530 0.69 0.512 0.89

0.75 0.883 0.698 0.967 0.832 0.e32 0.790 0.700 0.90 0.621 0.94

C/Co
0.01 0.01 0.1 0.1 0.1 0.01 0.01 0.1 0.1 0.1
lla-~i9 K-I:'1 113-Ca Ila-:~'1 K-1{9 l:a-Ng y.-r~il lia-Ca Ila-Mg K-N'1

0.25 0.820 0.495 0.790 0.7';0 .0.1,67 0.630 0.490 0.655 0.S4 0.46

0.50 0.926 0.590 0.954 0.895 0.655 0.760 0.539 0.786 0.65 0.69

0.75 o.sn 0.660 0.990 0.960 0.810 0.832 0.680 0.965 0.82 0.87

c/co 0.01 0.01 0.1 0.1 0.1 0.01 0.01 0.1 0.1 0.1
Ila-:-lg K-Hg Il.a-Ca Ila-l-Ig K-H'1 Iia-Pog K-/{g lIa-Ca lla-~g K-Hg

0.25 0.937 0.477 0.874 0.853 0.337 0.970 0.423 0.827 0.81 0.330.
0.50 0.559 0,=53 ' 0.ge6 0.975 0.610 0.9a2 0.560 0.990 0.745 0.603

0,75 0.5i3 0.650 0.995 0.995 0.835 0.935 0.750 0.995 0.981 0.888

-
C/Co

0.01 0.01 0.1 0.1 0.1 0.01 0.01 0.1 0.1 0.1 0.01 0.01 0.1 0.1 0.1 .
tla-}1; :<-~; Na-Ca lia-H'1 K-I:'1 r:i)-:~g K-I:9 lIa-Ca I;a-~g K-I{g lIa-1-:9 K-I:9 Ila-Ca Ila-r~g I<-I·:g

0.25 0.%0 0.~72 0.820 0.871 0.40 0.905 0.390 0.840 0.870 0.310 0.935 0.332 0.920 0.85 0.308

0.50 0.9:.; :.550 0.950 0.990 0.57 0.993 o .·~90 0.980 0.990 0.725 0.990 0.520 O.SSG 0.9a 0.725

0.75 0.93':' O.liO 0.935 . 0.992 0.83 0.994 0.627 0.995 0.992 0.950 a.S92 0.670 0.995 0.99 a .9'iO

0.01 0.01 0.1 0.1 0.1 0.01 0.01 0.1 0.1 0.1
c/co ~;:l-!·lg Y.-f-::J lia-I'::) K-~Ig rid-ea f:l-~:g K-I·:g lla-t-:g K-I·:g /(a-Ca

0.23 0.SS8 0.283 0.9:n 0.234 0.830' 0.805 0.371 0.948 0.22 0.953

G.3~ 0.991 0.349 0.990 0.290 0.990 0.930 0.41~0 0.975 0.3:> 0.995

. OJ5 0.995 0.~46 0.995 0.410 0.995 0.9g0 0.515 0.980 0.35 0.9:15

C/':o 0.01 0.01 0.1 0.1 0.1 0.01 0.01 0.1 0.1 0.1
:i3-1·:g K-I:) I:a -I-:g K-H:J rla-ea r:a-~:g K-I:;l /(a-1I9 K-I~g lld-Ca

0.25 0.5r.7 0.280 0.576 0.231 0.557 0.S26 0.100 0.574 0.153 0.1i55

0.50 0.61-i 0.320 0.682 0.290 0.65·1 0.550 0.264 0.720 0.186 0.635

0.75 0.670 0.375 0.760 0.335 0.803 0.623 0.1,45 0.870 0.229 0.925
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. Table 33. Selectivity coefficients (NK~) for monovalent
dlvalent exchange of Molokai, Ewa, Honouliuli, Lualualei, Lualualei

from Kokohead and Kawaihae soils (top to bottom) and surface
and subsurface horizons (left to right).

0.25

0.50

0.75

14.7

6.4

5.6

3.3

1.2

0.5

0.1
Na-Ca

5.7

9.7

74.0

0.1
Na-Ng

4.5

3.0

2.4

0.1
K-I':9

3.9

5.5

5.2

0.01
Na-Mg

7.7

2.9

1.4

0.01
K-flg

2.7

1.2

0.6

0.1
rla-Ca

4.7

3.5

7.5

0.1
Na-'!g

3.9

1.0

0.3

6.1

36.7

21.7

0.01 0.01 0.1 0.1 0.1 0.01 0.01 0.1 0.1 0.1
t/a-Mg 1<-:"9 rla-Ca !la-fig K-Hg rla-Hg K-~:g rla-Ca Na-~:g K..I-!g

40.3 24.6 4.1 14.9 4.2' 12.3 5.7 3.50.25

0.50

0.75

56.9 4.3

62.2 1.7 225.4 40.5 2.7

1291.6 0.5 825.0 50.0 1.6

6.5 1.7 6.4 2.6 3.5

2.4 0.5 65.5 2.1 4.2

.0.25

0.50

0.75

0.01 0.01
Na-1o!9 K-M9

523.3 3.9

285.4 1.4

168.3 0.4

0.1 0.1 0.1
rla-Ca Na.Mg K.Mg

124.1 88.6 2.3

2515.3 781.2 2.0

3454.6 3454.6 2.5

0.01
Na-Mg·

2460.0

1515.4

366.4

0.01
K-Pog

2.6

1.4

1.0

0.1
rla-Ca

62.1

4950.0

3454.8

0.1 0.1
Na -r~g K-:'.g

50.5 1.6

5.7 1.9

227.0 5.8

0.01 0.01 0.1 0.1 0.1 0.01 0.01 0.1 0.1 0.1 0.01 0.01 0.1 0.1 0.1
Ha-~9 K-Hg rla·Ca rla-Mg K-r~9 Na-~:g K·Mg ria·Ca rla-Mg K-Io:g rla.Mg K.I"g rla-Ca Na-I"g K-I'.9

0.25 1350.0 3.8 55.9 117.7 2.5 13865.5 2.3 73.8 115.9 1.4 11081.2 1.6 323.4 98.7 1.4

0.50 4120.6 1.4 190.0 4950.0 1.5 4950.0 0.9 1225.0 4950.0 4.7 4950.0 1.1 4950.01225.0 4.7

0.75 230J.0 0.7 3954.8 1291.6 2.3 2300.9 0.3 3454.0 129:.6 31.6 1291.6 0.5 3454.8 825.0 21.7

0.25

0.75

0.25

0.50

0.75

1221.9

6193.7

3454.0

0.01
r:a-lIg

5.9

2.0

0.5

1.20

0.40

0.12

1.20

0.30

o.oa

0.1
r:a-H9

220.7.

';950.0

3454.0

7.2

3.3

1.1

0.1
K-I"g

0.80

0.20

0.09

0.80

0.20

0.05

0.1
rla-Ca

137.5

4950.0

3454.6

0.1
r:a-Ca

6.6

2.7

1.7

0.01
rla-tl9

48.1

1225.0

825.0

0.01
Ila-tlg

5.2

1.3

0.3

0.01
K-Hg

2.1

0.7

0.2

0.01
K-tlg

0.60

0.20

0.12

0.1
Na-Mg

763.8

761.2

204.1

7.1

4.5

4.2

0.60

0.30

0.07

0.40

0.10

0.03

0.1
Ila-Ca

1224.7

20729.0

3454.8

0.1
tla-Ca

3.4

2.3

13.7



144

Kawaihae, soils for Mg were lower than those observed with

Mg-K exchange (Figures 9, 10, 13, 14). This reflects the

expected trend due to the preference of Mg ions, the lack

of dispersion, and the effect of the free salt present in

those systems, thus causing increases in electrolyte concen-

tration beyond the 0.01 ~ level. The extent of hysteresis

again varied in magnitude according to the type of soil.

This is noted from tables 32 and 33 which show q/qo and NK~

for each soil. This was further illustrated by regression

equations relating ESR or EPR to SAR or PAR for which the

constants are shown in tables 34-36. From these constants,

it is noted that all the used soils may be categorized into

two groups. The first group included Molokai, Ewa and Kawaihae

soils and the second included Honouliuli, Lualualei and

Lualualei from Kokohead. An obvious distinction is noted

between the two groups based on shrinking, swelling and dis

persion properties. The second group which exhibits higher

swelling shrinkage, and dispersion, shows higher hysteresis

than the first at 0.01 li Na-Mg exchange, as may be expected

at low concentration. The KLl soil also exhibited very

significant hysteresis for 0.01 li K-Mg exchange, with regression

equation predicting nearly thirty times as much EPR as predicted

from the equation for 0.01 Nf1g-K exchange. This is by far the

largest discrepency observed in this study due to hysteresis.

For all equilibria other than the~e two, the second groups of

soils exhibited less hysteresis than the first. It is also
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noted that some of these regression equations have negative

intercepts (a). Thus, there is a minimum limit of SAR or PAR

which must be reached before measurable ESR or EPR values can

be observed.

2. Effect of Soil Horizon

The degree of hysteresis was generally more evident in

subsurface soils rather than in surface soils as indicated by

the exchange isotherms (figures 1-14), qlqo' and NK~ value at

various CICo levels (table 32). The subsurface soils generally

adsorbed less divalent-ions than did the surface soils but

exceptions still existed in some cases. For instance, at high

CICo of 0.01 ~ K-Mg exchange, some of the subsurface soils

adsorbed more Mg than did the surface soils. It seems that

ions already retained by the soil are more difficult to release

particularly from the subsurface soils. Subsequently, ions can

exchange more freely in the surface than in the subsurface.

However, this effect depends on the concentration of the

surrounding solution, and the proportion of the ion in solution

(C/Co)' as will be discussed below.

Derived regression equations (tables 34-36) compared with

those for di-monovalent data ,as shown in appendix tables 1-6),

also confirm the fact that subsurface soils exhibit higher

hysteresis than do surface samples. Thus, ESR or EPR values

predicted from equations derived for Na- or K-divalent exchange

are higher than those predicted from Ca or Mg-monovalent exchange.

The observed discrepancies increased in subsurface soils except



TABLE 34. REGRESSION DATA FOR MOLOKAI AND EWA SOIL AND
ESR VALUES OF DEFINED CONCENTRATION AT THREE LEVELS
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SAR or PAR

Equil ibrium b a r 10 20 30

Surface (~11)

0.01 Na-Mg 0.0275 0.2527 0.993 0.527 0.802 1.077
0.01 K-Mg 0.1046 0.6008 0.998 1.646 2.692 3.738
0.1 Na-Mg . 0.593 -0.2716 0.948 0.321 0.914 1.507
0.1 K-Mg 0.0701 -0.2563 0.986 0.444 1.145 1.846
0.1 Na-Ca 0.0889 -0.9575 0.912 0.820 1.709

Subsurface (M2)

0.01 Na-Mg 0.0333 0.5137 0.971 0.846 1.179 1.512
0.01 K-Mg 0.1891 0.4226 0.996 2.313 4.204 6.095o. 1 Na-r~g 0.0518 0.3168 0.977 0.834 1.352 1.870
0.1 K-Mg O. 1211 -0.7717 0.926 0.439 1.650 2.861
0.1 Na-Ca 0.0831 -0.4828 0.969 0.348 1.179 2.010

Surface (E1)

0.01 Na-Mg 0.0359 -0.0287 0.991 0.330 0.689 1.048
0.01 K-Mg 0.1256 0.4047 0.998 1.660 2.916 4.172
0.1 Na-Mg 0.0356 -0.3075 0.986 0.049 0.405 0.761
0.1 K-Mg 0.0692 -0.1831 0.990 0.508 1.200 1.892
0.1 Na-Ca 0.0867 -1. 1962 0.808 0.537 1.404

Subsurface (E2)

0.01 Na-Mg 0.0314 0.2002 0.998 0.514 0.828 1. 142
0.01 K-Mg 0.1479 0.2977 0.995 1.776 3.255 4.734
0.1 Na-Mg 0.0479 -0.1229 0.981 0.356 0.835 1.314
O. 1 K-r~g 0.0871 -0.3221 0.982 0.548 1.419 2.290
0.1 Na-Ca 0.0956 -1.1484 0.879 0.763 1. 719
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TABLE 35. REGRESSION DATA FOR HONOULIULI AND LUALUALEI FROM KOKOHEAD
SOIL AND ESR VALUES OF DEFINED CONCENTRATION AT THREE LEVELS

SAR or PAR
Equilibrium b a r 10 20 30

Surface (HL)

0.01 Na-Mg 0.2256 -0.3467 0.865 1.909 4.165 6.421
0.01 K-Mg 0.1498 0.3361 0.997 1.834 3.332 4.830
0.1 Na-Mg 0.5790 -1.0806 0.890 0.077 0.656
0.1 K-Mg 0.0965 -0.1890 0.994 0.776 1. 741 2.706
0.1 Na-Ca 0.0634 -0.8482 0.981 0.419 1.053

Subsurface (H2)

0.01 Na-Mg 0.0916 0.3950 0.378 1. 311 2.227 3.143
0.01 K-Mg O. 1996 0.1983 0.983 2.194 4.190 6.196
0.1 Na-Mg 0.0373 -0.5309 0.968 0.215 0.588
0.1 K-Mg 0.1111 -0.1988 0.990 0.912 2.023 3.134
0.1 Na-Ca 0.1011 -1.6902 0.837 0.331 1.342

Surface (LK1)

0.01 Na-Mg 0.3579 -2.0121 0.827 1.566 5.145 8.724
0.01 K-Mg 0.6677 -1.1544 0.865 5.522 12.199 18.876
0.1 Na-Mg 0.0550 -1.5133 0.984 0.136
0.1 K-Mg 0.1326 0.4083 0.894 1. 734 3.060 4.386
0.1 Na-Ca 0.0364 -4.4581 0.903 0.269 0.633

Subsurface (LK2)

0.01 Na-Mg 0.5174 -2.3775 0.953 2.796 7.970 13. 144
0.01 K-Mg 0.4525 -0.5918 0.841 3.933 8.458 12.983
0.1 Na-Mg 0.0554 -1. 9762 0.916
0.1 K-Mg 0.0966 1.4163 0.995 2.382 3.348 4.314
0.1 Na-Ca 0.0298 -0.4324 0.836 0.162 0.461



TABLE 36. REGRESSION DATA FOR LUALUALEI AND KAWAIHAE SOIL
AND ESR VALUES OF DEFINED CONCENTRATION AT THREE LEVELS
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SAR or PAR
Equilibrium b a r 10 20 30

Surface· (L1)

0.01 Na-Mg 0.1646 -0.8024 0.834 0.843 2.489 4 .135
0.01 K-Mg 0.1802 0.1937 0.946 1.995 3.797 5.5990.1 Na-Mg 0.0465 -0.9439 0.894 0.4510.1 K-Mg 0.0772 0.0195 0.998 0.791 1.563 2.335O. 1 Na-Ca 0.0195 -0.1769 0.972 0.018 0.213 0.408

Subsurface (L2)

0.01 Na-Mg 0.0038 1.1430 0.055 1. 181 1.210 1.2570.01 K-Mg 0.1679 0.6166 0.999 2.295 3.974 5.6530.1 Na-Mg 0.0425 -0.7837 0.938 0.066 0.4910.1 K-Mg 0.1383 -0.4089 0.996 0.974 2.357 3.7400.1 Na-Ca 0.0284 -0.3299 0.904 0.238 0.522
Subsurface (L3)

0.01 Na-Mg 0.1735 -0.6290 0.703 1.106 2.841 4.5760.01 K-Mg 0.1590 0.5684 0.998 1.021 2.611 4.2010.1 Na-Mg 0.0324 -0.5647 0.981 0.083 0.4070.1 K-Mg O. 1491 -0.4222 0.996 1.018 2.459 3.9000.1 Na-Ca 0.0235 -0.2429 0.933 0.227 0.462
Surface (K1)

0.01 Na-Mg 0.0597 0.3648 0.972 0.961 1.558 2.1550.01 K-Mg 0.2163 1.4601 0.994 3.623 5.786 7.9490.1 Na-Mg 0.0140 0.3742 0.973 0.514 0.654 0.7940.1 K-Mg 0.0976 1.2121 0.988 2.188 3.164 4.1400.1 Na-Ca 0.1117 -0.9266 0.837 0.190 1.307 2.424
Subsurface (K2)

0.01 Na-Mg 0.0735 0.4856 0.994 1.2386 1.991 2.7440.01 K-Mg 0.4543 1.8404 0.984 6.383 10.926 15.4690.1 Na-Mg 0.0096 0.3861 0.887 0.482 0.578 0.6740.1 K-Mg 0.0762 2.8188 0.944 3.580 4.342 5.1040.1 Na-Ca 0.1133 -0.8613 0.954 0.271 1.404 2.537
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for 0.01 li K-Mg exchange in the KL soil and for 0.01 li Na-Mg

exchange in Honouliuli.

3. Effect of Electrolyte Concentration

It may be recalled from the section on Materials and

Methods, that all the Na and K saturated soils were washed

with methanol in order to remove excess electrolyte without

excessive soil dispersion. It was found, however, Na- and

K-chlorides still remained in the homoionic soils. This

appears to be due to their lower solubilities in alcohol than

in water, and to the necessity of stopping the leaching process

after percolation rates became very slow and losses of colloidal

clay through the leaching funnels became appreciable. The

presence of free salt in the soils increased the electrolyte

concentration in the equilibrium batches, thus leading to

lower q/qo for divalent cations than was observed for divalent

monovalent exchange as expected from the valence dilution

effect. This phenomenon is more prevailing in soils where

dispersion is not so excessive as to expose more accessible

sites for divalent ions as was discussed earlier. Therefore,

that the presence of free salt had an effect on hysteresis

which is opposite to that of dispersion. The net observed

hysteresis must be the resultant of these two factors.

By comparing data for the two isoconcentration isotherms,

it was noted that the degree of hysteresis for Na-divalent

exchange was almost unchanged. On the other hand, the

degree of hysteresis decreased with increasing electrolyte

concentration for K-divalent exchange. This was expected
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since soils tend to exhibit more specific adsorption, and

subsequent differences between adsorpt'ion-desorption behavior,

at lower levels of electrolyte concentration.

Derived regression equations reflect the general trend

whereby more hysteresis occurs at lower electrolyte concentra

tions. For instance, the predicted EPR for K-Mg exchange at

low concentration. This ratio is only 1.5 - 1.6 at the higher

concentration. However, for Na-Mg or Na-Ca exchange in the

Honouliuli, Lualualei, and KL groups, less ESR values are

predicted at low SAR for 0.1 N than for 0.01 N. More ESR

values are predicted at higher SAR for the higher concentration.

For the other three soils, higher ESR values are predicted

for Na-divalent exchange at the higher concentration.

4. Effect of Cation Types

The qo of Na-soils appear to be nearly the same as those

of the divalent-saturated soil. However, qo values are the

same for K- and divalent-saturated soils only in Molokai and

Ewa samples. The remaining soils have higher qo values for

K than for divalent ions. In soils containing appreciable

amounts of 2:1 clay, this may be easily explained by specific

adsorption (or fixation) of K ions. All soils in this study,

as may be recalled from the Materials and Methods section, are

almost void of 2:1 clays. It may be reasoned, therefore, that

K ions are more capable of replacing natural cations from the

soils than Na, Ca, or Mg. This hypothesis is partially, but

not completely, supported by the relatively high selectivity
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for K ions observed in this study.

As regards to hysteresis, it is theoretically expected that

small changes in the values of qo have little to do with causing

hysteresis, since exchange isotherms are plotted in terms of

equivalent ionic fractions of adsorbed ions rather than their

absolute amounts. Nevertheless, assuming that specific surface

areas are relatively constant for various cation saturations,

then surface charge densities, and subsequently cation selecti

vities, may be affected (Pratt and Bair, 1962). It is well

established, as discussed earlier, that surfaces with high

charge densities exhibit more preference for higher valency ions

than do those with low charge densities. This explanation, as

seen from figures 1-14 and table 32 contradicts the results

obtained for K-Mg exchange where q/qo values were lower than

those for Mg-K exchange. It is believed that the Konce attached

to the surface becomes subject to specific adsorption forces

causing smaller exchange with Mg ions in solution.

When the hysteresis behaviors of Na-divalent and K-divalent

exchanges are compared, it was noted that Na-soils exhibited a

higher degree of irreversibility than did K-soils. This was

even more when Mg was the competing ion than was Ca. Exceptions

were noted in some cases, e.g., for subsurface Lualualei at

high C/Co' It is difficult to explain this irregularity.

Furthermore, the surface Molokai, Ewa, and Lualualei soils as

well as both horizons of Honouliuli show only little or no

hysteresis.
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Derived regression equations and constants (tables 34-36)

show that less hysteresis is observed for 0.1 RMg-K exchange

than for other cases. For all soils, the degree of hysteresis

was higher when the ion involved was Na than K. More hysteresis

was also observed for Ca-monovalent than for Mg-monovalent

exchange in Molokai, Ewa, and Kawaihae soils. Little differ

ences were noted between Ca and Mg in affecting the hysteresis

behavior of Honouliuli, Lualualei, and Lualualei from Kokohead.

For example, predicted ESR for 0.1 RNa-Mg exchange is about

three times more than that for 0.1 RMg-Na in E2 soil. ESR

for 0.1 N Na-Ca exchange is about eight times that for 0.1 N

Ca-Na exchange. Other values from the table confirm that Ca

and Mg are not much different in causing hysteresis in

Honouliuli, Lualualei, and Lualualei from Kokohead soils even

though they are different in affecting hysteresis in Molokai,

Ewa, and Kawaihae soils.

It is unfortunate that the literature is almost void of

information concerning ion-exchange hysteresis. The claim by

certain authors that lack of equilibrium contributed to

hysteresis more than any other variable (Laudelout, et. al.,

1968), was not confirmed in this study.

III. Thermodynamics of Cation Exchange Equilibria

1. Calculation of the Equilibrium Constants

Surface samples from Molokai, Honouliuli, and Lualualei

from Kokohead soils were used to study thermodynamics of the

exchange equilibria. These soils were selected since they
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represent a wide range of mineralogical composition.

These experiments were performed as described earlier for

equilibrium experiments. Thus, Ca-soils were equilibrated with

0.1 N CaC1 2 and NaCl solutions in various proportions. However,

in this experiment temperature was controlled at two different

levels namely 20 ± 0.01 0 C and 40 ± 0.50 C. The surface Molokai

soil was also used to study the dependence of hysteresis behavior

on temperature of equilibrium. The exchange isotherm obtained

for these soils at different temperatures are presented in

figure 15. Values of qCa/qo' and NK~ were calculated at Cca/Co

= 0.25, 0.5, and 0.75. These values are shown in table 37.

It is generally noted that the qCa/qo and NK~ at the higher

temperature are larger than those at the lower temperature.

However, the differences are probably not significant. The

NK~ values are only apparent exchange selectivity coefficients

which vary according to C/Co' Nevertheless, they always

showed that Ca is more preferred than Na at any temperature.

In order to obtain the thermodynamic equilibrium for a

given reaction, ionic activities are needed. Regardless of

the method used to calculate activity coefficients, the ionic

strength of the system is needed. Ionic strengths were

calculated from the following equations:

I = 1/2 Lmz~

whereby, I, is the ionic strength, m, is the molality, and

zi' is the valency of species in the solution.

The activity coefficients of the ions, then, were calcu-



154

Figure 15. Exchange isotherms obtained for 0.1 N Ca-Na exchange in
soil surface horizons. Molokai t Honouliuli, and Lualualei
from Kokohead soil are shown from top to bottom. Isotherms
obtained at 20° C and 40° C are shown on the left side and
right hand side, respectively. Closed and opened circles
represent Ca-Na, Na-Ca exchange, respectively.



TABLE 37. TEMPERATURE EFFECTS ON EQUILIBRIUM PARAMETERS
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A. Equivalent ionic fractions for adsorbed divalent ions (q/qo).

CCa/Co
Na-M1 Ca-M1 Ca-H1 Ca-LK1

20° C 40° C 20° C 40° C 20° C 40° C 20° C 40° C

0.25 0.61 0.642 0.864 0.866 0.780 0.820 0.792 0.795

0.50 0.74 0.732 0.956 0.960 0.937 0.967 0.930 0.938

0.75 0.87 0.850 0.980 0.980 0.970 0.988 0.979 0.979

B. Selectivity coefficients (NK~).

Na-M Ca-M1 Ca-M1 Ca-LK1
Cca/Co

1
20° C 40° C 20° C 40° C 20°C 40°C 20° C 40° C

0.25 9.02 11.27 105. 19 108.73 36.26 56.94 41.21 42.58

0.50 5.47 5.09 248.95 300.00 118.31 447.68 94.89 122.13

0.75 4.29 3.14 204.16 204.16 90.47 617.50 185.39 185.39
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lated according to the mean salt method (Garrels and Christ

1964) which is valid only at the same ionic strength. This

method suggests that the activity coefficients of Na and Ca

may be calculated as:

and

3
_ Y±CaC1 2

I'Ca - ~2";----

I'±KCl

.2
Y±NaClI' = -.;~...;..

Na Y±KCl

(162)

(163 )

in these equations, I' represents the activity coefficient of

the ion in the solution phase and y± and the mean activity

coefficients of the respective salts. The y± of salts are

tabulated (Robinson and Stokes, 1959, and Latimer, 1952) and

were used after making appropriate conversions between molali

ties and ionic strengths.

The thermodynamic equilibrium constants for the exchange

equilibria were calculated from the definition:

K = ('aNa)2 (aCa)

(aCa) (aNa)2
(164)

where i, a = activity of the ion at the surface and in the

solution, respectively. Assuming that a = 1, i.e. activity

coefficient of an adsorbed ion in one, when clays are in Ca

or Na mono-ionic forms and when the solution is diluted

(Helfferich, 1962, Levy and Hillel, 1968), then equation 164

may be written as:
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(165)

where QNa/Qo and QCa/Qo are mole fractions of Na and Ca,

respectively, y is the activity coefficient, and m is the mola

lity. The adjusted equilibrium constant (Kl ) calculated

according to this equation are given in tables 38-41. These

values vary from high to low with decreasing C/Co and q/qo'

Nevertheless, it is obvious that Kl values do not vary as widely
A

as NKB values. Another approach was used by many workers (Gaines

and Thomas, 1953, 1955, Faucher and Thomas, 1953, Lewis and

Thomas, 1963, Hutcheon, 1966, Deist and Talibudeen, 1967). The

approach is based on the use of the following equation for the

. YCa
-2-
YNa

reaction

vJhere

involving a Ca-soil and Na in solution:
2

[1 - qca/q] C IC
K = 0 Ca 0

C Co [1 - CCa/Co]2 [qCa/qo]

1

ln K =1 + ) ln KC d [qca/qo]
o

(166)

(167 )

K is the thermodynamic equilibrium constant, KC is the

stoichiometric equilibrium constant, and all other symbols

were previously defined.

For the same soil and for the reverse reaction, the

definition of the stoichiometric constant KCNa = l/KC' where

KC is that for the reaction stated above. Theoretically,

therefore the value of one constant is the reciprocal of the
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other. Thus, Hutcheon (1966) wrote the following equations

for monovalent-divale~t exchange:
1

ln 11K == -1 +) ln l/Kc d [qca/qo]
o

(168)

2. Activity Coefficients of Adsorbed Cations

The activity coefficients of the mixed adsorbed calcium

and sodium on the clay were determined by applying the Gibbs

Duhem equation (Gaines and Thomas, 1953, Howery and Thomas,

1965, Diest and Talibudeen, 1967).

(169)

ln fCa == -(1 - qCal ) (1 - ln KC) 
qo

or

ln l/KC d (qNa/q )
o

(171)

qNal
ln fea == -(1 +ln liKe) (1 - qeal +) qo ln liKe d (qNa/q )

qo 0 0

(172)

where f Na and fCa are the activity coefficients of the adsorbed

Na and Ca, respectively. The last two equations were applied

for the Na soil.

The activity coefficient (f) calculated for calcium ions

on the surface were close to unity when calcium occupied most
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Table 38. Chemical Equil ibrium Data for Ca-Ml

A. 20° C

CICo q/qo mCa YCa aCa mNa 'Vila alia ESP. K1 KC to KC

0.8775 0.9920 0.1504 0.0459 0.3545 0.0162 0.oi27 0.7634 0.0096 O.OOBO 0.0222 0.01'1') -3.9633
0.7137 0.9841 0.1435 0.0378 0.3593 0.0135 0.0300 0.7553 0.0230 0.0161 0.0130 0.0123 -4.422Sl
0.5795 0.9625 0.1423 0.0320 0.3722 0.0119 0.0460 .0.7655 0.0353 0.0393 0.2630 '),2730 -3.6119
0.4582 0.%09 0.1,;51 0.0~71 0.3586 0.0097 0.0536 0.7651 0.0~87 0.0092 0.0006 0.0005

0.3837 0.9728 0.1351 0.0220 0.3535 0.0060 0.0689 0.7665 0.0528 0.0279 0.00112 0.01)~2

0.3026 0.8546 0.1281 0.0159 0.3727 0.0053 0.0773 0.7710 0.0596 0.1647 0.0723 . 0.0919 -2.5010
0.1820 0.8123 0.1230 0.0103 0.3746 0.0036 0.0920 0.7739 0.0712 0.231l 0.0555 0.0557 -2.n33

0.1301 0.7274 0.1225 0.0075 0.3750 0.007.8 0.1000 0.77·~1I 0.0747 0.3747 0.0755 0.0')57 -2.3536
0.9£00 0.995a* 1.62(;0 0.4820
0.C600 O. 55GO~ 0.1520 -1.Be41)
0.0270 0.3300' -- 0.2240 -1.4960
0.0120 0.1250' 0.405rJ -0.9010
O.CGOI 0.0001' f; .11)51) 1.eOeO

B. 40° C

CICo c;/qo MCa YCa aCa Jrt:i\ Yr~(1 a:,~ ESP. K1 r.C to KC

0.82('G 0.?7S~ O.15:J!l 0.0·i53 0.3492 0.015~ 0.0119 O. ]Gi4 0.C091 0.0221 0.1791 0.055B -2.B~2

0.7Hl5 0.~751 0.1439 0.0331 0.34B9 0.0133 0.0295 0.7652 0.0225 0.0255 0.0323 0,11323 -3.442

0.5319 C.9531 0.142~ 0.0322 0.3520 0.0113 0.0458 0.7155 0.0350 0.0437 0.0324 0.0331 -3.411

0.4614 O.S:~1 O. V,53 0.0273 0.3'oB3 0.0095 0.0533 0.75'-9 0.04B4 0.011i1 0.0020 0 00019

0.3Z31 0.~7":J 0.1351 0.0220 0.3544 0.0078 0.0689 0.7654 0.0528 0.0257 0.0037 0.0038

0.3021 0.eS?7 0.1280 0.0159 0.3630 0.0051 0.0774 0.7710 0.0596 0.1632 0.0691 0.0782

0.1737 :>0::2:2 0.1225 0.C098 0.3649 0.0035 0.0930 0.77t,3 0.0720 0.2059 0.0413 0.(\(,84 -3.036

0.1150 00".;1 0.1217 0.0055 0.3657 0.C024 0.1017 0.7745 0.0788 0.3173 0.0489 0.0595 -2.830

O.99~!) 0.;;:0· 0.2380 -1.435

1.0410 0.55::)' 0.1140 -2.171

0.0260 0.3310· 0.2IJEO -1.579

0.0100 0.1310· 0.33'11) -1.11)8

0.0010 O.(;~C~·
0.5990 -0.5120



Table 39. Chemi ca1 Equilibrium Data for Na-Ml
A. 20° C

CICo Q/Qo I l'1Ca YCa aCa m:-:a YNa a:la ESR K1 Kc liKe r.n liKe

0.7050 0.6615 0.1440 0.0377 0.3590 O.0~35 0.0310 0.7652 0.0237 0.1607 0.9~22 1.0545 0.9482 -0.0534
0.604~ 0.7593 0.1391 0.0325 0.3599 0.0117 0.0415 0.7636 0.0317 0.3170 1.4315 1.7344 0.5765
0.4885 0.7524 0.1332 0.0265 0.4113 0.0109 0.0537 0.7684 0.0413 0.3291 0.8347 1,.0099 0.9902 -0.0100
0.4049 0.6911 0.1267 0.0217 0.3709 0.0080 0.0616 0.7717 0.0476 0.4469 0.7479 0.9502 1.0523 0.0488

0.2082 0.6277 0.1217 0.0156 0.3758 0.0059 0.0748 0.7746 0.0579 0.5931 0.5623 0.7496 1.3341 0.2852

0.1825 0.5965 0.1205 0.01 03 0.3767 0.0039 0.0697 0.7745 0.C595 0.6764 0.3126 0.4273 2.3402 0.8502

0.1287 0.5505 0.1258 0.0073 0.3718 0.0029 0.1025 0.7717 0.0791 0.8162 0.2338 0.3303 3.0228 1.1053

0.0754 0.4884 0.1174 0.0044 0.3785 0.0016 0.1943 0.7751 o.soeo 1.0'"75 0.1790 0.2647 3.7781 1.3297

0.0273 0.3298 0.1126 0.0016 0.3831 0.0006 0.1079 0.7779 0.0840 2.0321 0.1354 0.2247 4.4498 1.4929

0.0118 0.1279 0.1131 0.0006 0.3824 0.0002 0.1112 0.7760 0.0863 6.8186 1.9603 0.4062 2.4619 0.9002

0.9900 0.9920· -- -- -- -- -- -- -- -- -- 3.9500 0.2525 -1.3730

0.8500 05200· -- -- -- -- -- -- -- -- -- 1.6290 0.5137 -0.4890

0.0020 0.01eO· -- -- -- -- --- -- -- -- -- 1.22f)r) 0.S195 -0.1.990

B. 40° C--
C/~o q/Qo 1 r.1Ca YCa aCa v

a~~ ESR Kl !<c'.~:~ .~:3 liKe r.n 11K,.

0.7C54 0.8561 0.1441 0.0378 0.3491 0.0132 0.0308 0.7552 0.0236 0.1681 1.0024 1.1261 0.8330 -0.11B8
0.6117 0.7554 0.1395 0.0329 0.3499 0.0115 0.N06 0.7634 0.0310 0.3228 1.5207 1.8398 0.505
0.4871 0.7542 0.1331 0.0264 0.3568 0.0094 0.0536 0.7685 0.0419 0.3259 0.7079 0.8541 1.1707 0.1570
0.4079 0.6856 0.1268 0.0218 0.3617 0.0079 0.0513 0.7716 0.0473 0.455'; 0.7672 0.')773 1.0232
0.1638 0.6272 0.1195 0.0092 0.3566 0.CC34 0.0917 0.7745 0.0710 0.5944 0.2670 0.2397 3.4518 1.2384
0.1013 0.5983 0.1241 0.OC61 0.3635 0.0022 0.1057 0.7731 0.0517 0.6714 0.1278 0.1753 5.7N3 1.7405
0.0745 0•.;a93 0.1174 0.0043 0.3677 0.0015 0.1043 0.7751 0.0603 1.C~37 0.1715 0.2533 3.94S0 1.3737
0.0262 0.3315 0.1126 0.0015 0.3720 0.0005 0.1081 0.7779 0.OS41 2.0156 0.1256 0.2065 e.83QS 1 .57~9
0.0102 0.1.108 0.1132 0.0006 0.3711 0.0002 0.1114 0.7750 0.0869 6.6452 0.1735 0.3299 3.0309 1.11185
0.9900 0.9940· -- -- -- -- -- -- -- -- -- 2.1513 0.4548 .0.7678
0.8500 0.9100· -- -- -- -- -- -- -- -- -- 2.0176 0.4955 -0.7032
0.C010 0.0100·

.-- -- -- -- -- -- -- -- -- 0.5G90 1.6694 0.50.sQ
a .00:l1 0.0100· --- -- -- -- -- -- -- -- -- 0.C583 17.00R5 2.8322

.......
en
0
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Table 40. Chemical Equ il i bri urn Data for Ca-Hl

A. 20° C

ClCo q/Qo mCa YCa aCa mNa YNa aNa E5R Kl KC tn KC

0.6394 0.9750 0.1518 0.0~~8 0.3541 0.0165 0.0115 0.7634 0.0058 0.0256 0.2668 0.2673 .1.3205
0.7255 0.9599 0.1449 0.0387 0.3586 0.0139 0.0288 0.7651 0.0220 0.0310 0.0517 0.519!l -2.95fi5
0.5968 0.9~93 0.g38 0.0332 0.3590 0.0119 0.0442 0.7652 0.0338 0.0534 0.0535 0.0555 -2.9004
0.4506 0.9595 0.1469 0.0285 0.3575 0.0102 0.0610 0.7639 0.0466 0.0421 0.0153 0.0159
0.4403 0.910~ 0,1385 0.0251 0.3602 0.0091 0.0631 0.7642 0.0482 0.0984 0.0631 0.0578 -2.7030
0.3466 0.8490 0.1309 0.0195 0.3678 (l.0072 0.0724 0.7E93 0.0557 0.17!l2 0.1090 0.1240 -2.0370
0.2512 0.7841 0.1272 0.0143 0.3708 0.0053 0.0842 0.7711 0.0649 0.2753 0.1228 0.1478 -1.9170
0.1950 0.7335 0.1265 0.0113 0.3713 0.0042 0.0925 0.7717 0.0714 0.3633 0.1263 0.15<:2 -1.8450
0.9900 0.9950· 0.9706 -0.0304
0.0850 0.5000· 0.30% -1.1749
0,0450 0.2~00· 0.6772 -0.3'.100
0.0040 0.0100· 2.4107 -0.8796
0.0200 0.10aO· -- 1.0309 -0.0198

B. 40° C

CICo q/p~ "'Ca YCa aCa mNa YNa aNa ESR Kl KC tn Kc
0.8'.119 0.9705 0.1520 0.0463 0.3442 0.0162 0.0119 0.7623 0.0085 0.0080 0.31.142 0.3837 .0.9597
0.7161 0,<;315 0.1444 0.0381 0.3490 0.0133 0.0295 0.7651 0.0228 0.0161 0.0173 0.0165 .4.1350
0.5692 0.j553 0.1422 0.0322 0.3500 0.0111 0.0458 0.7656 0.0361 0.0388 0.0035 0.0033 -5,8091
0.4690 0.9757 0.g62 0.0273 0.3474 0.0097 0.0533 0.7650 0.01,78 o.oon 0.0050 0.0049 -5,5214
0.4107 0.9500 - 0.1367 0.0220 0.3534 0.0083 0.0589 0.7559 0.0509 0.0279 0.0160 0.01l'i5 .4.1350
0.3310 0.8595 0.1300 0.0159 0.3592 0,0067 0.0774 0.7599 0.0571 0.1646 0.0720 0.Oen5 -2.5257
0.2359 O.SOH 0.1263 0.0098 0.3618 0.001,8 0.0930 0.7717 0.0563 0.2311 0.0790 0.1035 -2.2730
0.1759 0.7555 0.1256 0.0066 0.3626 0.0038 0.1017 0.7718 O.072a -0.3747 0.0903 0.1114 .2.1982
0.9900 !l.9;;~0· 2.1513 0.7654
0.0)10 O.GSOO· 0.17li2 -1.7372
0.0310 0.3JOO· 0.3453 .1.0Iin
0.0100 0.1000· 0.49~9 -0,7012

- 0.0010 0.0100· 0.59')0 .0.5125
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Table 41. Chemical Equilibrium Data for Ca-KLl

A. 20° C

CICo q/qo mea YCa aCa mNa YNa aNa ESR Kl KC 1n KC

0.8673 0.9866 0.1538 0.0465 0.3524 0.0164 0.0142 0.7627 0.0108 0.0136 C.0502 0.0442 ·3.1235

0,7035 0.9837 0.H65 0.0384 0.3576 0.0137 0.0311 0.7646 0.0238 0.0166 0.0129 0.0121

0.6049 0.9"63 0.1466 0.0344 0.3576 0.0123 0.0433 0.76"6 0.0331 0.0567 0.0649 0.0658 .2.7333

0.4959 0.9483 0.1496 0.0302 0.3554 0.0107 0.0592 O.7Ml 0.0452 0.0545 0.02BO 0.0284

0.4625 0.9104 0.1416 0.(1270 0.3599 0.0097 0.0605 0.7657 0.0463 0.0984 0.0721 0.0767 -2.5770
0.3624 0.8676 0.1349 0.0214 0.3636 0.0078 0.0707 0.7665 0.0542 0.1526 0.0945 0.1005 .2.3020

0.2922 0.8126 0.13fl7 0.0170 0.3678 0.0062 0.0796 0.7692 0.0612 0.23fl6 0.1215 0.1394 -1.9723
0:2196 0.7944 0.1289 0.0130 0.3693 0.0048 0.0897 0.7705 0.06'l1 0.2588 0.0891 0.1040 -2.2li30
0.1720 0.7353 0.1254 0.0101 0.3720 0.0037 0.0952 0.7727 0.0735 0.3600 0.1045 0.1298 -2.0402
0.1335 0.6933 0.1229 0.0078 0.3746 0.0029 0.0996 0.7739 0.0771 0.4424 0.1017 0.1314 -2.0325
0.9980 0.9980' 6.2407 1.8310

0.0'00 0.5000 • 0.2071 -1.5750

0.0380 0.3000 • 0.4091 -0.B940

0.0130 0.1000' 0.6593 .0.4170

0.0010 0.0100 * 0.5990 -0.5125

B. 40° C

C/Co q/qo mCa 'fCa aCa mila YNa alia ESR Kl Kc 1n KC
-----
0.8743 0.97G8 0.1545 0.0472 0.3423 0.0161 0.0130 .0.7626 0.0099 0.0237 0.1767 0.1702 .1.7720

0.7142 0.9738 0.14E8 0.0388 0.3"67 0.0134 0.0305 0.7639 0.0233 0.0216 0.0222 0.0718 -3.81li7

0.5950 0.9552 0.1460 0.0339 0.3473 0.0117 0.0444 0.7648 0.0339 0.0469 0.0410 0.0412 -3.1941
0.4BB7 0.9552 0.1493 0.0297 0.3460 0.0103 0.0601 0.7642 0.0459 0.0469 0.0196 0.0196 -3.9li33

0.4652 0.9080 0.1418 0.0272 0.3506 0.0095 0.0602 0.7655 0.0461 0.1013 0.0763 0.0804 -2.5257

0.35Bfl 0.8800 0.1330 0.0206 0.3567 0.0073 0.0711 0.7684 0.0595 0.1363 0.0720 0.0776 -2.5510

0.2809 0.8230 0.1300 0.0164 0.3592 0.0059 0.0809 . 0.7li99 0.0622 0.2150 0.0901 0.1114 .2.2072

0.2332 0.7816 0.1297 0.0139 0.3594 0.0050 0.0881 0.7698 0.0678 0.2794 0.10fl4 0.121)0 -2.0557

0.1917 0.7049 0.12('6 0.0112 0.3616 0.0041 0.0929 0.7717 0.0717 0.4106 0.1507 0.1919 -1.6502

0.1195 0.7258 0.1221 0.0069 0.3652 0.0025 0.1012 0.7745 0.0784 0.3777 0.0672 0.0847 .2.4769

0.9900 0.9960' 0.9542 .0.0471

0.0900 0.60eO· 0.1739 .1.7544

0.0010 0.0100* 0.5998 -0.5125
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of the surface i.e., when the soil was saturated with Ca. This

is in accordance with assumed idealized conditions. For the

Na-soil, the fNa was close to one. Generally, the activity

coefficients of adsorbed ions can be applied in terms of their

relative distributions between Gouy (diffuse) and Stern layers

within the double layer surrounding particles. An ion which

is adsorbed in the Stern layer is more strongly adsorbed than

one which is in the diffuse layer, and thus its freedom of

movement is less. It is also possible that a decreased activity

coefficient results from higher hydration and subsequent larger

effective size causing ions such as Na to be less appreciable

parts of the Stern layer (Deist and Talibudeen, 1967). Further

more, higher valency ions (Ca) satisfy more than one charged

site simultaneously, while monovalent ions (Na) satisfy only

one and can move more freely (Gaines and Thomas, 1955, Diest

and Ta1ibudeen, 1967). Similarly 11K for the Na-soil is

theoretically equivalent to Kfor the Ca-soil. Equation 167

and 168 were evaluated by graphically intergrating the relation

ship between ln Kc or 1n l/KC and qCa/qo as shown in figure 16.

The thermodynamic equilibrium constants thus calculated for

each isotherm at two different temperatures are shown in table

42.

Since the thermodynamic equilibrium constant is difficult

to calculate because of difficulties in obtaining the activity

coefficients of the adsorbed ions, several approaches were

proposed. The equilibrium constants (K1) calculated according
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to Helfferich, 1962 and Levy and Hillel, 1968, were very

close to the stoichiometric eqUi1~constants (KC)

calculated for Ca-soil according to Hutch~on (966), (Tables

38-41). More deviation were noted for the Na-soil. However,

the method used to calculate Kl is much more difficult than

that for calculating Kc. In order to obtain the thermodynamic

equilibrium constants, the equivalent fractions of exchangeable

ions were plotted against KC' It was necessary that some of

the points (those occurring at very low or very high C/Co

values) be obtained by interpolating or extrapolating experi

mental data. Subsequently, certain errors might have been

incurred (Faucher and Thomas, 1954). The equations were used

to calculate the equilibrium constant (K) assuming that the

activity of water is constant in all solutions since the water

content actually involved in equilibria of various clays is

unknown (Gaines and Thomas, 1953).

The thermodynamic equilibrium constants for Ca-Molokai

were not equal to 11K values for Na-Molokai soil at the same

temperature as theoretically expected. This is a quantitative

proof of hysteresis, whose degree depends on the extent of

deviation between these two values (Tabikh, Barshad and

Overstreet, 1960). Table 42 shows that Kvalues at higher

temperature are lower than at low temperature. This indicates

that the soil tends to have more preference for Ca over Na at

higher temperature than at low temperature. For the various

soils, the higher preference for Ca may be arranged for the
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Figure 16. The relationship between -In stoichiometric equilibrium
constants and the equivalent fractions of adsorbed Ca ions
at 20° C and 40 0 C. Soil symbols are explained in text.



TABLE 42. THERMODYNAMIC DATA

166

, In KC
!J.G !J.Ho !J.So

In K K Cal/mole Cal/mole Call
Equilibrium d(q/qo) equi degree/

mole

Ca-Ml 40° C -2.0385 -1. 0385 0.354 654 -1257 - 6

Ca-Ml 20° -1. 9055 -0.9055 0.404 525

Ca-Hl 40° C -1. 7250 -0.7250 0.484 450 -5473 -19

Ca-H l 20° C -1. 1245 -0.1248 0.883 72

Ca-LKl 40° C -1.6922 -0.6922 0.501 430 -1782 - 7

Ca-LKl 20° C -1. 4967 -0.4967 0.608 289

Na-Ml
Tempera- 1n l/KC In l/K l/K

!J.Go !J.Ho !J.So
ture d(q/qo) Cal/mole Cal

40° 0.9595 -0.0040 0.996 2 2618 8

20° 0.7086 -0.2914 0.747 169
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low temperature in the sequence Molokai > Lualualei from Koko

head> Honou1iu1i. However, for the higher temperature, the

sequence was Mo10kai > Honouliuli > Lualua1ei from Kokohead.

Temperature affected the exchange behavior of ~onouliuli more

than Lualualei from Kokohead and this in turn was more affected

than Molokai soil. Generally at high temperature, the differ

ences among the exchange behaviors of all soils were not very

pronounced. As will be discussed later, these trends were all

confirmed by free energy data.

It is worthwhile to note that the equilibrium constants,

shown in appendix table 7, calculated from equation 164 by use

of the activity coefficients of the adsorbed ions (calculated

from equations 169-172) were of the same order of magnitude

as the thermodynamic equilibrium constants calculated from

equations 167 and 168. The latter values, however, are unique

for a given equilibrium while a separate value is obtained for

each batch using the first method.

Values of f Na and fCa computed from experimental results

are shown in appendix table 7 and figure 17. These are gener

ally in agreement with the above statement. Thus, Na has a

higher activity-coefficient than Ca. For Ca-Na exchange it

was noted that fCa 1, at points where Ca ions have be~n

replaced only slightly by Na. As the Na-saturation increased

the f Ca decreased and, simultaneously, the f Na decreased. The

latter's value approached 1 when qNa/qo became nearly 1, but

fCa increased above qNa/qo values of 0.65. It may be visualized

that as some of the Na is adsorbed during the exchange process,
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there is an accompanying decrease in its freedom of mo-ement

causing decreasing of f Na . The relatively constant f Ca attained

after an initial increase may be explained in view of the nature

of the exchange sites. For instance, Diest and Talibudeen

(1967) thought that Ca ions may be restricted from free movement

in vermiculite as interlayer spaces decreased during the exchange

process, resulting in decreases in fCa ' The value of 65% sodium

saturation seems to allow more Ca movement and subsequent fCa
increase. These authors concluded that the degree of changing

the activity coefficient depends on the nature of the surface,

temperature, nature of the competing ions, and probably on the

fractional distribution of each ion species in the adsorbed

layer.

Results in figure 17 show that f Na and fCa for Ca-Na

exchange are lower at 40° C than at 20° C. This is in harmony

with the findings of Diest and Talibudeen (1967) El-Sayed,

Burau and Babcock (1970). These authors reasoned that the

interlayer spacing was small at high temperature due to

dehydration or the difference in ionic distribution between

Gouy and Stern layers at different temperatures. For Na-Ca

exchange, f Na , initially 1, increased as qNa/qo decreased.

At the same time, fCa decreased. The same explanation stated

previously, may be applied here. As q/qo decreased to 50%,

f Na decreased while fCa increased. Changes in f
Na

and f
Ca

may be caused by changes in the distribution of the two

adsorbed ions among the stern and Gouy layers. This may be
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Figure 17. The activity coefficients of adsorbed Ca or Na (fCa or fNa )
in relation to the equivalent fraction of adsorbed Na. M
and H1 represent Mo1okai and Honou1iu1i surface horizons. 1
Ca- and Na- represent Ca-Na and Na-Ca equilibria, respectively.
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another reason to explain why the hysteresis occurs, as this

difference in distribution causes the activity coefficients to be

different for Ca-Na and Na-Ca exchange at equal q/qo values.

3. Standard Free Energy Change (~GO)

Table 42 shows that ~Go, calculated according to equation

7, decreased as the temperature decreased for Ca-Na exchange.

The opposite was true for Na-Ca exchange. All ~Go values were

positive indicating that all these reactions are not spontaneous.

A positive ~Go value for the reaction:

Ca-soil + 2 Na+ t 2 Na-soil + Ca+

implies the tendency to form Ca-soil and, as expected, that Ca

is more preferred than Na. However, the positive values for

the reaction:

2 Na-soil + Ca++ t Ca-soil + 2 Na

cannot be easily explained, since the adsorption isotherm

shows that Ca is indeed more preferred. It may be concluded,

therefore, that the free energy change alone is not a sufficient

index of cation preference. According to El-Sayed, et. al.,

the free energy alone should not be considered conclusive

because it may be determined by either ~Ho or ~So terms.

When the temperature increased from 200 C to 40 0 C the

free energy change for Ca-Na exchange increased. This

indicated that the preference for Ca ions increases at higher

temperature which is agreeable with Wild and Keay's finding

(1964). On the contrary, for Na-Ca exchange, the standard

free energy change decreased at higher temperature. This is

in accord with the results for Ca-Na exchange. Comparing
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various soils, the standard free energy changes confirmed the

preference trend indicated by the equilibrium constants.

4. Standard Enthalpy Change (~HO)

The standard enthalpy change was calculated from equation

11 and values are shown in table 42. The preference of one

ion over another can be explained in terms of standard enthalpy

change. This is because ~Ho values for Ca-Na exchange were
+negative, that is, heat was evolved when Na replaced Ca on

the exchange complex. This may be taken to mean that the

exchange complex has a greater affinity for Na than Ca, a

statement wh"ich is contradictory to the exchange isotherms.

It should be remembered, however, that the calculated value

of enthalpy change includes the sum of enthalpies of hydration

of ions, dilution, mixing, as well as exchange.

Because of uncertainties about the energy of hydration

of adsorbed ions, most of these terms cannot be calculated

with reasonable accuracy so that the enthalpy of exchange

alone cannot be computed readily (El-Sayed, et. al, 1970).

Diest and Talibudeen (1967) and Coleman (1952) obtained

negative ~Ho values when Kreplaced Ca on the soil. They

concluded that Kwas the more preferred of the two ions, even

though Diest and Talibudeen's exchange isotherms showed that

K is less preferred than Ca.

The negative ~Ho for Na-Ca exchange is also in harmony

with El-Sayed, et. al., (1970) findings. Thus, the fact that

the isotherm shows Ca to be preferred over Na does not necessarily
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mean that Ca is more strongly bound than Na, as the selectivity

depends on the concentration which does not affect the binding

energy. If the data reported in table 42 is not in error,

there is an increased enthalpy during Na-Ca exchange which

means Na may be more strongly bound than Ca. This is a hard

finding to explain in view of electrostatic as well as ionic

size considerations. The positive ~HO of the reaction involv

ing monovalent-divalent exchange shows that Ca is more highly

preferred. Since monovalent-divalent exchange is the reverse

reaction of divalent-monovalent exchange, the ~Ho for these

reactions are expected to be equal but opposite in sign. It

is noted, however, that Na-Ca exchange has about twice the ~Ho

value of Ca-Na exchange, confirming the existence of hysteresis.

5. Standard Entropy Changes (~SO)

The entropy change calculated from equation 13 is important

to the understanding of factors influencing cation exchange

equilibria. This is because it is related to probability in

such a way that, as the number of arrays in which a system

can arrange itself increases, entropy increases. Entropy may

increase (~SO > 0) due to configurational factors when univa

lent ions are replaced by half their number of divalent ions

(Cruickshank and Meares, 1957). Some entropy gains may be

due to changes in the hydration status of cations on passing

between the adsorbed phase and aqueous phase (Wild and Keay,

1964).

Table 42 shows that the replacement of Na ions is

accompanied by a gain in entropy. Similar results were
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reported by Coleman (1952) and Bonner and Smith (1957) for

uni-diva1ent exchange and by Wild and Keay 1964 for Na-diva1ent

exchange. Calcium ions must occupy two adjacent sites on the

soil while Na ions can position themselves completely randomly.

Thus, the number of probable arrangements for exchangeable Ca

ions are fewer than those for Na ions. Subsequently, the

entropy of a Na-soil is expected to be higher than the same

soil in the Ca-form. The results show that all the Ca-Na

equilibria were accompanied by negative entropy changes (de

creased entropy, while Na-Ca equilibria had increased entropy.

This indicated a more orderly structure for Na on the surface

than for Ca. Such order may be visualized either in terms of

vertical orientation of ions or their distribution at the

surface in domain rather than random structures. Diest and

Ta1ibudeen (1967) and El-Sayed, et. a1., (1970) also reported

negative entropy changes for Ca-K exchange and Ca-Cu exchange,

respectively.

Equilibrium temperature did not affect the entropy change

for either Ca-Na or Na-Ca exchange. Thus, ~So remained the

same at 40° C and 20° C. This is in contrast to findings by

Wild and Keay (1964) and Bonner and Pruett (1959) who reported

that ~SO changed as did the temperature. However, the results

are in agreement with those of Diest and Ta1ibudeen (1967) who

reported only one ~So value for 25° C and 50° C.

Gaines and Thomas (1955) reported that Sr++ ions replacing

Cs+ on Cs-montmoril1onite caused increases of entropy (~S =
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+10 eu). They explained their results in terms of the dis

ordering of water molecule assuming that strontium lost the

water molecules acquired in the solution phase as it entered

the clay structure to replace Cs.

As both Ca and Na are highly hydrated ions, the entropy

changes was probably mostly due to changes in their hydration

status. It is difficult, therefore, to describe the exchange

reaction (ionic affinities) by the entropy change with results

obtained from this experiment.

No trend was noted for interrelationships between entropy

change and the preference of various soils for competing cation.

IV. Applicability of the Exchange Equation Based on Double Layer

Theory.

The fraction of surface charge occupied by monovalent ions,

~ , was calculated from equation 29 for a selected set of experi
r
mental conditions. These included representative horizons from

each soil, 0.01 and 0.1 ~ concentrations, and all combinations of

di-monovalent exchange. Values for the surface charge density (r)

were calculated from qo values and specific surface areas of the

respective soils. These values are shown in table 43 in order

to establish correlations between these theoretical data and

experimental results of equilibria, the following relations must

be stated

Equivalent ionic fraction for
exchangeable sodium

and
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r l = qNa = Exchangeable sodium ratio
r - rl qCa

Similar relations may be visualized for Mg-Na and divalent-K

exchange. As noted from equation 29, predictions based on this

equation are dependent largely on the soil's surface charge

density (Pratt and Bair, 1962). However, Babcock (1963) showed

that predicted exchangeable sodium ratios (ESR) for a surface

with a given charge density varied with the concentration of

divalent ions and the reduced ratios in the solution.

Calculations summarized in tables 44-47 show that the extent

of agreement between theoretical and experimental data depends

upon the soil horizon, concentration of the solution, and types of

competing ions. Effects of these factors are briefly described

below.

1. Effect of Soil Horizon

According to the double layer equation, differences among

various charged particles could be narrowed down to the para

meter of surface charge density (Pratt, 1964, Pratt and Grover,

1964). Calculations for the soils of this study confirm this

conclusion. Since the surface charge densities of various

soil horizons were not idential, different ESR values were

predicted by the double layer equation (table 44). However,

these predictions were supported by experimental data only in

Honouliuli, Lualualei, and Lualualei from Kokohead soils. The

higher charge density in the surface horizon of Molokai soil

is in contradiction to the high ESR attained by this horizon



Table 44. Comparison between experimental ESR values and
those predicted by the double layer equation for 0.1 N Ca-Na exchange.

SOIL
1~~I1l" + £Sa ESll C.F.- SOIL

1-~I1l" + ESR ESR C.F.- SOIL
1~~IlI" + ESR ESR C.F. SOIL

1~::I1l" + ESR ESR C.F.prod. ..pt. prW. ..pt. prt<l. IIpt • p...d. "apt.liz 0.060 0.002 0.002 0.030 0.01 liz 0.085 0.001 0.001 0.011 O.IZ I:LI 2.617 0.039 0.041 0.049 0.!3 I:LZ 2.536 0.037 0.039 0.051 0.764.2&11 0.072 0.078 0.037 1.55 3.070 0.057 0.061 0.070 0.86 5.033 0.075 0.084 0.073 1.08 5.518 0.081 O.cas 0.051 I.U6.123 0.103 0.115 0.047 2.29 4.411 0.CS2 0.089 0.025 3.211 8.10 0.1I11 0.136 0.074 1.73 8.032 0.116 0.132 0.077 1.627.165 0.121 0.137 0.001 1." 6.702 0.123 0.140 0.011 11.111 8.676 0.127 0.146 0.115 1.22 8.432 0.122 0.139 0.134 1.031I.704 0.161 0.192 0.042 3.57 10.037 0.181 0.221 0.02a 6.46 12.896 0.184 0.225 0.117 1.75 8.861 0.128 0.147 0.075 1.82lZ.I&7 0.200 0.2411 0.033 6.24 11.033 0.198 0.246 0.018 10.1I8 17.813 0.245 0.324 0.158 1.78 11.546 0.164 0.1% 0.158 1.2016.UI 0.262 0.354 0.064 4.29 12.450 0.223 0.286 0.017 13.10 25.525 0.336 0.507 0.255 I.U· 17.393 0.236 0.309 0.1&7 I.U23.307 0.348 0.533 0.137 2.87 16.387 0.2!3 0.395 0.CS5 3.58 27.306 0.358 0.558 0.393 1.26 25.755 0.334 0.501 0.249 1.6740.726 0.528 1.115 O.HI 2.2ll 24.5% 0.353 0.640 0.114 3.81 .Y.rl~ 1.41 26.959 0.350 0.538 0.399 1.22
IY'fige 2.76 46.774 0.861 1.6<13 0.2% 2.U

.v.rl~' 1.40
1.lng. 5.11 e, 2.9(5 0.058 0.062 O.C80 0.78 Ez 0.012 0.002 0.002 0.024 0.07[1 0.010 0.002 0.002 0.029 0.01 £2 2.739 0.041 0.042 0.104 0.43 5.717 0.112 0.126 0.115 1.111 3.111 0.068 0.073 0.070 1.033.905 0.064 0.068 0.075 0.1I1 5.868 0.086 0.094 0.092 1.02 7.222 0.124 0.165 0.094 I.U 6.436 0.1311 0.162 0.043 3.571I."3 0.151 0.171 0.066 2.43 1I.134 0.132 0.152 0.008 1.47 8.267 0.160 0.190 0.193 0.98 9.sea 0.201 0.251 0.084 2.5710.529 0.169 0.203 0.066 Z.72 10.327 0.149 0.175 0.066 2.36 10.662 0.204 0.256 0.153 1.53 1l.622 0.2" 0.323 0.091 2.90lZ.168 0.224 0.2ts 0.185 1.43 11.245 0.162 0.193 0.126 1.311 14.459 0.267 0.354 0.203 1.57 15.104 0.305 0.439 0.195 1.8718.0n 0.275 0.380 0.174 1.U 12.664 0.182 0.222 0.157 1.33 20.626 0.359 0.560 0.290 1.511 21.422 0.408 0.U8 0.310 1.7236.5U 0.476 0.909 0.380 1.73 14.917 0.210 0.265 0.160 1.52 35.527 0.544 1.192 0.472 1.611 60.212 0.743 2.889 0.390 2.64......g. 1.58 22.851 0.303 0.434 0.162 2.16 ...r·91 1.37 IVlrl;_ 2.04

41.415 0.475 0.906 0.318 1.96
L, 2.780 0.040 0.042 0.OS2 0.80 L2 2.986 0.097 0.049 0.046 0.96...r.g. 1.52

3.704 0.054 0.057 0.056 1.01 5.667 0.088 0.097 0.074 1.23

"'
2.lI04 0.048 0.050 0.049 1.02 ·Hz 2.8&2 0.044 0.046 O.OSO 0.91 8.208 0.116 0.131 0.098 1.30 7.974 0.123 0.140 il.l34 1.035.717 0.093 0.103 0.065 1.SO 3.815 0.059 0.062 0.056 1.18 1I.m 0.135 0.156 0.067 2.14 9.567 0.146 0.172 0.155 1.096.663 0.109 0.123 0.C37 1.35 4.704 0.071 0.077 0.132 0.61 10.520 0.1&11 0.174 0.076 2.CS 11.114 O.IBa 0.202 0.312 0.709.061 0.le6 o.m 0.062 2.47 8.998 0.134 0.155 0.062 2.28 13.336 0.183 0.224 0.142 1.47 18.356 0.262 0.355 0.253 1.309.436 0.151 O.ln 0.152 1.14 10.035 0.150 0.176 '0.111 1.56 16.062 0.220 0.281 0.154 1.64 29.678 0.436 0.n4 0.359 1.6512.766 0.200 0.2SO 0.189 1.25 13.843 0.201 0.252 0.130 1.74 17.813 0.236 0.309 o.m 1.29 •.....9· 1.1418.028 0.270 0.371 0.247 1.36 19.628 0.273 0.375 0.176 1.82 29.62a 0.365 0.574 0.28& 1.63Z8.ti5 lI.420 0.673 0.352 1.54 28.678 0.376 0.603 0.309 1.52 ...rage 1.45

Iv.nge 1.45 ."l"Ig. 1.45

SOIL
1~11l" + ESll ESR C.F.

prod. I·flt.

L, VI86 il.048 0.051 0.0&11 1.03
5.518 O.cas o.en 0.089 I.CS
6.801 0.110 0.123 0.089 1.34
8.m 0.131 0.151 0.120 1.21
9.526 0.150 o.m 0.000 I.al

11.001 0.174 0.210 0.196 1.06
12.846 0.198 0.247 0.211 1.14

*Correction factors in surface charge density which 15.774 0.242 0.319 0.214 1.37 .......for fitting theoreti cal to experimental 16.786 0.250 0.334 0.352 0.96 -....Jare necessary
30.112 0.467 0.a76 0.371 I.n endata. .....ge 1.27
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Table 45. Comparison between experimental ESR values and
those predicted by the double layer equations for 0.1 ~ Mg-Na exchange.

SOIL SAR r, ESR ESR C.F. SOIL SAR J.:..!i... ESR ESR C.F.
(nrnole/1)~ r pred. expt. (mnole/l) 2 r pred. expt.

~ 1.573 0.023 0.024 0.025 0.95 El 1.502' 0.020 0.021 0.022 0.93

3.503 0.053 0.056 0.082 0.68 2.501 0.034 0.036 0.021 1.64

5.901 0.089 0.098 0.155 0.66 3.598 0.050 0.052 0.068 0.79

8.090 0.122 0.139 0.105 1.27 5.836 0.081 0.088 0.158 0.59

8.418 0.125 0.143 0.078 1.89 6.635 0.090 0.099 0.021 4.27

10.109 0.152 0.179 0.163 1.07 8.363 0.11~ 0.128 0.081 0.15

15.164 0.222 0.285 0.253 1.09 8.420 0.116 0.131 0.075 1.66

19.862 0.284 0.397 0.427 0.95 9.872 0.134 0.155 0.120 1.24

24.863 0.346 0.528 0.513 1.02 10.638 0.146 0.171 0.116 1.41

34.498 0.438 0.780 0.567 2.19 15.809 0.211 0.268 0.204 1.24

41.966 0.500 0.998 0.664 1.22 21.663 0.281 0.390 0.318 1.16

average 1.18 27.477 0.345 0.527 0.404 1.20

38.349 0.436 0.773 0.452 1.39

47.661 0.504 1.015 0.575 1.38
average 1.31

it 1.573 0.021 0.021 0.008 2.33 Ll 1.549 0.022 0.022 0.019 1.15
1

3.007 0.040 0.042 0.081 0.53 3.571 0.051 0.054 0.060 0.89

4.987 0.067 0.072 0.144 0.53 5.966 0.085 0.093 0.116 0.82

6.933 0.093 0.103 0.122 0.85 7.236 0.103 0.114 0.183 0.66

8.899 0.120 0.136 0.150 0.91 9.297 0.132 0.152 0.188 0.83

12.765 0.169 0.293 0.229 0.90 14.062 0.195 0.243 0.267 0.92

17 .154 0.223 0.288 0.297 0.97 18.225 0.249 0.371 0.398 0.87

17.834 0.234 0.306 0.430 0.77 20.923 0.285 0.398 0.493 0.86

28.026 0.336 0.507 0.430 1.11 31.668 0.389 0.637 0.919 0.81

35.720 0.405 0.681 0.547 1.14 37.478 0.479 0.921 0.677 1.18

53.601 0.529 1.124 1.190 0.97 50.000 0.503 1.130 1.172 1.08

average 1.00 average 0.91

0.960 0.011 0.011 0.018 0.65 1.576 0.025 0.026 0.010 2.55

3.372 0.040 0.042 0.030 1.38 3.707 0.060 0.064 0.075 0.86

9.618 0.113 0.127 0.115 1.09 8.407 0.137 0.159 0.216 0.77

13.847 0.160 0.190 0.173 1.08 22.591 0.341 0.518 0.340 1.34

18.943 0.213 0.270 0.191 1.33 33.769 0.458 0.845 0.355 1.74

23.590 0.255 0.342 0.236 1.33 49.710 0.590 1.439 0.396 2.07

Z9.604 0.308 0.445 0.311 1.30 66.722 0.684 2.165 0.538 1.95

34.304 0.345 0.527 0.361 1.30 average 1.61

51.667 0.461 0.855 0.409 1.59

average 1.22



Table 46. Comparison between experimental
EPR values and those predicted by the double layer equation

for 0.1 N Ca-K exchange.

SOIL PAR l EPR EPR C.F.* SOIL PAR l EPR EPR C.F.*
(11TT101efl)Js r pred. expt. (lTIllolel1)Js r pred. expt.

M1 1.254 0.022 0.022 0.095 0.25 El 1.129 0.019 0.019 0.110 0.18

3.791 0.065 0.069 0.176 0.43 1.611 0.026 0.027 0.038 0.71

6.311 0.106 0.119 0.276 0.48 3.569 0.059 0.062 0.204 0.34

8.661 0.144 0.168 0.333 0.57 5.911 0.096 0.106 0.327 0.39

11. 536 0.188 0.232 0.396 0.66 7.975 0.128 0.146 0.421 0.43

15.073 0.243 0.321 0.495 0.73 10.665 0.168 0.202 0.501 0.49

18.818 0.298 0.425 0.660 0.75 13.270 0.207 0.261 0.705 0.50

26.493 0.389 0.636 0.805 0.87 16.229 0.252 0.337 0.935 0.52

34.041 0.465 0.869 1.135 0.87 23.392 0.339 0.513 1.049 0.66

average 0.62 31.041 0.422 0.732 1.476 0.70
average 0.49

"1 0.596 0.010 0.110 0.120 0.09 Ll 0.578 0.008 0.008 0.108 0.08

1.284 0.021 0.021 0.052 0.42 1.696 0.024 0.025 0.016 1.5?

2.548 0.042 0.044 0.223 0.23 2.395 0.035 0.036 0.209 0.20

2.246 0.038 0.039 0.360 0.14 4.694 0.067 0.072 0.268 0.32

5.951 0.097 0.107 0.439 0.32 5.873 0.084 0.091 0.385 0.33
8.002 0.128 0.147 0.532 0.37 7.889 0.111 0.125 0.462 0.35
9.250 0.148 0.174 0.770 0.34 9.979 0.140 0.162 0.562 0.39

10.523 0.170 0.204 1.020 0.33 11.448 0.161 0.192 0.724 0.38

15.293 0.236 0.309 1.123 0.44 15.360 0.209 0.264 0.892 0.43

19.254 0.289 0.406 1.641 0.46 19.104 0.253 0.339 0.995 0.51

26.767 0.378 0.607 2.570 0.52 28.340 0.352 0.544 1.667 0.56

lIverage 0.33 average 0.46

Kl l 0.432 0.006 0.006 0.868 0.08 Kl 0.921 0.019 0.019 0.159 0.13

2.143 0.032 0.033 0.165 0.22 1.724 0.034 0.035 0.026 0.03

3.682 0.055 0.058 0.254 0.27 3.231 0.064 0.069 0.398 0.26

4.965 0.073 0.079 0.324 0.30 4.031 0.079 0.086 0.143 0.62

6.652 0.097 0.108 0.392 0.34 5.684 0.111 0.125 0.421 0.37

7.927 0.116 0.132 0.503 0.35 7.601 0.147 0.173 0.565 0.41

8.173 0.121 0.138 0.687 0.30 9.784 0,186 0.228 0,781 0.42

11.818 0.170 0.205 0.773 0.39 12.723 0.239 0.314 0.947 0.49

14.619 0.205 0.258 0.932 0.42 14.875 0.279 0.388 1.496 0.46

18.121 0.250 0.333 1.115 0.47 22.378 0.390 0.639 1.499 0.65

26.132 0.341 0.518 2.267 0.49 27.172 0.450 0.819 2.275 0.64

average 0.33 36.023 0.548 1.211 3.478 0.70
average 0.43

*Correction factors in surface charge density which are necessary
for fitting theoret ica1 to experi menta1 data.
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Table 47. Comparison between experim~ntal

ESR values and those predicted by the double layer equation
for 0.01 N Ca-Na exchange

SOIL SAR l ESR ESR C.F.· SOIL SAR Ii" ESR ESR C.F.·
(1TI1101el1 )~ r pred. expt. (1TI1101el1 )~ r pred. expt.

H1 1.094 0.029 0.030 0.014 2.09 E1 1.168 0.029 0.030 0.011 2.66

2.034 0.053 0.056 0.021 2.51 2.123 0.053 0.056 0.018 2.94

2.445 0.064 0.068 0.025 2.54 2.535 0.063 0.067 0.024 2.75

2.989 0.077 0.084 0.025 1.80 3.180 0.079 0.086 0.040 2.09

3.938 0.099 0.110 0.047 2.20 4.378 0.105 0.118 0.039 2.84

5.474 0.138 0.160 0.058 2.51 5.628 0.132 0.153 0.056 2.90

6.161 0.151 0.177 0.069 2.32 6.116 0.139 0.162 0.068 1.88

8.310 0.197 0.245 0.067 3.12 7.272 0.166 0.199 0.079 2.27

10,,436 0.239 0.314 0.082 3.14 9.432 0.208 0.263 0.094 2.42

average 2.46 average 2.53

"1 0.839 0.021 0.021 0.018 1.17 L1 0.559 0.011 0.011 0.022 0.55

1.712 0.043 0.045 0.025 1,81 1.386 0.029, 0.030 0.027 1,07

2.120 0.054 0.057 0.029 1,92 1.927 0.041 0.043 0.026 1,57

2.548 0.065 0.069 0.045 1,50 2.189 0.046 0.049 0.042 1,16

3.377 0.086 0.094 0.047 1,90 2.904 0.061 0.066 0.044 1,43

4.713 0.133 0.127 0.057 2.08 4.206 0.087 0.095 0.051 1,79

5.349 0.128 0.146 0.062 2.16 4.762 0.098 0.109 0.056 1,85

7.755 0.179 0.219 0.069 2.76 7.198 0.145 0.169 0.058 2.65

9.899 0.220 0.282 0.102 2.36 9.124 0.173 0.209 0.072 2.57

average 1,96 average 1.62

Kl1 0.420 0.010 0.010 0.019 0.51 Kl 1.007 0.032 0.033 0.019 1.67

1.105 0.025 0.025 0.025 1.04 1.745 0.055 0.058 0.034 1.66

1.442 0.032 0.033 0.027 1.20 2.120 0.067 0.072 0.040 1.71

1.687 0.038 0.040 0.038 1,03 2.654 0.084 0.092 0.060 1.47

2.537 0.056 0.059 0.038 1.53 3.449 0.107 0.120 0.065 1.76

3.120 0.069 0.074 0.049 1.46 4.941 0.150 0.177 0.076 1.86

3.490 0.079 0.086 0.054 1.54 5.349 0.162 0.194 0.091 1.93

5.160 0.110 0.124 0.062 1,87 7.370 0.216 0.275 0.095 2.48

6.320 0.135 0.156 0.086 1.71 10.359 0.286 0.401 0.123 2.60

average 1,30 average 1.90

*Correction factors in surface charge density which are necessary
for fitting theoretical to experimental data.
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as compared to the subsurface horizon at the same SAR. This

contradiction may be due to the contribution of organic com

ponents and characteristics of the exchanger other than the

surface charge density (Bolt, 1954, Babcock, 1963).' These

may include charge localization which in effect produces a

surface with higher charge density than indicated by routine

calculations. Table 44 also shows the predicted ionic fraction

of adsorbed Na, the relationship between predicted and experi

mental ESR, and charge density correction factors necessary

for obtaining a more accurate theoretical prediction at various

SAR levels of 0.1 ~ Ca-Na exchange.

It is clear, in general, that predicted ESR values are

higher than those obtained experimentally. Subsequently, the

charge density correction factors were always greater than

unity. These correction factors varied with SAR values.

Therefore, mean correction factors were calculated for each

soil horizon. It was found that these mean values generally

ranged from 1.14 to 1.58. However, the Molokai soil had much

higher factors of 2.76 and 5.61 for the surface and subsurface,

respectively. Bower (1959) found a correction factor of 1.4

for soils and clays, Bolt (1955) reported 1.2 for illite,

Pratt and Bair (1964) reported a range from 1.15 to 1.52 for

five clays, and Pratt and Grover (1964) showed the correction

factor for one soil to be 1.75 and that organic matter

removal reduced the factor to 1.06. It appears, therefore,

that the success of predictions from theory depends on choices
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of appropriate correction factors which are in turn dependent

on the nature of the exchanger.

2. Effect of Electrolyte Concentration

Generally, experimental and predicted ESR values for

0.01 ~ concentration were always higher than for 0.1 ~ at

the same SAR level. Furthermore, the deviations of experimental

data from theory were more evident at lower concentrations.

Therefore, the average correction factors for the surface

charge density of a given soil were higher for the low concen

tration. These data are shown in table 47.

It may be concluded that the accuracy of predictions from

the double layer equation depends strongly on the concentration

of soil solution. However, Bower (1959) found that the

relationship between ESR and SAR does not depend on the total

concentration in the range from 0.05 to 0.2~. This is in

obvious contradiction to the results of this experiment.

Babcock (1963) argued that the double layer equation reflects

a concentration dependence, since it includes a concentration

term for divalent cations.

3. Effects of Cation Types

The double layer equation for divalent-monovalent exchange

(29). is based on the simple Gouy treatment which does not

account for the specificity of any of the ions competing for

exchange sites. Rather, it assumes that cations interact with

charged surfaces in a manner determined mostly by their

valencies. This assumption, of course, is not true since ions
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of a given charge can vary in effective size, and in their

specific adsorption by the soils. The simplifying assumptions

inherent in the double layer theory resulted in much deviation

between predicted and experimental ESR levels. The charge

density correction factors shown in table 46 are less than

unity for Ca-K exchange and more than unity for Ca-Na and

Mg-Na exchange. The correction factors for Ca-K exchange are

low at low PAR values and increase with increasing PAR. The

table shows no clear trends for other exchange equilibria.

Comparing tables 44 with tables 45 and 46 it is evident

that the correction factors may be arranged in the following

sequence for various equilibria: O.l! Ca-Na > 0.1 ! Mg-Na >

0.1 ! Ca-K. This may be explained by specific interactions

between clays and certain ions during mono-divalent exchange.

Obviously, Ca and Mg behave differently and so do Na and K,

even though each pair has the same valence. Electrostatic

forces, which form the strongest basis for deriving the

double layer theory, are not determined only by the valence of

the ions as described in the equation but are also modified

by the effective sizes of the ions. Clay selectivities for

various ions are further determined by specific interactions

which were attributed to polarization, interionic forces of

the ions, and dielectric saturation by Bolt (1955).

v. Comparison Between Double Layer and Gapon's Models.

Equations 29 is derived for mono-divalent exchange from the

simple Gouy theory. Thus, it incorporates all the assumptions
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inherent to that theory as discussed in section III of Literature

Review and IV of the results. On the other hand, Gapon's model

produced empirical equations based on experimental regressions

between ESR and SAR.

It is obvious (as noted from tables 44-47) that the double

layer equation predicts different exchangeable cation ratios at a

given SAR or PAR level for surfaces of different surface charge

densities (table 43). Empirical constants based on Gapon's

model are helpful for predicting ESR or EPR values in soils for

which they were derived. Subsequently, empirical equations obtained

in this study give better predictions of exchange equilibria than

does the double layer equation or USSL's and Bower's equations.

This is clearly illustrated by figure 18 which shows the relative

values based on all these methods for 0.1 ~ Ca-Na exchange. As

was discussed earlier, deviations noted by use of the double layer

equation may be corrected by factors which allow specific inter

actions that take place during the exchange process. Such inter

actions are readily accounted for in Gapon,s type equations when

appropriate constants are chosen (Van Schouwenburg and Schuffe1en,

1963, Bolt, 1967). Thus, the general equation derived during this

study gives the predictions closest to the experimental points.

Deviations from experimental data were least with the use of the

double layer equation for correction surface charge densities.

Bower's predictions were intermediate between these two. All

observed deviations became significant only when the SAR value

exceeded 10. As the SAR increased the predictions from all three

equations deviated still further from experimental data and among



TABLE 43. SURFACE CHARGE DENSITIES OF Ca-, Mg-, Na-, and K-SATURATED SURFACE
AND SUBSURFACE SOILS (107 me/cm2).
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Figure 18. The relationship between ESR and SAR predicted by the
double layer and empirical equations for 0.1 N Ca-Na exchange.
The bottom line represents the empirical equation derived in
this study.
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themselves.

Gapon's equation predicts linear relation between ESR (EPR)

and SAR (PAR). This was largely confirmed in all soils as evidenced

by high r values. The soils varied, however, as previous stated
,

in the section on Comparative Behavior of Soils.

VI. General Regression Equations for Divalent-MD~~~lentExchange

The general regression equation derived for divalent-Na exchange

in all soils was:

ESR =0.021 + 0.011 SAR; r =0.859

The comparable equation for divalent-K exchange was:

EPR = 0.049 + 0.059 PAR; r = 0.862

As expected, these equations provide less accurate predictions of

exchangeable Na and K than specific equations which allow for

differences among soils, horizons, concentration, and competing

divalent cations. The effects of these various variables are

emphasized by the values of correlation coefficients in the above

equations which are lower than their counterparts in non-generalized

equations. Nevertheless, the errors resulting from using these

equations are considerably less than those resulting from using the

USSL's or Bower's equations. Their use in irrigated Hawaiian soils

may be helpful as a first order approximation.



SUMMARY AND CONCLUSIONS

1. Exchange equilibria were established for cation pairs among calcium,

magnesium, sodium and potassium in six soils, representing major

irrigated agricultural soils in Hawaii. The soils were Molokai,

Ewa, Honouliuli, Lualualei, Lualualei from Kokohead and Kawaihae.

In addition to different soils, variables included the soil horizon

(surface and subsurface), electrolyte concentration (0.01 ~ and

0.1 !). and all possible pairs for mono-divalent cation exchange

equilibria. Cation exchange isoconcentration isotherms were used

to make quantitative comparisons between the above variables. These

were based on calculated equivalent fractions of exchangeable ions

(q/qo) and rational selectivity coefficients (NK~) at defined

proportions of ions in the equilibrium solutions (C/Co)'

It was found that the soils generally showed higher preferences

for divalent ions over monovalent ions. However, differences in

these preferences were observed depending on the soil, soil horizon,

electrolyte concentration, and the ions involved in the monovalent

divalent exchange reaction.

Based on experimental data, linear regression equations were

derived for divalent-Na and -K exchange. The equations express

the dependence of exchangeable sodium ratios (ESR) or exchangeable

potassium ratios (EPR) on the sodium adsorption ratios (SAR) or

potassium adsorption ratios (PAR) of soil solution. The two

general equations derived for di-monovalent exchange in all

irrigated Hawaiian soils were:

ESR = 0.021 + 0.011 SAR
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and

EPR = 0.049 + 0.059 PAR

for which the correlation coefficients, II r ll, were 0.859 and

0.862, respectively. The values of these correlation coeffi

cients were considerably improved when specific equations

were derived for the individual soils except ESR equation

of Molokai soil. These equations were:

ESR = 0.0013 + 0.0100 SAR;

EPR = 0.029 + 0.0405 PAR;

r = 0.811 J Molokai

r = 0.914

ESR = 0.001 + 0.0114 SAR; r = 0.937
J Ewa

EPR = 0.044 + 0.0438 PAR; r = 0.959

ESR = -0.0141 + 0.0171 SAR; r = 0.951
J Honouliuli

EPR = 0.0433 + 0.0662 PAR; r =0.948

ESR = -0.0211 + 0.018 SAR; r = 0.935
J Lualualei

EPR = -0.1022 + 0.106 PAR; r = 0.926

ESR = 0.0503 + 0.0083 SAR; r = 0.947
J Lualualei

EPR = 0.0957 + 0.0549 PAR; r = 0.919 from Kokohead

ESR = 0.0522 + 0.0073 SAR; r = 0.917
J Kawaihae

EPR = 0.1346 + 0.0531 PAR; r = 0.904

The soils, therefore, may be arranged as follows in

terms of resistance to the development of sodic conditions

at low SAR (10): Molokai > Ewa > Kawaihae> Lualualei from

Kokohead> Honouliuli > Lualualei. The sequence of resistance



189

for potassium adsorption was Molokai> Ewa> Lualualei from

Kokohead >Kawai hae >Honou1i u1i >Lua1ua1ei .

It was concluded that distinctions between exchangers

are necessary for accurate predictions of exchangeable cation

ratios.

2. Even so, more improved predictions for a given soil were

obtained when further distinctions were made between soil

horizons, the range of electrolyte concentration, and the

competing divalent cations. Generally, surface horizons

adsorbed more sodium than subsurface soils, even though the

Ewa soil showed no such difference. Subsurface soils generally

adsorbed more potassium than the surface, even though Molokai

and Kawaihae soils show the opposite trend.

El ectrolyte conceiltrati on had profound effects on all

exchange equilibria. Exchangeable sodium ratios, at a given

SAR value, were generally higher at low concentration than at

high concentration. This finding is contradictory to direct

conclusions from the equivalent fractions of exchangeable

ions at defined fraction of soluble ions as expressed in the

ion exchange isotherms. Obviously, the arithmatic conversion

of CNa ICo to SAR resulted in changing the order of preference.

Exchangeable potassium ratios, on the other hand, were lower

at low concentration, regardless of whether the independent

variable was SAR or C/Co' Exceptions to the general trends

of Na and K preferences at different concentrations were

noted in the Lualualei from Kokohead and Lualualei soils

respectively.
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Among ions of the same valency Ca was generally more

preferred than Mg and Kover Na. In a few cases Mg was more

preferred than Ca, a fact which could be explained only by

specific interactions occurring between Mg and the soil

surface. However, combining Ca and Mg in the same regression

equations did not result in nearly as serious errors as did

the combination of Na and K. On this basis, generalized

regression equations were not justified for divalent-monova

lent exchange but rather for divalent -Na and divalent -K

exchange.

Other than the above factors, temperature was found to

affect the cation exchange equilibria. This is theoretically

expected since temperature determines the thermodynamic

equilibrium constant for any chemical reaction. Calculated

equilibrium constants for surface horizons of Molokai (Ml ),

Honouliuli (Hl ), and Lualualei from Kokohead (KL1) showed

that preferences for divalent ions increased at higher

temperatures. They further showed that preferences for

divalent ions at 20°C were in the order Ml > KL 1> Hl . Values

for the equilibrium constants for these soils became closer
o

at 40 C but reflected the following order of preference for

divalent ions: Ml > Hl > KL1. Calculations of standard free

energy changes (~GO) confirmed the preference trends indicated

by the equilibrium constants. However, changes in enthalpy

(~HO) and entropy (~SO) were not definitely correlated with

clay affinities for competing ions.



Hysteresis was found to be an important factor affecting

all equilibria as the direction of the exchange reaction

generally determined relative clay preferences for competing

cations. Higher preferences for divalent cations were observed

when Ca- or Mg- saturated soils were equilibrated with solu

tions containing the monovalent ions (di-monova1ent exchange)

than when Na- or K-saturated soils were used (mono-divalent

exchange). Nevertheless, the soils still generally preferred

divalent ions over monovalent. The presence of hysteresis

was not explained by lack of equilibrium achievement, since

kinetic experiments indicated that reactions were completed

within the employed periods. Rather, it was explained by

differences among monova1ent- and divalent-saturated soils

which arise during soil preparation. It was concluded that

equations developed for diva1ent-K or diva1ent-Na exchange

cannot be applied for the K-diva1ent or Na-diva1ent exchange.

The latter would be more applicable for the reclamation of

sodic soils.

3. The applicabilities of Gapon-type and double layer equations

were tested for predicting exchange equilibria in the soils.

Furthermore, it is noted that the applicability of Gapon's

model to equilibria in these soils (as evident from r values

which reflect the linearity of the relation between ESR or

EPR and SAR or PAR) may be arranged in the order H > KL > E

> L > K > Mfor Na-exchange and E > H > L > KL > M> Kfor

Kexchange.
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APPENDIX TABLE 1. REGRESSION DATA FOR MOLOKAI SOIL AND ESR
VALUES OF DEFINED CONCENTRATION AT THREE SAR LEVELS

. . . ~ ( .

SAR or PAR

Equilibrium b a r 10 20 30

Surface (M1)

0.01 Mg-Na 0.0087 0.0190 0.909 0.1066 0.1942 0.2818

0.1 Mg-Na 0.0175 -0.0144 0.968 0.1607 0.3358 0.5109

0.01 Mg-K 0.0515 0.0736 0.953 0.5889 1.1044 1.6198

0.1 Mg-K 0.0571 -0.1276 0.978 0.4437 1.0150 1.5863

0.01 Ca-Na 0.0077 0.0097 0.948 0.0865 1. 1633 0.2401

0.1 Ca-Na 0.0079 0.0097 0.876 0.0578 0.1059 0.1540

0.01 Ca-K 0.0376 0.0154 0.970 0.3917 0.7680 1.1443

0.1 Ca-K 0.0304 0.0606 0.996 0.3643 0.6681 0.9719

Subsurface (M2)

o. 01 r~g-Na 0.0092 0.0014 0.980 0.0934 0.1854 0.2774

0.1 Mg-Na 0.0128 -0.0134 0.944 0.1153 0.2440 0.3727

0.01 Mg-K 0.0561 0.0691 0.963 0.6302 1.1912 . 1. 7522

0.1 Mg-K 0.0587 -0.2589 0.995 0.3287 0.9163 1.5039

0.01 Ca-Na 0.0092 -0.0075 0.983 0.8503 0.1775 0.2700

0.1 Ca-Na 0.0059 -0.0168 0.933 0.0419 0.1006 0.1593

0.01 Ca-K 0.0515 -0.0157 0.971 0.4995 1. 0148 1.5301

0.1 Ca-K 0.0256 0.0093 0.949 0.2651 0.5209 0.7767



APPENDIX TABLE 2. REGRESSION DATA FOR EWA SOIL AND ESR
VALUES OF DEFINED CONCENTRATION AT THREE SAR LEVELS

SAR OR Pf,R
Equilibrium b a r 10 20 30

Surface (E1)

0.01 Mg-Na 0.0086 0.0130 0.929 0.0994 0.1858 0.2722

0.1 Mg-Na 0.0124 0.0036 0.975 0.1277 0.2518 0.3759

0.01 Mg-K 0.0556 0.0519 0.991 0.6084 1.1649 1.7214

0.1 Mg-K 0.0363 0.0387 0.959 0.4021 0.7655 1. 1289

0.01 Ca-Na 0.0105 -0.0016 0.992 0.1038 0.2092 0.3146

0.1 Ca-Na 0.0092 0.0175 0.959 0.1091 0.2007 0.2923

0.01 Ca-K 0.0425 0.0015 0.942 0.4366 0.8717 1.3068

0.1 Ca-K 0.0467 0.0404 0.991 0.5075 0.9746 1.4417

Subsurface (E2)

0.01 Mg-Na 0.0099 0.0043 0.932 0.1030 0.2018 0.3006

0.1 Mg-Na 0.0153 -0.0341 0.980 0.1189 0.2719 0.4249

0.01 Mg-K 0.0405 0.1134 0.938 0.5185 0.9223 1.3287

0.1 Mg-K 0.0593 -0.2018 0.976 0.3912 0.9842 1.5772

0.01 Ca-Na 0.0080 0.0005 0.990 0.0872 0.1739 0.2606

0.1 Ca-Na 0.0054 0.0612 0.939 0.1155 0.1697 1.3981

0.01 Ca-K 0.0470 -0.0128 0.961 0.4575 0.9278 1.3981

0.1 Ca-K 0.0427 0.0522 0.992 0.4789 0.9055 1.3325
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APPENDIX TABLE 3. REGRESSION DATA FOR HONOULIULI SOIL AND ESR
VALUES OF DEFINED CONCENTRATION AT THREE SAR LEVELS

SAR or PAR
Equilibrium b a r 10 20 30

Surface (H1)

0.01 Mg-Na 0.0078 0.0174 0.945 0.0951 0.1729 0.2507

0.1 Mg-Na 0.0200 -0.0.0158 0.968 0.1839 0.3836 0.5833

0.01 Mg-K 0.0810 0.0373 0.987 0.8477 1.6581 2.4685

0.1 Mg-K 0.0506 0.1232 0.933 0.6295 1. 1358 1.6421

0.01 Ca-Na 0.0090 0.0109 0.975 0.1010 0.1911 0.2812

0.1 Ca-Na 0.0116 0.0122 0.943 0.1279 0.2436 0.3593

0.01 Ca-K 0.0659 -0.0187 0.943 0.6402 1.2991 1.9580

0.1 Ca-K 0.0918 -0.0608 0.988 0.8569 1. 7747 2.6925

Subsurface (H2)

0.01 Mg-Na 0.0081 0.0186 0.956 0.0998 1.1810 0.2622

0.1 Mg-Na 0.0183 0.0032 0.986 0.1857 0.3682 0.5507

0.01 Mg-K 0.0720 0.0676 0.988 0.7874 1.5072 2.2270

0.1 Mg-K 0.0670 0.0102 0.962 0.6804 1.3507 2.0210

0.01 Ca-Na 0.0088 0.0148 0.970 0.1028 0.1908 0.2788

0.1 Ca-Na 0.0094 0.0222 0.941 0.1160 0.2098 0.3036

0.01 Ca-K 0.0620 -0.0049 0.975 0.6155 1. 2~.59 1.8563

0.1 Ca·~K 0.0871 -0.0573 0.971 0.8141 1.6855 2.5569
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APPENDIX TABLE 4. REGRESSION DATA FOR LUALUALEI SOIL AND ESR
VALUES OF DEFINED CONCENTRATION AT THREE SAR LEVELS

SAR or PAR
Equilibrium b a r 10 20 30

Surface (L l )

0.01 Mg-Na 0.0092 0.0194 0.948 0.1118 0.2042 0.2966
0.1 Mg-Na 0.0234 -0.0161 0.973 0.2175 0.4511 0.6847
0.01 Mg-K 0.0661 0.0820 0.963 0.7431 1.4042 2.0653
0.1 Mg-K 0.1322 -0.5080 0.976 0.8159 2.1378 3.4597

0.01 Ca-Na 0.0065 0.0175 0.916 0.0827 0.1479 0.2131
0.1 Ca-Na 0.0079 0.0346 0.911 0.1140 0.1934 0.2728
0.01 Ca-K 0.0512 0.0177 0.966 0.5299 1.0422 1.5545
0.1 Ca-K 0.0562 0.0226 0.993 0.5847 1.1468 1.7089

Subsurface (L2)

0.01 ~1g-Na 0.0076 0.0119 0.942 0.0876 0.1633 0.2390
0.1 Mg-Na 0.0167 -0.0265 0.980 0.1400 0.3065 0.4730
0.01 Mg-K 0.0620 0.0527 0.989 0.6725 1.2923 1.9120
0.1 Mg-K 0.0850 -0.1619 0.980 0.6971 1.5561 2.4151
0.01 Ca-Na 0.0084 0.0111 0.967 0.0953 0.1795 0.2637
0.1 Ca-Na 0.0104 0.0595 0.872 0.1633 0.2671 0.3709
0.01 Ca-K 0.0706 -0.0060 0.972 0.7001 1.4062 2.1123
0.1 Ca-K 0.1157 -1. 1636 0.968 0.9938 2. 1512 3.3086

Subsurface (L3)

0.01 Mg-Na 0.0097 0.0124 0.967 0.1094 0.2064 0.3034
0.1 Mg-Na 0.0208 -0.0287 0.984 0.1798 0.3883 0.5968
0.01 Mg-K 0.0677 0.0743 0.982 0.7515 1.4287 2.1059
0.1 Mg-K 0.1583 -0.4428 0.984 1. 1398 2.7224 4.3051

0.01 Ca-Na 0.0087 0.0127 0.962 0.0993 0.1859 0.2725
0.1 Ca-Na 0.0125 0.0260 0.922 0.1508 0.2756 0.4004
0.01 Ca-K 0.0882 -0.0270 0.970 0.8551 1.7372 2.6193
0.1 Ca-K 0.1457 -0.2768 0.956 1.1799 2.6366 4.0933
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APPENDIX TABLE 5. REGRESSION DATA FOR LUALUALEI FROM KOKOHEAD SOIL
AND ESR VALUES OF DEFINED CONCENTRATION AT THREE SAR LEVELS

SAR or PAR
Equilibrium b a r 10 20 30

Surface (KL1)

0.01 Mg-Na 0.0339 0.0303 0.973 0.3693 0.7083 1.0473
0.1 Mg-Na 0.0083 0.0328 0.974 0.1158 0.1988 0.2818
0.01 Mg-K 0.0192 0.0474 0.987 0.2398 0.4314 0.6234
0.1 Mg-K 0.0376 0.1903 0.982 0.5663 0.9423 1.3183

0.1 Ca-Na 0.0111 0.0127 0.987 0.1237 0.2247 0.3457
0.1 Ca-Na 0.0110 0.0014 0.925 0.1114 0.2214 0.3314
0.01 Ca-K 0.0808 0.0197 0.969 0.8277 1.6357 2.4437
0.1 Ca-K 0.0785 -0.0659 0.973 0.7191 1.5041 2.2891

Subsurface (KL2)

0.01 Mg-Na 0.0149 0.0127 0.978 0.1617 0.3107 0.4597
0.1 Mg-Na 0.0110 -0.0069 0.983 0.1036 0.2136 0.3236
0.01 Mg-K 0.1319 0.0799 0.992 1.3989 2.7179 4.0369
0.1 Mg-K 0.0479 0.2209 0.980 0.6999 1. 1789 1.6579

0.01 Ca-Na 0.0094 0.0133 0.981 0.1073 0.2013 0.2953
0.1 Ca-Na 0.0114 0.0013 0.926 0.1153 0.2293 0.3433
0.01 Ca-K 0.0814 0.0490 0.952 0.8630 1.6770 2.4910
0.1 Ca-K 0.0833 -0.0581 0.887 0.7749 1.6079 2.4409
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APPENDIX TABLE 6. REGRESSION DATA FOR KAWAIHAE SOIL AND ESR
VALUES OF DEFINED CONCENTRATION AT THREE SAR LEVELS

SAR or PAR

Equilibrium b a r 10 20 30

0.01 Mg-Na 0.0234 0.0056 0.975 0.2396 0.5736 0.7076

0.1 Mg-Na 0.0068 0.0973 0.936 0.1653 0.2333 0.3013

0.01 Mg-K 0.1020 0.1053 0.974 1. 1253 2.1453 3.1653

0.1 Mg-K 0.0505 0.1969 0.969 0.7019 1.2069 1.7119

0.01 Ca-Na 0.0116 -0.0143 0.950 0.1017 0.2177 0.3337

0.1 Ca-Na 0.0114 0.0466 0.981 0.1606 0.2746 0.3886

0.01 Ca-K 0.1003 0.0013 0.945 1.0043 2.0073 3.01 03

0.1 Ca-K 0.0906 -0.0876 0.980 0.8184 1.7244 2.6304

Subsurface (K2)

0.01 Mg-Na 0.0190 -0.0108 0.987 O. 'l792 0.3692 0.5592

0.1 Mg-Na 0.0057 0.0905 0.946 0.1475 0.2045 0.2615

0.01 Mg-K 0.1200 0.0038 0.978 1.2038 2.4038 3.6038
0.1 Mg-K 0.0334 0.1619 0.925 0.4959 0.8299 1.1639

0.01 Ca-Na 0.0133 -0.0081 0.987 0.1249 0.2579 0.3903
0.1 Ca-Na 0.0064 0.0502 0.911 0.1142 0.1782 0.2422

0.01 Ca-K 0.0986 -0.0512 0.969 0.9348 1.9208 2.9068

0.1 Ca-K 0.0573 0.0589 0.980 0.6319 1.2049 i .7779
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APPENDIX TABLE 7. RELATIONSHIP BETWEEN ACTIVITY
COEFFICIENTS OF THE ADSORBED IONS

206

qN/qo f Na f Ca K qNa/qO f Na f Ca K

0.025 3.240 0.969 0.35 0.008 4.580 1.00 0.462
0.042 2.750 0.955 0.257 0.167 2.188 0.934 0.282
0.171 2.520 0.873 0.237 0.273 1.944 0.893 0.318
0.450 1.360 0.597 0.354 0.450 1.536 0.890 0.252
0.669 1.080 0.707 0.340 0.670 1.261 0.881 0.404
0.869 1.050 1.050 0.347 0.872 1.077 1.120 0.422
0.990 0.970 1.590 0.353

Na-Ml at 40°C Ca-Hl at 40°C

qN/qO f" f Ca K qN/qO f Na f Ca KNa

0.090 0.710 1.050 0.956 0.050 5.470 1.020 0.97
0.144 0.920 " 0.964 0.890 0.195 2.190 1.040 0.405
0.246 0.980 0.831 0.818 0.400 1.630 0.983 0.456
0.373 1.320 0.513 0.907 0.700 1.210 1.050 0.480
0.455 1.390 0.412 0.612 0.900 1.060 3.120 0.170
0.670 1.270 0.279 0.733 0.990 1.000 3.430 0.175
0.869 1.090 0.359 0.576
0.990 1.005 0.615 0.99


