


This book is but a clearing at the edge of the woods
where students might observe a few of the trees
as they prepare to set forth independently
to explore the great forest that yet lies beyond, –
and to care for it.



4. CLAY, THE COLLOIDAL
COMPONENT

DEFINITIONS OF CLAY

The term clay carries several connotations, which are not necessarily
mutually consistent. In daily language, it suggests a soil that tends to retain
water and to become soft and sticky when wet. In the context of soil texture,
it designates a range of particle sizes (namely, particles smaller than 2 micro-
meters) or a soil material with a high fractional content of this particle-size
range. (Much of the clay therefore fits within the physicochemical category
of colloids, which are finely divided materials that tend to disperse within
gases and liquids and exhibit a very high degree of surface activity.) Finally,
in the mineralogical sense, clay refers to a particular group of minerals,
many of which occur in the clay fraction of the soil. That fraction thus dif-
fers from sand and silt not only in the range of particle sizes but also in min-
eralogical composition. Sand and silt consist mainly of weathering-resistant
primary minerals, that is, minerals present in the original rock from which
the soil was formed. Clay, however, includes secondary minerals formed in
the soil itself by decomposition of the primary minerals and their recompo-
sition into new ones.

The various clay minerals differ from one another in prevalence and prop-
erties and in the way they affect soil behavior. Rarely do any of these minerals
occur in homogeneous deposits; in the soil they generally appear in mixtures,
the specific composition of which depends in each case on the combination of
conditions that governed soil formation. To understand why and how the clay
fraction serves as the active constituent of soils, we must consider the structure
and function of clay minerals.
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54 CHAPTER 4 CLAY, THE COLLOIDAL COMPONENT

STRUCTURE OF CLAY MINERALS

The forerunners of modern soil science assumed at first that clay consists of
particles that are essentially similar to those of sand and silt, differing from
them only in size. Later, they began to notice that when clays were dried from
aqueous suspensions they tended to form thin flakes and also that moist clay
could be skimmed and polished to form a smooth and shiny surface. These
observations suggested that clay particles may be flat and capable of being ori-
ented in different ways. But it was not until the advent of X-ray diffraction
(described by Whittig and Allardice, 1986), of differential thermal analysis
(Tan et al., 1986), and electron microscopy that the crystalline nature of clay
minerals was proven and their structures were described.

The most prevalent minerals in the clay fraction of temperate region soils
are silicate clays, whereas in tropical regions hydrated oxides of iron and alu-
minum are more prevalent. The typical aluminosilicate clay minerals appear as
laminated microcrystals, composed mainly of two basic structural units:
a tetrahedron of four oxygen atoms surrounding a central cation, usually Si4+,
and an octahedron of six oxygen atoms or hydroxyls surrounding a somewhat
larger cation of lesser valency, usually Al3+ or Mg2+. These basic building
blocks are illustrated in Fig. 4.1.

The tetrahedra are joined together at their basal corners by means of shared
oxygen atoms, in an hexagonal network that forms a flat sheet only 0.493
nanometers (4.93 Å) thick. This is illustrated in Fig. 4.2. The octahedra are
similarly joined along their edges to form a triangular array as shown in Fig.
4.3. These sheets are about 0.505 nm (5.05 Å) thick.

Fig. 4.1. The basic structural units of aluminosilicate clay minerals: a tetrahedron of oxygen
atoms surrounding a silicon ion (left), and an octahedron of oxygens or hydroxyls enclosing an
aluminum ion (right).

Fig. 4.2. Hexagonal network of tetrahedra forming a silica sheet.
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The layered aluminosilicate clay minerals are of two main types, depend-
ing on the ratios of tetrahedral to octahedral sheets, whether 1:1 or 2:1
(2:2 minerals are also recognized). In 1:1 minerals like kaolinite, an octahe-
dral sheet is attached by the sharing of oxygens to a single tetrahedral sheet.
In 2:1 minerals like montmorillonite, it is attached in the same way to two
tetrahedral sheets, one on each side. This is shown in Fig. 4.4. A clay particle
is composed of multiply stacked composite layers (or unit cells) of this sort,
called lamellae.

The structure described is an idealized one. Typically, some substitutions of
ions of approximately equal radii, called isomorphous replacements, take
place during crystallization. In the tetrahedral sheets, Al3+ may take the place
of Si4+, whereas in the octahedral layer Mg2+ may occasionally substitute for
Al3+. Consequently, internally unbalanced negative charges occur at different
sites in the lamellae. Another source of unbalanced charge in clay crystals is
the incomplete charge neutralization of terminal ions on lattice edges.

Fig. 4.3. Structural network of octahedra forming an alumina sheet.

Fig. 4.4. Schematic representation of the structure of aluminosilicate minerals: kaolinite
(top) and montmorillonite (bottom).
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These unbalanced charges must be compensated externally by the adsorp-
tion of ions (mostly cations) from the solution surrounding the clay when it
is wetted. These ions tend to concentrate near the external surfaces of the clay
particle and occasionally penetrate into the interlamellar spaces. The
adsorbed cations, including Na+, K+, H+, Mg2+, Ca2+, and Al3+, are not an
integral part of the lattice structure and can be replaced, or exchanged, by
other cations in the soil solution. The cation exchange phenomenon is of
great importance in the soil, because it affects the retention and release of
nutrients and other salts as well as the flocculation–dispersion processes of
soil colloids.

PRINCIPAL CLAY MINERALS

Clay minerals are usually classified into two main groups, structured and
amorphous. The structured clays are subclassified according to their internal
crystal structure (i.e., the layered arrangement of tetrahedra and octahedra
sheets) into two principal types, 1:1 and 2:1 minerals. The 2:1 clay miner-
als are further divided into expanding and nonexpanding types. Finally,
each of these types includes a number of specific minerals, which can be
identified on the basis of X-ray, electron microscope, or thermal analysis
techniques.

The most common mineral of the 1:1 type is kaolinite. Other minerals in
the same group are halloysite and dickite. The basic layer in the crystal struc-
ture is a pair of silica-alumina sheets, and these are stacked in alternating
fashion and held together by hydrogen bonding in a rigid, multilayered
lattice that often forms an hexagonal platelet. Since water and ions cannot
enter between the basic layers, these cannot ordinarily be cleaved or sep-
arated. Moreover, since only the outer faces and edges of the platelets are
exposed, kaolinite has a relatively low specific surface. Kaolinite crystals
generally range in planar diameter from 0.1 to 2 μm, with a variable thick-
ness in the range of about 0.02–0.05 μm. Owing to its relatively large par-
ticles and low specific surface, kaolinite exhibits less plasticity, cohesion, and
swelling than most other clay minerals. The unit layer formula of kaolinite
is Al4Si4O10(OH)8.

At the opposite end of the spectrum of aluminosilicate clay minerals is
montmorillonite, a 2:1 mineral of the expanding type, which also includes ver-
miculite and beidellite. The lamellae of montmorillonite are stacked in loose
assemblages called tactoids. Water and ions are drawn into the cleavage planes
between the lamellae, and as the crystal expands like an accordion, it can read-
ily be separated into flakelike thinner units and, ultimately, into individual
lamellae, which are only 1 nm thick. As the montmorillonite crystals expand,
their internal surfaces as well as external ones come into play, thus increasing
the effective specific surface severalfold. Because of its tendency to expand and
to disperse, montmorillonite exhibits pronounced swelling–shrinking behavior
as well as high plasticity and cohesion. On drying, montmorillonitic soils,
especially if dispersed, tend to crack and form hard clods. When tactoids are
heated to several hundred degrees they tend to close irreversibly so that only
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their external areas act as adsorbing surfaces. The unit layer formula of mont-
morillonite is Al3.5Mg0.5Si8O20(OH)4.

A clay mineral intermediate in properties between kaolinite and montmor-
illonite is illite. It belongs to a group of clay minerals called hydrous micas,
which have a 2:1 silica:alumina ratio but are of the nonexpanding type.
Isomorphous substitution of aluminum ions for silicon ions in the tetrahedral
sheets (rather than substitutions of Mg2+ for Al3+ in the octahedral sheets, as
is the case in montmorillonite), to the extent of about 15%, accounts for the
relatively high density of negative charges in these sheets. This, in turn,
attracts potassium ions and “fixes” them tightly between adjacent lamellae.
As a result, the layers are bound together, so their separation and, hence,
expansion of the entire lattice are effectively prevented. The unit layer for-
mula of illite is Al4Si7AlO20(OH)4K0.8, with the potassium occurring between
the crystal units.

An example of a 2:2-type mineral is chlorite, in which magnesium rather
than aluminum ions predominate in the octahedral sheets, which are in
combination with the tetrahedral silica sheets. Its unit layer formula is
Mg6Si6Al2O20(OH)4, with Mg6(OH)l2 occurring between the layers. In behav-
ior, chlorite resembles illite. An additional group of silicate clays, in which the
lattice is continuous in only one dimension, is known as attapulgite or paly-
gorskite. The particles of this group are needlelike or tubelike, with micro-
cavities providing internal surfaces.

Frequently, the various clay minerals occur not separately but in a complex
mixture. At times, even the internal structure is mixed or interstratified, giving
rise to composite minerals, which are somewhat loosely termed bravaisite
(illite-montmorillonite, chlorite-illite, vermiculite-chlorite, etc.).

The clay fraction may also contain appreciable quantities of noncrystalline
(amorphous) mineral colloids. Allophanes, for instance, are random combin-
ations of poorly structured silica and alumina components expressible in
the general formula Al2O3⋅2SiO2⋅H2O. The actual mole ratio of alumina to
silica ranges in this group from 0.5 to 2.0. Phosphorus and iron oxides are
frequently present in allophane. Notwithstanding its variable composition,
allophane is sufficiently distinctive to be identified as a clay mineral. In behav-
ior, this amorphous clay is similar to the crystalline clays with respect to
adsorption, ion exchange, and plasticity.

Still another constituent of the clay traction is a group of hydrous oxides
of iron and aluminum known as sesquioxides, which are prevalent mainly
in the soils of tropical and subtropical regions and are responsible for the
predominantly reddish or yellowish hue of these soils. Their composition can
be formulated as Fe2O3⋅nH2O and Al2O3⋅nH2O, in which the hydration
ratio n is variable. Limonite and goethite are typical hydrated iron oxides,
and gibbsite is a frequently encountered aluminum oxide. The sesquioxide
clays may be partly crystallized but are often amorphous. Their electrostatic,
adsorptive, and plasticity properties are less distinct than those of most of
the silicate clays. Frequently, these oxides serve as cementing agents in
the stabilization of soil aggregates, particularly in subtropical and tropical
regions. Table 4.1 summarizes the properties of a few of the silicate clay
minerals.



58 CHAPTER 4 CLAY, THE COLLOIDAL COMPONENT

THE ELECTROSTATIC DOUBLE LAYER

When a colloidal particle is more or less dry, the neutralizing counterions
are attached to its surface. Upon wetting, however, some of the ions dissociate
from the surface and enter into solution. A hydrated colloidal particle of
clay or humus thus forms a micelle, in which the adsorbed ions are spatially
separated, to a greater or lesser degree, from the negatively charged particle
(Fig. 4.5). Together, the particle surface, acting as a multiple anion, and the
“swarm” of cations hovering about it form an electrostatic double layer.

The assemblage of adsorbed cations can be regarded as consisting of (a)
a layer more or less fixed in position at the immediate proximity of the parti-
cle surface and known as the Stern layer and (b) a diffuse cloud of cations
extending some distance away from the particle surface and gradually dimin-
ishing in concentration. This distribution is illustrated in Fig. 4.6. It results
from an equilibrium between two opposing tendencies: (1) the electrostatic

TABLE 4.1 Typical Properties of Selected Clay Minerals (Approximate Values)

Clay mineral

Properties Kaolinite Illite Montmorillonite Chlorite Allophane

Planar Diameter (μm) 0.1–4 0.1–2 0.01–1 0.1–2
Basic layer thickness (Å) 7.2 10 10 14
Particle thickness (Å) 500 50–300 10–100 100–1000
Specific surface (m2/g) 5–20 80–120 700–800 80
Cation exchange capacity 

(mEq/100 g) 3–15 15–40 80–100 20–40 40–70
Area per charge (Å2) 25 50 100 50 120
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Fig. 4.5. Formation of a diffuse double layer in a dry (a) vs. hydrated (b) micelle.
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(coulombic) attraction of the negatively charged surface for the positively
charged ions, which tends to pull the cations inward so as to attain the mini-
mum potential energy level; and (2) the kinetic (Brownian) motion of the liq-
uid molecules, inducing the outward diffusion of the adsorbed cations in a
tendency toward equalizing the concentration throughout the solution phase,
thus maximizing entropy. The equilibrium distribution of cations is such as to
minimize the free energy of the system as a whole. The actual concentration of
cations inside the double layer can be 100 or even 1000 times greater than in
the external, or intermicellar, solution (i.e., outside the range of influence of
the particle’s electrostatic force field).

As cations are adsorbed positively by the colloidal particle, anions are gen-
erally repelled, or adsorbed negatively, and thus are relegated from the micel-
lar to the intermicellar region of the solution surrounding the clay particles. In
some special cases, however, anions may also be attracted to specific sites on
colloidal surfaces, but this phenomenon of anion adsorption is much less
prevalent than cation adsorption in soils.

Theoretical treatments of the electrostatic double layer have generally been
based on the Gouy–Chapman theory, in which the negative charges are
assumed to be constant and to be distributed uniformly over the particle sur-
faces (although in actual fact they may originate within the crystal lattice). The
strength of the surface charge is proportional to the charge density (i.e., the
number of charged sites per unit area).

The effective thickness of the diffuse double layer can be estimated by
means of the following equation:

z = (1/ev) [(εkT)/(8πn0)]0.5 (4.1)

in which z is the characteristic length, or extent, of the double layer, defined as
the distance from the clay surface to where the ionic concentration is very
nearly that of the external (intermicellar) solution; e is the elementary charge
of an electron (4.77 × 10−10 esu); ε is the dielectric constant; k is the
Boltzmann constant (k = R/N, where R is the gas constant and N is Avogadro’s
number); v is the valence of the ions in solution; n0 is the concentration of the
ions in the bulk solution; and T is the temperature in Kelvin.

Fig. 4.6. The distribution of positive and negative ions in solution with distance from the
surface of a clay micelle bearing a net negative charge. Here n0 is the ionic concentration in the
bulk solution outside the electrical double layer.
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As the equation indicates, the diffuse double layer is compressed as the
valence of the ions in solution is increased. For instance, if a solution of mono-
valent cations is replaced by a solution of divalent cations, the double layer
becomes only half as thick (Fig. 4.7). The double-layer thickness is also
affected by the solution’s concentration (Fig. 4.8), because z of Eq. (4.1) is
inversely proportional to the square root of n. Thus a tenfold increase of con-
centration will reduce the double layer to 1/100.5, that is, to about a third of
its previous thickness.

The foregoing considerations do not account for interparticle interaction,
that is, where the diffuse ionic clouds of neighboring micelles intermingle. In

Fig. 4.7. Comparison of the distribution of a monovalent cation (Na+) with a divalent cation
(Ca2+) in the diffuse double layer. Thanks to its greater charge, the divalent cation is attracted
more strongly and held more closely to the particle surface. The area under each curve, signi-
fying milliequivalents of cations per unit surface, is equal.
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Fig. 4.8. Influence of ambient solution concentration (n1, n2) on thickness of the diffuse
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this case, the concentration in the median plane, rather than in the external
solution, is referred to (Langmuir, 1938):

nc = π2/[v2B(d + a)2 × 10−16] (4.2)

Here nc is cation concentration at the median plane (moles/liter), v is the
valence of the exchangeable cations, d is the distance from either plate to the
median plane (angstroms), a is a correction factor (1–4 Å), and B is a constant
related to the temperature and dielectric constant (l0l5 cm/mmol). The distri-
bution of cations between two charged plates is illustrated in Fig. 4.9.

ION EXCHANGE

The cations in the double layer can be replaced or exchanged by other
cations introduced into the solution. Under chemically neutral conditions,
the total number of exchangeable cation charges, expressed in terms of
chemical equivalents per unit mass of soil particles, is nearly constant and
independent of the species of cations present. It is thus considered to be an
intrinsic property of the soil material, generally called the cation exchange
capacity (or the cation adsorption capacity), and has traditionally been
reported in terms of milliequivalents of cations per 100 grams of soil. [The
term equivalent is defined in chemistry as one gram atomic weight (mole) of
hydrogen or the mass of any ion that can combine with or replace it in
chemical reactions.] Thus expressed, the cation exchange capacity ranges
from nil in sands to 100 meq/100 g, or even more, in clays and in organic
soils.

The cation exchange capacity depends not only on clay content but also
on clay type (i.e., on specific surface and charge density), as indicated in
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Fig. 4.9. Schematic illustration of the increased concentration of cations in the double layer
due to interaction of adjacent particles. The dotted curves indicate the hypothetical distribution
of cations for each of the particles if it were suspended alone in the same ambient solution.
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Table 4.1. In the top layer of soils rich in organic matter, humus can account
for as much as 1/4 or 1/3 of the exchange capacity. The cation exchange phe-
nomenon affects the movement and retention of ions in the soil, which can
be important in plant nutrition and in environmental processes involving the
transport of pollutants. Cation exchange also affects the flocculation–
dispersion processes of soil colloids and hence the development and degra-
dation of soil structure. The total number of electrostatic charges of clay
particles divided by the total exposed surface area is called the surface charge
density.

Because of differences in their valences, radii, and hydration properties, dif-
ferent cations are adsorbed with varying degrees of tenacity or preference and
hence are either more readily or less readily exchangeable. In general, the
smaller the ionic radius and the greater the valence, the more closely and
strongly is the ion adsorbed. However, the greater the ion’s hydration, the far-
ther it is from the adsorbing surface and the weaker its adsorption. Sodium
ion, for example, has an atomic radius of only 9.8 × 10−11 m when in the
“naked” state, but it tends to be strongly hydrated and its effective radius
increases eightfold when it is enveloped by water molecules. Monovalent
cations, attracted by only a single charge, can be replaced more easily than
divalent or trivalent cations. The order of preference in exchange reactions is
as follows:

Al3+ > Ca2+ > Mg2+ > NH+ > K+ > H+ > Na+ > Li+ (4.3)

An example of an exchange reaction is the following:

Na2 [clay] + Ca2+ ↔ Ca [clay] + 2Na+ (4.4)

In nature, soil material is seldom adsorbed homogeneously with a single
ionic species. Typically, the exchange capacity is taken up by several cations in
varying proportions, all of which together constitute the so-called exchange
complex. A typically heterogeneous exchange complex can be represented in
the following way (with subscripts a, b, c, d, etc., indicating equivalent frac-
tions of the cation exchange capacity, adding up to 100%):

Ala
Cab
Mgc
Nad

⋅
⋅
⋅

In arid regions, calcium, magnesium, and sometimes sodium tend to pre-
dominate in the exchange complex. In humid regions, where soils are highly
leached and often acid, hydrogen and aluminum ions, the latter often released
from the clay crystal lattice under low pH conditions, play an important role.
The presence of exchangeable hydrogen is usually referred to as base unsat-
uration of the exchange complex, and its measure in equivalent terms for the
soil mass of an agricultural field is taken to be an indication of the amount of
lime needed to neutralize the soil’s reserve acidity.

C
la

y



ION EXCHANGE 63

The composition of the exchange complex depends on the concentration
and ionic composition of the ambient solution. This is expressed in the Gapon
equation:

Ae/Be = c([As]1/a/[Bs]1/b) (4.5)

in which A and B are fractional concentrations of cations with valences of
a and b, respectively, and subscripts e and s refer to concentrations in the
exchange complex and in the ambient solution, respectively. The coefficient
c depends on the nature of the charged surface and the nature of the adsorbed
cation. This equation indicates that the adsorption mechanism favors cations
of higher valence and that this preference increases as the solution becomes
increasingly dilute.

For the important case of calcium–sodium exchange, the selectivity coeffi-
cient (Shainberg, 1973) is given by

σCa − Na = n0([Cae][Nas]2/[Nae]2[Cas]) (4.6)

Here, subscript e denotes the ionic equivalent fractions of Ca and Na in the
exchange phase, subscript s denotes the mole fractions of these ions in the solu-
tion phase, and n0 is the total molar concentration of the solution. The
selectivity coefficient σ for a range of exchangeable sodium fractions has been
reported to be about 4 in typical soils in Israel (Levy and Hillel, 1968).

For ordinarily encountered solution concentrations in nonsaline soils, diva-
lent cations predominate in the exchange complex if present in appreciable
concentrations. In a mixed calcium–sodium system most of the calcium ions
are usually adsorbed tightly in the Stern layer, whereas the sodium ions are
relegated to the diffuse region of the double layer.

Cation exchange reactions are rapid and reversible; so the composition of
the exchange complex responds to frequent changes in the composition and
concentration of the soil solution. The composition of the soil’s exchange
complex in turn governs the soil’s pH as well as swelling and flocculation–
dispersion tendencies.

In addition to the structural charges due to isomorphous substitutions
within the crystal lattice of the clay, there are surface charges due to the imbal-
ance of proton and hydroxyl charges on the exposed peripheries or edges
(as opposed to the faces) of the clay particles, where the lattice bonds are bro-
ken (Sposito, 1984). The former charges are permanent and are generally
unaffected by the ambient solution surrounding the particles, whereas the lat-
ter charges are affected by the pH of the ambient solution. The structural
charges are generally negative, but the surface charges may become positive at
low values of pH. Consequently, pH-sensitive clay minerals may display a
capacity for anion adsorption. This has been noticed specifically in kaolinite.
Anion adsorption is selective. Among the common anions, silicate and phos-
phate ions are more strongly adsorbed than are sulfate, nitrate, or chloride
ions. Anion adsorption can be important in the retention of phosphate in soils.
Various nonionic substances (including organic compounds) can also be
adsorbed by clay, generally by means of hydrogen and van der Waals bonds.
Organic matter (humus) can also exhibit anion exchange, particularly at low
pH values.
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HYDRATION AND SWELLING

Clay particles are hardly ever completely dry. Even after oven-drying at
105°C for 24 hr, which is the standard for drying soil material, clay particles
still retain appreciable amounts of adsorbed water, as shown in Fig. 4.10. The
affinity of clay surfaces for water is demonstrated by the hygroscopic nature
of clay soils, that is, their ability to sorb and condense water vapor from the
air. So-called “air-dry” soil commonly contains several percent water, the exact
percentage depending of course on the kind and quantity of clay as well as on
the humidity of the air.

BOX 4.1 The Uses of Clay

Some eight millennia ago, humans discovered the use of clay for pottery mak-
ing. In Mesopotamia, an important use of clay was for writing. Clay tablets were
fashioned and then while still moist imprinted with a sharp reed stylus. If then

fired, such tablets could become permanent records of political and commercial deeds,
legal codes, myths, and poetry.

The value of clay for ceramics arises from its plasticity and its tendency to harden
when heated. Hence it can be shaped at will and the desired shape can then be made
durable, strong, thermally and electrically resistant, and either pervious or impervious
(depending on the type of clay and on the temperature to which it is heated). When
the temperature is high enough, the clay particles tend to fuse so the shaped object
becomes practically impervious. Wall tiles, ceramic pipes, and stoneware pots are
among the objects made in this way. Sanitary faiences are made with kaolinite fired at
very high temperatures. When the kaolinite is quite pure and fusing is complete, a
translucent glass is obtained, called porcelain, which is used for the manufacture of fine
chinaware as well as electric insulators.

An important use of clay is in construction. Even today, an estimated third of all
humans live in houses made of clay. Clay mixed with sand or straw is the plasterlike
material called daub. Packed into molds and then dried, it is made into mudbricks.
When fired, it is hardened into stonelike bricks. Cement is a mixture of limestone and
clay (about 25%) fired at a temperature of 1400°C.

The fact that clay can be made into impermeable pastes has been utilized since
antiquity. Cisterns and channels were coated with clay so that they would hold and
convey water with minimum leakage. Porous soil can be made impermeable by the
injection of mixtures of water and clay. Injection of clayey mud is a common practice
in drilling for oil. Pumped into a drill pipe, the mud cools the drill bit and rises along
the pipe, carrying away the drill cuttings.

The adsorptive capacities of clay are important in agriculture and in industry.
Adsorbed ions are loosely bound and therefore are easily exchanged with hydrogen
from the roots of plants. Hence the clay minerals act to provide a source for the nutri-
ent mineral required by plants. The ability of smectite clays to form stable colloidal sus-
pensions is useful in the preparation of polishes, cosmetics, and pesticides, among many
products. Kaolin, or white clay, serves widely for coating paper. (The paper on which this
book is printed may contain over 20% kaolin.) Without it the paper would be much less
opaque and would absorb the ink so that the lines of illustrations would become
blurred.
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In the oven-dry state, the water associated with clay is so tightly held that
it can be considered a part of the clay itself. When water is added to initially
dry clay, the water films surrounding each particle thicken and the water is
then more loosely held. The entire physical behavior of a clay-containing soil
mass (including strength, consistency, plasticity, and the conduction of water
and heat) is strongly influenced by the degree of hydration.

Water is attached to clay surfaces by several mechanisms, including the elec-
trostatic attraction of the dipolar, oriented water molecules to charged sites as
well as their hydrogen bonding to exposed oxygen atoms on the clay crystal. Still
another mechanism of hydration arises from the presence of adsorbed cations.
Because the cations associated with the clay also tend to hydrate, they contribute
to the overall hydration of the clay system. Quantitatively, this effect depends on
the type of cations present and on the cation adsorption capacity of the clay.

The strength of clay–water adsorption is clearly greatest for the first layer
of water molecules. The second layer is attached to the first by hydrogen bond-
ing, and the third to the second, and so forth, so the influence of the attractive
force field of the clay surface diminishes rapidly with distance, to become
vanishingly small beyond a few molecular layers. The effective thickness and
the physical properties of the adsorbed water in the vicinity of the clay surface
have been a subject of controversy, with some investigators contending that
adsorbed water is quasi-crystalline and hence differs significantly from bulk
water in viscosity, diffusivity to ions, dielectric constant, and density. Others
claim that the difference in properties between adsorbed water and capillary
water in the soil is scarcely detectable and is in any case inconsequential.

25

20

15

10

5

0
0

Halloysite

Montmorillonite

Kaolinite

Illite

100 200 300 400 500 600 700 800 900

Temperature (°C)

W
at

er
 lo

ss
 (

%
)

Fig. 4.10. Dehydration curves of clay minerals. (After Marshall, C. E., 1964)
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When a confined body of clay sorbs water, swelling pressures (defined as
the pressure that must be applied to a body of soil that is allowed to imbibe
water, to prevent it from expanding) develop, related to the osmotic pressure
difference between the adsorbed water and the external solution. In a par-
tially hydrated micelle, the thickness of the enveloping water is less than the
potential thickness of the fully expanded diffuse double layer. The double
layer, thus truncated, will tend to expand to its full potential thickness and
dilution by the osmotic absorption of additional water, if available. As each
micelle expands, its swarm of positively charged cations repels those of
the adjacent micelles. Thus the micelles tend to push each other apart.
Though this causes the system to swell and increase its overall porosity, it
may have the internal effect of closing the soil’s larger pores, thus reducing its
permeability.

We have already shown that the concentration of ions between associated
clay micelles is greater than in the external solution. The actual concentration
difference depends on the interparticle distance (i.e., on the degree of hydra-
tion of the clay) and on the potential extent of the diffuse double layer (which,
in turn, depends upon the valences and concentrations of the adsorbed
cations). The osmotic attraction of a clay assemblage for “external” water
may be roughly twice as high with monovalent than with divalent cations,
since there are normally twice as many of the former than of the latter. Hence
swelling is greatest with monovalent cations, such as sodium, and with dis-
tilled water as the external solution. With calcium as the dominant cation in
the exchange complex, swelling is reduced. A similar restraining effect is
caused at low pH values by the presence of trivalent aluminum. High salinity

Sample Problem

The diameter of a water molecule is about 3 × 10−8 cm (3 × 10−10 m). One cubic centi-
meter of water at standard temperature and pressure has a mass of about 1 gram
and contains about 3.4 × 1022 molecules. The mass per molecule Mm is therefore about
3 × 10−23 g.

Calculate the mass of water adsorbed by 100 g of montmorillonite, illite, kaolinite,
and fine quartz sand if the specific surface areas as are 800, 100, 10, and 1 m2/g, respecti-
vely. Assume monomolecular adsorption.

For montmorillonite:

Surface area of sample: As = mas = 100 g × 800 m2/g
= 8 × 104 m2 = 8 × 108 cm2

Area of one molecule Am ≈ (3 × 10−8 cm)2 ≈ 9 × 10−16 cm2

Number of molecules adsorbed: n = As/Am = 8 × 108 cm2/9 × 10−16 cm2

≈ 9 × 1023

Mass of water adsorbed: Mw = nMm ≈ (9 × 1023)(3 × 10−23 g) = 27 g

For illite: Mw ≈ 3.375 g; for kaolinite ≈ 0.338 g; for fine quartz sand ≈ 0.034 g.
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of the soil solution will also suppress swelling. However, if a saline soil in
which sodium salts predominate is leached of excess salts with freshwater
without concurrent addition of calcium (e.g., in the form of gypsum), strong
swelling may result from the predominance of sodium ions in the adsorbed
phase.

The time-dependent volume increase of clays and clay–sand mixtures in
the process of hydration is illustrated in Fig. 4.11. This time dependence is
due to the low permeability of clay systems. The eventual swelling is seen to
depend on the amount and nature of the clay present. In general, swelling
increases with increasing specific surface area. It is also affected by the
arrangement or orientation of soil particles and by the possible occurrence
of interparticle cementation by such materials as iron or aluminum oxides,
carbonates, and humus, which may constrain the expansion of the soil
matrix.

When a hydrated body of clay is dried, a process opposite to swelling
occurs, namely, shrinkage. In the field, the shrinkage that typically begins at
the surface often causes the formation of numerous cracks, which break the
soil mass into fragments of various sizes, from small aggregates to large
blocks. An extreme example of this can be seen in vertisols, which are soils
rich in expansive clay (e.g., montmorillonite). When subject to alternating
wetting and drying, as in a semiarid region, such soils tend to heave and
then to settle and to form wide, deep cracks and slanted sheer planes
extending deep into the soil profile. Vertisols can be problematic both in
agriculture (where they are exceedingly difficult to till because they tend to
puddle and then to harden upon drying) and in engineering (where their
successive heaving and subsidence tends to warp road pavements and to
damage buildings).

Fig. 4.11. Volume changes of montmorillonite and kaolinite clays during hydration.
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FLOCCULATION AND DISPERSION

As clay particles interact with one another, forces both of repulsion and of
attraction can come into play. The one or the other type of force may predom-
inate, depending on physicochemical conditions. When the repulsive forces are
dominant, the particles separate and remain apart from each other — and the
clay is said to be dispersed. On the other hand, when the attractive forces pre-
vail, the clay becomes flocculated, a phenomenon analogous to the coagulation
of organic colloids, as the particles associate in packets or flocs.

These phenomena can be observed quite readily in dilute aqueous suspen-
sions of clay. For the clay particles to enter into and remain in a state of sus-
pension, they must be dispersed. This can be induced by the addition of a sodic
dispersing agent and by mechanical agitation, in the manner described in con-
nection with mechanical analysis. The dispersed suspension is typically turbid
and remains so as long as the suspension is stable. This state can be changed
rather dramatically by the addition of polyvalent cations or by the addition of
salt to increase the overall electrolyte concentration. The turbid suspension
suddenly clarifies as the clay particles flocculate and the flocs (behaving like
large composite particles) settle to the bottom.

The main repulsive force between clay micelles derives from the like charges
of the ionic swarms surrounding the particles, manifested by the swelling ten-
dency of clay–water systems. An attractive force may result, however, if two
clay platelets are brought close enough together (within about 1.5 nm) so that
their counterions intermingle to form a unified layer of positive charges, which
then attracts the negatively charged particles on both sides. This process,

BOX 4.2 Clay Soils That Till Themselves

Vertisols behave strangely: They perform a kind of tillage on their own. The part
of the profile where we would normally expect to find more or less distinct dif-
ferentiation between an A horizon and a B horizon in fact exhibits very little in

the way of profile development. The entire soil, sometimes to a depth of 1 m or more,
actually churns and mixes itself repeatedly.

Here is how it happens: During the wet season, these clayey soils swell markedly. The
differential swelling of zones within the profile causes parts of the soil to move relative to
adjacent parts, thus creating typically oblique shear planes (called slickensides) in the sub-
soil. During the dry season, the soil shrinks from the top downward and forms an exten-
sive network of deep, wide cracks. The masses of soil between cracks form separated,
column-like blocks. The tops of these blocks desiccate and break into numerous small
clods, which in turn dribble into the cracks, often to a depth of several decimeters. When
the soil is next wetted and in turn desiccated again, new material is exposed at the sur-
face, just as some of the material formerly at the surface is now mixed deep in the profile.

The same process also causes stones (where they are present, as in volcanic areas) to
rise in the soil. The small clods that drop into the cracks sometimes dribble past the
stones that are embedded in the soil. When the soil is next wetted, these clods swell and
push the stones upwards. Farmers in such areas are likely to find a fresh crop of stones
on the soil surface every year.
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called plate condensation, brings about the formation of tactoids, or packets
of parallel-oriented platelets (like packs of cards) that form a more or less
stable association (Fig. 4.12).

Another type of electrostatic attraction between particles can occur when the
plate edges develop positive charges, as they tend to do at low pH values. If the
repulsion normally due to the diffuse double layer is not so great as to prevent
clay particles from coming together, the positive charges on the edge of one
particle may form bonds with the negative charges on the face of another.
A “card-house” structure of flocs can then develop, as shown in Fig. 4.13.

The important fact about these various attractive and repulsive forces is that
they operate with different intensities and over different ranges. The combined
force field, shown schematically in Fig. 4.14, consists of regions within which net
attraction prevails and regions over which repulsion predominates. For example,
coulombic (electrostatic) forces are inversely proportional to distance squared,
whereas London–van der Waals forces are inversely proportional to the seventh
power of the distance, so the latter are effective within a narrow space of only
a nanometer or so, whereas the former extend to distances 10 times as great.

Fig. 4.12. Schematic representation of montmorillonite tactoid.

Fig. 4.13. Edge-to-face electrostatic bonding resulting in card-house structure.
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Starting from a dilute stable suspension in which the micelles are far apart
so that the repulsive forces prevail, flocculation can only be achieved if these
repulsive forces are suppressed sufficiently to allow colliding particles to
clump together, rather than bounce apart, as they approach within the range
of the attractive forces. Repulsion is maximized, favoring dispersion, when the
double layer is fully extended, as when the ambient solution is very dilute and
of high pH (thus preventing positive charges from forming at the particle
edges), when the dominant cation is monovalent, and when the soil is fully
hydrated. Mechanical agitation also inhibits flocculation. In contrast, repul-
sion is minimized, allowing flocculation, whenever the solution concentration
is high and the monovalent cations are replaced by polyvalent ones.

The balance of repulsive versus attractive forces is reversible and, under cer-
tain circumstances, can easily shift either way. A soil can thus disperse, floccu-
late, redisperse, reflocculate, and so forth, several times over, as, for example,
when it is irrigated with water of varying salinity and ionic composition.

Fig. 4.14. Schematic representation of the combined force field surrounding a hydrated
clay particle.
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Sample Problem

If the cation exchange capacity of a soil is 40 meq/100 g (400 mEq/kg), and if sodium
ions constitute 25% of the exchange complex, what is the minimum amount of gypsum
required per hectare to replace sodium with calcium in the upper 0.20-m layer of the
soil? Assume a bulk density of 1.2 × 103 kg/m3.

The chemical formula for gypsum is CaSO4⋅2H2O. Hence the molecular weight is 172
and the equivalent weight is 86.

Mass of soil in upper 0.2-m layer = 104m2/hectare × (2 × 10−1 m depth)
× 1.2 × 103 kg/m3 = 2.4 × 106 kg.

Equivalents of sodium to be removed from upper 0.2 m layer = 2.4 × 106 kg
× (400 × 0.25 mEq/kg) = 2.4 × 105 Eq.

Mass of gypsum needed = 2.4 × 105 Eq × 86 g/Eq ≈ 2 × 107 gm ≈ 20 metric tons.
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HUMUS: THE ORGANIC CONSTITUENT OF SOIL COLLOIDS

Although the main topic of this chapter is the mineral colloidal matter
known as clay, we must emphasize the important fact that an entirely differ-
ent kind of colloidal matter exists in soils, called humus. This generally dark-
colored material, found mostly in the surface zone (the A horizon) of soils, is
defined in the Glossary of Soil Science Terms (Soil Science Society of America,
1996) as “the more or less stable fraction of the soil organic matter remaining
after the major portion of added plant and animal residues have decomposed.”
So defined, humus does not include undecomposed or partially decomposed
organic residues, such as recent stubble or dead roots.

Like clay, humus particles are negatively charged. During hydration, each
particle of humus forms a micelle and acts like a giant, composite anion, cap-
able of adsorbing various organic and inorganic constituents, including
cations. The cation exchange capacity of humus is much greater, per unit mass,
than that of clay. Unlike most clay, moreover, humus is generally not crys-
talline but amorphous. Because it is composed mostly of carbon, oxygen, and
hydrogen, its charges are due not to the isomorphous substitutions of cations
but to the dissociation of carboxylic (–COOH) and phenolic (       OH)
groups. Since the cation exchange process depends on replacement of the
hydrogen in these groups, it is pH dependent, with the cation exchange capac-
ity generally increasing at higher pH values.

Humus is not a single compound, nor does it have the same composition in
different locations. Rather, it is a complex mixture of numerous compounds,
including lignoproteins, polysaccharides, polyuronides, and other compounds
too varied to list. Furthermore, the organic colloids of humus, although “more
or less” stable, are in fact amenable to bacterial action, particularly if the soil’s
temperature, moisture, or aeration regimes are modified.

The content of humus in mineral soils varies from as high as 10% or even
more in the top layer of chernozem (the typically black soil that occurs in the
American prairie and in the plains of Ukraine) down to nil in desert soils and
is of the order of 1–3% in many intermediate soils. The humus content gener-
ally diminishes in depth through the B horizon and becomes negligible at the
bottom of the normal root zone, unless the soil is a deposit of alluvial mater-
ial with a high original content of humus. Organic soils such as peat and muck
may contain well over 50% organic matter, though not all of that would fit
the accepted definition of humus.

The importance of humus goes beyond its effect on cation adsorption or
even plant nutrition. Humus often coagulates in association with clay and
serves as a cementing agent, binding and stabilizing soil aggregates and thus
improving soil structure. This aspect is discussed in Chapter 5.


