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The Effect of the Amount and Nature of Exchange-
able Cations on the Structure of a Colloidal Clay

LEONARD D. BAVER*

Soil structure is referred to as the arrangement of the individual
particles and aggregates of a soil. A soil is considered as having a good
structure when its particles are aggregated into granules or crumbs which
function more or less as a unit. Soils possessing such arrangements ot
the particles have a granular or crumb structure. They are rather po-
rous and easily tilled. The maintenance of this type of structure is an
important problem in soil management.

Zakharov®®t introduces the term “‘structure capacity” of a soil,
signifying the capacity of a soil to break up into aggregates. He empha-
sizes the degree of manifestation and stability (tenacity) of structure as
being of prime importance in soil structure problems. This structure
capacity of soils is dependent upon the relative amounts and the state
of aggregation of the soil colloids.

Since the physical properties of soils are dependent to such a
great extent upon the colloidal portion, the solution of the problem of
providing and maintaining a good soil structure resolves itself into a
more thorough understanding of the properties of the colloids. The
fundamental observations made in a study of the structure and be-
havior of the colloids under different conditions may then be inter-
preted towards a better investigation of the soil complex as a whole.

Theobject of thisinvestigation was to study the effect of exchange-
able cations upon the properties of colloidal clay with the anticipation
of finding out certain fundamental characteristics of the soil colloids
that would lead to a better understanding of soil structure problems,
It was hoped also that some of the observations made in a previous
investigation of the relation of exchangeable cations to the physical
properties of soils might be explained in light of these experiments®.
This study includes: (1) the preparation of a series of clay sols contain-
ing various amounts of cations; (2) a study of the physico-chemical
properties of these different sols in relation to the amount and nature
of the exchangeable bases, involving the following measurements: (a)
reaction and conductivity changes; (b) flocculation values; (c) migra-

*Research Fellow, Department of Soils, University of Missouri, 1928-29.
+Reference by number to “Bibliography” pages 45-48.

Note.—Also presented to the faculty of the Graduate School of the University of Missouriin partial
fulfillment of the requirements for the degree of Doctor of Philosophy.
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tion velocities; (d) particle sizes; and (e) viscosity changes; and, (3) an
interpretation of the relation of these results to the structure of soils.

REVIEW OF LITERATURE

The effect of exchangeable cations on the structure of soils is distinct-
ly evident from the wide differences in the properties of a soil saturated
with Na and one saturated with Ca. Soils saturated with Na are sticky,
viscous and highly dispersed when wet and hard when dry. Ca-satu-
rated soils possess a more porous structure. Hissink?’, de Sigmond®,
Kelley and Brown?®’, Gedroiz,”® and others have shown that the colloid-
ality of a soil, its physical properties and structure depend on the state
of saturation of the soil and the nature of the exchangeable bases. Ged-
roiz* considers the soil exchange complex in a state of unsaturation with
bases as representing gels of hydrophilic colloids. These colloidal sub-
stances, unsaturated or saturated with monovalent bases, are supposedly
in a semi-reversible condition®. They pass into an irreversible state
when saturated with the divalent ions. He observed that the dispersion
of his soils followed the series:

Na>NHs>K>Mg>H>Ca>Ba

De Sigmond!® found that soils saturated with Na were similar in
their properties to Na-saturated, artificial zeolites. They possessed a
puddled structure. A granular structure was produced by replacing Na
with Ca. Best results were obtained when as many millimols of CaSO4
were used as there were millimols of exchangeable NasO and KsO in
the zeolite. Gallay * states that for Ca to benefit the structure of a soil
1t must be added in excess of the total absorptive capacity. Hissink?? re-
ports that Ca produces flocculation when the soil is 95 per cent saturated
with this cation. These differences are perhaps due to the method used
for determining the absorptive capacity and to variations in the nature
of the colloidal material.

Sokolovski and Lukaschewitsch®® found that the resistance and
plasticity of a soil were increased by replacing Ca with Na and NH4. Ca-
and Mg- saturated soils were loose, crumbling very easily. The resis-
tance of soils, saturated with various cations, to pressure followed the
series: Na>NHs>Mg>Ca>H. Mattson® observed that an electro-
dialyzed soil was more highly dispersed than the Ca-soil. Swelling of the
colloidal material extracted from Sharkey clay was greatest according

~ to the tonic order of Na>Ca>H.Charge followed. the progression:
Na>H>Ca. Anderson® reports that the heat of wetting and absorp-
tion of water by colloids saturated with various cations followed the
order: Ca>Mg>Na>H>K. A different progression was observed for
the effect of cations on swelling, moisture equivalent, migration velocity
and pH, namely, Na>K>Ca>Mg>H. Anderson concludes that the
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influence of substituted cationson the properties of clay is usually direct-
ly proportional to the extent of their substitution. Mattson’s results,
however, do not support this conclusion.

Thomas* reports that soils saturated with various bases tend to
be more highly, dispersed according to the ionic series: Na>K >NH,
>Ca>H. He® also observed that the per cent of water in soils at low
vapor pressures was higher according to the order: Ca>H>Na>NHj,
>K. Soil structure was influenced in a similar manner®. Parker and
Pate® report that saturation of soils with monovalent bases causes a con-
siderable reduction of the heat of wetting but that water absorption
was practically unaffected.

Similar results were obtained by the author? in comparing the effect
of different cations on the physical properties of soils. The Na- and K-
saturated soils were found to have the lowest heat of wetting and
moisture absorption, the K ion having the larger diminishing effect.
These same soils were the most highly dispersed. The Na ion greatly
increased the moisture equivalent values. The Na and K ions caused a
lowering of the plasticity limits. The plasticity number of the Na-
saturated soils increased; that of the K-soil decreased. Ca-saturated
soils, containing a large percentage of clay, were distinctly flocculated.
These observed effects of the various cations were not explained because
of the lack of a sufficient understanding of the effect of these ions on the
colloidal portion of the soil. These data, in addition to that of other
workers, show the need of more investigations concerning the nature of
these phenomena.

PREPARATION OF MATERIALS

Soil from the heavy layer of the Putnam silt loam was used through-
out this investigation. The colloidal fraction was isolated according to
the method of Bradfield’, with the exception that the soil was orig-
inally saturated with Na in order to promote a higher degree of disper-
sion. The extracted colloid was electrodialyzed in a three-compartment
cell until free from exchangeable cations and anionss. The purpose of
this electrodialysis Was to prepare a clay system that would be as pure
as possible so that the ion on the absorbing complex could be rather
accurately determined and controlled.

The electrodialyzed clay was thoroughly dispersed in distilled water
by means of prolonged stirring and shaking. The concentration was de-
termined with a pyknometer and the stock solution diluted to contain
3.4 per cent by weight of colloid. The specific gravity of the clay was
found to be 2.78. The saturation capacity of the clay for bases was
determined according to the conductometric and potentiometric methods
suggested by Bradfield”. This value was 57 milliequivalents per 100 grams
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of clay, confirming all previous results obtained with this particular clay.

The H-clay was then saturated with different amounts of the va-
rious cations by adding the ion in the form of the hydroxide. This re-
action produces a clay containing the cation of the base on the exchange
complex without the introduction of an anion except the OH ion which
forms water with the H ions replaced from the clay. The reaction in-
volved in this procedure is expressed by the equation:

H-clay+NaOH—=—Na-clay+HOH (1)

This method provides a means of preparing different clay systems with
a high degree of purity with respect to the added cations. Leaching
with neutral salts has been the most widely used method for saturat-
ing clays with various cations. However, this method has two major
disadvantages: (1) the addition of an anion which cannot be removed
from the system, and (2) the inability to rather definitely control the
quantity of cations on the colloid. The anion effect in the behavior of
colloidal systems has often been overlooked in the interpretation of
results.

Different amounts of the hydroxides of Li, Na, K, Ca and Mg were
added to this 3.4 per cent H-clay suspension in order to obtain a series
of clay sols that were 25, 50, 75 and 100 per cent saturated with the
various bases. These respective degrees of saturation correspond to
14.25, 28.50, 42.75 and 57 milliequivalents of base per 100 grams of
clay. Several additional suspensions were prepared, representing the
quantity of cations necessary to produce flocculation. In the case of the
monovalent cations a series of sols was prepared to contain one-half
of this minimum electrolyte requirement. These data provided for a
number of suspensions containing: 67 milliequivalents of each of the
cations, 108 and 217 milliequivalents of K, and 218 and 536 milliequiv-
alents of Li and Na per 100 grams of colloid.

The bases were added slowly with constant stirring of the suspen-
sion in order to insure a uniform distribution of the cations throughout
the colloidal clay. Rapid addition of the bases, especially Ca(OH)2
and Mg(OH)z, results in local areas having a higher concentration of
ions than the remaining sol. This tends towards localized flocculation
of the clay. The final concentration of these prepared sols was 2.3534
per cent by weight of clay. They were kept in Pyrex flasks, tightly stop-
pered with paraffined corks.

REACTION AND SPECIFIC CONDUCTIVITY STUDIES

The Effect of Various Bases on the Reaction of Colloidal Clay.—The
change in reaction of these clays as a function of the amount and nature
~ of the exchangeable bases on the absorbing complex was measured by
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Tapre 1.—Speciric ConpuctiviTy AND PH VaLUES oF CoLLoipaL CLay CoNTAINING
DirrereENT AMouNTs oF ExcHanGgeasLe Carions

Specific conductivity

Milliequiva- pH mhos x 105
Ton lents per 100
grs. clay sol ultra-filtrate sol ultra-filtrate
H 57.00 3.61 S 5.00 4.00
Li 14.25 5.52 - 4.70 -
28.50 6.10 - 6.96 -
42.75 6.45 S 9.12 e
57.00 6.95 —_—- 14.66 e
67.00 8.12 B 21.90 -
218.00 >10.00 R 477.00 e
536.00 >10.00 e 1,342.00 c——n
Na 14.25 5.26 6.75 5.58 4.7
28.50 5.71 6.80 8.26 6.4
42.75 6.07 6.90 10.71 7.2
57.00 6.75 7.00 18.23 12.9
67.00 7.99 7.40 25.51 17.0
80.00 8.80 eoe- 45.58 -
218.00 >10.00 B 563.60 -
536.00 >10.00 S 1,581.00 P
K 14.25 5.03 R 4.54 -
28.50 5.52 e 6.32 P
42.75 5.96 S 7.60 .
57.00 6.50 B 15.34 -
67.00 7.34 e 20.40 -
80.00 7.90 S 39.50 .
108.87 >10.00 e 100.02 H—
217.75 >10.00 I 469.30 -
Ca 14.25 4.36 5.60 4.40 3.90
28.50 4.79 6.20 3.70 3.78
42.75 5.28 6.50 3.80 4.00
57.00 5.95 7.10 6.90 6.00
67.00 6.95 30 13.90 13.00
Mg 14.25 4.50 ———— 3.71 -
28.50 4.97 meas 3.58 -
42.75 5.31 - 3.87 I
57.00 6.19 - 8.37 -
67.00 6.98 - 16.53 S

means of the quinhydrone and hydrogen electrodes.
containing the monovalent ions had a poisoning effect on the hydrogen

The clay sols
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pH
@

o o 20 30 “0 Jo 60 70 80 9

MILLIEQUIVALENTS OF BASE PER 100 GRAMS CLAY

Fig. 1.—The change in reaction of clays containing various amounts of different
cations.

electrode above pH 7.0. The quinhydrone electrode exhibited large
deviations above pH 9.0. Therefore, the pH values of the highly alkaline
clays could not be satisfactorily measured. In this case the results were
recorded as > pH 10.0. The recorded observations represent qumhy-
drone electrode readings.

The pH values of these sols and of the ultrafiltrates from the Ca-
and Na-clays, are given in Table 1. Titration curves are shown in Fig. 1.
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The results confirm the acid nature of this clay as reported by Brad-
field®. The clay is strongly buffered throughout most of the pH range.
The lyotropic effect of the added cations is very evident from these
curves. The Li ion, with its high hydration, is loosely bound to the
particle thereby undergoing a surface dissociation, greater than any of
the other less hydrated ions, causing a larger increase in the pH values.
The dissociation tendency increases with hydration according to the
series: Li>Na>K for the monovalent cations and Mg>Ca for the
divalent. Anderson! reports a similar series for the pH values of clay
saturated with different ions, except that the Ca-clay had a slightly
higher pH than that of the Mg-clay. His clays, however, were saturated
by leaching the soils with the chlorides of neutral salts and the in-
ability of removing all of the chlorides may account for this difference.

These curves exhibit a distinct inflection point at about 62 milli-
equivalents of base per 100 grams of clay indicating the point of neutral-
ization of the exchangeable H ions. This value is about 9 per cent higher
than the original saturation point determined by immediate titration
of the clay sol. However, these values were obtained after the base had
been added to the clay and the suspension allowed to stand for about
three months. This change suggests that a diffusion of the cation into
the particle probably takes place, neutralizing H ions that are not upon
the immediate surface of the colloid. The pH values resulting from the
saturation of any particular colloidal clay is undoubtedly dependent
upon the nature of that clay. Anderson' has shown that this relation-
ship appears to be a function of the SiOs-sesquioxide ratio.

Specific Conductivity of Clay Sols Containing Different Amounts

of Bases.—The conductivity measurements were made in a conduc-
tivity cell having a constant of 0.062. All determinations were carried
out in a thermostat at 25° C. The conductivity data are shown in Table 1
and Fig. 2. These curves are characterized by a break at about 59 milli-
equivalents, indicating the point at which all the exchangeable H ions
have been replaced from the particles.
The points above the Li-, and Na-, and K-clay curves represent an
hydrolysis effect, signifying that there has been an increase in the num-
ber of ions in solution. Thisincreaseis only apparent with the monovalent
cations. The insolubility of the clay salts saturated with the divalent
ions causes a different type of curve. Bradfield” has suggested that bases
with divalent cations are not suitable for the conductometric determi-
nation of the saturation capacity because of these effects.

Conductivity measurements are being used by Pauli and his stu-
dents to characterize the nature of various colloidal systems. Pauli and
Schmidt# have found that the conductivity of an AI(OH); sol, stabil-
ized with the chloride ion, when titrated with AgNOs, increases sharply
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Fig. 2.—Specific conductivity of clays containing different amounts of bases.

at a point corresponding to the analytically determined Cl content of
the sol. All of the stabilizing electrolyte was exchangeable. Rabinowitsch
and Dorfmann?® observed a similar effect with the AssSs sol when titrated
with BaClp. The point at which all of the H ions had been replaced from
the colloid by the cation of the neutral salt was found to be independent
not only of the concentration of the salt but also of the valency of the
replacing ion, except in the case of hydrolyzable salts.
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The conductivity curves of Li-, Na-, and K-clays exhibit an apparent
discrepancy with regards to hydration, since the conductivity is greater
according to the series: Na>Li>K. However, two different factors
must be considered in these effects, the degree of dissociation of the
different clays and the mobility of the ions resulting from this dissociation.
The dissociation of .these clays follows the order: Li>Na>K. There
will be more Li ions in solution than Na and K ions. The Li ion, with
its high hydration, has the lowest mobility. The K cation has the greatest.
Therefore, the nature of the conductivity curves will be dependent not
only upon the amount of a particular ion but also upon its mobility.
In this way, the Li-clay possesses a conductivity that lies between
that of the Na- and K-clays.

The conductivity of the ultrafiltrate of the Ca-clays is not appreci-
ably different from that of the sol. However, as the concentration of Na
ions in the Na-clay system increases, the conductivity of the inter-
micellar liquid becomes greater, denoting an hydrolysis of the Na-clay.
Similar results have been reported by other investigators. Kruyt and
van der Willigen® found that the conductivity of the ultrafiltrate as
compared with that of the sol varied considerably from one colloid to
another. The ultrafiltrate of the HgS and Au sols was not materially
different from that of the sol itself. The conductivity of the AssSs
ultrafiltrate varied from 10 to 40 per cent lower than that of the sol,
depending upon the concentration. Wintgen and Weisbecker® observed
that the conductivity of the ultrafiltrate of the Cr(OH)s sol varied
from about 5 to 10 per cent from that of the sol itself.

These conductivity and reaction data clearly show that there is an
increase in the concentration of ions in solution at the point of saturation
of the colloidal clay. This point of saturation represents complete neu-
tralization of the H ion on the exchange complex.

FLOCCULATION

The flocculation values were determined by adding successive
amounts of bases to the H-clay, keeping the final concentration equal to
2.3534 per cent. Small test tubes were used in these experiments. The
suspensions, containing the added bases, were vigorously shaken, allowed
to stand over night, shaken again the next morning and then centrifuged
for 15 minutes. The flocculation values represent an error from the
minimum electrolyte requirement of about 5 per cent. These values
are given in Table 2 and are expressed as milliequivalents of base per
100 grams of clay on the basis of a 2.3534 per cent by weight suspension.

These results distinctly show the effects of the valency and hydra-
tion of ions on the flocculation of colloidal clay. The flocculation value
for the K ion is approximately one-half that for the highly hydrated Li
and Na ions. Tuorila,? observed that the minimum electrolyte require-
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TasLe 2.—FLoccuLaTioN VarLues oF CoLLoipAL CLaYy SATURATED WITH VARIOUS
Carions. FinaL ConceEnTRATION OF SoL = 2.3534 Per CeNT BY
WEeicHT oF CoLLoID .

Flocculating cation ... ____ Li Na K Ca Mg
Minimum electrolyte requirement in

milliequivalents ot base per 100 .
grs. ot clay.. .. ________ 536 536 217.75 67 67

ment for a clay sol was about the same for LiCl and NaCl but that the
amount of KCl necessary for flocculation was about two-thirds less.
The divalent ions flocculate at a much lower concentration. The sols
fAocculated with the monovalent ions were highly viscous, gelation
taking place as the suspensions aged. This effect was undoubtedly due
to the high concentration of ions that was required to produce floccu-
lation and to the particular concentration of clay. Flocculation in these
alkaline mediums magnified the hydration changes brought about by
coagulation.

Bradfield® has definitely shown that there must be an excess of
cations in the intermicellar liquid above the saturation capacity of the
colloid in order to decrease the charge on the particle and produce
focculation. Rabinowitsch and Dorfmann* have shown that equivalent
quantities of different cations are required to replace the H ions from the
As2S3 sol but that the excess of cations in the intermicellar liquid,
necessary to produce flocculation, depends upon the valency and hy-
dration of these ions. This point is confirmed by the results with this
colloidal clay. The divalent cations flocculated the clay when the
excess of these ions was about 17.5 per cent above the saturation point.
This amount was 282 and 840 per cent above saturation with the K
and the Li and Na ions, respectively. Hissink?? reports that clay isin a
flocculated condition when the absorbing complex is 95 per cent saturat-
ed with Ca. Gallay’s?® and de Sigmond’s!® results indicate that floc-
culation takes place either at the saturation point or slightly above it.
The data discussed above confirm these observations, showing that
there must be an excess of ions in the intermicellar liquid before floc-
culation ensues.

CATAPHORESIS

Historical

The stability of a colloidal system is dependent upon the charge
and hydration of the particles, depending upon the nature of the colloid.
The charge on the particle is the sole factor determining the stability of
hydrophobic colloids. Both charge and hydration are responsible for
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the stability of lyophilic sols. Removal of the charge from the colloidal
particles results in coagulation. Powis® has shown, however, that the
charge does not have to be entirely removed in order to produce floc-
culation. A lowering of the electrokinetic potential to a certain value,
which he calls the “critical potential”, is sufficient to bring about floc-
culation.

The ion of opposite charge to that of the particle is responsible for
this lowering of the potential. This indicates that the electrokinetic
potential is due to the ions held on the surface of the particles. These
ions may be absorbed by the particle or they may arise from the par-
ticle by surface dissociation. Wiegner® considers the charge of the clay
particles as arising from the dissociation of ions from the clay colloids.
The highly complex anions of silicic acid or of various silicates are re-
tained by the unsaturated valences of the surface Al- atoms of the clay.
These ions form the inner layer, producing the negative charge of the
clay. Bradfield* considers the charge as arising from a dissociation of
ions directly from the surface of the clay particle.

The exchangeable cations form the outer layer of the particle. The
charge on the particle will be greater as the hydration of these cations is
larger. Irrespective of the nature of the inner layer, the charge will
increase with increasing hydration of the ions of the outer layer ac-
cording to the ionic series:

Li>Na>K>Rb>Cs

Mg>Ca>Sr>Ba
Briggs!® holds a similar view in regards to the origin of the potential
in cellulose membranes. He states that the potential existing across the
interface may be due to ions set free at the surface of the solid phase but
that this potential will be governed by all of the ions present in the
system. Mattson® has shown that the charge on soil colloids varies
markedly according to the nature of the exchangeable base present.
The amount of the exchangeable bases should have an effect on the charge
of the particle as well as the nature of these bases.

~ Experimental

Method Used.—Measurements of the charge of colloidal parti-
cles fall into three different groups: (1) the rate of movement of a boun-
dary between the colloidal suspension and the clear dispersion medium,
(2) the rate of change in concentration of the dispersed phase in a certain
volume near the boundary measured, and (3) the velocity of the indi-
vidual particles measured in an ultramicroscope. The first method,
represented by the Burton U-tube, has been used more extensively
because of its simplicity. However, this method is not entirely satis-
factory. A distinct boundary between the sol and ultra-filtrate is often
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very difficult to obtain. The difference in the conductivity of the sus-
pension and the dispersion medium; the effects of electrolysis and polari-
zation; and the changes in the concentration of the different ions in the
system introduce sources of error in the determinations.

Direct ultramicroscopic measurements overcome most of these
difficulties. However, these determinations, depending upon the tech-
nique used, may be subject to large errors due to the disturbing action
of the products of electrolysis and the warming of the liquid by the
electric current. Tuorila,* hasdevised a simple cell for use with the
ultramicroscope that reduces these errors to a minimum. The cell
employed in this investigation was built according to his original sug-
gestions with the exception that a soft grade of DeKhotinsky cement
was used instead of “picein”, thereby making a cell of higher rigidity.
The open type of cell was selected in preference to the closed. The final
dimensions of the cell were 40 x 26 x 1.812 mm. A detailed, illustrated
description of the method for building this cell is given in Tuorila’s
original paper.

This cell has several advantages for ultramicroscopic work. The
optical properties are excellent since the walls are parallel producing no
reflection of the beam of light. Measurements can be made in the mid-
dle of the cell. The disturbing action of the products of electrolysis can
be eliminated by frequent changing of the solutions. The solutions can
be drawn from the cell through the open side by means of a filter paper.
It has two disadvantages that must be guarded against in its use. The
cell cannot be cleaned easily. If a chromic acid mixture is allowed to
stand in the chamber too long it attacks the cement perhaps producing
a leak. However, it can be thoroughly cleaned by washing it out with a
soap solution. This can be accomplished by placing a thin cloth over
a spatula that has been ground square on one end and rubbing the in-
side of the cell as gently as possible with the cloth saturated with the
soap. After this treatment, a fine jet of water is sprayed into the cell
for about 5 minutes. This rinsing removes all of the soap solution and
leaves the glass perfectly clean. This process need not be repeated more
than twice daily depending upon the number of determinations that have
been made. A cell with clean walls is very important in ultramicroscopic
cataphoresis measurements. Any material adsorbed on the wall will
affect the potential. The other difficulty is the disturbing currents that
may be produced by evaporation of water from the open side of the cell.
These currents cause the particles to move diagonally across the field
when observations are being made. This is easily overcome, however,
by applying a thin coat of paraffine on the bottom of the cell at this open
side. The paraffine keeps the layer of water within the cell and thereby
reduces evaporation to a minimum. The introduction of any light that
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may contain heat waves will also produce convection currents. These
disturbing influences were found to be more numerous in cells having
a depth greater than 2 mm.

The optical arrangement used in this investigation was that of the
slit ultramicroscope of Siedentopf and Zsigmondy. A saturated solution
of alum was placed in the path of the beam of light to absorb the heat.
The microscope used for making the observations had a 16 mm objec-
tive and a 17.5 eyepiece giving a magnification of 175 diameters.

The potential difference at the electrodes was 20 volts. This cor-
responded to a potential fall of 5 volts,/cm.

The cataphoretic velocity of the particles was measured in both
directions with a stop watch. The current was reversed by means of a
commutator on the average of about 5 to 10 seconds. The solution was
changed after making 5 observations. The movement of the particles
in both directions was not always the same, the velocity in any one di-
rection being constant. Tuorila,’® has shown that the mean of the rapidi-
ties in both directions gives correct results. The experimental error in
making these observations was about 5 per cent.

Velocity of Particles at Different Depths in the Cell Used.—Observ-
ed movement of the particles at different depths in the cell is different.
They move in opposite directions in the middle and near the walls.
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