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ION-EXCHANGE MINERALS AND DISPOSAL OF 
RADIOACTIVE WASTES A SURVEY OF LITERATURE

By B. P. ROBINSON

ABSTRACT

A review of the literature on ion-exchange theory, naturally occurring ion- 
exchange minerals, and the role of ion exchange in the disposal of radioactive 
wastes is presented. Ion-exchange theory is discussed in terms of colloid science, 
thermodynamics, reaction kinetics, reaction mechanisms, and adsorption 
equations.

Ion exchange may be defined as the exchange of an ion held by an electrical 
charge near the surface of an exchange mineral with an ion present in a solution 
in which the exchange mineral is immersed. Ion-exchange reactions follow the 
law of mass action with the reactions being restricted by the number of exchange 
sites on the mineral and by the bond strength between the exchangeable cations 
and the mineral surface. Crystalline structure of the exchange minerals and 
the chemical composition of the solution in contact with the mineral influence 
the ion-exchange reaction.

Clay minerals and other ion-exchange minerals, including glauconite, ultra 
marines, and zeolites are discussed in terms of origin, nomenclature, composition, 
structure, and exchange capacities. The origin of clay minerals is explained by 
various factors. These include leaching of certain elements from, older minerals, 
complete replacement of a mineral, devitrification of a volcanic glass, crystalli 
zation of colloid material, direct precipitation from solutions, and reactions 
between older minerals and solutions. Older literature on clay minerals includes 
some misnomers of nomenclature. The modern student, having the advantages 
of better instruments and improved analytical techniques, has made progress in 
correcting this situation.

Structurally the clay minerals are considered to consist of a colloidal, silicate- 
layer lattice in which the layers are composed of planes of silica-oxygen tetrahe 
drons and planes of aluminum, iron, or magnesium atoms surrounded by six 
oxygen atoms or hydroxyl groups arranged as octahedrons.

Ion-exchange capacities generally are measured in chemical equivalents ad 
sorbed per 100 grams of exchange mineral at pH 7. Because of differences in 
structure and in chemical composition of clay minerals, their exchange capacities 
are reported over a range. Some of the exchange capacities reported in the 
literature are kaolinite, 3-15; halloysite (2H2O), 5-10; halloysite (4H2O), 40-50; 
montmorillonite, 70-100; illite, 10-40; vermiculite, 100-150; glauconite, 11-20; 
and attapulgite, 20-30.

The control of radioactive wastes has been described as adequate but expensive 
at the present time. However, the condition of adequacy could change in the 
foreseeable future unless additional means of disposal become available. Some 
of the major technical considerations associated with the radioactive waste 
disposal problem include the following (Wolman and others, 1956) :
1. Nuclear fuel characteristics and processing associated with them.
2. Recovery of specific isotopes from wastes and use of them to help defray 

disposal costs.

1



2 ION EXCHANGE MINERALS, DISPOSAL OF RADIOACTIVE WASTES

3. Proper selection of sites for nuclear plants.
4. A detailed quantitative evaluation of the environments selected to receive 

radioactive materials.
5. Suitable means of handling and transporting highly radioactive materials. 

On the basis of available literature, it appears that practical means for the 
permanent disposal of high-level radioactive wastes that may be encountered 
with an expanding nuclear industry remain to be discovered.

INTRODUCTION 

PURPOSE AND SCOPE OP STUDY

The U.S. Geological Survey has the responsibility of conducting a 
continuing study of the water resources of the Nation. This includes 
a study of the chemistry of the elements in the hydrosphere. This 
paper is primarily concerned with the phenomenon of ion exchange, 
one of the many chemical processes occurring in the hydrosphere. 
Accordingly, a comprehensive literature survey has been made of 
clay minerals and other naturally occurring silicate minerals exhibit 
ing the phenomenon of ion exchange. These minerals are of interest 
not only for their ion-exchange property but also for their possible 
adaptability to radioactive waste disposal.

ION-EXCHANGE PROPERTY OP MINERALS

Examples of the fundamental and practical importance of ion 
exchange exist all about us. Growing plants in the soil depend upon 
cation exchange. Weathering processes involve the liberation of 
alkalies and alkaline earths, which may take part in exchange reac 
tions. Changes in the chemical composition of water occur through 
cation exchange. The sodium concentration in sea water is largely 
the result of the cation-exchange properties of clay minerals that 
have accumulated in the sea. The plastic properties of a soil or clay 
vary with the degree to which sodium or calcium is the dominant 
exchangeable cation.

It has been said that all inorganic minerals of extreme fineness 
possess a small exchange capacity as a result of broken bonds (Grim, 
1953b, p. 131-132). However, only such minerals as clays, naturally 
occurring zeolites, glauconites, greensand, and ultramarines are com 
monly thought of as cation-exchange materials. The usual list of 
clay minerals exhibiting ion exchange includes the following groups: 
kaolinite, halloysite, montmorillonite, illite (hydrous mica), vermicu- 
lite, chlorite, and sepiolite-attapulgite-palygorskite. Of these, the 
montmorillonites are noted for the highest cation-exchange capacity.

Marshall (1949, p. 26-27) offered the following list of zeolites: 
natrolite, mesolite, scolecite, edingtonite, thomsonite, heulandite, 
analcite, chabazite, and gmelinite.
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Various glauconite minerals are known to exist, but exact formulas 
have not yet been determined for them. They are known to be of 
marine origin (Grim, 1953b, p. 353) and have been found to approach 
the illites in structure (Smulikowski, 1954).

The ultramarines were classified under four groups by Marshall 
(1949, p. 26-27), as follows: sodalite, helvite, ultramarine, and scapolite.

Other suggested general references on ion-exchange materials in 
clude Deitz' (1956) "Bibliography of Solid Adsorbents 1943-1953," a 
review of ion exchangers made by Deuel and Hutschneker (1954), and 
a general study of ion exchangers made by Malquori (1948).

Ion exchange is an important geochemical process affecting the 
quality of water. Many ions may be removed from natural waters by 
means of this process. The clay minerals exhibit a marked capacity 
for the exchange of cations. Without this phenomenon serious poison 
ing of the oceans by such elements as copper, selenium, arsenic, and 
lead could result. Waterlot (1955) noted that ion exchange in clay 
beds overlying the Cobrieux limestone (France) changes the water pro 
gressively from one rich in calcium and magnesium to one nearly free 
of these elements and high in sodium.

Ion exchange not only influences the migration of elements but also 
can be of value in the discovery of laws affecting the relations of ele 
ments. Although geochemistry will not be discussed in detail in this 
paper, a few references on the subject are suggested. These include 
Clarke, 1924; Goldschmidt, 1954; Mason, 1952; Rankama and Saha- 
ma, 1950; and Vernadsky, 1924.

RADIOACTIVE WASTE DISPOSAL

Radioactive contaminants created by bomb tests and by nuclear proc 
essing plants can enter water supplies as fallout material, as low-level 
wastes being dumped into streams or as a result of accidents whereby 
storage facilities or processing plants release them. Radioactive con 
taminants differ from the usual industrial plant wastes in that they 
emit radiation. There is no known method for neutralizing radio 
activity; therefore the wastes must be either diluted and dispersed or 
concentrated and stored (Straub, 1956). Radioactive isotopes disin 
tegrate and thus lose their activity with time, the length of time de 
pending upon the given isotope and its half-life.

One of several methods of concentrating radioactive wastes consists 
of "fixing" them on montmorillonite clay to minimize the amount 
leached out by subsequent exposure to water during confinement by 
underground burial (Ginell, 1952).

Other methods suggested for disposal of radioactive wastes include 
confinement in geologic formations (Lieberman, 1955), in dry oil wells 
(Aiken, 1954), and in abandoned mines (Rodger, 1954).
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Whatever the method for handling these wastes, be it direct dis 
posal into the ground, dilution disposal into flowing streams and lakes, 
or other means of disposal, much remains to be learned about the be 
havior of the radioactivity after disposal. Will it stay relatively near 
its original confinement area or will it migrate and possibly contami 
nate underground waters? Answers to these and other questions are 
needed before adequate methods for disposing of radioactive wastes 
can be devised.
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ADSORPTION AND ION EXCHANGE: GENERAL

Adsorption is most commonly thought of in terms of an accumulation 
of substances at an interface. It can be said to occur at all surfaces 
as in the cases of adsorption of gases by solids, adsorption of dyes from 
solution by solids, and adsorption of cations on ionic lattices as in 
naturally occurring clay minerals. Adsorbed substances may be the 
products of reaction or of hydrolysis, unaltered molecules, or ions 
(McBain, 1950, p. 38). Adsorption, as in the case of condensing gas 
molecules on a solid surface, differs from adsorption of cations as on 
ionic lattices of clay minerals. In the former case gas molecules are 
held by Van der Waals forces. In the latter case the cations on ionic 
lattices are held by electrostatic forces. Adsorption from solution is 
more commonly observed than adsorption of gases. Adsorption or 
ion exchange as in the case of cation exchange between natural waters 
and clay minerals is of particular interest in this paper.

An understanding of adsorption and ion exchange involves a study 
of colloids, a study of the two fundamental approaches applicable to 
chemical phenomena, namely, thermodynamics and kinetics, and a 
study of reaction mechanisms. These will be considered in succeeding
paragraphs.

COLLOID SCIENCE

One hundred years have passed since Graham proposed the term 
"colloid" in 1861, but colloid science has had to wait until the present 
generation to receive its just recognition. The term was introduced 
to identify certain substances (albumin, gelatin, glue, and silicic acid) 
used by Graham in diffusion studies (Glasstone, 1940, p. 1206). All 
of the substances exhibited a very slow rate of diffusion through a 
parchment membrane. Today the colloidal condition is thought of 
as comprising any substance and any medium.
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COLLOIDS DEFINED

The term "colloid" has been defined more specifically by Jirgensons 
and Straumanis (1954, p. 1) as follows:
Colloids are substances consisting of a homogeneous medium and of particles 
dispersed therein. India ink, the milky dispersions of sulphur, clays and humus, 
a soapy shaving cream, glue and blood serums, are all examples of colloids. The 
dispersed entities may eventually be large molecules.

CLASSIFICATION OF COLLOIDS

All colloidal systems or sols (as they are often called) are classed as 
inorganic or organic, depending on their chemical composition. They 
may be further broken down into hydrosols and organosols, depending 
on the dispersing medium. If water is the dispersing medium, the 
colloid is a hydrosol, of which there are two types: hydrophylic and 
hydrophobic. The first type is characterized by a, strong interaction 
between particles and water molecules that tends to make a stable 
colloid. The other type has no such strong attraction between parti 
cles and water molecules and is much less stable. If an organic 
liquid such as alcohol, ether, or benzene, for example, is the dispersing 
medium, the colloid is an organosol.

SIZE OF COLLOIDAL PARTICLES

Colloids can be said to exist in a state of fine subdivision, ranging 
in size from a true solution on the one hand to a true suspension on 
the other. An approximate size range of 10~3 to 10~6 mm was 
suggested for colloidal particles by Mason (1952, p. 147). Bragg 
(1937b) described them as too small for the microscope and too large 
for usual X-ray methods.

EXAMPLES OF COLLOIDS

Several types of colloid systems or disperse systems, as they are 
generally called, are known. They include the following: solid/gas 
(smoke), liquid/gas (fog), liquid/liquid (emulsion), and solid/liquid 
(sols, gels, pastes). The solid/liquid type is of great importance to 
geochemistry.

PROPERTIES OF COLLOIDS

A better understanding of colloids is possible if some consideration 
is given to their properties and characteristics.

STRUCTURE AND EIECTRIC CHARGE

Both crystalline and amorphous colloids are known, although 
most inorganic colloids are crystalline.

Colloidal particles are characterized by an electric charge. Some 
colloids are known to exist with either a positive or negative charge, 
depending on the environment. Colloidal particles of the soil usually 
carry a negative charge. Ferric hydroxide is an example of such a
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colloid. A few of the most important colloids are listed in Mason 
(1952, p. 148).

The origin of the charge on colloidal clay particles has been ex 
plained by various investigators. Mukherjee (1921) reported the 
charge as being due to the adsorption of a common ion. He claimed 
that electrostatic forces are strong enough to account for the adsorp 
tion. Baver (1956, p. 24-29), Gapon (1946), Hauser and Le Beau 
(1946), and Hauser and Colombo (1954) explained the charge in terms 
of Helmholtz's "double layer." According to this theory, replaceable 
adsorbed cations are found on the surface of clay minerals. In other 
words, clay particles are colloidal anions with the corresponding cations 
adsorbed on the surface. One colloidal-clay particle can adsorb many 
cations. Thus, it may be considered as a negatively charged nucleus 
surrounded by positively charged ions.

McBain (1950, p. 195) challenged the accuracy of the double-layer 
theory explanation. He believed that the distance between the 
charges on particles and surfaces makes them practically independent 
of each other. In addition he doubted that the conductivity ob 
served for surfaces can be accounted for by an outer diffuse ionic 
atmosphere.

Kiefer (1947) attributed the charge on colloidal particles to dis 
sociation and (or) adsorption of ions. By mathematical analysis, 
he showed that, for the dissociation process, the charge and electro- 
phoretic velocity increase with dilution; whereas, for the adsorption 
process, both approach zero with dilution.

Particle charge and stability are closely related and usually require 
the presence of a small amount of an electrolyte, the most important 
of which are organic compounds (British Patent 689,692, 1953). 
Excessive amounts of electrolytes cause the colloids to precipitate or 
coagulate. Humus colloids seem to exert a stabilizing influence on 
inorganic colloids in the geochemical environment (Mason, 1952, 
p. 148-149).

STABILITY OF COLLOIDS

Another distinguishing property of the colloidal state is its meta- 
stability or its degree of stability (McBain, 1950, p. 195). Any change 
in the particle size will result in a change in the total surface area and 
a change in the free energy of the system, so that all colloids are 
theoretically unstable (Mason, 1952, p. 148-149).

Stabilization of a colloid is referred to as deflocculation, dispersion, 
or peptization throughout the literature.

Speil (1940) explained deflocculation on the basis of the Gouy- 
Freundlich double-layer theory of water hulls around kaolinite par 
ticles. The OH~ is supposed to be selectively adsorbed on the broken
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edges of the crystals with Na+ counter ions. When more OH~ is 
added than can be adsorbed on the crystal, an excess occurs in the free 
water and profoundly changes the forces between the particles.

The mechanism of peptization is related to the distribution of those 
components responsible for the difference of the osmotic pressure in 
the region near the surface of the colloid particles (methoric spaces) as 
compared with the osmotic pressure in the bulk solution, according to 
Tezak (1952). Peptization results when the concentration of ions and 
molecules of the dissolved component in the methoric spaces is greater 
than in the interior of the solution, and the difference in osmotic pres 
sure tends to separate the particles. Conversely, with a smaller con 
centration of ions and molecules of the dissolved component in the 
methoric spaces, the equilibrium distribution of the ions and molecules 
could be reached by the colloidal particles approaching each other, 
thus giving a coagulated system.

Duclaux (1946, p, 514-517) proposed that inorganic colloids are 
stabilized by condensation with multivalent negative ions rather than 
by mere physical adsorption.

Baver (1956, p. 24-29) and Jenny and Reitemeier (1935) explained 
stability of various clay suspensions in terms of cation-exchange capac 
ity of the clay and the energy with which the adsorbed cations are 
held against the inner layer of the double layer. As the exchange 
capacity increases, so does the stability; whereas, with increasing 
energy of adsorption, the stability decreases.

In a series of papers the Russian, Gedroiz (1912-22), made some 
outstanding contributions to soil science. According to Gedroiz 
(1922), all salts, acids, and bases can bring about the flocculation of 
colloidally divided substances. He pointed out that cations of the 
electrolyte generally will be the flocculating agents, since soil colloids 
commonly carry a negative charge. Flocculation takes place when 
the concentration of a given electrolyte exceeds a certain quantity 
which he called the "electrolytic limit."

The flocculating power of various cations increases with increasing 
valences and atomic weights, except for H+, which has higher flocculat 
ing power than that of the other monovalent metals. Presence of the 
smallest possible quantities of H+, in combination with other cations, 
diminishes the amounts of other cations needed for flocculation of 
negative colloids (Gedroiz, 1922).

Rabinerson (1938) suggested that in the coagulation of colloids 
there is a difference between those particles whose electric properties 
are the same in all directions and those with a nonuniform distribution 
in charge. In the first case, a compact precipitate forms; in the 
second, a gel.
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In tests with colloidal clay from Hesperia sandy loam, Mazurak 
(1953) found that both concentration of cation and time of shaking 
affected the aggregation obtained. H-saturated clays were the most 
water stable, but Ca+2 decreased water stability.

Wiklander and Hallgren (1944-45) found a pronounced difference 
in the effect of the alkali ions and that of bivalent ions on the disper 
sion of soil colloids. Soil samples saturated with bivalent ions were 
much more resistant to dispersion.

Haissinsky and Gluzbarg (1951) studied the effect of ionizing radi 
ation on colloidal solutions. Positively charged copper and nega 
tively charged gold and silver aqueous colloidal solutions were exposed 
to radiation. The positively charged copper colloidal solution was 
coagulated, whereas the gold and silver solutions were stabilized. The 
authors attribute the observed effect to the formation of free radicals, 
hydroxyl groups, from water. The hydroxyl groups then affect the 
double layer of the sol particles, stabilizing the negatively charged 
sols and coagulating the positively charged ones.

Shukla (1944) explained the dispersion of soil colloids produced by 
shaking calcium soil with the carbonates of alkali metals as due to the 
gradual replacement of exchangeable calcium by alkali cations. But 
as the concentration of the free salt increases in the dispersion medium, 
the alkali cations tend to coagulate the soil by compressing the double 
layer surrounding the dispersed particles.

From studies made on colloidal solutions in concentrated electro 
lytes, Voet (1936) concluded that the influence of electrolytes on col 
loids is more complicated than formerly thought. For example, a 
small quantity of electrolyte is necessary to form the double layer and 
stabilize a hydrophobic sol; whereas, a somewhat larger quantity 
produces coagulation. Finally, the sol can be stabilized again by 
adding an even higher concentration of electrolyte which shows that a 
colloidal system can have two stable and two unstable zones, depend 
ing on the concentration of the electrolyte.

Powell (1954) and Lauderdale (1951) discussed the effect of pH on 
coagulation. A pH of 5.5 is considered by Powell to be an optimum 
value for coagulation. Lauderdale found that a pH of 11.3 gave 
optimum results in the removal of radioactive wastes through phos 
phate precipitation.

Sharov (1939) suggested that students of soil colloids like Vageler, 
Kelley, and Jenny, who consider the disperse system not only as a 
unit by itself (physicochemical interaction of two phases) but as also 
involving an extraneous third component, are in error. By the third- 
component idea, colloids essentially are mechanical mixtures of the 
fundamental phases, and of the adsorbed ions or substances, or impur 
ities sticking to the colloid.
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OTHER REFERENCES

Other suggested references on colloids include: Caldwell and 
Marshall (1942), Freundlich (1926, p. 216-217), Glasstone (1940, 
p. 1172-1257), Hauser (1939), Her (1955, p. 181-232), Kinet (1943), 
Paneth (1948), and Phelps (1947).

A number of reviews are also available including the following: 
Alexander (1947, p. 1-52), Antipov-Karataev (1940), Atkinson 
(1943), Broughton (1953), Hauser (1945, p. 287-321; 1955a, p. 2-9; 
1955b, p. 8), Holdridge (1953), Hopu (1943), Mattson (1954), Milligan 
and Mill (1955), Nagelschmidt (1944), Schweitzer and Jackson 
(no date), and Troelstra (1954).

THERMODYNAMICS AND ADSORPTION

Mason (1952, p. 59) described thermodynamic systems as being 
characterized by certain fundamental properties which may be 
classified as (a) extensive and (b) intensive. Examples of extensive 
properties include mass, volume, and entropy. They depend upon 
the amount of matter in the system. Intensive properties include 
temperature, pressure, and chemical potential, all of which are inde 
pendent of the amount of matter present in the system.

The total energy of a thermodynamic system is called its internal 
energy. It consists essentially of the sum of the thermal, mechanical, 
electrical, and chemical energies (Mason, 1952, p. 60). While absolute 
values of these quantities generally cannot be obtained, changes in 
the quantities can be obtained. Thermodynamics, then, is concerned 
with these changes; that is, the initial and final states of a system and 
the equilibrium conditions and criteria for evaluating them (Ency 
clopedia of Chemical Technology, 1953, v. 11, p. 570).

Goldschmidt (1954, p. 3) suggested that modern thermodynamics, 
and particularly the concept of free energy, makes possible the pre 
diction of the distribution of elements and their compounds between 
liquid and gaseous phases at any temperature and pressure, provided 
their thermodynamical constant is known.

Eley (1947, p. 54) considered thermodynamics as concerned with 
systems in equilibrium whose properties do not change with time. 
Time effects diffusion rates, rates of flow or creep do not fall 
within its province.

Thus, while thermodynamics cannot predict the rate at which a 
reaction will proceed nor describe the mechanism of the reaction, 
conditions under which certain geochemical processes may occur 
can be predicted even though the reactions cannot be reproduced 
experimentally.
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FREE ENERGY AND EQUILIBRIUM

A better understanding of thermodynamics can be had from a 
consideration of the relationship between free energy and the equilib 
rium of a thermodynamic system. The brief discussion that follows 
is based on Mason (1952, p. 60-64).

Free energy has been defined by the Helmholtz and Gibbs equations 
as follows:

Free energy=E  TS (Helmholtz)

Free energy=E  TS+PV (Gibbs) 
in which

E= internal energy of the system

TS= (Absolute temperature X entropy)=Thermal energy 

PV= (Pressure X volume)=Mechanical energy

The free energy of a reaction determines its state of equilibrium. 
For a reversible reaction at equilibrium, the free energy of the react- 
ants is equal to the free energy of the products. A necessary condition 
for a chemical reaction to proceed spontaneously is that the total 
free energy of the reaction products be less than the free energy of 
the reactants. Thus, knowing the free-energy change of a reaction, 
one can predict whether or not it will occur.

The free-energy change of a chemical reaction can be difficult to 
obtain experimentally. However, the problem becomes simplified 
if it is assumed that both products and reactants are in then1 standard 
states and heat-capacity data are available. The molar free energies 
of formation of many chemical compounds are now known in their 
standard states. The free-energy change is simply the sum of the 
free energies of the reaction products minus the sum of the free energies 
of the reacting substances. When working with silicates, though, 
one is handicapped in that but few data on the free energies of silicates 
are available.

Thus, thermodynamics provides a general approach to problems of 
stability, equilibrium, and chemical change.

EXPERIMENTAL STUDIES

A number of investigators have studied the thermodynamics of 
exchange adsorption in clay minerals and other exchange materials. 
Amphlett and McDonald (1956) studied the uptake of Cs+ and 
Sr+2 on a lower greensand soil. Isotherms were obtained for the 
system Cs+-Sr+2 soil at two different ionic concentrations, and from 
these, the thermodynamic equilibrium constant was calculated for 
the exchange reaction 
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in which E represents solid-phase material.
This and other thermodynamic data were compared with those of 

other workers on montmorillonite.
Games and Thomas (1953), in studies on clay-mineral adsorption, 

formulated expressions for thermodynamic-equlibrium constants 
for ion-exchange equilibria of models defined in terms of operational 
variables.

Gregor (1949), with his thermodynamic theory of exchange proc 
esses, predicted ion-exchange phenomena   in particular, distribution 
constants   from measurable physical quantities that are defined apart 
from the exchange processes themselves. In a qualitative comparison 
between theory and experiment, reasonably good agreement was 
obtained for the limited number of cases presented.

Marshall and Upchurch (1953), in plant-growth studies with 
soybeans, explained uptake of a particular cation as being governed 
in part by the free-energy change in the reaction between root in 
acid media and the exchanger.

Thomas and Gaines (1954) wrote theoretical equations for describ 
ing exchange isotherms and for determining equilibrium constants 
in studies on the system: montmorillonite-cesium-sfcrontium.

Faucher and Thomas (1954) studied the ion-exchange equilibria 
between a montmorillonite clay and K-Cs from chloride solutions 
by chromatographic and other methods. Kesults of their experi 
ments indicate that the total concentration of the salt in solution has 
no influence on the shape of the isotherm up to 0.4M. The results 
are summarized in terms of equilibrium constants and activity co 
efficients for the mixed-clay phase.

Woodruff (1955) presented theoretical consideration for the eval 
uation of the free-energy change that accompanies an exchange of 
cations between a clay and a solution. Working with Putnam clay, 
he found a change of about  3,000 calories per chemical equivalent 
in the exchange of potassium for calcium when the cations were 
present in the ratios characteristic of productive soils.

Studies of cation-exchange reactions with clay minerals by Cutler 
and Cook (1953a; 1953b) showed that at least three equilibrium 
reactions are involved in cation exchange. These are equilibrium 
between (a) active and inactive sites, (b) free and adsorbed H+ ions, 
and (c) free and adsorbed cations other than H+ ions. Free-energy 
computations support the accuracy of the derived equilibrium con 
stants.

Kiselev (1945) applied Gibb's fundamental equations for bulk 
phases and surface layers to a study of the work and heat of adsorp-

606861 62     a
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tion. He described the work (and heat) of adsorption from solution 
as being equal to the sum of the work (heat) of wetting of adsorbent 
by pure solvent, the work (heat) of adsorption from solution of the 
solute, and displacement of the solvent by the latter, and work (heat) 
of dilution of the solution.

OTHER REFERENCES

For further discussion on thermodynamics and adsorption, the 
reader is referred to standard textbooks of thermodynamics and to 
Bower and others (1957), Flood (1955), "Encyclopedia of Chemical 
Technology" (1953, v. 11, p. 570-585), Jurinak and Bauer (1956),
and Kiselev (1946).

REACTION KINETICS
FUNCTION OF KINETICS

Thermodynamics predicts the sign of reaction velocity, but it 
cannot give the magnitude of velocity (Turner and Verhoogen, 1951, 
p. 38). Thus we turn to chemical kinetics for an explanation of 
reaction rates.

Chemical reactions are known to occur at definite rates depending 
upon conditions such as concentration of reactants, temperature, 
radiation, and presence of a catalyst or inhibitor. Reactions may 
be so rapid as to appear instantaneous, as in the neutralization of a 
strong acid by a strong base, or so slow at ordinary temperatures 
that no detectable change is noticeable for many years, as in the 
combination of hydrogen and oxygen. Thus chemical kinetics may 
be said to consist of the study of the rates of reaction processes which 
occur with measurable velocities between these two extremes and at 
temperatures that are easily accessible in the laboratory (Glasstone, 
1940, p. 1024).

ORDER OF RATE EQUATIONS

Reactions are classified as first order, second order, and third 
order, depending upon whether the reaction rate is dependent upon 
the concentrations of one or more substances. If the reaction rate 
is unaffected by concentration, it is classified as a zero-order reaction. 
Glasstone (1940, p. 1045) referred to literature mention of higher 
order reactions (even as high as eight), but he also stated that it is 
unlikely that any single step or mechanism in such a reaction involves 
processes higher than third order.

Reactions generally consist of a combination of the several orders 
rather than one particular order. They may consist of (a) consecu 
tive reactions in which the overall reaction passes through a series of 
steps, (b) reverse reactions, and (c) side reactions, the latter being 
particularly common in organic chemistry (Kittsley, 1955, p. 104- 
105). Glasstone (1940, p. 1045) and Turner and Verhoogen (1951,
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p. 40) pointed out that it is the slowest stage that determines the 
overall rate of the whole process.

DIFFUSION EFFECT ON REACTION RATE

Turner and Verhoogen (1951, p. 40) expressed the belief that the 
velocity of diffusion of reactants and their products is the rate- 
determining factor in many processes of geological importance. Kunin 
(1958, p. 49) speculated on the mechanism of ion exchange by tracing 
the path of an individual ion in the bulk solution to its destination 
in a resin phase. The ion diffuses through the bulk solution until 
it reaches a stagnant solution layer near the resin phase. It then 
passes through that layer into the resin structure and diffuses through 
restricted and water-filled pores until it reaches an exchange site. 
Exchange occurs and the replaced ion retraces the path taken by the 
entering ion.

Studies of clay minerals and zeolite by Wiegner (1936) might be 
considered with Kunin 's discussion in mind. Wiegner considered 
that the location of the exchange groups determines the ion exchange 
rate in silicates. The zeolite cation exchanger chabazite, for example, 
with exchange sites accessible only through very small pores, has a 
low rate of exchange. Kaolinite in contrast, with exchange sites at 
the surface and edge of platelike sheets, attains equilibrium almost 
instantaneously.

TEMPERATURE EFFECT AND THE ARRHENIUS EQUATION

A better understanding of the mechanics of rate processes can be 
gained from a study of the influence of temperature on these rates. 
The Arrhenius equation (proposed in 1889) is considered the most 
satisfactory method for expressing the influence of temperature on 
reaction velocity. It is represented as follows :

where the symbols are  
k = Rate constant
E= Energy of activation or heat of activation (it is a constant and represents 

the energy per mole that a particle must acquire before it can enter 
into the reaction).

« = Base of natural logarithms, 2.71828 
R = Molar gas constant 
T= Absolute temperature 

_ B_ 
e Br =The fraction of all particles possessing E at a given time

P= A frequency factor representing the number of particles entering into the 
reaction per unit of time
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The Arrhenius equation may be transposed to the simpler logarith 
mic form

Thus, it can be seen that for a given reaction the log of the rate is 
proportional to the reciprocal of the absolute temperature, and the 
slope of the line is dependent upon the energy of activation.

The Arrhenius equation is applicable to homogeneous gas reactions, 
to heterogeneous processes, and to reactions in solution.

It is apparent that if absolute calculations of reaction rates are to 
be made, the energy of activation and the frequency factor must be 
obtained. A semiempirical method for calculating the energy of 
activation was discussed by Glasstone and others (1941, p. 4).

Calculation of the frequency factor also was discussed by Glasstone 
and others (1941, p. 10-11). The calculation is based on the assump 
tion of a critical intermediate stage in chemical reactions and other 
rate processes. This critical stage (activated complex) generally 
occurs at the maximum potential energy value. It is assumed to be 
an ordinary molecule having all the usual thermodynamic properties 
except that motion along the reaction coordinates leads to decomposi 
tion at a definite rate.

PARTITION FUNCTIONS

Partition functions have been used in a statistical treatment of 
reaction rates. For a given molecule the partition function F is a 
measure of the probability of the occurrence of that molecule hi a 
specified volume and is the sum of the e~E/kT terms for all forms of 
energy possessed by the molecule.
In the term e~BlkT, the symbols are   

6=2.71828
E= Energy of molecule 
fc=Boltzman constant 
T= Absolute temperature

If the dimensions of the molecule and its normal vibration fre 
quencies are known, the partition function can be calculated with a 
fair degree of accuracy (Glasstone and others, 1941, p. 14-15). Par 
tition functions are of importance because from them thermodynamic 
quantities such as equilibrium constants, free energies, and entropies 
can be obtained (op. cit., 1941, p. 169).

EXPERIMENTAL STUDIES

Bauman and Eichhorn (1947) observed that it is difficult to make a 
fundamental study of the mechanism, equilibrium, and rate of ion- 
exchange reactions of such exchange materials as naturally occurring
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greensand, clay, bentonite, peat, sulfonated coal, lignite and tannin. 
This is true because of the wide variety of ion-active groups and 
variations in the structure of individual particles. This observation 
is emphasized by the dearth of literature on the reaction rate of ion 
exchange for clays, greensand, and other naturally occurring exchange 
materials.

Some equations for describing the process of ion exchange between 
a flowing salt solution and an exchanger were derived by Thomas 
(1944). These equations have been extended and applied to various 
mass transfer processes, including the case for ion exchange, where any 
proportion of the two ionic species are initially present uniformly on 
the exchanger and in the solution applied (Hiester and Vermeulen, 
1952; Opler and Hiester, 1954; and Vermeulen and Hiester, 1954). 
Bower and others (1957) applied the equations to the study of the 
distributions of dissolved and adsorbed cations in soil columns as 
functions of depth and volume of solution applied. For the exchange 
of ions of equal valence, the following type of rate equation was used:

At equilibrium (b24/br) z=0 and this gives a mass action type 
exchange equation:

For the exchange between a univalent cation A and a divalent cation 
B, the following type of equation was used :

The symbols for the preceding equations are identified as follows:
CA, CB= Concentration of cation species A or B in the solution phase at a

specified point in the column, in milliequivalents per milliliter. 
k = Exchange rate constant, milliliters per milliequivalent per minute. 
K  Exchange equilibrium constant, dimensionless. 

Q.A, g.B  Concentration of cation A or B in the adsorbed phase at a specified
point in the column, milliequivalents per gram. 

r=Time, minutes. 
z  Depth of soil, centimeters.

Experimental results agreed quite satisfactorily with those predicted 
by the equations for both equal and unequal valence ion pairs.

Grim (1953b, p. 136-137) discussed cation-exchange rates in clay 
minerals and zeolites. He points out that various factors   particular 
clay mineral, nature and concentration of cations, nature and concen-
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tration of anions influence the rate of cation exchange. Kaolinite 
has about the most rapid rate of exchange for clay minerals, being 
almost instantaneous. Montmorillonites, attapulgite, and illite 
have slower rates of exchange, with the latter requiring hours to reach 
completion. Chloritic clay minerals probably have a rate of exchange 
similar to illites, and vermiculite should exhibit a rate of exchange 
similar to montmorillonite. Rate of exchange in some zeolites is 
slower than for the clay minerals.

The different rates of exchange exhibited by the various clay 
minerals likely is due to their differing crystal structures. The 
rapid exchange rate exhibited by kaolinite might be explained by 
exchange occurring on the edges of particles. Exchange in mont 
morillonite occurs primarily between layers and in attapulgite in 
channels. Thus the slower exchange rate of the latter two clays 
might be explained by the time required for penetration between 
layers and into the channels.

Wiklander (1955a, p. 126-127) commented on the rate of ion 
exchange based on experiments by Way, Gedroiz, Hissink, Wiegner, 
and others. His conclusions of the rates of exchange for various 
clays are similar to those outlined by Grim (1953b, p. 136-137).

Tsyurpa's (1946) results on cation-exchange rates support Grim/s 
(1953b, p. 136-137) belief that kaolinite has the most rapid rate of 
exchange of the clay minerals.

Other investigators have reported on reaction rates for inorganic 
exchange materials. Cernescu (1931) observed that clays establish 
an exchange equilibrium in 5 minutes, whereas in tests with a siliceous 
cation exchanger and chabazite reaction periods of 10 and 92 days 
respectively were required. Using Oak Ridge clay, which is com 
posed mainly of montmorillonite and kaolinite, Lacy (1954) found 
that a contact time of 15 minutes was sufficient for easy-to-remove 
radioactive isotopes, whereas more difficult ones required 90 minutes. 
McHenry (1956b) reported that reactions between a composite 
Hanford soil and cesium ions attain adsorption equilibrium within 
a few minutes for a given set of conditions. Gedroiz (1914) found 
that equilibrium was established in 3 minutes of shaking time in 
tests using 50 grams of a chernozem soil and 500 ml of IN ammonium 
chloride. Later Gedroiz (1919) found that equilibrium was estab 
lished within 1 to 5 minutes in tests in which 10 grams of soils was 
shaken for varying periods of time with 100 ml of IN solutions of am 
monium chloride, sodium chloride, and potassium chloride. Borland 
and Reitemeier (1950) used radioactive Ca45 to demonstrate that 
equilibration of calcium between the solution and solid fractions of 
aqueous systems of kaolinite, halloysite, hydrous mica, beidellite, 
and montorillonite is complete, or virtually so, after shaking for
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% to 1 hour. Techniques used did not permit the study of shorter 
periods.

Much work has been done on reaction rates of synthetic resins. 
Some of those studies may be helpful in studying reaction rates of 
clay minerals and other naturally occurring cation exchangers.

REACTION MECHANISMS
TYPES OF ADSORPTION

Various types of adsorption are discussed in the literature, but the 
two most commonly mentioned are referred to as physical and chemical 
(Glasstone, 1940, p. 1179; Mason, 1952, p. 149; McBain, 1950, p. 38; 
TrapneU, 1955, p. 1-4).

PHYSICAL

Physical adsorption is characterized by relatively small heats of 
adsorption, relatively weak van der Wall force of attraction, con 
densed gas molecules on solid surface, and a reversible equilibrium 
between a solid and a gas that is rapidly attained when temperature 
pressure are changed. Several layers of molecules can be adsorbed on 
a solid by the physical type adsorption (McBain, 1950, p. 38).

CHEMISORPTION

The understanding of chemisorption or chemical adsorption is of 
more recent origin than that of physical adsorption. Haber (1914) 
and Langmuir (1915) described it in terms of unsaturated chemical 
forces at the surface of a solid body. Similarly, McBain (1950, p. 38) 
characterized chemisorption in terms of strong valence bonds and 
monomolecular layers. Due to its high activation energy, chemi 
sorption sometimes is referred to as activated adsorption (Taylor 
cited in Glasstone, 1940, p. 179).

McBain (1950, p. 52) discussed chemical adsorption in terms of 
Fajan's rules. According to this approach, an ion must form a diffi 
cultly soluble or weakly ionized compound with the oppositely charged 
ion of the lattice in order to be strongly adsorbed on an equivalent 
compound of the salt type. Thus cation adsorption is raised by 
charging the surface negatively and is lowered by charging the surface 
positively.

Kolthoff (1936) in his study of adsorption on ionic lattices discussed 
five different examples of adsorption:
1. Adsorption of a salt having an ion in common with the lattice: adsorption of 

potential-determining ions.
2. Exchange adsorption between lattice ions in the surface and foreign ions from 

the solution.
3. Exchange between adsorbed counter ions and foreign ions in the solution.
4. Molecular adsorption on nonelectrolytes and true adsorption of salts.
5. Activated adsorption.
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OTHER TYPES

McBain (1950, p. 49) suggested the term persorption for applying 
to the adsorptive properties of dehydrated zeolites such as chabazite.

Hauser (1939, p. 142-143) described an electric theory of 
adsorption. It suggests that adsorption energy decreases rapidly 
with distance and that adsorption of molecules on crystalline surfaces 
depends on the size, shape, and distance between molecules.

Muto (1942, p. 104-107) explained adsorption of surface-active 
electrolytes in terms of Coulomb forces. For example, when surface- 
active ions are adsorbed, Coulomb repulsion between similar ions and 
the repulsion due to the jump of the dielectric constant at the interface 
act to reduce adsorption. Ions of opposite charge in solution assemble 
close to the adsorption layers and counterbalance the effect. Muto 
has derived an adsorption formula based on the assumption that the 
adsorption layer is a continuous distribution of electricity.

Notable contributions on the power of soil colloids to exchange 
cations have been made by Gedroiz (1922) who described adsorptive 
power of the soil as its power ability to retain substances dissolved or 
suspended in water. He considers adsorption by the soil as consisting 
of the five following forms: mechanical, physical, physicochemical, 
chemical, and biological.

The first of these, mechanical adsorption, is demonstrated by water- 
suspended particles of such size that they cannot pass through a 
porous soil but are filtered out.

Physical adsorption is explained in terms of surface tension and the 
fundamental law of colloid science. These are discussed elsewhere in 
the paper by Gedroiz (1922) under "Surface tension."

The term physiochemical adsorption is applied to cation exchange 
in soils by Gedroiz (1922). He cites historic terminology in using 
zeolitic bases for alumino silicates and compares this type of adsorp 
tion with physical adsorption as follows:
Physical:

1. A substance adsorbed from solution remains in the dissolved condition, 
but is to a certain extent connected with the solid particle.

2. Whole molecules are adsorbed.
3. Distribution of concentration of the soil solution changes. 

Physiochemical:
1. A substance adsorbed from solution passes into the soil as a solid phase. 

The substances are not water soluble.
2. Only the cation is adsorbed.
3. Concentration of soil solution does not change quantitatively, only 

qualitatively.

Gedroiz (1922) considered cation exchange in the soil attributable 
to both organic humates and alumino silicates or zeolite bases.
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Chemical adsorption (Gedroiz, 1922) is based on a purely chemical 
reaction of mutual exchange and on the ability of anions and cations 
to give difficultly soluble compounds.

The extraction of various substances from the soil solution by 
organisms is termed biological adsorption by Gedroiz (1922). Nitri 
fying bacteria are an example of this form of adsorption.

The reader is referred to Harris (1953, 1954, 1955) for recent reviews 
on adsorption.

ADSORPTION EQUATIONS AND EXCHANGE EQUILIBRIUM

Attempts have been made to apply various equations to the study 
of adsorption and cation-exchange equilibriums (Davis, 1945; Grim, 
1953b, p. 154; Kelley, 1948, p. 40-50; Krishnamurti, 1954; Magistad 
and others, 1944; Marshall, 1949, p. 124-125; McBain 1950, p. 40; 
and Saidel, 1943). These equations represent three specific avenues 
of approach to a quantitative expression of adsorption and cation 
exchange and have been classified by Grim (1953b, p. 154) and Mar 
shall (1949, p. 124-125) as follows:
1. Empirical equations based on adsorption isotherms.
2. Mass-action (thermodynamic) approach.
3. Kinetic-theory approach.

EMPIRICAL EQUATIONS

The classical adsorption isotherm, or Freundlich equation, was de 
rived originally from the adsorption of a gas by a solid (Kelley, 1948, 
p. 40). It may be applied to cation exchange when identified as 
follows :

M=kcl/n (1) 
where

M= weight of cations adsorbed from a solution at equilibrium with a known
weight of exchange material, 

k and n = constants, 
c   cations remaining in solution.

The equation applies fairly well over a limited range of concen 
tration.

Langmuir (1918) proposed the following type of equation for the 
adsorption of a monomolecular layer of gas by a solid:

(2)

where
M=gas molecules adsorbed, 
a and 6 = constants, 
p = pressure.

Derivations of this equation were presented by Langmuir (1918) and 
Dunken (1940). The equation, by proper definition of quantities, 
can be written to apply to exchange adsorption.
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Another modification of the Freundlich equation was proposed by 
Wiegner and Jenny (1927). Their equation has the following form:

a-b=k( T) 
\a-bj

(3)

where
0-6 = weight of cations adsorbed per given weight of soil, 
6= remaining concentration of cations in solution at equilibrium, 
a = concentration of salt solution at start of exchange process, 
k and p = constants.

Vageler and Waltersdorf (1930) explained the exchange process by 
the following equation :

a=   (4)

where
a = cation mass adsorbed per gram of adsorbent, 
6 = equivalents of initial salt solution used per gram of adsorbent, 
s = exchange capacity of adsorbent,
z= constant called the half value by Vageler. When half of the exchange 

able cations (s/2) have been replaced, z/b=l.

Barkan (1940) reported that the adsorption isotherm can be used 
to determine the exchange acidity of the soil.

Hogfeldt (1955, p. 151) reviewed empirical equations (representing 
cation exchange equilibrium) of the following authors: Kroeker, 
Vageler, Weisz, Boedeker, Freundlich, Wiegner and Jenny, Van 
Dranen, Kothmund-Kornfeld, and Yamabe and Sato. Three different 
kinds of equilibrium quotient curves are recorded in the literature: 
falling curves, rising curves, and curves showing maximum or mini 
mum. Of the empirical equations reviewed, only Freundlich's is 
capable of representing all of these types.

Mokrushin (1945) showed how such basic equations of colloid 
chemistry as Gibbs' adsorption equation, the Langmuir and Freund 
lich adsorption equations, and others can be deduced by use of the 
Maxwell-Boltzman equation.

In the foregoing empirical adsorption equations, the assumption 
is made that cation exchange can be represented algebraically over 
a considerable range. Marshall and Gupta (1933) applied these 
equations to a wide range of concentrations for beidellite and mont- 
morillonite clays and found none entirely satisfactory. The applica 
tion of these empirical equations is limited by such variables as nature 
of the clay mineral, nature of ion, ionic concentration, clay concen 
tration, and others, according to Grim (1953b, p. 154). Different 
explanations for the departure from linearity of adsorption isotherms 
for small degrees of surface filling were reviewed by Zel'dovich (1949).
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MASS-ACTION EQUATIONS

Ion exchange is considered a chemical process in which a reaction 
between a solution phase and an exchange material occurs. Given 
the amount of exchangeable cations on the exchange material and the 
composition of the original solution, one can assume that at equilib 
rium the amounts in solution and in exchangeable form can be cal 
culated from a chemical analysis of the filtrate (Kelley, 1948, p. 42). 
Vanselow (1932b) calculated relative activity coefficients of mixed 
electrolytes from data obtained in this manner.

Similarly, Magistad and others (1944) expressed the belief that 
exchange reactions follow chemical laws and that equilibrium exists 
between the proportion of each cation on an exchange complex and 
relative concentration of these cations in the solution phase.

This idea conflicts with the diffuse double-layer concept in which 
adsorbed ions and solution ions are not definable as separate entities 
(Kelley, 1948, p. 42). On the basis of the double-layer theory, cation 
exchange is merely the rearrangement of cations and cannot be con 
sidered a chemical reaction in the opinion of Davis (1945). Davis 
has critically analyzed the significance of the cation-exchange equilib 
rium concept and has suggested that the entire concept as a true 
thermodynamic equilibrium is not valid.

Marshall and Gupta (1933) expressed doubt that cation exchange 
can be described in terms of the mass-action law. Data obtained by 
them did not agree with the mass-action law when applied to mass- 
action equations of various investigators. Of Kerr's theory involving 
the coexistence of two types of clay at equilibrium, these authors 
point out" that many assumptions are made. For example, Kerr 
assumed that the two clays exist independently in solution, behaving 
as weak electrolytes, while the concentrations of the cations are 
assumed to bear a constant relation to their thermodynamic activities.

Various investigators have recognized that a law of mass action is 
strictly applicable only to activities and not to concentrations of ions. 
Activities were calculated by Magistad and coworkers (1944) and by 
Marshall and Gupta (1933), but their utility is limited according to 
Davis (1945). He pointed out that only in the case of the very weak 
electrolytes whose ionic concentrations are small does the activity 
represent a measure of the true degree of dissociation, and then only 
an approximate measure.

Davis suggested that an equation of the form

Na-clay+K+^K-clay+Na+ (5)

may be interpreted as representing a definite chemical reaction 
occurring at the time of mixing. For this interpretation to be valid,
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both Na-clay and K-clay would have to be completely undissociated 
complexes, according to him. In his opinion, it is doubtful that any 
colloidal materials exhibiting the cation-exchange property are com 
pletely undissociated.

Other investigators (Kerr, 1928; Magistad and others, 1944; 
Vanselow, 1932a) expressed satisfaction with the approximate agree 
ment between one equation or another and their experimental results.

Magistad and others (1944) studied the effects of the following 
factors on the equilibrium constant k as calculated by equations of 
Kerr, Vanselow, and Gapon: ratios of competing ions in solution, 
volume, size of soil sample, concentration, and temperature. Gapon's 
equation gave the best fit. According to the authors, each of the 
equations gives a satisfactory explanation of the shift in equilibrium 
with dilution. They point out that there was indication of appreciable 
amounts of cations being dissolved from soil minerals and that the 
dissolved cations influenced equilibriums.

Kerr (1928) wrote equilibrium equations for cation exchange 
between ions of equal valence and between ions of unequal valence. 
Cation exchange between ions of equal valence may be represented as 
follows :

(6)

E represents solid-phase material. Kerr's equilibrium equation for 
this exchange reaction is :

+] m
( }\KE\\Na

Cation exchange between cations of unequal valence may be repre 
sented as follows :

2 (8)

Kerr's equilibrium equation for this exchange reaction is:

=ft (9)

Although in all mass-action expressions, the quantities in brackets 
should denote activities, Kerr has used concentrations, assuming that 
activities and concentrations are essentially equal (Kerr, 1928). 
Kelley (1948, p. 43) questioned this assumption. He explains that 
the assumption happens to work satisfactorily for sodium chloride 
and potassium chloride because their activity coefficients are close to 
unity. But, as he points out, calcium chloride represents a different 
situation in that its coefficient in dilute solutions is considerably less
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than unity. Also, its activity coefficient exhibits more rapid change 
as the concentration changes than does that of potassium chloride or 
sodium chloride.

Vanselow (1932a) also questioned the validity of Kerr's assumption 
that active and actual concentrations are equal. According to him, 
if this were true, then the substances NaE' and KE in the equation

KE+Na+;=±Na#+K+ (10)

would behave as if in true solution and have activity coefficients of 
unity. Vanselow suggests that if NaE1 and KE could form a con 
tinuous series of mixed crystals, their activities would no longer be 
unity, but each would have an activity equal to its mole fraction in 
the mixed crystal. Thus, the activities of NaE" and KE would be

and

or, for monovalent cations, Kerr's equation (7) can be written:

=k, (13)

Although neither monovalent nor divalent cation pairs permit one 
to distinguish between the mixed-crystal hypothesis and Kerr's hypo 
thesis, the use of two dissimilar cations does. Vanselow (1932a) 
studied the reaction between a solution of ammonium chloride and a 
calcium-saturated material. The reaction may be represented as 
follows :

(14)

and the equilibrium condition in terms of the activities of the four 
constituents is

[Ca+llNHJ?]* " 

Vanselow (1932a) noted that since the solutions used in his work 
were dilute and of nearly constant ionic strength, any error intro 
duced by the omission of activity coefficients for ammonium chloride 
and calcium chloride solutions would remain approximately constant 
for all of the experiments. By following the idea of Kerr (1928) and
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assuming the particles of the substances behave as if in true solution 
with an activity coefficient of unity, we also get equation 15. For 
the mixed-crystal hypothesis, activities of the two forms of substances 
are represented by

and

Thus, by process of substitution, equation (15) takes the form

rvrW^lZ ff^c. Jj< \((~~\f. T7 _L"\TTJ W\ [IN ±±4 I (l^&Utz) (\j$iJli2 ~~r J-^ii^lli)
                             =K (18)

[Ca+2] (NH4) 2 v ; 

and the two equilibrium equations are found to differ by the factor

Eios and Ruiz (1954) derived an equation for ion-exchange equilib 
rium based on kinetic considerations. For cations of equal valence, 
the equation is represented as follows :

d (19)

where
X and Y= cations of equal valence, 

a=the ionic activity, 
r=the hydrated ionic radius, 
n = the number of moles in solution.

The activity of the adsorbed cation is a function not only of its mole 
fraction present, but also of the total solution concentration. The 
calculated value of free energy A.F indicates the degree of adsorption 
of a cation on an exchanger for univalent cations is in the order

Li<Na<K<Rb<Cs 

and for bivalent cations

Mg<Ca<Sr<Ba

According to the authors, this agrees with experimental data of a 
Spanish Moroccan montmorillonite and with bibliographic sources.
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A statistical exchange equation was developed by Krishnamoorthy 
and others (1948). It is based on the statistical thermodynamics of 
Guggenheim (1945). In an interpretation of the equation, Harward 
and Coleman (1953) suggested that Krishnamoorthy and others 
(1948) consider a situation in which the exchangeable ions reside in 
an idealized monolayer and adsorption sites on the exchanger exist 
as a surface array with each site having four nearest neigbbors. 
They conducted studies on cation distribution in clay-water systems 
containing small amounts of electrolyte (HC1) to test the ability of 
mass-action type exchange equations to predict the distributions of 
metal cations in these systems and showed that the statistical ex 
change equation may be used to estimate fairly satisfactorily the 
amounts of K+ and Ca+2 in solution when HC1 is added to these clay 
systems.

Gapon (1933) reported an exchange equation applicable to exchange 
between a liquid and a monomolecular layer of a second liquid 
adsorbed on a solid. The equation may be written as

=k (21)
Wo-/!)

where

/o=total surface,
/i = surf ace occupied by liquid C\ at equilibrium,
/2=surf ace occupied by liquid C2 at equilibrium.

In Gapon's opinion, the amount of a given liquid taken up by a solid 
through exchange is proportional to the surface occupied by that 
liquid. He believes that cation exchange and the replacement of one 
liquid by another from the surface of a solid are analagous.

Although Gapon applied the preceding equilibrium equation only 
to exchange between monovalent and divalent ions, Kelley (1948, p. 
45) applied it to exchange between monovalent ion pairs. He as 
sumed that the total surface /0 is proportional to the exchange 
capacity and applied the equilibrium equation to the reaction

(22) 
giving

(Na+)(KET* (23)

which has the same form as Kerr's equation for ion pairs of equal 
valence.
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Gapon (1933) represented exchange between monovalent and 
divalent cations by the equation

(24) 

Applying Gapon's equilibrium equation, this gives

(Ca+2)*(NH4ff)_____, 
(NH4+)(NH 4 ex. cap.-ATtr ^ ( d)

where cations found in solution are expressed in gram atoms per 
liter, and exchangeable cations are expressed as gram atoms for a 
given amount of soil.

Kelley (1948, p. 46) suggested that the following form is preferable 
to Gapon's exchange reaction cited above:

Ca#+2NH4+;=i2NH4£H-Ca+2 (26)

By substitution of proper quantities from equation 26 in Gapon's 
equilibrium equation, it can be shown to give an equation identical 
with Kerr's equation for monovalent and divalent ions.

Krishnamoorthy and Overstreet (1950) subjected Gapon's equa 
tion to experimental tests with a bentonite clay from Utah, three 
soil colloids (clays from the Yolo, Hanford, and Aiken soil series), 
and three synthetic resins. The equation gave very satisfactory con 
stants for ion pairs of equal valence except when the hydrogen ion 
was involved. The authors suggest that hydrogen ion adsorbed on 
clays may not behave normally in exchange reactions, because it is 
not completely dissociated. For monovalent-divalent ion pairs, the 
equation proved to be unsuitable. These investigators (1949) dis 
cussed Gapon's equation in terms of the theory of ionic distribution 
as applied to mineralogically pure systems in which the ion-exchange 
process is at equilibrium and is completely reversible.

KINETIC EQUATIONS

Jenny (1936) considered a quantitative expression of cation ex 
change in terms of kinetic theory. According to this approach, 
exchangeable cations held by colloidal clay particles are not at rest 
but are in a continuous state of thermal agitation and Brownian 
movement. Cation exchange occurs when a cation in solution comes 
between the negatively charged inner layer of a colloidal particle 
and the oscillating outer-layer cation of such a particle. The 
outer-layer cation then goes into solution as an exchanged cation.

Jenny's equation originally was deduced for a platy colloidal par 
ticle (as clays), but it can be applied also to spheres. Furthermore,
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it is not restricted to colloidal dimensions or to crystallites. The 
equation may be written in the following forms:

(27)1-
and

<72 fl -^)- C(s+N) +sN=Q (28) 

where

N=amount of electrolyte added initially (number of ions), C= number of 
cations adsorbed or released at equilibrium, s   saturation capacity, Vc and 
Vb = oscillation spaces of the two kinds of adsorbed ions.

Kelley (1948, p. 47) transposed the equation to the following form:

C2 ~Vb 

and then apphed it to the following reaction:

Na#+K+;=±!LE'+Na+ (30) 
He found that

r== T7T === "' wl)

It can be seen that equation 31 is identical in form with other 
equations previously cited. Thus, for ions of the same valence, an 
identical exchange constant is obtained by statistical derivation and 
by application of the mass law.

Jenny noted that the equation gives good results for the platy 
structures of soil colloids and bentonite clays where exchange occurs 
on outside surfaces. The equation has given less satisfactory results 
with permutites and certain zeolites where exchange occurs in pores 
and channels. Apparently these materials do not conform to the 
equation since the ions are so close together that they interfere with 
each other.

Jenny's kinetic theory of ionic exchange helps to explain the direct 
exchange which takes place between plant roots and clays without 
intermediate solution of the ions (Jenny and others, 1939). Grim 
(1953b, p. 142) suggested that it may be possible for such direct 
exchange to take place between clay minerals and inorganic mate 
rials. Marshall (1949, p. 127) stated that the overlapping of oscil 
lation volumes (Jenny's theory) by adjacent colloidal particles can 
lead to ion exchange between them, a process which he calls contact 
exchange.

606961 62  3
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Davydov and Skoblionok (1953) studied cation exchange on glau- 
conite in mixed media (various mixtures of alcohol and water). 
The exchange of Ca+2 and Ba+2 for Na+ and K+ was investigated. 
The Nikol'skii equation was applied:

a=am-K2a[a/(lQQ Co a)] 2 (32) 
where

a =the milligram equivalent of the bivalent cation desorbed from 10 gram 
of adsorbent and equals the quantity of adsorbed univalent cation, 

am = the maximum adsorption,
Co = the initial concentration of univalent cation in millimoles per liter, 
K =the adsorption constant.

The experimental results were presented as isotherms on coordinates 
I/a, a/2/(100 Co a). Linear-shaped isotherms were obtained showing 
the applicability of the equation to the system. Addition of a solvent 
with a small dielectric constant shifted the equilibrium toward 
displacement of bivalent cation; addition of 50 percent alcohol 
lowered the equilibrium constant value to half. Additional studies 
were made by Davydov and Skoblionok (1956) using kaolin, glau- 
conite, and volchonskoite. They found that the displacement of 
Ca+2 by Li+ was more complete as the dielectric constant of the 
solvent was increased.

SURFACE TENSION

Surface tension plays an important role in the phenomenon of 
adsorption. An interesting discussion of surface tension was presented 
by Jirgensons and Straumanis (1954, p. 47-49). A summary of their 
discussion follows.

It is commonly accepted that each molecule within a liquid is 
attracted to other molecules around it. Thus, the forces on these 
inner liquid molecules are balanced. A different situation exists at 
the surface of a liquid where the forces of attraction exist only on the 
liquid side. As a result, surface molecules are pulled into the liquid 
and the entire outside surface in contact with air is under tension.

Any increase in a liquid's surface area involves the expenditure 
of some work to take molecules from the bulk of the liquid to the 
surface. This work, called surface energy, is recovered when the 
surface area is decreased. (For a discussion on surface energy 
theory, see Fricke, 1941). Thus, we have the thermodynamic reason 
for liquids tending to decrease their surface area wherever possible.

Surface tension exists at all interfaces between different phases. 
Thus, we speak of interfacial energies occurring between solid/liquid, 
solid/gas, liquid/gas, liquid/liquid, and other combinations of phases.
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Surface tension is the work or energy necessary to increase a 
surface by 1 square centimeter. It can be calculated by the formula

ff_ surf ace energy , 
surface area

where a is surface tension and the units are ergs/cm2 or dynes/cm.
Van Nostrand (1947, p. 20) explained surface tension in terms of 

two dissimilar substances making contact at an interface. Because of 
inequalities of molecular attraction (cohesion), together with other 
forces in operation, the shape of the interface is changed until the 
potential energy of the whole molecular system attains a minimum 
value.

Gedroiz (1922) used surface tension and the fundamental law of 
colloid science to explain physical type adsorption. According to 
the law, a dispersive system tends to diminish its free surface energy. 
This surface energy is the product of the general surface of the dis 
persive phase and the surface tension. Thus, there is a tendency for 
the dispersive system to diminish both its general surface and its 
surface tension.

SURFACE-ACTIVE AGENTS

Certain substances when added to a dispersive system diminish 
the surface tension of the dispersion medium. Surface tension is 
lowered and positive physical adsorption occurs when a surface- 
active agent is concentrated in the layer of water adjacent to the sur 
face of the suspended particles. Examples of surface-active materials 
in aqueous solution are such organic materials as alcohols, aldehydes, 
fatty acids, esters, amines, terpenes, and camphor.

Surface tension of the dispersion medium may be increased by 
adding any one of several substances. In this case, the substance 
is more concentrated in the bulk of the dispersion medium than in 
the layer adjacent to the suspended particles and this phenomenon 
is known as negative adsorption. Examples of surface-inactive 
materials are the soluble inorganic salts and certain organic com 
pounds including those containing many hydroxyl groups such as 
sugar and glycerin.

A substance may be surface-active in one liquid and inactive in 
another. For further discussion on this subject the reader is referred 
to Anson (1946), Fischer (1950, p. 226); Ralston (1946), Schwartz 
and Perry (1949), and Snell (1943).

GIBES' ADSORPTION THEOREM

According to Gedroiz (1922) effects of surface-active agents are 
explained by Gibbs' theorem developed on the basis of thermo-
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dynamics for phenomena of adsorption in gas mixtures. The 
theorem is expressed by the following formula:

where
U = the excess of substances dissolved in dispersion medium (positive or 

negative) for every unit of surface of the dispersed phase in comparison 
with what would have been dissolved in the absence of this surface

c = concentration of substance dissolved in dispersion medium
T  absolute temperature
R = gas constant
, ? = surf ace tension
ds
-T-=diminution or increase in surface tension with increase in concentration

of the dissolved substance. With diminution, this quantity is nega 
tive; with increase, it is positive.

From the formula it follows: (a) if increased concentration of the 
dissolved substance in the dispersion medium decreases the surface 
tension, adsorption will be positive, (b) if increased concentration of 
the dissolved substance in the dispersion medium increases the surface 
tension, adsorption will be negative.

Physical adsorption may occur when a decrease in surface energy 
is caused by a diminution in the quantity of surface. Flocculation 
of soil particles into larger aggregates is an example of this phenom 
enon.

EXPERIMENTAL STUDIES

Gedroiz (1922) cited experimental evidence in support of point a, 
positive adsorption, in Gibbs' theorem. His work on negative ad 
sorption gave indefinite results, however.

Bower and Goertzen (1955) studied negative adsorption as defined 
by Gibbs in 1875. For three calcium-saturated soils, the negative 
adsorption of calcium chloride was found to be nearly the same when 
concentrations in the extract were equivalent. The values at con 
centrations of 10, 100, and 1,000 milliequivalents per liter were about 
5X10~6, 35X10"6, and 290X10"6 milliequivalent per square meter 
respectively. The negative adsorption of sodium chloride and sodium 
sulf ate by sodium-saturated soils was similar to but greater than that 
of calcium chloride by calcium-saturated soils at equivalent concen 
trations in the saturation extract.

In an application of Gibbs' fundamental equation to solutions con 
taining both single molecules and micelles, Alexander (1942) found 
that when ds/dc=Q, as at the minimum surface tension, the total 
adsorption is not necessarily 0, since the vanishing of ds/dc may be due 
equally well to c (the concentration of single molecules) becoming 
independent of C (the stoichiometric concentration). The latter ex-
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planation is suggested to explain the apparent anomaly of strong pos 
itive adsorption at low surface tension. It is in accord with the ex 
periment and with the results obtained by applying the law of mass 
action to the single molecule versus micelle equilibrium while it is 
still based upon Gibbs' fundamental equation.

CLAY MINERALS 

DEFINITION OF CLAY MINERALS

As mentioned in "The Glossary of Geology" (1957, p. 52) the term 
clay is used in three distinct senses. This section applies to one of 
these, clay minerals.

Clay minerals are characterized by a hydrous silicate composition, a 
finely crystalline structure of the 2-layer type (kaolinite) or 3-layer type 
(montmorillonite), and exchangeable cations on the surfaces of silicate 
layers in an amount depending upon the excess negative charge within 
the composite layer. The cations commonly are calcium and sodium 
but also may be potassium, magnesium, hydrogen, aluminum, and 
others. A discussion of the origin, classification, nomenclature, com 
position and structure of clay minerals follows in succeeding para 
graphs.

ORIGIN OF CLAYS

In the course of geological ages about 4 percent of the igneous rocks 
in the earth's crust have been weathered to clays, shales, and surface 
soils (McBain, 1950, p. 377-378). The earth's crust consists of the 
continental portion, 18 to 25 miles in thickness, and the oceanic 
portion, 6 to 8 miles in thickness (Gilluly and others, 1959, p. 408).

Ross (1928), in summing up the origin of clay minerals, listed 
several influencing factors. These include weathering, partial leach 
ing of certain elements from older minerals, complete replacement of 
a mineral, the devitrification of a volcanic glass, crystallization of 
colloid material, direct precipitation from solutions, and reactions 
between older minerals and solutions.

Weaver (1958), in a discussion of the origin of clay minerals in sedi 
mentary rocks, concluded that a majority of them are detrital in 
origin and are modified only slightly in their depositional environments. 
X-ray analyses of thousands of sediments indicate that any one of the 
major clay minerals may be found in abundance in any of the major 
depositional environments.

Mattson (1930) cited the occurence of the highly silicated and base- 
saturated soils in the arid regions, the moderately silicated and pri 
marily base-imsaturated soil colloids in the temperate and colder 
humid regions, and the almost completely desilicated and base- 
unsaturated soil colloids in the humid tropical regions. He explains
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these differences in terms of the following average composition of the 
lithosphere cited by Clarke (1924); SiO2 , 59.08; Al2O3 +Fe2O3, 18.33; 
CaO, 5.10; MgO, 3.45; K2O, 3.11; Na2O, 3.71; and others, 7.22. In 
arid regions there is very little loss of material by weathering, most 
of the products of hydrolysis remaining in the soil and reacting with 
one another to form a colloidal complex. In regions of greater humid 
ity, the soil is subjected to greater leaching and the cations and the 
silica are progressively washed out. The relative amounts of leaching 
depend upon the temperature of the region. There is an accumulation 
of organic matter in the colder regions resulting in a high-soil acidity. 
There is no accumulation of humus in the tropics, but more intense 
weathering and a more nearly neutral reaction occurs as a result. 
In terms of the foregoing conditions, one would expect to find the soil 
colloids of the humid, tropical regions to possess a low silica/sesqui- 
oxide ratio and the soil colloids of the temperate and cold humid 
regions, where the soil condition is more acid, to possess a higher 
silica/sesquioxide ratio.

Clay mineral compositions are intimately related to the conditions 
under which they form. Extreme weathering conditions and an acid 
environment give kaolinitic soils. In contrast, the formation of 
montmorillonite minerals is favored by an alkaline evnironment (Ross 
and Hendricks, 1945, p. 23).

Other suggested references include Keller (1955), Reiche (1950), 
Bear (1955, p. ix), and Robinson (1949).

CLASSIFICATION AND NOMENCLATURE

A study of the literature reveals that classification and nomen 
clature of clay minerals is still in the development state, although 
much improvement has been made in recent years. The older litera 
ture contains many examples of mineral names erroneoulsy applied 
to materials believed to be specific minerals. This is not too surpris 
ing since these early names were suggested on the basis of chemical 
and optical data whose validity has been questioned by recent work 
with new and improved chemical and instrumental techniques (Grim, 
1953b, p. 39).

It is not within the scope of this paper to list and discuss all the clay- 
mineral species found in the literature, but a number of references 
pertinent to the subject will be mentioned.

CLASSIFICATION SYSTEMS

Various investigators have devised systems of classification for 
clay minerals (Brindley, 1955; Grim, 1953b, p. 27; Jasmund, 1950; 
Troug, 1946; and Weaver, 1953). Any classification system must be
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flexible and subject to change as new information becomes available, 
according to these investigators.

Familiarity with the commonly accepted mineral terminology can 
be had by studying mineral classification systems such as these. The 
system outlined by Grim (1953b, p. 27), which is relatively easy to 
follow, is included (table 1) as an aid in studying the clay-mineral 
nomenclature.

TABLE 1. Classification of the clay minerals 1

I Amorphous
A. Allophane group

II Crystalline
A. Two-layer type (sheet structures composed of units of one layer of 

silica tetrahedrons and one layer of alumina octahedrons)
1. Equidimensional

a. Kaolinite group
(1). Kaolinite, nacrite, and others

2. Elongate
a. Halloysite group

B. Three-layer types (sheet structures composed of two layers of silica 
tetrahedrons and one central dioctahedral or trioctahedral layer)

1. Expanding lattice
a. Equidimensional

(1). Montmorillonite group
(a). Montmorillonite, sauconite and 

others
(2). Vermiculite 

b. Elongate
(1). Montmorillonite group

(a). Nontronite, saponite, hectorite
2. Nonexpanding lattice

a. Illite group
C. Regular mixed-layer types (ordered stacking of alternate layers of 

different types)
1. Chlorite group

D. Chain-structure types (hornblende-like chains of silica tetrahedrons 
linked together by octahedral groups of oxygens and hydroxyls con 
taining Al and Mg atoms)

1. Attapulgite
2. Sepiolite
3. Palygorskite

i From Grim, 1953b, p. 27. (By permission from "Clay mineralogy," by Ralph E. Grim, Copyright, 
1953. McGraw-HiU Book Co., Inc.)

Ross (1960) suggested that the niontmorillonite clay group be 
given under two listings: (a) the dioctahedral including montmorillo- 
nite and nontronite and (b) the trioctahedral including saponite, 
hectorite, and sauconite.
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NOMENCLATURE

AIIOPHANE

The term allophane, derived from, Greek words meaning "to appear" 
and "other" has long been used to designate amorphous clay materials 
(Grim, 1953b, p. 27; Kerr and Hamilton, 1949, p. 3). Dittler (1941b), 
in studying allophane with the electronmicroscope and the ultramicro- 
scope, found the crystalline clay mineral halloysite present. Ross 
and Kerr (1934, p. 145) pointed out that the composition of known 
amorphous materials in clay varies considerably. Present usage of 
the term allophane includes only amorphous material, and it is com 
monly associated with halloysite (Kerr and Hamilton, 1949, p. 3).

KAOIINITE GROUP

One of the most outstanding studies of the kaolinite group of clay 
minerals was that of Ross and Kerr (1931, p. 154). They described 
this group as being light in color and low in iron content and having 
approximately the composition 2H20-Al2O3-2SiO2 .

According to Ross and Kerr (1931, p. 151), three distinct mineral 
species, designated kaolinite, dickite, and nacrite, make up the kao 
linite group. Historical origins of these terms and other terms ap 
plied to the group (now discredited) are given by Grim (1953b, p. 
27-42), Kerr and Hamilton (1949, p. 3), and Ross and Kerr (1931. 
p. 154-157).

Anauxite is a clay mineral with a structure similar to kaolinite but 
with a higher silica-alumina ratio frequently approaching 3 (Ross and 
Kerr, 1931, p. 163). It is believed to be an interlayer mixture con 
sisting of a double silica layer and a two-layer type of sheet (Grim, 
1953b, p. 30).

HAIIOYSITE

Halloysite is the name given by Berthier in 1826 to material found 
in pockets of carboniferous limestone near Liege, Belgium according 
to Grim (1953b, p. 31), and Kerr and Hamilton (1949, p. 30). Ross 
and Kerr (1934, p. 135-148) studied the mineral and found it to be 
crystalline in nature and closely related to kaolinite. Two types of 
halloysite are described: one that is light and cottony in texture and 
another that is dense, nonporous, and resembles porcelain.

Much of the material included as halloysite by Ross and Kerr (1934) 
has been found to be submicroscopic kaolin. Porcelainlike material 
is most commonly halloysite, the other is commonly kaolin (Ross, 
1960).

Hofmann and others (1934) reported that two forms of halloysite 
exist, one being more hydrous than the other. Mehmel (1935) and 
Correns and Mehmel (1936) discovered that there are two forms of 
this clay mineral, one having the same composition as kaolinite and 
the other differing from kaolinite by 2H2O.
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Various names have been suggested for halloysite. Alexan 
der and others (1943) called the less hydrous form halloysite 
(Al2O3-2SiO2 -2H2O), and other endellite (Al2O3-2SiO24H2O). Mac- 
Ewan (1947) proposed that the name halloysite be applied to all hal 
loysite minerals, with the varying degrees of hydration differentiated 
by prefixes. He proposed that the nonhydrated form be called 
metahalloysite. Faust (1955) presented an historical review of hal- 
loysite-endellite nomenclature and cited X-ray studies by Brindley and 
Goodyear (1948) as evidence supporting his belief that Al2O3-2SiO24H2O 
is not halloysite but a different clay mineral which he prefers to call 
endellite. Brindley and Goodyear (1948) found that endellite 
(Al2O3-2Si024H2O) showed spacings from 9.5 to 10.1A for 3% to 4H2O 
and halloysite (Al2O3-2SiO2-2H2O) 7.5 to 7.9A for 2% to 2% H2O. 
They could obtain no evidence supporting the existance of inter 
mediate halloysite with spacings between 7.9 and 9.5 A.

MONTMORILLONITE

Two Frenchmen, Damour and Salvetat, in 1847 suggested the name 
montmorillonite for a hydrous aluminum silicate mineral found at 
Montmorillon, France (Grim, 1953b, p. 33; Ken* and Hamilton, 1949, 
p. 45). Both references give an extensive history of the nomenclature 
of the mineral. Montmorillonite is the essential mineral of bentonite 
and is widely distributed in soils (Kerr and Hamilton, 1949, p. 45).

In current usage, the name montmorillonite applies to a group of 
three-layered clay minerals having an expanding lattice (excluding 
virmiculite) and also as the name of a specified mineral within the 
group (Grim, 1953b, p. 27).

VERMICULITE

According to Grim (1953b, p. 35), vermiculite is the name applied 
by Webb in 1824 to a micalike mineral found near Worcester, Massa 
chusetts. It is derived from the Latin and means worm breeder. 
Vermiculites have an expanding lattice of a limited degree.

IIIITE

Illite was proposed as a general term for the micalike clay minerals 
by Grim and others (1937). Although the term has been widely 
accepted (Grim, 1953b), its applicability is questioned by Yoder and 
Eugster (1955). They pointed out that no proof exists that materials 
now called illite are not all mixed-layer structures.

CHLORITE

The name chlorite appears to have been used for the first time in 
about 1800 by Werner (Grim., 1953b, p. 36). It is derived from a 
Greek word meaning green (Hurlbut, 1952, p. 355).
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PAIYGOESB3TE-ATTAPUIGITB-SEPIOIITE

Palygorskite is the sepiolite-attapulgite isomorphous series that in 
cludes a hydrous magnesium silicate end-member, paramontmorillo- 
nite, Kerr and Hamilton (1949, p. 48). More specifically, it has been 
used to designate minerals in this group having a certain amount of 
aluminum substituting for magnesium. Grim (1942) expressed doubt 
that such a mineral exists.

Attapulgite was the term applied by De Lapparent (1935) to a 
clay-mineral constituent from Attapulgus, Ga., and Mormoiron, 
France. X-ray diffraction patterns for this mineral and montmorillo- 
nite are similar, but attapulgite has the higher magnesium content of 
the two minerals (Kerr and Hamilton, 1949, p. 7).

Sepiolite and meerschaum have long been considered synonomous 
according to Grim (1953b, p. 37). Meerschaum apparently was used 
first, having been applied by Werner in about 1789. This term is of 
German origin and means seafroth, referring to lightness and color.

Sepiolite, first applied in 1847 by Glocker, comes from the Greek 
word for cuttlefish, of light and porous bones (Grim, 1953b, p. 37).

COMPOSITION AND STRUCTURE
OLJ5 CONCEPT

Consideration of some of the older concepts of composition and 
structure seems worthwhile as an introduction to the modern concepts 
of clay minerals.

Soil students long believed in the existance of a single pure clay 
substance kaolinite or a similar material containing various impuri 
ties (Grim, 1953b, p. 12). "Webster's New International Dictionary" 
(1959) supports this view by its definition of clay, which follows:

"The essential constituent of pure clay, or kaolin, is the mineral 
kaolinite * * * "

Another belief given wide circulation was that all clay materials 
consisted of an inorganic-organic colloid complex of an amorphous 
nature. Van Bemmelen (1888) and Stremme (1911) belonged to this 
school of thought. They later considered the colloidal fraction to con 
sist of two parts, allophaneton which was soluble in hydrochloric acid, 
and kaolintin soluble in hot concentrated sulfuric acid but not in 
hydrochloric acid.

Gedroiz (1922) in his extensive investigations of cation exchange in 
soils considered the complex as zeolitic material, meaning cation- 
exchange material rather than zeolite in the mineralogical sense.

One old concept which approaches the present-day clay-mineral 
concept considered the essential components of soils to be a number of 
substances rather than a single compound. These substances were 
thought of as alumino-silicic acids or salts of such acids with definite
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composition and structures (Asch and Asch, 1913, p. 15-38; Byers 
and others, 1935).

Although the small size of clay particles is generally recognized, 
Oden (1916) is given much of the credit for the idea that particle 
size is a factor of major importance to clays and that clays can be 
composed of almost any minerals if they are fine enough. Oden 
thought of clays as consisting of a heterogeneous mixture of ex 
tremely small particles of crystalline and amorphous components, 
1 micron or less in size. The modern usage of the term "clay," 
however, implies more than a particle-size range.

MODERN CONCEPT

The clay-mineral concept is the so-called modern concept of clay 
structure and composition. It considers clays as having a colloidal, 
silicate-layer-lattice type of structure in which the layers are 
composed of planes of silica-oxygen tetrahedrons and planes of 
aluminum, iron, or magnesium atoms surrounded by six oxygen 
atoms or hydroxyl groups arranged as octahedrons (Gregg, 1951, p. 
35-38; Kelley, 1948, p. 27; Lacy, 1954).

Grim (1953b, p. 18-19) defined clay minerals as:

* * * essentially hydrous aluminum silicates, with magnesium or iron proxying 
wholly or in part for the aluminum in some minerals and with alkalies or alkaline 
earths present as essential constituents in some of them.

Some clay minerals are considered to be colloidal electrolytes. 
According to Marshall and Krinbill (1942), montmorillonite, beidel- 
lite, nontronite, saponite, and attapulgite fit that classification, 
whereas clays of the illite and kaolin group do not.

Although the clay-mineral concept had been generally accepted by 
the early 1930's, there were some dissenters. Notable among them 
was Mattson. Since 1929, Mattson has published a series of papers 
in Soil Science entitled "Laws of soil colloidal behavior," explaining 
his acidoid-basoid ratio theory of cation exchange.

Grim (1953b, p. 16) pointed out that the clay-mineral concept is 
really not so modern, for Le Chatelier and Lowenstein arrived at 
this same conclusion in 1887 and 1909 respectively. Its lack of 
acceptance until recent years may be attributed to lack of proof of 
the concept.

MODERN STUDIES OF CLAY STRUCTURES

Much of the evidence that led to acceptance of the clay-mineral 
concept came from Von Laue's discovery of the X-ray diffraction 
principle in 1912. By the early 1920's X-ray diffraction studies and 
other advanced methods of study were being applied to clay-min 
eral structure and composition. Among the first X-ray diffraction
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analyses of clays published were those of Hadding (1923). Crys 
talline material was found in the finest fractions of a series of clays, 
and there was no wide variety of mineral types in these fractions. 
Other investigators followed with additional studies on soil compo 
sition and structure utilizing X-ray diffraction analyses and ob 
tained similar results (Brindley, 1951a, p. 1-31; Brindley and 
Robinson, 1951, p. 173-198; Hendricks and Frye, 1930; Kelley and 
others, 1931; and MacEwan and Amoros, 1950).

By means of careful work with the petrographic microscope and 
excellent chemical data, Ross and colleagues of the U.S. Geological 
Survey were able to show that clays consist of crystalline components 
(clay minerals), only a limited number of which exist (Ross, 1928; 
Ross and Shannon, 1925, 1926). The use of X-ray diffraction anal 
yses in their work helped to confirm earlier findings just mentioned 
(Ross and Kerr, 1931).

Goldschmidt and his many coworkers at the mineralogical insti 
tutes of the Universities of Oslo and Gottingen made notable con 
tributions on the composition of soils and clays during a period of 
approximately 20 years, beginning in the early 1920's. Much of 
their work was done by means of optical and X-ray spectrochemical 
analyses (Rankama and Sahama, 1950, p. 10).

Berman (1937) presented a discussion on the classification of the 
natural silicates based on X-ray studies.

Bragg (1949, p. 131, 132, 133, 136) described work on the study of 
crystal structures by means of X-ray.

Hauser (1955c, p. 442-472) discussed applications of such instru 
ments and methods as the ultramicroscope, the electron microscope, 
differential thermal analysis, infrared diffraction studies, X-ray 
diffraction studies, and several other methods and phenomena of 
colloid science in investigations and studies of clay minerals.

Hambleton and Dodd (1953) described a rapid method of identi 
fying clay-mineral groups. The method utilizes a color test based 
on the adsorption and oxidation of #-amino phenol on clay-mineral 
surfaces.

Dittler (194la) summarized research on clays including their 
identification by the electron microscope.

Robertson (1951) made use of the electron microscope in studies 
of clay structures and molecular arrangements.

The published work of Pauling (1930a) on X-ray diffraction studies 
of the crystal structure of micas and related minerals was a milestone 
in crystal structure studies and the foundation for further studies by 
other investigators. In his studies of several minerals that were 
chemically different (gibbsite, A12 (OH)6 ; brucite, Mg3 (OH)6 ; cris- 
tobalite, talc, and kaolinite) Pauling found that structurally they
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were similar in that they gave a unit cell in the plane of cleavage of 
approximately 5.1 A by 8.8 A. The results suggested that these 
minerals could be considered as sheet or layer structures. Units 
were cristobalite, gibbsite, or brucite sheets. With this approach, 
it was possible to explain the diverse compositions of the mica group.

Other investigators soon made use of Pauling's findings. Gruner 
in 1932 worked out structures for kaolinite, nacrite, and dickite, all 
of which have the same composition, Al2O3-2SiO2-2H2O. They 
differ in displacement of the silica layer in relation to the alumina 
layer.

The atomic structures of the common clay minerals have been 
established in considerable detail by the application of Pauling's 
(1930a) generalizations on the structure of micas. As pointed out 
by Grim (1953b, p. 43) and Marshall (1949, p. 45), most clay minerals 
are built up of two structural units. A description of these units 
(based on Grim, 1953b, p. 43-44) is given in the two succeeding 
paragraphs.

One unit has octahedral coordination (fig. 1). It consists of two 
sheets of closely packed oxygen atoms or hydroxyl groups with 
aluminum, iron, or magnesium atoms in the center of an octahedron 
made up of six oxygens atoms or hydroxyl groups. Aluminum fills 
only two-thirds of the possible positions in balancing the structure 
and forms the gibbsite [A12 (OH)6] structure. Magnesium fills all 
the positions in balancing the structure and forms the brucite 
[Mg3 (OH)6] structure. The normal distance between oxygen atoms 
is 2.6 A for the unit structure of octahedral coordination. The 
distance between hydroxyl groups is 2.94 A. The unit has a thick 
ness of 5.05 A in clay-mineral structures with a space of about 0.61 
A for the atom in octahedral coordination.

The other unit has tetrahedral coordination (fig. 2). Each tetra 
hedron consists of a silicon atom located at the center of and equi 
distant from four oxygen atoms or hydroxyl groups, whichever may

(a) (b) 

O and O = Hydroxyl  =Aluminum , magnesium , etc.

FIGUEE 1. Diagrammatic sketches of (a) a single octahedral unit and (b) the sheet structure of the octa 
hedral units, from Grim, 1953b, p. 43. (By permission from "Clay Mineralogy," by Ralph E. Grim. 
Copyright 1953. McGraw-Hill Book Co., Inc.)
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(b) 

O and 0 = Oxygen O and  = Silicon

FIGURE 2. Diagrammatic sketches of (a) a single silica tetrahedron and (V) the sheet structure of silica 
tetrahedrons arranged in a hexagonal network, from Grim, 1953b, p. 44. (By permission from " Clay 
Mineralogy," by Ralph B. Grim. Copyright, 1953. McGraw-Hill Book Co., Inc.)

be needed to balance the structure. The silica sheet formed from the 
tetrahedral groups consists of a hexagonal network with the tips of 
all the tetrahedrons pointing in the same direction and their bases 
all in the same plane. The sheet has a distance of 2.55 A between 
oxygen atoms with an available space of 0.55 A for the atom in 
tetrahedral coordination. The unit has a thickness of 4.93 A in 
clay-mineral structures.

Other structural units are mentioned in the literature. Marshall 
(1949, p. 45-47) discussed some variations in the silica sheet struc 
ture. In the mineral apophyllite, a derivative of the free compound 
(Si2O5)H2 , the Si2O3 sheet is no longer hexagonal but consists of 
alternate rings of four and eight tetrahedra. Grim (1953b, p. 44) 
pointed out that the structural unit of the fibrous clay minerals 
differs from those noted above. This structural unit resembles the 
amphiboles and consists of silica tetrahedrons arranged in a double 
chain of composition Si4Ou (fig. 3).

STRUCTURE OF AXL.OPTTANE MINERALS

Not much is known about the variation in composition of allophanes 
(Grim, 1953b, p. 45). They may be random arrangements of silicon 
in tetrahedral coordination and metallic atoms in octahedral coordi 
nation without any symmetry. However, Dittler (1941a; 1941b) in 
work with the electron-microscope and the ultramicroscope concluded 
that allophane is mostly halloysite. Allophane minerals have been 
described as amorphous to X-ray diffraction by Ross and Kerr 
(1934, p. 135-148).

STRUCTURE OF KAOLINITE

The structure of kaolinite is based on Pauling's (1930b) work on 
the structure of chlorites. Gruner (1932) worked out a structure for 
kaolinite, which was later revised by Brindley (1951b) and Brindley 
and Robinson (1945). The structure consists of a single silica tetra-
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s Oxygen O and   = Silicon
FIGUEE 3. Diagrammatic sketches of double chains of silica tetrahedrons, as in the amphibole structure 

type of clay minerals, (a) in perspective, (b) projected on the plane of the base of the tetrahedrons, from 
Grim, 1953b, p. 45. (By permission from "Clay Mineralogy", by Ralph B. Grim. Copyright, 1953. 
McGraw-Hill Book Co., Inc.)

hedral sheet and a single alumina octahedral sheet so combined that 
the tips of the silica tetrahedrons and one of the layers of the octa 
hedral sheet form a common layer (Grim, 1953b, p. 46; Marshall, 
1949, p. 49) (fig. 4).

Brindley and Robinson (1945) examined the X-ray powder diagram 
of kaolinite at higher resolution than Gruner (1932) had employed. 
They found some 70 reflections for kaolinite as compared with the 
40 found by Gruner. Although the extra reflections could not be 
reconciled with a monoclinic cell, they were explained by the following 
triclinic cell:

a=5.14A «=91.8°
6=8.93 A /3=104.5°
c=7.41 A 7=90°

This structure differs from Gruner's in being pseudomonoclinic and, 
having half the height, contains only one SiO, Al-OH sheet.

Kaolinite differs somewhat from the ideal composition 
Al2O3-2SiO2-2H2O, but other members of the kaolinite group (nacrite
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© = HydroxylO = Oxygen

^ = Aluminum O<

FIGURE 4. Diagrammatic sketch of the kaolinite layer, after Gruner 
1932, from Grim, 1953b, p. 46. (By permission from "Clay Min 
eralogy", by Ealph E. Grim. Copyright, 1953. McGraw-Hill 
Book Co., Inc.)

and dickite) correspond closely to this formula (Marshall, 1949, 
p. 49-50). Charges within the structural units are balanced and the 
three minerals differ structurally only in the manner of stacking the 
lattice units (Grim, 1953b, p. 47; Marshall, 1949, p. 50). Slight 
departure from neutrality in tetrahedral coordination, due to the 
presence of Al+3 for Si+* is compensated for by increase in the number 
of atoms in octahedral coordination (Hendricks, 1945).

Results of chemical, optical, dehydration, and X-ray studies made 
by the U.S. Geological Survey on the kaolin minerals were summarized 
and tabulated by Ross and Kerr (1931).

The close packing of the kaolinite structure does not favor penetra 
tion of ions or small molecules between the sheets. The particle 
edges have unsatisfied valences which result in ionization and cation- 
exchange reactions.

Stacking of the unit layers of kaolinite was studied by Brindley 
(1951b, p. 32-75). He found that in successive unit layers, oxygen 
atoms and hydroxyl groups approach one another in pairs, whether 
stacked along the c axis (fig. 5) or the a and b axes (fig. 6).

Anauxite is a kaolinite type of clay mineral characterized by a high 
silica-to-alumina molecular ratio which often approaches 3 (Grim, 
1953b, p. 51). Despite much controversy over the structure of 
anauxite among various investigators, Hendricks (1942) suggested a
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O=0xygen © = Hydroxyl 

  = Silicon

FIQUEE 5. Projection of O atoms and OH groups 
of adjacent kaolinite layers on the basal plane 
after Brindley and Robinson, 1946, p. 199.

structure that seems reasonable. This structure considers anauxite to 
consist of kaolinite unit layers between which units composed of 
double-silica tetrahedral sheets are interlayered at random.

STRUCTURE OF HAULOY8ITE

Halloysite is a crystalline material having a structure similar 
to but distinct from kaolinite (Ross and Kerr, 1934). Two forms 
of the mineral are known to exist. One having the formula 
Al2O3-2SiO2-4H2O is called halloysite or hydrated halloysite, and the 
other, Al203-2SiO2-2H2O, is also called halloysite or metahalloysite 
(Correns and Mehmel, 1936; Hendricks, 1938). Hendricks (1938) 
suggested that the highly hydrated form consists of kaolinite layers 
separated from each other by single molecular layers of water. Gregg 
(1951, p. 35-38) described halloysite as consisting of parallel sheets 
that are twisted relative to one another, giving random orientation 
in the c direction. Mehmel (1935) suggested a halloysite structure 
which consists simply of alternate layers of Si2O3 (OH)2 and A12 (OH) 6 
units. Dehydration of this structure supposedly leaves a structure 
similar to that of kaolinite minerals (Marshall, 1949, p. 50-51). On 
the basis of X-ray study, Hendricks and Jefferson (1938a) developed

606961 62   4
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,0=104.5

> = Hydroxyl 

O = Aluminum

FIGURE 6. Unit cells of kaolinite showing stacking of layers along the a and b axes, after Brindley,
1951b, p. 40.

a structure for halloysite 4H2O consisting of alternate layers of 
kaolinitelike mineral and single layers of water (fig. 7).

STRUCTURE OF MONTMORITJLONITBS

Montmorillonites constitute one of the most widely occurring 
groups of clay minerals known. This group includes numerous min 
erals of similar structure of which montmorillonite (aluminum silicate 
with some magnesia and ferric oxide) is the most fully studied (Mac- 
Ewan, 1951, p. 86-137). They are characterized by an exceedingly 
fine grain and present a wide variation in composition (Ross and 
Hendricks, 1945, p. 23-79).

The structure of the montmorillonite unit consists of two silica 
tetrahedral sheets and a central alumina octahedral sheet. All the 
tetrahedron tips point toward the center of the unit. The sheets are 
combined so that a common layer, consisting of the tips of the tetra 
hedrons of each silica sheet and one of the hydroxyl layers of the 
octahedral sheet, is formed. The oxygen atom rather than the 
hydroxyl group is common to both the tetrahedral and octahedral 
sheets (see fig. 8).

An identifying characteristic of the montmorillonite structure is 
the tendency of the lattice to expand in the c direction when polar
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Exchangeable cations 
nH20

©= Hydroxyl 9=Aluminum,iron, magnesium 

O and  = Silicon, occasionally aluminum

FIGUKE 8. Diagrammatic sketch of the Hofmann, Endell, and Wilm crystal structure of mont- 
morillonite, from Grim, 1953b, p. 56. (By permission from " Clay Mineralogy," by Ealph E. Grim. 
Copyright, 1953. McGraw-Hill Book Co., Inc.)

molecules (water and certain organic molecules) penetrate between 
the unit layers (Gregg, 1951, p. 35-38; Grim, 1953b, p. 56; Her, 1955, 
p. 181-232; Eoss and Hendricks, 1945, p. 23-79).

Hendricks and others (1940) studied the hydration mechanism of 
montmorillonite saturated with various cations. They found that 
magnesium and other alkaline earth cations pick up six molecules of 
water that is followed by completion of a water layer of hexagonal- 
type structure. At higher humidities, a second water layer of similar 
structure is formed. Only three molecules of water were required for 
hydration of the lithium cation, whereas sodium, potassium, and 
cesium cations apparently were not hydrated.

A number of investigators have suggested modifications of the 
montmorillonite structure suggested by Hofmann and others (1933).
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Maegdefrau and Hofmann (1937) showed that the unit layers are 
generally stacked in a random manner in directions a and b. McCon- 
nell (1950) proposed a modification of the structure of montmorillonite 
in an attempt to explain the thermochemical properties of that clay. 
By this modification, hydroxyl groups can occur in the tetrahedral 
layers as statistical substitutions similar to the substitution of (OH)4 
for SiO4 in the garnetoids. The proposed structure concerns only the 
hexagonal sheet of Si2Os groups in which there is occasional substitu 
tion of Al+3 for Si+4. According to McConnell, studies have demon 
strated that (OH)4 has a stable configuration as discrete tetrahedra, and 
4H is equivalent electrostatically to Si in the garnetoid structures. He 
assumes that this type of tetrahedral configuration is possible in 
silicate sheets and extends the consideration to the tetrahedral layers 
of montmorillonite.

Edelman and Favejee (1940) suggested a structure for montmoril- 
lonites in which the direction of successive silica tetrahedrons in both 
sheets is reversed 180° in direction with respect to one another (figs. 9, 
10). This gives a structure in which the silicon atoms are not all in 
a single plane in the silica tetrahedral sheets. Some substitutions 
of hydroxyl groups for oxygen atoms in the octahedral sheet are 
necessary to balance the structure. Doubt is cast on Edelman and 
Favejee's structure by X-ray diffraction data of Brown (1950) and 
other chemical data and dehydration studies (Grim, 1953b, p. 62). 
Forslind (1952) discussed objections raised against the structural 
theory of Edelman and Favejee. Edelman (1947) suggested a modifi 
cation of the montmorillonite structure limiting to about 20 percent 
the number of tetrahedrons inverted.

Montmorillonite's theoretical formula is (OH^SigAl^o-nHaO (in- 
terlayer) if lattice substitutions are disregarded, and the charge dis 
tribution for this formula (Grim, 1953b, p. 58) is as follows:

6 O~2 12-
4 Si+4 16+
4 O~22(OH)~ 10~ (Layer common to tetrahedral and octahedral sheets)
4 Al+8 12+
4 O"22(OH)- 10~ (Layer common to tetrahedral and octahedral sheets)
4 Si+4 16+
6 O» 12-
Interlayer of H2 O or other polar molecules

Actually, lattice substitutions cannot be disregarded and various 
investigators have emphasized that aluminum and possibly phospho 
rous substitute for silicon in tetrahedral coordination and magnesium, 
iron, zinc, nickel, lithium, and others for aluminum in the octahedral 
sheet (Marshall, 1935b; Hendricks, 1942). Furthermore, in montmo- 
rillonites, the lattice is always unbalanced as a result of substitutions 
of ions of different valence in the tetrahedral or octahedral sheets



48 ION EXCHANGE MINERALS, DISPOSAL OP RADIOACTIVE WASTES

Exchangeable cations 

nH20

O

    B Axis

O = Oxygen 

@= Hydroxyl

= Silicon 

= Aluminum

FIGURE 9. Schematic drawing of the crystal structure of montmorillonlte after Edelman 
and Favejee, 1940, p. 422.
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Silica 
tetrahedrons

Exchangeable cations

Aluminum 

octahedrons

Silica 

tetrahedrons

FIOTJBE 10. Diagrammatic sketch of Edelman and Favejee's crystal structure of montmorillonite, from 
Grim, 1953b. p. 64. (By permission from " Clay Mineralogy," by Ralph E. Grim. Copyright, 1953. 
McGraw-Hill Book Co., Inc.
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(Grim, 1953b, p. 59). Montmorillonite has a net charge deficiency 
of about 0.66" per unit cell, depending on the ionic substitutions 
within the lattice, which results in a large capacity for adsorption of 
cations between unit layers and around their edges (Grim, 1953, 
p. 59).

Osthaus (1954) in chemical determinations of tetrahedral ions in 
montmorillonite and in nontronite (solubility of iron and aluminum 
in heated 10 percent hydrochloric acid) attempted to explain the 
percentage of an ion present by extrapolation of solubility curve 
slopes to zero. On the basis of this, he found no substitution for 
silicon in the tetrahedral layers of montmorillonite. In the nontronite, 
solubility curves suggested the presence of iron and aluminum in the 
tetrahedral layer.

Although beidellite of the montmorillonite group has a theoretical 
composition similar to that of illites in which K+ is replaced by Na+ 
or Ca+2, Foster (1951) concluded that the concept that montmoril 
lonite and illite are analagous, except for the presence or absence of 
nonexchangeable K+, is misleading. Her explanation is that since 
illites have a much higher total charge and tetrahedral charge than 
montmorillonites, the removal of K+ would not produce the montmo 
rillonite beidellite.

In discussing the importance of Mg+2 in montmorillonite formulas, 
Foster (1951) cited results to show that the presence of exchangeable 
Mg+2 is more common than generally realized.

Bentonites are a relatively pure type of clay originally found in 
the western United States (Ross and Hendricks, 1945, p. 64-67), and 
are in general composed essentially of montmorillonite. Most bento- 
nites are characterized by having Ca+2 as the replaceable cation and 
by tending to swell but slightly. A few types having Na+ as the 
replaceable cation (hectorite and Wyoming bentonites) form a gel-like 
mass on adsorption of water and tend to stay in suspension indefinitely.

According to Grim (1953b, p. 142) hydrogen clays do not have all 
exchange positions filled by H+ since Al+3 moves in from lattice posi 
tions before saturation with H+ can be completed. Other investi 
gators have pointed out that hydrogen montmorillonites and hydrogen 
kaolinites are hydrogen-aluminum systems (Paver and Marshall, 
1934).

STRUCTURE OF VERMICULITE

Gruner (1934) is credited with having first worked out the structure 
of vermiculite. He describes the structure as consisting of (OH)4Mg6 
(Si, Al)8O2 o sheets, similar to mica and talc, with interstratified layers 
of 8H20 occupying a space close to 4.9 A in thickness. Work by 
Hendricks and Jefferson (1938a) confirmed Gruner's conclusions on 
the structure. Kerr and Hamilton (1949, p. 65) described the struc-
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tural formula of vermiculite as consisting of hydrated mica units less 
K2O. This can be expanded to (OH)2 (Mg, Fe)3 (Si, Al, Fe)40104H20.

Vermiculite has a structure similar to that of montmorillonite. 
Both have an expanding lattice, although vermiculite's maximum of 
4.98 A, the thickness of two water molecules (Grim, 1953b, p. 76), is 
considerably less than the reported 001 spacing of 40 A for sodium 
montmorillonite immersed in 0.3 IN sodium chloride solution (Norrish 
and Quirk, 1954). Both vermiculite and montmorillonite adsorb 
certain organic molecules, differing only in the quantity (Grim, 1953b, 
P-76).

Expansion of the mica type of crystal lattice is dependent upon 
several factors, according to Barshad (1950). He lists ionic radii, 
valence, total charge of the interlayered cations and the nature of the 
interlayered substance as factors which determine the extent of the 
interlayered expansion.

The structure carries a net charge deficiency of 1 to 1.4 per unit 
cell, resulting from substitutions of Al+3 for Si+4 in the tetrahedral 
layer. The charge deficiency on the silica sheet is compensated for 
by a positive charge on the alumina sheet, which contains an excess of 
divalent and trivalent cations (Marshall, 1949, p. 51).

There is general disagreement as to the exact structure of water 
layers in vermiculite (Grim, 1953b, p. 74). Barshad (1949) and 
Walker (1949) pointed out that the nature of the exchangeable 
cations must influence the state of the interlayer water since they 
occur between the mica layers. Walker (1951, p. 199-223) consid 
ered water in natural vermiculite to exist in two forms, which he 
called bound and unbound. The bound water is considered to 
surround Mg+2 as a hydration envelope of six water molecules in 
the probable form of an octahedral arrangement. The unbound 
water fills in the space between the octahedral units (fig. 11). Gruner 
(1939) considered that the water might exist as hydronium ions. 
Hendricks and Jefferson (1938b) suggested an extended hexagonal 
network of water molecules (fig. 12). The latter concept was shared 
by Mathieson and Walker (1954).

The range of composition of vermiculites is not known, but their 
composition can be like that of some montmorillonites, the two 
minerals differing only in particle size (Grim, 1953b, p. 35).

STRUCTURE OF mUTTES

In 1937, "illite" was proposed as a term applicable to micalike clay 
minerals (Grim and others, 1937). Prior to that time these minerals 
were known as potash-mica clay minerals (Ross and Kerr, 1931, 
p. 151-180), sericitelike minerals (Grim and others, 1937), and 
bravasite (Ross and Hendricks, 1945, p. 23-79). Later Grim and 
others (1951, p. 138-172) suggested that the term "illite" be applied
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ABC

Silicate layer
Silicate layer

14 2A

y Silicate layer

o o
- Silicate layer

- Silicate layer
Silicate layer

  Magnesium ion "Unbound" water O "Bound" water

FIGURE 11. Configuration of the inter-layer water in vermiculite (diagrammatic) from Walker, 1951. A, 
Fully hydrated; B, about half hydrated after removal of the "unbound" water. Of the six water mol 
ecules in the original hydration shell of magnesium (see A) only four are now in actual contact with the 
ion. C, Fully dehydrated with magnesiums in holes in the silicate layers. (By permission from "X-Bay 
Identification and Structures of Clay Minerals," G. W. Brindley, Editor. Copyright, 1951. Mineralogi- 
cal Society, London.)

to those clay-mineral micas with less potassium and more water 
than true micas. Other investigators who have made notable con 
tributions on the structure of illites include Hendricks and Jefferson 
(1939) and Pauling (1930a).

The basic illite structural unit was described by Grim (1953b, 
p. 65) as consisting of a layer composed of two silica tetrahedral 
sheets separated by a central octahedral sheet. Tetrahedrons in 
each silica sheet are arranged so that their tips point toward the 
center of the unit and combine with the octahedral sheet in a single 
layer with replacement of the hydroxyl groups by oxygen atoms.

The structure of the illites is similar to that of montmorillonite, 
but some differences were noted by Grim (1953b, p. 65-68). For 
example, some of the silicon atoms are always replaced by aluminum 
atoms and the charge deficiency is balanced by potassium atoms 
in illites. Layers are arranged so that the potassium atom is equi 
distant from 12 oxygen atoms, six of each layer. Also, illite has 
a charge deficiency, due to substitution, of 1.30-1.50 per unit cell 
layer compared to about 0.66 for montmorillonite. The seat of 
the charge deficiency of illite is largely in the outer silica sheets; 
the montmorillonite charge deficiency is essentially all at the center 
of the unit layer. The illite structural unit layers do not allow 
polar ions to enter between their sheets and cause expansion of 
the lattice in the c direction as does montmorillonite.

Examples of the illites include dioctahedral muscovite (fig. 13) 
with the octahedral sheet populated only by aluminum atoms (Grim,
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O Oxygen , (OH) Hydroxyl . Aluminum, Q Potassium 

O and* Silicon (one-fourth replaced by aluminum )

FIGURE 13. Diagrammatic sketch of the crystal structure of muscovite, from Grim, 
1953b, p. 66. (By permission from "Clay Mineralogy," by Ralph E. Grim. Copy- 
right,1953. McGraw-Hill Book Co., Inc.)

1953b, p. 65); dioctahedral glauconite with considerable replacement 
of A1+3 by Fe+3, Fe+2, and Mg+2 (Hendricks and Ross, 1941); and 
trioctahedral biotite micas with the octahedral positions populated 
mostly by Mg+2, Fe+2, and (or) Fe+3 (Grim, 1953b, p. 65).

STRUCTURE OF CHLORITES

The basic work on chlorite structures was done by Pauling (1930b). 
Others contributed additional information on the structure of these 
minerals, however, and have been cited by Grim (1953b, p. 69).

The chlorite structure (figs. 14, 15) was described by Grim (1953b, 
p. 69-70) as consisting of alternate micalike and brucite layers con 
tinuous in the a and b directions and stacked in the c direction with 
basal cleavage between layers. Substitution of Al+3 for Si+4 accounts 
for a charge deficiency in the mica layer while the substitution of Al+3 
for Mg+2 in the brucite layer results in an excess charge which balances 
the deficiency of the mica layer.
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Much remains to be learned about the structure of this group of 
clay minerals (Caillere, 1951, p. 224-233; Caillere and Henin, 1951, 
p. 234-243; Grim, 1953b, p. 77). They all show a variation in relative 
amounts of aluminum and magnesium but have the same general 
X-ray diffraction and dehydration characteristics according to Caillere 
(1936), Longchambon (1937), and Migeon (1936). The important 
structural element of these minerals according to these investigators 
is the amphibole double silica chain oriented with its long direction 
parallel to the c axis. In independent work, Nagelschmidt (1938) 
concluded that fibrous clay-mineral types consisting of silica chains 
exist.

O= Oxygen © = Hydroxyl

o*=Silicon (tetrahedron ); Aluminum, magnesium (octahedron)

FIGURE 14. Diagrammatic sketch of chlorite structure, after McMurchy, 1934, from Grim, 1953b, 
p. 70. (By permission from " Clay Mineralogy." by Ralph E. Grim. Copyright, 1853. McGraw- 
HiE Book Co., Inc.)
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Brucite 
layer

Talc 
layer

Co sin ,# 
I4-2KX

a0 =5-30kX-

O = 0xygen ®=Hydroxyl C=X ^ = Y 

X= cations in octahedral positions 
Y= cations in tetrahedral positions 
kX x 1.00202 s Angstroms

FIGUBE 15. Schematic drawing of the crystal structure of chlorite on the a c plane after McMurchy, 
1934, after Brindley and Robinson, 1951, p. 180.

The formula Si4On (Mg-H2)3H20-2(H20) was suggested for sepiolite 
by Longchambon (1937), while (OH2 ) 4 (OH)2Mg5Si80204H20 was 
offered for attapulgite by Bradley (1940). The structure of attapul- 
gite worked out by Bradley is given as figure 16.

It is likely that the general structure of these minerals is the same, 
but differences in details exist, according to Grim (1953, p. 79).

STRUCTURE OF MIXED-LAYER CLAY MINERALS

Two different types of mixed-layer structures were described by 
Grim (1953b, p. 80). They are (a) regular stacking of layers along 
the c axis and (b) random stacking along the c axis with no uniform 
pattern of layers. Chlorite with its regular alternation of mica and 
brucite layers is an example of type (a), and mixed layers of illite and 
montmorillonite and of vermiculite are particularly common, according
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U = H 2 0 (on) = Hydroxyl o=Mg or Al 
© = OH 2 O = 0xygen  =Silicon

FIGURE 16. Schematic drawing of the crystal structure of attapulgite, after Bradley, 1940, p. 408.

to the author. Grim points out that a great many of the discredited 
or questionable clay - mineral species probably are mixed - layer 
combinations.

Sudo (1955) reported that certain mixed-layer Japanese clays have 
been found to have long spacings as large as 29.6 A and 26.6 A. They 
have a very complicated clay-mineral composition, including kaolin 
minerals, chlorite, sepiolite, and montmorillonite. The long spacings 
are explained by a regular interstratification between two kinds of 
lattices selected from among the following:

1. Montmorillonite lattice with the cell height of 15.4 A.
2. A magnesium chlorite of 14.5 A.
3. Sepiolite with 12.7 A.
4. A new lattice of 14.0 A which is a regular interstratification 

of gibbsite and silicate layers.
According to Sudo, the 29.6 A spacing agrees well with that of a 

regular mixed-layer lattice configurated by 15.4-A and 14.0-A cells 
and the 26.6-A spacing with a regular mixed-layer lattice configurated 
by 12.7-A and 14.5-A cells.
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Methods for calculating clay-mineral formulas from analytical data 
are given in the literature (Foster, 1951; and Ross and Hendricks, 
1945).

Additional references on the structure and composition of clay 
minerals include the following: Aukland (1956), Bagchi (1946), Bragg 
(1937b, p. 203-229), Brindley (1955, p. 33-43), Carroll (1959), Clarke 
(1924), "Encyclopedia of Chemical Technology" (1949, v. 4, p. 24-38), 
Hauser (1955b, p. 8), Hauser (1955c), Howat (1945), Iberg (1954), 
Jasmund (1951, p. 7-142), MacEwan (1950, 1952), Nakhira (1953), 
and Nutting (1943a, 1943b).

OTHER CATION EXCHANGE MINERALS 

ORIGIN AND NOMENCLATURE

GLAUCONITE

The term "glauconite" comes from the Greek, glaukos, which means 
bluish-green or grey. Glauconite (greensand) is known to form during 
marine diagenesis under (a) conditions of slow sedimentation, (b) a 
reducing environment, and (c) in the presence of magnesium and 
alkalies (Gorbunova, 1950; Grim, 1953b, p. 353; Kitazaki, 1951; Van 
Nostrand, 1947, p. 654). Cloud (1955) stated that glauconite forms 
in cool marine waters at depths of 10 to 40 fathoms, resting on bottom 
sediments containing reducing matter.

ULTRAMARINES

The origin of the name ultramarine goes back to the middle ages 
when an ore containing blue pigment used by painters was imported 
into Europe. Thus, the product became known as ultramarine, 
which means "beyond the sea" (Van Nostrand, 1947, p. 675).

ZBOI^TBS

This group of crystalline silicates is named for characteristics 
exhibited by its members. The term "zeolite" is derived from the 
Greek words "to boil" and "a stone" (Van Nostrand, 1947, p. 1597). 
Zeolites are characterized by an easy fusion and a rapid expulsion of 
water.

Zeolites are hydrous silicates. They are generally found as sec 
ondary minerals filling fissures and cavities in the more basic igneous 
rocks (Van Nostrand, 1947, p. 1569).

Thugutt (1948; 1949) also discussed the origin of zeolites. He 
deduced relationships between zeolites and such primary minerals as 
feldspars, leucite, and others.
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COMPOSITION AND STRUCTURE 

GLAUCONITE

Glauconite is described by various investigators as a complex 
hydrous iron and potassium silicate whose exact formula has not yet 
been determined (Charrin, 1949; Kerr and Hamilton, 1949, p. 25; 
Van Nostrand, 1947, p. 654). Hendricks and Ross (1941) suggested 
a representative formula for this mineral which is as follows:

(K, Ca0 .5, Na)o.84(Alo.47Fe+3o.97Fe+2o.19Mgo.4o)(Sia.wAlo.i.XMOH),.

Smulikowski (1954) compared the chemical analyses of 68 glau- 
conites with 67 analyses of illites, hydrous micas, muscovites, 
phengites, sericites, and biotites. He found that glauconites grade 
into illites in composition and that the aluminum content in the 
octahedral layer and the total interlayer cations appear to increase 
with geological age of the samples.

Hendricks and Ross (1941) reported glauconite as belonging to the 
dioctahedral group of micas and characterized by replacement of 
Al+3 by Fe+3, Fe+2 and Mg+2 . In many instances, less than two- 
thirds of the possible positions are filled, which results in a charge 
deficiency in the octahedral sheet as well as in the tetrahedral sheets. 
Glauconite has been identified as a mica by others, including Gruner 
(1935) and Sabatier (1949).

ULTRAMARINES

They are virtually anhydrous aluminum silicates of sodium con 
taining mobile anions (carbonate, chloride, or sulfate) (Marshall, 1949 
p. 26). Other cations (calcium, iron, zinc, manganese) may substitute 
for sodium to give various members of the group.

ZEOLITES

There is general agreement on the composition and the structure 
of zeolites. Various investigators have described them as hydrous 
aluminum silicates which generally contain sodium or calcium and 
which may contain barium, strontium, magnesium, potassium, and 
other atoms (Van Nostrand, 1947, p. 1597; Tiselius, 1936; Wells, 
1950, p. 571). According to Glemser (1941), the bound water in 
zeolites is not always easily removed.

Koizumi (1953) investigated the dehydration properties of various 
zeolites and has classified them according to their dehydration 
phenomena.

Formulas of the common zeolites are cited in several references 
(Bragg, 1937a, p. 253-256; Hendricks, 1945; Marshall, 1949, p. 27; 
Martinez, 1950; Morgante, 1945; Thugutt, 1948; Van Nostrand, 1947, 
p. 1597).

606961 62   6
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Thugutt (1948) described the structure of zeolites in terms of a 
space net consisting of tetrahedra (SiO*) with oxygen atoms in corners 
and silicon and aluminum atoms in the middle. Oxygen atoms are 
the joining links between separate tetrahedra.

Other investigators have commented on the structure of zeolites. 
Eitel (1954, p. 1005-1006) pointed out that the assumed "spongy" or 
"channel structure" of zeolites has been proved by X-ray structure 
studies. Marshall (1949, p. 26-27) described zeolites as hydrated 
three-dimensional structures in which Al+3 replacement of Si+* is 
common. Hendricks (1945) discussed zeolite structures in terms of 
a rigid framework with all the oxygen atoms shared by two cations 
having tetrahedral coordination but with an average charge of less 
than -f-4. He noted that the structure is made microscopically 
neutral by cations located in the open spaces.

Bragg (1937a, p. 265) described three types of zeolites:
The fibrous zeolites, such as natrolite, NaaCAljSiaOnO^HjO, are characterized 

by chains of linked tetrahedra in which the binding is strong and which are 
linked laterally at comparatively infrequent intervals. The lamellar zeolites, 
such as heulandite, Ca(Al2Si70ig)'6H20, probably consisting of sheets in which 
the linking is strong, and which are bound together by weak links, perhaps only 
by cations and water. Analcite, NaAlSi206'H20, and chabazite, (Ca, Na^) 
Al2Si40i2 -6H20, are cubic and rhombohedral, respectively, and consist of three- 
dimensional frameworks of fourfold and sixfold rings of tetrahedra.

CATION EXCHANGE AND ADSORPTION ON CLAYS AND 
OTHER EXCHANGE MINERALS

This section of the paper is concerned primarily with the exchange 
of cations between an aqueous solution and soil colloids.

DEFINITION

Ion exchange may be defined as the exchange of an ion held by an 
electrical charge near the surface of an exchange mineral with an ion 
present in a solution in which the exchange mineral is immersed. 
The solvent, although generally water, can be other than water. An 
example of the latter is an exchange system in which alcohol is sub 
stituted for water (Magistad and Burgess, 1928 and Wiegner and 
Jenny, 1927). Also, direct exchange occurs between plant roots and 
clays (Jenny and others, 1939). Grim (1953b, p. 141) pointed out 
the probability that exchange reactions can take place in suspensions 
of high concentration or in the presence of very little water. This is 
demonstrated (a) by Bradfield's (1932) finding that sodium-saturated 
clays are able to take up enough barium from barium sulfate to fill 
about one-fifth of the exchange positions of the clay and (b) by 
Graham's (1941) finding that hydrogen clay will extract calcium from 
anorthite by cation exchange. However, data presented by Aderikhin
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(1940) on the adsorption of calcium, magnesium, potassium, and 
hydrogen cations on black soil and podzol showed that the amount of 
cations adsorbed was directly proportional to the moisture content.

Grim (1953b, p. 128) noted that the term "cation exchange" is 
used interchangeably with "base exchange," although the first term 
is more proper technically. "Base exchange" was adopted for use in 
the time of Thompson (1850) and Way (1850), when it was not 
known that the H+ cation also could take part in exchange reactions.

Nutting (1931) described cation exchanges in terms of single layers 
of adsorbed ions, which are practically in chemical combination with 
the surface.

CATION EXCHANGE MATERIALS

The exchange of cations is stoichiometric (Grim, 1953b, p. 136; 
McBain, 1950, p. 51) and the equilibria of exchange reactions are gov 
erned by the classical adsorption isotherm.

Some of the substances that exhibit the phenomenon of cation ex 
change include the following: clay minerals, naturally occurring 
zeolites, fluoride, humus, cellulose, wool, proteins, alumina, synthetic 
resins, lignin, living cells, barium sulfate, glass, phosphates, silver 
chloride, and miscellaneous silicates ("Encyclopedia of Chemical 
Technology," 1952, p. 1-17). Of this group, the clay minerals, zeo 
lites, and miscellaneous silicates are of primary interest to this report. 
For a general discussion on various types of ion-exchange materials, 
the reader is referred to Walton (1941) and Kunin (1958).

EARLY HISTORY

According to Kelley (1948, p. 1) recognition of the phenomenon of 
cation exchange is attributed to two Englishmen, Thompson (1850) 
and Way (1850). Results of their work dating back to 1845 were 
published in 1850 and 1852. In his first publication, Way (1850) 
listed several conclusions. They are summarized below.

1. In reactions between soil and salt solutions, calcium in the soil 
exchanges places with cations in solution, anions remaining in solution 
unless an insoluble calcium salt is formed.

2. Salts of lime are not adsorbed when filtered through the soil, but 
Ca(OH)2 and Ca(HC03) 2 are adsorbed whole (in molecular form) like 
alkaline compounds of other cations.

3. The clay portion of soil has the power to adsorb cations. Sand, 
organic matter, calcium carbonate, and free alumina do not possess 
this power.

4. Preheating of soil diminishes its adsorptive power.
5. Adsorption is a rapid reaction, as between mineral acid and 

alkalies.
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6. Ammonium carbonate and ammonium hydroxide are adsorbed 
as molecules.

7. Adsorptive power of clay increases with increasing concentration 
of solution and as the ratio of solution to soil increases.

8. Cation exchange is exhibited with the soil by K+, Na+, and 
Mg2+ in addition to NH4+.

9. Cation exchange is irreversible.
It is interesting to note that with the exception of conclusions 2, 6, 

and 9, which were essentially erroneous, the others for the most part 
have proved to be correct. Organic matter is known, of course, to 
exhibit the exchange property. Also, calcium ions are not the only 
exchangeable cations present in the soil.

CATION EXCHANGE THEORIES

Various explanations of ion exchange have been proposed since Way 
(1850) performed his experiments on the exchange of cations in the 
soil. These explanations may be grouped conveniently into three 
theories: (a) the crystal-lattice theory, (b) the double-layer theory, 
and (c) the Donnan membrane theory.

The crystal-lattice theory considers all ionic solids as being composed 
of positively and negatively charged ions in a completely dissociated 
state. Every ion in a crystal is surrounded by a fixed number of 
oppositely charged ions and is subject to Coulombic attractive forces. 
Exchange of a given ion for one of like charge is possible as a result of 
diminishing the net attractive force binding the ion to its crystal 
lattice. This can be accomplished by placing the crystal in a polar 
medium such as water.

Helmholtz (1879) provided the basis for the double-layer theory. 
Its purpose was to explain the electrokinetic properties of colloids. 
The Helmholtz double layer consists of two rigid electrical layers 
analagous to the plates of a condenser. The theory was modified by 
Gouy (1910) and Stern (1924). They considered a double layer con 
sisting of an inner fixed layer and a diffuse and mobile outer layer of 
charges. There is no sharp boundary between the two layers, and the 
concentration of the diffuse layer may be considered as varying con 
stantly and depending on the concentration and pH of the external 
solution. A change in the concentration of ions in the external solu 
tion by addition of a foreign ion upsets the equilibrium and a new 
equilibrium is obtained.

Other references on the double-layer theory include Bolt, 1955; 
Hauser and Colombo, 1954; Jenny, 1932; and Kunin, 1958.

The Donnan equilibrium theory is concerned with the state of 
equilibrium in a system composed of ordinary electrolytes and colloidal



CATION EXCHANGE AND ADSORPTION ON EXCHANGE MINEEALS 63

electrolytes separated by a membrane which is impermeable to colloi 
dal particles (Adair, 1947, p. 154-161).

Although none of the three theories presented is completely satis 
factory, they all contribute to the understanding of ion exchange.

ADSORPTION OF POLAR MOLECULES AND GASES BY CLAY
MINERALS

Clay minerals have long been used as adsorbents, although their 
capacity to take up nonpolar molecules is less than that of the best 
activated charcoal or silica gel (Marshall, 1949, p. 91). Inert gases 
such as nitrogen are taken up at low temperatures; for this reason 
they have been used to determine surface areas of clay minerals 
(Brunauer and others, 1938). According to Marshall (1949, p. 91), 
little quantitative information on the adsorption of nonpolar vapors 
at ordinary temperatures is available.

UPTAKE OF POLAR MOUECUI^ES

UPTAKE OF WATER

The uptake of polar molecules by the swelling clays (montmoril- 
lonite group) is well known. Among the early workers studying the 
structure of montmorillonite were Hofmann and others (1933), who 
showed that the uptake of water by this clay mineral caused an expan 
sion in the direction of the c axis, but no appreciable change in a and 
6 axes.

Various investigators have used the Donnan equilibrium theory as a 
basis for conclusions concerning swelling, ionic exchange reactions of 
soils, and hydration (Davis, 1942; Eriksson, 1952; Mattson, 1929; 
Mattson and Larsson, 1944-1945; Pavlovschi, 1937-1938; Samuelson, 
1953; and Whitney and Peech, 1952).

Mattson (1942 described experiments in which pieces of sponge are 
moistened with an electrolyte solution, washed, and then extracted 
with a solution of another electrolyte. The resulting ion exchange is 
described in terms of the Debye-Huckel theory and the Donnan equi 
librium system.

The role of the water molecule in clay minerals has been studied by 
many investigators since the work of Hofmann and others in 1933, but 
only a few of them can be mentioned here. For mpntmorillonite, 
Marshall (1936) suggested that the first water molecules congregate 
around the exchangeable cation sites between the sheets, and that later 
additions fill up vacant spaces and finally force the layers farther apart 
at high vapor pressures. Studies by Hendricks and others (1940) on 
montmorillonite indicate that certain cations are hydrated while others 
are not. Mooney and others (1952) in studies on adsorption of water
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on montmorillonite found that the adsorption isotherm is dependent 
on the initial water content. Gregg (1951) suggested that water is 
taken up by montmorillonite clays between the sheets and on the out 
side of crystallites as well. Buiz and Gonzales (1955), in studies on 
the adsorption of water by montmorillonite, interpreted their data as 
showing three types of water: (a) intermicellar and capillary water, 
(b) interlaminar water (which causes swelling clays to swell), and (c) 
osmotic water. In studies with attapulgite, Chessick and Zettlemoyer 
(1956) found that as increasing amounts of water were adsorbed (prin 
cipally on the external surface) an accompanying loss of surface area, 
as measured by the Harkins-Jura absolute method, occurred.

UPTAKE OF AMMONIA

Cornet (1943) showed that hydrogen montmorillonite will react with 
ammonia gas to form ammonium montmorillonite. At low pressures 
there is no expansion of the c axis by the adsorbed ammonia, probably 
because adsorption occurs on the outer surface only. Expansion of 
the c axis occurs, presumably, when the ammonia is adsorbed inter 
nally. Zettlemoyer and others (1955) measured nitrogen, ammonia, 
and water vapor adsorption isotherms on a Wyoming bentonite (mont 
morillonite). They found that in the relative pressure range 0.05 to 
0.35 (presumably mm) nitrogen and water measured only the external 
area, whereas ammonia measured the internal area as well.

ORGANIC POIAE MOLECULES

Bradley (1945), Gregg (1951, p. 35-38), and MacEwan (1948, 1949) 
showed that a variety of polar organic molecules can be adsorbed on 
and displace water from basal plane surfaces of montmorillonite. 
MacEwan (1948, 1949) showed also that these same molecules can be 
adsorbed by halloysite. Both Bradley (1945) and MacEwan (1948) 
concluded that the molecules are held by the clay surface through a 
C-H ... 0 (clay-mineral surface) bond. Hendricks (1941) showed 
that in addition to the electrical attraction of the organic cation for 
the negatively charged silicate surface, strong Van der Waals forces 
come into play.

MODERN CONCEPT OF CATION EXCHANGE IN CLAY MINERALS 
AND EXCHANGE MINERALS

Outlines of the modern concept of cation exchange in clay minerals 
have been presented by Grim (1953b, p. 132-134), Hendricks (1945), 
Jenny (1942), and others. Some of these are discussed in the following 
section.

CATION EXCHANGE IN CliAY MINERALS

Cation exchange in clay minerals is due to three causes according to 
Grim (1953b, p. 132-134). One cause is broken bonds on the edges
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of silica-alumina units resulting in unbalanced charges, which can be 
balanced by cations. This is the major source of cation-exchange ca 
pacity in kaolinite and halloysite clay minerals and is improtant in the 
illite, chlorite, and sepiolite-palygorskite-attapulgite minerals. Bro 
ken bonds cause about 20 percent of the cation exchange hi vermicu- 
lites and montmorillonites.

A second cause of cation exchange in clay minerals is substitution 
within the lattice structures. Examples are substitutions of Al+3 for 
Si+4 in the tetrahedral sheet, and of lower-valence ions, Mg+2, for ex 
ample, for Al+3 in the octahedral sheet. These substitutions result in 
unbalanced charges, which can be balanced by other lattice changes 
(hydroxyl group for oxygen atoms) or by adsorbed cations. Substitu 
tions within the lattice account for about 80 percent of the cation- 
exchange capacity of vermiculites and montmorillonites and may be 
the cause of some cation-exchange capacity in poorly crystalline ex 
amples of illite, chlorite, and sepiolite-palygorskite-attapulgite. Her 
(1955, p. 260) described exchange in montmorillonite in a similar 
manner.

A third cause of cation exchange in clay minerals cited by Grim is 
the replacement of the hydrogen of exposed hydroxyls by replaceable 
cations. Although this would apply to all clay minerals, it would be 
most applicable to kaolinite and halloysite.

Mitra and Rajagopalan (1952) disagreed with the broken-bond 
hypothesis. They believe that the limiting value of cation-exchange 
capacity can be explained by the isomorphous and hydroxylic charges.

Hendricks (1942, 1945) attributed cation exchange in clay minerals 
to two conditions: (a) sheets that are too full for ionic migration 
through them, and (b) vacancies in one-third of the octahedral coordi 
nation positions of the pyrophyllite sheet.

As discussed by McBain (1950, p. 390), cation exchange in clay min 
erals occurs because of the difference in valence of Al+3 substituting 
for Si+* in the outer layer, or of Mg+2 substituting for Al+3 in the inner 
layer. Each of these negative charges on the lattice must be satisfied 
by free positive ions.

Kingery and others (1955) attributed cation exchange in kaolinite to 
isomorphous replacement of Al+3 in the silica sheet.

Schofield and Samson (1953) advanced the concept that the conven 
tional small cation-exchange capacity of kaolinite is the consequence 
of a net excess of negative charges on basal surfaces over positive (at 
lower pH) charges on the edges, the edge charges being sensitive to pH 
and convertible to negative by abstraction of protons at high pH 
values.

From studies of 100 mineral specimens of the montmorillonite 
group of clay minerals, Ross and Hendricks (1941) concluded that
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cation exchange in some members of the group is a result of replace 
ment of silicon in the tetrahedral coordination with respect to oxygen 
by aluminum and in others of replacement among ions having octa 
hedral coordination.

Cation exchange in montmorillonite was discussed further by Ross 
and Hendricks (1945, p. 23-79). Exchangeable cations in mont 
morillonite are said to be on the surfaces of the silicate layers. They 
are generally Na+ and Ca+2, but K+, Mg+2, H+, and Al+3 may be ex 
changeable. Amounts of exchangeable cations are determined by 
the excess negative charge within the layer.

Tschapek and Butschkowskyj (1952) have explained the noncom- 
pensated bonds in the tetrahedral layers and octahedral layers by the 
theory that all the interchangeable ions of kaolinite and most of those 
in montmorillonite are located on the outer edges of the crystals. 
Noncompensated positive bonds adsorb OH~ and the negative ones 
adsorb H+, resulting each time (in both cases) in hydroxyl groups 
whose H is capable of being replaced by a metallic ion. Bagchi (1949) 
has expressed similar views.

From studies of adsorption and exchange at low concentration, 
Ganguly (1949) discovered three types of bonding in silicate minerals. 
He postulated that the sites are exposed K+ sites, broken bonds from 
silicon atoms exposed on the surface by grinding, and broken bonds 
from Al+3 ions on the surface.

Other suggested references on ion exchange include the following: 
Barrer (1949); Buehrer (1952); Chatterjee (1949); Lewis (1952); and 
Thomas arid Frysinger (1956).

CATION EXCHANGE IN GLAITCONTTE

Micalike minerals such as glauconite exhibit a relatively low cation- 
exchange capacity, approximately one-third to one-fourth that of 
montmorillonite group minerals (Hendricks, 1945). Cations are diffi 
cult to exchange between structural sheets in minerals of this type, 
and cation exchange occurs primarily at the limiting surfaces of the 
crystals.

Davydov and Skoblionok (1953) studied the adsorption characteris 
tics of glauconite in mixed media. They studied the exchange of Ca+2 
and Ba+2 for Na+ and K+ on the glauconite in water and water-alcohol 
mixtures containing 30, 50, and 70 weight percent of alcohol. Com 
position of the solvent did not affect the maximum adsorption by 
glauconite.

CATION EXCHANGE IN ULTRAMARINES

Cation exchange takes place inside the channels or pores of these 
minerals. Marshall (1949, p. 26) suggested that the large anions of 
ultramarines require fusion with salts for replacement, whereas cations 
are replaceable from hot, aqueous solutions.
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CATION EXCHANGE IN ZEOLITES

The generally accepted concept of cation exchange in zeolites is the 
one that considers that exchange occurs in multiconnected voids or 
channels located within the volume enclosed by a rigid structural 
framework.

Marshall (1931) distinguished between the type of cation exchange 
that can occur as a surface reaction with almost all colloidal systems 
and another, common to zeolites, in which replacement of one cation 
by another definitely changes optical properties, density, and so forth, 
of the crystal.

Although they are known to have relatively high cation-exchange 
capacities, 100 to 300 milliequivalents per 100 grams (Grim, 1953b, 
p. 132), zeolite exchange capacities are somewhat limited by the fact 
that large cations, which are commonly adsorbed by expanding lattice 
clays, cannot enter the open diameters of the zeolite channels (Hen- 
dricks, 1945; Eitel, 1954, p. 1020). Russell and Pearce (1943), in 
preliminary studies of cation exchange by zeolites, found no cation 
whose valence or size prevented it from entering into cation-exchange 
reactions.

Various factors influence the cation-exchange capacities of the 
zeolites. Studies by Zhukov and Brodskaya (1949) indicated that 
the exchange capacities increase with increasing pH of the exchange 
solutions. Randall and Cann (1930) used the theory of micelle for 
mation to explain cation exchange in zeolites. According to this 
theory, all substances forming negative micelles in solution should 
possess differential cation-exchange properties. In zeolites, the neg 
ative ions of the aluminosilicates are considered to form large micelles. 
Cation exchange in zeolites also seems to vary with temperature. Hey 
(1932, 1933, 1934, and 1936) noted that all the zeolites studied by him 
required high temperatures for appreciable reaction.

Silver and other heavy metals can be recovered from sea water or 
other strong saline solutions by exposing the solutions to iron or 
manganese-containing zeolites (Brooke, 1953).

DETERMINATION OF CATION-EXCHANGE CAPACITY

Cation-exchange capacity is generally determined by saturating the 
clay with ammonium or barium ions and determining the amount 
held at pH 7 (Grim, 1953b, p. 126). It is expressed as milliequiva 
lents per 100 grams. Kelley and Brown (1924) suggested that the 
amount of cations taken up by the clay rather than the amount re 
moved from the clay be considered as the cation-exchange capacity. 
Mattson (1932) pointed out that exchange capacity denotes the total 
amount of cations that can be exchanged under a given set of con 
ditions. For example, an exchange-capacity determination made
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with a neutral solution of a given salt will likely show a lower value 
than the determination made with an alkaline solution of the same 
salt. For this reason, Mattson suggested that the pH of the solution 
should always be stated.

Many investigators, including Chapman and Kelley (1930), Grim 
(1953b, p. 155), and Kelley and Brown (1925), have stated that the 
determination of cation-exchange capacity of soils, clay minerals, 
artificial zeolites, and other substances is not highly precise. This is 
not difficult to believe after studying the factors influencing cation 
exchange. Mukherjee and Ganguly (1944) cited three important 
factors influencing cation exchange: (a) the pH, (b) the nature and 
concentration of the reacting ion, and (c) the time of interaction.

Many methods have been proposed for the determination of cation- 
exchange capacity. A few of the more commonly used methods will 
be discussed.

AMMONIUM METHOD

Perhaps the most common method is the one that uses the ammo 
nium ion to replace the exchangeable cations in the exchange material. 
Ammonium salts are used advantageously, as they can be readily 
decomposed or volatilized and as exchangeable ammonium is not 
commonly found in the soil or in clay minerals (Kelley, 1948, p. 83).

Peech (1945) described a rapid method of determining exchangeable 
cations in which the cations are extracted by ammonium acetate 
solution. Calcium is determined volumetrically as the oxalate, and 
colorimetric methods utilizing a spectrophotometer are used in the 
determination of magnesium, potassium, sodium, and manganese.

Kelley and Brown (1934), Kuron and Jung (1940), and Lewis (1950) 
have used the ammonium acetate method and offer detailed pro 
cedures. According to Mehlich (1945) and Pratt and Holowaychuk 
(1954), leaching with ammonium acetate solution gave lower results 
than other methods tested.

Graham and Sullivan (1938) suggested that aqueous 1JV ammonium 
acetate is a satisfactory leaching agent for most clay bodies; but, for 
those containing appreciable amounts of calcium carbonate, they 
recommend that alcoholic ammonium acetate be used.

Sawhney and others (1959) studied the cation-exchange capacity 
determination of soils as influenced by the cation species. Large 
fixable potassium cations and small nonfixable calcium cations were 
used for successive exchange saturation with subsequent replacement 
by sodium acetate and ammonium acetate leaching solutions. With 
montmorillonite samples, approximately equal cation-exchange capac 
ity values were obtained for both calcium and potassium saturation 
and with both replacing solutions. With sample fractions containing 
appreciable vermiculite, the results were different, The cation-ex-
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change capacities obtained with potassium replaced by the ammonium 
ion of ammonium acetate were much less than the results obtained 
with the small calcium cations replaced with ammonium or sodium 
ions of the respective replacing acetate solutions. In addition, cal 
cium replaced by sodium acetate gave noticeably higher values than 
calcium replaced by ammonium acetate. These results indicate that, 
although any convenient cation could be used for the determination 
of total cation-exchange capacity with montmorillonite, any general 
method for determining cation-exchange capacity of soils should use 
small cations for both saturation and replacement.

U.S. Department of Agriculture Handbook No. 60 (1954, p. 19-20) 
notes that some alkali and saline soils fix appreciable amounts of 
ammonium ion as well as potassium ion under moist conditions. This 
does not interfere with the extraction of exchangeable cations, but 
values obtained for cation-exchange capacity by ammonium ion 
saturation are low by amounts equal to the quantity of ammonium 
fixed. Soluble salts should not be washed out of the clay or soil prior 
to extracting the exchangeable cations, because significant changes 
can take plwee as a result of dilution and hydrolysis.

The presence of calcium carbonate in the sample does not interfere 
with the determination of exchangeable magnesium, potassium, and 
sodium, but the solubility of calcium carbonate must be considered in 
calculating exchangeable calcium, according to Gedroiz (1918a), in 
tests made with ammonium chloride.

BARIUM METHOD

Magistad and Burgess (1928) criticized the ammonium chloride 
method of Gedroiz (1918a) for determining the cation-exchange 
capacity of soils containing calcium carbonate. According to them, 
the amount of calcium dissolved from calcium carbonate cannot be 
determined accurately, and the constant presence of dissolved calcium 
prevents the replacing action from going to completion They sug 
gest a method using alcoholic (methyl or ethyl) salt solutions as the 
displacing agents. A Q.lN barium chloride solution in 68 percent 
ethyl alcohol is recommended. The activity of such a solution 
approaches that of an aqueous solution, and the solubility of calcium 
carbonate in the alcoholic solution is extremely low, according to the 
authors.

Other methods employing the barium cation in the cation-exchange- 
capacity determination are described in the literature. Martinez 
(1950) offered a method in which zeolite is saturated with barium 
cation as barium acetate, followed by leaching with ammonium 
chloride. Determination of the cation-exchange capacity is calculated 
from the amount of barium sulfate precipitated in the leaching 
solution.
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Mehlich (1942) described a rapid method for cation-exchange 
capacity determination of soils that utilizes a well-buffered extracting 
medium (triethanolamine neutralized to about pH 8.2 with hydro 
chloric acid) containing about Q.2N barium chloride. Sulfate must 
be absent or results will be high.

RADIOACTIVE TRACER-CHROMATOGRAM METHOD

Frysinger and Thomas (1955) outlined a method for determination 
of cation-exchange capacity that relies upon the replacement of 
exchangeable cations by cesium. The authors have shown that 
cesium is more strongly held on montmorillonite and attapulgite clays 
than a large number of univalent and divalent cations including 
lithium, sodium, potassium, ammonium, rubidium, calcium, strontium, 
and manganese. Apparently very little work has been done to 
determine the behavior of cesium in conjunction with cations of 
higher valence.

With this method, an elution chromatogram is run with cesium 
chloride solution from a mineral sample distributed on an appropriate 
inert filter aid. The chromatogram is mapped by following the 
cesium content of the eluate with a tracer of radioactive*t?esium-137. 
Since cesium is more strongly adsorbed than any of the cations 
generally found in clays and soils, the breakthrough of the chroma- 
tographic column is always relatively sharp with the effluent activity 
rising rapidly to its input value. This is a sure sign that the exchange 
process is complete, according to the authors. The method is not 
recommended for exchange materials of low capacity.

COLOREMETRIC METHOD

A method for the determination of the cation-exchange capacity 
of soils and other materials involving saturation with divalent man 
ganese was described by Bower and Truog (1940a). After dis 
placement, the manganese is oxidized to permanganic acid and 
determined colorimetrically. Ormsby and Sand (1954) noted that 
the pH is critical and must be lower than pH 7 in this determination. 
Data have been presented by Sand and Ormsby (1954) for the man 
ganese saturation method of determining cation-exchange capacity 
in mixtures of kaolinite and halloysite.

MISCELLANEOUS METHODS

Perkins' (1952) method of saturating the clay mineral with either 
magnesium or calcium acetate, followed by taking the mineral up 
in an excess of versenate and back-titrating with magnesium acetate 
at pH 10, is said to show good agreement with the ammonium acetate 
and ammonium chloride methods.
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Robertson and Ward (1951) described a method based on the 
adsorption of methylene blue for estimating the cation-exchange 
capacity of clay minerals.

Mortland and Mellor (1954) and de Figueiredo and de Carvalho 
(1952) suggested conductometric titration methods for determination 
of cation-exchange capacity in soils. The results are said to compare 
favorably with the sodium acetate and ammonium acetate proce 
dures on calcareous and acid soils.

A method was described by Holt (1956) in which the soil is satu 
rated with silver ions, excess thiourea is added, and the system is 
back-titrated with standard 0.01A7" silver nitrate. The end point 
is detected amperometrically by the use of a rotating platinum 
microelectrode. Results obtained on 15 soils from 12 states com 
pared favorably with those from ammonium acetate leaching.

Van Olphen (1950) described a method for determining cation- 
exchange capacity based on emulsification. When cetyltrimethyl 
ammonium bromide (Lissolamine A) is added to clay sols in successive 
small amounts, a gradual decrease in stability results and flocculation 
occurs. Continued addition of the CTAB reverses this behavior 
and peptization of the clay sols results. The sol will be least stable 
when the number of CTAB ions added is equal to the number of 
exchangeable ions on the clay micelle. Although it was not possible 
to distinguish this point visually, Van Olphen observed that at the 
equivalence point the coated clay micelle was simultaneously oleo 
philic (at the lattice surface) and hydrophilic (at the micelle edges). 
A micelle of such structure would be expected to act as an efficient 
emulsifier. This idea was verified experimentally by shaking the 
sols, previously treated with increasing amounts of CTAB, with a 
paraffinic type of gas oil. A comparatively stable emulsion was 
formed at a critical concentration of cebyltrimethyl ammonium 
bromide. Cation-exchange capacities for various clays based on this 
critical concentration of CTAB showed good agreement with values 
obtained by the ammonium chloride method,

REPLACEABILITY OF EXCHANGEABLE CATIONS

From the time of Way (1850), it has been known that under given 
conditions various cations are not equally replaceable and do not 
exhibit the same replacing power. This fact is illustrated in replace- 
ability series listed by Gedroiz (1922), Kelley (1948, p. 57-61), Ross 
and Hendricks (1945, p. 37-39), and Way (1852).

The complexity of exchange reactions is attributable to a number 
of factors that vary from one clay material to another. The under 
lying causes of this complexity and variability are not known in
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every case. Certain characteristics of the ion, such as ionic size, 
valence, hydration, the seat of the exchange position on the clay 
mineral or the geometrical fit of the cation and the clay mineral 
are at least partly responsible. These and other factors influencing 
cation exchange will be discussed in the section that follows.

FACTORS INFLUENCING CATION EXCHANGE

BINDING FORCES

Binding forces within the crystal lattice are an important factor 
influencing cation exchange. According to Glasstone (1940, p. 399), 
the forces that affect the stability of an ionic crystal include (a) 
electrostatic, or Coulomb, forces whose attraction between ions falls 
off with the square of the distance; (b) Van der Waals forces with 
attraction diminishing according to the seventh power of the distance; 
and (c) interatomic repulsive forces also diminishing rapidly with the 
distance.

Lacy (1954) and Jenny (1932) attributed the individual behavior 
of the cations in the exchange process to the magnitude of the Cou- 
lombic attraction between negative oxygen atoms of the crystal 
lattice and adsorbed cations.

Jenny (1932) explained the behavior of hydrogen ion by the strong 
chemical bonds between adsorbed hydrogen and oxygen and 
hydroxyl groups of the rigid crystal frame.

In describing adsorption on ionic lattices, Kolthoff (1936) stated 
that residual valence forces of ions located on the edges are stronger 
than those on the plane surfaces, and the valence forces of ions 
located on corners is even stronger than that of ions on the edges. 
Thus, the corner lattice ions exhibit the strongest exchange power.

In exchange measurements made with heteroionic bentonites, 
Ganguly and Mukherjee (1951) reported two categories of cations 
taking part in the process. In a binary system, the cation that is 
introduced first becomes more firmly bound than the one introduced 
next.

ACCESSIBILITY OF THE LATTICE IONS

Accessibility of the lattice ions is another factor which influences 
cation exchange in clay minerals. Marshall (1948, p. 57-68) found 
that a single cation may be adsorbed by a clay mineral with a wide 
range of bonding energies, and that this is related to the position of 
the silica-alumina packet at which the cation is adsorbed, therefore, 
on basal surface, edges, or corners. Kolthoff (1936) and Grim 
(1953b, p. 135-136) agreed with Marshall's findings. Lacy (1954) 
stated that structural differences between clays determine the degree 
of preferential adsorption or ionic dissociation which gives rise to 
the exchange capacities.
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IONIZATION OF ADSORBED CATIONS

In ionization studies, Marshall (1948, p. 57; 1949, p. 115; 1950) 
found that only a small proportion of adsorbed cations is likely to 
be ionized, the amount ionized depending upon the particular clay, 
the concentration of the clay-water system, the nature of the cations, 
the relative concentration of the cations, and the nature of the 
adsorbed anions. Chatterjee and Marshall (1950) found that, in 
general, the replaceability was greater the higher the degree of ioni 
zation. Davis (1945) noted that few, if any, colloidal materials 
exhibiting the cation-exchange property are completely undissociated.

Babcock and others (1951) suggested that activity ratios of ad 
sorbed ions, while not uniquely correlated to other values such as 
degree of saturation or mole fraction, are involved in exchange 
reactions and can be estimated from ion-exchange relations.

Schuffelen and Middleburg (1953) stated that the relative dis 
placing power of the various exchangeable cations in the soil may be 
explained by the difference between the ion activity in the outside 
solution and the inside micellar-ion activity of the clay minerals.

RELATIVE SIZE OF IONS: ETDRATED AND NONHYDRATED

Magnitude of the ionic radii seems to influence cation exchange 
in clay minerals according to Jenny and Reitemeier (1935), Mooney 
and others (1952), and Morel (1954). Grim (1953b, p. 146) noted 
that for ions of equal valence, the smaller ions are held less tightly 
than the larger ones. Page and Baver (1939) listed an exception to 
Grim's statement. Potassium, with an ionic diameter of 2.66 A, 
can fit into the cavity of the oxygen layer that has about the same 
size. This makes the potassium difficult to replace. According to 
Gieseking (1939), minerals of the montmorillonite-beidellite-non- 
tronite type adsorb large substituted NH4+ ions, giving rise to (001) 
spacings greater than those of the same minerals saturated with 
smaller cations such as Ca+2 or H+ .

Differences of opinion exist on hydrated versus nonhydrated 
cations hi cation exchange. Alten and Eairmies (1931) presented 
data supporting the idea that all common cations are hydrated. 
Their data, from investigations carried out in alcohol rather than 
water, gave a lyotropic replacement series reversed to the usual 
series in water. This difference is attributed to the difference between 
hydrated and nonhydrated ionic sizes. Data by Wiegner and Jenny 
(1927) support this view.

According to Baver (1956, p. 24-29), experimental results indicate 
that ionic exchange apparently acts opposite to the requirements of 
Coulomb's law. For example, the small Li+ ion is held with much 
less energy than the large Cs+ ion. Baver explains this on the basis
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of hydration of ions. According to this explanation, the highly 
hydrated Li+ ion is larger than the weakly hydrated Cs+ ion and, 
therefore, cannot approach the negative inner layer of the clay 
particle as closely as the latter. The force of attraction is weak 
and the ion is easily displaced by others that have greater energies 
of adsorption.

Grim (1953b, p. 147) credited Wiegner with suggesting that for 
ions of equal valence, the least hydrated ones have the greatest 
energy of replacement.

A number of investigators doubt the hydrated-ion theory. Bernal 
and Fowler (1933) presented data which indicate that not all ad 
sorbed cations are hydrated. Data discussed by Baver (1956, p. 
88-90) in connection with swelling of clays do not support the theory 
that all adsorbed cations are hydrated. Gedroiz (1919) found that 
the power of Ca+2 and Mg+2 ions to replace Ba+2 ions from barium- 
saturated chernozem soil exceeded that of the less hydrated Li+ and 
Na* ions.

Evidence by Hendricks and others (1940) based on careful dehy 
dration studies, indicates that Na+, H+, and K+ and the trivalent 
cations are not hydrated when adsorbed by the clay minerals. They 
suggest that Ca+2 and Mg+2 are hydrated to 6H2O and that Li+ is 
hydrated to 3H2O. This conflicts with the idea that Li+ and Na+ 
are among the most highly hydrated cations.

PARTICLE SIZE (SURFACE AREA)

Numerous references to the relation between particle size of 
exchange minerals and cation exchange capacity are found in the 
literature. Grim (1953b, p. 138) has summarized the problem to 
some extent. He suggested that the clay minerals kaolinite and 
illite, in which cation exchange is due primarily to broken bonds, 
would be expected to show an increase in exchange capacity with 
decreasing particle size. For expanding lattice clay minerals, 
however, particle size should have little effect on exchange capacity.

Kelley and Jenny (1936) showed that decreased particle size resulting 
from grinding caused remarkable increases in cation-exchange capaci 
ties for biotite, mica, and kaolinite. The latter clay, for example, 
showed an increase in exchange capacity from 8 milliequivalents per 
100 grams at 100 mesh to 57.5 milliequivalents per 100 grams after 
48 hours of grinding and 100.5 milliequivalents per 100 grams after 
7 days grinding. Kingery and others (1955) also showed that ex 
change capacity of kaolin varies with particle size.

Mortland and Ericson (1956) reported increasing exchange capaci 
ties for kaolinite, illite, and Utah bentonite as ball milling was in 
creased from 1 through 16 hours.
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Marshall (1935a) showed that the cation-exchange capacity of 
unground montmorillonite and beidellite increased very little with 
decreasing particle size. Later Marshall (1937) found that ground 
beidellite (Putnam clay) differed from the unground clay in several 
ways. As a result, he suggested that the original lattice was destroyed 
by fine grinding and that an amorphous material with properties 
similar to those of permutites was produced.

Whitt and Baver (1937) presented experimental data on the B 
horizon of Putnam silt loam from Missouri, indicating that silt 5-20 
microns in diameter has about one-tenth the surface properties of 
clay 1-2 microns in diameter. It has less than one-twentieth the 
adsorptive capacity of colloidal clay of less than 100 millimicrons di 
ameter.

Perkins (1949) suggested that grinding alters the chemical and 
physical characteristics of muscovite and bentonite and greatly in 
creases the cation-exchange capacity of muscovite. Cation-exchange 
capacity is decreased by prolonged grinding, however, indicating 
decomposition of the mineral.

Data by Caldwell and Marshall (1942) showed that the cation 
exchange capacities of attapulgite, nontronite, and saponite increased 
slightly with decreasing particle size.

According to Barshad (1954a), variation in particle size of vermic- 
ulite does not affect adsorption of Mg+2, Ca+2, Ba+2, or Na+ ions but 
strongly affects adsorption of NH4+ or K+. He suggested that the 
cation-exchange capacity of vermiculite can be determined more 
properly by measuring the adsorption of the former cations.

In studies of the cation-exchange capacities of crystalline silicates, 
Mukherjee and Ganguly (1950) showed that for some minerals the 
effect of particle size can be correlated with cation-exchange capacity, 
while for others it cannot.

Johnson and Lawrence (1942), in studies on six monodisperse frac 
tions of kaolinite (mean-particle size ranged from 0.28 to 10.0 microns), 
found a linear relation between surface area and cation-exchange 
capacity. Later Johnson (1949) concluded that the exchange capacity 
of both kaolinite and montmorillonite is a function of the surface that 
produces their unsatisfied bonds.

Two methods for determining surface area in clays might be of 
interest at this point. The well-known method of Brunauer and 
others (1938) depends upon the adsorption of simple molecules, such 
as nitrogen, at temperatures near their boiling point. More recently 
the method of Dyal and Hendricks (1950), in which the total surface 
and the external surface are determined by adsorption reactions with 
polar molecules such as ethylene glycol, and the internal surface is 
determined by difference, has been used.

606981 62  6
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TEMPEBATURE

The literature indicates that temperature generally has but a small 
effect on cation exchange. In the opinion of Grim (1953b, p. 149, 
any change in replaceability of cations when heated would be greater 
for expanding lattice minerals (montmorillonites) than for those 
minerals (kaolinite and halloysite) whose exchange capacity is due 
largely to broken bonds. In tests with a Crowley silt loam soil, 
separate portions of which were saturated with the chlorides of potas 
sium, sodium, calcium, magnesium, and hydrogen respectively, 
Andrews and Maldonado (1940) found that the amounts of replaceable 
K+, Ca+2, and H+ decreased with prolonged thermal treatment, 
whereas amounts of Na+ and Mg+2 increased. Yusupova (1946) 
found that montmorillonite, subjected to special thermal conditions 
over a period of 2 years, showed gradual change in adsorptive prop 
erties. De Castro and Rodriguez (1954) found that thermal treatment 
of a Spanish Moroccan bentonite resulted in a decrease in total ex 
change capacity.

VALENCE

According to Grim (1953b, p. 146), the higher the valence of a cation, 
the greater its replacing power, other things being equal. Hydrogen, 
which behaves more like a divalent or trivalent cation, is cited as an 
exception. Investigations by Gapon (1933), Gedroiz (1919), Giesek- 
ing and Jenny (1936), Ivanov and Gapon (1941), and Mookerjee and 
Mukherjee (1953, 1954) support Grim's view.

The different mineral elements in the soil are retained through the 
action of physicochemical forces, among which the valence bonds of 
three types (covalent, polar, and ionic) are the most important 
(Gorbunov, 1940).

Schachtschabel (1940) studied the replaceability of NH*"1" from 
several clay minerals by using varied concentrations of alkali and 
alkaline earth chloride solutions. He demonstrated that the effects 
of concentration vary, depending upon the valence of replacing cation, 
the particular clay, and the particular cation used. With ammonium- 
montmorillonite, his data showed that, except for Rb+ andCs"1", all 
univalent cations were more exchangeable than the divalent cations.

Bower and Truog (1940b) found that exchange-capacity results 
determined by means of polyvalent cations are significantly higher 
than when determined by means of monovalent cations.

Investigation of the cation-exchange characteristics of vermiculites 
by Walker and Milne (1950) showed that K+ and NH4+ replace Mg+2 
with difficulty, although Mg+2 is readily replaced by Li+ and Na+. 
In his studies of vermiculites, Barshad (1948) obtained results of a 
similar nature.
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Schachtschabel (1942) concluded from studies made on soils that 
K+ and NH4+ are for the most part bound to mica, Ca+2 to humus, 
and Mg+2 to montmorillonite.

Kelley (1943) noted that Ca+2 generally replaces adsorbed Na+.
Studies by Schuffelen and Middleburg (1953) showed that highly 

leached acid tropical soil types contain more univalent than divalent 
cations and more Mg+2 than Ca+2. The authors interpret this to 
mean that both a valence effect and activity coefficients play a part 
in the distribution of exchangeable ions in soils.

ATOMIC WEIGHT AND ATOMIC NUMBER

Gedroiz (1919) suggested that atomic weight has some influence 
on exchange of cations when he noted that, for elements of the same 
valence, replacing power of cations increases with atomic weight. 
Kesults obtained by Antipov-Karataev and others (1947) on cher 
nozem soil tend to support Gedroiz.

C ONCENTB ATION

The literature reveals that, in general, the replacing power of a 
cation increases with increasing concentration of the cation in solution. 
Kelley and Cummins (1921) found that the replacement of Ca+2 and 
Mg+2 by Na+ in Placentia light sandy loam from Riverside, Calif., 
and in a clay loam of the Ramona series from La Habra, Calif., in 
creased with increasing Na+ concentrations. Kelley (1948, p. 56) 
and Ivanov and Gapon (1941) observed that for cation pairs having 
the same valence and about the same replacing power, dilution has 
relatively little effect on exchange, whereas with cations of different 
replacing power and different valence, dilution produces a noticeable 
effect on exchange. Similar results have been observed by Melsted 
and Bray (1947). Gedroiz (1922) found that, although with increased 
concentration of NH4+ the amounts of Ca+2 and Mg+2 that were re 
placed increased, the amount of increase was not directly proportional 
to the NH4+ concentration. Neither was the Ca+2 to Mg+2 ratio in 
direct proportion. Damsgaard-Sorenson (1942) suggested that the 
lower the ratio of a cation to the total amounts of cations, the more 
strongly is the cation bound to the ion exchanger. Birrell and 
Gradwell (1956) noted that in tests with soils containing allophane 
palagonite and amorphous oxides, the cation-exchange capacities 
were dependent upon concentration of the leaching solution.

Gapon (1943) illustrated the dependence of exchange capacity of 
zeolites, bentonites, and other exchange materials upon the concen 
tration of H+ and metallic cations by the following equation:

S=«+0[pH-(i)pM].
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Where the symbols are:

a and /3= constants
S  exchange capacity. 
n= cation valence 

2>M=negative logarithm of cation concentration

Cation exchange from alkaline solutions is represented by

S=<£+/3o.pH , 

and from a buffered solution it is

In testing the adsorption of strontium and cesium by a composite 
Hanford soil, McHenry (1956a, 1956b) found that the uptake of 
these cations was a function of their concentration in solution.

A practical example of the importance of concentration effect can 
be had by considering the cation concentrations of irrigation water. 
The principal cations are calcium, magnesium, sodium, and potassium. 
The effect of the cationic constituents of irrigation water on the 
chemical and physical properties of soils was recognized long before 
cation exchange reactions were widely understood. For example, it 
was recognized that an alkali hazard existed in water having a high 
proportion of sodium cations. Conversely, it was recognized that 
the hazard was low if calcium and magnesium cations predominated.

Cation-exchange equations can be used for expressing the relation 
between soluble and exchangeable cations in soils of arid regions, 
despite difficulties arising from the presence of mixtures of several 
kinds of cation-exchange materials in soils. Some success has been 
attained in relating the relative and total concentrations of soluble 
cations in the saturation extract of soils to the exchangeable-cation 
composition by using an empirical approach. Two ratios, designated 
as the sodium-adsorption-ratio and the potassium-adsorption-ratio, 
are used in discussing the equilibrium relation between soluble and 
exchangeable cations. These are defined as

/
V

(Ca+2+Mg+')
and

respectively, where Na+, K+, Ca+2 , and Mg+2 refer to the concentra 
tions of the designated soluble cations expressed in milliequivalents 
per liter (U.S. Department of Agriculture, 1954, p. 26).
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pH

The relation between pH and cation-exchange capacity has been 
studied by many investigators. According to Bacon (1936), Mattson 
(1932), and other investigators, cation-exchange capacity is a function 
of pH, and at a given pH the exchange capacity is a definite quantity 
for a given sample. Kelley (1948, p. 93-94) emphasized the fact that 
exchangeable cations can be replaced by H+ as well as by NH^" or 
metallic cations, and that, for this reason, the pH of the salt solution 
used in the determination may have significant influence on the amount 
of NH* or metallic cations that are adsorbed through exchange. 
He pointed out that at pH above 7, exchange capacity is found to 
exceed that at neutrality, being quite marked for kaolinite, halloysite, 
and organic soils but less pronounced for montmorillonite.

Paramonova and others (1940) showed that cation exchange increased 
approximately tenfold on change of pH from 2 to 13 in studies on 
chernozem soil, and the curve expressing this relation is nearly a 
straight line. A linear relation between pH and magnitude of cation 
exchange was also reported by Antipov-Karataev and others (1939). 
In tests with a variety of soils, Hosking (1948) found that cation- 
exchange capacities increased from a minimum value at pH 5 to a 
maximum value at pH 9 and then decreased at higher pH values. In 
studies made on semiarid soils, McGeorge (1945) found that soil pH 
increased as the percentage of sodium in the exchange complex 
increased, and the relation between the two was significant and linear. 
Paramonova (1940) reported that in tests with chernozem, podzol, and 
glauconite treated with acid, the adsorption capacity for aluminum 
and barium salts decreased most in chernozem and least in podzol. 
Data and curves showing the relation between pH and cation-exchange 
capacity also are presented by Hauser (1955c), Marshall and Krinbill 
(1942), arid Mukherjee and others (1942).

In studies on adsorption of strontium and cesium from a solution of 
Hanford soil, McHenry (1956a, 1956b) found that pH was one of the 
influencing factors. For cesium, adsorption at pH 8.0 and higher was 
relatively unchanged, whereas below pH 8.0 uptake by the soil 
decreased rapidly with increasing acidity. Straub and Krieger (1954) 
noted that pH has a decided effect on the removal of radioactive 
materials from waste solutions by adsorption on clay minerals.

CLOGGING AT CATION-EXCHANGE POSITIONS

A reduction in cation-exchange capacity has been attributed to the 
clogging of exchange positions by certain substances. Dion (1944) 
concluded that ferric oxide in both hydrated and nonhydrated form 
exhibits a clogging action on clay minerals. Hendricks (1944) sug 
gested that large, flat, organic ions adsorbed on the basal surface of 
montmorillonite may obstruct the exchange positions.
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HYDROLYSIS

The effects of hydrolysis on cation exchange have been discussed by 
a number of investigators. Kelley and Brown (1926) concluded that 
when a soil is leached with a dilute solution of A1C13 , the exchange is 
effected chiefly by H+ ions formed by hydrolysis rather than by Al+3 
ions. Lutz (1938) found that the amount of ion adsorbed from 
FeCl3 by bentonite, expressed as Fe+3, equalled about 2.5 times 
the cation-exchange capacity as determined with a neutral salt. 
Kelley (1948, p. 80) suggested that exchangeable Na+ tends to be 
released by hydrolysis. According to Andreatta (1948) the hydroly 
sis of feldspars helps to explain why so many of the new minerals 
formed (the clay minerals, for example) have lattice structures. 
Correns and Von Englehardt (1938) demonstrated that all the ionic 
components of the aluminosilicates are liberated by hydrolysis as 
individual ions going into solution.

HEAT OF WETTING

In experiments with a variety of clays prepared from soils, Anderson 
and Mattson (1926) found that a linear relation existed between the 
heat of wetting and the cation-exchange capacity over a considerable 
range. However, no data were available on pure clays at that time.

ANIONS
Differences of opinion exist as to whether or not the nature of the 

anions present influences the replaceability of a given cation. Melsted 
and Bray (1947) suggested that the soluble anion associated with the 
cations in leaching solution does not affect the ratio of the cations on 
the exchange surface but may affect the total amount of cations 
adsorbed. Neznayko reported in a personal communication to Grim 
(1953b, p. 146) that he found a variation in the replaceability of Na+ 
from montmorillonite by Ca+2 depending upon whether calcium 
hydroxide or calcium sulfate was used. Marshall (1949, p. 122) con 
cluded that a considerable variation in cation-exchange capacity occurs 
when leaching with different neutral salts of a given ion. Jenny and 
Engabaly (1943) and Marshall (1949, p. 122) suggested that the pos 
sibility of the formation of basic salts with the clay and a soluble 
anion, clay-Zn(OH)"1" for example, complicates the question of anion 
influence on base exchange. Gedroiz (1918b), in summarizing work 
of Kullenberg on anion influence on cation adsorption concluded that 
anions have little if any influence on cation adsorption.

IVeundlich (1926, p. 216-217), in observing adsorption phenomena 
in moss and peat, stated that the quantity of adsorbed cations de 
pended on the anion and increased in the series Cl~, Br~,
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COMPLEMENTARY CATIONS

Studies by Wiklander (1946) showed that the ease of exchange of a 
given cation is dependent not only on the nature of that cation but 
also upon the nature of the complementary cations filling the remain 
der of the exchange positions and the degree of saturation exhibited by 
the replaced cation. For example Ca+2 becomes more difficult to 
replace as the amount of replaceable Ca+2 decreases, whereas Na+ 
becomes easier to exchange as the concentration of replaceable Na+ 
decreases. Similar results were obtained by Jenny and Ayers (1939). 
McHenry (1956a, 1956b) reported that increasing concentrations of 
complementary cations generally causes a decrease in the adsorption 
of Sr+2 and Cs+.

SWELLING

In studies of the properties of cation exchange and swelling in a 
number of clays, Malquari (1942) found that swelling roughly parallels 
cation exchange in the kaolinite and halloysite clay minerals. No 
such relation was found for sericite and montmorillonite, however. In 
similar studies with sodium-saturated montmorillonites from 12 dif 
ferent localities, Foster (1953) could find bo correlation between 
cation-exchange capacity and swelling.

ZETA POTENTIAL

Daniels and Alberty (1955, p. 516) described zeta potential as 
follows:

A charged ion or surface tends to surround itself with an atmosphere of oppo 
sitely charged ions. This tendency is partially overcome by the thermal motions 
of the ions, and so a diffuse-ion atmosphere is formed. The total potential 
difference between the solid phase and the liquid phase is the thermodynamic 
potential discussed earlier (p. 411). But when a relative movement of solid and 
solution phase is produced by the application of an electric field, the surface of 
the particle carries along with it part of the charge of the atmosphere which is 
next to the surface. The potential difference between the particle with its 
adsorbed surface layer and the solution is less than the thermodynamic potential 
difference and is referred to as the zeta potential. The zeta potential may be 
modified by changing the nature and concentration of the electrolyte solution. 
Since the zeta potential is decreased by increasing electrolyte concentration, the 
electrokinetic effects become smaller at high salt concentrations.

Jenny and Reitemeier (1935) presented data showing that easily 
exchanged cations cause high zeta potentials. They found that ionic 
exchange increases approximately as the sixth power of the potentials. 
At zero zeta potentials, adsorbed cations are held so tightly that
exchange is difficult.

CATION FIXATION

Students of the soil have long known that some cations can be 
adsorbed by clay minerals in a relatively nonexchangeable or fixed
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state. Such cations include NHt (Barshad, 1954b; Grim, 1953b, p. 
152-153; Stanford and Pierre, 1946), Cs+ (Barshad, 1948; and Martin 
and others, 1946), Li+ (Greene-Kelly, 1955), Rb+ (Barshad, 1948; and 
Martin and others, 1946), Ba+2 (Marshall, 1949, p. 129-130), Mg+2 
(Grim, 1953b, p. 153), and K+ (Barshad, 1948, 1954b; Fine and others, 
1940; Grim, 1953b, p. 152; Joffe and Levine, 1947; Levine and Joffe, 
1947; Marshall, 1949, p. 129-130; Martin and others, 1946; Raney 
and Hoover, 1946; Stanford and Pierre, 1946; Volk, 1934; and Wik 
lander, 1950).

Potassium, which is the most commonly fixed cation known, has 
been studied carefully owing to its importance in fertilization of the 
soil (Grim, 1953b, p. 152). Fixation of K+ occurs on the basal planes 
between unit layers in illite (Grim, 1953b, p. 152), montmorillonite 
(Raney and Hoover, 1946), and vermiculite (Barshad, 1948). Levine 
and Joffe (1947) presented evidence supporting this contention. From 
work on pyrophyllite, the basic unit of bentonite and montmorillonite, 
Levine and Joffe (1947) concluded that K+ must first enter the ex 
change complex before being fixed and that it must be in contact with 
pyrophyllite over an extended period of time for fixation to occur. 
This is necessary because the closeness of the layers makes it difficult 
for the K+ ions to penetrate between them. Results of cation- 
exchange studies on vermiculite, potassic mica, and montmorillonite 
led Barshad (1954b) to conclude that the magnitude of interlayer 
charge rather than origin of the charge determines cation fixation.

Fine and others (1940) observed that in most soils of moderately 
low fertility and soils that have received moderate amounts of potas 
sium fertilizers, there is a tedency for levels of exchangeable K+ to be 
raised by alternate freezing and thawing.

Volk (1934) and Page and Baver (1939) found that drying of clays 
favors fixation of cations.

The property of fixation has been shown to be characteristic of 
illite (Barshad, 1948; and Fine and others, 1940), montmorillonite 
(Barshad, 1954b; Levine and Joffe, 1947; and Raney and Hoover, 
1946), mica (Barshad, 1954b and Wiklander, 1950), and vermiculite 
(Barshad, 1948; 1954b). Members of the kaolinite group have prac 
tically no power to fix cations, according to Grim (1953b, p. 153), 
Joffe and Levine (1947), and Marshall (1949, p. 129-130), although 
Greene-Kelly (1955) reported that Li+ was fixed in kaolinite. Most 
fixation of cations in the soil is accounted for in the fixation of K+ by 
illite, according to Grim (1953b, p. 152).



ANION EXCHANGE IN CLAY MINERALS 83

ANION EXCHANGE IN CLAY MINERALS

In comparison with cation-exchange phenomena, very little is known 
about anion exchange. That anion exchange does take place hi many 
clay minerals has been demonstrated by numerous investigators (Bar- 
bier and Chabannes, 1948a and 1948b; Buswell and Dudenbostel, 
1941; Dean and Rubins, 1947; Dickman and Bray, 1941; Gedroiz, 
1918b; Kingery, 1950; McAuliffe and others, 1947; Mehlich, 1950; 
Russell and Low, 1954; Sieling, 1947; Tyulin and Malomakhova, 1952; 
and Wey, 1953).

Marshall (1949, p. 130-131) suggested that in clay minerals it is 
difficult to decide whether the anion exchange is truly adsorbtion or 
merely a reaction between a hydroxyl group, for example, and an 
acidic group existing on the surface of the clay mineral.

TYPES OF ANION EXCHANGE

Three types of anion exchange are recognized hi clay minerals 
(Grim, 1953b, p. 156-158). Replacement of OH~ as by PO~43 and 
F~ in kaolinite, is one type of anion exchange. The extent of the 
reaction in which OH~ is replaced depends on its accessibility. An 
other type of anion exchange, suggested in a personal communication 
from Hendricks to Grim (1953b, p. 157) concerns the geometry of 
the anion in relation to the clay-mineral structural units. Anions 
such as POT*, and AsO"^3 , and others, which are of about the same 
size and geometry as the silica tetrahedron, are adsorbed by fitting 
onto the edges of the silica tetrahedral sheets and growing as extensions 
of these sheets. Anions such as SO~±, Cl~, NO^, and others, whose 
geometry does not fit that of the silica tetrahedral sheets, cannot be so 
adsorbed. A third type of anion exchange, suggested by Schofield 
(1940 and 1949), is one in which the clay minerals may have anion- 
exchange spots on basal-plane surfaces. These would be due to un 
balanced charges within the lattice, as, for example, an excess of A1+3 
in the octahedral positions. Grim (1953b, p. 157) expressed doubts 
about this theory. It is to be expected that positive and negative 
deficiencies would balance each other, unless they recurred at con 
siderable distances from each other.

EXCHANGE ANIONS AND CLAYS

Phosphate exchange probably has been studied the most in the field 
of anion exchange. The wide interest in the application of phosphate 
fertilizers helps to explain this fact.

Dean and Rubins (1947) studied anion-exchange reactions of phos 
phate hi acid soils. Comparative tests made at pH 5.7 showed that 
more phosphate than arsenate was retained by the soils as exchange 
able anions and that the exchangeable phosphate was nearly all 
removed by fluoride, hydroxide, and citrate solutions. However,
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some doubt existed about anion exchange being involved in the citrate 
solution. Soils treated chemically for the removal of free iron oxides 
showed a reduced anion-exchange capacity.

The role of kaolin in anion adsorption was investigated by Sieling 
(1947). In tests with AsQf3 and PO^3 he found that kaolin adsorbed 
both anions in practically equivalent amounts from dilute solutions 
but that the sorbtion of AsOif3 far exceeded that of PO^3 from the 
more concentrated solutions of the two anions. The amount of either 
anion adsorbed was dependent upon the pH of the equilibrium solu 
tion and the initial concentration of the solution. Within the range 
of 3.0 to 7.0, the lower the pH, the greater the adsorption; and the 
higher the concentration at any fixed pH, the more the anion was 
adsorbed per unit of A12O3 .

In studying the retention of S0i~3 by soils, Barbier and Chabannes 
(1944) found that this anion was adsorbed by the soil more strongly 
than Cl~ anions but less strongly than PO^3 anions.

FIXATION OF PHOSPHATE IONS

An important characteristic of the phosphate anion is its ability to 
be fixed in the soil. Fixation can be due to the formation of aluminum 
and iron phosphates at low pH and due to the formation of phosphates 
of the alkaline earths at a high pH according to Coleman (1945), 
Ellis and Truog (1955), Grim (1953b, p. 158), and Laatsch (1941). 
Other references on phosphate fixation include a review of the subject 
by Perkins (1945).

EFFECT OF GRINDING

Various investigators (Askinazi and Ginsburg, 1950; Black, 1943; 
Schoen, 1953; and Stout, 1939) have shown that phosphate fixation 
occurs on the clay minerals. Schoen (1953) obtained results showing 
that phosphate fixation was 5 percent for nontronite, 53 percent for 
kaolinite, and 64 percent for halloysite. He also found that by grind 
ing kaolinite and montmorillonite, fixation increased from 19 to 100 
percent and from 5 percent to 68 percent, respectively. Black (1943) 
and Stout (1939) both found that finely ground clay exhibited a higher 
degree of fixation.

EFFECT OF TEMPERATURE

Schoen (1953) described work in which the effect of temperature 
on phosphate fixation was tested. Fixation increased for kaolinite, 
halloysite, bentonite, and illite upon heating to 500°C. In illite it 
also increased at 1,000°C, but in kaolinite, halloysite, and bentonite 
it decreased at this temperature.

EFFECT OF pH

The relation between pH and cation-exchange capacity has been 
studied by various investigators. According to Batfon (1936),
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Mattson (1932), and other investigators, cation-exchange capacity is a 
function of pH, and at a given pH the exchange capacity is a definite 
quantity for a given sample. The exchange capacity does vary with 
different clay minerals and with the nature and concentration of the 
adsorbed cation.

Kelley (1948, p. 93-94) emphasized that exchangeable cations can 
be replaced by H+ as well as NHt or metallic cations, and for this 
reason the pH of the salt solution used in the determination may have 
significant influence on the amount of cations that are adsorbed 
through exchange. He pointed out that at pH values above 7, 
exchange capacity is found to exceed that at neutrality, being quite 
marked for kaolinite, halloysite, and organic soils while less pronounced 
for montmorillonite.

Stout (1939) suggested that the relative abilities of kaolinite and 
bentonite to fix phosphate are related to the hydroxyl ions available 
for exchange with phosphate ions.

Black (1943) found that finely ground kaolinite showed a maximum 
fixation at pH 3 to 4, regardless of concentration of phosphate or time 
of contact employed. Retention in this range was assumed to be 
indicative of fixation resulting from the replacement by phosphate of 
the hydroxyl ions on the surface of the clay.

Coleman (1945) found that montmorillonitic and kaolinitic clays 
fixed almost as much phosphate in 24 hours as in 1 month, within 
the pH range from 5 to 7, and considerably more phosphate in 1 
month than in 24 hours, at pH values below 5.

Wey (1953) found that adsorption of phosphate by calcium- and 
sodium-montmorillomtes is a function of pH. Maximum adsorption 
was found at pH 5 with little adsorption below pH 3 or above pH 7.

ANION AND CATION EXCHANGE IN DIFFERENT CLAYS

The degree of both anion and cation exchange in various types of 
exchange material was discussed by Mehlich (1950). He suggested 
that minerals having a 2:1 lattice exhibit cation exchange predom 
inantly, while those of hydrated iron and aluminum oxides show essen 
tially anion exchange. Minerals with a 1:1 lattice show both cation 
and anion exchange. Supporting data were presented by Schoen 
(1953).

FACTORS INTERFERING WITH THE STUDY OF ANION EXCHANGE

According to Grim (1953b, p. 156), the study of anion-exchange 
reactions are difficult because of the possibility of the decomposition 
of the clay minerals during the course of the reaction. As a case in 
point, he cites the studies of phosphate adsorption by kaolinite, in 
which differences of opinion exist as to whether results may be ex 
plained by exchange between OH" ions in the kaolinite lattice and
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PO^3 ions, or by a reaction between the phosphate and alumina as a 
result of the destruction of the kaolinite lattice.

Another factor complicating anion-exchange studies (Grim, 1953b, 
p. 158) is the possible formation of insoluble salts with the anions 
by any free or exchangeable iron, aluminum, or alkaline earths present 
in the clay.

OTHER REFERENCES ON ION EXCHANGE

Kunin and McGarvey (1953; 1954; and 1955) prepared extensive 
reviews on the subject of ion exchange. Nikol'skii and Paramonova 
(1939) prepared a review of both Russian and non-Russian references 
on this subject.

RADIOACTIVE WASTE DISPOSAL 

THE PROBLEM

Since the testing of the first atomic bomb in July 1945, the Nation 
has experienced a tremendous growth in the production and use of 
radioactive materials. With this growth have come problems, among 
the most important of which is the safe handling and disposal of 
radioactive waste materials. Hatch (1953) noted that radioactive 
wastes may be accumulating at an estimated rate of 4 X 1011 curies 
per year by 2000 A. D., and thus it is imperative that some practical 
method of handling these wastes be devised or discovered. Uncontrol 
led radioactive wastes could be disastrous if they found their way 
into natural water-supply sources (Jagg, 1957).

All natural waters contain some radioactivity, derived primarily 
from the radioactive rocks and minerals with which the water has come 
in contact, but the concentrations are well within the recognized 
safety limits (Love, 1951).

According to Wolman and Gorman (1956), control of radioactive 
wastes was adequate but expensive as of 1956. It is apparent, how 
ever, that if the atomic industry is to expand further more economical 
facilities for the handling of radioactive wastes will be required 
(Ackerman and Lof, 1959, p. 326; Claus, 1956; Hatch and others, 
1956; Hayner, 1952; Nesbitt and others, 1952; Wolman and Gorman, 
1956; and Wolman and others, 1956).

RADIOACTIVE WASTES DEFINED

Radioactive wastes may be defined as waste materials contain 
ing radioactive substances. Radioactive substances continuously 
undergo a process of atomic disintegration, with a liberation of energy 
in one or more of the forms of radiation known as alpha rays, beta 
rays, and gamma rays. Thus, an element is radioactive when nuclei 
of individual atoms are unstable and produce some form of these 
radiations. Since the chemical properties of a given element do not
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depend upon nuclear stability, both ordinary and radioactive forms 
of an element will give the same chemical reactions.

RADIOACTIVE ELEMENTS

Radioactive elements are generally referred to as naturally radio 
active or artificially radioactive, depending upon whether they occur 
on earth in a natural radioactive state or whether they are produced 
by bombardment in manmade apparatus. Fifty-eight radionuclides 
are found in nature, including isotopes of each of the 14 heaviest 
elements, thallium to plutonium, and isotopes of several of the 
lighter elements.

Artificial radionuclides were first produced on January 1, 1934. 
I. Curie and F. Joliot found that boron, aluminum, and magnesium 
could be made radioactive by bombardment with alpha rays from 
polonium. By 1954, about 1,000 artificial radionuclides, representing 
all the elements, had been produced. There are significant differences 
among the various nuclides. The half-lives, the energy associated 
with radiated particles and quanta, and the types of radiation involved 
in the disintegration of the radioactive materials differ from one 
nuclide to another.

The first atomic bomb was exploded by means of the fission process. 
Fission means the breakup of a heavy nucleus into two or more 
lighter fragments. Neutrons are usually emitted in the process. 
Fission has been produced in a number of nuclides including U235, 
U238, Th238, and in lighter elements such as bismuth, lead, gold, tan 
talum, and some rare earths. Fission reactions have been produced 
by neutrons, protons, deuterons, helium ions, gamma rays, and 
X-rays.

Although the products of the fission reaction are useful for the 
radiations that they give off, they also pose a disposal problem for 
the same reason.

The accompanying table (table 2), based on data in an article by 
Siegel (1946), appeared in an article by Hayner (1952). It gives 
the characteristics of the more significant fission products. These 
include the yield of each isotope expressed as a percentage of the 
original uranium that has undergone fission.

UNITS OF MEASUREMENT OF RADIOACTXVTTY

The amount of activity of a radioactive substance is measured 
in terms of the number of disintegrations per second. One common 
unit of measurement is the curie. It is defined as the amount of a 
radioactive material undergoing 3.7X1010 disintegrations per second. 
This is approximately equivalent to the activity of 1 gram of radium 
in equilibrium with its disintegration products. The number of 
gram atoms of an isotope required to make a curie varies with both
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TABLE 2. Characteristics of significant fission products
[From Hayner (1952). Eeprinted by permission of the copyright owner from Indus, and Eng. Chemistry, 

v. 44, p. 474 (with modification). Copyright 1952 by the American Chemical Society. Significance for 
inclusion in this table based on yield of more than 0.5 per cent, a half-life of longer than 40 days, or energy 
level of over 0.1 million electron volts. These materials might be obtained in large quantities from the 
byproduct of reactor operations. Arrow indicates decay to radioactive daughter]

Isotope

W Yttrium-90 ____ - ....
Yttruim-91 ....-____   __- _-_

W Niobium-95 .........

V Barium-137 '  .... __

T^ Praseodymium-1 44. ....

Symbol

Sr 
Sr

Y 
Y

Zr

Nb 
Tc

Bu 

Eu 

Rh

Cs

Ba 
Ce

Pr

Pm

Yield 
(percent)

4.6 
5.3

5.4

1 6.4 

6.2 

3.7

}  '

6.2 

5.3 

2.6

Half-life

OK TTPCirfi!

K7 rlaVQ

f65 days... .....

41 days ........

[30 seconds.. 

33 years.    . 

2. 6 minutes...

Radiation (million electron volts)

Beta energy

1.50    _ ...
.61       

2.3        
1.53.   _____

j.39 (98 percent)... 
11. 0 (2 percent) 
.15       
.3.  ......... ...

{ .25 (95 percent)..

.03   __ . __ .
/3.5 (82 percent)... 
\2.3 (18 percent)...

fO. 5 (95 percent)... 
11.19 (5 percent) ...
None _   .._  .
.35 .      

3.0       

.22... _ .. __ ..

Gamma energy

None. 
None.

None. 
None.

J0.73

.76 
None. 
.5

None. 
{.51 (17 percent) 

. 73 (17 percent) 
1. 2 (1 percent)

JNone.

.66 
None. 
/.2 
\1.2

None.

i Metastable state (excited state that changes to ground state without beta emisson).

the half-life and the atomic weight. Suggested references on this 
subject include Bitter (1950, p. 138-159), Fair and Geyer (1954, p. 
881-883), Glasstone (1950, p. 448), Handbook of Chemistry and 
Physics (1956-1957, p. 396-449) and standard textbooks on nuclear 
physics and chemistry.

SOURCES OF RADIOACTIVE WASTES

There are several sources of radioactive-waste products (Aiken, 
1954; Ayres, 1951; de Ment, 1951; Gilbert, 1954; Hayner, 1952; 
Kilcawley and Clark, 1955; Mawson, 1956; Nesbitt and others, 
1952; Wolman and others, 1956; and Wolman and Gorman, 1955). 
They include:

1. Plants producing and processing radioactive materials.
2. Industrial organizations and research laboratories.
3. Fallout and rainout of fission products from nuclear weapons.
4. Nuclear powerplants. Accidental surface spills and failure of 

underground storage tanks may release large amounts of activity 
in areas where radioactive materials are handled or stored.

The major source of radioactive-waste products is the plants 
that process fuels (Glasstone, 1950, p. 515; Wolman and others, 
1956).
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CLASSIFICATION OF RADIOACTIVE WASTES

Radioactive wastes are generally classed by the relative amounts 
of activity that they contain, for example: low-level, intermediate- 
level, and high-level wastes. The range of values assigned to these 
classifications varies from one authority to another. Morton and 
Struxness (1956) identified these three classifications of liquid wastes 
as follows:

1. Low-level wastes usually consist of large-volume wastes such 
as accumulate by drainage from laboratory areas and decontamina 
tion operations; or water used in basins to shield operators during 
work with radioactive materials. They contain activity in the 
range from a trace to about 10~3 juc/ml (microcuries per milliliter).

2. Intermediate-level wastes are generally associated with various 
chemical processes or relatively large experimental projects. Their 
activity may be as much as 26 /xc/ml.

3. High-level wastes commonly contain large amounts of dissolved 
chemical and may be highly acid or alkaline. Their activity ranges 
from 26 to about 1.3 X 105 /xc/ml, although activity of some power 
reactor process wastes will probably be at even higher levels.

Hayner (1952) noted that low-level liquid wastes have been defined 
arbitrarily by process engineers as those whose radioactivity amounts 
to less than 1 curie per gallon. This definition includes some wastes 
that Morton and Struxness (1956) would call high-level wastes.

Geyer and others (1956) described high-level wastes as primarily 
the manufacturing residues from chemical processing of irradiated 
reactor fuel elements. All other radioactive wastes come under the 
classification of low-level wastes according to these investigators.

Wolman and German (1956) described a typical reactor fuel- 
processing waste (high-level) as having an effective life of about 
600 years and radioactivity of 1 to 4 X 26,420 juc/ml (neutralized).

As mentioned under sources of radioactive wastes, disposal of 
effluent from nuclear reactors and separation plants presents the 
biggest problem of all. Such waste products may exist in the gas 
eous, liquid, or solid states (Glasstone, 1950, p. 515; German, 1949; 
and Rostenbach, 1956).

GASEOUS WASTES

Glasstone (1950, p. 515) cited two examples of gaseous radio 
active wastes: (a) air that has been used for cooling reactors, and 
(b) gases formed in the treatment of fission products. The cooling 
air may contain C14, N16, O19, and A41 . The most dangerous of these 
is A41 (half-life of 110 minutes), as N16 and O19 have extremely short 
half-lives (7.4 seconds and 29.4 seconds, respectively) and are formed 
in negligible amounts. The amount of C14 formed is said by the 
author to be relatively small.
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UQUID WASTES

Straub (1956) defined three kinds of liquid wastes at Oak Ridge: 
(a) metal wastes containing dissolved uranium compounds and which 
are held for recovery of the uranium, (b) radiochemical wastes 
from the production and development processes in the laboratory, 
and (c) process wastes which consist primarily of cooling water 
and nonradioactive byproducts.

Wolman and German (1956) described a typical high-level waste 
from reactor fuel processing. It includes such nonradioactive in 
organic ions as A1+3 , H+, Na+, N03-, F~, and SO4~ 2 .

Manowitz and Hatch (1954) noted that high-level aqueous waste 
stream from a typical solvent extraction separation process could 
consist of such components as the following: corrosion products, 
fission products, inorganic nitrates, nitric acid, oxidant, soluble ma 
terials in the initial uranium, traces of solvent, radiation breakdown 
products from the solvent, and uranyl nitrate.

The long-lived fission products are known to be the most dangerous 
(Loutit, 1954, p. 40-42). Of these strontium-90 is one of the most 
feared because it is a bone seeker and has a long half-life. About 5 per 
cent of fissions give rise to an atom of strotium-90. Others considered 
of most significance are yttrium, zirconium, niobium, technecium, and 
ruthenium in the light group, and iodine, cesium, barium, cerium, and 
the rare earths in the heavy group.

SOLID WASTES

Solid radioactive wastes include clothing, utensils, bed linens, lab 
oratory animals and plants, and laboratory equipment. These are 
generally disposed of by burial (Rostenbach, 1956).

CURRENT METHODS OF HANDLING WASTES

Treatment of radioactive wastes differs from treatment of other 
wastes. Burning, filtering, or evaporation does not destroy radio 
activity. Furthermore, these wastes cannot be neutralized like bases 
and acids. Only time will render them harmless, and the time re 
quired for this varies with the half-life of the material (Straub, 1956; 
and War,de and Richardson, 1955a).

Radioactive wastes have been handled by two general methods up 
to the present time. They have been either diluted and released, or 
concentrated and stored (Aiken, 1954; Hayner, 1952; Miller and 
others, 1954; and Straub, 1956).

Dilution of high-level radioactive wastes is not practical. Concen 
tration and storage has been used for these wastes (Aiken, 1954; and 
Straub, 1956).

Low-level wastes do not present a particularly difficult problem of 
disposal at present, although strict control measures are exercised
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with them (Hayner, 1952; and Rostenbach, 1956). Low-level liquid 
wastes can be diluted with water and a stable isotope of the same 
element and can then be pumped to the public sewer (Kittrell, 1952) 
or directly into the ground from operating disposal systems (Warde 
and Richardson, 1955a).

Tracer studies are a means of evaluating the mixing and travel tunes 
of radioactive wastes continuously disposed of in water (Bryant and 
Geyer, 1958).

The Public Health Service (Palange and others, 1956) has studied 
the effects of radioactive materials on the physical, chemical, and 
biological characteristics of the Columbia River and its tributaries, 
into which reactor cooling waters are discharged. The principal 
radioisotopes were found to be short-lived beta emitters such as Cu64, 
Mn 56, Na24, As76 , Si31 , and P32. Radioactive P32 accounted for 90 per 
cent or more of the radioactivity in river fish, but less than 2 percent 
of the radioactivity in the water. From studies made over a period of 
several years it was found that there were no measurable changes in 
the physical, chemical, or bacteriological characteristics of the Colum 
bia River as a result of discharge of reactor-cooling waters into the 
river.

Various natural purification processes may operate to remove the 
radioactive materials discharged into rivers and lakes, according to 
Thomas (1956). He lists such mechanisms as precipitation and depo 
sition, adsorption on lake and river bottoms, and biological uptake in 
aquatic plants and animals.

Small quantities of low-level radioactive wastes are being disposed 
of at sea, according to Renn (1956b). They include such items as 
broken glassware, experimental animals, reagents, contaminated 
equipment, cloths, paper, and liquid waste concentrates. The wastes 
are enclosed in packages varying in size from 5-gallon drums to 12-ton 
concrete blocks.

Various investigators (Coppinger and Tomlinson, 1956; Granquist 
and Tomlinson, 1956; and Patrick, 1956) suggested that the removal 
of Cs137 and Sr90 from a waste decreases markedly the time that the 
self-heating characteristic remains as a practical operating problem.

Gaseous wastes are discharged to the atmosphere through tall 
stacks after chemical treatment, scrubbing, or filtration (Rostenbach, 
1956).

Harris and Weinstein (1956) investigated open-field burning of 
combustible low-level radioactive wastes. They concluded that no 
biologically significant contamination, either of the soil or of the air, 
was created by the incineration.

606961^62-
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PROPOSED METHODS OF HANDLING WASTES

An important condition that must be met by any method of dis 
posal is that the radioactive wastes be stored in such a manner that 
no radioactivety will be released to the environment (Aiken, 1954). 
This mears that storage must be impervious to winds and water ero 
sion for centuries to come, thus eliminating any possibility of concen 
tration of radioactivity by any of the following; plants (Aiken, 1954; 
Neel and others, 1953; Nishita and others, 1954; Rediske and Hungate, 
1956, p. 354-356; and Rice, 1956); algae (Aiken, 1954 and Rice, 1956); 
fish (Aiken, 1954; Foster and Davis, 1956, p. 364-367; and Newell 
and Christenson, 1951); and animals (Aiken, 1954).

A number of the conventional methods used in the treatment and 
purification of water have been investigated for treatment of radio 
active liquid wastes. Radioactive wastes can be removed from water 
and obtained in concentrated form by coagulation (Lacy, 1953 and 
Lauderdale, 1951), precipitation (Lowe and others, 1954 and 1956), 
filtration (Lauderdale, 1951), evaporation (Manowitz and others, 
1955 and Straub, 1951), adsorption (Straub, 1951), and ion exchange 
(Hatch, 1952, 1953; Hatch and Regan, 1955; Hatch and others, 1956, 
p. 648-658; Lacy, 1952; and Lauderdale and Emmons, 1951).

Other methods (Straub, 1951) of treating industrial water applicable 
to the removal of radioactive wastes from water include electrodialy- 
sis, metallic displacement or scrubbing, differential volatility, elec 
trolytic separation, solvent extraction, biological separation, and 
crystallization.

CHEMICAL METHODS

Straub and others (1956) reported that with the exception of most 
cations of valence 3, 4, or 5, including the rare-earths group, coagula 
tion is not very effective for the removal of radioactive materials from 
water. Downing and others (1953) reported similar results.

Straub (1952) evaluated the simultaneous effects of pH and concen 
tration of radioactivity, turbidity, and coagulant on the removal of 
radioactive contaminants in tap water. The more complete removals 
(more than 50-60 percent) were obtained with larger doses of turbidity 
and coagulant, and somewhat greater removals were obtained at 
higher levels of activity. Substantially greater removals were ob 
tained in alkaline medium than in acid medium.

Christenson and others (1951) obtained good removal of plutonium 
from laboratory wastes by coagulation with iron and lime. Complex- 
ing agents such as citrates and phosphates interfered with coagulation.

Lacy (1953) reported varied results in the removal of fission prod 
ucts from synthetic mixtures of tap water by coagulation with ferric 
chloride and limestone. Over 98 percent of mixtures of Ce141 , Ce144, 
and Pr144 and Zr95-Nb95 were removed, whereas Co80 was difficult to
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remove by coagulation. With 100 ppm ferric chloride, 63 percent I131 
was removed. Removal of mixed-fission products containing barium, 
cerium, cesium, ruthenium, and strontium was in the range of 51 to 59 
percent.

Other investigators who have studied the coagulation method of 
radioactive-waste removal from liquids include the following: Goodgal 
and others, 1954; Hayner, 1952; Kilcawley and Clark, 1955; Lauder- 
dale, 1952; Morris and Carritt, 1948; Newell and Christenson, 1951; 
and Straub and others, 1951.

Lauderdale (1952) obtained 99.9 percent removal of Sr89 using a 
modified water-softening process. By this process, carbon dioxide gas 
was bubbled through a slurry of the waste containing about 1,000 ppm 
calcium carbonate and some calcium hydroxide. The pH was main 
tained at 9.8-10.5. In the presence of a minimum of 50 ppm of sodium 
carbonate, 99.9 percent or more of strontium was removed. Similar 
results were reported by Straub and others (1956) for lime and soda 
ash softening.

Lowe and others (1956) studied the removal of radioactive wastes 
from solution by ferrous sulfide and ferrous ferrocyanide precipitates. 
Best results were obtained with ferrous sulfide used in conjunction 
with an adsorbent. Lowe and others (1954) and other workers previ 
ously reported success in decontamination of liquid wastes by copre- 
cipitation with ferrous sulfide, ferrous hydroxide, and calcium 
phosphate.

Using a calcium phosphate flocculation to decontaminate water 
containing a 2-month-old fission-product mixture, Lauderdale (1951) 
found that almost all the cerium, yttrium, and zinc were removed 
from solution by phosphate precipitation. Approximately 10 per 
cent of the tungsten, 67 percent of the antimony, and 95 percent of 
the strontium were also removed by this treatment. Using kaolinite 
clay in conjunction with the phosphate, followed by sand filtration, 
efficiencies of removal greater than 99 percent were obtained. Great 
est removals of activity were obtained at high pH (11.3 was optimum) 
and a ratio of sodium phosphate to calcium hydroxide of 2.2 to 1 (a 
46-percent excess of phosphate). Phosphate was found superior to 
alum and ferric hydroxide in most tests. Results similar to those of 
Lauderdale were reported by Nesbitt and others (1952) and Straub 
(1951).

FILTRATION

The application of the filtration process to decontamination of 
water supplies and waste solutions has been considered by several 
investigators (Downing and others, 1953; Gem rn ell, 1952; Kilcawley 
and Clark, 1955; Morris and Carritt, 1948; Straub, 1951; and Straub 
and others, 1956). Successful treatment of low-level liquid wastes by
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flow through a settling tank and one of six intermittent sand and gravel 
filters of about 1 acre each was reported by Gem rn ell (1952). Activ 
ity is said to be removed primarily by the layer of foreign material laid 
down by sewage with the pure sand removing little if any activity. 
Straub and others (1956) concluded that sand filters are not very effec 
tive in removing radioactivity. They believe that only the radioactiv 
ity previously incorporated in floe particles is removed. This explana 
tion agrees with Gedroiz' (1922) definition of mechanical adsorption.

EVAPORATION

Evaporation is another one of the many methods used in the treat 
ment of industrial wastes that may be applied in the treatment of 
radioactive liquid wastes. As noted by Hayner (1952) and Straub 
(1951), evaporation is a means of concentrating the waste by reducing 
the liquid volume, but it does not solve the problem of disposal.

Manowitz and Hatch (1954) reported a method of disposal in which 
the evaporated residue is fused with sodium nitrate within disposable 
containers that can be buried or dropped into the ocean.

ADSORPTION AND ION EXCHANGE

The phenomena of adsorption and ion exchange have been consid 
ered for the decontamination of liquid radioactive wastes. Various 
adsorbents and exchange materials have been studied, including the 
following: activated sewage sludge (Kaufman, 1952); clay minerals 
(Brockett and Placak, 1954; Brookhaven Natl. Lab. Kept. 314, 1954; 
German, 1949; Holland and Kulp, 1954; Lacy, 1954; Lauderdale and 
Emmons, 1951; McHenry and others, 1956; Oak Ridge Natl. Lab. 
Kept. 1488, 1953; Perring, 1956; Rothe, 1940; Stewart, 1953; Straub, 
1951; Straub and others, 1951, 1956; Tesdahl and others, 1954; and 
Theis, 1955); metal-dust slurries (Lacy, 1952); pumice (Christenson 
and others, 1951 and Newell and Christenson, 1951); celite (Newell 
and Christenson, 1951); tufa (Christenson and others, 1951); carbon 
(Lauderdale and Emmons, 1951 and Newell and Christenson, 1951); 
silt (Carritt and Goodgal, 1953); ferric oxide (Kurbatove and others, 
1945); steel wool (Lauderdale and Emmons, 1951); and synthetic 
resins (Ayres, 1951; Downing and others, 1953; Hayner, 1952; Higgins 
and Wymer, 1955; Honda and others, 1955; Kilcawley and Clark, 
1955; Morris and Carritt, 1948; Nachod and Schubert, 1956, p. 517; 
Newell and Christenson, 1951; Straub, 1951, 1952; and Straub and 
others, 1956).

Lacy (1952a) investigated metal slurries and clay slurries as re 
moval agents for radioactivity. In the pH range 7.0-8.3, iron was 
the best removal agent of the metals tested, followed by zinc, copper, 
and aluminum. After additional study Lacy (1952b) concluded 
that water contaminated with radioactive materials from atom bomb
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tests can be brought to a safe tolerence level for emergency drinking 
purposes by a slurrying with powdered metal, followed by conven 
tional coagulation and filtration if the initial beta-gamma activity 
is not greater than 10~2 microcuries per milliliter.

Results on tests made with eight different samples of various clays 
and one sample of Conasauga shale were reported by Brockett and 
Placak (1954). Clay samples included metabentonites, montmo- 
rillonites, halloysite, nontronite, kaolinite, and vermiculite. The 
results indicate that, except for Sr89, the shale (predominantly illite) 
was as effective as the clays.

Lacy (1954) found that Oak Ridge clay, composed principally of 
of montmorillonite and kaolinite, when slurried with contaminated 
water, was quite effective for removing the radioactive materials 
Ce1*1, Cem-Pr144, Zr^-Nb96, Ba140-Lauo, Sr^-Y90, and some mixtures of 
fission products. It was less effective for other mixtures of fission 
products and for Ru106-Rh106. It was also very poor for I131 . Con 
tact time required varied from 15 minutes for easy-to-remove materials 
to 90 minutes for the more difficult ones.

In tests with a representative soil sample from the Hanford 
project, McHenry and others (1956) found that removal of cesium, 
strontium, yttrium, and cerium are nearly complete where the initial 
concentration is less than 0.01 of the soil's saturation capacity; 
that adsorption of plutonium and cesium is least sensitive to pH, 
and that strontium, yttrium, and cerium are best adsorbed from 
alkaline systems.

Various investigators have observed the effect of pH on adsorption 
of radioactive materials. Lacy (1954) stated that the plot of per 
centage removal of radioactivity from contaminated water by slurried 
clays showed a sharp increase between pH 4 and 5, and removal was 
quite effective at higher pH values. Straub and Krieger (1954) 
observed that pH has a decided influence on removal of Co60, Zn65, 
Se75, Ta182, Ir190, and Tl204 from waste solutions by clay suspension. 
Brown, Parker, and Smith (1956) explained the reduction in ad 
sorption of radioactive cations by soil at low pH as due to the com 
petition of H+ for available exchange sites. McHenry (1954 and 
1955) contended that the adsorption of strontium and cesium cations 
from solution by a composite Hanford soil is a function of pH. Ad 
sorption of cesium at pH 8.0 and higher is relatively unchanged, 
but below pH 8.0 uptake by the soil decreases rapidly with increasing 
acidity.

The ion-exchange method for adsorbing activity is not without 
limitations. As pointed out by Amphlett and Warren (1956b), the 
exchange capacity of the medium and the composition of the waste 
both limit the amount of activity that can be adsorbed. Also, the
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presence of appreciable acid concentrations or of polyvalent species 
such as iron, aluminum, and other elements, in excess will lead to a 
very poor uptake of active species such as Cs137 and Sr90.

FIXATION OF CLAY AND SOELS

A phenomenon that has commanded a considerable amount of 
attention is the fixation of adsorbed and exchanged radioactive 
isotopes on soils (Amphlett and Warren; 1956b and Morton, 1955) 
and on clay minerals, particularly the montmorillonite group of clay 
minerals (Amphlett and Warren, 1956b; Brookhaven Natl. Lab. 
Kept. 117, 1951; Brookhaven Natl. Lab. Kept. 219, 1953; Ginell, 
1952; Ginell and Simon, 1953; Ginell and others, 1954; Hatch, 1952, 
1953; Hatch and Regan, 1955; Hatch and others, 1956; Jensen, 
1951, p. 1,500-1,501; Lieberman, 1955; McVay and others, 1956; 
Simon, 1956; and Thomas and others, 1956). It has been found 
that radioactive cations adsorbed by a lower greensand soil and by 
montmorillonite clay can be rendered virtually fixed (or nonleach- 
able) to distilled water or dilute nitric acid (Amphlett and Warren, 
1956b). Fixation is accomplished by heating the radioactive clay to 
approximately 1,000°C. Hatch (1952) reported that 99.9 percent 
of the activity was retained after washing a montmorillonite clay 
containing fixed cations with distilled water or dilute nitric acid.

The clay mineral containing the fixed radioactive cations can then 
be buried in a location that is otherwise suitable for ultimate disposal. 
A stratum of clay (Jensen, 1951, p. 1500-1501) or possibly the clay 
silt bed (Hatch, 1953) in the mouth of a river where desired condi 
tions are building up are possible burial sites for hot clay.

Johnson and others (1956) described laboratory experiments 
devised to determine the temperatures which well-insulated dry clay 
masses would reach as a function of their surface : volume ratios 
for various specific energies. They concluded that liquid wastes 
containing between 102 and 103 curies per gallon may be disposed of 
in insulated concrete-lined earth pits and will heat spontaneously to 
temperatures which will insure fixation in clay-flux mixtures.

Continuous flow adsorption and exchange of radioactive cations 
by montmorillonite, accomplished through the use of exchange 
columns, were described by Ginell and others (1954). Since a bed of 
montmorillonite is impervious to fluids, special treatment of the clay 
mineral is necessary to make it suitable for column use. The clay 
was prepared at Brookhaven by mixing it with water hi the ratio of 
10 grams clay to 7.3 grams water and extruding this mix as rods 
one-thirty-second inch in diameter. The rods, which break into 
short lengths that pack loosely in the column, are relatively stable 
in water.
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Another method by which montmorillonite clay may be prepared 
for use in ion-exchange columns was reported by Beirne and others 
(1955) of Harwell. This method uses hydrolyzed ethyl silicates and 
temperatures in the range of 200°C to 400°C. Optimum temperature 
for ion-exchange properties and physical strength is 350°C. Fixation 
of the adsorbed ion by firing to temperatures of from 900 °C to 1,500°C 
has shown that above 1,500°C less than 0.1 percent of the adsorbed 
ion is removed by 1M nitric acid.

Two disadvantages in the use of montmorillonite clay for fixation 
of radioactive wastes were noted by Durham (1957): (1) montmoril 
lonite clay exhibits only cation exchange, and (2) alloy fuel waste 
with its high ionic strength cuts down the uptake of fission products.

The advantage of using montmorillonite as an adsorbent and an 
exchanger for fission products have been outlined by various investi 
gators (Ginell and others, 1954; Hatch, 1953; Hatch and Regan, 
1955; Hatch and others, 1954; and Jensen, 1951, p. 1500-1501) and 
include the following: its good capacity for fission products; its ability 
to fix cations; its stability; its low cost; its availability; and its impervi- 
ousness to water.

The possibility that heat produced by the fission products adsorbed 
by montmorillonite might be used for the self-fixation of fission 
products was studied by Amphlett and Warren (1956a).

Experiments with montmorillonite clay made hi the period 1949- 
55 demonstrated its capacity for adsorption and fixation of fission 
products (except ruthenium) according to Hatch and Regan (1955). 
Similar results were reported by Manowitz and Hatch (1954). High 
concentration of hydrogen, sodium, or ammonium cations were found 
by some investigators (Ginell and others, 1954) to be deterimntal to 
the takeup of fission products by the clay. An optimum pH value of 
about 4.5 was reported by Manowitz and Hatch (1954). In the 
opinion of Hatch and Regan (1955), the only serious problem remain 
ing is concerned with the pretreatment of the bulk wastes to eliminate 
extraneous ion interference. Nitric acid, aluminum nitrate, and 
zirconium and aluminum fluorides are cited as examples of interfering 
materials.

Greensands are said to have an advantage over montmorillonite 
clay for use in column packing. They require no special treatment 
or preparation for packing, although their exchange capacity is smaller 
than that of montmorillonite (Glueckauf, 1956).

The possibility of trapping radioactive wastes in ceramic masses 
was reported by Robinson (1958). He described two compositions 
that were effective in containing radioactive materials against water 
leaching. One consisted of a prefired clay unit containing 60 percent 
vermiculite, 20 percent kaolin, and 20 percent pyrophyllite. A brick
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of this composition, when saturated with a radioactive solution, 
coated with a thin suspension of lead-oxide and clay, and then fired, 
produced a leachate of very low beta counts after 7 days of leaching. 
The second composition was a vermiculite concrete made up to 
contain materials in the following relative amounts: 10 grams of 
vermiculite, 10 grams of Attasorb HVM, 20 grams portland cement, 
and 84 milliliters of radioactive waste solution. This composition, 
when fired to 1,190°C, produced a leachate having a beta count of 
10 counts per minute after 10 days of leaching.

SUGGESTED DISPOSAL SITES
Among the many suggestions made for disposal of high-level radio 

active wastes are such extreme ideas as shooting them into space by 
rockets and dumping them on polar ice caps, but more practical ideas 
include disposal in the ocean and disposal hi the earth (Joseph, 1956).

DISPOSAL IN THE OCEAN

The oceans, because of their large volumes (1,370X106 cu km) 
(Joseph, 1954), seem to be a logical place in which to dispose of high- 
level radioactive wastes. Renn (1956b) discussed ocean disposal of 
such wastes and lists several likely receiving locations in the ocean. 
They include:

1. So-called deep holes or basins on the ocean bed.
2. Deeply cut canyon beds just off the continental shelf.
3. Ocean bottom muds (and river delta muds).
Glueckauf (1956) proposed a well-balanced disposal and utilization 

scheme for fission products that includes disposal at sea.
Seligman and others (1956, p. 701-717) described tests made on 

disposal of radioactive materials into the Irish Sea.
Renn (1956b, p. 718-721) stated that at the time of the International 

Conference on the Peaceful Uses of Atomic Energy held at Geneva in 
June 1955 there was no known practical working program for the con 
tinuing disposal of high level radioactive wastes. He noted that al 
though detailed analyses of the conditions for safe and economical 
waste disposal are being made with the aid of leading American ocean- 
ographers and waste-disposal specialists, the studies indicate that a 
number of misapprehensions exist. Thus, additional basic investiga 
tions must be made before sea disposal can be recommended.

Aiken (1954), Joseph (1954), and Loutit (1954, p. 40-42) have 
agreed that mixing of radioactive wastes in the sea is no easy matter. 
In spite of tides, ocean currents and hurricanes, the sea remains rela 
tively calm and diffusion takes a very long time, according to them. 
In addition, Aiken (1954) reported that animal, fish, and plant life can 
reconcentrate the radioactivity through biological processes.

Renn (1956a) stated that ocean disposal of radioactive wastes for 
specific conditions would appear practical, although further studies of
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local mixing patterns in the sea are needed on disposal of free wastes 
by dilution.

Dropping wastes mixed with concrete into the sea has been consid 
ered, according to Rodger (1954).

In spite of the many ideas on sea disposal of radioactive wastes, 
Lieberman (1955) suggested that the posibilities for disposal of high- 
level wastes at sea were less practical than possibilities for disposal on 
land. His reasoning is based on (a) the dearth of quantitative data 
involving pertinent oceanographic factors; (b) the complex technical 
problems involved; and (c) the expense of transporting the high-level 
wastes.

GROUND DISPOSAL

Disposal of radioactive wastes in the ground offers many possibili 
ties, and this general idea has many supporters. Suggested ground 
sites include the following:

1. Geologic formations; underground caverns, salt domes, and salt 
strata, deep permeable formations, and structural troughs (Hess and 
Thurston, 1958; Joseph, 1956; Kaufman and others, 1956; Lieberman, 
1955; Struxness and others, 1956, p. 684-691; Struxness and Blomeke, 
1958; Theis, 1955; Warde and Richardson, 1955a; Wolman and Gor- 
man, 1955; and Wolman, 1957).

2. Dry oil wells (Aiken, 1954).
3. Surface pits and trenches (Brown, Parker, and Smith, 1956; 

Brown and others, 1958; Clark, 1954; Clark and Pohl, 1956; De Lagu- 
na and others, 1958; Lieberman, 1955;Mawson, 1956, p. 676-678 ;Mor- 
ton and Struxness, 1956; Oak Ridge Natl. Lab. Rept. 1860, 1956; and 
Struxness and others, 1956, p. 684-691).

4. Abandoned mines (Rodger, 1954).
5. Ground burial before and after confinement in concrete (Aiken, 

1954; and Wolman and Gorman, 1955).
6. Clay (Aiken, 1954 and Perring, 1956).
Rodger (1954) suggested desert-area locations as disposal sites for 

radioactive wastes. The dry climate of the desert would tend to limit 
the amount of leaching that might occur. The sparse population of 
the desert areas is another advantage which favors storage of radioac 
tive wastes there.

Ground disposal of liquid radioactive waste products introduces geo 
logic and hydrologic problems (Brown, McConiga, and Rowe, 1956; 
de Laguna, 1956; McHenry and others, 1956; Morton, 1955; Theis, 
1955, 1956a, 1956b; Warde and Richardson, 1955a, 1955b; and Wol 
man and Gorman, 1955). Ground disposal of such wastes means 
placing a complex chemical solution into a complex natural environ 
ment (Theis, 1956a). The environment could vary from relatively 
permeable sand formations to relatively impermeable shales.
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In a discussion of the geology of the San Juan basin, New Mexico, 
Repenning (1959) has suggested that the construction of artificial reser 
voirs in shale has several advantages. One of the most important of 
these advantages is the practical certainty of confinement of the radio 
active wastes. He noted that storage in permeable sandstone would 
be more suitable from the standpoint of heat control.

The desirable geologic condition would prevent, or at least limit to 
a slow rate, the release of isotopes thus allowing the radioactivity to 
decay to a safe level (Warde and Richardson, 1955a; and Wolman and 
German, 1955). Thus, the suitability of a ground-disposal site cannot 
be determined until various geologic factors are known (Struxness and 
others, 1956; and Warde and Richardson, 1955a). Stratigraphy, 
structure, texture, composition, and cation-exchange capacity are of 
importance. Such factors as texture and permeability are of particu 
lar importance in that they control the rate and direction of liquid flow 
into the subsurface (Struxness and others, 1956; and Warde and Rich 
ardson, 1955a). Nearly all rocks are known to consist of discrete par 
ticles cemented together so that there is at least some small degree of 
permeability for water. Different soils and rocks exhibit varying de 
grees of permeability. Laboratory tests, for example, have shown 
that gravel permeability may be 450,000 times that of a clay silt 
(Warde and Richardson, 1955a).

Normally, ground water rates of flow range from a few feet per day 
to a few feet per year, depending not only on permeability of the for 
mation, but also on the hydraulic gradient and the temperature 
(Warde and Richardson, 1955a; Love and White, 1955). Thus, such 
characteristics of radioactive wastes as their heat-generating capacity, 
their density, and their chemical properties can affect the under 
ground movement of water (Theis, 1955). It is evident, therefore, 
that accurate information on the prevailing geologic and hydrologic 
features of a proposed disposal site is necessary in evaluating the po 
tential hazards to water supply (Warde and Richardson, 1955a).

According to Theis (1956a, p. 679-683) the two isotopes Cs137 and 
Sr90, with half-lives at 33 and 25 years respectively and extremely low 
tolerance levels, increase the hazard of ground disposal tremendously.

Roedder (1957) commented on the possible injection of raw acid 
aluminum nitrate wastes into ordinary aquifers consisting of approxi 
mately 67 percent quartz-group minerals (including chert, flint, jasper, 
and others); 11.5 percent feldspar; 6.6 percent mica and clay minerals; 
11 percent carbonates; and the remaining few percent of miscellaneous 
minerals. He concluded that such injection would result in the 
precipitation of aluminum hydroxide gels, effectively blocking further 
injection. Chemical pretreatment of the waste to prevent the gel 
formation was suggested.
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In investigating the feasibility of the disposal of high-level radio 
active wastes by injection into isolated geological formations, Kaufman 
and others (1956) made studies on columns of clays and oil sand. 
The results indicate that exchange reactions may retard the advance 
of radiostrontium concentration fronts to as much as one-fortieth of 
that of the liquid front. Orcutt and others (1956a and 1956b) 
reported similar results. They have shown also that ion exchange 
greatly increases the storage capacity of geological formations.

Mawson (1956, p. 676-678) reported results of tests made at the 
Canadian ground disposal site where radioactive cooling water was 
pumped into trenches after the pile accident at Chalk Kiver, Decem 
ber 1952. A volume consisting of approximately 5 x 10 6 liters of 
radioactive material in solution and in suspension and containing 10* 
curies of long-lived fission products was pumped into the sandy soil 
of the trenches (5 m wide x 3% m deep x 300 m long). On May 6, 
1955, one test hole was drilled 12 m from the edge of the trench and 
one in the middle of the trench. The first one showed no sign of 
radioactivity, but the one in the middle of the trench showed radio 
activity starting at the bottom of the trench and extending to a 
depth of 3% m. Although the core from this hole was not analyzed, 
a similar core taken about a year earlier showed that most of the 
radioactivity had been held near the surface in spite of the large 
volume of water that had washed through the soil.

Struxness and others (1956 studied the disposal of intermediate- 
level liquid wastes in terrestrial pits. They concluded that such 
pits offer certain advantages over evaporation and storage in tanks 
but that some factors need further evaluation before this experience 
can be applied to high-level liquid wastes. Factors which in their 
opinion require further evaluation include the following: (a) reaction 
between soil and waste products; (b) the influence of stable salts and 
various solvents and complexing agents upon the retainability of radio- 
nuclides by the soil; (c) the comparison between the underground flow 
patterns of waste solutions and ground water; and (d) the passing 
of critical nuclides through various soil formations.

Orcutt and others (Orcutt, Kaufman, and Klein, 1956; Orcutt, 
Naor, Klein, and Kaufman, 1956; and Orcutt, Rifai, Klein, and 
Kaufman, 1957) studied the underground movement of radioactive 
wastes. From laboratory studies with radiostrontium and several 
natural exchangers they arrived at the following conclusions: (a) 
hydraulic dispersion in porous media can be treated mathematically 
as a random phenomenon; (b) exchange capacities of several connate 
sands obtained by use of calcium ion traced with Ca45 were in good 
agreement with those obtained by the ammonium acetate method; 
(c) the relative preference for strontium and calcium was nearly
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constant for the various media studied and, with one exception, favored 
strontium; and (d) the dispersion of a cation front resulting from ion 
exchange may exceed that attributable to hydraulic effects alone.

Ewing (1958) studied the feasibility of underground disposal of 
radioactive wastes using Sr89 and Cs134. A synthesized radioactive 
waste was introduced into the ground through an injection well and 
its movement was traced by means of radio assay of samples from 
monitoring wells at various distances from the injection well. From 
his studies, Ewing concluded that the movement of Sr90 can be pre 
dicted with reasonable accuracy. Insufficient data concerning Cs134 
made a definite conclusion on it impossible.

Thurston (1956) listed five geologic environments, hi the order of 
preference of the Princeton Conference on Disposal of Highlevel 
Kadioactive Waste Products in Geologic Structures, considered for 
disposal of high-level radioactive wastes. They are as follows: (a) 
salt domes, salt beds, abandoned salt mines, and cavities excavated in 
salt; (b) excavations in shale; (c) low-permeable clay beds; (d) deep, 
abandoned, dry wells; and (e) properly covered shale and clay pits on 
the surface. 
ECONOMIC EVALUATION OF METHODS FOB PERMANENT DISPOSAL

An economic evaluation of nine proposed methods for the permanent 
disposal of radioactive waste materials was made by Herrington and 
others (1953). The preparation of concrete from waste-process 
streams for subsequent disposal at sea was judged the cheapest and 
most efficient means of radioactive waste disposal. Two other 
methods of disposal of the concrete were also considered: (a) burial 
in a location such as Death Valley, where the annual rainfall is very 
small and ground water is not near the surface: (b) preleacbing of the 
concrete, the preleach liquor to be returned to the process, and the 
resultant stable monolith to be buried in a convenient location.

Fusion of powdered dry wastes in sulfur, preparation of ceramics, 
coprecipitation, and electrolytic deposition of waste materials was 
rejected as being impractical for industrial use. Dry-well disposal 
would be practical if the wells to be used were within 100 miles of the 
waste source. Preparation of a radioactive glass appeared to be too 
expensive, according to the evaluation.

REVIEWS ON RADIOACTIVE WASTE DISPOSAL
A number of reviews are available on the subject of radioactive 

waste disposal. Some of them are included in the list that follows: 
Curtis (1953); Hedman (1956); Heukelekian (1956); Joseph and 
Morgan (1954); Kenny (1956); Shannon (1950); Straub (1953, p. 
450-470); Theis (1956b); Warde and Richardson (1955b); Research 
Committee, Federation of Sewage and Industrial Wastes Association, 
(1959); and Voress and others (1958).
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