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THE ELECTRIC BALANCE TECHNIQUE FOR MEASURING THE MASS AND
CHARGE OF CLAY PARTICLES

INTRODUCTION

The mass and charge of clay particles determine to a large ex-
tent the chemical and physical behavior of the particles. In soil,
the amount of clay as well as the size and electric charge of the
clay particles influences the behavior and productivity of the soil.
Therefore, the mamrﬁmt of these two properties is of primary
importance to chemists and physicists whose interests are in
examining the basic properties of clays, other colloids and soils.

The mass of clay particles is usually calculated from the
density of the particles and the volume of the particles. The
volume is obtained from an effective radius determined by the use
of Stokes' law which relates the velocity of fall of a sphere
through a fluid to the radius of the sphere. The effective radius
of a clay particle is the radius of a sphere that would have the
same velocity of fall as that of the clay particle. Since the
elay particles are not nomally spherical in shape, the effective
radius may not deacribe accurately the dimensions of the particles.
Also, there are several assumptions made in the derivation of
Stokes' law which may not be valid for the fall of soil particles.
The magnitude of the error included in using Stokes' law has not
been previously evaluated.

The electric charge of clay particles is normally negative and
is believed to be due to broken bonds and iscmorphous substitution.
The electric charge is assumed to be balanced by exchangeable ions



adsorbed to the particles surface. The magnitude of the charge is
related to the cation exchange capacity of most clay particles.

The electrical balance technique, utilizing the Millikan oil
drop apparatus, lends itself to the simultaneous measurement in
air of the electric charge and mass of a particle. The mass may
be determined with or without the use of Stokes' law, The
electric charge measured by the electric balance technique is due
to bonds unsatisfied by exchangeable ions and not the same as that
which is related to the cation exchange capacity which is due to
the clay particle itself,



1.

2.

3.

OBJECTIVES OF STUDY

To determine the electric charge on dry kaolinitic clay
particles in air.

To determine the mass of dry kaolinitic clay particles by the
electric balance technique and by the use of Stokes! law.

To determine the error involved in determining the mass of
particles due to the assumptions made in the derivation of
Stokes! law,



MILLIKAN OIL DROP APPARATUS AND PROCEDURE

Millikan (8, pp. L5-1hk) devised the apparatus as shown in
figure 1 and was able to determine the charge of an electron. By
his procedure he was able to determine the total charge that is
given to an oil droplet by blowing an oil spray into the chamber
C with the aid of an atomizer. Minute droplets, most of them
having diameters of about one micron, fall slowly in the chamber
and a few find their way through the pinhole p in the middle of
the eircular brass plate M. The oil droplets which enter through
p are illuminated by a light beam which enters at ¢. The drop-
lets appear as bright stars on a black background as the scattered
light is observed. These oil droplets are found, in general, to
be strongly charged by the frictional process involved in
atamizing the oil. A difference of potential, ranging from 0 to
10,000 volts, is placed across the two plates, M and N causing an
induced electric field. When the electric field is induced in the
proper direction and exceeds a certain magnitude the droplets are
pulled toward M. One droplet is selected for study and just bee
fore the drop strikes M the plates are short-circuited and the
drop is allowed to fall under gravity until it is close to N, then
the direction of motion is again reversed by inducing the electriec
field. The droplet may be easily controlled by varying the
voltage and balanced against the force of gravity.

The total charge on the droplet is changed by short-ecircuiting
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Figure 1. Schematic diagram of the Millikan oil drop apparatus.



the plates and allowing x-rays to pass between the plates. The
x-rays act as an ionizing agent to produce wniform ionization in
the gas between the plates. In this way more or less charge may
be placed upon the drop, the theory of which will be discussed
later. After the charge on a drop has been changed the drop is
again balanced against the force of gravity and the voltage
recorded. The procedure is repeated several times using the same
particle.

In order to evaluate the magnitude of the number of charges,
n, at the various voltages ‘recerded, it is necessary to arrange
the voltages in descending order. If AVL is the reciprocal
of the voltage change and An is the change in charge, then

AVl ~an (1)

When A n = 1, then A?‘l is at the lowest difference of
potential measurable for a unit charge on the particular droplet
being studied. It is necessary to make several voltage changes to
eatab;ish An = 1. The procedure will be outlined in greater
detail and an example given.

Using the data obtained for calculating the electric charge on
an oil droplet it is possible to calculate the mass of the oil
droplet. Millikan states, "This device is simply an electrical
balance in place of a mechanical one, and it will weigh accurately
and easily to one ten-billionth of a milligram." In the derivation
of equation (6) below, which is the equation used for calculating



the mass, the force of gravity is balanced against the force due to
the electric field. The force of gravity, F, is given by Newton's
second law, '

F = ng, (2)

where m is the mass and g is the acceleration due to gravity. The
force due to an electric field is given by the equation

F = nBe, (3)

where n is the number of charges, E is the electric field strength
and e is the charge of an electron. 8ince the two forces are equal
when the particle is at rest, equations (2) and (3) may be combined
as

nEke = mg (k)
Also,

E= %& (5)

where V is the difference of potential and d is the distance between
the plates (M and N). Therefore, substituting (5) into (L) and
solving for the mass we have

m = neV, (6)
This measurement of mass does not involve the shape of the particle,

the type of medium or the assumptions involved in the derivation
of Stokes' law. It is only necessary to determmine the number of



charges and to measure the difference of potential necessary to
overcome the force due to gravity.

To calculate the mass of the droplet using Stokes! law, the
derivation of which will be described in detail later, it is
necessary to measure the veloeliy. This is accomplished by timing
the fall of the particle through a distance fixed by two cross-
hairs that are mounted in the telescope that can be seen in figure
1. To culeu}.a:?e the mass we have

a-v;-h/array. (n

where V is the velume of the droplet, r is the radius as detere
mined from Stokes' law and P is the density of the droplet.

As previously stated, Millikan changed the total charge on
the droplet by allowing x-rays to pass between the plates, which
means that either free electrons or ions are being attached or
removed from the oil droplet under observation. The x-rays
ionize the air by two principal processes the most important of
which is the photoelectric effect. Possibly some ionization is
due to the Compton effect.

4s stated by Lapp end Andrews (5, pp. lli=118) when an x-ray
quantum or photon collides with an atom, it may impinge upon an
orbital electron and transfer all of the energy of the photon to
the atom by ejecting an electron from the atom., If the incident
photon carried more energy than that necessary to remove the
orbitel electron from the atom, it imparts to the electron its



additional energy in the form of kinetic energy. This process is
known as the photoelectric effect and obeys the Einstein photo-
electric equation,

E=hv'= ¢+ B (8)

where h is plank's constant, v is the frequency of the impinging
photon, and the product of the two is the total energy E. dJ

is the energy required to remove the electron from its atom and
By is the kinetic energy of the ejected electron. Electrons thus
ejected from atoms are called photoelectrons, and the remaining
atom in the air becomes an ion.

In explanation of the interaction between electromagnetic
radiation and a purticulai' electron, Compton made the assumption
that this process is an elastic collision between the photon and
the electron. If a photon is properly incident upon a loosely
bound electron of an atom it may itself be scattered by the
electron and suffer a loss in energy. The electron takes up the
difference in energy between the incident and scattered photon
and is ejected with this recoil energy. Electrons thus ejected
from atoms are called Compton electrons or Compton recoil
electrons, and the remaining atom in the air becomes an ion.



CLAY PARTICLE CONSIDERATIONS -

In the mathematical derivation of Stokes' law, Sears and
Zemansky (9, p. 258) have stated that when a viscous fluid flows
past a sphere with a streamline flow or when a sphere moves through
& viscous fluid at rest, a resisting force is exerted on the sphere.
A force is experienced by a body of any shape but only for a sphere
is the expression for force readily calculable. First, the
derivation of the equation for a sphere falling through a Viscous
fluid will be considered. The resisting force is given by

F= 6Tf7 rv, (9)

where 7 is the viscosity of the tluid; r is the radius of the
sphere, and v is the relative velocity of the sphere to the fluid.
If the sphere is released from rest where v = 0, the viscous force
at the start is sero. The other forces on the sphere are gravity
and quncy.- It /0 is the density of the sphere and fé the
density of the fluid the mathematical expression for the two forces
are

gravity force = mg = L/3 1T r3 g, (10)

bouyaney force = L/3 17 3 £ 8o (1)

Since there is a net dommward force on the sphere, it is

accelerated and as a result of the acceleration, the sphere acquiles
a downward velocity and therefore experiences a retarding force.



As the velocity increases, the retarding force also increases in
direct proportion, and eventually a velocity is reached such that
the dovmward force and the retarding forces are equal, that is

gravity force = resisting force + bouyance force (12)

The sphere then ceases to accelerate and moves with a con-
stant velocity called its terminal velocity. This velocity can be
found by setting the downward force equal to the retarding forces.

W3TTe3 (p =g )e=6lnry, (13)
or
v/ (p-p)y . (1)

This relation was first deduced by Sir George Stokes in 1845 and
is called Stokes' law.

In the above derivation of Stokes' law, which gives the
velocity of f3ll of a spherical particle under the influence of
gravity, the toilows.ng five assumptions are mades

1. That the inhomogeneities in the medium are small in

comparison with the size of the sphere.

2. That the sphere falls as it would in a medium of un-

limited extent.

3+ That the sphere is smooth and rigid.

s That there is nc slipping of the medium over the surface

of the sphere.



5« That the velocity with which the sphere is moving is
small so that the resistance to the motion is all due to
the viscosify of the medium and not at all due to the
inertia of such portion of the media as is being pushed
forward by the motion of the sphere through it.

The assumptions are gon'srally eonsidered walid for spheres, within
& certain size renge depending upon the fluid used. Clay
particles are not spherical but the assumpticns ave generally cone
sidered valid, The assumptions will be discussed as they apply to
clay particles falling in air.

Aside from the fact that clay particles are not spherical,
assumption 1 does not hold throughout the entire size range. The
assuption is probably valid for the larger particles but may be
in error for the smaller particles. Millikan (8, pp. 98-102)
observed that as the size of the oil drop used in the experiments
diminished the velocity in air increased over that predicted by
equation (14). He stated that this increase in velocity was due
to the diminishing radius of the drop beginning to compare with
the mean size of the holes in the air. Millikan used the "mean
free path" of the gas molecule to correct equation (1h) which
reads as followss

1'2/931'2()9-/?,)/7 (1-‘_9), (15)
pr _
where b is a constant determined by graphical analysis and equsl to
1.67 x 10% for oil droplets and p is the pressure of the air in
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centimeters of mercury. This correction factor is negligible for
particles falling in a liquid since the mean free path of liquid
molecules is much less than for gas molecules; but in this study
the correction factor was considered.

Assumption 2 is considered valid if the concentration of
particles is not too great. Assumption 3 is generally considered
valid and is the assumption to be evaluated in this study.
Assumption 4 is considered valid since air is adsorbed to the
particles. Assumption 5 is probably not too impertant even with
elay particles; because of their relatively small size no
turbulence is expected.

0il droplets are nearly spheres while clay colloids are not
spherical in shape, Grim (L, pp. 46-49) states that kaolinite,
which is the clay type to be used in this study, is a well-
erystallized, siz~sided flake, frequently with a prominent
elongation in one direction, Electron micrographs as shown in
figures 2, 3, and 4 demonstrate the clay type used in this experi-
mente It can be noted that the particles appear as aggregates as
well as individual particles.

Marshall (7, p. 68) states that the particle size distribution
from a sample of standard kaolinite to be about, (total material

<24 = 100%)
2 = 054 05 = 0s254 0425 = 0.125/4 0125 - 0.062/¢ <0.062/«
L% Lag 5% 3% 3%
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This sige distribution corresponds to the sizes examined in this
study as most of the particles are within the 2 « 0,25 micron
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Figure 2. Electron micrograph of a kaclinite clay particle
showing the hexagonal shepe.



Figure 3.

Electron micrograph showing halloysite that is present
in the standard sample used.

16
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Figure 4o Electron micrograph of kaolinite particles showing the
result of shadow casting (angle 19° 51!') and showing
the presence of aggregated particles,



The kaolinite clay used throughout this experiment was a
standard Georgian kaolinite, number 2023, obtained from the
Georgian Kaolin Company at Dry Branch, Georgia. It can be noted
from the electron micrograph, figure 3, that the sample apparently
contained some Halloysite which was estimated to be 7% of the
sample used. The Halloysite can be seen in the shape of rods.

The particles were prepared for study by making a liter
solution of 10% Kaolinite and 2% sodium chloride and was allowed
to stand for at least 8 hours. Whereupon & portion of the clay
remaining in suspension was decanted off, filtered, rinsed
thoroughly with distilled water and dried in an oven at 105 degrees
centigrade. It was then ground in a nox;tu- and placed in'a ;lust
proof container,

The apparatus which was used in this study was similar to
that shown in figure 1. The distance between the plates M and N
is 0.8 centimeters. ﬁu voltage varied from 0 to 3000 volts which
was adequate for the size range studied. The voltage was measured
by a previously calibrated wall type ballistic galvancmeter. The
elay was placed on a 300-mesh brass sieve which was electrically
grounded and the particles were shaken over plaie M, and a few
found their way through pinhole p. The rest of the procedure was
as described previously for the Millikan oil drop apparatus.

The results of each step of the procedure used for caleculating
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the mass and charge of kaolinitic particles is given in table 1.
The data are for one particle and is presented as an example. The
voltages are given in column one as they were obtained, that is,
the successive changes in the voltage due to the changes in the
charge by x-rays. The second column shows the voltages as they
must be arranged in descending order. The third column gives the
reciprocal of the voltages in column two. The fourth column gives
the successive changes in the voltage due to the gain in electrons.
The fifth column corresponds to the gain of one or several
distinct electrons.

It can be seen from column four that 2.2 x 10~5 is the lowest
difference of potential measured, therefore, this difference of
potential corresponds to the change of one electron. Then each
reciprocal of the change in voltage, AV=l, is divided by 2.2 x 105
to obtain the change in the number of charges, An.

The sixth column represents the successive values of the totsal
charge carried by the particle. This column is determined by
dividing the value of AV-! that corresponds to An * 1 into the
values of column 3. The seventh column gives the mass as cal-
culated by the use of equation (6). Column eight gives the time the
particle took to fall 0.2 centimeters in air. The last column,
nine, gives the mass as calculated by equation (7) which involves
Stokes' law plus the relationship of volume and dens:l.iy. The
density of Kaolinitic clay was taken from Grim (4, p. 313) who
stated the density to be about 2.65 grams per cubic centimeter,



The standard deviation for the mass as calculated by each method
is presented at the bottom of the table.
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Table 1.

the mass involving Stokes'! law,

An example of the calculations of the mass by the electric balance technique and

Electrie Balance Stokes! Law
fee 1 2 3 b 5 6 7 8 lz‘
orded lass 8

voltages _ Volts v-1 Av-i An__ n (gus x 1011) (secs)  (gms x 1011)
125.8 728.1 0,001373 0.000039 2 62 9.213 174 8.045
587.5 708.5 0.001412 0.000022 1 63 9.109 1.70 8.331

. 218.8 697.5 0.001434 0.,000021 3 6ly 9.110 1.75 T.977
5h1,.2 689.2 0.001L:55 0.000045 2 65 9.142 1.73 8,115
L56.1 671.2 0.001490 0.,000212 10 67 9.178 1.66 8.63h
335.h4 587.5 0.001702 0.00012l 5 77 9.232 1.69 8.405
697.5 5h7.7 0.001826 0.000022 1 82 9.166 1.67 8.557
397.9 5h1.2 0,001848 0.000194 11 83 9,167 1.60 9.124
h67.2 489.8 0.002042 0.000051 2 92 9.196 1.73 8.115
5h1.2 477.7 0.002093 0.0000L47 2 ol 9.16k 1.7 8.0L45
290.1 467.2 0.002140 0.000052 2 96 9.153 1.73 8.115
708.5 5641 0.002192 0,000321 1 99 9.215 1.80 T.646
L67.2 397.9 0.002513 0.000278 13 113 9.176 1.71 8.258
726.1 358.3 0.002791 0,000191 8 126 9.213 .72 8.186
280.3 335.4 0.002982 0.000465 21 13k 9.172 1.64 8.
697.5 280.3 0,003568 0.001002 4 161 9.210 Std. Dev. = X 0,367
4189.8 218.8 0.004570 0.001045 147 206 2,198
587.5 178.1 0.005615 0.,002334 5 353 9.196
689,2 125.8 0.007949 358 .191
178‘1 Ave, o
S*‘?Q? std. m. B - 00033
587.2
477.7
358.3
671.2

T2
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RESULTS AND DISCUSSION

The described procedure has been used to determine the mass,
by the two methods, and the electric charge on a number of
kaolinitic clay particles, The results for 19 particles are ghown
in table 2, The initial charge on each particle is given in
column 2. The range of charges is from 1l to 369. The masses as
determined by the electric balance technique and by caleulations
invelving Stokes' law are presented in column 3 and §
respectively. Each figure is a mean of several determinations, an
average of 20 voltage changes for the electrical balance technique
and 15 times of fall for the procedure using Stokes'! law. The
standard deviation for each mean is given with the mass of each
particles It can be noted that the electric balance technique
weighs the particles with an accuracy of ebout 3 significant
figures and in the region of 10“13 gram, whereas the mass measure-
| ments involving Stokes' law give an accuracy of about 2 significant
figures and in the region of 10~12 gram. The variance of the
electric balance technique is probably due to the diffiuulty in
detecting whether or not the particle is in balance at the time
of measurement and there is a slight error involved in reading the
galvanometer, The variance in the Stokes' law calculations is
probably due to the shape of the particles plus a slight error in
operating the stop watch. _

Column 7 of table 2 gives the level of significance of the



Table 2. Experimental results (n = number of charges initially measured, Mg =
the electric balance technique, Sp =

Column 10 describes whether or not the particle deviated from a vertical drop.)

standard deviation of Mg, Mg =

mass as determined by

mass as determined by
the use of Stokes! law, Sg = standard deviation of Mg, per cent difference = 100 x(lle ~ Ms)

-} 2 3 b 4 6 7 8 9 10
Particle Mg 8¢ Mass x 101lgns Sign Per cent Seentil-Vertical
No. _n _(gms x 1011)(gms x 1011) Mg (gms x 10112 Mp vs My difference lation? drop
: 165 9.653 0.043 8.329 0.417 ¢ 13.71 3 No
2 38 k.65 04039 2.669 0.109 i 35.92 2 " No
3 16 h-663 0.0&9 3o627 0s121 +* 22,22 3 Yes
L 28 7.878 003k 7.280 0.259 3t 7.59 2 Yes
5 358 9.179 0.033 8.254 0.367 3 10,08 3 No
6 62 10‘}49 000130 10.15 60%3 NS 2tho 2 Yes
7 m hehhé ooam‘l ,31285 Oohél * 3.6‘2 2 - Yes
8 75  6.418 04036 1.2685 0,060 we 80.54 3 No
9 108 6.059 0.056 5.983 0.290 HS 1.25 2 Yes
10 Th 6.5 0.033 5.127 04210 *% 22.01 1 Yes
1 108 L.289 0.001 hoald 0.319 i 3.45 L No
12 36 2.726 0.056 2.618 0.062 e 3.96 3 Yes
H 369 11086 0.01& no Qe 638 N8 1035 2 Xes
1k 26 0.5531 0,016 0.5251 0,012 NS 5.06 3 Yes
' 15 n‘» 2.000 0‘018 10807 60207 e 9&65 2 ) ICS
16 334 12,00 04020 1.7 0520 NS 2.50 ; 3 No
17 ko 10.20 0172 10.25 04604 NS 0.05 1 Yes
13 98 19.20 00002 9 ohéﬁ Os m * 7030 . 3 Yes
19 168 12.79 0.021 12.81 1.020 % 0.02 2 No

Amount of scintillation

1-

Small

2 = Average

3

- High

L - Extreme

Level of Significant Difference

# Significant at 5%

## Significant at 5% and 1%
N8 ©Hot Significant

€2
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difference between the two mass determinations. Column 8 presents
the percentage difference between the two masses. The amount of
scintillation and deviation from a vertical drop was noted and is
recorded in columns v9 and 10.

Figure 5 is a graph showing mass measured by the electric
balance technique plotted against the mass calculated using Stokes!
law, It can be seen that in nearly all cases the mass as obtained
by the use of Stokes' law is less than the mass as obtained by
the electric balance technique. The direction of difference is due
to the plate shape nature of clay particles which offers more
resistance to fall than the same mass in the form of a sphere.

This indicates that assumption 3 of Stokes' law (see page 11) does
not hold for all kaolinitic clay particles. It can be seen from
figure 5 that no definite pattern exists which would suggest a
possible correction factor to be used for Stokes' law, The random
arrangement of the comparative values for mass is reasonable when
the irregular shape of the particles as noted in figures 2, 3, and
L is taken into account.

Figure 6 shows that there is the possibility of a relationship
between the mass of the particles as calculated by the electric
balance tesunique and the number of initial charges on the particles.
No statistical analysis was made on these data due to the degree
of scatter. This is also complicated by the fact that it is not
known whether the measurement was made on a single particle or an

aggregate.
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It has been generally assumed that exchangeable cations
satisfy all of the negative charges on clay particles and that no
external charges remain. This study indicates this is not true,
although the total number of charges are relatively small compared
to the overall charge available for cation exchange in liquid. As
a comparison of the magnitudes of both charges an' example is
given,

We will assume that we have a kaolinitic clay particle whose
mass whén measured by the electric balance technique is
6.00 x 10”11 gram and it requires initially 500 volts to balance
the particle against the force of gravity. Lyon, Buckman and
Brady (6, p. 101) have stated that the average cation exchange
capacity for kaolinite is about 8 milliequivalents per 100 grams.
Therefore, when 8 me/100 gms., is multiplied by Avogadro's number
and divided by 105 we have remaining 4.82 x 1019 charges per gram
of kaolinitic clay. As the particle weighs 6.00 x 10~1} gram and
when multiplied by L4.82 x 1019 charges per gram we have estimated
that the particle when in solution should have 2.89 x 109 charges
availsble for cation exchange.

As previously stated this particle required 500 volts to
balance against gravity. The following relationship from equation
6 is used to calculate the number of charges on the particle,

n'g;%& (16)



In this case the total number of charges in an air-dry atmosphere is
59. This demonstrated that in air-dry conditions some charge does
exist but the magnitude of the charge is small compared to the
charge associated with ﬂw cation exchange capacity as measured in
water.

During the process of measurement the air pressure was recorded
from a wall type mercury barometer. This informmation was necessary
to calculate the mass using the correction factor developed by
Millikan and expressed in the form of equation 15. The calculations
made on the particles did not change the masses as calculated from
the non-corrected form of Stokes' law, equation 14, and, therefore,
this information was not included due to the mmall effect of the
air pressure on the size of the particles _masured.

While observing a kaolinitic clay particle in the Millikan
apparatus it can be noted that the particle twinkles and moves in
and out of focus of the telescope. The particle appears to roll
and otherwise be in constant motion during the period of measure~
ment. The motion of these small particles is commonly referred to
as Erownian motion in honor of Robert Brown who first made mention
of this movement in 1827. Semat (10, p. 28) states that Brownian
motion is based on the assumption that the particles in suspension
are continually bombarded by the molecules of the fluid and that
this bombardment produces an unbalanced force which accelerates the
particle. Dallavalle (2, p. 164) states that when the particles
‘are suspended inra gas they follow the relationship
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PY = (n/N) RT, 7

where P is the pressure, V the volume, n the number of particles

into which cne gram-meclecule of the disperse phase is disintegrated,

N the number of gas molecules per gram-molecule of a gas

(Avogadro's number), R the gas constant and T the sbsolute

temperature.

Gibbs (3, p. 46) has given the following essential information

with regard teo particles in Brownian motion:

1.
2.
3.

b

6.

the particle moves with uniforn veloeitys

sraller particles move more rapidly than larger ones;
particles in high concentration move more rapidly than
those in dilvte concentrations;

particles move more rapidly through media of lower
viscosity;

for constant ﬁscosity the smplitude of the motion is
directly propoz;hional to the absolute temperature;

due to gravity, particles gradually srrange themselves
so that their concentretion is greatest at the lowest
layer. '

Although Brownian movement can be easily detected by the use

of Millikan's apparatus the extent and magnitude was not determined,



2.

3.
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CONCLUSIONS

The following conclusions may be drawn from this study:
The assumption made in the derivation of Stokes' law, that the
sphere is smooth and rigid, is not valio;l for kaoclinitiec clay
particles.

Stokes' law gives lower values for the calculation of the mass
than those values measured by the electric balance technique.
The electric balance technique measures the mass of kaolinitie
elay particles with muech less error involved than the method
utilizing Stokes' law.

There is an electric charge present on sodium saturated
kaolinitic clay particles and in air is readily determiqable.
For the particles measured, the number of charges ranged from
1 to 369.
There is a relationship indicated between the total number of
electrical charges present and the mass of kaolinitic clay
particles.
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