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The Effect of the Amount and Nature of Exchange

able Cations on the Structure of a Colloitial 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. 

Zakharov66 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. 

The object of this investigation 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 experiments2• 

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, Depar!ment of Soils, University of M issouri , 1928-29. 

tReference by number to "Bibliography" pages 45-48. 

Note.-Also presented to the facult y of the Graduate School of the U ni versi ty of Missouri in portia! 

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. Hissink27, de Sigmond15, 

Kelley and Brmvn30, Gedroiz/5 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
roiz24 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 condition23. They pass into an irreversible state 
when saturated with the divalent ions. He observed that the dispersion 
of his soils followed the series: 

N a> NH4 > K > Mg > H > Ca > Ba 
De Sigmond16 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 CaS04 
were used as there were millimols of exchangeable N a20 and K20 in 
the zeolite. Gallay 22 states that for Ca to benefit the structure of a soil 
it must be added in excess of the total absorptive capacity. Hissink27 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 Lukaschewitsch50 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>NH4>Mg>Ca>H. Mattson40 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 10111c order of Na::>-ea-:>-H:- -Bhargc ·followed the .progression: 
Na>H>Ca. Anderson1 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 cations on the properties of clay is usually direct
ly proportional to the extent of their substitution. Mattson's results, 
however, do not support this conclusion. 

Thomas54 reports that soils saturated with various bases tend to 
be more highly, dispersed according to the ionic series: N a> K > NH4 
> Ca >H. He5" also observed that the per cent of water in soils at low 
vapor pressures was higher according to the order: Ca > H > N a> NH4 
> K. Soil structure was influenced in a similar manner53• Parker and 
Pate42 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 author2 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 Bradfield5, 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 anions8• 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 thP clay :w::~c: 
found to be 2.78. The saturation capacity of the clay for bases was 
determined according to the conductometric and potentiometric methods 
suggested by Bradfield7• This value was 57 milliequivalents per 100 grams 
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of clay, confirming all previous results obtained with this par ticular 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. H owever, this method has two maj or 
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, 42.7 5 and 57 milliequivalents of base per 100 grams of 
day. 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 Naper 100 grams of colloid. 

The bases were added slowly with constant stirring of the suspen
sion in order to insure a uniform d istribution of the cations throughout 
the colloidal clay. Rapid addition of the bases, especially Ca(OH)z 
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. 

~:Q._SPECTFIC C_Q:JID_"Qg_':['!Y]:'!'_X .. 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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TABLE 1.-SPECIFJC CoNDUCTIVITY AND rH VALUES or CoLLOIDAL CLAY CoNTAINING 

DIFFERENT AMOUNTS OF ExcHANGEABLE CATIONS 

I ---- ------- -
Specific conductivity 

Millieq uiva- pH mhos x 105 

Ion len ts per 100 ----~ --- - -- - - - ------ ---
grs. clay sol ultm-fil tra te sol ultra-filtrate 

--- - - ----------
H 57.00 3 . 61 ~ - -- 5.00 4.00 

Li 14.25 5.52 - --- 4.70 -- - -
28.50 6.10 --- - 6.96 ----
42.75 6.45 - -·-- 9.12 - - - -
57.00 6.95 -- - - 14 . 66 - - - -
67.00 8.12 ---- 21.90 - -- -

21 8.00 >10.00 --- - 477 .00 - - --
536.00 >10.00 - - -- 1,342.00 - ---

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 -- - 45.58 -- --

218.00 > Hl.OO - - .... 563.60 - -- -
536.00 >10.00 --- - 1,581.00 •. - - -

K 14.25 5.03 -- -- 4. 54 - - - -
28.50 5.52 -- .. - 6.32 --- -

42.75 5.96 - --- 7.60 -- --
57.00 6.50 --.. - 15.34 - -- -
67.00 7.34 -- -- 20.40 --- -
80.00 7.90 - --- 39.50 --- -

108.87 > 10.00 ---- 100.()2 - -- -
217.75 > 10.00 --- - 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 5.2.8 6.50 3. 80 4.00 
57 .00 5.95 7.10 6.90 6.00 
67.00 6.95 7.30 13 .90 13.00 

Mg 14.25 4.50 -- - 3.71 ----
28.50 4.97 ---- 3.58 ----
42.75 5.31 ---- 3.87 ----
57.00 6.19 ---- 8.37 ----
67 .00 6.98 - --- 16.53 ----

J 

means of the quinhydrone and hydrogen electrodes. The clay sols 
containing the monovalent ions had a poisoning effect on the hydrogen 
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" ~----+-----+-----~----~-----+-----+----~------r---~ 

10~----+-----+-----~----~-----+-----+----~------r---~ 

~ ~----+-----+-----~-----r-----+----_,------r-----~----4 

& ~----~----+-----4-----~----~-----+----~------~--~ 

MII..LIEQUIVA .. EHTS OF 8A4£ 1'ell 100 GI\AI"\S C:LAY 

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 quinby-
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 natute of this clay as teported by Brad

field4. 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 > N a> K for the mono valent cations and Mg > Ca for the 

divalent. Anderson1 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 milE

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 takJes 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. Anderson1 has shown that this relation

ship appears to be a function of the Si02-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. This increase is only apparent with the monovalent 

cations. The insolubility of the clay salts saturated with the divalent 

ions causes a different type of curve. Bradfield7 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 

Schmidt44 have found that the conductivity of an Al(OH)s sol, stabil

ized with the chloride ion, when titrated with AgN03, 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 Dorfmann46 observed a similar effect with the As2S3 sol when titrated 
with BaCh. 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 ofLi-, Na-, and K-clays exhibit an apparent 
discrepancy with regards to hydration, since the conductivity is greater 
according to the series: N a> 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 cia ys follows the order: Li > N a> 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 Willigena3 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 As2S3 
ultrafiltrate varied from 10 to 40 per cent lower than that of the sol, 
depending upon the concentration. Wintgen and Weisbecker6·1 observed 
that the conductivity of the ultrafiltrate of the Cr(OH)3 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 electroly te 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,58 observed that the minimum electrolyte require-



14 Missou RI AGRICULTURAL ExPERIMENT STATION 

TABLE 2.-lhoccuLATION VALUES OF CoLLOIDAL CLAY SATURATED WITH VARious 

CATIONS. FINAL CoNCENTRATION OF SoL = 2.3534 PER CENT BY 

VI' EIGHT oF CoLLOID 

Flocculating cation .... ____ . _ . _._ . Li Na K Ca Mg 

Minimum electrolyte requiremen t in 

milliequivalents of base per 100 
grs. ot clay _______________ ___ 536 536 217.75 67 67 

- -

ment for a clay sol was about the same for LiCl and NaC! 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 

flocculated with the monovalent ions were highly viscous, gelation 

taking place as the suspensions aged. This eff~ct 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 6 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 

floccul'ation. Rabinowitsch and Dorfmann46 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. Hissink27 reports that clay is in a 

flocculated condition when the absorbing complex is 95 per cent saturat

ed with Ca. Gallay's22 and de Sigmond's16 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. Powis4" 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 62 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 AI- atoms of the clay. 
These ions form the inner layer, producing the negative charge of the 
clay. Bradfield4 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 

Briggs10 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. Mattson38 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,59 has devised 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 h igher 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/em. 

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,S9 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. 
These effects are due to the electroendosmotic flow of the water, brought 
about by the negative charge of the glass walls. Water moves along the 
walls towards the cathode. Since the cell is closed between the electrodes 
as much water as flows along the walls in one direction must flow back 
through the center of the cell in the opposite direction. Therefore, the 
observed velocity of the particles is equal to the true velocity of the par
ticle plus the velocity of the liquid. 

z=u+v 0) 
where 

z=observed apparent velocity of the particles. 
u =true cataphoretic velocity of the particles. 
v = electroendosmotic velocity of the water. 
Smoluchowski48 has developed a formula for the electroendos

motic velocity of water in a thin cell. This formula is 

The velocity of the particles would then be 

z~u+v• ( 1-6 (~- t:)) (4) 
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where 
Vo = electroendosmotic velocity of the water at the wall of the cell. 
L =thickness of the cell. 
s =distance from the wall where the true velocity of the particle 

takes place. 
The expression in brackets will equal zero when 

(5) 

Therefore, the true velocity, u, is found at a depth equal to 0.2113L. 
Also according to Smoluchowski, 

(6) 

where 
zu and z72 refer to the observed velocities at a 
distance u and Y5 of the depth of the cell away from the wall. 

vVith these considerations in mind, the apparent velocity of the 
particles in a suspension of clay was measured at different depths of the 
cell. These values are given in Table 3. The curve showing the catapho-

TABLE 3.-CATAPHORETIC VELOCITY OF CLAY PARTICLES AT DIFFERE NT DEPTHS I N 

THE CELL. PoTENTIAL G RA DIE NT, 5 voLTs/eM. 

-------------------------------
Distance from 

top of cell 
microns ____ 35 50 225 32'5 386 725 875 1100 

Velocity of 
particles mi-
crons per 
sec. per volt 
per em. ____ - 2.63 -2.02 +2.50 +3.10 +3.27 +5.20 + 5 .25 +5.00 

retic velocity of the particles with respect to depth in this particular 
cell is shown in Fig. 3. The true velocity of the particles calculated at 
a depth of 0.2113 Lis equal to 3.4 microns/sec. That calculated from 
equation 6 is equal to 3.41 microns/sec. The observed velocity of the 
particles next to the wall was found to be too large to fall on the theoretical 
curve. This effect was also observed by Tuorila. It is probably due to an 
unevenness of the wall or to adsorption effects on the wall. However, 
the velocities a short distance from the wall are not subject to these 
errors and therefore fall on the curve as calculated by Smoluchowski's 
formula. 

The cataphoretic velocities of the particles are usually expressed 
in microns/ second at a potential fall of one volt/ em. The electroki-
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netic potential, zeta, can be calculated from these velocities with the 
Helmholtz-Perrin equation: 

where 

411" nv(300) (300) 
zeta=---------

HD 

v =velocity of the particles. 

H=fall in potential in volts/ em. 

D =dielectric constant of water. 

11 = viscosity of water. 

(7) 

300 x 300 =factors for converting H and zeta from electrostatic to 

absolute units. 
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The Effect of the Fall in Potential Upon the Migration Velocity.
The fall in potential used in cataphoresis experiments has varied from 
one investigator to another. Tuorila recommends a potential gradient of 
3 volts/ em for this type of cell. Freundlich and Abramson21 report 
that the cataphoretic velocity of red blood corpuscles in serum was 
directly proportional to the fall in potential. A similar effect was ob
served with zinc dust particles in gelatin. In order to determine if their 
results were applicable to the velocity of clay particles, the migration 
velocity of this colloidal clay was studied at different potential gradients. 
Two different cells were used having a distance of 3.5 and 4 em between 
the electrodes. These observations are shown in Table 4 and Fig. 4. 

TABLE 4.-THE EFFECT OF THE FALL IN PoTENTIAL UPON THE CATAPHORETIC 

VELOCITY OF CLAY PARTICLES 

Velocity of parti-
Fall in potential cle microns 

Volts applied volts per em. per second 

Cell No. 1 10 2.5 12.32 
electrodes 4 em. apart 20 5.0 22.35 

30 7.5 30 .50 
40 10.0 40.50 
50 12.5 55.50* 

Cell No.2 10 2.66 7.40 
electrodes 3.5 em. apart 20 5.32 21.00 

30 7.98 29.50 
40 10.64 43.50 
50 13 .30 74.00* 

*electrolysis effects 

The data confirm the work of Freundlich and Abramson up to a fall in 
potential of 10 volts/ em. Above this point, electrolysis effects in this 
small cell become a limiting factor and the velocity of the particles 
increased more rapidly than the potential gradient. However, a fall 
in potential of 10 volts/ em is considerably higher than that generally 
used in making cataphoresis measurements. 

Migration Velocity as Affected by Dilution,-Since the charge on the 
colloidal particle is associated with the ions in the outer layer of the 
particle , the migration velocity should become greater as surface dis
sociation of these ions on the particle increases. Valko and Weingarten 5° 
observed that the Cl activity and the migration velocity of the AI (OH)s 
sol increased with dilution. Bradfield4 has shown that the ionization of 
this acid colloidal clay increases with increased dilution. 

The migration velocity of this clay, saturated with H ions, was 
determined at different concentrations of the sol. The concentrations 
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Fig. 4.-The effect of the fall in paten tial upon the migration velocity of clay particles. 

were chosen to cover the range that could be used in the ultramicroscope. 
These results are given in Table 5, along with the pH values of the 
solutions. There is an increase in the velocity of the particles with di
lution up to a certain concentration. The pH values follow a similar 
course. These values are of the same order of magnitude as those observ
ed by Valko and Weingarten and indicate that the migration velocity 
of the colloid is a function of the dissociated ions on the particle. 
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TABLE 5.-THE EFFECT OF DILUTION UN THE CATAPHORETIC VELOCITY OF H-CLAY. 

PoTENTIAL GRADIENT, 5 voLTs/eM. 

Concentration of clay grams Cataphoretic velocity microns 

per liter per sec. per volt per em. pH 

0.11775 2. 30 5.52 
0.05887 2.48 5.77 
0.02826 2.62 6.08 
0.01 884 2.60 6.05 
0.00942 2.67 6.05 

The Relation of Exchangeable Cations to Migration Velocity.

The electrokinetic potential of colloidal particles is greatly influenced 
by electrolytes. The curves giving the relation between charge and elec

trolyte concentration generally exhibit a maximum with the mono

and divalent ions at low concentrations, then decreasing as the con

centration of these ions increases. These relationships are fully d iscussed 

by Svedberg,51 and Kruyt31• Tuorila58 studied the effect of different 

electrolytes on the migration velocity of clay sols and found that the 
cataphoretic velocity was lowered according to the following electrolyte 

and cation series: 

LiCl<NaCJ<KCl=AgN03< CsCl<HCl 
MgCb < CaCb < SrCb < BaCb 

There was a slight increase in these velocities with small addi
tions of the monovalent chlorides, LiCl, N aCl and KCJ. The divalent 

chlorides and HCl caused an immediate decrease in .the velocity of the 
particles. The clay suspensions, however, were not freed from exchange

able bases before treating with the various electrolytes. Mattson411 re

ports that the migration velocity of electrodialyzed clay and bentonite 

increases by saturating these colloids wi th. N a and decreases when Ca is 
the saturating ion. He finds that the electrokinetic potential reaches 

a maximum before 100 per cent saturation with Na. Anderson1 observed 

that the colloids saturated with H ions have a lower potential than those 

saturated with Ca. However, he extracted the soil with HCl to bring 

about saturation and the presence of the Cl ions probably accounts for 

this difference. 
The migration velocity of the clay sols used in this investigation 

was determined by the method described above with a potential gradient 

of 5 volts/em. The solutions were changed after having made 5 obser

vations. The relation of the amount and nature of the exchangeable 
bases to the velocity of the clay particles is shown in Table 6 and Fig. 5. 
The cataphoresis curves show very markedly the effect of the valency 
of the cation on the charge of the clay particle. The effect of hydration 
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TABLE 6.-THE RELATION OF THE AMOUNT AND NATURE OF ExcHANGEABLE BAsEs 

TO THE VISCOSITY AND CHARGE OF CoLLOIDAL CLAY 

----- -
Milli- Viscosity Migration Zeta-

equivalents - -- ----- veloci ty mi- potential 

Ion per 100 time in relative crons per sec. milli-
grs. clay seconds viscosi ty I volt per em. volts 

------ - ·-------
H 57 64.7 I. 4232 2.70 34.3 

Li 14 .25 62 .2 1.3683 2. H6 36.4 
28.50 67.2 1.4787 3 .04 38.7 
42.75 68 .4 1. 5048 3.25 41.3 
57.00 63 .5 I. 3969 3.53 44 .9 
67.00 61.0 1.3420 2 .96 37.6 

218.00 81.4 I. 7906 3 .00 38 .2 
5J6.00 280.0 6.1600 ---- - ---

Na 14 .25 61.4 1.3506 2.73 34.7 
28.50 65.0 1.4298 2.97 37.8 
42 .75 67.2 1.4787 3.19 40.6 
57.00 63.2 I. 3903 3.57 45 .4 
67.00 60.6 1. 3330 2.86 36.4 
80.00 58 .0 1. 2759 2.80 35.6 

218.00 58.2 1.2809 2. 88 36.6 
536.00 230.0 5.0600 - - -- ----

K 14.25 57 . 8 I. 2715 2.68 34 .0 
28.50 60.2 1.3243 2. 88 36.6 
42.75 64.2 1.4123 3.21 40.8 
57 .00 64.2 1.4123 3.47 44.1 
67.00 62.2 1.3683 2. 70 34.3 
80.00 59.0 I. 2980 2.67 34.0 

108.87 57.9 1. 2737 ---- ----
217.65 190.0 4 . 1800 ---- - ---

Ca 14. 25 61.0 1.3420 2.39 30 .4 
28.50 57.4 1. 2627 2.32 29.5 
42.75 56.4 1.2407 2. 19 27.9 
57.00 56 .6 I .2450 2.11 26 .8 
67 .00 61.0 1.3420 2.08 26.5 

Mg 14.25 57.1 I. 2560 2.50 31.8 
28.50 56.4 1. 2407 2.45 31.1 
42 .75 56.4 I. 2407 ---- --- -
5'7 .00 56.4 1.2407 2.32 29.5 
6'7.00 60 .0 1.3200 2.31 29.4 

of the ions is not very strongly expressed. However, the lyotropic effect 
of the ions is present. The curves for the monovalent cations are charac-
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Fig. 5.-The migration velocities of clay sols as affected by the amount and nature 
of exchangeable cations. 

terized by an initial increase in the migration velocity up to a maximum 
where they fall off sharply to a more or less constant value as the con
centration of the ions in the system increases. This maximum point 
is reached at the saturation capacity of the colloid for bases, indicating 
that the maximum activity of the ions on the particle, exerting their 
effect on the migration velocity is reached at this value. Mattson40, 

however, reaches this maximum point before complete saturation of the 
colloid. The sharp decrease in the velocities can be explained by con
sidering the higher concentration of ions in solution as suppressing the 
effect of the ions on the particle. In other words, there is a repression of 
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the ionization of the particular clay salts. As the concentration of ions 
in the solution increases this repression of ionization becomes greater, 
reducing the number of "active ions" on the surface of the particle. This 
causes a sharp decrease in the charge on the particle. 

The slight differences between the velocities affected by the differ
ent monovalent cations has also been observed by Tuorila. Buzagh11 

reports a similarly shaped curve for electrodialyzed bentonite when 
treated with increasing quantities of NaOR. 

The divalent cations cause a gradual decrease in the charge on the 
particles as the concentration of these ions increases. This effect appears 
to be more or less universal in cataphoretic phenomena. It is probably 
due to the low dissociation of the Ca- and Mg-clays. A smaller number 
of ions on the particle as well as a lower activity of these ions should be 
expected to cause a decrease in the charge on the particle. 

The critical potential for the Li-, Na- and K-clays is 38.2, 36.6 and 
34.0 millivolts, respectively. This value for the Ca- and Mg-clays is 
26.5 and 29.4. The R-elay with a potential of 34.3 millivolts is very 
close to the critical value since the R-saturated sol is nearly flocculated. 
Tuorila found the critical potential for his particular clay suspension 
to be 48 millivolts for the monovalent cations and 45-46 millivolts for the 
divalent. The critical potential undoubtedly varies with the chemical 
composition of the colloidal clay. For any particular clay, the critical 
value will depend upon the nature of the flocculating agent. 

SIZE OF PARTICLES 

Ultramicroscopic Method 

In order to study the change in dispersion of the R-elay sol when 
treated with monovalent and divalent cations, the size of the particles 
of theN a- and Ca- series of clays were determined in the ultramicroscope. 
Any change in the size of the particles, which undoubtedly included 
small aggregates in many instances, would signify a change in the degree 
of dispersion. Ultramicroscopic counts were made with these clay sols, 
diluted with their ultrafiltrates. In this way the concentration of elec
trolytes in the system could be maintained as constant as possible. 

The ultrafiltrates were obtained with the use of a pressure ultra
filter under a pressure of 100 pounds per square inch. Collodion membranes 
were used to hold back the colloidal particles. The membranes were 
made by allowing layer a of collodion to harden in a petri dish. This 
technique produced a membrane that proved to be very efficient for 
ultrafiltering these clay sols. 100 cc of the sol were filtered, furnishing 
a sufficient quantity of ultrafiltrate for making these counts. 500 counts 
were made with each sol, using the same Siedentopf and Zsigmondy 
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TABLE 7.-THE EFFECT OF ExcHANGEABLE CA.AND NA UPO'-' THE SrzE OF PARriCLEs 

IN CoLLOIDAL CLAY 
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ultramicroscope that was employed in making the cataphoresis observa
tions. 

The results of these observations are given in Table 7 and Fig. 6. 
The average radius of the H-aggregate was found to be 136 millimicrons. 
The replacement of the H ions from the particles resulted in a dispersion 
of the aggregate since the average radius of the particles decreased. This 
decrease reached a minimum of 121 millimicrons with theCa-clays when 
the particle was about 75 per cent saturated with this ion. Beyond this 
point the size of the particles increased, indicating a flocculating effect. 
The average radius of the Ca-aggregate was 148 millimicrons. The Na
ion caused a distinct change in the dispersion of the B-elay. The ob
served results seem to indicate that the maximum dispersion of this 
clay sol produces a particle having a radius of 96 millimicrons. How
ever, the ultramicroscopic observations do not show the magnitude of 
this dispersion, probably due to the fact that many of the smaller parti
cles resulting from this high degree of dispersion were not seen. It was 
very evident from the appearance and behavior of these suspensions that 
a much higher degree of dispersion was obtained. These counts show that 
the size of the extracted colloid is near the upper limit of the colloidal 
state.* Nevertheless, the results clearly show the differences in the 
effect of the monovalent and divalent cations on the size of the particles 
produced by the replacement of the H ions from the colloid. 

Rate of Ultrafiltration 
A large difference was observed in the rate of filtration of these 

various sols. TheCa-clays filtered much more rapidly than the Na. This 
different rate in the filtration velocity indicated a large difference in 
the size of the pores in the two clays. As filtration proceeds a layer of 
clay is deposited upon the collodion membrane which also serves as a 
membrane. The thickness of this clay membrane becomes greater as 
the volume of the ultrafiltrate increases. The rate of filtration of two 
clay sols, 50 per cent saturated with Ca and Na ions, was determined in 
order to ascertain the relative differences in the size of pores of the clay 
membranes. 

50 cc of distilled water were passed through the membrane under a 
pressure of 100 pounds per square inch. The rate of filtration was ob
served to be constant, amounting to 0.0166 cc/sec. 100 cc of the 
Na-clay suspension were then filtered on the same membrane and the 
volume of the ultrafiltrate measured at 10 minute intervals. After all 
of the intermicellar liquid had been filtered from the Na-clay, the mem-

*The suspensions contained some particles with a diameter of 600 millimicrons which were not 
removed during supercentrifuging because of the rel.uively high viscosity of the concentrated Na
saturated clay. For this reason the absolute va]uea found by the ultramicroscopic method are larger 
than would be expected in a colloidal solution free from these larger particles but the changes produced 
by the different ions would not be appreciably altered by their presence. 
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T A BLE 8.-A CoMPA RI SON OF THE RATE O F ULTRAFILT RATIO N orCA- AND NA-CLAYS 

UNDER A PRESS U RE or 100 P ou NDS P ER S QUA RE I NcH 

Volume ot ultrafiltra te 
T ime in minutes 

Distilled water Ca-clay N a-clay 
cc cc cc 

10 13 .0 9 .5 9.0 
20 22 .5 17.0 13.5 
30 32. 5 24 .0 17.5 
40 42.5 30 .0 20. 5 
50 --- - 35 .5 23.5 
60 - - - - 41.0 26.5 
70 - --- 45 . 5 29.0 
so -- -- 50.5 31. 0 
90 ---- 55 .0 33 .0 

100 ---- --- - 34.5 
120 - - - - 65 .5 38 .25 
140 - --- - -- - 41.50 
160 ---- 79 .5 44 .75 
180 -- -- 95 .5 47.25 
200 ---- -- - - 49.25 
380 - --- - - - - 62.75 
430 - - -- - - ·- - 68.25 
510 - --- - - -- 75 .25 
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brane was washed with distilled water and 100 cc ofthe Ca-clay filtered 
through it, making the observations at the same time intervals. Table 8 
and Fig. 7 give the results of these observations. 

It is quite evident from these data that the size of the pores in the 
Na-clay are much smaller than those in the Ca. The rate of filtration 
of the Na-sol decreases markedly as the colloid is deposited and the 
clay membrane is formed. This decrease in filtration velocity is not as 
pronounced with the Ca-sol. The size of the pores in these membranes 
were calculated according to the formula suggested by Bjerrum and 
Manegold3 for determining the size of pores in collodion membranes. 
This formula is 

where 

r= ~ 8~dD__ 
w 

r =radius of the pore. 
~=viscosity of the liquid. 
d =thickness of the membrane. 

(8) 

D =permeability of the membrane for water per cm2 m 
em/sec., with a unit pressure of 1 em of water. 

w=per cent of water by volume in the membrane. 
The per cent of water in the Na- and Ca-clay membranes after 

ultrafiltration was 96.4 and 95.85, respectively. The radii of the pores 
in the two membranes, calculated from this formula, were found to be 
21.8 millimicrons for the Na-clay and 62.8 millimicrons for the Ca. 
The cross sections of the pores in the Na- and Ca-clay membranes were 
1490 and 12400 square millimicrons, respectively. In other words, the 
relative size of the pores in theCa-clay was 8.3 times greater than in the 
Na. The filtration velocity curves indicate that the Ca ion produces 
a porous structure, undoubtedly due to the nature and stability of the 
floccules formed. 

VISCOSITY 
Historical 

Colloids are generally divided into two distinct groups, hydrophile 
and hydrophobe, with respect to their viscosity. Hydrophilic sols are 
characterized by a relatively high viscosity. The hydrophobic colloids 
do not possess a viscosity appreciably different from that of their dis
persion medium. Clay sols can be considered as occupying an interme
diary position, being .neither truly lyophilic or lyophobic. Colloidal clay 
possesses the properties of hydrophilic colloids because of its hydration. 
Its sensitivity to electrolytes is a hydrophobic characteristic. 

Viscosity measurements have been rather extensively used for the 
characterization of lyophilic colloids, even though most of the work has 
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been more or less relative in nature. It has been fairly well established 
that the viscosity of colloids is a function of the volume occupied by the 
disperse phase. This volume should include that of the particle and any 
water of hydration that may be associated with it. Einstein19 has pro
posed a formula showing the relation between viscosity and the volume 
of the dispersed phase. His equation indicates that any increase in 
viscosity in a colloidal system depends on the total volume of the parti
cles and is independent of the degree of dispersion. This formula is 

ns=llm (1+2.5 c:I>) (9) 
where 

ns =viscosity of the colloidal system. 
nm =viscosity of the dispersion medium. 
c:I>= the volume of the dispersed phase per unit volume of sol. 

This equation assumes that the particles are spherical and rigid. 
The value of ci> also includes any water of hydration associated with the 
particles. Modifications of this equation also include the relationship 
of viscosity to the volume of the dispersed phase. Emulsoid particles 
have a much larger "active volume" than that calculated from the size 
of the particle itself. This suggests that they are strongly hydrated. The 
nature of this hydration may be varied. Water may be held as a film 
around the particles by the forces of adsorption; it may be absorbed 
within the particle; or, it may be the result of hydration of the ions 
of an electrolyte that may be associated with the particle. Agar possesses 
a high degree of hydration and therefore a high viscosity. Oden41 has 
shown that by increasing the degree of dispersion of his sulfur sol the 
viscosity increased. This was undoubtedly due to water adsorbed on 
the increased surface of the smaller sulfur particles. 

Numerous investigators12 20 28 36 have observed that the addition 
of small amounts of electrolytes to colloidal systems produces a sharp 
drop in their viscosity. Further additions either produce no change 
or cause an increase in viscosity, depending upon the nature of the col
loid and the type of electrolyte. These viscosity changes appear to fol
low a course similar to that of the electrokinetic potential of colloidal 
systems. 

There have been several theories proposed as an explanation of 
the nature of this decrease in the viscosity of colloids. The theories of 
Kruyt, Pauli and Wiegner will be considered here. Kruyt31 bases his 
theory on Smoluchowski's modification of the Einstein equation. Smol
uchowski47, -\easoning that the particles are electrically charged, thereby 
having a larger active volume, modified the Einstein formula as follows: 

118 -llm=-=- cp [ 1+_1 (zD)2
] 

11m 2 knr2 21r 
(10) 



where 
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k =specific conductance. 
r=radius of the particle. 
D =dielectric constant of the medium. 
z =electrokinetic potential of the double layer. 

31 

The original expression of Einstein is only valid for uncharged 

particles according to Smoluchowski's reasoning. He called this appar

ent increase in active volume of the particles the "quasi-voluminous 

effect". Kruyt, however, chooses to call it the "electro-viscous effect", 

by which is meant the increase in relative viscosity due to the electrical 

charge on the particles. · 
Kruyt and de Jong32 showed that the viscosity of the agar sol de

creased by removing its charge. This removal of charge depended en

tirely upon the valency of the added cation. The nature of the anion or 

cation played a minor part. De J ong13 observed a decrease in viscosity 

with the starch sol to a minimum where further additions of electrolytes 

caused an increase in viscosity. He attributed the decrease to an electro

viscous effect and the increase to the lyotropic effect of the absorbed ions. 

Eggink17 studied the electro-viscous effect of rubber-benzene sols and 

found that the strength of the electrolyte, the degree of dissociation and 

therefore the actual concentration of cations played an important part 

in lowering the viscosity. Whitby and J ane61 found that the effective

ness of acids in reducing the viscosity of rubber sols is in order of magni

tude of their dissociation constants. They attribute this decrease to the 

electro-viscous effect arising from the neutralization of the charges on 

the dispersed phase by absorbed ions. 
Pauli43, on the other hand, in discussing the colloid chemistry of 

the proteins, attributes their physico-chemical properties to their degree 

of ionization. Likewise, their colloidal properties are dependent upon 

the same effect. Hydration of protein particles increases as ionization 

proceeds. This is concurrent with an increase in viscosity. Viscosity 

decreases as ionization is diminished. Since variations in viscosity are 

due to differences in hydration, he explains such differences by varied de

grees of ionization of the protein salts. A similar hypothesis is advanced by 

Lewis and Daniel35• Thomas and Frieden ,52 explain the decrease in viscosity 

of the ferric oxide sol by the addition of FeC!s by analogous reasoning. 

Viscosimetric determinations have been used by Wiegner62, Gallay22 

and Demolon and Barbier14 to study the changes taking place in the coag

ulation of colloidal clay. From a careful analysis of the data obtained, 

Wiegner62 considers the hydration of ions as playing the important role 

in viscosity. Particles containing hydrated ions on their surfaces are 

voluminous and viscous in pure water. Those particles containing 

weakly hydrated ions around the primary particle have a lower viscosity. 



32 MISSOURI AGRICULTURAL EXPERIMENT STATION 

The distribution of ions around the particle is considered as dependent 
upon the distribution of the different strongly hydrated ions such that 
those ions in the outside liquid draw water from the particle and the 
particle shrinks. Strongly hydrated ions within the particle draw water 
into the particle, producing swelling and therefore an increase in vis
cosity. The decrease and increase in the size of the particle is responsible 
for the viscosity changes. Wiegner's hypothesis is supported by the 
data of Gallay22, stating that the hydration of particles is dependent 
on the nature of the ions in the exterior liquid and the nature of the 
adsorbed ions. In small colloidal particles combined water is considered 
not only a function of the capillaries but chiefly dependent on the chem
istry of the clay surface and the hydration of electrolytes present63 • 

Viscosity was found to increase during coagulation due to the hy
dration of the floccules. The viscosity of colloidal suspensions contain
·ing different ions adsorbed on the disperse phase decreases in order of the 
decrease in hydration of the respective ions. Viscosity is greater accord
ing to the progression: Li> Na>NH4 and K>Rb>Cs for the mono
valent ions and Mg>Ca>Ba for the divalent. Yoe and Freyer63, in 
studying the effect of hydrogen-ion concentration on the viscosity of 
the hydrosols of aluminum, chromium and iron oxides, conclude that 
an increase in viscosity represents an increase in hydration, Demolon 
and Barbier14 observed that the permeability of coagulated clay increas
ed with the concentration of electrolytes. A distinct correlation was 
found between viscosity and permeability up to a certain maximum vis
cosity. 

Measurements of viscosity of colloidal clay appear to give results 
that express fairly clearly changes in hydration and flocculation. These 
determinations may only produce relative data, nevertheless, with 
careful temperature control and a standardized technique, viscosity 
changes are indicative of certain hydration and structure changes in 
colloidal clay as produced by different adsorbed cations. 

EXPERIMENTAL 

A Washburn modification of the Ostwald type of viscosimeter was 
used in these determinations. The measurements were made in a ther
mostat regulated at 25° C. It required 46.2 seconds for water to flow 
through a fixed volume of the viscosimeter. 50 cc of each clay sol were 
placed in the viscosimeter and permitted to attain the temperature of 
the bath. The sol was thoroughly shaken in the viscosimeter before 
making each reading. A number of observations were made, agreeing 
within 0.2 of a second. Duplicate readings with the highly viscous, 
coagulated Li-, Na- and K sols did not check within about 5 seconds. 
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The effiux time for these clays was much greater than those that had not 
been flocculated. 

DISCUSSION OF RESULTS 
The results of these determinations are shown in Table 6 and Figs. 

8 and 9. It is very evident that the monovalent and divalent cations 
exert entirely different effects on the viscosity of these clays. These 
effects may be explained as representing two types of hydration changes. 

7L~----~----~----~------~----+-----~----~-----+----~ 

70~----+-----~-----+----~------+-----4-----~-----+------1 

~·r-----,_----~----~------~----+-----~-----+-----4----~ 

sz.r-----,_-----r----~------~----4-----~-----+-----4----~ 

l'fiLL./~QUIVAJ.. .. NT$ OF J!~U: I'ER '10<> GRA1'1S OF CL"'Y 

Fig. 8.-Viscosity of clay. sols containing different amounts o! bases. 
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Hydration of the system can be considered as being due either 
to a water film around the particle as produced by the absorption of 
highly hydrated ions, or, to water held between the particles in aggre
gate formation. Kuhn34 classifies the latter type as occlusion water 
and the former as adsorption. Since the viscosity of a colloidal system 
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is a function of the "active volume" of the dispersed phase, a colloidal 
aggregate, containing water enmeshed between the particles consti
tuting the aggregate, will have a larger volume than the total volume 
of the individual particles. In other words, the volume of the aggregate 
will be the sum of the volume of the particles and the volume of the 
occluded water. Therefore, the aggregate will possess a higher viscosity 
than a suspension containing the same number of particles in a mono
dispersed state providing the dispersed particles contain no adsorbed 
water hull. On the other hand, if a highly hydrated ion is adsorbed by 
the particle,when the aggregate is dispersed, the volume of the particle 
will be larger, causing an increase in viscosity. 

A careful study of the viscosity curves shows that both of these 
hydration effects occur with the monovalent ions. The H-saturated 
clay is hot a monodisperse system. It is composed of loosely-bound, 
hydrated aggregates. The relative viscosity of this system is 1.4232. 
The addition of 14.25 milliequivalents of a monovalent base produces 
a marked decrease in viscosity. This decrease is the greatest with the 
K ion and least with the Li ion. The difference between the Li, Na and 
K ions is undoubtedly a lyotropic effect. 

There are two opposing forces exerting their influence on the vis
cosity changes. Dispersion of the H-clay aggregate tends towards a 
decrease in the total volume of the dispersed phase and a decrease in 
viscosity. Hydration of the dispersed particles causes an increase in 
this volume and in viscosity. Therefore, the K ion, with the lowest 
hydration of the monovalent ions used, produces the least hydration of 
the particles, decreasing the viscosity the greatest. The high hydration 
of the Li ion, on the exchange complex, nearly counterbalances the 
effect of dispersion, inasmuch as the viscosity decreases only slightly. 
Thus, with only a slight addition of an exchangeable monovalent cation 
to this colloidal clay a distinct effect upon the viscosity and structure ot 
the system is observed. The lyotropic effect of the cations is very ob
vious. 

As the concentration of exchangeable monovalent cations becomes 
greater the viscosity increases to a maximum, then rapidly decreases to a 
minimum, increasing again as flocculation begins. This initial increase 
represents an augmentation in hydration as the concentration of the 
hydrated ions on the particle becomes greater. The charge on the par
ticle and the dispersion of the system increases with the viscosity. 
The decrease in viscosity from the maximum point is accompanied by a 
sharp diminution of the migration velocity. 

This maximum viscosity represents the point of largest hydration 
of the particle as produced by hydrated ions on the exchange complex. 
In other words, the exchange complex contains the largest number of cat-
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ions functioning as active ions in the physico-chemical behavior of the 
colloid. That is, from the standpoint of hydration, viscosity, dispersion, 
migration velocity and other related phenomena dependent upon the 
activity of the ions on the surface of the particle, the maximum actvi
ity should take place at this point. The colloid contains about 40 
milliequivalents of exchangeable Li and Na and about 50 milliequiv
alents of K per 100 grams of clay at this point of maximum viscosity. 
The pH value of the suspensions containing these amounts of exchange
able monovalent cations is approximately 6.5 A distinct break occurs 
in the conductivity curves of these sols at the above values as shown 
in Fig. 2. The titration curves in Fig. 1. indicate an inflection point at 
the same place. However, the titration curves do not show the effect 
as markedly as the conductivity data. 

The potentiometric and conductometric results show that the num
ber of ions in solution, free from the surface of the colloid, increases 
rapidly above 50 milliequivalents of base per 100 grams of clay. This 
suggests that with a larger number of ions in solution, the concentra
tion of ions on the particle exhibiting the property of hydration decreases. 
In other words, the Li-, Na- and K-clays begin to exhibit effects analo
gous to the hydrolysis of salts of weak acids. This effect has been reported 
by Bradfield4 who attributes the acidity of soils to weak colloidal, alumino
silicic acids. Mattson considers a similar phenomenon occurring with 
Na-saturated clays inasmuch as the highly hydrated ions are least ad
sorbed and therefore more strongly dissociated. 

These observations may be considered as analogous to a repression 
of ionization of the adsorbed ions at the same time repressing the hy
dration of the particle. Breazeale and McGeorge show that NaCl re
presses the ionization of.a Na-zeolite back into an undissociated state. 
An alkaline soil that otherwise showed a large amount of OH ions 
in solution exhibited none whatever after the addition of NaCI. They 
observed the same effect with KCl. Wiegner62 suggests that an increase 
in the concentration of electrolyte causes the outer layer of the colloidal 
particle, containing the exchangeable cations, to become tighter, decreas
ing the hydration of the particle. This repressing effect on the ions on 
the particle should be expected since conductivity measurements show 
an increase in the concentration of ions in solution. 

The increase in concentration of ions in solution causes a correspond
ing decrease in hydration and viscosity to a minimum. Here an increase 
in viscosity occurs, although the experimental observations include 
only several points within this range. Nevertheless, as the concentration 
of cations increases, a point is reached where slow coagulation begins. 
As aggregation proceeds, water is enmeshed between the particles, and 
this hydration of the floccule causes an increase in viscosity. Table 
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6 and Fig. 9 show that the viscosity of Li-clay, contatmng 218 milE
equivalents per 100 grams, is higher than the Na-clay containing the 
same amount of Na. The viscosity of the flocculated Li-clay is also 
higher than the Na, which in turn is greater than that of K. Thus, with 
the monovalent ions there ate two types of viscosity corresponding to 
two types of hydration. 

The divalent ions exhibit a different type of curve. There is a con
tinuous decrease in viscosity until about 60 milliequivalents of Ca or Mg 
per 100 grams of clay have been added. At this point there is an increase 
in viscosity, undoubtedly due to the slow coagulation of the sol. The Ca
and Mg- sols flocculate with the addition of 67 milliequivalents, rep
resenting 117.5 per cent saturation of the colloid with these ions. 

This continuous decrease in viscosity signifies a lowering of the 
hydration of the particles with respect to that of the original H-saturated 
aggregates. A diminution in the volume of the dispersed phase indicates 
that a replacement of the H-ions on the particle by Ca ions has caused 
at least a partial dispersion of the original aggregate. This is confirmed 
by ultramicroscopic counts as shown in Table 7 and Fig. 6. The radius 
of the H-aggregate was found to be 136 millimicrons. This size decreases 
with the concentration of Ca on the complex to a minimum of 121 milli
microns. These measurements undoubtedly include some aggregates. As 
flocculation proceeds the average size of the particles and aggregates 
increases. The electrokinetic potential of the system also decreases as 
shown in Table 6 and Fig. 5. 

If the addition of small amounts of Ca ions to a H-clay maintained 
the original aggregate, viscosity would not be expected to diminish 
materially. Neither would there be a decrease in the size of the particles 
or aggregates. Therefore, the Ca ions must have partially dispersed the 
aggregate with the formation of particles occupying a smaller volume 
than those obtained in the dispersion of the aggregates by monovalent 
cations. The data appear to indicate that the replacement of H ions 
on the particle may proceed in two ways. One divalent cation either 
replaces two H ions from the same particle or one H ion from each of 
two adjacent particles. In the latter case, a doublet is formed. The diva
lent cation does not carry the water of hydration onto the particle and 
the total volume decreases, causing a diminution of viscosity. This con
necting ion ceases to exert any influence on the system. Consequently, 
there is also a decrease in the electrokinetic potential of the particle, 
since a large particle is formed with a smaller number of ions exerting 
their influence on the charge on the particle. 

Mattson37 advances the idea that the particles absorb OH ions 
on the inner layer in the presence of hydroxides. The Ca ion joins the 
particles together by being attached to one hydroxyl ion from each of 
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two particles. This process continues with the formation of a chain. 
When the aggregates become large enough the system flocculates. 
Similar views are held by Ehrenberg18 and Hager26• Mattson claims that 
this effect takes place when the clay is treated with NaOH and a cal
cium salt, even though the potential of the system increases. These 
hypotheses, however, are more or less theoretical and lack sufficient 
experimental proof. Nevertheless, irrespective of the nature of this 
linkage, it appears logical to expect that a divalent ion can replace ions 
from two adjacent particles, especially when the particles are originally 
in contact in the form of loose aggregates. The effect of the Mg and Ca 
ions is practically the same. Hydration effects are not very evident. 

It is interesting to note that the sols containing 67 milliequivalents 
of Ca and Li have the same viscosity. However, there is a distinct 
difference in the type of viscosity. The Li-saturated clay owes its vis
cosity to water of hydration produced by Li ions on the individual 
particles. The Ca-sol possesses a viscosity due to water enmeshed be
tween particles during aggregation. In other words, the distinct effect 
of the highly dispersive monovalent cations as compared with the diva
lent ions is clearly shown at this one point. 

The viscosity of the coagulated sols is greatest according to the ionic 
series: Li>Na>K>H>Ca and Mg. Jenny29 studied the hydration of 
permutites saturated with difFerent bases and found the series to be 
H>Li>Na>K. However, the Si02-sesquioxide ratio of his H-per
mutite was different from that of the other permutites. Gallay22 ob
served that the Ca-soil possessed the lowest viscosity. Its floccules were 
dense and did not agglutinate because of their weak hygroscopicity. 
Ultramicroscopic observations show that the H-aggregate is smaller 
than that of Ca. From the standpoint of structure these two facts are 
of prime importance. The higher viscosity of the H-aggregate indicates 
a hydrated, loosely-bound system which is semi-reversible into the 
dispersed state. The Ca- and Mg-aggregates, however, are more stable, 
less hydrated and therefore less viscous. Demolon and Barbier14 found 
that salts with a high flocculating power gave rise to large aggregates 
having a distinct rigidity and maximum permeability. Na-salts pro
duced small, loose aggregates with a minimum permeability. There
fore, soils saturated with Ca and Mg would have a structure favorable 
for the movement of soil air and soil water. This structure would be 
fairly stable and not subject to fluctuations brought about by seasonal 
changes. 

The size of the particles of the Na-clay sol was calculated from equa
tion 10, involving Smoluchowski's conception of the electroviscous effect. 
Sols containing two different concentrations of cations are required in 
order to use this formula. The data for this calculation were taken from 
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the Na-clay sols containing 57 and 67 milliequivalents of base per 100 
grams of clay. Since the specific conductivity, viscosity and zeta-poten
tial were determined experimentally, the radius of the particle was the 
only unknown. The average radius of the particle, including any water 
associated with it other than that produced by the charge on the par
ticle, was calculated to be 249 millimicrons. The radius calculated from 
ultramicroscopic counts was approximately 96 millimicrons. The 
average radius of the pores in the Na-clay suspension containing 28.5 
milliequivalents of base was calculated by equation 8 to be 21.8 milli
microns. The validity of Smoluchowski's equation involving the electro
viscous effect has not been definitely confirmed experimentally. This 
value for the radius of the particles in this day suspension is probably 
much higher than the true radius. 

GENERAL CONCLUSIONS 

These results as well as data taken from numerous investigators 
on the relation of electrolytes to the viscosity of colloids show without 
much question that viscosity changes are associated with changes in the 
degree of hydration of the particle. The nature of this hydration undoubt
edly is a function of the ions adsorbed on the surface of the particle or 
of the water occluded between the particles in the case of aggregation. 
It appears logical to assume that changes in viscosity of colloidal systems 
is closely related to the physico-chemical properties of the substance 
stabilizing the system. 

There appears to be an excellent correlation between the lyotro
pic series and viscosity changes in most colloidal systems. Wiegner's 
explanation of these changes is based entirely upon the hydration of the 
absorbed ions. Since differences in hydration are responsible for differ
ences in viscosity, the hydration of the ions associated with the particle 
as well as those in the intermicellar liquid must play a significant part 
in the phenomena. If the hydration of ions is responsible for these 
effects, then the number of active ions in a system should be dependent 
upon the degree of ionization, or analogous phenomena, of the stabiliz
ing ion. The ions in the non-ionized part of the system cannot be ex
pected to exhibit hydration effects. Therefore, different colloids will 
show different viscosities due to variations in the ionization of some com
ponent of the system. Various degrees of ionization and unlike hydration 
of ions resulting from this dissociation will determine the viscosity of the 
system. 

The results of this investigation upon the changes in the viscosity 
and the charge of colloidal clay as produced by increasing quantities of 
cations indicate that the theories of Kruyt, Pauli and Wiegner are not 
so widely different. The viscosity and migration velocity curves confirm 
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the results of Kruyt. A definite electroviscous effect is exhibited as the 
concentration of cations increases above the saturation capacity of the 
colloid. From Pauli's point of view, this can be explained as being due 
to a decrease in ionization. Or, as suggested by Wiegner, there is a de
crease in the hydration of the colloid. These data clearly point out the 
possibility of a more unified interpretation of the behavior of colloidal 
systems. 

DISCUSSION 
An analysis of the data obtained in this investigation indicates 

that the physico-chemical behavior of this colloidal clay is a function 
of the "active ions" on the surface of the colloid. The "active ions" 
are those ions which are dissociated from the particle. The non-ionized 
fraction of the total number of ions associated with the particle are con
sidered as having no direct effect upon the properties of the system. Sim
ilar views are held by Pauli and his associates in their numerous investi
gations on the properties of various colloidal systems. 

The monovalent cations exert varied effects on the properties 
of the system depending upon the amount and nature of the ion. The 
divalent ions always have a diminishing effect upon these properties. 
The maximum activity of the monovalent ions takes place at the point 
of saturation of the colloid with cations. This corresponds to 57 milE
equivalents of base per 100 grams of colloid with this particular clay. 
Charge and viscosity of the clay increases with the monovalent ions to a 
maximum at this value, decreasing sharply as the concentration of 
cations increases beyond saturation. The maximum value obtained 
with any specific ion appears to be a function of the hydration of the ion. 
These changes may be explained on the basis of ionic equilibrium in the 
system. The substitution of monovalent ions for the H ions on colloid 
results in a dispersion of the loosely bound H-aggregates causing an 
increase in the charge and dispersion of the particles. Viscosity increases 
as a function of the hydration of ions on the particle. The breaks in 
the conductivity and titration curves of these suspensions coincide with 
the points of maximum charge and viscosity. The decrease in migration 
velocity and viscosity takes place as a result of an increasing concen
tration of cations in solution. These ions cause a repression of the ioni
zation of the clay. This lower degree of ionization decreases the num
ber of "active ions" in the complex and the physico-chemical activity 
of the system is diminished. The same effect is produced on the charge 
on the particles. This decrease in the viscosity curves may also be ex
plained as an electro-viscous effect, as suggested by Kruyt, since there 
is a similar decrease in the charge on the particle. 
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The divalent cations have an entirely different effect upon the 
properties of the clay. A replacement of the H ion by Ca and Mg re
sults in a continuous decrease in charge, hydration and viscosity. These 
relationships between divalent cations and the properties of colloids 
appear to be more or less universal. The hypothesis is made from an 
analysis of the viscosity curves and the values obtained for the size of 
the Ca-aggregates that a divalent ion probably not only exchanges two 
H ions from the same colloidal particle but also replaces one H ion from 
each of two adjacent particles. In the latter case a doublet is formed. 
The Ca ion disperses the H-aggregate as evidenced by ultramicroscopic 
counts. The viscosity decreases continuously up to about the saturation 
point as the concentration of the Ca ion increases. The charge on the 
particle also decreases. If the Ca ion produced aggregation viscosity 
should increase due to water enmeshed between the particles. The vis
cosity of the Ca-clay does not increase until flocculation begins which 
is slightly above its saturation capacity. The average size of the par
ticles and aggregates becomes larger at the same point. 

There appears to be no direct relation between the relative amounts 
of any particular cation on the colloid and the properties of the clay 
when compared with other ions. In other words, the properties of the 
system are not directly proportional to the degree of substitution of 
any one base for another. This is especially true in the comparison of 
the effects of the monovalent and divalent ions. The relations existing 
between the monovalent ions are somewhat similar. Mattson's results 
justify the same conclusion. Anderson, however, states that there 
tends to be a direc"t relation between the properties of colloidal clay and 
the degree of substitution of the various bases. However, as previously 
stated, the effect of the Cl ions in his clays may account for these differ
ences. 

The nature of the effects on the properties of this clay brought about 
by the Ca ion is of major importance in soil structure problems. It is 
fairly well conceded that granulation of a soil is concurrent with good 
structure. All attempts towards improving the physical condition of a 
heavy soil are based on the production of a granular structure. The 
Ca ion has always been used as the agent for producing this granula
tion. These results show that the Ca-aggregate is rather large, having 
a low viscosity. It is fairly well established that the Ca-aggregate is 
rather stable. This fact has been observed by the writer in a previous 
study as well as by other investigators. The H-aggregate is smaller 
and slightly more viscous indicating a higher degree of hydration and 
a lower stability. The aggregates produced by the monovalent ions 
are extremely viscous. The stability of the Ca-aggregate is of prime 
importance in the maintenance of any particular type of structure. Its 
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stability is related to its low hydration, its low potential and probably 
to the union of particles as previously suggested. 

Aggregation of colloidal clay takes place when the concentration 
of Ca is slightly above saturation. Conductivity data show an increase 
in the concentration of ions at this point, suggesting that the colloid must 
be saturated with Cain order to maintain the maximum state of aggre
gation. As exchangeable Ca is replaced by the H ion, the complex breaks 
down into a higher degree of dispersion, producing a structure that is 
more or less reversible depending upon seasonal conditions. The fact 
that an excess of Ca ions above the saturation capacity of the colloid 
is required to produce flocculation is very important from the stand
point of an intelligent liming program on acid clay soils. 

It was observed in a previous investigation on the relation of the 
different cations to the plasticity of soils, that the divalent ions increased 
the plasticity number by causing a distinct lowering of the lower plastic 
limit (that moisture content at which the soil can barely be rolled into 
a wire). The Na ion produced an increase in the plasticity number, both 
plastic limits being lowered. The K ion decreased the plasticity number, 
both limits being lowered. The large diminishing effect of the K ion 
was difficult to understand. However, the results of this investigation 
on the relation of the monovalent ions to the viscosity of this clay show 
that the difference in the effects of the Na and K ions is primarily a 
function of the hydration of the two ions. The K-clay has a lower vis
cosity than that of the Na. Likewise, it has a lower plasticity number. 
The Mg- and Ca-clays have lower viscosities than that produced by 
Na and K ions. However, their plasticity numbers are about the same 
as that of the Na-saturated soils but considerably higher than that of the 
K-soils. 

These variations may be explained on the basis of the differences in 
the hydration of these clays. There are two types of hydration affect
ing the plasticity of these soils, just as there were two types of hydration 
affecting the viscosity of the colloidal clay, namely, water of hydration 
held between the particles in aggregate formation and the hydration 
hull around the particles. In order to produce plastic flow there should 
be an excess of water present above that required to satisfy the absorp
tive capacity of the particles or aggregates for water. The K-saturated 
soils will require less water to produce these plasticity effects than the 
Na-soils. This is merely a difference in the hydration of the particles 
as a function of the hydration of ions. The Ca- and Mg-sols require 
a certain amount of water to fill the pores in their aggregates. There
fore, a larger quantity of water is necessary to produce plastic flow than 
in the case of the K-saturated soils. The high hydration and dispersive 
action of the N a ion makes the plasticity of the N a-saturated soil 
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greater than the soils saturated with the divalent ions. 
The manifestation and stability of a given soil structure is probably 

a function of three variables. These variables are the clay content, the 
per cent of organic matter and the degree of saturation of the soil with 
calcium. The results with the heavy layer of the Putnam silt loam in
dicate that this colloidal clay must be about 117 per cent saturated with 
Ca in order to produce flocculation. This signifies that a favorable 
structure will be produced at this same value. The degree of saturation 
of a soil at which a good soil structure will be maintained will probably 
vary with the per cent of clay and organic matter. 

Tiulin,5G/' 7 considers the stability of soil structure to be directly 
dependent upon the degree of saturation of the soil with Ca. He uses a 
quantitative expression for the characterization of soil structure which 
he calls the "colloid-mechanical factor of stability of structure", This 
expressiOn 1s 

Percent of silt in a soil 

adsorptive capacity in Ca 
He found the aggregates formed by divalent ions to be stable, and non
diffusible in water. Aggregates held together by monovalent ions were 
instable, breaking up in an excess of water. 

Undoubtedly, a good structure is associated with tli.e ability of a 
soil to break up into aggregates and fragments that are stable under 
conditions of excess moisture. Ca-saturated soils have this property. Ex
perimental investigations concerning the relations existing between the 
degree of saturation of the soil, its content of organic and inorganic 
colloids and certain well-defined types of soil structure will shed more 
light on the causes of these types of structure manifestation. 

SUMMARY 

1. Electrodialyzed Putnam clay was saturated to different degrees 
by titrating the B-elay with the hydroxides ofLi, Na, K, Mg and Ca. 

2. The saturation capacity of this clay was found to be 57 milliequiv
alents of ba~e per 100 grams of clay. 

3. The reaction of clay sols containing various amounts of the dif
ferent cations was greatest according to the lyotropic series of 
cations: Li>Na>K>Mg>Ca>H. 

4. The specific conductivity of this series of clay suspensions followed 
the order: Na>Li>K>Mg>Ca. 

5. The flocculation values of the Li-, Na-, K-, Mg- and Ca-sols were 
53 6, 536, 217, 67 and 67 milliequivalen ts of base per 100 grams 
of clay, respectively, using a 2.3534% by weight suspension. 
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6. The ultramicroscopic method of Tuorila was used for measuring 
the migration velocity of the colloidal particles. The velocity of 
the particles was found to be directly proportional to the fall 
in potential up to a potential gradient of 10 volts/ em. The 
velocity of the particles of R-elay increased with dilution. The 
monovalent cations increased the charge on the particles to a 
maximum at the saturation capacity of the colloid. The charge 
decreased as the concentration of ions increased beyond this point. 
Divalent cations decreased the charge. The critical potential for 
the Li-, Na-, K-, Mg- and Ca-clays was 38.2, 36.6, 34.0, 29.4 and 
26.5 millivolts, respectively. 

7. The average radius of the H-saturated particles and aggregates 
was 136 millimicrons, that of the Ca-aggregates being 148 milli
microns. The substitution ofCa andNa ions for H ions on the colloid 
resulted in a dispersion of the H-aggregate. The size of the pores 
in the Ca-clay were found to be much larger than those in the 
Na-clay. 

8. Two types of viscosity and hydration changes were observed in 
these clay sols, (I) that due to water enmeshed between the par
ticles in aggregate formation and (2) to water bound to the surface 
of the particle. In either case there is an increase in the total 
volume of the dispersed phase resulting in an increase in viscosity. 
The monovalent and divalent ions produced two different effects 
on the viscosity of the system. The former caused an initial de
crease in viscosity, followed by an increase up to a maximum at 
the point of saturation of the colloid with cations. It decreased 
from this point to a minimum increasing again as flocculation took 
place. The divalent cations caused a decrease in viscosity to the 
point of flocculation where it increased sharply. The hydration 
and viscosity of the different clay aggregates were greatest accord
ing to the following order: Li>Na>K>H>Ca>Mg. 

9. The changes in the physico-chemical properties of these clay sols 
are explained as being a function of the number of the "active ions" 
on the particle. Maximum activity occurs at the saturation capac
ity of the colloids for cations. 

10. The size, stability and low hydration of the Ca- and Mg- ag
gregates are considered as important factors for producing and 
maintaining a good soil structure. 
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