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ABSTRACT

A series of studies of the apparent electrokinetic potential and other characteristics of
aqueous bentonite systems as they are affected by bentonite concentration is presented.
A new concentration parameter, which logically arises from a previously presented filtra-
tion theory (Oakes, 1958), is demonstrated to describe adequately the effects of solids
concentration. The concentration parameter is analytically derived and is shown to
make suitable allowance for the adsorbed phase on the bentonite patricles.

INTRODUCTION

The reported studies of bentonite—water systems have, in general, been
limited to the study of the relationships between a few of the properties or
characteristics, particularly as they were influenced by jonic contamination,
Few studies have been restricted to simple systems wherein properties have
been measured as a function of the concentration. Accordingly, a study was
instituted to determine all feasibly measured, fundamental properties and
characteristics as a function of the single parameter, concentration of a
particular bentonite.

Certain parts of this study, those dealing with the filtration of oil-well
drilling fluids, were presented previously (Oakes, 1958). Additional portions
of the study dealing with electrokinetic potential and other characteristics
are presented below. In addition, the relations between the electrokinetic
potential and filtration phenomena are presented. Detailed results were
presented as a dissertation at the Pennsylvania State University. The aid
of those faculty members who contributed to this study is gratefully
acknowledged.

THEORY
The Relationship Between Concentration and Filtration

Because of its importance in relating concentration, specific volume, and
adsorbed water, the reader is referred to the filtration theory previously
presented (Oakes, 1958). Further, to obviate any confusion regarding
equation numbers, eq. (1) through (9) refer to the previous presentation.
Equations in this paper start with eq. (10).

2562

https://doi.org/10.1346/CCMN.1959.0080123 Published online by Cambridge University Press


https://doi.org/10.1346/CCMN.1959.0080123

Sorips ConcENTRATION EFrECTS IN BENTONITE DRiLing FLUIDS 253

The Relationship Between Concentration, Specific Volume,
and Adsorbed Water

In the derivation of the filtration theory it was necessary to introduce the
concept of water adsorbed to a hydrophilic, colloidal particle. Some of the
concepts there presented can be extended to provide a means of estimating
the quantities of water adsorbed by the clay or other colloidal materials if
used in conjunction with certain concepts of the mechanism of density
change.

Consider the colloidal dispersion whose concentration is C; of dry solid
per 100 g of water and whose density is d;. The water may be considered as
distributed between a free, unchanged phase and a phase adsorbed on the
particles whose density is slightly changed. Since calculations indicate that
density changes attributable to solid bentonite dissociation are negligible,
the density change may be attributed entirely to the adsorbed phase.
Assuming additivity of the three phases, solid, adsorbed water, and free
water, the relations between masses and volumes may be expressed:

Total weight = 100+ W, = (total volume) d;
Total volume = (100— Wp)Vy+ WiV + C;V,

where W refers to weight and V is the specific volume while subscripts w,
b, and ¢ refer to free water, adsorbed water, and clay, respectively. The total
volume may be eliminated between these two expressions and resulting
equation solved for W3, the total weight of adsorbed water, or for V5, the
specific volume of the adsorbed water.

100+ C;
07 - [
Wy = M 10
> - (10)
100 4+ O
100V, + O3 Ve— [—-——’]
Vo = Vi— = (11)

Wy

Equation (8) (Oakes, 1958) can likewise be expanded and rearranged to
give expressions of W and V', valid so long as free water is present.

o Volume solids + Volume adsorbed water ®)
B Volume free water )

OVt WV
(00— W)V

I
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Solving for Wy and Vy:
100C°V ,— C; V.

Wy = —ono 12
’ OVt Vo (12)
C' V(100 — W) — C1 V.
Vb — w( b) 1 c. (13)
Wy

Eliminating Vp between eq. (11) and (13) gives for the total weight of
adsorbed water:
100+ Cy)/d;
(100 C)] 3] ”
Vu(1+C')

In a similar manner W can be eliminated between eq. (10) and (12) to give
for the specific volume of adsorbed water:

Wy = 100 — [

(€' 1d)(100— C) — Cs V(14 C")
Vy = Vw[ ] (15)
100V (1 + C') —[(100 + C4)/d;]
o di—d
dp—di

MATERIAL, APPARATUS AND PROCEDURES
Preparation of Materials

The colloidal dispersions of bentonite in water which were used in this
investigation were prepared from commercial Wyoming bentonite in quanti-
ties of each concentration sufficient for all measurements described below.
These samples were agitated vigorously with electric stirrers for approxi-
mately 6 hr and then placed in stoppered, glass containers. Before any
measurements were made on these samples, they were allowed to hydrate at
approximately 30°C for at least 6 months during which time they were
periodically agitated.

Apparatus and Procedures

Concentration.—Exact concentration of clay samples was determined by
drying a weighed sample to constant weight at 130 to 135°C. All weighings
were made to within 0.0002 g on the analytical balance using calibrated
weights. Concentrations are expressed in grams of solids per 100 g of water.
Unless specified to the contrary, concentrations will be simplified to the
expression of concentrations in grams, with the implication that the material
was dispersed in 100 g of water.

Density.—The densities of the various samples of clay dispersions and filter
cakes were determined by one of the two methods described below depending
on the consistency of the particular sample.
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The densities of those samples that were sufficiently fluid to be placed in
an accurately calibrated pyenometer (50 ml Leach specific-gravity bottle)
were determined using the standard procedure.

All filter cakes were of such consistency that they could be formed into
lumps on one end of a platinum support wire of known weight. Great care was
taken in the formation of these lumps so that no air was occluded. These lumps
were weighed first in air and then in benzene of known temperature. The
volumes of the lumps were calculated using Archimedes’ principle of
buoyancy. Presumably, because of the slight mutual solubility of benzene
and water, no difficulty was experienced in displacing air from the surfaces
of the clay lumps.

The density of the dry bentonite was determined using the standard pycno-
meter procedure for measurement of the density of solids. Approximately
20 g of dry bentonite was placed in a pycnometer and dried at 130 to 135°C
for a period of 5 days after which it was allowed to cool to room tempera-
ture in a desiccator and was weighed with stopper and cap in place. The
stopper and cap were removed and the pycnometer was partially filled with
pure benzene. The resulting unstable suspension was agitated carefully for
5 br to allow complete wetting of the bentonite by the benzene. The ben-
tonite was allowed to settle until the upper layers of benzene were com-
pletely free of bentonite, after which additional benzene was added. The
stopper was inserted and the pycnometer and its contents were heated to
30°C in the water bath. Excess benzene was removed from the overflow
capillary which was sealed with its cap. The pycnometer was washed, dried
and weighed on the analytical balance. As the weights of the pyecnometer and
the bentonite were known, the weight of benzene and its volume were
calculated. The difference in volume between the benzene and the pycnometer
was taken as the volume of the bentonite. The density was calculated from
this volume and the previously determined weight.

Water loss—Water loss determinations were made using a standard, wall-
building tester thermostated in an air bath at 30°C (41.0°). A constant
filtration pressure of 100 psig was maintained throughout all water loss
determinations. Water loss data were taken at short intervals of time up to
approximately 50 min. Filtrate volumes were plotted against the square
root of time and the standard adjustment to zero time was made (Rogers,
1953, p. 270). For simplicity, unless otherwise stated, the 30-minute water
loss at 30°C and 100 psig, corrected to zero time, will be referred to as the
water loss.

Apparent electrokinetic potential.—As in the determination of density, it
was necessary to use two different techniques in the measurement of the
apparent electrokinetic potential. This situation arises as a result of the
thixotropy of bentonite sols, since the electroosmotic technique relies on the
existence of a gel, whereas the electrophoretic technique assumes its absence.

The apparatus utilized for electroosmotic measurement of electrokinetic
potential has been reported previously (Oakes and Burcik, 1956). Potential

https://doi.org/10.1346/CCMN.1959.0080123 Published online by Cambridge University Press


https://doi.org/10.1346/CCMN.1959.0080123

256 Ereare NATIONAL CONFERENCE ON CLAYS AND CrAay MINERALS

gradients applied varied from zero to about 3 v per cm. All measurements
were made at 30°C and the polarity of the electrodes was alternated. Concen-
trations varied from 4 g up to 12 g per 100 g of water.

Apparent electrokinetic potentials in the concentration range from 0 to
4 g were determined using a ‘ moving boundary ” (electrophoretic) tech-
nique. The cell used was a U-shaped tube of 2.77 cm? cross-sectional area
with platinum electrodes spaced 32.0 cm apart. The loading of the U-tube
was accomplished in the following manner. After filling the U-tube with
filtrate up to the electrodes, the dispersion was placed in the lower portion
of the U-tube through a specially constructed pipette which allowed very slow
delivery rates. The dispersion was delivered from the pipette into the bottom
of the U-tube until the boundary between the filtrate and dispersion was
several centimeters below the electrodes in the vertical portion of the U-tube.
Trregularities at the boundary were removed by careful withdrawal through
a very fine capillary tube.

An electrical potential difference was applied to the electrodes and the
rate of migration of the boundary was observed along a scale attached to the
apparatus. Applied potentials utilized ranged from 150 to 300 V.,

DISCUSSION
Estimation of Adsorbed Water

General—One of the most important physical processes that take place in
a hydrophilic colloidal suspension is the process which takes place at the
solid-liquid phase boundary and which is variously known as solvation,
hydration, or adsorption. For an excellent discussion of hydration phenomena
the reader is referred to Alexander and Johnson (1949).

In this study several methods were investigated in an attempt to evaluate
the hydration of bentonite dispersions and the quantities of adsorbed water,
as they will hereafter be termed. Attempts were limited to techniques that
could be conducted at a constant temperature of 30°C and which would not
introduce any extraneous materials into the samples. These limitations
reduced the possibilities to measurement of vapor pressure, osmotic pressure,
dielectric constant, density, and compressibility. Of these possibilities, density
and compressibility were measured.

Adsorbed water from density data.—A theoretical approach to the evalua-
tion of the quantity of adsorbed water has been presented in the section on
Theory, above. Inherent in this derivation was the assumption that the
specific volume of the adsorbed water does not change appreciably with
concentrations so long as free water is present. This assumption was made in
order that the term “ B’ of eq. (5) (Oakes, 1958) could be eliminated. To
test the validity of this assumption eq. (11) may be modified for the specific
volume when all water is adsorbed, that is, when only adsorbed water and
solid phases are present.
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100V 4 O Vo— [(100 + C;)/d;
Vi = Vip— vz ”W[( 0)/di] ) (11)
b

v, — [(100 -+ Cp)/di]— CpVe (16)
100

where C), represents the bentonite concentration of the cake.
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Ficure 1.—Density vs. concentration for Wyoming bentonite
(extended concentration range)

From eq. (16) it can be seen that only the concentration and density data
are needed to evaluate the specific volume of the adsorbed water. These
density data are shown in Figs. 1 and 2 and are given in Table 1. Samples of
the concentrations greater than filter-cake concentration were prepared by
an expression process. Expression is here defined as the separation of liquid
from a two-phase, solid-liquid system by compression of the system under
conditions that permit the liquid to escape while the solid is retained
between the compressing surfaces. This was effected by separating a newly
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DENSITY, (3/ml)
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FicURE 2.—Density vs. concentration for Wyoming bentonite
(low concentration range)

Tasre l.—Dunsity AND WATER-Loss Dara, Wyoming Brntonrre (30°C)

Concen- Specific Adsorbed Adsorbed
tration Density c’ Water-Loss | Volume Water Water
(8) (g/ml) (ml) (ml/g) | (Totalg) (g/g)
0.000 0.99564 0 Inf. 1.00435 0 4 —
0.992 1.00155 0.0298 35.9 0.99077 2.67 2.780
1.827 1.00730 | 0.0605 25.1 0.99044 5.09 2.785
3.770 1.01950 0.1322 17.7 0.99036 10.49 2.782
5.660 1.03145 0.2124 13.5 0.98903 15.87 2.804
8.136 1.04594 | 0.3265 10.8 0.99194 22.40 2.753
9.534 1.05452 0.4047 9.8 0.99116 26.37 2.766
11.855 1.06870 0.58568 8.5 0.98997 33.04 2.787
12.910 1.07500 0.6349 — 0.98976 36.03 2.791
33.395 1.200 |
47.59 1.25719
76.48 1.37194 Density of dry bentonite = 2.5196 g/ml
90.88 1.42410 at 30°C.
109.69 1.48944
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formed filter-cake from the air pressure by a thin, impermeable membrane
(du Pont Mylar) and pressing in the filter press until no more fluid was
extruded at the given pressure. All pressed samples were prepared from the
same initial dispersion (concentration = 6 g). Densities and concentrations
of the pressed samples were determined and the specific volume of the remain-
ing water, the adsorbed water, was calculated using eq. (16). A plot of the
specific volume of adsorbed water versus the expression pressure is given in
Fig. 3. If the curve is extrapolated to zero pressure the specific volume of the
adsorbed water is seen to be approximately 0.987 ml/g. This compares
favorably with 0.9880 ml/g calculated from density data at filter cake con-
centration (Table 2).

10
Y

PRESSURE, (psig)
50

25
]

o 1 1 1
0.97 0.98 0.99
SPEC. VOL., (9/ml)

FraurkE 3.—The effect of expression pressure on specific volume of adsorbed water.

The specific volumes for other points over the entire concentration. range
were calculated using eq. (16) and are presented in Fig. 4. The curve is com-
posed of two smooth portions which intersect at approximately 35 g. This
intersection represents the concentration and specific volume of the adsorbed
water in the filter cake and is seen to agree with the values as determined
both experimentally and by extrapolation of the pressure-specific volume
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TABLE 2.—SpECIFic VoLume Dara, WYoMING BENTONITE

Specific Volurme
Concentration | Density of Adsorbed Water | Pressure

(8) (g/ml) (ml/g) psi

0 0.9956 1.00435% —
10.0 1.0574 1.00060* —
20.0 1.1165 0.99541*% —
30.0 1.1715 0.99062* —
33.395 1.200 0.98803 —
40.0 1.2218 0.98709 _
47.59 1.25719 0.98509 25
50.0 1.2665 0.98592 —_
60.0 1.3080 0.98510 —_
76.48 1.37194 0.98280 50
90.88 1.42410 0.97975 77
100.0 1.4560 0.97673 —_
109.69 1.48944 0.97248 100

#* Apparent values based on eq. (16).
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FieorE 4.—Variation of specific volume of adsorbed water with clay concentration.

curve to zero pressure. This likewise represents the lower limit of applica-
bility of eq. (16). More important, it suggests that the minimum concentra-
tion at which all water is firmly adsorbed is the filter-cake concentration.
Conversely, the concentration of the filter cake may be taken as that concen-
tration at which all water is adsorbed.
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The concept that all water in a concentrated dispersion may be immobilized
has been qualitatively indicated by several preliminary tests not discussed.
In these tests it was observed that finite pressures were required to initiate
flow of filtrate through a concentrated dispersion. For example, a concen-
trated bentonite dispersion of about 6 g concentration about 30 cm long was
subjected to a head of 50 em of water for a period of 6 weeks without any
observable flow of filtrate through the concentrated plug.

T H v T T

L. -

o
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g perlC0Og
30

’
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TO TALlADSORBED WATER
o]

o 1 1 ! 1 1 L

2 4 5] 8 19] 12
GONCENTRATION, g per10Cg

¥1cURE 5.—Variation of total adsorbed water with clay concentration.

Referring back to Fig. 4, it is seen that the curve may be extrapolated to
zero concentration since its trend is well established. The absence of a change
in the physical mechanism of hydration is indicated by the regular, smooth
density-concentration curve (Fig. 2). This virtually horizontal curve (Fig. 4)
is believed to provide justification for the assumption made in the derivation
of eq. (14) and (15), that is, that the specific volume of adsorbed water did
not change appreciably, so long as free water is present.

Having thus shown that the assumption involved in the derivation of
these equations was reasonable, the quantities of adsorbed water, W5, and
the specific volume of adsorbed water, V;, were estimated using eq. (14) and
(15). These values are summarized in Table 1, and the adsorbed water as a
function of concentration is presented in Fig. 5. From Table 1 it will be seen
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that the adsorbed water (g/g) averages 2.781 g H;0 per gram of bentonite
with a maximum deviation of about 1 percent. It should be pointed out that
the close agreement between the calculated values of specific volume and the
values indicated by the extrapolated curve (below filter-cake concentration)
of Fig. 4 arises as a result of the assumption discussed above and does not in
itself prove the validity of the assumption.

Figure 5 shows that the adsorbed water curve has a constant slope and,
therefore, that the quantity of adsorbed water per gram of bentonite is
constant. Inspection of eq. (14) will show that the weight of adsorbed water
ts not a linear function of € and that it 7s a linear function of the concentra-
tion, C;. Further, as C; (and thus C’) approach zero the weight of adsorbed
water also approaches zero. Thus, the fact that the plot of adsorbed water
versus clay concentration (Fig. 5) is linear and passes through the origin
conclusively demonstrates that the value of B of eq. (2), (4) and (5) is negli-
gible and that eq. (9), (14) and (15) are valid. Rephrased in physical terms, this
indicates that there is negligible change in the volume of the water adsorbed
on the clay particles as the particles pass from the dispersion to the filter-
cake. This is somewhat at variance with adsorbed water determinations made
using the dilatometer which usually indicate a greater amount of adsorption
per gram of bentonite at the lower concentrations. Since large changes in the
specific volume would be required to show such changes in the adsorbed
water content as herein estimated and, further, since all measurements made
using the dilatometer give substantially lower quantities per gram of ben-
tonite, it is believed that the freezing process itself may account for the
observed deviation.

Adsorbed water from compressibility data.—Measurements of the compres-

‘sibility of the bentonite suspensions were made over 500 psig increments
from O to 3000 peig. Because of the change of compressibility with absolute
pressure and the small change with clay concentration, comparison of com-
pressibilities can be made only over small absolute pressure ranges. The
interval between 2500 and 3000 psig was selected as being less subject to the
possibility of the existence of a gaseous, second phase. The compressibility
for this range was observed to differ from the compressibility that would be
observed if there were no interaction between solid and liquid. The latter was
calculated assuming additivity of the compressibilities of the two compo-
nents. Unfortunately, no means of determining the compressibility coefficient
of adsorbed water was devised which would allow direct estimation of the
adsorbed water. As a result, the compressibility provides only qualitative
confirmation.

If the quantities of water determined from the density data are agsumed
to be correct, however, the approximate values of the compressibility coeffi-
cient of adsorbed water may be estimated. In this case, additivity of the
compressibilities of the three components—bentonite, adsorbed water, and
free water—must be assumed. In this manner the compressibility coefficient
of the adsorbed water at a concentration of 12.9 g was found to be 42.85 x 10-6
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per atmosphere, while pure water under the same conditions has a compres-
sibility coefficient of 43.45 x 10-¢ per atmosphere. The difference between
the “ideal ” compressibility and the experimental compressibility is attri-
buted to the difference in compressibility coefficient of the adsorbed water
phase.

Discussion of Blectrokinetic Measurements

In the past it has been customary to assume that rate of fluid or particle
migration is directly proportional to the applied potential as predicted by the
electrokinetic theory. Henry (1931) and von Buzigh (1937) indicated the
validity of this assumption in the case of electrophoretic studies of dilute
dispersions. To confirm this assumption in the case of electroosmotic flow
through concentrated dispersions, rates of fluid migration were determined
at five or six different applied potentials.

It was observed that the rate is a linear function of the applied potential
with an intercept at approximately 2 V. This intercept value did not vary
more than } V and is interpreted as the sum of the over-voltage and decompo-
sition potential for the particular electrodes and dispersions. In the calcula-
tion of apparent electrokinetic potentials using electroosmosis, the intercept
value was subtracted from the applied potentials. For those points deter-
mined by electrophoresis the applied voltage was high enough so that the
over-voltage and decomposition potential could be neglected.

The apparent electrokinetic potentials determined by electrophoresis and
electroosmosis were calculated using eq. (17) and (18) (after Creighton,
1943), and are presented in Fig. 6.

dauV L

Z = Electrokinetic potential = ———x—. (17)
DA E

If it is advantageous to use readings of current flow, eq. (17) may be modi-
fied to the following relationship where-K is the specific conductance:

4muKV
SR g

DI (18)

In employing eq. (17) and (18) all quantities must be expressed in absolute
units. The dielectric constant and viscosity were assumed constant at 86.0
and 0.800 cp, respectively. Specific conductance data used with eq. (18)
were the average of values measured on the filtrate and suspension.

Attempts to measure the electrokinetic potential at very low concentra-
tions using the described moving boundary technique were not suceessful
because of diffusion and disturbance by convection currents at the boundary.
Thus, in Fig. 6, for the concentration range below 1 g per 100 g of water the
data of Hauser and Le Beau (1941) are included. These data are for their
960A fraction of a Wyoming bentonite and were measured using electro-
phoresis.
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With the exception of the values obtained at the concentration of 3.77 g,
all values lie on a relatively smooth curve. At 3.77 g the value obtained by
electrophoresis occurs above the curve while the values obtained using elec-
troosmosis falls an equal distance below the curve. The lower value obtained
by electroosmosis may be attributed to movement of the solid phase within
the central section of the apparatus, since this technique relies on the gel

50 80 100
T
1

ELEGTROKINETIC POTENTIAL, (mv.)
40

o) | I ! 1 1 1
2 4 [} 8 10 12
CONGENTRATION, g per (0O0g

FioureE 6.—Variation of apparent electrokinetic potential with clay concentration
(x’s, electrophoresis; circles, electroosmosis ; squares, electrophoresis, Hauser, 1941).

to prevent such movement in the central section. The only explanation
suggested for the high value obtained by electrophoresis is diffusion of the
particles from the dispersion into the clear filtrate as a result of the repul-
sive forces between particles and varying particle velocities. This effect has
been observed in some cases but was not discernible in this particular run.

The data obtained in this study are seen to be reasonable extensions of
the data of Hauser and LeBeau (1941). While of somewhat doubtful accuracy
at a concentration of between 1 and 4 g of bentonite per 100 g of water, this
composite curve presents the only data that cover the usual working range
of Wyoming bentonite.
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The apparent electrokinetic potential is plotted against the water loss in
Fig. 7, data being taken from the smooth curve presented in Fig. 6. The
linear relationship postulated by Oakes and Burcik (1956) is seen to exist
for the higher concentrations but' deviates somewhat at the very low con-
centrations. As previously indicated, however, the values of the electro-
kinetic potential are questionable in this range.

20-MINUTE WATER LOSS, (mi)
29 30 40
1

10
T

o . ! 1 1 i
o} 10 20 30 40 50
ELECTROKINETIC POTENTIAL, (mv)

Fieure 7.—The dependence of water loss on the electrokinetic potential.

Alternate Theory of Electrokinetic Phenomena

Thus far, it has been assumed that the change in clectrokinetic migration
rate is due entirely to changes in the electrokinetic potential. That such
change might occur as a result of change in dielectric constant or viscosity
has been previously indicated (Alexander, 1949). Support for this belief
was offered as early as 1929 when Marinesco (1929) first observed changes in
the dielectric constant of colloidal dispersions. His attempts to evaluate
adsorbed water were not considered gignificant because of the long wave
lengths utilized (7.5 m). Further support of a qualitative nature was offered
by Kistler (1931) who found a reduction in the dielectric constant from 81.0

18
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to 72.6 for a dispersion of dialyzed hydrogen bentonite using wave lengths of
32 cm. The recent work of Deeg and Huber (1955) in several systems over
their complete concentration range clearly confirms the change of dielectric
constant.

As a result of the above indications an attempt was made to evolve a
simplified physical picture of the so-called adsorbed layer or the fixed portion
of the double-layer as well as the diffuse layer. This analysis is probably
oversimplified, but every attempt has been made to base values on experi-
mental data measured on the bentonite systems here investigated or on
similar Wyoming bentonite systems.

Consider a bentonite particle of 10A thickness and 250 A by 250 A areally
which attaches to all surfaces a layer of water of thickness, £, in Angstroms.
Brindley and MacEwan in discussion to Johnson (1955) indicate that the
fundamental crystallites are on the order of 250 to 300A but may link
together to form loosely attached larger particles. Brindley further states,
in discussion to MacEwan (1955), that ““ sodium montmorillonite placed in
water swells to such an extent that the basal spacing increases up to 20A.
Beyond that it is difficult to follow. The structure swells to the point where
there are individual sheets of montmorillonite with no spatial regularity
between them.”

On the basis of these assumptions and facts the following relations may be
written:

To the first approximation:

135,0004, grams
1024 x 9878 particle

Mass of adsorbed water =

gram
Mass of clay = 6.25 x105x 2.52x10-2¢ = 15.74 x 1019 — —
particle
Mass of adsorbed water 135,000¢,
Mass of clay 1024 % .9878 x 6.25 x 105 x 2.52 x 10-24
Mass adsorbed water
by = 11.5%x . (19)

Mass of clay

At the lowest concentration at which 100 percent of the water is adsorbed
(the filter-cake concentration), 100 g of water is adsorbed by 33.395 g of
bentonite.

100

" 33.395
Thickness of adsorbed layer = 34.4 A
2~ 11 Molecules.

x11.5 = 344 A

by

This value compares favorably with numerous measurements of many
investigators. For example, Brunauer (1943) cites the following values

https://doi.org/10.1346/CCMN.1959.0080123 Published online by Cambridge University Press


https://doi.org/10.1346/CCMN.1959.0080123

Sorips CoNCENTRATION EFrEcTs IN BEnTONTTE DRILLING FLUIDS 267

observed for adsorption of water on glass: 10, 7.2, 6.5, 9, and 6-7 molecules.
Fricke and Parker (1940) observed 5 molecular layers on gelatin.

The change in the properties of the water is not believed confined to the
fixed layer immediately adjacent to the particle but may extend considerable
distances into, and is perhaps associated with, the diffuse counter-layer.
See Forslind (1953) and Kistler (1931).

The most striking indication of the extent of these fields in the case of
bentonite was presented by Hauser and Le Beau (1941) and forms a basis
for much of the following argument. Using carefully sized fractions of bento-
nite, Hauser and Le Beau measured the electrophoretic migration rate as a
function of concentration. These data are presented in Fig. 6 for their 960 A
fraction. It will be observed that the electrokinetic potential remained
constant up to a concentration of 0.5 g, above which the apparent electro-
kinetic potential decreased very rapidly. This was interpreted as the point
at which inter-particle interference commenced, or the point at which a
molecule of water midway between particles would be simultaneously in-
fluenced by both. The equivalent particle spacing (between centers) may be
estimated in the following manner:

For a concentration of 0.50 g bentonite per 100 g HyO:

N5 = 0.50/15.74 x 10719 = 31.75 x 1016 particles

Volume of water 100 x .9988 ml water
= = 3.145x10-16 —
Particle 31.75 x 1016 particle

Designating the distance between centers of particles as L:
L5 = (314.5 x 10-18)* = 680 A.
For concentrations, C, up to about 10 g bentonite per 100 g HyO:
L, = (0.5/C)*x 680 A. (20)

Using the 680A spacing as equivalent to the concentration above which
no unaffected bulk liquid can exist, the following assumptions were made:

1. The dielectric constant of the water in a colloidal suspension of bento-
nite varies linearly with distance from the outer surface of the particle, having
a value of 2.0 at the outer face of the bentonite particle and a value of 86.0
at 340 A (680/2).

2. The viscosity varies linearly over the same distance, having a value of
1.8 centipoises at the particle surface and 0.80 at 240A.

The figures 0.80 centipoises and 86.0 represent the viscosity and dielectric
constant of pure water at 30°C. The figure 2.0 is the experimental dielectric
constant for adsorbed water observed by Deeg and Huber (1955) in aqueous
suspensions of clay, kaolinite and bentonite.

The viscosity value of 1.8 was arbitrarily assumed and represents the
viscosity of water at or near the freezing point.
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On the basis of these assumptions the dielectric constant and viscosity
may be expressed as a function of the particle spacing, L. In terms of the
points indicated in the model presented in Fig. 8, these may be expressed:

D4+D

Dav = _A—z———B — 626L+14 (21)
uq-+u

gy = A—Q—B— ~ 1.807 — L/1340 22)

where L is the distance between the centers of the particles and is evaluated
using eq. (20).
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Ficure 8.—Model of idealized particle distribution.

Using eq. (20), (21) and (22), the inter-particle spacing, the average di-
electric constant and the average viscosity were determined and are pre-
sented in Table 3.

If the system is again considered as composed of three phases—clay,
adsorbed water, and free water—the bulk dielectric constant may be approxi-
mated using the following additive relationship:

D (Bulk) = Dgfp+ Dyfiy+ Defe (23)

where D refers to dielectric constant
f refers to volume fraction, and
subscripts b, w and ¢ refer to the adsorbed water, free water, and clay
respectively.
Values of the bulk dielectric constant are presented in Table 3. These data
are presented graphically in Fig. 9 along with data from Deeg and Huber
{1955) on the Moosburger bentonite. The concentration scales are different
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TABLE 3.—CALCULATION OF THEORETICAL D/u FuNcTION

Dielectric | Dielectrie Electro-
Concen- | Particle | Constant |Constant of| Viscosity kinetic
tration | Spacing | of Liquid |Dispersion | of Liquid | .D/u | Potential | Water-Loss
() (A) (cp) (mv) (ml)
0.00 — 86.0 86.0 0.800 — — —
0.50 680 43.9 43.3 1.30 33.7 — —
0.922 554 36.1 344 1.39 25.9 54.2 35.9
1.827 441 29.0 26.2 1.48 19.6 48.7 25.1
3.770 347 23.1 19.0 1.55 14.9 38.4 17.7
5.660 302 20.3 154 1.58 12.8 32.1 13.56
8.136 268 18.2 12.3 1.61 11.3 28.3 10.8
9.534 254 17.3 11.1 1.62 10.7 25.9 9.8
11.855 236 16.2 9.4 1.63 9.9 23.8 8.5
12.91 230 15.8 8.8 1.64 9.7 23.1 —

Dielectric constant of bentonite = 2.0.

40 60 80

DIELECTRIC CONSTANT of SUSPENSIONS
20

&) 20 40 60 80 100 (upper curve)
o 2 4 6 8 10 (lower curve)
CONGENTRATION, g perlOQg

Fieore 9.—Comparison of calculated and experimental dielectric constants of bentonite
suspensions (solid circles, caleulated; open circles, experimental, Deeg and Huber,
1955).
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as would be expected owing to the difference in quality of the two clays.
In any event, the comparable decrease in the dielectric constants of the
dispersion may be observed.

In the derivation of the expression for the electrokinetic potential, the
double layer is usually considered to be a condenser whose potential is Z,
in a medium of dielectric constant, D. If the medium is water, the value of
D at 30°C is 86.0. Further, the viscosity value used is that corresponding to
water at 30°C or 0.800 cp. Equation (17) may then be expressed:

7 47uVL 47 x0.800x12.927V
" DAE 86.0 x

(17a)

If, however, the electrokinetic potential, Z, is assumed constant and the
change in migration rate, ¥, is attributable to changes in D and u as the
concentration changes, eq. (17) may be rewritten:

D 47 VL 47 x 12.92V

— = — (17b)
U ZAE  (a constant)
Dividing eq. (17a) by eq. (17b):
Z = a constant x Dfu. ' (17c¢)

Equation (17¢) indicates that if the calculated changes in dielectric constant
and viscosity are responsible for the observed variation in electrokinetic
migration rates, a plot of calculated D/u versus experimental electrokinetic
potential should be linear. This relationship is presented in Fig. 10.

In addition, it was shown above (Fig. 7) that a linear relationship exists
between water loss and apparent electrokinetic potential. It is interesting
to note that the plot of calculated D/u against water loss gives a better
straight line (Fig. 11) than is observed in Fig. 7. As indicated above, however,
the deviation is presumed to be the result of experimental error in the
value of Z.

While the analysis presented above is based on observed facts and pre-
sumably reasonable assumptions, it cannot be considered as proof that the
changes observed are conclusively attributable to changes in the dielectric
constant and viscosity. It may be considered as a clear suggestion to that
effect largely because there is no argument which suggests that the change
takes place in the electrokinetic potential. It should be emphasized, how-
ever, that these effects are the changes observed with changing concentra-
tion of colloidal material. In the presence of changing contamination by
electrolytes the electrokinetic potential would almost surely change.

CONCLUSIONS

On the basis of a careful analysis of the data gathered during this investi-
gation, along with the data available in the literature, the following conclu-
sions have been formulated. It should be emphasized that the conclusions,
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however, while possibly applicable to other colloidal systems, are formulated
specifically for bentonite-water systems.

1. The expression of effective concentration, ¢, arising from a previously
presented filtration theory (Oakes, 1958), is an appropriate means of express-
ing concentration which more accurately describes the nature and importance
of the dispersed phase, whether solids or adsorbed liquid.

2. The amount of adsorbed water may be estimated from density data and
constant-pressure filtration data, if the adsorbed phase and free-water phase
are each assumed to be homogeneous.

, (mv)
40

30
T

20
T

EﬂéEGTROKINETIC POTENTIAL
‘i

(o] | !

0 10 20
DIELEGTRIG CONSTANT/VISC, (cF)

Fioure 10.—Electrokinetic potential vs. calculated D/u for bentonite systems.

3. The total amount of adsorbed water indicated by density and constant-
pressure filtration data is directly proportional to the amount of bentonite
as long as free water is present. The total amount indicated will, however,
vary somewhat depending on the filtration pressure.

4. One hundred percent of the water may be considered to be adsorbed
or fixed at the filter-cake concentration. Conversely, the simplest means of
estimating the amount of adsorbed water is by measurement of the filter-
cake concentration and density.
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5. The variation of the apparent electrokinetic potential may reasonably
be attributed to changes in the dielectric constant and viscosity of the
dispersing medium.
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Ficure 11.—Water-loss vs. calculated D/u for bentonite systems.

6. The water loss is a linear function of electrokinetic potential if the di-
electric constant and viscosity of the dispersing medium are considered
constant. The water loss is a linear function of dielectric constant divided
by viscosity if the electrokinetic potential is considered constant. This effect
is the result of a change in concentration of the dispersed phase and does not
apply to the effect of electrolytes.
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