
C H A P T E R 7 

ATOMISTIC APPROACH TO THE RHEOLOGY OF SAND-WATER 
AND OF CLAY-WATER MIXTURES 

W. A. Weyl and W. C. Ormsby 

I. Analysis of the Problem 249 
II. Some Unique Properties of Water 252 

III. Surface Properties of Solids Containing Cations of High Charge and Low 
Polarizability (Quartz, Clay) 258 
1. Ways of Lowering the Surface Energy of Solids 260 

a. Polarization of Surface Ions 260 
b. Adsorption of Anions Leading to Charged Particles 261 
c. Distortion of the Surface Structure Leading to an Electrical Double 

Layer 261 
d. Adsorption of Dipoles 262 
e. Interaction of Solids with Water and Formation of a Gouy-Freundlich 

Diffuse Double Layer 262 
2. The Unique Features of the Clay Minerals 263 
3. Plasticizing of Nonplastic Minerals 264 

IV. The Interaction of Minerals with Water 267 
1. Basic Phenomena.. 267 

a. Rigidity of Water Films 267 
b. Sedimentation 269 
c. Acidity and Electric Conductivity of Suspensions 271 
d. Electrokinetic Phenomena 272 
e. Thixotropy of Suspensions 276 
/ . Flow of Water through Porous Media 278 
g. Flocculation and Deflocculation 280 
h. Adhesion Properties 284 
i. "Green Strength" of Clay 286 
j . Volume Changes on Drying 286 

2. Rheology of Sand-Water Mixtures 288 
3. Rheology of Clay-Water Mixtures 290 

V. Summary 295 

I. Analysis of the Problem 

The rheological properties of mixtures of fine grained minerals with 

water are of ever increasing practical interest. Concrete is a mixture of 

natural and synthetic minerals with water, and its rheological properties 

249 
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are important for the construction of buildings and highways. The sec-
ondary recovery of oil calls for a better knowledge of flow phenomena 
involving water, oil, and rocks. Flotation processes become more important 
each day as the sources of concentrated minerals are being exhausted. In 
all these processes the nature of the liquid and the nature of the solid are 
just as important as their distribution, particle sizes, and shapes. As it is 
not possible to consider all interesting materials, two types have been 
chosen which may be considered extremes: sand and clay. Other non-
metallic minerals have properties between these two extremes; most of 
them resemble sand more closely than they do clay. 

The mixing of sand with water and the making of mud pies has been a 
favorite pastime of children for ages. Mankind, in its early childhood, 
learned to mix clay with water and take advantage of the plasticity of the 
mixture and of the strength of the product after it had been shaped by 
hand and dried; a process which marks the beginning of the oldest tech-
nology, ceramics. 

The atomic structures of these materials, sand (quartz), clay, and water 
are well known. It has been found that there are several clay minerals 
which differ in their structures and in their properties. The application of 
X-rays and of the electron microscope has helped greatly to identify and 
to classify the different clay minerals.

1 

In spite of the knowledge concerning the positions of the atoms, their 
distances, and their bond angles in clay and quartz, no satisfactory explana-
tion has yet been given for the difference between the rheological properties 
of a clay-water and a sand-water mixture. 

Sand-water mixtures are not plastic. On drying they lose their strength, 
but they show no shrinkage. This behavior is characteristic for most 
minerals and indicates that in the wet state the quartz grains must have 
touched one another. 

Clay-water mixtures are typically plastic and can be molded into intri-
cate shapes. Drying a clay-water mixture produces a solid which has 
considerable strength (green strength of ceramic bodies). The substantial 
decrease of volume during drying indicates that the particles do not touch 
one another when wet but that the water is the continuous phase in which 
the solid particles are suspended. Different clay minerals show this be-
havior to different degrees so that for practical purposes it is often useful 
to work with mixtures of different clays and nonplastics in order to obtain 
sufficient green strength but avoid excessive shrinkage. 

In order to give an atomistic explanation for the rheology of mineral-
1
 G. W. Brindley, "X-ray Identification and Crystal Structures of Clay Minerals." 

Mineralogical Society, London, 1951. 
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water systems the complexity of the interaction has to be broken down 
into well-defined partial problems. 

From a crystal chemical point of view, the clay minerals can be described 
as arrays of Si

4
+, AP+, O

2 -
, and OH~ ions with or without M g

2 +
 or Fe

3 + 

ions. These ions are arranged in a fashion similar to that of the mica crystals, 
i.e., in parallel sheets of fairly high symmetry. Most important for the 
crystal chemistry of the clay minerals is the fact that the building units 
are the normal S i 0 4 , A 1 0 6 , or MgOe groups which also are the constituents 
of numerous minerals. 

The rheological properties and the base exchange capacities of various 
clay minerals differ but the building units are the same. Other minerals, 
such as the zeolites, show base exchange properties; however, these minerals 
do not form plastic bodies with water but behave like sand. Which struc-
tural factors determine the unique rheological properties of clays? 

When clay minerals are dispersed in water, their migration in an electrical 
field indicates that they are not electrically neutral but that they seem to 
carry an excess negative charge. Attempts have been made to attribute 
this lack of electroneutrality to defects, e.g., to Fe

2 +
 or M g

2 +
 ions occupying 

positions which normally should be held by A l
3 +
 ions. Defects of this 

sort develop at high temperature but are not characteristic for crystals 
which, like the clay minerals, have formed at low temperature. Further-
more, even a perfect quartz crystal when sufficiently subdivided and 
immersed in water forms negatively charged particles. What is the origin 
of the excess charge which these minerals assume when suspended in water? 

Once we have a clear picture of the origin of the negative charge we can 
understand why cations are attracted to negative surfaces and why these 
chemisorbed cations can be replaced easily by others (base exchange). 
We can understand that the degree of hydration of the clay minerals will 
depend on the nature and the hydration tendency of these chemisorbed 
cations. It is more difficult, however, to account for the apparent rigidity 
of a system which consists of solid particles separated by water films 
which can be several hundred molecules thick. The plasticity of a wet 
clay is the result of a relatively thick water film which has been rendered 
immobile. 

In order to explain the rheological properties of sand-water mixtures 
mixtures and clay-water mixtures, it is necessary to first give an atomistic 
picture of water in contact with solids. Such a picture could be derived 
on the basis of the better known behavior of water toward salts containing 
cations of high field strength. 

The high activity of the surface of clay and its influence on water is 
well appreciated. An atomistic approach to the problem has to account for 
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its unusually strong surface forces. For this purpose the origin of surface 
forces of ionic solids is reviewed and four mechanisms are discussed which 
can lower the surface energy of a solid. 

Once the forces acting between water and clay are understood, it be-
comes possible to appreciate the contribution of particle size and shape. 
No matter what the forces are between the solid and liquid phase, spherical 
particles cannot give a plastic medium when dispersed in water. The 
kinematics of plastic flow and its physicochemical aspects are equally 
important. 

It is the object of this paper to sketch a new atomistic approach to a 
group of rheological phenomena which are as interesting from a scientific 
viewpoint as they are important for technology. It is realized that relatively 
few data on viscosities and experimental conditions have been incorporated 
into this account. From a quantitative viewpoint, the (literature) data on 
viscosities of clay-water systems are rather confusing. This is true because 
of the use of a wide variety of experimental methods and materials. Fre-
quently, experiments are made which are strictly empirical. Time effects 
and shear-rate variations are often overlooked (single point determinations 
are sometimes used in attempts to characterize the viscous behavior of 
clays). Furthermore, an extremely wide variety of results are obtained 
when particle shape, particle size, and mineral composition are varied. 
These variables have not been adequately investigated. Restricted studies 
of specific systems have been made. However, these investigations have 
not led to a satisfactory explanation of viscous and plastic behavior in 
clay-water systems. For these reasons we believe that the somewhat 
qualitative (chemical) approach is most appropriate at this time. 

The more pertinent references on clays and the deformation behavior 
of clay-water systems have been covered (see specifically references 23, 30, 
31-35, 41a, b, 45-51, 59, 61 and 62). Naturally the literature on the many 
and varied aspects of clay-water properties was critically reviewed. How-
ever, no attempt was made to compile a comprehensive survey of this 
literature. This would have entailed an undue amount of detail and would 
have detracted from the over-all theme of the paper. 

II. Some Unique Properties of Water 

Physical chemists are well aware of the fact that liquid water has anoma-
lous properties. Whether one refers to "hydrogen bonding" or to molecular 
"association," no concept of its structure has yet been proposed which 
explains all of the facts. Many liquids, e.g., alcohols, acetic acid, are of the 
"associated" type, i.e., they are polymerized both in the liquid and in the 
vapor state. Water vapor consists of single molecules which do not have 
the slightest tendency to form dimers like acetic acid. 

Water is also unique in its ionizing solvent power. It can dissolve and 
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ionize more salts than any other solvent. Conventional concepts such as 
the importance of the dielectric constant or the dipole moment for ioniza-
tion and ion-dipole interaction fail completely to account for these facts. 
Hydrocyanic acid should be much superior to water as a solvent because 
its dielectric constant is 50 % higher than that of water. Liquid ammonia 
is also a good solvent, but neither HCN nor liquid NH3 can dissolve salts 
which contain highly charged cations such as A1 2(S0 4)3 or T h ( N 0 3 ) 4 . 

In our approach to the chemistry of the solid state
2
 we come to the con-

clusion that reactions are governed primarily by two basic principles: 
(1) establishment of electroneutrality in the smallest possible volume 
element and (2) maximum screening of the cations. These two principles 
also apply to solubility. 

According to Bernai and Fowler,
3
 liquid water represents a three-

dimensional, infinitely extending network of anions and cations. Each 
cation is screened by two anions (the coordination number of the proton 
is 2) and each anion is tetrahedrally surrounded by four equidistant 
cations. If one adds to this description of the geometry that the field 
strength of the cation must be high because of the small size so that the 
binding forces are strong, one would expect this description to apply to 
the structure of a crystal. 

In order to understand the fluidity of water, one has to realize that the 
above picture of its structure is a description of the location of the proton 
over a time average. The protons can change their positions without losing 
screening, which means that they do not have to overcome a major energy 
barrier. They can temporarily submerge in the electron cloud of one of 
their two O

2 -
 ions so that only over a time average do the protons assume 

positions which are equidistant from both O
2 -
 ions. 

An excess of protons in water does not produce defined H+ or H 3 0
+
 ions, 

that is, units which have characteristic absorption bands or Raman spectra. 
The properties of water which contain an excess of OH~ ions or of protons 
can be better understood if it is treated as a defective structure rather 
than as a solvent containing individual OH~ or H+ ions in solution. 

With respect to the atomic structure of aqueous solutions, Frank and 
Evans

4
 introduced a very important pictorial concept: the "iceberg," 

a microscopic region of water which surrounds the solute molecule, atom, 
or ion with some kind of quasi-solid structure. The name "iceberg" is not 
supposed to imply that the structure of this volume element of water 
resembles the atomic structure of one of the forms of ice. 

When a rare gas atom or a nonpolar molecule dissolves in water at 

2
 W. A. Weyl, / . Soc. Glass Technol. 35, 421 (1951). See also, this series, Vol. 3, 

Chapter 8. 
3
 J. D. Bernai and R. H. Fowler, J. Chem. Phys. 1, 515 (1933). 

4
 H. S. Frank and M. W. Evans, Chem. Phys. 13, 507 (1945). 
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room temperature it seems to modify the structure of the solvent in the 
direction of greater "crystallinity." The water builds a microscopic "ice-
berg" around the solute, the extent of which increases with the size of the 
atom or molecule. For charged particles, the field strength will be an 
important factor determining the size of the iceberg. 

According to Frank and Evans, one must expect that the intrusion of 
a large atom such as argon or radon into the structure of water will produce 
two antagonistic effects: (1) The ordinary solvent action: loosening of the 
water structure, gain in entropy. (2) Iceberg effect: change of water towards 
greater crystallinity, loss of entropy. At low temperature this effect over-
shado\vs the first one so that the solubility of most gases in water shows a 
minimum when plotted against temperature. 

The presence of ions in water lowers its entropy because of the new 
ordering principle which is introduced by their fields. We can assume that 
around an ion, especially around one of high charge, the protons have 
lost their mobility and that the water in this region has changed into an 
"iceberg." The hydration entropy of all ions is negative. 

The immobilization of the protons also affects the viscosity of water. 
Water has an anomalous viscosity from every point of view. As compared 
with N H 3 , H2S, and CH 3OH, the fluidity of water is abnormally low. The 
structural picture, on the other hand, which describes water as a three-
dimensional network of ions and explains its tensile strength, suggests 
that H2O should be rigid. The abnormally high fluidity of water is the 
result of the mobility of the protons. Conditions which increase the tendency 
of the protons to remain within the electron clouds of 0

2
~ ions and change 

water from a three-dimensional network of ions towards an aggregate of 
molecules lower its viscosity. This can be accomplished by the application 
of pressure. Compression of water decreases its volume and increases the 
electron density of the 0

2
~ ions. We may now assume that the increase 

of the electron density of an O
2 -
 ion makes it more S

2 _
like and favors 

interpénétration of the proton into its electron cloud, whereas decreasing its 
electron density makes it more F~like and favors the formation of a three-
dimensional network. Water, unlike other liquids, becomes more fluid 
under pressure. 

The addition of ions to water can produce both effects. Singly charged, 
large ions increase the fluidity of water in the same fashion as increased 
pressure. For small ions or ions with a charge greater than one, the "ice-
berg" effect predominates so that the viscosity of water is increased. 

The two antagonistic effects can be seen easily from the data of the 
ionic elevations of the fluidity of water as determined by Bingham

5 

(Table I) . 
5
 E. C. Bingham, Phys. Chem. 45, 885 (1941). 
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TABLE I 

IONIC E L E V A T I O N S OF F L U I D I T Y 

(After Bingham
5
) 

Anion Fluidity, rhes Cation Fluidity, rhes 

F- -13 .6 Li
+ 

-14 .0 
ci- +0.28 Na+ - 9 . 6 
Br~ +3.09 K+ +0.28 
i- +7.58 Rb

+ 
+ 1.86 

+3.06 Cs
+ 

+2.59 
NHA

+ 

+0.44 
Mg*+ -36 .5 
Ca

2+ 
-31.3 

Sr2+ -28.4 
Ba*

+ 
-25.3 

Al*+ -70 .5 
Fe*

+ 
-52 .2 

Cu*
+ 

-34.7 
Zn*+ -35 .6 
H+ -6 .41 

Again, the close similarity between the effects of M g
2 +
 and Cu

2 +
 ions or 

Ca
2 +
 and Zn

2 +
 ions indicates that this phenomenon is due strictly to the 

electrical field of the particle and is not related to chemical binding forces 
between the ions and adjacent water dipoles. If the effect of ions on the 
viscosity of water would involve the binding forces between ions and water 
molecules, the electronic structure of the ion should have a major influence. 

This concept of the interaction of water and ions of high charge can 
explain the unique solvent power of water with respect to compounds 
containing cations with a threefold or fourfold charge. Water can accom-
modate ions of high charge within its structure because the shift of the 
protons away from the cations produces a volume element of water which 
has a proton deficiency and an excess negative charge. Such a volume 
element can neutralize the positive charge of a cation within a relatively 
short distance. This neuturalization of an excess charge is a feature which 
no other solvent has to offer. From the viewpoint of screening, liquid 
ammonia should be superior to water. From the viewpoint of ion dipole 
interaction, liquid HCN should be a better solvent. However, the only 
salts which ionize completely and which can produce electrical conductivity 
in anhydrous HCN are alkali salts. The salts of the alkaline earths are 
practically insoluble in HCN, and compounds with trivalent or tetravalent 
cations (SbCU , AsCU , SnCU , Snl4) go into solution as molecules but do 
not form solvated Sb

3 +
, As

3 +
, or Sn

4
+ ions, in spite of the high dielectric 

constant of liquid HCN. 
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It is only logical to assume that the concepts of Frank and Evans con-
cerning the effect of the electrical fields of dissolved ions on the structure 
of water also apply to the electrical fields which originate in the surface of 
solids. We may assume that the surfaces of quartz, glass, or clay can project 
the fields of their ions into water and cause the protons to become less 
mobile. In the bulk of the water a proton can assume several positions 
which are approximately equivalent energetically and which are separated 
by low energy barriers. In the field of a strong cation at least one of these 
positions becomes less probable than the others, namely, that position 
within the electron cloud of the 0

2
~ ion which is adjacent to the Si

4+
 ion. 

It is immaterial to our problem whether the surface of the solid tightens 
or loosens the electron clouds of adjacent 0

2
~ ions; it is important only that 

the protons do not occupy the three possible positions with equal proba-
bility. By increasing the probability of protons assuming positions either 
farther away or closer to the surface, a solid can surround itself with a 
rigid film of water which has a lower or a higher than average proton 
density. The unique role of the proton with respect to its screening makes 
possible a liquid structure in which the proton density can gradually change 
from one value to another. 

This concept will be used as the basis for an atomistic picture of the 
interaction between water and clays. 

Thermodynamic data reveal that the presence of Al
3
+ ions in water 

causes a structural change which has been described by Frank as the 
formation of an "iceberg." The volume elements of water which surround 
atoms (argon) or ions have lost their mobility. We postulated that water 
is a liquid only because of the unique ability of the proton to enter the 
electron clouds of either one of its two neighboring oxygen ions. A strong 
cation in aqueous solution surrounds itself with a volume of water which 
has a lower than average proton density, because it repels protons into the 
more distant of all possible positions. The same applies to water which is in 
contact with a solid of high surface energy (clay). The adhering film loses 
its mobility. 

The rigidity of an "adhering film" of water tapers off with the distance 
from the wall. For this reason the thickness of the rigid film cannot be 
uniquely defined, but it depends upon the method which is used to deter-
mine the depth action. In order to find out how far the force field of a surface 
can affect the structure of water, one has to use a method which keeps 
thermal and mechanical motion at a minimum. 

Hosier and Hosier
6
 determined the spontaneous freezing point of small 

quantities of water. Ice formation, i.e., nucleation, reveals that the depth 
e
C . L. Hosier and C. R. Hosler, Sei. Rept. No. 1, Contract A. F. 19 (604)-140 

Pennsylvania State University, University Park, Pennsylvania, 1952. 
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I ι ι 1 — 
I 2 

Capil lary or Drop Diameter in Mi l l imeters 

F I G . 1. Variation of spontaneous freezing temperature with capillary diameter. 
(After C . L. Hosier and C . R. Hosler.«) 

action of a glass wall extends for several millimeters into the supercooled 
water (Fig. 1). Many investigators have established that the degree of 
supercooling of water increases with decreasing size of the droplet or with 
decreasing diameter of the capillary. This relation has been attributed to 
the greater probability of nucleus formation in large volumes than in 
small volumes. 

The effect of the surface upon the structure of water leads to an energy 
barrier which has to be overcome in order to form an ice crystal. Hosier 
and Hosier found that thermal currents of the water which may result 
from rapid cooling or which may be mechanically induced enhance the 
formation of ice. Convection currents or stirring interferes with the depth 
action of the wall on the structure of the supercooled liquid. 

Another phenomenon which reveals the depth action of a pure silica 
surface on water is the variation of the contact angle of a liquid on quartz 
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with the humidity of the atmosphere. Bartell and Bristol
7
 found that in 

the absence of water, acetylene tetrabromide had an advancing contact 
angle of 10° on quartz. If the ambient atmosphere contained water this 
contact angle increased gradually and reached 38° for 100% humidity. 
These measurements reveal that the contact angle of acetylene tetrabromide 
on quartz depends on the thickness of the water film and that the surface 
forces of this film must change as the water film becomes thicker. 

III. Surface Properties of Solids Containing Cations of High 

Charge and Low Polarizability (Quartz, Clay) 

All investigators of clay agree on one point, namely, that clay minerals 
have a particularly "active" surface. The meaning of this activity is not 
sharply defined, but their absorbing power for foreign molecules as it is 
utilized in the bleaching of oils or their power to retain water at elevated 
temperature or low vapor pressure are expressions for their surface forces. 
There is also no doubt that the intensity of the surface forces of clay is 
intimately connected with the rheological properties of clay-water mixtures. 
This is substantiated by the behavior of clays of different plasticity with 
respect to their water vapor pressure

8
 or their heats of wetting. 

Gruner found that a mixture of water and a plastic clay (Wildsteiner 
Ton) in the molar ratio 4:1 had a vapor pressure of only 3 mm., that is, 
one-fourth of that of the free water at the same temperature (15°C). 
A nonplastic kaolin (Zettlitz) had a vapor pressure of 11 mm when mixed 
with water in the same ratio, thus indicating that its effect on the vapor 
pressure of water is very weak. 

The work of Rosenow
9
 on the adsorption of water by different clays which 

were stored over 10% sulfuric acid brings out the same relation between 
attraction forces of these minerals for water and their plasticity. The 
heats of wetting of these clays goes parallel with their adsorption power. 
Table II shows the wide variations of these properties for clays from differ-
ent localities and for a finely ground quartz. 

This focuses our attention on the question concerning the origin of the 
unusually strong surface forces which seem to be characteristic for clay 
minerals. The surface area alone cannot explain the magnitude of their 
surface energy, because finely ground quartz or feldspar does not become 
plastic in spite of having a large surface area. In order to understand the 
high surface energy of clay, the origin of the surface energy will be discussed 

7
 F. E. Bartell and Κ. E. Bristol, / . Phys. Colloid Chem. 44 , 86 (1940). 

8
 E. Gruner, Ζ. anorg. u. allgem. Chem. 215, 1 (1933). 

9
 M. Rosenow, Dissertation, Hanover, Germany, 1911, quoted from H. Salmang, 

"Die physikalischen und chemischen Grundlagen der Keramik," p. 40. Springer, 
Berlin, 1951. 
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Clay mO adsorbed
 EwA

J^
%l 

Ebernhahn 11.5% 3.059 
Loethain 9.0 1.919 
Loethain, fine 9.5 2.764 
Wildstein 8.0 1.830 
Lautersheim 7.5 1.747 
Zettlitz 5.9 .791 
Hirschan 3.0 .796 
Quartz, fine 0.7 .147 

briefly and the methods will be described which can lower the surface 
energy of a solid. 

The origin of the surface energy of solids is closely related to the origin 
of the solid state. In a previous publication,10 an hypothesis has been ad-
vanced according to which matter was formed under energy conditions 
(temperature and radiation) which were so different from those prevailing 
today that most of the particles which had formed are no longer stable. 
In order better to screen their positive cores, the atoms have to undergo a 
reshuffling of their electrons. The fact that most elements are solid at room 
temperature is the result of the polymerization of atoms, a process which 
improves the screening of their cores. 

The surface energy of a NaCl crystal is thus attributed to the fact that 
the surface ions are not properly screened or that they do not have their 
normal coordination numbers of six. This condition has been realized 
since the early calculations of the lattice energies of crystals by Born, 
Madelung, and many others. 

Many scientists attempted to calculate the surface energy of a NaCl 
crystal and the deviation of its surface structure from that of the bulk. 
Their calculations apply to NaCl, a solid which contains only singly charged 
ions. 

All these attempts to calculate the surface energy of simple solids ignore 
one of the most important features, namely, that a distortion of the sur-
face of a solid must have a "depth action" in order to produce a gradual 
transition from the normal bulk structure to the distorted surface structure. 

Verwey11 writes: "All previous authors agree that the deformation of 
1 0
 W. A. Weyl, "Structure and Properties of Solid Surfaces" (R. Gomer and C. S. 

Smith, eds.), Chapter 4, pp. 147-184. Univ. of Chicago Press, Chicago, Illinois, 
1953. 

11
 E. J. W. Verwey, Ree. trav. chim. 65, 521 (1946). 

T A B L E II 

W A T E R A D S O R P T I O N AND H E A T OF W E T T I N G FOR V A R I O U S 

C L A Y S AND F I N E Q U A R T Z 
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the lattice is mainly restricted to the outermost atomic layer. In order to 
avoid too complicated calculations we have assumed that the atomic 
positions in the second layer are normal and that no dipoles exist in the 
ions of this layer." 

This assumption is not valid, at least not for solids which contain cations 
of high field strength and negligible polarizability. 

1. WAYS OF LOWERING THE SURFACE ENERGY OF SOLIDS 

Unfortunately, there is no method which allows us to measure the 
surface energy of a solid. A freshly formed surface undergoes a number of 
changes; for example, it adsorbs gases and vapors. In order to derive a 
picture of the surface properties of quartz, clay, or similar minerals, we 
have to examine the mechanisms which can lower the surface energy of a 
solid. 

a. Polarization of Surface Ions 

The first change which a freshly formed surface can undergo is the 
polarization of the surface ions. This process is instantaneous; it involves 
only a deformation of the electron clouds. This change of the electron 
density distribution around the core produces a dipole. 

The cube faces of ideal surfaces of NaCl or of MgO should be described 
as an array of cations and anions with incomplete coordination. Ions 
which are located in a surface undergo polarization because they are 
exposed to electrical fields. Surface ions are part of the asymmetrical units: 

crystal · · · anion-cation-space 

crystal · · · cation-anion-space 

These two asymmetrical units extend forces into space which differ 
both in sign and in magnitude, because of the state of polarization of the 
surface ions. In the surface of NaCl or MgO, we may neglect the polariza-
tion of the cations but not of the anions. 

The forces emanating from the anions are decreased by a relatively 
strong polarization which originates in the asymmetrical field of the cation-
anion-space unit where the Cl~ or the O 2 - ions are exposed to the fields 
of the N a + or Mg2+ ions and have no partner at the opposite side. The 
electron clouds of the anions are pulled towards the cation. This deforma-
tion induces a dipole in the anion which decreases its negative field. 

We may describe the effect of the different polarizabilities of the ions 
as one which changes a surface emanating a checkered positive and negative 
field of equal intensity into one emanating stronger positive and weaker 
negative forces. 

The magnitude of the contribution of this change to the lowering of 
the surface energy depends on the polarizability of all ions involved. It 
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can be high for solids which contain cations of high polarizability like 
Pb2+ and Hg2+ ions, but it is a minimum for silica or alumina because the 
small cations, Si 4 + and A l 3 +, have negligible polarizabilities. 

b. Adsorption of Anions Leading to Charged Particles 

The formation of silver iodide from aqueous solutions containing equal 
quantities of potassium iodide and silver nitrate does not lead to electrically 
neutral crystals of Agi. The precipitate consists of crystals which have 
negative excess charges. The solubility product of Agi is very low, of the 
order of 10~7, so that for analytical purposes one may neglect the concentra-
tion of Ag+ ions which remain in solution if equal numbers of molecules of 
a silver salt and potassium iodide are allowed to react. The system gains 
energy by screening the Ag+ ions in the surface of the crystals with the 
highly deformable I~ ions rather than with water. The formation of Agi 
crystals which contain only the polarizable I~ ions in their surfaces requires 
the participation of fewer A g + ions or of more I~ ions in the precipitate 
than would correspond to the stoichiometric ratio. Conversely, the super-
natant liquid does not contain equal concentrations of Ag+ and I~ ions 
but an excess of A g + ions. 

Verwey and Kruyt12 demonstrated that minute crystals of Agi, contain-
ing only 106 molecules, each have a deficiency of 103 Ag+ ions when formed 
from a solution containing equimolecular amounts of A g N 0 3 and KI. 

Whenever a solid contains ions of widely different polarizabilities and 
its anion to cation ratio is low, so that it does not permit satisfactory 
screening of the cation, the formation of negatively charged particles 
provides a means to lower the free energy of the system by decreasing the 
surface energy of the solid phase. This mechanism is responsible for the 
stability of many colloids. 

c. Distortion of the Surface Structure Leading to an Electrical Double Layer 

The polarization of the surface ions changes the checkered positive-
negative field of a NaCl or of a MgO cube face into one which emanates 
weak negative and strong positive fields. 

Such a surface can lower its free energy by undergoing a geometrical 
rearrangement which will better screen the cations, so that the positive 
forces emanating into space are weakened just as the negative ones. As the 
screening of the cations is much more important than that of the anions, 
a surface structure may result which does not contain cations in the 
extreme outer layer. This is particularly true for those solids where the 
cation has a small size, low polarizability, and a fairly high charge. 

Instead of emanating a checkered plus-minus field of equal intensities, 
1 2
 E. J. W. Verwey and H. R. Kruyt, Z. physik. Chem. (Leipzig) A167 , 137, 149, 

312 (1933). 
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the surface of MgO consists of deformed oxygen ions as the extreme outer 
layer and slightly recessed Mg2+ ions. Formally, one can describe such a 
surface as consisting of an array of dipole molecules, MgO, the negative 
parts of which extend into space. This electrical double layer is responsible 
for the failure of these crystals to adhere. The repulsion between the double 
layers of crystals in close proximity leads to a phenomenon which has been 
called "fluidization." The dry powder flows like a liquid because there is 
no friction between the particles. 

d. Adsorption of Dipoles 

Usually the conditions under which the surface forms make it possible 
that foreign substances participate. Instead of forming a surface film with 
an excess of anions over cations, the crystal can adsorb foreign anions or 
dipole molecules. The role which this contamination plays in determining 
the surface energy of solids is so great that some workers in the field of 
surface chemistry are inclined to attribute most phenomena to contamina-
tions. 

e. Interaction of Solids with Water and Formation of a Gouy-Freundlich 
Diffuse Double Layer 

We have seen that the demand of a solid for better screening its surface 
can immobilize a water film to a considerable depth by repelling protons 
(Section II). The unique structure of water and the absence of OH~ ions 
and protons as discrete entities produces a singlular effect which is unknown 
for solutions of electrolytes containing a sufficient number of discrete hy-
drated anions and cations: the establishment of a diffuse double layer within 
a liquid. 

When quartz grains are brought into pure water, the latter becomes 
acid and electrically conducting. The acidity of this system is out of propor-
tion to the low solubility of quartz in water and to the very low dissociation 
constant of silicic acid. Ruff and Hirsch13 found that fine quartz powder 
can produce a pH of 4.85 in conductivity water. 

The system quartz-water lowers its free energy by a process in which 
H2O dissociates and the OH~ ions are made available for the screening of 
the Si 4+ ions in the quartz surface. The OH~ ions impart a negative charge 
to the quartz and the corresponding H 30+ ions in the water produce 
acidity and are responsible for the increased electrical conductivity of the 
supernatant liquid. 

Using 0.005 Ν HCl instead of pure water makes it more difficult for the 
silica to be screened by O H - ions. Therefore, the particles remain electrically 
neutral. 

1 3
 O. Ruff and B. Hirsch, Ζ. anorg. u. allgem. Chem. 173, 14 (1928). 
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A more accurate description of this interaction would have to consider 
the particular structure of water and avoid reference to OH~ and H 3 0

+ 

ions as discrete units. The surface of silica produces a film of water which 
has a lower than average proton density. This description accounts for the 
fact that the proton density and the electrical potential in the adhering 
film gradually changes with the distance from the surface (diffuse double 
layer). 

The electrical charge of small particles suspended in water was discovered 
by Quincke

14
 when he observed that these particles migrate toward one 

pole of a battery (cataphoresis or electrophoresis). Twenty years later von 
Helmholtz

15
 developed his theory of the electrical double layer. 

In order to account for the various electrokinetic phenomena, Gouy
16 

and Freundlich and Rona
17
 proposed a modification of the Helmholtz 

concept. They suggested that the potential changes gradually with the 
distance from the surface because the outer part of the electrical double 
layer consists of adsorbed ions which are under two antagonistic influences : 
attraction by the electrically charged solid and dissipation in the liquid 
by thermal motion. These two effects cause the potential to taper off 
gradually from the surface of the solid toward the dispersing medium 
(Gouy-Freundlich diffuse electrical double layer). 

According to our approach to the subject, the diffuse character of the 
double layer is the result of the nonexistence of H+ and OH~ ions as discrete 
units. We prefer to speak of water as a medium which can assume defective 
structures. In order to match the structure of water having a lower than 
average proton density with that having a higher than average proton 
density a finite transition zone is needed. The electrical potential has a 
gradient, tapering off gradually just as the rigidity of the adhering water 
film tapers off with the distance from the solid. The potential gradient 
diminishes if electrolytes are added because all cations and anions except 
the H+ and the OH~ ions are discrete units and in their hydrated state 
they can form a double layer of the Helmholtz type. 

2. T H E UNIQUE FEATURES OF THE CLAY MINERALS 

In the preceding section the structural changes have been discussed 
which lower the surface energy of a solid and which make it impossible to 
derive its surface energy from its lattice energy or from the chemical 
binding forces. It must be possible, however, to account for the unusual 
surface activity of some clay minerals at least in a qualitative fashion. 

14
 G. Quincke, Ann. Physik [2] 113, 531 (1861). 

1 5
 H. von Helmholtz, Ann. Physik [3] 7, 337 (1879). 

1 6
 G. Gouy, J. phys. 9, 457 (1910). 

17
 H. Freundlich and P. Rona, Sitzber. preuss. Akad. Wiss., Physik.-Math. Kl. 

20, 397 (1920). 
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The structure of all clay minerals consists essentially of mica-like layer 
lattices in which the ultimate building units are S i 0 4 , ΑΙΟβ, and MgOô 
groups.1 A part of the 0 2~ ions contain protons, that is, they participate in 
the structure as OH~ ions. These groups are linked together in the direc-
tion of the a and b axis forming silica, gibbsite, and brucite layers. In 
the direction of the c axis the structure terminates, so that layers form 
which are limited to 7 to 30 A. All clay minerals have in common that they 
are "infinitely extending" networks only in two dimensions. Thus, these 
minerals consist of stacks of sheets. On account of this structural char-
acteristic, clay minerals occur as anisodimensional particles, either thin 
plates mostly less than 2 μ in diameter or as elongated tubes and laths. 

The chemical composition of the clay minerals excludes major polari-
zation effects as a means of lowering the surface energy, because the small 
noble gaslike cations, Si 4 +, A l 3 + and M g 2 +, are not sufficiently polarizable. 

The compositions alone, however, cannot possibly account for the high 
surface activity of clays because their ultimate building units occur in 
many other minerals which do not show plasticity, e.g., zeolites. 

This leads to the conclusion that the unique feature of clay minerals 
lies in their dimensions. Their dimensions are too small for permitting a 
distortion of the surface structure which has to be accompanied by a depth 
action. The formation of an electrical double layer of the Helmholtz type 
is extremely effective in lowering the surface energy of those solids which 
contain cations of low polarizability and high field strength. This distor-
tion of the surface structure, however, requires a gradual transition into 
the normal lattice. Most clay minerals do not possess sufficient depth to 
utilize this means of lowering the surface energy. 

The surface properties of montmorillonite and pyrophyllite may serve 
as an illustration for this factor. Both minerals have basically the same 
composition Al2(Si4Oio)(OH)2 and the structures of their elementary cells 
are the same. According to Hof mann et al.,

18 the montmorillonite differs 
from pyrophyllite primarily in the manner in which the layers are stacked 
up. According to Maegdefrau and Hofmann,19 the layers in the mont-
morillonite are stacked up without an orienting principle which, according 
to our concept, is unfavorable for a depth action. As a result, the mont-
morillonite is an extremely surface active mineral and the pyrophyllite 
may be called hydrophobic; it is not easily wet and a pyrophyllite-water 
mixture is not plastic. 

3. PLASTICIZING OF NONPLASTIC MINERALS 

Among the naturally occurring minerals some of the clay minerals have 
unique rheological properties because of their high surface energies com-

18
 U. Hofmann, K. Endell, and K. Wilm, Z. Krist. A86, 340 (1933). 

1 9
 E. Maegdefrau and U. Hofmann, Z. Krist. A98, 229 (1937). 
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bined with platelike or lathlike habitus. It is of basic interest to examine the 
possibility of plasticizing other minerals, natural or synthetic, in order 
to evaluate the extent to which these factors contribute to the rheology 
of the mineral-water system. 

Fluorspar, CaF 2, is a typically nonplastic mineral. The Ca
2
+ and the F~ 

ions have low polarizability. The anion to cation ratio is only two, so that 
a C a F 2 crystal should have a fairly high surface energy. Indeed, Dundon

20 

found that CaF2 had the highest surface energy of those inorganic com-
pounds which he investigated. The complete lack of plasticity of artificial 
CaF2 must, therefore, be due to the unsuitable shape of the particles. The 
little octahedra which form when an aqueous solution of NaF is allowed to 
react with a soluble calcium salt tend to produce a rather dense packing. 
However, if one starts out with an anisodimensional crystal of an insoluble 
calcium salt, e.g., the platelike Ca(OH) 2 or the more needlelike C a C 0 3 , 
one can obtain anisodimensional CaF2 crystals by a topochemical reaction. 
Cohn

21
 obtained a fairly plastic CaF 2-H 20 mixture by allowing a dispersion 

of slaked lime, that is, a suspension of Ca(OH) 2 crystals, to react with a 
very dilute solution of HF. His experiments demonstrate the importance 
of the particle shape and they prove that high surface energy alone is not 
sufficient for producing plasticity. 

Atterberg
22
 discovered that BaS0 4 is fairly plastic. He determined the 

degree of plasticity by the amount of water which has to be added to change 
a workable mixture (one which can be rolled out into a cylinder) into one 
which can flow. The "flow limit" was determined by bringing the mixture 
into a porcelain dish, dividing it into two parts by means of a spatula and 
shaking the dish. The "flow limit

, ,
 referred to the minimum water content 

which permitted the two parts to join together on gentle shaking. Atterberg 
found that the difference between "roll-out limit" and "flow limit" was 
greatest for the typically plastic clays. Barium sulfate was given the 
plasticity number 8. A mixture of 100 parts BaS0 4 with 14 parts H 20 
could be rolled out and one which contained 22 parts of water, that is, 8 
parts more, would flow. 

Wilson
23
 examined the plasticity of mineral-water mixtures by means 

of an instrument which recorded a stress-strain curve for a bar twisted at 
a rate of 3 to 4 r.p.m. He arrived at some interesting generalizations, based 
on a large number of measurements. Plasticity, according to Wilson, is the 
result of the presence of a stable viscous film held on the surface of some 
finely subdivided minerals. Both shape and specific surface activity are 
considered important for retaining the water film. Cleavage which favors 

2 0
 M. L. Dundon, J. Am. Chem. Soc. 45, 2658 (1923). 

2 1
 R. Cohn, Ζ. angew. Chem. 24, 1209 (1911). 

22
 A. Atterberg, Ζ. angew. Chem. 24, 928 (1911). 

2 3
 E. O. Wilson, J. Am. Ceram. Soc. 19, 115 (1936). 
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platelike crystals is favorable for producing plasticity. No minerals give 
plastic mixtures which approach those of clays. 

The usefulness of clay minerals in ceramics is based on the fact that a 
clay-water mixture can hold in suspension nonplastic minerals, e.g., quartz 
or feldspar. This property permits the shaping of articles by slip casting, 
by extrusion, or by working on the potter's wheel. There is an ever increas-
ing demand for methods which make it possible to plasticize materials 
which are more refractory than clay, e.g., pure silica, alumina, zirconium 
oxide, beryllia, etc. 

Podszus,
24
 as well as Ruff and his associates,

25-27
 were the first ones to 

carry out systematic work in this direction and their efforts met with 
partial success. They ground S i 0 2 , A1 20 3 and Zr0 2 very fine and made 
slip casting possible by chemical treatments. Small particle size combined 
with the proper surface treatment (acids or hydrolyzing salts) can pro-
duce some plasticity in otherwise nonplastic materials. This work supported 
the view that any theory of plasticity should be based on surface chemistry. 

Ruff and Mozala
27
 describe in detail their method of plasticizing Zr0 2 

and similar refractory oxides. The treatment consists in calcining the oxide 
at 1450°C and milling it wet to a particle size of the order to 0.5 μ. This 
finely subdivided oxide reacts with acids, for example, H N 0 3 or HCl. 
The degree of reaction is proportional to the time of milling. The material 
was considered plastic when it was possible to obtain shapes by casting 
the slip into a plaster mold. 

This procedure is typical for all other refractory oxides except MgO, 
which cannot be treated with aqueous solutions of acids but requires a 
nonaqueous dispersing medium. Thompson and Mallet

28
 were able to 

plasticize calcined MgO by milling it in absolute alcohol for 17 hours. 
This brief excursion into the field of plastic mineral-water mixtures, 

other than clay, brings out that some plasticity can be developed in a large 
number of minerals provided that they are milled to a fine particle size. 
Plasticity does not require the presence of a "colloidal phase" which had been 
considered essential by early workers. As a matter of fact, Hauth,

29
 who 

determined the optimum pH conditions which produce a castable slip of 
fused, finely ground alumina, emphasized that the chemical treatment with 
acids or bases should not be carried on so far that a large amount of col-
loidal material is formed. He found that even with respect to pH changes 

24
 E. Podszus, Kolloid Ζ. 20 , 65 (1917). 

2 6
 Ο. Ruff, Z. anorg. u. allgem. Chem. 133, 187 (1924). 

2 6
 Ο. Ruff and W. Goebel, Z. anorg. u. allgem. Chem. 133, 220 (1924). 

2 7
 O. Ruff and J. Mozala, Z. anorg. u. allgem. Chem. 133, 193-219, 416 (1924). 

28
 J. G. Thompson and M. W. Mallet, J. Research Natl. Bur. Standards 23 (2), 

319 (1939). 
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 W. E. Hauth, Λ Am. Ceram. Soc. 32 , 394 (1949). 
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AI2O3 is not basically different from clays, provided that the particles are 
sufficiently fine. He worked with slips which contained particles the size 
of which Avas less than ΙΟΟμ; 50% were smaller than 10μ and 10% smaller 
than 1μ. 

IV. The Interaction of Minerals with Water 

Rheology provides the basis for subdividing all matter into three states 
of aggregation: gases, liquids, and solids. It is not surprising, therefore, that 
whenever a material has rheological properties which make it difficult to 
bracket it with one of these three groups, the temptation arises to call 
it a "fourth state of aggregation." 

van Iterson,30 who studied the flow properties of clay bodies under pres-
sure, emphasized that their rheological properties differ from the plasticity 
of solids, in particular of metals, and of liquids. He suggested that a plastic 
clay body be called a fourth state of aggregation, a suggestion which reminds 
one of the times when physical chemists began to be interested in the rheo-
logy of glasses. They also suggested that glasses represent the fourth state 
of aggregation. 

In order to develop a theory of the plasticity of clay-water mixtures one 
has to examine all phenomena which are associated with the high plasticity 
of clays. In the past, workers in this field developed theories which ac-
counted for only one or two phenomena but which were not applicable to 
the others. In order to avoid this shortcoming, the most characteristic 
phenomena involving clay minerals and their interactions with water will 
be listed and explained on the basis of our atomistic concepts. 

1. BASIC PHENOMENA 

a. The Rigidity of Water Films 

A mixture of clay and water which may contain up to 50 % water does 
not flow under its own weight. In such a body, water is the continuous 
phase and the clay particles are surrounded by water films which must be 
rigid. The thickness of these films depends upon the nature and the size of 
the clay particles and can reach several hundred molecular layers. Depend-
ing upon the method which is used for examining the rigidity of the water 
film, different values are obtained because its rigidity tapers off gradually. 
Observing the motion of gas bubbles in bentonite suspensions, Hauser and 
Reed31 found that as little as 0.05 % bentonite is sufficient to stop their rise 
to the surface. This means that 1 gm. of this highly active clay mineral can 
immobilize, so to speak, 2 liters of water. 

3 0
 F. K. Th. van Iterson, "Plasticiteitsleer," p. 183. Deveenteer, Liege, Belgium, 

1945. 
31
 E. A. Hauser and C. E. Reed, J. Phys. Chem. 40, 1169 (1936); 41, 911 (1937). 
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Norton and Johnson
32
 studied the properties of monodispersed clay-water 

systems and calculated the thickness of the water film. For a mixture of 
kaolinite (0.32μ diameter and 0.04μ thick) they found a film thickness of 
0.005μ corresponding to approximately 60 molecules of water. The film 
thickness decreases with increasing pressure. Grim and Cuthbert

33
 em-

phasized the fact that strong changes in the flow properties take place when 
the film thickness exceeds that which can be immobilized. They call at-
tention to the fact that some clay minerals require considerable time to 
bring about the full interaction with water. 

The concept that the clay particles are separated by a layer of rigid 
water is substantiated by the volume changes which accompany the drying 
of a clay body (see Section IV, 1, j ) . The only solid form of water which is 
known is ice. 

For this reason Macey
34
 suggested that the geometry of the structures of 

ice and the basal plane of montmorillonite favors epitaxis. He attributes the 
plasticity of clay and the low permeability of clay beds for water to an 
oriented overgrowth of "ice" on the clay surface. However, Macey's own 
findings,

35
 namely, that even the smallest stresses are sufficient to deform 

clay, speak against an identification of the "rigid water film" with ice. 
In addition to this discrepancy, the density of the water film excludes it 
from being identical with ordinary ice. 

Recently Williamson
36
 reviewed the physical relationship between clay 

and water and came to the conclusion that the "ice" theory is not a satis-
factory explanation. Other minerals of the same geometry do not give 
oriented overgrowth with ice and do not reveal plasticity. 

The epitaxis theory, "ice on clay," was extremely convenient because it 
was the only way to account for the rigidity of the water film. 

Our approach to the atomic structure of water, in particular our inter-
pretation of the iceberg theory (see Section II), solves one of the basic 
difficulties confronting those who want to explain the plasticity of clay 
bodies. Water can be immobilized by electrical fields by a mechanism which 
bears no relation to its crystallization. The rigidity of the water film which 
surrounds the clay particles tapers off gradually. This is important with 
respect to the observation that clay bodies yield under the smallest stresses. 
Our atomistic explanation of the nature of the rigid phase does not con-
flict with the volume relation between ice and water, a difficulty encoun-
tered by Frank and Evans.

4 
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b. Sedimentation 

Measurements of the sedimentation volume of a finely subdivided solid 
in different liquids provide useful information about its surface energy. 
The relation between the two entities, however, is not simple and at first 
glance may seem paradoxical. For particles which have the same size and 
shape, the sedimentation volume increases with increasing surface energy 
of the solid. It may seem paradoxical that the stronger the surface forces 
of the particles, the looser should be the aggregate which they form on 
sedimentation. 

A closer analysis of the mechanism of sedimentation, however, reveals 
the reason for this relationship. The particles move in the dispersing medium 
because they are subjected to gravity or to centrifugal force. Two particles 
which come into contact either slide over one another or adhere. Adhesion 
takes place when the external forces are less than or equal to the binding 
forces between the two particles. 

Liquids which are good screeners for the electrical fields of the surface 
ions are conducive to small sedimentation volumes. This relation is of 
practical interest because the sedimentation volume controls the amount 
of solids in ceramic casting slips. 

Harkins and Gans37 performed a series of experiments which elucidate 
this interaction. Titanium dioxide suspended in benzene (free of water) 
had a relatively high sedimentation volume and was very sensitive to 
additions of oleic acid or other long chain acids. A monomolecular layer 
of oleic acid decreased the sedimentation volume to one-third of the origi-
nal, because the hydrocarbon chains act as a lubricant which permits 
gliding. The adhesion forces between T i 0 2 crystals are weakened when 
their surfaces are coated and screened by the long chain fatty acids. 

de Waele and Mardles38 found that the centrifuged volume of T i0 2 is 
larger in xylene than in the more polar and, therefore, better screening 
η-butyl alcohol. However, the centrifuged volume of T i0 2 in η-butyl alco-
hol does not expand when the sediment is permeated with xylene. This 
experiment proves that the sedimentation volume is determined only by 
the forces acting between the solid particles and not by the forces between 
the solid and the liquids. The forces between the solid particles are modified 
by the chemisorbed molecules. The removal of a lubricant, after it has 
served its purpose, does not lead to the state of higher potential energy 
which a system would have assumed if no lubricant had been present. 

The extent to which a liquid can screen the surface of a solid can be 

37
 W. D. Harkins and D. M. Gans, J. Phys. Chem. 36, 86 (1932). 

38
 A. de Waele and E. W. J. Mardles, Ρ roc. Intern. Rheol. Congr. 1st Congr. Scheven-

ingen, Part II, p. 166 (1949). 
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TABLE III 

SEDIMENTATION V O L U M E AND SPECIFIC VISCOSITY OF ZnO SUSPENSIONS 

(After Davis
4 0
) 

Liquid Sedimentation volume 
cc./gm. Specific viscosity 

Benzyl alcohol 2.2 0.25 
Linseed oil 2.3 0.26 
Nitrobenzene 2.5 0.26 
Ethyl alcohol 2.9 0.28 
Mineral oil 2.9 0.3 
Toluene 2.6 0.4 
Water 4.5 0.5 
Chloroform 3.8 0.6 

estimated from the heat of wetting. Bartell and Almy
39
 determined the 

heat of wetting of different liquids on silica gel and found that water had 
the highest heat of wetting, and the nonpolar liquids the lowest: water, 
19.0 cal./gm.; nitrobenzene, 15.2; benzene, 12.5; carbon tetrachloride, 
8.5; and hexane, 7.0. 

Table III shows the relation between the specific viscosity of a suspension 
and the sedimentation volume, according to Davis.

40
 Zinc oxide is suspended 

in different liquids. There is a certain parallelism between specific vis-
cosity and sedimentation volume, because both properties are controlled 
by the surface forces of the ZnO particles. Liquids which are poor screen-
ers for ZnO (chloroform) cannot lower its surface forces. Strong surface 
forces, in turn, lead to high viscosity and to a large sedimentation volume. 

Recent experiments
41
*

,b
 on the sedimentation of clay in aqueous solutions 

of wetting agents illustrates the importance of the screening qualities of 
solutions in determining sedimentation behavior. Electrodialyzed kaolinite 
suspensions (25% solids) containing 0.5% by weight of anionic, nonionic, 
and cationic wetting agents were allowed to settle for six days and the 
resulting sedimentation volumes compared with that obtained with water. 
The sedimentation volumes produced with anionic solutions were generally 
smaller and those obtained with cationic solutions were larger than that 
volume produced with water alone (Fig. 2). Solutions with nonionic wetting 
agents produced sedimentation volumes either larger or smaller than that 

3 9
 F. E. Bartell and E. G. Almy, J. Phys. Chem. 36, 985 (1932). 
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F I G . 2 . Sedimention volumes of kaolinite suspensions ( 2 5 % solids) as a function 
of wetting agent additions ( 0 . 5 % ) . 

of water; no consistent trend was noted. There seems to be no simple 
relation between sedimentation volume and solution pH or surface tension. 
The improved screening qualities of water containing anionic reagents is 
attributed to the presence of large anions which enables the surface forces 
of the clay particles to be satisfied in a smaller volume. On the other hand, 
cationic reagents furnish relatively small anions and a relatively large 
volume is required to satisfy the surface forces of the solid. Nonionic 
reagents may fall in either group. 

c. Acidity and Electrical Conductivity of Suspensions 

Water becomes electrically conducting when finely powdered quartz is 
added. Depending upon the amount of quartz and its particle size, the 
water also becomes an acid and its pH can fall as low as 4.8. 

This phenomenon has been observed and described several times.1 3'42 

42
 G. van Praagh, Nature 143, 1068 (1939). 



272 W. A. WEYL AND W. C. ORMSBY 

No satisfactory explanation could be given because conventional concepts 
cannot account for the occurrence of such a high acidity as the result of a 
practically insoluble substance. Quartz is slightly soluble in water but 
this solubility cannot account for the acidity because of the low value of 
the dissociation constant of silicic acid. 

In the same way, the addition of bentonite to pure water increases its 
electrical conductivity and its hydrogen ion concentration. The electrical 
conductivity of a dilute aqueous solution of HCl is a function of its con-
centration and its hydrogen ion activity, but no such relation exists for 
water which has been "acidified" by bentonite. Hauser and Reed31 studied 
the influence of the particle size of bentonite suspensions on its base ex-
change capacity, its pH, and its electrical conductivity. They examined 
several fractions between 14 and 87 ιημ average equivalent spherical 
diameter. The acidity of the suspensions increased with increasing con-
centration of the bentonite. The electrical conductivity was found to be 
a function of the concentration and the particle size of the bentonite, but 
there was no relation between the electrical conductivity of the suspensions 
and their hydrogen ion activities. The finer the particle size of the bento-
nite, the greater the obstacles which the carriers of the electrical current 
have to overcome in their path. As we learn from the work of the same 
authors,31 the smaller the particles of bentonite, the larger is the volume 
of water which they can immobilize. With decreasing particle size the 
discrepancy increases between the hydrogen ion activity as determined 
by a static method (pH) and that derived from a dynamic method (electri-
cal conductivity). 

d. Electrokinetic Phenomena 

Quincke14 in 1850 discovered that small particles immersed in water 
assume an electrical charge. Some twenty years later von Helmholtz15 

developed his theory of the electrokinetic phenomena. Gouy 16 and Freund-
lich and Rona17 suggested a modification to the Helmholtz theory (Gouy-
Freundlich diffuse electrical double layer). They suggested that the poten-
tial changes gradually with the distance from the surface. If the outer 
part of the double layer consists of adsorbed ions they must be subjected 
to two antagonistic influences; attraction by the electrically charged 
solid and dissipation by thermal motion. These two effects cause the po-
tential to decrease gradually from the interface toward the dispersing 
medium. 

According to our approach (Section III, l,e), the diffuse character of 
the double layer is due to the fact that H+ and OH~ ions do not occur in 
solution as discrete units. We treat water as a continuous network of 0 2~ 
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and H
+
 ions which can deviate from stoichiometric composition. The change 

of water with a lower than average proton density into that with a higher 
than average proton density requires a transition zone. Thus, the electrical 
potential tapers off gradually in the same fashion as the rigidity of a water 
film tapers off with the distance from the solid. The potential gradient in 
such a zone is very sensitive to electrolytes because cations and anions 
other than H+ and OH~ ions do not need to form a diffuse double layer. 

Electrokinetic phenomena occur when external forces disturb the static 
equilibrium of a liquid system which contains dispersed, charged particles. 
For example, a particle surrounded by a diffuse double layer does not take 
along the total layer when it falls under the influence of gravity (Dorn 
effect) or when it migrates in an external electrical field (electrophoresis). 
Somewhere the electrical double layer "breaks off" and the exact place 
where that happens depends upon the disturbing force. 

This concept explains satisfactorily the four major electrokinetic phenom-
ena: sedimentation potential (Dorn effect), streaming potential, electro-
osmosis, and electrophoresis. 

Our approach is based upon the assumption that the surface of quartz 
interacts with water in the same fashion as a highly charged cation. Both 
surround themselves with a film of water which has a lower than average 
proton density. A film of nonstoichiometric, immobilized water lowers the 
positive charge of a hydrated cation, for example, of an A l

3 +
 or Th

4
+ ion. 

This unique mechanism makes it possible for water to dissolve and to 
dissociate substances such as A1 2(S0 4)3 or T h ( N 0 3 ) 4 , that is, salts which 
are insoluble in all other solvents, even in liquid ammonia and hydrocyanic 
acid. 

Suspensions and solutions, however, differ in their response to mechanical 
forces. The quartz particle can be subjected to mechanical forces and it 
moves under the influence of gravity; a single A l

3 +
 or Th

4
+ ion does not. 

A quartz particle during its fall comes in contact with water of stoichio-
metric composition. The particle increases its negative excess charge, 
because more protons can be expelled from the adhering film into water 
which has a stoichiometric composition than into water which already 
has an excess of protons. Using the conventional terminology, quartz 
falling through a column of water picks up, so to speak, more and more 
OH~ ions and leaves behind a trail of protons. This process, which causes 
the "iceberg" around the quartz to grow, leads to a potential difference 
between the top of the water column (positive) and the bottom where the 
quartz particles settle (Dorn effect or sedimentation potential). 

If a fine powder of quartz is allowed to settle from its aqueous suspension 
upon a quartz plate, the rigidity of the water film and the Coulomb re-
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pulsive forces prevent the two solids from coming into close contact. 
Within a certain distance, thousands of water molecules apart, the quartz 
particle ceases to fall but continues its Brownian motion.

43 

The streaming potential is essentially the same as the sedimentation 
potential, only that here the solid, with its diffuse electrical double layer, 
remains stationary whereas the liquid moves under an external force. The 
faster the liquid is pressed through a capillary or through a plug of quartz 
powder, the greater is the quantity of the electrical double layer which is 
sheared off from the walls of the tube or from the quartz grains and the 
higher becomes the potential. 

The potential at the surface of shear between the streaming liquid and 
the glass has been called the "zeta potential" by H. Freundlich. This 
"zeta" or "electrokinetic" potential depends upon the forces which are ap-
plied, because the latter determine the place where shear occurs. 

In the same fashion, as motion of the particles through the liquid medium 
can develop a potential difference, the application of an external field can 
produce motion. If the solid remains stationary, this phenomenon is called 
"electroosmosis." If the liquid is stationary and the solid moves in an elec-
trical field, it is called "electrophoresis." 

It is characteristic for the nature of the Gouy-Freundlich double layer 
that these phenomena are subdued when electrolytes are present. The elec-
trokinetic phenomena disappear nearly completely when the concentration 
of electrolytes exceeds the order of 10~

3
 moles/liter. The classical work of 

Freundlich and his associates
44
 illustrates the complexity of the interac-

tion of different electrolytes with a glass surface as expressed by the change 
of the zeta potential. Our approach provides an atomistic explanation. 

In contact with solutions of four electrolytes, KCl, BaCl 2, L a ( N 0 3 ) 3 , 
and T h ( N 0 3 ) 4 , in concentrations of 10~

6
 moles/liter (Fig. 3), the zeta 

potential is nearly doubled in the case of KCl but only slightly increased 
by BaCl2; La (N0 3) 3 has little influence and T h ( N 0 3) 4 reverses the sign. 

The addition of KCl can improve the screening of the glass surface be-
cause screening anions are now available and K

+
 ions can replace some 

protons of the chemisorbed OH~ ions, improving the screening power of the 
O

2 -
 ions. As a result, the first addition (10~

7
 and 10~

8
 moles/liter) of KCl 

increases the negative charge of the surface. As the concentration of K
+ 

ions increases ( K
+
 ions, unlike the H

+
 ions, do not need to remain a large 

distance away from the surface) they participate in the structure of the 
adhering film and decrease the diffuse character of the double layer. With 
increasing concentration of KCl, the Gouy-Freundlich diffuse double layer 

4 3
 A. von Buzagh, Kolloid Ζ. 47, 370 (1929); 51, 105, 230 (1930). 

4 4
 Η. Freundlich, Ε. Ettisch, and P. Rona, Ζ. physik. Chem. (Leipzig) 116, 401 

(1925). 
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4 4
) 

changes into a Helmholtz double layer. From Fig. 3 one can see that this 
process has eliminated the diffusivity of the double layer when the concen-
tration of KCl reaches the order of 10~

3
 moles/liter: the zeta potential has 

become zero. 
The addition of thorium nitrate produces a different effect. The negative 

zeta potential is lowered by T h
4 +

 ions so that it becomes zero at a concen-
tration of 10~

7
 moles/liter, but further additions produce a new positive 

zeta potential. This reversal of the sign indicates that a solution of Th (N0 3)4 
does not contain only hydrated Th

4
+ ions. A thorium nitrate solution con-

tains complexes in which several hydrated T h
4 +

 ions share O H
-
 ions. The 

thorium ion has the highest charge of any stable monatomic cation. Its 
large size and its high coordination number makes it possible for it to sur-
round itself with a large number of anions. At a concentration of 10~

6
 moles 

of Th(N0 3)4 per liter, the glass surface with its chemisorbed Th
4
+ ions is 

screened by water with a lower than average proton density. However, the 

/ B a C I 2 

X k c i 

( - ^ ( ^ 3 ) 3 -Λ 
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number of protons which have to be repelled from this volume of water is 
smaller than the number of excess charges which are introduced into the 
glass surface by the adsorbed Th44" ions. As a result, the glass surface as-
sumes a positive excess charge. The positive charge of some colloids (TI1O2, 
Zr(>2, T1O2) is due to the same relation. The response of the zeta potential 
of the surface toward solutions of BaCl2 and of La (N0 3)3 is intermediate 
between that of KCl and T h ( N 0 3 ) 4 . 

e. Thixotropy of Suspensions 

Some plastic systems have yield values which decrease if the system is 
subjected to mild vibrations. This phenomenon, called "thixotropy," is 
characteristic for certain clay suspensions. When a fluid suspension of mont-
morillonite in water is poured into a test tube and allowed to stand for some 
time, it changes into a rigid gel and does not flow out if the test tube is 
turned over. However, tapping of the test tube is sufficient to liquefy the 
gel. This process is not accompanied by a heat effect and can be repeated 
indefinitely. It indicates that the structural features which are responsible 
for the rigidity of the gel can be disturbed by slight vibrations. 

As far as an explanation of the mechanism of thixotropy is concerned, 
there are essentially three schools of thought. One group of scientists, in 
particular Freundlich,45 von Engelhardt,46 and Hauser,47 assume long range 
electrical forces which permit the individual particles to interact over dis-
tances of the order of 1000 A. 

Another group, Usher,48 Kuhn,49 and Hofmann,50 prefer a mechanical 
picture according to which the particles touch one another, adhere on con-
tact, and build up a spacious network resembling a house of cards. 

A third group explains the rheology of clay-water mixtures by assuming 
that the water which surrounds the clay particles becomes rigid. This view 
is shared by Macey,34 McBain,51 Grim and Cuthbert.33 

Thixotropy has been observed in many systems involving a great variety 
of solids, e.g., clay, carbon, iron oxide, and organic substances (indanthrene 
dyes). The phenomenon is not restricted to water as the dispersing medium 
but may also occur in benzene. Maybe even more spectacular than the 
variety of compositions are the wide concentration limits in which the 
phenomenon has been observed. The solid to liquid ratio which permits 
thixotropy varies from 1:1 to 1:2000. It is reasonable to expect that the 

4 6
 H. Freundlich, Actualités sei. et ind. No. 267 (1935). 

4 6
 W. von Engelhardt, Kolloid Z. 102, 217 (1943). 

47
 E. A. Hauser, Chem. Revs. 37, 287 (1945). 

48
 F. L. Usher, Proc. Roy. Soc. A125, 143 (1929). 

4 9
 W. Kuhn, Z. physik. Chem. (Leipzig) A161, 564 (1931). 

6 0
 U. Hofmann, Kolloid Z. 125, 86 (1952). 

5 1
 J. W. McBain, J. Phys. Chem. 30, 239 (1926). 
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TABLE I V 

T H I X O T R O P Y , SEDIMENTATION V O L U M E , AND D I M E N S I O N S OF C L A Y P A R T I C L E S 

(After Hofmann
5 0
) 

Shape and dimensions (,τημ) of crystals Water content 
cc./3 gm. clay 

Sedimentation 
volume 

cc./gm. clay 

Kaolin Plates, 500 X 500 X 15 5.5 4.5 
Halloysite Laths, 2000 X 100 X 50 10.0 10.0 
Ca-Bentonite Plates, 700 X 700 X 15 8.0 5.0 
Na-Bentonite Plates, 700 X 700 X 2 30.0 40.0 

solidification of a suspension of graphite as observed by McDowell and 
Usher

52
 in organic media (ratio 1:1) is caused by direct contact of the 

particles or their forming a house of cards. The strongly anisodimensional 
character of clay minerals makes it possible for a few per cent of solid 
matter to form a house of cards which has a very large volume. This explana-
tion, however, does not explain why this phenomenon can also appear in a 
0.05 % montmorillonite suspension in water.

31
 Thixotropy is a phenomenon 

which requires anisodimensional particles and relatively loose packing. 

It seems to be an established fact that the sol-gel transformation does 
not lead to a definite geometrical alignment of the particles. The strength 
of thixotropic gels increases with decreasing particle size. Hauser and his 
associates have greatly contributed to the elucidation of the mechanism of 
the sol-gel transformation by observing the process in the ultramicroscope. 
The Brownian molecular motion comes to a standstill and in truly thixo-
tropic systems of highly dispersed bentonite fractions, the particles which 
have ceased to move seem to be clearly separated from each other by the 
water. 

The findings of Hauser are in no way contradictory to the findings of 
Hofmann,

50
 who studied suspensions which contained higher concentrations 

of the clay, a condition which is conducive to the formation of a "house of 
cards" (Table IV). 

The thixotropy was measured by determining the water content of a sol 
containing 3 gm. of the clay which sets after 6 sec. when poured in a glass 
tube 2.0 cm. wide. 

In order to give an atomistic explanation for this reversible process one 
may conveniently divide it into two steps : the endothermic dissociation of 
water or the formation of volume elements with lower and higher than av-
erage proton density, and the exothermic interaction between the clay 
surface and the water which has the lower proton density. The net result 
of the two steps is a sol-gel transformation with no apparent heat effect. 

62
 C. M. McDowell and F. L. Usher, Proc. Roy. Soc. A131, 564 (1931). 
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In some cases the sol-gel transformation takes several hours but can be 
accelerated by very mild vibrations. This phenomenon has been called 
"rheopexy" by Freundlich and Juliusburger.53 

/. Flow of Water through Porous Media 

We assumed that in contact with a solid, water changes into a phase 
which has a higher or a lower proton density depending upon the nature of 
the solid. In both cases the water film loses its fluidity. This concept, 
namely, that water in close proximity to solids ceases to be a Newtonian 
liquid and assumes structural viscosity, explains the flow behavior of water 
through narrow capillaries, for example, porous ceramic materials. 

Volkova 54 measured the effect of the particle size upon the rates of capil-
lary flow of water and of toluene through beds of powdered quartz. These 
beds can be treated as bunches of capillary tubes. The ratio of the rates of 
flow for the two liquids should be constant and be independent of the size 
of the pores. Volkova found that this ratio is constant only for quartz 
grains which are larger than 0.01 mm. With decreasing size of the grains, 
however, the rate of flow of water decreased more than that of toluene. 
These experiments indicate that the immobilizing effect of the quartz upon 
water is greater than that upon toluene. 

Similar phenomena were observed by other workers. Recently, Henniker55 

reviewed the literature on this subject and made an important contribution. 
He found that the flow rate of distilled water through a porcelain filter 
candle having a pore radius of 0.05μ was 20% lower than that of an 
aqueous solution of KCl. He measured the streaming potential and found 
it too small to account for this effect. He wrote: "A tentative explanation 
links the intense electric field existing in the electrical double layer with 
the augmentation of the viscosity of liquids in the presence of strong 
fields." 

According to our approach, the porcelain surface produces a film of 
water which has a lower than average proton density. The repulsion of 
protons into more remote positions immobilizes the water. The addition 
of an electrolyte such as KCl produces two effects. First, the K + and Cl~ 
ions improve the screening of the porcelain surface and thus weaken its 
influence upon the water. Second, these ions disturb the immobilized film 
by their electrical fields. Recent experiments of Hosier and Hosier6 showed 
that the degree to which a given volume of water can be supercooled de-
creases sharply when small amounts of salts were added. Additions to the 
system which lower the freezing point increase the rate of formation of ice 
nuclei. 

6 3
 H. Freundlich and F. Juliusburger, Trans. Faraday Soc. 31, 920 (1935). 

64
 Ζ. V. Volkova, Acta Physicochim. U. R. S. S. 4 , 635 (1936). 

6 5
 J. C. Henniker, Revs. Modern Phys. 21, 322 (1949); Colloid Sei. 7, 443 (1952). 
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Macey,
34
 in connection with studies of the drying mechanism, investi-

gated the flow of water and other liquids through clay. He found that 
liquids such as benzene, nitrobenzene, and pyridine passed through clay 
100,000 to 1,000,000 times as fast as water through the same clay. In com-
paring the behavior of clay-water with other clay-liquid systems, Macey 
writes: "Differences in particle size, arrangement and possibly interlamellar 
swelling all play their part, but they cannot alone account for the large 
order of difference in the rates of flow found." This relation between flow 
rate, presence of electrolytes, and nature of the wall is of paramount in-
terest for ceramics, for soil science, and for biophysics. Our approach in-
troduces a new parameter into the treatment of flow through capillaries, 
namely, the thickness of the wall. The forces which a solid exerts upon a 
liquid, e.g., when flowing through a capillary, depend upon the dimensions 
of the capillary including the thickness of its wall. 

The flow of aqueous solutions of wetting agents through clay has been 
investigated

41
* ·

 b
 with apparatus commonly employed in the evaluation of 

drilling muds.
56
 In these tests a kaolinite suspension (25% solids) was 

placed in a filter cup and subjected to an air pressure of 15 p.s.i. The rate 
of filtration was measured as a function of time and was found to depend 
on the type of filter cake produced by the clay. Results with various wetting 
agents (Fig. 4) indicate that an anionic reagent produces a dense structure 
of the filter cake whereas nonionic and cationic reagents produce a loose 
structure. Apparently the better screening afforded by the anionic wetting 
agent permits a closer approach of the clay particles which leads to a denser 
structure. On the other hand, nonionic and cationic wetting agents produce 
a more open structure. 

Flow of liquids through porous media provides evidence for the depth 
action which a solid produces in a liquid. Recently, Martin and Mohiuddin

57 

reported a phenomenon which strikingly illustrates the depth action of a 
surface and the failure of the conventional approach to provide an explana-
tion. 

"In an investigation of the fascial spaces of the face and neck, rubber 
latex was used as an injection material. Unfortunately, when efforts were 
made to inject various spaces with latex by means of a large syringe and 
metal needle, the latex always solidified in the needle and would not flow, 
no matter how high a pressure was used. After consultation, ammonia and 
other alkalies were first mixed with the latex, but to no avail; it always 
solidified almost immediately in the needle. The idea then occurred to us 
to try glass needles made by drawing out a glass tube over a Bunsen burner. 
Very surprisingly the rubber flows perfectly through them. The latex solidi-

6 6
 W. F. Rogers, "Composition and Properties of Oil Well Drilling Fluids," pp. 

112, 268. Gulf Publishing Co., Houston, Texas, 1953. 
67
 C. P. Martin and S. O. Mohiuddin, Science 118, 364 (1953). 
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F I G . 4 . Relative filterabilities of kaolinite suspensions ( 2 5 % solids) as a function 
of wetting agent additions (0 .95% by weight). 

fies in any metal needle but flows freely through a glass needle of the same 
bore. We venture no explanation of this phenomenon, but since the fact is 
not apparently well known, this note may save others from considerable 
trouble and disappointment." 

The interaction between two media affects their mechanical properties, 
a phenomenon which is utilized in improving the strength of high polymers 
and elastomers. Carbon black as a "filler" for rubber has unique properties. 
Present trends in developing new engineering materials take advantage of 
the effect of the depth action which results at the contact between metals 
and oxides, carbides, or nitrides. 

g. Flocculation and Deflocculation 

In the second half of the eighteenth century, French ceramists discovered 
that clay-water suspensions became more fluid when alkali was added. 
Through the addition of potash, clay could be made castable with about 
half the amount of water which was necessary without alkali. This discovery 
was kept secret for more than a hundred years. 

The interaction of clay minerals with salts, acids, and bases is of para-
mount importance for agriculture, ceramics, and several other technologies. 
Chemically speaking, clay minerals are alumino-silicic acids. A heteropoly 
acid can react with bases and forms salts and its anion can copolymerize 
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with other anions which have a tendency to polymerize, i.e., to form iso-
or heteropoly acids (phosphates). 

The principle features of the interaction of clay with soluble salts can 
best be seen from a new field of analytical chemistry: paper chromatog-
raphy. Chromatography is based on the screening of a solid, either alumina, 
silica, or paper. If paper is wetted with an aqueous solution of KCl + 
NaCl + LiCl some of the protons of the cellulose or its oxidation products 
are replaced by K+, Na+, and Li+ ions. The large K+ ion has a weak elec-
trical field, its "contrapolarizing effect" is smallest and, as a result, the re-
placement of a H+ ion of an OH or COOH group by a K

+
 ion improves the 

screening of the cellulose. Na
+
 has a similar but weaker effect. Li+ ions, 

having the strongest contrapolarizing effect among the alkalies, cannot 
contribute much to the screening of the surface. As a result, if a stream of 
a suitable liquid is allowed to flow through the paper, it replaces and carries 
away the three salts but at different rates. Because of its better screening 
effect, KCl is retained more strongly than NaCl. LiCl is the poorest screener 
among the three halides and, consequently, it is the first to be replaced by 
the solvent molecules. Thus, under controlled conditions the three salts 
can be separated in a stream of a solvent. Paper impregnated with the 
chlorides of the alkaline earths behaves similarly to one containing the 
three alkalies. The Ba

2
+ ions have the weakest field and are retained most 

strongly, whereas the M g
2 +
 ions are the ones which can be washed out most 

easily. As far as their mobilities are concerned the alkaline earth ions follow 
the series Ba

2 +
, Sr

2
+, Ca

2
+ and M g

2 +
. These experiments are the key to the 

interaction of clays with electrolytes. 

The same process which we perform in the laboratory with a strip of 
paper or a few grams of activated alumina has been going on in nature on a 
gigantic scale for millions of years. The weathering of rocks produces 
soluble alkali salts, the K+ ions are retained by the soil minerals, and the 
N a

+
 ions are washed into the oceans where they have accumulated over 

geological periods. 
The base exchange capacity is expressed in milliequivalents of cations 

per 100 gm. of clay. Its magnitude depends upon the nature of the minerals, 
as can be seen from the following data

5 8
: montmorillonite, 60-100 meq./100 

gm.; attapulgite, 25-30; illite, 20-40; kaolinite, 3-15. 
Only a few of the numerous investigations on the deflocculation of clay 

slips by salts lend themselves to theoretical interpretation. Most plastic 
clay minerals are contaminated by organic matter (humic acid), which has 
a profound influence on the rheological properties. 

In addition, clays contain soluble salts and some clays contain consid-
erable quantities of ferric hydroxide. All these substances have to be re-

68
 R. E. Grim, Geol. 50, 225 (1942). 
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F I G . 5b. Titration relations on addition of acids to a suspension (16% by weight) 
of electrodialyzed kaolinite. (After Johnson and Norton.
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) 

moved in order to obtain a clear picture of the effect which the alkalies 
have on the viscosity of clay. Johnson and Norton

59
 give a detailed descrip-

tion of the methods which are available for the purification of a kaolinite. 
They describe the effects which the different impurities have on the response 
of clays to alkalies. Lignite or humic acid, for example, causes clay to form 
a strongly thixotropic suspension when alkali is added. Digesting the clay 
for several days with hydrogen peroxide destroys the organic matter. Alkali 
and soluble calcium salts can be removed by electrodialysis. 

Figures 5 and 6 show how the viscosity and the pH of a purified kaolinite 
suspension respond to the addition of an acid and of a base. No drastic 
change occurs upon the addition of HCl. The viscosity at first is lowered 
slightly but further additions have no effect. The titration curve is sub-
stantially the pH of water with increasing additions of HCl. 

The titration curve with NaOH, however, is most revealing. Until 
approximately 4 meq. of NaOH are added little change takes place. The 
clay surface exerts a buffering action comparable to that of a weak acid 
(aluminosilicic acid). Beyond this point further addition of NaOH causes 

6 9
 A. L. Johnson and F. H. Norton, Am. Ceram. Soc. 24, 64, 189 (1941). 
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TABLE V 

M I N I M U M VISCOSITY OF A 1 6 % K A O L I N SUSPENSION IN C E N T I P O I S E S 

(After Johnson and Norton
6 9
) 

Cation Hydroxide Carbonate Silicate Oxalate Sulfate Chloride 

Cs 1.3 
Li CO

 

Κ 1.3 
Na 

CO
 1.7 1.7 80 140 

NH 4 
2.0 

Ba 70 
Sr 90 
Η 250 150 170 

the pH to increase rapidly and the viscosity to drop. The same effect can 
be obtained with the other alkalies, LiOH, CsOH, and KOH; the curves 
are essentially identical but show differences in details. 

Table V summarizes some of the results obtained by Johnson and Norton. 
For several reagents this table lists the maximum degree of deflocculation 
(expressed by the minimum viscosities which could be obtained). Complete 
deflocculation requires the presence of OH~ ions in the suspending medium. 
This can be achieved only by alkali hydroxides or by those alkali salts (car-
bonate, silicate) which hydrolyze. 

The addition of a deflocculant caused the viscosity to decrease gradually 
until approximately 4 meq. were added. The exact point lies between 3.5 
and 4.5 and depends on the purity of the kaolin. At this point the viscosity 
drops with great suddenness to less than J/foo of its original value. 
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The pH value of the clay slip (16% clay) is approximately 5.3. This 
value gradually increases upon the addition of hydroxides to 6.0, but after 
4 meq. alkali hydroxide, Sr(OH)2 or Ba(OH) 2, have been added it in-
creases much more rapidly. 

h. Adhesion Properties 

The gradual addition of water to clay leads to a stage in which the mix-
ture is "sticky," i.e., where it adheres to a wettable surface such as glass. 
This phenomenon is characteristic for clay-water mixtures in a certain 
composition range which depends upon the nature of the clay mineral, its 
particle size, the presence of electrolytes, and on the external pressure. 

According to Mellor,60 the minimum amount of water which produces 
stickiness decreases with increasing pressure. According to Grim,61 a Na+ 
clay is less sticky than the corresponding H + clay. 

The observations of von Buzagh43 concerning the adhesion of quartz 
particles to glass can be used to derive an atomistic explanation of the ad-
hesion of clay (see also Section IV, l,d). 

A dilute suspension of quartz particles was allowed to settle upon a 
horizontal glass plate. When the submerged glass plate was carefully turned 
over some of the particles fell off, others adhered. Particles of approxi-
mately 3μ were best suited for the experiment, larger ones fell off, and those 
which were much smaller remained at too great a distance from the plate. 
The addition of electrolytes affects the adhesion. A modified method for 
studying the phenomenon was based on tilting the glass plate and measur-
ing the angle where the particles began to slide off. 

For a certain particle size von Buzagh found that in pure water 50 % of 
the particles did adhere and 50% fell off. This condition could be easily 
changed into 95 % adherence by adding to the water the following concen-
trations of electrolytes: LiCl, 1.4 mM./liter; NaCl, 1.0; KCl, 0.4; CaCl 2, 
0.04; SrCl 2,0.03; BaCl 2, 0.02; T h ( N 0 3 ) 4 , <0.002. The effectiveness of the 
electrolytes in increasing the adhesion follows the Schulze-Hardy Rule. 
This suggests the following atomistic explanation: 

Very small quartz particles surround themselves with water of a lower 
than average proton density because they lack the necessary volume for 
developing a distorted surface structure which sufficiently screens the sur-
face cations (see Section III, l ,c). On settling they take along a halo of 
rigid water which prevents direct contact with the glass plate. At a certain 
point the repulsive forces between the negative charges of the glass surface 
and the particles come into play. The rigidity of the Gouy-Freundlich 
diffuse double layer causes the particles to come to rest in a position which 

6o J. W. Mellor, Trans. Brit. Ceram. Soc. 6, 72 (1906). 
8 1
 R. E. Grim, Illinois State Geol. Survey, Bull. 68, 268 (1944). 
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is determined by their size and by the electrolyte concentration of the water. 
The smaller the particles, the less chance they have to screen their surface 
by the formation of an electrical double layer and the stronger are their 
forces upon the water so that these are the ones which produce the largest 
halo of rigid water. They stop falling at a considerable distance from the 
glass, where they still continue their Brownian motion. Because of the 
large distance between the glass surface and the quartz grain and because 
of the tapering off of the rigidity of the Gouy-Freundlich double layer, 
these particles can glide or fall off under the smallest shear forces. 

Particles which are much larger than 3μ fall off because of their greater 
weight. In between these two extreme particle sizes there is one range which 
causes strong adhesion because the following Coulomb attraction forces 
come into play: negative quartz (with its adhering film which has a lower 
than average proton density)—water (which is positive because it has a 
higher than average proton density)—negative glass (surface coated by 
water which has a lower than average proton density). A positive layer of 
water with a higher than average proton density is, so to speak, sandwiched 
between two negative layers of water. This system has a certain rigidity 
but can flow when the shear forces are sufficiently strong or when the 
distance is very large. Such a system can change into one where the solids 
are brought into close contact, for example, 

quartz -Oiy~-cation-Oi/~-glass, 

or where their surface cations may even share OH~ ions. These conditions 
materialize when window panes touch during shipping so that water is 
condensed at the spots of contact. The panes are glued together and the 
adhesion forces are of the same magnitude as the binding forces within the 
glass so that they can no longer be separated without damaging the glass. 

In principle the same mechanism operates in many commercial glues, 
e.g., sodium silicate which is used as an adhesive for cardboard. The surface 
chemistry of cellulose resembles that of clay or alumina gel to such an 
extent that the two media, filter paper and activated alumina, can be used 
interchangeably in chromatography. 

The mechanism of the interaction between colloids and electrolytes, as 
it is treated here, explains the Schulze-Hardy Rule. The stability of some 
colloids and the zeta potential of surfaces are affected by salts; a phenom-
enon which has been explained as the result of a lowering of the excess 
charge of the particles by adsorption of ions of the opposite sign. When 
comparing the effects of different cations on colloids, for example, of addi-
tions of KCl, BaCU , and A1C13, one finds that their effectiveness with 
respect to flocculation is not proportional to their charge. The ratio of the 
numbers of K+ ions, Ba

2
+ ions, or Al

3
+ ions which are necessary to produce 
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the same effect is approximately 1000:100:1. Why should 1000 K + ions 
or 100 Ba 2 + ions be required for accomplishing the neutralization which 
can be achieved by a single A l 3 + ion? 

The Schulze-Hardy Rule involves the two basic principles which govern 
chemistry, namely, the establishment of electroneutrality within the 
smallest volume and that of maximum screening of cations. The surface 
of an electrically neutral particle whose cations are not sufficiently screened 
can improve its screening by the chemisorption of anions (OH~, Cl~, 
etc.), a process which violates the principle of electroneutrality. However, 
if screeners such as a Cl~ ion or water of lower than average proton density 
is available which is neutralized by a cation of high charge, for example, an 
A l 3 + or Th4+ ion, then the surface can improve its screening by sharing 
these negative screeners with the positive ions—a process which does not 
violate the principle of electroneutrality. 

i. "Green Strength" of Clay 

Ceramic bodies have to be plastic and workable but, in addition, they 
have to retain their shape on drying and the shapes must have considerable 
mechanical strength. Shapes made from sand-water mixtures have no 
strength after the water has evaporated. According to Holdridge,62 the 
strength of a clay body increases rapidly with the removal of the water 
but no effort is made to obtain the maximum strength because it is rather 
difficult to remove the last 2-3 % water by drying at low temperature. 

During the drying process ceramic bodies become sufficiently strong so 
that they can be trimmed, handles can be attached, or they can be turned 
on the lathe and even immersed in an aqueous suspension of a glaze slip. 
In the preceding chapter the adherence of quartz particles to a glass plate 
was explained (see Section IV, l,h). The same explanation applies to the 
forces acting in a sand-water and in a clay-water mixture. The major dif-
ference between these two systems develops when the water evaporates. 
The sand grains are large and can lower their surface energies by forming a 
Helmholtz double layer (see Section III, l ,c) . The clay particles cannot, 
but they have to retain water in order to be screened. As the water films 
become thinner the Coulomb forces increase, the water becomes less mobile 
and its vapor pressure drops sharply. During the transition from the 
"leather hard" to the "white hard" condition the particles come closer 
together and the ultimate state of drying brings about a sharing of O H _ 

ions by adjacent clay particles. 

j . Volume Changes on Drying 

The wet clay after having been molded into the proper form is allowed 
to dry. This process is accompanied by characteristic volume changes which 

62
 D. A. Holdridge, Trans. Brit. Ceram. Soc. 51, 401 (1952). 
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F I G . 7. Linear drying shrinkage curves for several clays. (After Norton.
64
) 

are of practical interest and theoretical significance. The fact that a clay 
body shrinks on drying and that its shrinkage stops rather abruptly when 
a characteristic water content has been reached agrees with the concept that 
each clay particle is surrounded by water. The volume changes which 
accompany the drying of clay speak against the existence of a honeycomb 
structure of contiguous particles. The abrupt cessation of shrinkage at a 
certain low water content makes it improbable that plasticity is the result 
of the binding action of a colloidal gel. 

The presence of soluble silicic acid leads to the formation of a gel between 
the individual particles and produces a small "secondary shrinkage.'

9 

Haines
63
 produced such a "secondary shrinkage'' in a kaolin suspension, 

which, by itself, did not show it, by adding some gelatine which simulates 
the drying shrinkage of colloidal silicic acid. 

Norton
64
 made a systematic study of the volume effects which result from 

the drying of mineral-water mixtures. Figure 7 shows schematically how 
the volume changes when the water is removed at a temperature of 50-
100°C.

65 

The "primary shrinkage" corresponds to the decrease of the thickness of 
the water film between the particles. The particles come closer together 
and the interstitial volume decreases proportionally to the amount of 
water lost. At some characteristic water content the shrinkage stops and 

« W. B. Haines, Agr. Set. 13, 296 (1923). 
6 4
 F. H. Norton, J. Am. Ceram. Soc. 16, 86 (1933). 

6 6
 F. H. Norton, "Elements of Ceramics," p. 110. Addison-Wesley, Cambridge, 

Massachusetts, 1952. 
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the samples retain their volume during further drying. At this stage the 
water film has reached the minimum thickness which still permits screen-
ing. Any water which is removed after this stage comes from the pores, and 
air begins to enter the pores of the clay body. 

From then on the process does not correspond to an equilibrium with 
the atmosphere. The remaining water is immobilized, its vapor pressure 
has decreased to such an extent that it has lost its ability to redistribute 
within practical times. The tendency of the water to escape is no longer 
uniform over the whole clay body but it depends strongly on the relative 
position of the clay crystals, i.e., on the previous mechanical treatment. 
Williamson

66
 has pioneered in elucidating this phenomenon. During the 

shaping processes, such as extrusion, slip casting, or kneading, the aniso-
dimensional particles have become more or less oriented (see Section IV, 3). 
The forces which the particles exert upon the water are a function of their 
mutual orientation and density of packing. This, in turn, causes the water 
of different parts of the ware to assume different vapor pressures so that 
in this stage drying produces warpage. The different volume changes in 
different parts of the piece may lead to cracks. The drying shrinkage of a 
slip-cast clay disk reveals different values for its thickness and for its 
diameter. During casting of the clay slip the platelike particles orient them-
selves parallel to the walls of the plaster mold. 

Removal of the last few per cent of water leads to the sharing of OH~ 
ions at points of contact and the surface of the individual crystals becomes 
less screened. The suppression of one mode of screening usually accentuates 
another. Thus, the removal of the screening water film accentuates the re-
arrangement of surface ions and this distortion increases the volume. This 
phenomenon is particularly noticeable for coarser clay fractions or for non-
plastic materials. Depending on the nature of the material and its particle 
size, the removal of the last few per cent of water either produces a second-
ary shrinkage or an expansion. Those materials which can lower their sur-
face energy by the formation of an electrical double layer show expansion 
because of the depth action which has to accompany any change of geom-
etry within the surface. 

2 . RHEOLOGY OF S AND-WATER MIXTURES 

Wet sand can be formed into simple shapes which are sufficiently strong 
to carry their own weight. These shapes lose their strength on drying unless 
the sand contains some clay. A sand-water mixture can lose its water with-
out showing a perceptible shrinkage. This indicates that the single grains 
nearly touch one another when wet. 

What is the nature of t e forces which hold the wet quartz grains to-
6 6
 W. O. Williamson, Am. J. Sei. 245, 645 (1947); 252, 129 (1954). 
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gether? Lindenthal,
67
 in the author's laboratory, performed a number of 

qualitative experiments in order to elucidate the nature of the interaction 
between quartz and a liquid. 

Potter's flint (finely ground quartz, minus 200 mesh) was used for these 
experiments. The addition of quartz powder lowers the pH of distilled 
water and increases its electrical conductivity (see Section IV, l ,c) , because 
each grain surrounds itself with a film of water which has a lower than 
average proton density. If the water contained molecules which can screen 
the surface, e.g., glycerol, the electrical conductivity increases less than 
that of pure water. The demand of the quartz surface for OH~ ions de-
creases when glycerol is available so that fewer protons are produced which 
can carry a current. The electrical conductivity of a 40 % glycerol solution 
in water did not change when quartz powder was added. 

The rheological properties of a sand-water mixture are the result of the 
forces acting between the quartz particles and those acting between the 
particles and the water. The quartz grains repel one another because they 
have assumed a negative excess charge. The negative quartz surface and 
the interstitial water which is positive because it has a higher than average 
proton density attract one another. These Coulomb attractive forces are 
responsible for the mechanical strength of the sand-water shape. 

The addition of glycerol interferes with this mechanism. In the presence 
of a screener, such as glycerol, there is no need for the water to dissociate 
and, as a result, neither the quartz surface nor the interstitial water assumes 
an electrical charge. For this reason the addition of glycerol to a sand-
water mixture leads to an unexpected result : The viscous glycerol solution 
produces a less viscous slurry with the same amount of quartz powder than 
the more fluid pure water. 

In order to test the strength of the binding forces, the quartz-water 
mixture was filtered, the filter turned over, and the cone was placed on a 
lucite plate. The strength of the cone could be tested by tapping the edge 
of the plate. The higher the glycerol concentration of the liquid phase 
(5-30%), the earlier the cone began to slump. 

A diluted solution of sodium hydroxide produces an even stronger effect 
than glycerol. It is not possible to make a cone with a 1 Ν NaOH solution. 
The cone slumps under its own weight and does not require a vibration of 
the lucite plate in order to flow. 

A 1 Ν HCl solution makes it much more difficult for the quartz surface 
to acquire a screening water film. The charge difference between surface 
film and interstitial liquid decreases and the slurry filtered very easily. 
The surface of the cone did not retain HCl in the way it retained NaOH; 

67
 J. W. Lindenthal, M. Sc. Thesis, Ceramics Dept., Pennsylvania State Uni-

versity, University Park, Pennsylvania, 1952. 
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it looked dry and the cone did not slump under its own weight. On vibrat-
ing the support, however, the cone collapsed. A shape made of a sand-HCl 
mixture is mechanically much weaker than one made with pure water. 

In spite of the completely different rheological behavior of these mix-
tures, the volume of liquid which was retained by the quartz was nearly 
the same for all solutions. These results support the view that the volume 
of the liquid in the cone is determined primarily by the pore volume of the 
quartz grains which are in close contact with one another. This is one of 
the basic differences between a quartz-water mixture and a clay-water 
mixture. 

A wet shape of sand is held together by the Coulomb attractive forces 
between the negatively charged quartz surface and the positive charge of 
the interstitial water which has a higher than average proton density. The 
addition of molecules (glycerol) or ions (OH~) which can screen the surface 
lowers its charge. The diffuse potential changes into a Helmholtz double 
layer and the strength of the cone drops. The contact points between the 
single grains can share some OH~ ions, a process which provides some 
strength when the pore water evaporates. Most silicate minerals (kyanite, 
feldspar) behave more or less like quartz. 

Sand-water mixtures exhibit a phenomenon which is called dilatancy. 
They behave like a rigid solid when a sudden pressure is applied but flow 
under slow sustained pressure. Particles of approximately spherical shape 
have a good chance to approach close packing. Under an external force 
such a system can rearrange only when sufficient space is provided for re-
grouping. Due to the temporary volume expansion during regrouping, the 
water at the surface of wet sand disappears. This phenomenon can be ob-
served when one steps on wet sand while walking along a beach. Around 
each footstep, a dry zone appears because the close-packed grains have to 
loosen their packing in order to regroup. Dilatancy is a phenomenon which 
depends upon the geometry of the particles and which is not affected by 
the forces between solid and liquid. Dilatancy is characteristic for close-
packed systems and not for those which show plasticity. Plasticity has as 
a prerequisite a looser packing of the particles. 

3. RHEOLOGY OF CLAY-WATER MIXTURES 

Quartz and alumina have been plasticized by milling to a particle size 
of approximately 1μ (see Section III, 3). The small size of the particles is 
conducive to strong surface forces. The main reason why clay-water mix-
tures are so much more workable than other finely subdivided minerals 
lies in their morphology ; the individual particles are either thin plates or 
rods. Le Chatelier

68
 considered the anisodimensional shape of the clay 

68
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particles the main factor which determines the plasticity and he proved 
his point by converting mica into a plastic clay-like substance. 

The rheology of clay-water mixtures involves, therefore, two basically 
different but equally important aspects: the surface chemistry of these 
minerals and their morphology. The former accounts for the intensity of 
the interaction between clay and water; the latter governs the kinematics 
of the deformation process. 

Hauser
47
 called the clay particle a "colloidal micelle," emphasizing that 

colloids are not a separate group of substances but rather matter of an 
unusually high surface to volume ratio. "This condition/' Hauser wrote, 
"causes matter to exhibit reactivity which is not predictable on the basis of 
chemical composition alone." Hauser was fully aware of the weakness of 
classical chemistry, particularly its failure to account for the chemical 
properties of finely subdivided matter, i.e., of particles with dimensions 
between 1 and 500 nux. "The fact that a substance having one, two, or all 
three possible dimensions lying within this range will exhibit properties 
which cannot be predicted or explained by simple analysis or by reasoning 
of classical chemistry calls for an explanation." The explanation which 
Hauser wanted can now be given. It cannot be based on the surface-to-
volume ratio alone, but must also include the effect of the absolute dimen-
sions. It is impossible for very small particles to lower their surface energy 
by that structural change which can occur in the surface of larger particles 
of the same substances. It is the lack of "depth" of a surface layer which 
raises its chemical potential when the particles reach the dimensions of 
colloids. The surface forces are the result of the incomplete coordination 
of ions which are located in the surface, particularly along edges and at 
corners. These ions, being incompletely screened, attract charged par-
ticles. The whole unit consisting of the solid particle with its diffuse electri-
cal double layer was called the "micelle" by Hauser. 

The clay minerals may be classified as colloids because colloidal proper-
ties can be expected even if only one of the three dimensions of a particle 
falls into the colloidal range. 

In order to overcome the limitations of classical chemistry, new con-
cepts had to be developed which could explain the intensity of the surface 
forces of small particles, their negative excess charge and, finally, the 
rigidity of thin films of water. 

In an attempt to elucidate the second, i.e., the kinematic aspect of the 
rheology of clays, one faces another serious difficulty, namely, the lack of 
reproducible data. Macey

35
 was the first to recognize that a workable clay-

water mixture is deformed even by the smallest forces and that this defor-
mation stiffens the mixture (shear hardening). 

Workable clay-water mixtures are neither Bingham liquids nor can they 
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be described according to the idealized stress-strain function which is used 
for truly plastic media. The behavior of these mixtures cannot be measured 
with one of those devices which produce data, the evaluation of which is 
based on the assumption of a certain type of stress-strain relation. As the 
exact nature of this relation is unknown, only those measurements are 
valid which produce homogeneous strain distribution in the sample. This 
excludes, among others, the frequently used torsion test. 

Buessem and Nagy
69
 recently made a careful analysis of this situation 

which led to a new experimental approach to the rheology of workable 
clay-water mixtures. They performed some simple compression tests of 
cylinders which had been prepared in a special way and followed the changes 
in the texture of the bodies by means of an X-ray method described by 
Brindley.

70 

In order to obtain data which are valid, it is absolutely essential to start 
out with a test piece which contains the kaolinite crystals in random 
positions. This was achieved by rolling balls of approximately 15-cm. 
diameter, discarding the oriented outer parts and using cylinders cut out 
from the interior. Compression tests of cylinders of different heights between 
lubricated glass plates gave practically identical stress-strain curves, which 
indicates that this simple device produced uniform strain distribution. 
The results confirmed the X-ray evidence of randomness of the kaolinite 
crystals in the samples before they were subjected to the tests. 

All stress-strain curves started at the zero point of the coordinate, which 
means that even a very small stress produced a finite deformation. Samples 
which had been compressed to a certain stress and then relieved from it 
gave a new stress-strain curve on repeating the test. The sample had be-
come more rigid. 

The work of Buessem and Nagy agrees with the observations of Macey 
and explains why other workers found yield values. Previous workers did 
not start out with a randomly oriented clay mixture but with one which 
was predeformed (through extrusion, tamping, casting, etc.) and which, 
therefore, was "shear-hardened." 

The difficulties encountered in earlier efforts to measure the rheological 
properties of clay bodies are due to the fact that any deformation of a clay-
water mixture produces two irreversible changes: (1) orientation of the 
clay particles relative to the direction of the compressive stresses, and (2) 
increase of the strength due to this orientation. 

The stress-strain history of a workable clay-water mixture, i.e., the way 
the test piece has been prepared, determines the extent to which these two 
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changes have occurred and also its rheological properties. This point has 
been frequently neglected and samples were tested which had a complicated 
and sometimes undefined texture. 

As far as the texture is concerned, Williamson
66
 has made some valuable 

contributions in connection with his work on the effect of the microstructure 
of clay bodies on the distribution of moisture. Although his work is not 
concerned with the rheology of clay, his optical methods for following 
the change of the texture are of direct interest to workers in the field of 
rheology. The work of Williamson

66
 and that of Buessem and Nagy

69
 make 

it possible for the first time to present an acceptable picture of the rheology 
of the clay-water system and to explain the basic difference between clay 
and finely ground quartz. 

A system which contains spherical or nearly spherical particles, such as 
quartz-water, can be deformed only if some of the particles are forced into 
other layers of particles. This means that some "bonds" have to be broken 
and new "bonds" have to be formed, a process which requires a temporary 
expansion of the volume (dilatancy). 

The deformation of a system which contains platelike or rodlike par-
ticles proceeds in a basically different fashion. For anisodimensional par-
ticles, a rotational movement of the particles contributes to the change of 
shape. This movement of flaky particles does not require the rupture of 
"bonds." Flakes and rods can glide along each other without losing their 
contact. According to Buessem and Nagy, this gliding process connected 
with the rotational movement of the particles represents the characteristic 
feature of the rheology of workable clay-water mixtures. Obviously, for 
isodimensional particles a rotational movement could not contribute to a 
change of shape. 

The intensity of the interaction (clay-water) has been recently studied
41
* ·

 b 

using the experimental approach of Buessem and Nagy.
69
 Recognizing the 

importance of the kinematics of the deformation process, a procedure was 
adopted wherein tests were made on randomly oriented samples. A simple 
compression test was used and the effects of aqueous solutions of various 
types of chemicals upon the deformation behavior of purified kaolinite 
were investigated. Among the types of reagents tested were inorganic 
acids and bases, polyhydric alcohols, and wetting agents. Some of the most 
notable effects were obtained with the various types of wetting agents, 
namely, nonionic, anionic, and cationic reagents. Results obtained with 
two different sets of these three types of wetting agents are shown in Figs. 
8 and 9. Cationic, nonionic and anionic reagents gave radically different 
effects. The chemical nature of the liquid medium seems to be of paramount 
importance since the surface tensions of the solutions were about the 
same (greatest variation, 0.8 dynes/cm.), pH's were all in the acid range, 
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F I G . 8. Plastic stress-deformation curves for Georgia kaolinite as a function of 
wetting agent solutions (0.95 weight % ) ; moisture contents as indicated. 

and moisture content variations were too small to account for the large dif-
ferences in behavior. It is apparent that the screening ability of the solution 
in contact with the clay was enhanced by the presence of anionic wetting 
agents and was subdued by the presence of cationic and nonionic reagents. 

The results show that a greater immobilizing effect on the water is pro-
duced by the poorer screening solutions since, in all cases, essentially the 
same volume of liquid is available for satisfying the surface forces of the 
clay. The anionic reagents provided adequate screening in a smaller volume 
of water, thus resulting in a greater degree of lubrication and greater ease 
of deformation. 
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F IG. 9. Plastic stress-deformation curves for Georgia kaolinite as a function of 
wetting agent solutions (0.85 weight % ) ; moisture contents as indicated. 

V. Summary 

An atomistic approach to the origin of the surface energy of solids re-
veals that its value can be lowered by four processes. The electronic polari-
zation of the surface ions is an instantaneous process which is particularly 
effective if the surface contains cations of high polarizability (Pbl 2 or HgS). 
The cations of quartz or clay have negligible polarizabilities so that the 
deformation of the electron clouds of the surface ions cannot contribute 
much to the lowering of their surface energies. 

The rearrangement of surface ions and chemisorption are the only 
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processes which these minerals can use for lowering their surface energy. 
A profound change of the surface structure which leads to the formation of 
a "double layer" requires a finite transition zone from the distorted to the 
normal lattice. The dimensions of many clay minerals do not provide the 
space necessary for the establishment of such a low energy layer—a con-
dition which governs the surface chemistry of dust, thin films, membranes, 
and capillaries. Our approach forces us to conclude that the capillary force 
of a tube not only increases with decreasing diameter but, for thin walled 
tubes (less than 1μ), it also increases with decreasing thickness of the wall. 

The chemical composition of clay minerals keeps the effect of polariza-
tion at a minimum. Rather the dimensions of the crystals make it im-
possible to form a low energy surface layer. As a result, the specific surface 
energy of clay is much higher than that of other minerals which have similar 
compositions. This expresses itself in an unusually strong absorptive power 
and in the chemisorption of anions: thus clay particles suspended in water 
assume a negative excess charge. 

The atomic structure of water, its unique properties as an ionizing sol-
vent for salts containing ions of high charge, and the entropy changes 
occurring in water when atoms, ions, or molecules are brought into solu-
tion, were used as a basis for developing a plausible explanation for the 
rigidity of water in contact with solids. The concept explains the viscosity 
of clay slips and the flow of water through porous media. Water is treated 
as a substance which can form a defective structure. Its H+ to 0

2
~ ratio 

can deviate from the normal composition, H 20, in both directions without 
the formation of individual OH or H+ ions. Water in contact with solids 
can assume a higher or a lower than average proton density, but deviation 
in either one of the two directions impairs mobility. Both the composition 
and the rigidity of the water taper off with the distance from the interface, 
so that no definite value can be assigned to the thickness of the rigid water 
film. 

This approach provides an atomistic interpretation for the concept of a 
diffuse electrical double layer (Gouy-Freundlich double layer), a concept 
which is essential for the understanding of all electrokinetic phenomena. 

The rheology of sand-water and clay-water mixtures involves two 
equally important aspects: (1) the forces acting between the solid particle 
and the water, and (2) a kinematic aspect which involves the geometry of 
the particles. Spherical particles tend toward "close packing" (small sedi-
mentation volume). They can show dilatancy but not thixotropy and plas-
ticity. Plasticity requires separation of the particles by water and "loose 
packing" (large sedimentation volume). 

It is a characteristic feature of a randomly oriented clay-water mixture 
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that it undergoes deformation under the smallest stresses, but, during this 
deformation, the individual crystals become oriented and the mixture de-
velops strength. This feature makes it impossible to interpret the rheologi-
cal properties of a clay body without referring to its previous mechanical 
history. 


