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Behavior of Clay-Water Systems

INTRODUCTION

Dispersion and flocculation play an important role in determining the physical and chemical
behavior of soil colloidal fractions. This is particularly true in the areas of colloidal facilitated
transport, crusting, infiltration, cracking, and swelling (Aly and Letey 1988; Babcock 1963;
Goldberg and Forster 1990).

The process of dispersion and flocculation can be understood as occurring in four
stages. Stage I is the dry state of the soil. We assume that the initial dry aggregate contains
clay particles, which have their own forces of attraction. When this aggregate is “wetted up,”
the reactions due to hydration separate the individual particles; the distance of separation
depends on the number of water molecules bound between cations and the clay surface to
which they are attracted.

The process by which the particles are hydrated and pushed apart is known as stage II,
or the swelling/slaking stage. Monovalent cations are normally bound ionically, whereas di-
valent ions such as calcium and magnesium are typically bound to the clay particle by polar
covalent bonds. Increases in ionic bonding cause hydration and, thus, soil swelling. When
polar covalent bonding is dominant, hydration is limited: generally, only crystalline swelling
occurs. Such is the case with calcium clays, which can be dispersed when the soil water con-
tent is high and an external mechanical stress is applied. :

When sufficient water has been added that the clay particles are separated by a
distance of approximately 7 nm, the cations are no longer linked to the clay particle surface,
because the cationic charge is shielded by water molecules. The clay is then completely
dispersed, and stage III has been reached. Repulsive forces dominate; the repulsive forces
are proportional to the charge of the individual clay particle. It is only at this stage that the
DLVO theory (explained in section 3.3) is applicable.

Once a system is dispersed in stage III, it can become dehydrated and flocculated,
reaching stage IV. Although both divalent and monovalent clays can exist in dispersive con-
ditions, the reformation of polar covalent bonding can occur in divalent cationic clay systems.
Such a process will normally be assisted by dehydration due to osmotic effects (salts present
in solution). As a result, flocculation occurs due to the combined effects of the nature of
bonding in the system (ion type, charge, and concentration) and of dehydration. The type of
bonding that occurs depends primarily on the charge structure of the cations present.

In summary, hydration occurs between stage I and stage II, and swelling or slaking of
the system has occurred at the attainment of stage II. For typical clay systems, mechanical
separation occurs from stage II to stage ITI, and when stage III is reached, dispersion has
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Figure 3.1 Stages of flocculation. (Source: Rengasamy and Sumner (forthcoming), reproduced by permission)

occurred. (For sodic clays, however, a continuous hydration occurs between stage II and
stage I11.) Once the system has been dispersed, flocculation (stage I'V) can occur due to os-
motic dehydration and chemical bonding. Progression from one stage to the next depends
on the amount of water in the system (see figure 3.1).

The formation of aggregates is a result of physical, chemical, and biological processes
occurring in soils (Lyklema 1978; Marshall 1964). Crusting and cracking of soils result pri-
marily from flocculation and dispersion processes. A full understanding of aggregate forma-
tion, crusting, and cracking requires an understanding of the primary causes of separation,
chemical bonding, hydration, swelling, slaking, flocculation, and dispersion of clay-water
interactions (McBride 1989; Sposito 1984, 1989). These phenomena are discussed in detail in
this chapter.

3.1 ELECTROCHEMICAL PROPERTIES OF CLAY-WATER SYSTEMS

Units

To avoid confusion, we will briefly digress, with a description of the units and unit systems
that will be used in the following equations. Coulomb’s law, as given in equation 3.1, is a
fundamental law of nature and is not readily expressed in the SI unit system without adjust-
ing the permittivity constant, e,. Permittivity is the ability of a dielectric to store electrical
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potential energy under the influence of an electric field, measured by the ratio of the capaci-
tance of a condenser with the material as dielectric to its capacitance (i.e., with vacuum as
dielectric). Many physical chemists prefer the cgs unit system to the SI unit system for the
description of electrochemical phenomena. Since the aspects of clay-water interactions
greatly depend on electrochemistry, the authors share this preference. The permittivity (of a
vacuum), g, = 8.854 X 107 C> N™! m™? is of great use in converting dynes to Newtons,
centimeters to meters, and electrostatic units (esu) to coulombs (C).

Many of the following equations are expressed in units of one or the other system (i.e.,
cgs/esu or SI); but not all are written in SI units. We hope by this to encourage equal famil-
iarity with both unit systems. As an additional help, the term ey/kT, which represents the
ratio of electrical to thermal energy, is the same in both unit systems, a dimensionless num-
ber; kT is the Boltzmann constant multiplied by the absolute temperature. For example, in
the cgs/esu system, e has units of esu/ion. If  is in esu, the product of ey yields energy in
ergs/ion with a corresponding Boltzmann constant, k = 1.3805 X 107 ergs/ion-K. One
erg/esu of potential is 300 V. A useful number to remember is that k7/e = 25.69 mV at 25 °C.
For the ST system, e is in coulombs, 1.6021 X 10~'° C/ion. In the SI system, the product of ey
yields energy in joules (J), assuming that i is expressed in volts (J/C). The Boltzmann con-
stant in SI units is 1.3805 X 107 J/ion-K and the value for kT/e is the same, 25.69 mV at
25 °C. For conversion purposes, two useful numbers to remember are Avogadro’s number
(6.023 X 10% ions/mole, etc.) and electronic charge, e (4.803 X 107 esu/ion).

The dielectric constant, D, is the ratio of the permittivity of the medium, e, to that of a
vacuum, g, and is dimensionless: D = g/g,. However, ¢ has units of esu’dyne - cm? or
esu’/erg - cm in the cgs system, and of C¥N - m? or C%J - m in the mks system. As a result, the
cgs system has the advantage that permittivity is a simple number, but the disadvantage that
the electric potential unit of erg/esu is not in common use.

Coulomb’s law expresses the attractive or repulsive force exerted on each other by two
charged particles (say, ¢; and g,) in a dielectric medium. If that medium is a vacuum, the law

may be expressed as
B (3.1)

x2

where k is the dimensional proportionality constant. Physical chemists have defined the unit
of electrostatic charge (esu), such that k = 1 dyne cm? esu~2. The k term thus becomes nu-
merically unimportant in equation 3.1 if cgs units are used, although it remains dimensionally
necessary. In SI units, the unit of charge in common usage is C, the coulomb, which was de-
veloped from the theory of electromagnetics, rather than from electrostatics. For practical
purposes, the coulomb has been determined experimentally to equal 3 X 10° esu, so that in
ST units, k£ = 9 X 10° Nm2 C2

From the theory of capacitors, the dielectric property of a vacuum has been defined
as its permittivity, &, = 1/4sk. Thus, in SI units, &, = 8.85 X 1072 C2 Nm~2 All dielectric
materials have a larger permittivity than a vacuum. This property is generally characterized
for a given medium by the dimensionless dielectric constant, D = &/&,. Thus, Coulomb’s
law for the force exerted by charged particles in any dielectric medium can be expressed
as :

kq:q,
= —== 3.2
- Dx? 32)
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or

kq,q,
F=—=
4qrex?

(3.3)
or

RN L))
i 4mDeyx* (34)

Equation 3.2 is commonly written for cgs units as

i ka9,

= (3.5)

where k, with a value of 1 dyne cm? esu™?, is implied. To convert equations in cgs/esu to equa-
tions in SI, replace i by (4me,)"/*y and q by q/(4re,)' /2.
In terms of the Poisson equation V%) = —4rpk/D, which relates the divergence of the
gradient of the potential of a specific point to the charge density of that point, we can write
vy = - 3.6
= (36)
where V?is the Laplace operator (8%/6%* + 92/9%y* + 0%/6%z%), D is the dielectric constant,
i is the potential (volts), and p is esu/erg or charge per cubic meter.

Heat is evolved when a dry soil is submerged in water or water is added to it, because water
molecules lose kinetic energy in changing from a bulk form to a water film (hydration shell)
on soil particle surfaces, and around cations or uncharged surfaces (Stumm 1992). This loss of
energy is induced by the electric field surrounding the solid surface, which reduces the inter-
nal energy of the water molecules within this field. The water molecules are adsorbed until
an equilibrium is established between the water—cation or water—clay particle. Heat of
wetting increases as particle size decreases, and represents a measurement of the surface
activity of the clay. Measurement of heat of wetting is used as a method to determine specific
surface area (Aomine and Egashira 1970). A dry clay also exhibits a heat of wetting with
solvents other than water. Likewise, heat applied to a hygroscopic body drives moisture from
the body. Heat released at constant temperature is equivalent to the work done to separate
the water molecules from the surface. The moisture content at which soils no longer exhibit
heat of wetting is defined as hygroscopicity.

There are two types of heat of wetting: integral, and differential. Heat continues to be
released as several layers of water molecules are sorbed to soil particles and their associated
cations, but the outer layers are less tightly bound, and release progressively less heat. Hence,
as water is added incrementally to a soil, the amount of heat produced per unit mass of added
water (defined as the differential heat of wetting, i.e., the ratio of the increment of heat
evolved, dq, to increment of water added, dw) decreases. The total heq; produced as the
medium is wetted from dryness to hygroscopy is termed the integral heat of wetting.

Several concepts can be of assistance in anticipating a range of heat of immersion val-
ues: (1) particles that readily wet up upon contact with water tend to have high heats of im-
mersion and are characterized by negative values of AG (change in Gibbs free energy),
whereas particles that do not (organic soil particles or mineral particles with organic
coatings) tend to have low heats of wetting; (2) surfaces that possess the highest free energy
have the most to gain in terms of decreasing the free energy of their respective surfaces by
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adsorption; (3) a surface energy of about 100 mJ m~2is normally the cutoff value between high-
and low-energy surfaces (sand, glass, metal oxides, metal sulfides, metals and inorganic salts are
good examples of high-energy surfaces); and (4) generally, the greater the surface area of a soil,
the greater the heat of wetting can be. Solid organic compounds tend to have low-energy sur-
faces. In general, the harder the compound (solids), the higher the surface energy.

The heat of wetting is due to the total energy released by the adsorption of water to the
surface, and is proportional to the force with which water molecules are attracted to the sur-
face. This heat of wetting of particles may be mathematically described by

—AH,, = vy, cos 6 — T cos O%K — Iy d(;c;f 9
(Adamson 1990) where 1, is the surface tension of the liquid (ergs cm™2 in cgs and J m—2
in SI), normally discussed in terms of equilibrium of the liquid with vapor; 9 is the contact
angle (discussed in section 4.2); and T is temperature (K). Adamson (1990) gives a value of
dy/dT for water at 20 °C of —0.16 J m~2 The contact angle, 0, is about zero for many earth
materials, indicating that the surface energy of water in contact with such materials is about
120 ergs cm ™2 or 0.12 J m™2 The surface area per gram of a relatively neutrally charged
material, such as silica flour, could be multiplied by this factor to obtain a very rough estimate
of its heat of immersion. Consequently, the predictive capability of equation 3.7 is approxi-
mately three to four times less than the experimental evidence of Van Olphen (1969) sug-
gests (see table 3.1).

(3.7)

Interaction between Uncharged Soil Particles and Water

The potential energy of the interaction, or intermolecular potential, between an uncharged
clay surface and a water molecule is difficult to calculate with current technology. However,
a rough approximation can be obtained by

o [ RT\(2.3x0.88 s 18
= > (-= X o K 8
- §< M)( nt% 7 (3286 A)? NA) 38)

where Q represents the heat of wetting per unit mass of clay in the same units as s, surface
area per unit mass, R is the gas constant (8.31 J K™! mol™!), T is temperature (K), M is
molecular weight of water, and  is the number of layers of water molecules sorbed to the
clay surface (i.e., mass of water divided by water adsorbed onto clay to provide one molecule

TABLE 3.1 Average Heats of Wetting of Mg-Vermiculite

Adsorbed
water Heat of wetting
P/PY.  i(mgg) Tg+
0 0 232.51
0.004 0.96 225.30
0.018 62.58 110.91 one-layer hydrate (64.5 mg g™!)
0.034 83.8 89.97
0.356 188.6 4.635 two-layer hydrate (179 mg g™*)
0.808 207.25 1.647 two-layer hydrate (198 mg g™*)

Source: Van Olphen (1969).
*Refers to relative vapor pressure (P, generally refers to saturated vapor pressure).
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thickness). Equation 3.8 assumes that the adsorbed area of one water molecule is 10.8 A2,
and can be written more simply as

0= (—kT(2.3 X 0.88) X (3’2;6 A)2>(§1 nigo) (3.9)

where k is the Boltzmann constant. The summation represents a hyperharmonic series
which, for an exponent k > 1, converges to

2k—1

S =31

(3.10)

where S is the summation value, and for k = 1.80 is 2.35. Consequently, the equation can be
simplified to

Q = (442 x 107)kTs (3.11)

with the effective area for a molecule of water incorporated into the constant. At 25 °C, this
equation results in Q = 0.18 J m~2 Jurinak (1963) states that, in his experiment,w,,, the mass
of water sorbed to provide one molecular thickness of coverage, is 2.56 mg/g clay. This rep-
resents 8.6 X 10" molecules of water, which would cover 9.25 m? of surface, which is pre-
sumably the specific surface area of his clay. Thus, the integral heat of wetting at an ambient
temperature of 25 °C would be 1.7 J/g clay. This value is substantially smaller than measured
values of the heat of wetting for kaolinite listed by Grim (1953), which range from 5 to 10 J/g.
Thus, as with equation 3.7, the value will normally be about three to six times less than ex-
perimentally measured values, and is a rough approximation. While the above equations can
give an approximation for heat of wetting, the most efficient way to obtain accurate values is
to measure the phenomena in the laboratory. For details on laboratory methodology, the
reader is referred to Anderson (1986).

Heat is also produced by wetting of clays because of hydration of the adsorbed cations.
The heat of hydration of ions in free solution can be determined by the Voet (1936) equation
as

) D-1
g 2(r + 0.7)NA< & ) e

where W is the hydration energy (sometimes written as AG¥}; ), z is the valence of the ion, e
is 4.8 X 107 esu, N, = 6.023 X 10% (Avogadro’s number), D is the dielectric constant of
water, which varies with temperature (78.8 at 25 °C), r is the hydrated radius of the ion (A),
and & = permittivity. This equation is valid when the only electric field present is that in-
duced by the cation, and when sorbed water completely surrounds the ions in solution. Gen-
erally, heats of hydration of ions in free solution increase with ion valence, and are 86, 106,
399,477, and 1141 kcal mol ™! for K*, Na*, Ca®*, Mg?*, and AI**, respectively, to name a few
(Friedman and Krishman 1973).

Cations associated with clay platelets, particularly those in the Stern layer (see section
3.2), are partly bound to the clay particle, and are only partly hydrated. Hence, that portion
of the heat of wetting due to ion hydration is less than that for ions in free solution. Janert,
according to Grim (1953), determined efficiency ratios for various sorbed cations to be about
1/5 to 1/12, depending on ion species. Thus, the Voet equation will provide greatly erroneous
(high) values for heat of immersion of clays. For example, Grim (1953) shows that kaolinite
with a CEC of about 4 meq/100 g has a measured heat of immersion of 6 J/g. Assuming that
the exchangeable ion is sodium, the Voet equation indicates that the heat of hydration in free
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solution is about 18 J/g. Using Janert’s estimate that the heat should be divided by 4.9 yields
a heat of about 4 J/g. The heat of wetting varies with the nature of adsorbed cations, being
higher for divalent than for monovalent, as Ca?* > H* > Na* > K*.

Several researchers have measured heats of wetting for various clays (Aomine and
Egashira 1970). The heat of adsorption of water over varied ranges of coverage with ad-
sorbed water for a Mg-vermiculite clay is given in table 3.2. Generally, as the initial water
content increases, both the integral heat of immersion and average heat of adsorption rapidly
decrease. Figure 3.2 shows the relation between heat of immersion and water content for dif-
ferent clays; figure 3.3 shows the heat of immersion versus surface area for various calcium-

saturated clays.

TABLE 3.2 Heats of Adsorption (Average) for Mg-Vermiculite per
Mole of Water in Various Ranges of Water Coverage'

Heat of adsorption

Coverage,n (mg g™) Jmol™* kcal mol ™! Jegsliday

0 and 0.96 1353 %104 3231 75

0 and 62.58 3.50 x 10* 8.36 12:2
0.96 and 62.58 3.34 x 10* 7.99
62.58 and 188.6 1520108 3.63
62.58 and 83.8 1.78 x 104 4.25
83.8 and 188.6 1.47 x 10* 3.50
188.6 and 207.25 0.29 x 10* 0.69

Source: Data from Van Olphen (1969).
Coverage refers to the amount of water (mg) per gram of soil. As the initial
water content increases, the heat of adsorption decreases rapidly.

Figure 3.2 Relation between heat of immersion and
water content; data from Aomine and Egashira (1970)
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Figure 3.3 Relation between heat of immersion and total
surface area for calcium saturated clays; data from Aomine
and Egashira (1970)
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3.2 ELECTROCHEMICAL PHENOMENA OF CLAYS

In chapter 2, we discussed how soil aggregates can be broken down into individual particles
by various processes. As the aggregate is wetted, internal forces are produced. Some aggre-
gates remain stable upon wetting, while others exhibit varying degrees of swelling, slaking, or
complete dispersion. Once an aggregate has been broken down into individual particles,
ionic charges associated with each particle begin to interact with neighboring particles. The
charge on the particle or colloid surface tends to attract ions of opposite charge, or counter-
ions (Grove, Fowler, and Sumner 1982; Verwey and Overbeek, 1948). Such ions tend to dif-
fuse through the soil water in an attempt to equilibrate concentration. As a result, the colloid
becomes surrounded by a diffuse cloud of ions, which has come to be known as the diffuse
electrical double layer. Various theories that have been proposed to predict the behavior of
colloids as affected by the double layer, including van der Waals forces, will be presented in
this and subsequent sections.

QUESTION 3.1

An electrical field is induced by potassium. What is the heat of hydration of this ion? (Assume a di-
electric constant of 80.)

Surface Charge of Clay Minerals

As clay minerals form, the octahedral and tetrahedral layers (as discussed in chapter 2) bind
together one layer at a time, incorporating various ratios of Al, Mg, and Si. Because of the
variable ratio of these cations, pure clay minerals rarely exist in nature. During mineral for-
mation, AI** ions may occupy sites in the crystal lattice usually taken by Si** ions, and Mg?*
or Ca** may displace AI’* ions. Overall, this process causes an excess negative charge of the
clay particle within the crystal lattice, which is manifested as a specific surface charge density.
These particular ions can replace each other on the crystal lattice because of their similar
size; the process is known as isomorphous substitution. Since the ions are of like size, their
substitution does not usually affect the shape of the crystal lattice. If no substitution occurs,
the clay particle will remain electrically neutral.
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Diffuse Electrical Double Layer Theory

Clay particles are electronegatively charged for three reasons: (1) There is an isomorphous
substitution of Al (trivalent) for Si (tetravalent) that leaves an excess negative charge

O~ Si****0™" - O "AI'**O~-

(2) There are broken bonds on crystal edges or ionization of hydroxyl groups attached to sil-
icon of broken tetrahedral planes (i.e., silicic acid),

5i-OH + H,0 - §i0~ + H,0*

and, (3) The presence of silicic or phosphoric acid can form an integral, clay particle surface
giving rise to a negative charge as well.

The electronegative charge of clay particles implies that a clay-water system is capable
of doing work on the anion; thus, potential energy will vary between points within the bulk
solution (Sposito 1984). The potential at a point near a clay particle is defined as the work
that must be done to induce a unit negative charge from the bulk solution up to that point.
Because clay is negatively charged, the unit negative charge is used rather than the conven-
tional positive charge of electrostatic potential.

This overall negative charge is compensated by exchangeable cations held to the clay
surface by coulomb forces. The combination of a negative charge on the clay surface and a
counteracting charge from the cations creates an electrical double layer around individual
clay particles. The effect of this double layer is to make the clay-water system electrically
neutral. An anion placed near a clay surface is pushed away by electrostatic repulsion forces
between the clay particle and the anion.

Several scientists have derived mathematical expressions for potential as a function of
distance from a clay particle, among them Helmholiz (1879), Gouy (1910), Chapman (1913),
Debye and Huckel (1923), and Stern (1924). The most commonly discussed expressions or
models include the Helmholtz parallel-plate capacitor, the Gouy—-Chapman diffuse double
layer, and Stern’s double layer theory.

Helmholtz suggested that the electrical double layer had a fixed thickness of one mol-
ecule that was generally formed at the particle/solution interface. He believed that the inner,
negatively charged layer was rigid, adhering firmly to the solid surface, whereas the outer
layer of oppositely charged (+) ions in the solution was mobile. Helmholtz’s theory repre-
sents the clay platelet as a simple parallel-plate capacitor. Because of thermal motion, coun-
terions are distributed within a certain space forming a diffuse layer; consequently, this does
not permit a rigid formation at the interface as Helmholtz suggested.

Guoy-Chapman proposed a diffuse double layer in which the negative charges are ad-
sorbed primarily near the solid surfaces and the positively charged ions are distributed away
from the surface. The cation concentration near the surface is dense and decreases exponen-
tially with distance, until the net charge density is zero. This exponential distribution occurs
because the high cation concentration near the particle is partially counteracted by a ten-
dency for diffusion away from the colloid surface. Local cation concentration is calculated by
the Boltzmann equation:

—zey

n* = nyex 3413
0 €Xp kT (3.13)
where n* is ion concentration at a specified distance from the charged surface, in ions cm™>
(figure 3.4); n, is ion concentration in bulk solution (ions cm™3); z is ion valence (dimension-
less); e is the unit of electronic charge (coulomb/ion in the SI system, or esu/ion in the cgs/esu
system); ¢ is the electrical potential of the colloid at the specified distance (ergs/esu or volts);
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Diffuse electrical double layer
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Figure 3.4 Representation of the diffuse electrical double layer

k is the Boltzmann constant (gas constant per molecule, J; or ergs per molecule, K or J K™1);
and 7 is absolute temperature, K.

Anions are repelled by the negative charge of the particle, resulting in a sparse distri-
bution near the particle that increases exponentially with distance, also given by Boltzman’s
equation:

+zey
eXp—

(3.14)

n- =ng

These equations for cation and anion distribution may be combined to develop a relation
between the character and concentration of an equilibrium solution and the electrical
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charge induced by the surface of a colloid. This relation is expressed as

L 2enk PR Zel/lo)
a—( = ) Smh(ZkT (3.15)

where o is the charge on the colloid surface (esu cm ™2 or, if k is replaced by R, meq cm™2); ¢
is the permittivity of water (esu? dyne™! cm?); n is the electrolyte concentration in solution
(ions cm~>—this unit is achieved by converting with Avogadro’s number); k is the Boltzmann
constant; T is absolute temperature; z is the valence of counterions; e is the electric charge
(esu/ion); and y, is the electric potential (ergs/esu) at the colloid surface.

The diffuse double layer into the surrounding equilibrium solution can be thought of as
having an effective thickness (x!). Theoretically, due to the exponential nature of the rela-
tion between ion concentration and distance, the double layer is infinite in thickness. How-
ever, if we assume that a cloud of ions, concentrated as a point, planar charge, is at a distance
from the colloid surface similar to that of an electrical condenser (the Helmholtz theory),
double layer thickness then can be expressed as

e i

8mz%e’n

where all units are as defined for equation 3.15. This effective thickness is analogous to the
atmospheric scale height; and for small values of surface potential, the Guoy distribution of
potential with distance x from the surface is given by yx = e~ This relation is shown in
figure 3.4. Van Olphen (1963) used the preceding equation to compute « values for solutions
of 107,103, and 107°, M concentration with 1/« ranging from 10~5 to 10”7 cm for single va-
lent ions.

Stern showed that neither the sharp, rigid Helmholtz theory, nor the Guoy-Chapman
diffuse double layer theory were adequate, and proposed a theory that combined features of
the two. Stern proposed a negative charge rigidly attached to the surface of the clay particle,
with an adjacent layer of positively charged cations (Stern believed this layer to be about the
diameter of one cation in thickness with a sharp drop in potential, as in the Helmholtz the-
ory). As distance increases towards the bulk solution, the remaining part of the double layer
becomes diffuse in character (as in the Gouy-Chapman theory). In the rigid portion of the
double layer, the ions are mostly immobile, whereas in the diffuse layer, thermal agitation
permits the ions to move freely. Within the rigid layer, cations are preferentially adsorbed,
which results in a gradual decrease in potential in the bulk solution that contains a uniform
charge distribution (figure 3.4). The actual thickness of the diffuse layer is undefined since it
depends on both the type and concentration of the ion present. However, common thickness
is measured in angstroms, and can vary from < 10 A to > 400 A.

The interface between the fixed and diffuse layers is not sharp, and should be thought
of as a boundary where some ions are migrating to the clay particle and others are shearing
away. This becomes clear if it is assumed that a clay particle has its own ionic atmosphere, and
is within an electrical field. Readers should note that, in the following discussion, we use the
Gouy-Chapman theory, due to the difficulty of applying the Stern theory (which can lead to
ludicrously high local counterion concentrations, because the ions are considered as point
charges and are presumed present at the colloid wall where electric potential is highest).

QUESTION 3.2

What is the cation concentration in a solution 12 A from a clay surface? Assume a monovalent ion,
Cy=25X%X1072M,T =25°C, = 100 mV,and e = 4.803 X 10~ esu jon~".
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QUESTION 3.3

What is the electrical charge induced by the surface of a clay platelet in a solution of 3.1 X 107> M NaCl
solution at 25 °C? Assume & = 78.8 esu’/erg cm and i, = 75 mV.

3.3 ELECTROKINETIC PHENOMENA

Electrophoresis

The term electrophoresis refers to the movement of charged particles in relation to a sta-
tionary solution, that is, in an electric field. Envision a clay particle and associated charge
placed into an electric field; since the clay particle is negatively charged, it will tend to mi-
grate in the positive field direction. Ions near the clay particle surface migrate with the parti-
cle, whereas those further away in the solution will slip away from the particle surface and
migrate in the opposite direction of the electric field.

The slipping plane indicated in figure 3.4 divides ions in the double layer into those mi-
grating with the clay particle and those shearing away from it. The potential drop between
the slipping plane and bulk solution is the zeta potential, which is the work per unit charge
required to move an anion from the bulk solution to the slipping plane (Sennett and Olivier
1965). The zeta potential is represented by the voltage difference between point D and point
B in figure 3.4. The zeta potential is affected by cation density in solution: if cation density is
decreased, charge density is also decreased, which results in a larger thickness of the cation
layer, resulting in a thicker double layer. Likewise, if the cation concentration present in so-
lution increases, a thinner double layer will result. The thicker the double layer becomes (as-
suming charge density remains constant), the higher the zeta potential will be. This is because
the further the cations extend from the particle surface into the diffuse layer, the greater will
be the number of cations to the right of the slipping plane (figure 3.4). This hypothesis as-
sumes that the number of cations increases faster in the bulk solution with distance from the
particle than the electric field of the capacitor, and that the zeta potential is not too large. The
zeta potential is given by

_ 4mod
e

(3.17)

where ¢ = zeta potential (volts), o = surface charge density (esu cm™?), d = distance (cm),
and & = permittivity of the solution (esu’? erg~' cm ') Equation 3.17 is greatly simplified, and
indicates a linear increase in potential from the charged surface when it should reflect an ex-
ponential decrease. Mitchell (1993) expresses the zeta potential as { = ¢6/D, where & is the
distance between the wall and the center of the plane of mobile charge, and D is the relative
permittivity or dielectric constant of the pore fluid. To rigorously derive this equation one
must begin with Poisson’s equation and the Boltzmann distribution. Additional theory and
applications of zeta potenual may be found in Sennett and Olivier (1965), and Babcock
(1963).

The velocity of particle movement during electrophoresis is that at which coulombic
force, {eE,, is balanced by viscous force, 47rmw, as described by Stoke’s law (see section 2.5).
Thus,
leE

s (3.18)

V=
477

where V is electroosmotic velocity, E, is potential gradient, ¢ is the permittivity of the solu-
tion, the numeral 4 is for cylindrical shapes (this would be replaced by 6 for spherical shapes),
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and 7 is the fluid viscosity, Pa s. The Dorn effect is the reverse of electrophoresis, and is the
potential difference resulting when particles fall through a solution due to gravity.

QUESTION 3.4

Assuming a parallel-plate capacitor, calculate the zeta potential 23 A from particle surface. As-
sume & = 78.8, ¢ = 4.8 X 107" esu ion”}, and that the media is montmorillonite with a CEC of
1.5 X 107" meq cm ™ and a surface area of 650 m¥g.

During the process of electroosmosis, water movement occurs when d moist soil is placed
between two electrodes and subjected to an external electrical potential difference; cations
in the double layer migrate (by electrostatic attraction) towards the cathode, or negative
pole, while the anions migrate toward the anode, or positive pole (Adamson 1990; Ghildyal
and Tripathi 1987; Stumm 1992). (See figure 3.5.) The cations translocate in the electric field
and, while doing so, pull with them the oriented water molecules. This water layer is now
positively charged and becomes mobile, dragging the remaining water along the immobile
part of the liquid film. The rate of flow depends on the magnitude of the electrical potential
difference and the viscosity of the liquid; as with electrophoresis, the velocity of water move-
ment is determined as that at which viscous drag equals the coulombic force exerted by the
electric field. Microscopically, the electric force in the capillary is applied to the ions within
the fluid and not directly to the water.

During electroosmosis, the electrolyte in the capillary is acted on by electric and vis-
cous forces; there are other forces, however, including mechanical, pressure, inertial, and sur-
face tension, that produce effects that act on the electrolyte, and that are often inseparable
from those of electroosmosis. The movement of water in the capillary is determined by the
effects of all forces, with the primary forces being electrical, thermal, and viscous. Esrig and

O Figure 3.5 Apparatus for mea-
suring electroosmotic pressure;

data from Adamson (1990)

Fluid
reservoir
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electrode ;
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Majtenyi (1965) describe the total electric field as the negative gradient of the sum of exist-
ing potentials. For electroosmosis, electrical potentials are of three types: potentials applied
by electrodes, potentials created by ions other than the one being considered, and potentials
created by dipoles. For example, the electrical force on a dipole (water molecule) depends on
the dipole moment and gradient of the electric field.

Thermal phenomena can influence electroosmotic water flow by causing either geomet-
rical or physical changes in the capillary system. Such changes generally correspond to varia-
tions in temperature. If a concentration gradient exists, thermal agitation of molecules and
particles within the capillary system will produce a tendency towards equilibrium. Changes in
physical conditions may not be accompanied by changes in geometry if the temperature of the
capillary system remains constant. Geometric changes occur due to volume expansions or
contractions of the capillary fluid, or of the solid portion of the medium when subjected to a
temperature fluctuation.

Viscous forces depend on the velocity gradient, dv/dn, and the coefficient of viscosity,
w. The viscous force, Vf, for a volume element, dv, on a surface element, dS, is given as

o’V
av, = umd@ (3.19)
where 7 is normal to the surface and V is velocity.

Electroosmotic hydraulic conductivity, k,, indicates flow velocity under a unit electrical
gradient. Three common theories are used to predict k,: the Helmholtz and Smoluchowski
theory (pore water flow occurs in a large soil pore); the Schmid theory (pore water flow
occurs in a small soil pore); and the Spiegler friction model (flow is considered as a result of
interactions of mobile water molecules and ions). These theories are discussed in detail in
Mitchell (1993). In contrast to soil water hydraulic conductivity, which varies with the square
of effective pore size, k, is relatively independent of pore size. Mitchell (1993) shows a gen-
eral range of 1 X 107° to 1 X 10~® m%s/volt (m/s per volt/m); and that regardless of soil type,
k,is on the same order of magnitude. However, hydraulic conductivity changes by several
orders of magnitude for the same material (see table 3.3). A knowledge of k, can sometimes
provide an efficient means of dewatering soils, which has proven useful for temporary stabi-
lization during excavation. This technique was first used in the 1930s by Casagrande, who
compiled information on various applications of the process, which is little used due to its
expensive nature (Bjerrum, Moum, and Eide 1967; Casagrande 1959).

The common principle for electroosmotic dewatering is to apply an electrical gradient
to produce a flow of water through the soil. Increases in effective stress resulting from the
flow of water produced will often increase the shear strength (Bjerrum, Moum, and Eide

TABLE 3.3 Coefficients of Electroosmotic Permeability

Water content k,in 1073 K
Material (%) (cm?sec-V)  (cm/sec)
London clay 52.3 5.8 1078
Kaolin 67.7 53 1077
Clayey silt 317 5.0 107¢
Rock flour 27.2 4.5 1077
Na-Montmorillonite 170.0 2.0 107°
Na-Montmorillonite 2000.0 12.0 1078
Mica powder 49.7 6.9 1072
Fine sand 26.0 4.1 1074

Source: Data from Mitchell (1993).
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1967). This process typically has been used for silt or silty soils of medium permeability, but
Bjerrum, Moum, and Eide (1967) showed that it could be used for soft clays as well. In their
experiment, they increased soil strength, due to consolidation, from an initial value of less
than 1 #/m? to an average value of 4 t/m2. In electroosmosis, dewatering occurs when water
is drawn to a cathode, where it is drained away, and no water is allowed to enter at or near
the anode. This results in a consolidation and, therefore, stabilization of the soil between the
electrodes, which is equal to the volume of water removed.

In chapter 2, we discussed soil profiles, composition, and geometry. In a typical soil,
some particles are in contact due to consolidation pressure. Such particles can be considered
to be the “skeleton” of a soil. Other particles may be surrounded by water. If we apply an elec-
tric field to this system, a migration of charged particles might result; that is, electrophoresis.
The occurrence of electrophoresis indicates that soil particles are migrating against the flow
of water. This is especially true in clays. Such particles can be obstructed by the soil skeleton,
resulting in clogged capillaries and a restriction of water flow. This is an undesirable condition
when electroosmotic dewatering is attempted in soils. In this regard, particle size distribution
is very important and should be examined carefully, particularly the colloidal fraction as it
exhibits the greatest electrochemical activity. These conditions can geometrically alter the
capillary system.

Changes in matric potential or soil pressure can alter the geometry of the capillary sys-
tem (Sposito 1989). For example, when a dry clay comes in contact with water, an increase in
pressure results, which may cause the displacement of soil particles and alteration of pore
geometry. This will create a new condition for electroosmotic flow. All soil characteristics
must be known before attempting to calculate electroosmotic flow. Various laboratory tests
will provide information on soil porosity, mineralogy, surface area, water content, degree of
saturation, pore size distribution, charge density, hydraulic conductivity, particle size analysis,
and other chemical and physical parameters, including capillary orientation with respect to
the direction of the applied electric field.

Esrig and Majtenyi (1965) have given the total outflow per unit time (assuming cylin-
drical capillary), Q, from a soil mass as

0= c,—zl(gm,,pj(Ri =005 R dﬁ)) i s (3.20)
Mo\,

where C, is a coefficient to account for assumptions in double layer thickness and effective
capillary radius, which will vary between 0 and 1 and will be less than unity for all soils; m,, is
the number of capillaries of radius R, per unit cross-sectional area A; d is double layer
thickness; p, is the average mobile charge density (¢ L™%); and E is electric field strength
(M LT™?g™"). By analogy to Darcy’s law, Q = k. AE, where k,, the electroosmotic perme-
ability of a soil, is expressed as
k, = c,i (2 m, p, (R -d, — 075 - R2. dﬁ)) (3.21)
This equation can take several different forms, depending on soil physical character-
istics. The velocity of electroosmotic flow is independent of capillary radius and cross-
sectional area, if the capillary is large enough to ensure that the double layer along each wall
does not interact. For large capillaries, the volume outflow per unit time can be related to
porosity (Esrig and Majtenyi 1965). If capillary radius is small and double layers interact,
electroosmotic flow velocity will depend on the curvature of the capillary wall and upon
capillary radius; the volume of outflow per unit time for such capillaries cannot be related to
soil porosity. For a more detailed discussion of electroosmosis, the reader is referred to
Adamson (1990), Mitchell (1993), and Esrig and Majtenyi (1965).
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Streaming Potential

Unlike electroosmosis, in which a liquid flows along a charged surface when an electric field
is applied parallel to the surface (in the liquid), the streaming potential is a measure of the
electric potential created when a liquid is forced to flow along a charged surface. As water in
a soil moves near a fixed clay surface, some of the cations in the diffuse layer will be carried
with it. However, these cations resist the movement due to their attraction to the negatively
charged surface of the clay particles. This resistance creates a drag force (F,) on the water,
causing it to move less rapidly. As explained in the description of electrophoresis, F, is af-
fected by cation density in solution.

Consider a column of soil: as water percolates through the column, the cation concen-
tration at the outflow end of the column will be greater than at the inflow end. Consequently,
as water continues to move through the column, increased pressure will be needed at the in-
flow end to maintain the same rate of flow, because the water must move cations in the solu-
tion against the repulsive force of the increased number of cations (increased charge density)
at the outflow end. Generally, this will create a measurable potential difference across ends
of the column, known as the streaming potential. The streaming potential is the reverse of
electroosmosis. Because streaming potential can be measured directly during a measurement
of hydraulic conductivity (using a high impedance voltmeter and reversible electrodes), one
can obtain an estimate of electroosmosis using Saxen’s law (Mitchell 1993).

The streaming potential may be expressed as

5 lPe
I dmmA!

(3.22)

where E_ is the induced streaming potential (volts), P is the net pressure necessary to stop the
water flow (Pa), n is fluid viscosity (Pa s), and A’ is the specific or electrical conductivity of
water (ohms or wohms cm™! in the cgs system and dS m ™! in the SI system).

According to Saxen’s law, the prediction of electroosmosis from streaming potential is

given by
q, AE)
= =i == 3
(I >AP=O (AP 1=0 ()

where g, is the hydraulic flow rate, I is the electric current, AP is the pressure drop, and AE is
the electrical potential drop. Equation 3.23 was first shown experimentally by Saxen (1892),
and has been verified for clay—water systems.

QUESTION 3.5

What is the double layer thickness at the surface of a clay platelet suspended in a solution of 107> M
NaCl? Assume T = 25 °C and ¢ = 78.8. Use Avogadro’s number for conversion units.

QUESTION 3.6

What is the linear electroosmotic velocity of flow for a liquid plug in a column 1 m long? Assume { =
60 mV and an applied voltage drop of 100 V across the column.

3.4 THE DLVO THEORY OF COLLOID STABILITY

The DLVO theory was proposed independently by Derjaguin and Landau (1941) and
Verwey and Overbeek (1948); hence, the theory goes by their combined initials. Derjaguin
and Landau (1941) describe the repulsive force between particles, whereas Verwey and



Section 3.4 The DLVO Theory of Colloid Stability 55

Overbeek (1948) consider the repulsive energy. The end result is basically the same, however.
Both theories assume that clay particles (colloids) are planar in shape. The DLVO theory de-
scribes the repulsion of clay particles in close proximity that have an interacting double layer
and in which there is an associated interaction (both attraction and repulsion) between van
der Waals-London forces associated with each particle. Because the diffuse double layer ex-
tends some distance from a particle, as particles are brought together, their respective dou-
ble layers interact. Consequently, a repulsive force exists, and a potential energy has to be
overcome to bring particles together. The DLVO theory predicts the energy associated with
interaction as a function of interparticle distance. Given a repulsive force, as a function of the
distance 2d between two clay platelets, the potential energy, V. is reversible and isothermal
(Gibbs free energy), and is described by

d
V.=2 f Pdz (3.24)

where V, is the potential energy (ergs cm ™), d is the particle diameter (cm), and P is the pres-
sure exerted on the plane midway between the two particles (in ergs for the cgs system, and
Pa for SI). This pressure can also be considered the external pressure (P,) applied to the out-
side surface of each particle (figure 3.6).

Interactive Repulsive Forces between Platelets

From the Kelvin-LaPlace equation, the chemical potential of soil water at point X (fig-
ure 3.6) in the solution away from the particles or plates is determined by

R_T( ity L

RT .
Bx = pot Zxgp = M Exi+ZXgp= M IM_lN-A) + Zxgp i

= —2kTn, + Z,gp

where p, (7, in figure 3.6) is the decrement in chemical potential due to ions in solution; M is
the molecular weight of water (g); x; is the mole fraction of ith ions; 2ny is the number of ions
per cm’ in the solution; k is the Boltzman constant; Z, is the increment in distance from
standard height to height of point X; g is the gravitational constant; and p is the density of

Figure 3.6 Representation of
repulsive force acting between
two charged clay platelets

X
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solution. The term 2kTn, will have units of dynes/cm?® (cgs system) or Pa (SI system). The
chemical potential at point Y is given as

P;
My = pe+ po + f v, dP + Zygp (3.26)
0
where P, is the internal pressure between the particles and v,, is the partial volume of water.
This equation can be simplified by assuming that u, << u, (negligible), and v,, = 1.0 and is
independent of pressure. Thus,

my = po + P+ Zygp (3:27)
Because P; = P,, cations and anions at point Y are expressed as
nii=gge ST T el (3.28)

where n” represents cations, n~ represents anions, and z is ion valence. To simplify the
following equations, we will let y, = zey,/kT. Consequently, the potential at point Y can be
expressed as

wy = kTny(e™* + &¥) + P, + Z,gp (3.29)
assuming that the system is at equilibrium py = py and Zy = Zy; so
—2kTny, = —kTny(e™ + e¥) + P, (3.30)

To calculate the external pressure (P,) on the two plates (assuming P, = P;), equation 3.30
can be rearranged to obtain

P, = nokT(e 7 + e¥* — 2) = 2nkT[cosh(y,) — 1] (3.31)

which also assumes that the distance between the two plates is 2d (two times the particle
thickness).

Note: The equations just developed also apply to clay swelling. Thus, the equations
developed to describe the pressure field generated by coulombic forces are exactly the same
whether we consider the particles as separate entities or as layers of a montmorillonite grain
in which internal layers are subject to formation of the double layer.

QUESTION 3.7

What is the external pressure (P,) on two platelets at a distance 2d apart? Assume n = 0.01 N,
7= oler=1.38 X 1072 J K " or 1.363 %X 1072 atm cm> K ion!, 7= 25 °C,'e =/ 1.6 X:1072'C or
4.803 X 107 esu, and ¢y, = 100 mV or 3.366 X 10™*erg esu™.

Potential Energy due to Constant Potential versus Constant Charge

In the following discussion, one must determine whether the particle being considered
satisfies a condition of constant surface potential or of constant charge. Constant surface
potential implies that the electric potential at the surface of a particle is constant despite the
distance between plates, although the amount of charge at the surface will depend on this
distance. For particles with constant charge, the surface potential will vary with distance
between plates. The flat surfaces of clays such as montmorillonite satisfy the condition of
constant surface charge, due to their permanently charged nature. Also, the assumption of a
constant surface potential is considered valid for particle interaction where the surface charge
density is due to the concentration of a potential-determining ion (such as H") in the equi-
librium solution. Examples of this would be the edges of allophane and kaolinite particles.
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Mathematically, the interactions between constant potential and constant charge surfaces are
very different. However, for weak interactions and large distances there is little difference.

Equation 3.24 is difficult to integrate. To obtain the potential energy due to repulsive
forces, Vi (erg cm™), we may substitute equation 3.31 into equation 3.24:

V= —2 f * kT (cosh (g — D] dz (3.32)

Care must be taken when integrating equation 3.32, as its calculation will vary depending on
constant charge or constant potential; units will be in ergs/cm? For the case of constant po-
tential, the potential at the surface of the colloid remains constant irrespective of distance
between particles; the repulsive energy between platelets separated by a distance, d, is

n 22(1/1“)2
VE=—0—" o it B
4 kTk % )
where k (m) is as expressed in equation 3.16, and i represents constant surface potential at

infinite particle separation. For spherical colloids at constant potential, assuming the electric
potential at the particle surface is < 3 mN/m?, the repulsive energy is given by

2
Vi = ﬂ;’i a1 + exp(— kH)] (3.34)

where ¢ is the permittivity of the solution, r is the radius of the particle, and H is the mini-
mum separation of the two particle surfaces.

Under constant charge, potential varies with distance between particles. This condition
is satisfied in soil systems of typical clays (such as kaolinite or montmorillonite) that are
platelike in shape. The potential for the surface of constant charged particles depends on
whether ey,/kT (dimensionless) is small or large. For cases where the potential is < 0.1 J/C
or V, the repulsive force is expressed as

2nokT
K

Ve = O2)? (coth%d = 1) (3.35)

where d is distance between plates. When the potential > 0.1 J/C or V, the repulsive force is
expressed as

Kd
+ Y7 ——
 onkT B : coth( )

4

2y5 In — In[(y5)? + cosh(kd) + B sinh(kd) + kd]

14 sy

(3.36)

where y§ = eyg/kT and B = V1 + (y7)? csch’(kd/2) (Verwey and Overbeek 1948; Wilemski
1982).

The repulsive force for energy between two spherical particles of equal dimension is
given by

Ve = VIF - 5’-(5—50)2 (In[— exp(—2«H)]} (3.37)
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where V¥ is the repulsive energy between particles of constant surface potential Y5 (which
represents the electric potential at the particle surface when the particle separation is infi-
nité) and r is the particle radius. Thus,

2
Vi = % In[1 + exp(— xH)] (3.38)
When dealing with constant charge parameters, the left side of equations 3.32-3.37 might be

more appropriately labeled with the superscript o to denote constant charge density (i.e.,
V{). A general relationship of V, versus distance is given in figure 3.7.

QUESTION 3.8

Determine the repulsive force (V) for a spherical colloid, assuming a small electrical potential. Also,
determine this force for a platelet-shaped particle.

Van der Waals—Londdn Forces

Van der Waals-London forces exist between neutral nonpolar molecules; they do not depend
on a net electrical charge, and are independent of ionic strength of solution in most aqueous
systems. Thus, they can be thought of as short-range, electrostatic attractive forces. In 1930,
Fritz Wolfgang London (1900-1954) used quantum mechanics to quantitatively express this
force. Neutral atoms constitute systems of oscillating dipole charges (> 10" Hz) resulting
from the variable orbital location of negatively charged electrons about the positively
charged nucleus. At distances > 100 A, quantum mechanics predicts that an atom cannot po-
larize an adjacent atom. Van Olphen (1963) and others report that van der Waals—London
forces are additive. Because these forces are additive, the attraction between particles which
contain a large number of atoms is equal to the sum of the attractive forces for each atom
pair; the total attractive force can become quite large. Force decays less rapidly with distance
for large particles containing large numbers of atom pairs. Van der Waals-London forces be-
tween colloidal particles vary between the inverse of the 3rd and 7th power of the distance
between the particles. These forces strongly affect the flocculation of clay particles in soil—
water systems, but contribute little to the attraction between water—clay interfaces.

Figure 3.7 General relation of potentials; constant potential,
V. and constant charge, V§.
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Potential Energy Due to van der Waals-London Forces

As for repulsive forces, the concepts of energy due to van der Waals—London forces apply to
both platelet and spherical shapes. For particles of platelet shape, the attraction energy in
ergs cm 2 (V) is given as

A1l 1 2
Ya= _E;[E Tdr e @+ 5/2)2} )

(van Olphen 1963), where A is the Hamaker constant [7%n?(3/4)hv,a?] (Adamson 1990); n
is molecules per cm?®; 4 is the Planck constant (ergs - s); v, is the activation or London
frequency (s™'); a is the polarizability (cm?®); and 8 is the plate thickness at distance 2d (two
times the plate thickness or diameter). The potential of the van der Waals forces, i, between
two atoms is

c
=g (3.40)
r
where r is the distance between atoms and c, as given by Slater and Kirkwood (1931),is

3ekT aa,
C —
4mVm Vo, /N, + Va, /N,
where ¢ is the elementary electric charge, k is the Boltzmann constant, m is mass of the elec-

tron, and N is the number of electrons in the outermost shell. Differentiating equation 3.40
with respect to r yields the force fas

(3.41)

r=% (342)
r
where r is the distance between atoms and 7 is the proportionality of force. For example,
Casimir and Polder (1948) show that the force is proportional to 78 for retarded van der
Waals forces. The typical equation given in the literature for the attractive energy between
two platelets is

A

o 487 d> 127w D?

In this instance D = 2d, and it is assumed that § >> d.To obtain the average attractive force
per unit of the material (V,), equations 3.39 and 3.43 must be differentiated for d and D,

respectively, to give
Vi e fall il 2
= —|— + — =
g [d3 (d+8° (d+ 5/2)4 (Ee!

(3.43)

and
i
A 6x D3

These two equations are generally used for distances < 200 A.. For distances > 200 A (Tabor
and Winterton 1968), the attractive energy (V) would be R/D* where R is the retardation
constant of the soil being used (see chapter 10). The value of parameter R (as used for V)
for retarded attractive forces of platelet shapes (clay-air—clay) has been shown by various
researchers to vary from 0.77 X 107 to 2.0 X 1072 J m~! (Tabor and Winterton 1968, and
others). The lower value represents micas, and the higher value quartz. Values of A calculated

(3.45)
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from theoretical analysis of coagulation measurements are 3.1 X 1072 J for kaolinite,
2.5 X 1072 J for illite, 2.2 X 1072 J for montmorillonite, and 1.63 X 10~ J for palygorskite

(Novich and Ring 1984).
For spherical particles, the attractive energy due to van der Waals—-London forces is
A 2 2 S?-4
V,=-= + 5+ ;
A 6 (S2 — SZ SZ > (3 46)

where A is the Hamaker constant, S is R /a which reduces to 2 + H/r, R is the distance from
sphere to sphere (center), 7 is sphere radius, and H is the minimum distance between spheres.

The Hamaker constant as normally written applies to the interaction between particles
of a medium in a vacuum. For soils not in a vacuum, A = A;; + Ay, — A,,, where A;;, A,,,
and A,, are the Hamaker constants for particle—particle, water-water, and particle-water
interactions. The Hamaker constant for mica-air-mica has been measured to range from
1.02 X 107" t0 1.50 X 107" J (Tabor and Winterton 1968; Israelachvili and Tabor 1972). For
a clay, A, is approximately equal to that for mica—air-mica. Tabor and Winterton (1968)
obtained 2.4 X 107" J for A,, while Verwey and Overbeek (1948) obtained 6 X 107" J. As-
suming this latter value, A for a clay-water—clay system is approximately 10" J; assuming
the value reported by Tabor and Winterton, A4 is about 2.0 X 107 J. Israelachvili and Adams
(1978) obtained 2.2 X 107 J for the Hamaker constant using a mica—aqueous electrolyte
solution of 107! to 1073 mol KNO,,

Schenkel and Kitchener (1960) derived an equation corrected for the effects of retar-
dation when H < 150 A,

Ar A
Va™ "12H X 1 3.54nH i

and another when H > 150 A,
sedn ( 2.45) A X )

W= = (3.48)
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where A is the wavelength of the London frequency. Both equations 3.47 and 3.48 are for
equal spheres; equation 3.48 is accurate to about 5%.

QUESTION 3.9

What is the difference (if any) between van der Waals-London attractive force using equations 3.44
and 3.45?7 How does this compare to equation 3.46, assuming a spherical shape?

Total Potential Energy

The addition of attractive and repulsive forces yields the total potential energy (V) between
charged particles (i.e., V; = Vi + V). Since V depends on d, ny, T, z, and 8, V is also a
function of these. Forces of attraction (V) are negative; forces of repulsion (V) are positive
and are usually expressed in J m 2. Honig and Mul (1971) calculated the repulsive energy of
a montmorillonitic soil under constant charge (o) and constant potential (/) conditions
(table 3.4). The repulsive energies in both instances are a function of kd and surface poten-
tial, assuming infinite distance of separation. The reduced repulsive energy between two par-
allel plane double-layer systems as they approach is determined by

: 64n,kT V2o~ 2
K

1% (3.49)
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TABLE 3.4 Repulsion Energy at Constant Potential ()
and Constant Charge Density (0);y, = 2 = ey, /kT

d* wet 1wt
0.0 0.1358 0

0.3 0.0873 0.1339
0.6 0.0522 0.0641
0.8 0.0365 0.0417
1.0 0.0253 0.0277
1:2 0.0174 0.0185

Source: Honig and Mul (1971).

*d = (k/2)H,, where H, is the shortest distance between
2 plates.

W = (1'b)Vy;b = 64n kTix (J m2).

(Adamson 1990), where

eyd/z -1
and « is the Debye kappa. Equation 3.50 applies when surfaces are far apart, the potential
midway between the plates is small, and there is weak interaction.

This repulsion plays a major role in determining colloidal stability against flocculation.
Irving Langmuir (1881-1957) stated in 1938 that the total energy acting on the parallel
planes may be regarded as the sum of an osmotic pressure force and an electrical field (Der-
jaguin and Churaer 1978). Total energy must be constant in the space between the parallel
planes, and because the field dis/dx is zero at the midpoint, total energy is given by the net
osmotic pressure at that point. When the potential is large, the osmotic pressure, P, may be
determined by

2
P= ?)(%) (3.51)

Quite often, van der Waals-London forces of attraction are balanced by the electrical
double-layer repulsion, such as in the flocculation of lyophobic colloids. In a colloidal solu-
tion, referred to as a sol, the charged particles will experience both van der Waals—London
forces of attraction and double-layer repulsion. The balance of these two forces will deter-
mine the rate and ease of flocculation. For solutions of low ionic strength (measured by «),
the double-layer repulsion is very large, except at small separations. However, as « is in-
creased, a limiting condition of net attraction at all distances is reached (Adamson 1990). At
a distance of separation x, almost equal to particle diameter, a critical region of the « value is
reached in which a small potential minimum of about (1/2)kT occurs. _

The preceding discussion demonstrates why increased ionic strength in a solution in-
creases flocculation. The approximate net potential for a sol can be expressed, beginning with
equation 3.49, as

1
—7)A
64n, kT (12”)
sl s (3.52)
K X

Vi

Adamson (1990) stated that if rapid flocculation is taken to indicate that no barrier exists,
V{ =0 and dV¥(x)/dx = 0 for some value of x. As a consequence, the ionic solution
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concentration at which rapid flocculation will occur may be found from the following
equation.

e 2732 83k5T5‘)’4
0 exp(4) (ze)°A?

Thus, there is a straightforward relation between the flocculating concentration and the
double-layer potential. Since z is valence, which typically has values of 1,2, or 3, the concen-
tration of ions of low valence (1-2) increases as double-layer potential increases. For large
values of y, (large values of z and/or ), concentration is insensitive to values of potential,
and it approaches a limiting value because y approaches unity. This holds for the Schulze-
Hardy rule for the effect of valence type on the flocculating ability of ions. Because of the in-
creased tendency for specific adsorption of ions with greater charge, the ability to flocculate
depends on the reduction of potential and double-layer thickness. For a more detailed dis-
cussion, the reader is referred to Adamson (1990) and Verwey and Overbeek (1948).

(3.53)

QUESTION 3.10

In question 3.3, you were given a surface potential of 75 mV. As a comparison with the Gouy—Chapman
theory, calculate the surface potential of the same clay material used in question 3.3 from i, = odm/ek,
(you will have to first compute «).

Non-DLVO Forces

The stability of colloids is affected by forces other than those of DLVO origin, including
hydration repulsive forces, hydrophobic attractive forces, and steric forces. During floccula-
tion, particles are closely attracted; ions associated with these particles require a partial loss
of their hydration for flocculation to occur. This process requires repulsive forces known as
hydration forces, which can be appreciable in aqueous colloidal systems. Hydration forces
partially negate van der Waals—London attractive forces, allowing dispersion of soil to occur
more easily by reducing the electrolyte concentration. As water surrounds a particle, hydro-
gen bonding assures a well-structured affect. Normally, as water covers a particle, repulsive
forces between particles help force them apart, but in the absence of water, hydrophobic at-
traction between colloidal surfaces occurs that is stronger than van der Waals-London forces
and extends away from the surface. However, Adamson (1990) indicates that van der Waals
attraction of water to itself seeks to exclude hydrophobic particles, making them stick to-
gether more tightly than they would due only to their own forces. Steric forces, associated
with the adsorption of minute amounts of organic compounds on the edges of clay particles
and the surfaces of sesquioxide compounds, can lead to charge reversal in the areas of ad-
sorption. This can promote dispersion by preventing interaction between oppositely charged
surfaces.

Limitations of the DLVO Theory

The repulsive and attractive forces between double layers in the DLVO theory are calculated
considering ions as point charges. Research by Israelachvili and Adams (1978) and Ducker,
Senden, and Pachley (1991) has shown good agreement with calculations based upon the
DLVO theory. The theory works well when distance between particles is great enough,
usually > 30-40 A, that the magnitudes of ions present can be ignored. The theory fails at
shorter distances from the surface. This is partially a result of non-DLVO forces and capillary
effects, as well as the presence of bivalent ions that are more likely to approach the colloid
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surface than monovalent ions. Generally, the electrical intensity or potential at points mid-
way between two particles, where the distance from the charged surface is greater than the
average distance between adjoining charges on the surface, prevails in the majority of soils.
This makes use of the DLVO theory attractive.

3.5 ION EXCHANGE

Ion exchange refers to a reversible process in which both cations and anions are exchanged
between solid and liquid surfaces. The dctive fraction of soils in which ion exchange occurs
consists of clay, colloidal organic matter, and silt. Positively charged ions are attracted to the
surface of negatively charged particles within soil. Charges in organic matter and humic acid
arise from —COOH and —OH groups. The charge associated with ion—surface interaction
arises from isomorphous substitution, and from ionization of hydroxyl groups attached to sil-
icon atoms at the lattice defects (i.e., broken edges) of tetrahedral planes. This substitution is
balanced by ion exchange between the layers, and charge is usually balanced by the potas-
sium ion. The substitution is generally in the form of a monovalent ion exchanging for a di-
valent ion in a mass action approach, that is,

CaX, + oKL — 2KX+ Cazt, (3.54)

Here, X represents the negatively charged surface assuming an adequate number of avail-
able exchange sites. Mass action can be described as

_ (KX)¥Ca)
T (CX)KY b

where K_ is the exchange equilibrium constant and the parentheses are activities.
Additional reactions of exchange include the following.

CaCO; + Sr** = SrCOy, + Ca?*

(3.56)
Fe(OH),,, + HPO}™ + 2H* = FePO,,, + 3H,0

There are many such reactions; however, these will suffice for purposes of illustration. If
divalent ions exchange for monovalent ions, only half as many will be needed to balance the
charge. This is a good example of the Gouy theory, which predicts a greater concentration of
divalent ions in the double layer than monovalent ions, and which agrees with experimental
data.

Cation Exchange Capacity

The ability of soils to exchange cations is referred to as the cation exchange capacity (CEC),
and is expressed as the quantity of exchangeable cations in milliequivalents per 100 g of
oven-dry media. Ion exchange occurs entirely within the double layer of the soil solution or
suspension liquid. In figure 3.4, the ion exchange capacity corresponds to the area marked
as 0", which is the charge due to a surplus of cations, whereas o~ is the charge due to a defi-
ciency of anions. Because ions are preferentially adsorbed electrostatically due to isomor-
phous substitution and ionization, CEC is pH dependent; that is, charge increases with in-
creasing pH. Since surface mechanisms are not explained by simple CEC models, equations
used here are derived from a basic understanding of thermodynamic properties of ions that
are independent of process.

Montomorillonitic clays allow water to penetrate into the interlayer spaces and are high-
swelling clays (Low 1979). Water penetrates these interlayer spaces due to the difference in
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osmotic pressure between the interlayer space and the surrounding solution, and interlayer
spacing becomes a function of the hydration tendency of the counterions and interlayer forces.
As the hydration of the counterion increases, swelling results in increased distance of the in-
terlayers. Half as many divalent ions as monovalent ions are required to balance the charge, so
the osmotic pressure between interlayer and solution is reduced, and less swelling will be
observed for a solution of divalent ions than if a monovalent ion (such as Na*) were present.

If coulombic interaction between counterions is less than the ion-induced dipole inter-
actions between counterions and water molecules, the affinity of ions for the exchangeable
surface will follow the Hofmeiste<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>