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ABSTRACT 

The size and shape of clay pai~ieles in aqueous suspension have been determined by 
means of five experimental techniques--electro-optical birefringence, ultraeentrifuga- 
tion, viscometry, optical transmission and electron microscopy. Five clay minerals-- 
montmorillonite, illite, heetorite, nontronite and attapulgite--each subdivided into 
five size fractions, were studied. The average particle dimensions in each fraction are 
tabulated. 

An evaluation of the experimental techniques is presented. It  is concluded_ that for 
a preliminary survey of the particle size and shape of clay minerals the technique of 
electron microscopy is best. However, once a model for the particles is obtained, a 
combination of the techniques of electro-optical birefringence and viscometl:y becomes 
more useful in characterizing the size and shape of the particles in suspension. 

1. I N T R O D U C T I O N  

I n  connection with our fundamenta l  research on clays, a s tudy  of the  
mechanism of floeculation of clay suspensions by  electrolytes was considered 
to be impor tan t .  To carry out  this s tudy  i t  was necessary to develop methods 
for determining the size and  shape of clay particles. However, the size and 
shape of clay particles are also of intr insic interest ,  for these dimensions 
are among the most  impor t an t  factors in de termining the colloidal behavior 
of clay suspensions. 

Most of the available informat ion  on clay particle size has come from the 
direct technique of observation with an  electron microscope. However, 
electron microscopy of clay particles was considered to have several defects. 
First ,  the electron micrographs of montmori l loni te  in the l i terature,  and  also 
some electron micrographs of montmori l loni te  prepared especially for us, 
were no t  clear and  were difficult to interpret .  Second, in order to obta in  the 
micrograph, the sample mus t  be dried, and  hence one canr~ot be sure t ha t  the 
particles seen in the micrograph correspond to those in suspension. Third, 
the thickness of the  particle cannot  be de termined from ordinary micro- 
graphs, and  even with shadowing techniques thicknesses are difficult to 
determine.  Four th ,  in projected flocculation studies where an electrolyte is 
present  in  addi t ion to the clay, drying of the sample continuously changes the 
concentrat ion of the  electrolyte and  thus the flocculation conditions. 

1 Publication no. 147, Shell Development Company, Exploration and Production 
Research Division, Houston, Texas. 
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I t  was therefore decided that other techniques for the determination of 
size and shape should be investigated. Some work has been done previously 
(van Olphen, 1950) on the problem of particle size and shape, where the 
combined techniques of ultramicroscopic counting and viseometry were 
used. The techniques finally used ia our work and the parameters measured 
are listed below. 

Technique 
(a) Eleetro-optbical birefringenee 
(b) Ult~racentrifuga~ion 
(e) Viseometry 
(d) Optical transmission 

Parameter 
Maximum length of particle 
Equivalent spherical radius of particle 
Ratio of thickness to length of particle 
Maximum length of particle 

To characterize particle size fully, the results from two appropriate 
techniques must be eombiaed. We have used for our calculations the combina- 
tions, electro-optical birefringenee and ultraeentrffugation, and electro- 
optical birefringence and viseometry. 

Electron micrographs 1 of the samples used are also presented in this paper. 

2. P R E P A I : ~ A T I O N  OF C L A Y  S A M P L E S  

Five types of elay--montmorillonite, hectorite, nontronite, illite and 
attapulgite--were used irt our research. The montmorillonite, heetorite and 
nontronite are examples of the expanding 2 : 1  lattice-type clay mineral 
(Marshall, 1949, pp. 51-54). Illite is of the nonexpanding 2 : 1 lattice type 
and attapulgite is of the fibrous type. 

The sources of the clays used were 

(a) Montmerillonito 
(b) Nontronite 
(e) tIectorite 
(d) illite 
(e) Attapulgite 

From Clay Spur, Wyoming 
API Sample 33b 
API Sample 34a 
API Sample 35 
API Sample 43 

A.  Preparation of Clay Suspensions 

The clays, other than illite, were suspended by slowly dusting the clay into 
distilled water that  was being stirred vigorously. The illite was put into 
suspension by fit'st digesting the clay in water for 12 hr and then diluting 
with distilled water. A considerable amount of carbonaceous matter was 
removed by passing the illite suspension through a very fine screen to 
remove coarse matter and then treating the suspension with hydrogen 
peroxide. All the clay suspensions were adjusted to a concentration of 1 
percent. 

These dilute suspensions were allowed to settle for a few days. Most of the 
clay " settled out " because of the flocculating effect of the soluble salts in 
the clay. The clear supernatant liquid was removed and the clays were 

* Prepared by Dr. T. F. Bates of The Pennsylvania State University. 
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resuspcnded in distilled water to the original concentration. This procedure 
was repeated until the soluble salts had been for the most part  removed. The 
resulting clay suspensions were then washed in the Sharples supercentrifuge 
several times. 

B. Preparation of Suspensions in Sodium Form 
The clay suspensions were passed through a cation-exchange resin (Dowex- 

50) which had been converted to the sodium form by passing an excess of 
1 /q NaC1 through the resin column and then washing the column with 
distilled water so that  the resin bed would be free of all electrolyte. After 
each pass of the clay through the resin column, the resin was regenerated. 
The total  exchange capacity of the resin was much greater than that  of any 
of the batches of clay suspension used, and several passes of the clay through 
the resin bed were sufficient to obtain the clay almost completely in the 
sodium form. 

After converting the clay to the sodium form, the suspension was con- 
centrated and resuspended in conductivity water. The final concentrations 
varied from 1 to 4 percent. The puri ty  of each clay sample was checked by 
means of x-ray diffraction, and all samples were considered to be satisfactory. 

C. Fractionation of Clay S~tespensions 
To obtain samples of fairly homogeneous particle size, fractionation of 

each clay sample was made by  means of the Spinco ultracentrifuge. 
The fractions were obtained by the following t reatment  : The sample was 

first centrifuged at  5000 rev./min, for 5 mill. The sediment R, was collected 
and the superaatant  fluid was then centrifuged at  6000 rev./min, for 10 rain. 
The sediment R 2 from this t reatment  was collected and the supernatant 
fluid was centrifuged again. This t reatment  was continued until five fractions 
were obtained. The conditions of eentrifugation for each of the fractions 
obtained were 

Fract ion R,-L-5000 rov./min, for 5 rain 
Fraction R~--6000 rev. /min,  for 10 rain 
Fraction Ra--10,000 rev. /mln,  for 15 min 
Fraction/~4--15,000 rev. /min,  for 20 rain 
Fract ion/ t5--20,000 rev. /min,  for 120 rain 

On the basis of data  presented by  the Specialized Instruments Corporation 
in their service manual, the ranges of the equivalent spherical radius for 
each fraction were calculated. These size ranges are presented in Table 1 
along with the percentage of each fraction of the various clay minerals. 

The actual limits of equivalent spherical radius are not as sharp as de- 
lineated. The number given as the lower limit is actually the radius of the 
smallest particle which, starting at  the top layer of liquid, will be centrifuged 
out under the specified conditions. However, particles of smaller equivalent 
spherical radius will sediment out also, ff they are close enough to the bot tom 
of the centrifuge tube. This factor could be overcome by  continually re- 
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TABLE 1.--DIsT~ClBUTION By  WEIGHT OF THE CLAY ~[INERAL FRACTIONS 

:Fraction 

B2 
Ra 
R~ 
R 5  

Residue 

Equivalent 
Radius, A 

~1380 
810-1380 
400-810 
230-400 
70-230 
<70 

Percent by Weight 

Montmoril- Non- Atta- 
lonite Illite tronite Hectorite pulgite 

27.3 57.8 21.2 53.0 23.6 
15.4 19.4 23.7 9.9 27.1 
17.0 12.2 32.6 14.7 36.3 
17.9 6.5 15.6 13.8 9.8 
22.4 2.7 6.9 4.3 2.0 

- -  1 . 4  - -  4 . 3  1 . 2  

suspending and centrifuging a given fraction, but this was not done with our 
samples. However, the differences in measured properties between successive 
fractions in our samples were sufficiently marked for these fractions to be 
adequate for our purposes. 

3. E L E C T R O - O P T I C A L  B I R E F R I N G E N C E  S T U D I E S  

The details of the apparatus and theory for the electro-optical bh'efringence 
study of clay suspensions have been presented by Kahn and Lewis (1954). 

When an electric field is applied to a clay suspension, the clay suspension 
which is originally isotropic becomes birefringent. This bh'efringence is 
attributed to the orientation of particles in the electric field causing a change 
in the optical properties of the suspension. 

The birefringence is measured in the following way : Light that  is plane- 
polarized at 45 ~ to the electric field enters the suspension. When the field is 
on, the suspension acts as a uniaxial crystal so that the emergent light is 
elliptically polarized. On passing a quarter-wave plate, the light becomes 
plane-polarized agaia but the plane of polarization is rotated through an 
angle which is directly proportional to the birefringence of the suspension. 
The light from the quarter-wave plate goes through an analyzer which is 
" crossed " with the initial plane of polarization of the light. The intensity 
of light that  passes this analyzer is determined by the rotation of the plane 
of polarization of the light and is thus a measure of the birefringence of the 
suspension. The intensity of light is measured by means of a photolnultiplier 
tube connected to a cathode-ray oscilloscope. 

In  our apparatus a rectangular voltage pulse of very short duration is 
applied to a clay suspension. This pulse and the resulting birefringence curve 
are shown simultaneously on a dual-channel oscilloscope..At the end of the 
pulse, the voltage decays rapidly to zero, but the birefringence decays much 
more slowly. The rate of decay of the birefringence (Benoit, 1951) is given by 

An 
An ~ - e-6~t, (1) 
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where An o ----- initial value of  birefringence 

An ~ birefringence at  t ime t 
D ~- rotat ional  diffusion constant.  

This is generally writ ten in the form 

log An : log An 0 - -  - -  
2.303 

Dt. (2) 

The rotat ional  diffusion constant ,  which is the  desired quanti ty,  may  thus 
be obtained from the slope of  a plot of  log An against t. 

The rotat ional  diffusion constant  D is related to  the size of  the particles in 
the  following way (Alexander and Johnson,  1949) : 
for oblate spheroids (disks) 

3 k T  
D --  32 ~]a a' (3) 

for prolate spheroids (rods) 

D - -  16 7rya3[ " log b - 1_, (4) 

where k ---- Bol tzmann 's  constant  
T ~-- absolute temperature  
y = viscosity of solvent 
a = major  semi-axis of  spheroid 
b ---- minor semi-axis of  spheroid. 

F rom previous studies (Marshall, 1949, p. 67) the  shape of montmoril lonite 
and illite can best be approximated by disks, and tha t  of  at tapulgite by  rods. 
Nontroni te  and hectorite are both  lath-shaped. However we shall assume 
tha t  the major  dimension of  these particles is t ha t  obtained from the formula 
for oblate spheroids (disks). As the  values of  a for long rods, and for disks 
with the same value of  D, differ only by  a factor  of approximately 2.5, the 
calculated major  dimensions for nontronite  and hectorite will at  least give 
the proper order of magnitude. 

The marked effect of  particle size on the  birefringence decay curve is 
shown in Figs. 1 and 2, which are respectively for samples R 1 and R 5 of 
montmorillonite.  I n  Fig. l ,  the decay curve GH of the largest size montmoril-  
lonite fraction R~ is shown. At  H, 274 msee after the  field has been 
removed, the sample still has 62 percent of  the birefringence at G. I n  Fig. 2, 
taken with the smallest montmorll lonite fraction R 5 in the cell, 62 percent of 
the initial birefringenee has been reached after the  field has been off for only 
4 msec. I n  Fig. 3, the t ime scale for the  R 5 fraction has been expanded 
so tha t  the decay curve m a y  be obtained more precisely. The discontinuities 
in the  oscilloscope traces of  Fig. 3 are caused by  the timing signals, which 
are given every 2 msec. 

F rom an analysis of birefringence curves, such as those shown in Figs. 1 to 
3, and the application of  equations (2), (3) and (4), the lengths of the major 
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FmuI~E 1.--Birefringence curve of sample R 1. Voltage pulse - -ABCD : birefringence 
eurve--EFGH. Distance A B  corresponds to 192.5 msee. 

Fm~RS 2.--Birefringence curve of sample R~. Voltt~ge pu l se - - - I JKL:  birefringence 
eurve - -MNOP.  Distanae I J  corresponds to 192.5 msee. 

(To face p. 224) 
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F~Gv~n 3 . - -Bi re f r ingence  curve  of' sample  Rs.  D i s t ance  QR corresponds  
to 10.3 msec.  
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semi-axes of the clay mineral  fractions were calculated. 
presented in  Table 2. 

225 

The results are 

TABLE 2.--LENGTHS OF MAJOR SEMI-AXES OF CLAY MINERAL ~q~RACTIONS 

Major Semi-axis, A 

Montmoril- 
Fraction lonite Illite lqontroni~e I-Iectorite Attapulgite 

R 1 

R2 
Ra 
R4 
Rs 

12,300 3700 5 8 0 0  5100-8850 9400-16,400 
10,300 2600 5 6 5 0  4150-4600 9400-]6,100 

3800 2100 4950 3 9 0 0  7900--14,500 
2950 1900 3750 3 3 5 0  6650-11,500 
2450 1800 2300 2950 6650 

These results will be discussed in  section 8 of this report. 

4. U L T R A C E N T R I F U G E  S T U D I E S  

A.  Theory 

The general theory of sedimenta t ion in  the ul tracentr ifuge is well known 
(Svedberg and  Pedersen, 1940). I n  general when a s teady state  has been 
reached in the ultracentrifuge,  the centrifugal force equals the frictional force. 
For spherical particles, 

dx 34 7rra(p _ Po) w2x = 67ryr d~ 

where r = radius of the particle 
p =- d e n s i t y o f  the particle 

P0 = densi ty  of solvent 
w ---- angular  velocity 
x =- distance of particle from center of ro ta t ion  
y = viscosity of solvent 
t = t ime 

An equivalent  calculation can be made if the particle is assumed to be an 
oblate spheroid of major  semi-axis a and  minor  semi-axis b. The centrifugal 
force on the particle is (4/3) 7ra~b (p -- Po) wax. The frict ional force on the  
particle is (6nya2") (dx/dt), where F is a " hydrodynamic  factor " which is 
a funct ion of (a/b). 2' has been evaluated by  Kelley and  Shaw (1942), and  the 
results have been checked by  us. F approaches fairly rapidly an  asymptot ic  
value of 0.66. This value may be used with an error of less t h a n  5 percent  for 
ellipsoids with axis ratios of 10 : 1 or greater. 

15 
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We have, therefore, 

4 d x  
na~b(p  - -  po )W2x  -~ 67r~?aF d t  

d t  " ~ 

The quantity in brackets is the expression for the equivalent spherical radius 
of the particles. Therefore, 

(ab)~ = r~'~ 
and 

r 2 . ~  
b - -  a 

Thus, if the major semi-axis of the particle is known from birefringence 
measurements, the minor semi-axis may be calculated from ultracentrifuge 
data. In  principle, the size and shape of ellipsoidal particles are thus com- 
pletely determinable. 

B .  Prac t i ca l  Dij~icult ies  

The ultracentrifuge data used in our calculations were obtained with a 
modified Fisher-Stern apparatus. 1 There are a number of difficulties in the 
interpretation of these data on clay suspensions which indicate tha t  even 
under the best of conditions such data probably are not quantitatively 
reliable. 

Theoretically, in the light-absorption method of determining sedimentation 
boundaries, one expects a " nonsharp " boundary because of diffusion. With 
clay particles there is the additional complication that  particles of exactly 
the same size will sediment at  different rates if their initial orientations are 
different. Furthermore, in clays the decrease in intensity of the light striking 
the photographic film, which is used to record the progress of sedimentation, 
is caused not by absorption but  by  light scattering. As there is a range of 
particle sizes in the sample and the scattering is an unknown function of 
particle size, interpretation of the density of blackening on the photographic 
plate becomes impossible. 

To obtain useful data, one must work at concentrations of about 0.50 per- 
cent at  which concentration interparticle forces cannot be neglected. The 
magnitude of the electroviscous effect is uncertain, as is the magnitude of 
the hydration of the particles, which alters the effective density of the 
particles. 

However, in spite of these many  uncertainties, it is estimated tha t  the 
determination of the equivalent spherical radius in our apparatus should be 

1 The data listed in Table 1, obtained with the Spinco ultracentrifuge, were not used 
in these calculations because of the inherently low precision obtainable with that  
apparatus, which was designed primarily for preparative work. 
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reliable within a factor or two or three. I n  addition, for comparat ive studies, 
many  of the difficulties enumera ted  become un impor tan t .  

TABLE 3 . - - E X P E R I ~ N T A L  VALUES OF EQUIVALENT SPHEI~ICAL ~ADIUS OF SELECTEI5 
CLAY FRACTIO~S A~D CALCULATED VAL~YES OF ~I2~OTs SE1Vs 1 

Clay ~V[inerM r a b r a b r a b 

IW[ontmorillonite 770 12,300 32 535 10,300 18 - -  - -  - -  
Nontronite 210 5800 5 - -  - -  130 3750 3 
[lllto 680 3700 82 - -  240 1900 20 

1 Values of a, b and r are in gmgstr6m units. 

The values of the equivalent  spherical radius obtained for some selected 
clay fractions are presented in  Table  3. I n  addition, from the  equat ion 

r 2 F 
b - -  

the values of b were calculated for montmori l lonite ,  illite and  nont roni te  on 
the assumption tha t  the particles were oblate spheroids, using the values of 
a given in  Table 2. 

These results will be discussed in  Section 8. 

5. V I S C O S I T Y  S T U D I E S  

From viscosity studies, informat ion  may  be obtained about  the  a symmet ry  
of particles in  suspension. The first theoretical der ivat ion of the  viscosity of 
suspensions was obtained by Einstein.  He showed t h a t  for a suspension of 
spheres 

Yr = 1 + 2.5 r 

where Yr = relative viscosity 
r = volume fraction of particles. 

The derivat ion for shapes other t h a n  spheres is more difficult, lV[ark and  
Tobolsky (1950, p. 286) have t abu la ted  the results for rods a nd  disks, tak ing  
into account  the possible effects of Brownian  motion. F rom their  tabula t ion ,  
it is obvious t ha t  the rat io of the axes is the  only factor t ha t  is related to the  
relative viscosity. This fact p rompted  ore" viscosity investigations.  

A. Experimental Method and Results 
All viscosities were determined in  ASTlV[ size 50 Ostwald viscometers at  a 

temperature  of 30.25 ~= 0.05~ 
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The values of the relative viscosity of suspensions of 0.05 percent  concentra- 
t ion ~ of the various clay mineral  fractions are presented in  Table 4. 

TABLE 4. VALVES OF ~r AND g FOR CLAY MINERAL FRACTIONS 

~1 R2 Ra R4 ~5 

?lay Mineral Ur K ~r K ~r K ~r K ~r K 

[ontmoril - 
lonite 

[ontronite 
[life 
[ectorite 
.ttapulgite 

1.0260 140 
1.0250 152 
1.0015 8.5 
1.0060 36 
1.0076 22.7 

1.0360 194 
1.0362 219 
1.0022 12.5 
1.0095 57 
1.0122 43.4 

1.0423 228 
1.0465 282 
1.0036 20.4 
1.0254 153 
1.0140 49.8 

1.0427 231 
1.0506 306 
1.0019 9.8 
1.0362 218 
1.0166 59.1 

1.0417 225 
1.0440 267 
1.0077 43.7 
1.0325 186 
1.0109 38.8 

I f  one writes 
y r =  l - ~  K r 

as an  extension of the Eins te in  equation,  one ma y  calculate K from the 
experimental  values of Yr and  r Such values of K are also listed in  Table 4. 
The value of r was based on the  weight concentra t ion of the clay and  the 
densi ty  of the clay. However, clay particles have a certain amoun t  of water 
associated with them in suspension, and this will affect the value of r (and 
thus of K). A method of evaluat ing r for any  value of the hydra t ion  of the 
clay particle has been given by  v a n  Olphen (1951). I n  our calculations the 
hydra t ion  of the clay particle was no t  considered, since the error involved in  
not  considering it  is considerably less t han  the  unce r t a in ty  of the interpreta-  
t ion of the experimental  results. 

B. Interpretation of Viscosity Results 
The mean  velocity gradient  in  an  ASTI~ size 50 viscosity tube  is 1350 

sec -1. According to the criterion given by  Alexander  and  Johnson  (1949, 
pp. 362-367) ff (velocity gradient / ro ta t ional  diffusion constant)  > > 1, the 
particles are almost completely oriented. Our measurements  were made under  
such circumstances. According to Simha (personal communication),  it is 
plausible t h a t  the value for K, 

4 (a/b) 
K - -  

3 tan-l(a/b) 
proposed by  Jeffery (in Mark and  Tobolsky, 1950, p. 286) as a ma x i mum for 
the viscosity of a suspension of rigid disks wi thout  Brownian motion,  is the 
proper one to apply. I f  in addi t ion it  is assumed tha t  a/b is large, so t ha t  t a n  -1 
(a/b) ~ (7r/2), we obtain  finally 

a 
- =  1 .2K.  
b 

1 Based on weight of clay dried at 105~ 
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In  combination with the results of electro-optical bh~efringence, one again 
may calculate b, the minor semi-axis of the particles. The values are given in 
Table 5. 

TABLE 5 . - - V A L U E S  OF 1V~INOR SEMI-AXIS O:~ ~ CLAY I~V[INERAL FI~ACTIONS 
CALCULATED FRO~ BnCEFRINGE~CE AND V i s c o s i t y  DATA 1 

�9 R8 iI /~4 
Clay 

Mineral a K b '1 a K b a K b I a K / 
l~ontmorillonite 
Nontronite 
Illite 
~[ectorite 

I b a K b 

12,300 140 73 10,300 194 44 I 3800 228 14 / 2950 231 11 I 2450 225 9 
5800 152 32 5650 219 2214950 282 1513750 306 1012300 267 7 
3700 8.5 360 2600 12.5 173/ 2100 20.4 86 1900 9.8 162 1800 43.7 34 
5100 36 118 J 4150 57 61/ 3900 153 21 3350 218 13 2950 186 13 
to to / to to / 

8850 205 4600 67 

1 Attapulgite data  are not included, as the assumed model of the clay particle is invalid for aCtapulgite. 
2 Values of a and b are in 's units. 

6. L I G H T - T R A N S M I S S I O N  S T U D I E S  

The technique of light scattering is used widely for the determination of 
particle size and molecular weight in the colloidal range (Bender, 1952). 
Doty and Steiner (1950) show how the equivalent information may  be derived 
from measurements of optical transmission at various wavelengths. 

Dory and Steiner obtain the relation 

d log T 
d log A = 4 --/?,  (5) 

where T ~ opticM density of suspension 
A = wavelength of light 
/? = a parameter  which is a function only of 

d = major dimension of particle 
2~0 = wavelength of light in sohtion.  

In  general fl increases as d / A  9 increases. In  Figs. 4 to 8, plots of equation 
(5) are presented for all the clay minerals used in our work. The slopes of the 
curves were taken at the arbitrarily chosen value of T = 0.1. In  general, the 
slope increases (orfl decreases) with decreasing particle size in agreement with 
the theory. However, it is not expected tha t  this will be useful in a quantita- 
tive way, but it is expected to be qualitatively useful in the ordering of 
particle sizes for a given kind of clay. 

7. E L E C T R O N  ~ I C R O S C O P Y  S T U D I E S  

Electron micrographs were obtained for each of our samples. Representa- 
tive electron micrographs are presented in Figs. 9 to 13. From each micro- 
graph, the longest dimension was measured for ten particles chosen at random, 
and an average " major semi-axis " was then calculated for each of the 
samples. The results are given in Table 6. 
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T R A N S M I S S I O N  C U R V E S  - M O N T M O R I L L O N I T E  
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I~IGV~E 4 . - -Transmiss ion  curves for mon~morillonite. 

TABLE 6.--LENGTHS OF ~r SEIVfI-AXES OF CLAY I~ 
F:ROlV[ ELECTRON ~/[ICROSCOPY 

Sample 

Montmoriltonite 
Non~ronlte 
Hectori to 
Illito 
At~apulgito 

Frac t ion  1 

R 1 /t~ ~ s  R4 R5 

6900 5409 3380 1620 1350 
19,300 8600 7000 5000 3410 

5150 3050 3050 3245 2705 
2370 1535 1005 635 535 
7750 6450 5400 4390 3245 

1 Values of /~  in s  units.  

8. D I S C U S S I O N  

A. Discussion of Results 
1. Major dimension of particles.--The major dimension tbr the particles in 

each cluy fraction was determined by two methods, electro-optical bire- 
fringence and electron microscopy. The resutts are presented in Table 7. 
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(To face p. 232) 

FIGURE 9.-Electron micrographs of montmorillonite; shadowed with platinum at 10°. A, Ri' magnification 11,600 X • B, Ro, 
magnification 14,800 x. 
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g FIGuRE lO.-Electron micrographs of illite; shadowed with uranium d 15° A, R
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TImgnification 11,600 x. B, R 5 , magnification 
28,000 x. 
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�9 FIGU RE Il.-Electron m icrographs o f nonkonite ; shadowed with platinum at 20°. A, R1,ma.gnification 7800 x. B, R., m agnification 
14,800 x . 
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g FIGURE 12.-Electron micrographs of hectorite : A, R I , shadowed with platinum at 20° ; magnification 1l,600 x. B. R., shadowed 
with platinum at 15° ; magnification 14,800 x. 
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o~ FIGURE l3.-Electron micrographs of attapulgite ; shadowed with platinum at 20°. A, Rv magnification 11,600 X. B, R" 
magnification 18,500 x. 
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TABLE 7.--MAJOR DII~ENSION OF CLAY MINERAL PARTICLES FROM ELECTRO-OPTICAL 
BIREFRINGENCE AND ELECTRON MIOROSCOPY 

Clay Mineral 

Montmorillonite 

Illito 

Nontronlte 

Hoctorite 

Attapulgite 

Fraction 

R 1 
R2 
R3 
R4 
R~ 

R~ 
R3 
R4 
R5 

R2 
Rs 
R4 
R5 

R2 
R~ 
R4 
R~ 

R1 
R2 
R3 
R4 
R5 

Major Dimension, A 

Electro-optical Electron 
Birefringence Microscopy 

24,600 13,800 
20,600 10,800 

7600 6800 
5100 3200 
4900 2800 

7400 4800 
5200 3000 
4200 2000 
3800 1200 
3600 1000 

11,600 38,600 
11,300 17,200 

9900 14,000 
7500 10,000 
4600 6800 

10,200-17,700 10,300 
8300-9200 6100 

7800 6100 
6700 6400 
5900 5400 

18,800-32,800 15,500 
18,800-32,200 12,900 
15,800-29,000 10,800 
13,300- 23,000 8800 

13,300 6600 

The values for the  ma jo r  d imension  of the  clay minera l  par t ic les  from 
electro-opt ical  birefringence s tudies  and  from elect ron microscopy agree 
within a factor  of 2 for n ineteen ou t  of  the  twenty-f ive  samples,  and  wi th in  
a factor  of 3.6 for all samples.  This is considered to  bo sa t i s fac tory  ag reemen t  
and shows the  usefulness of the  e lectro-opt ical  birefr ingence technique in  
es t imat ing  the  ma jo r  dimensions of  a symmet r i c  part icles.  

2. Thickness of particles.--Thickness of the  c lay  par t ic les  was de te rmined  
b y  combining electro-opt ical  birefr ingence d a t a  wi th  e i ther  u l t racent r i fuge  
or viscosi ty  da ta .  The results  are  p resen ted  in Table 8. 

The  agreement  be tween  values  of the  thickness  of  c lay  par t ic les  f rom 
different  exper imenta l  techniques is no t  so good as t he  agreement  found  for 
the  ma jo r  d imension of  the  part ic les .  However ,  one can tel l  t h a t  the  par t ic les  
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TABLE 8.--T~iICKNESS OF CLAY MllqEICAL PARTICLES FKOM (A) ELECTRO-OI~TICAL 
BI~EF~I~GENCE AND VISCOSITY DATA, AND (B) ELECTRO-OPTICAL BIREFIr 

2~D ULTRACENTI~IFUGE DATA 

Clay )/~ineral 

~Vfontmorillonito 

lllite 

Nontronite 

ttectorito 

Fraction 

.R 1 
22 
2~ 
2~ 
25 

B~ 
R3 
.R4 
25 

21 
B2 
R3 
R~ 
25 

21  
R~ 
2a 
2~4 
R5 

Thickness, A 

Electro-optical 
Birefringence 
+ Viscosity 

Electro-optical 
Birefringonee 

+ Ultracentrifuge 

146 64 
88 36 
28 
22 
18 

720 164 
346 
172 
324 40 

68 

64 10 
44 
30 
20 6 
14 

236-410 
122-134 

42 
26 
26 

are ve ry  th in  re la t ive  to  the i r  l ength  and,  excep t  for illite, consist  of  on ly  a 
few layers  of  the  fundamen ta l  c lay minera l  sheets.  I t  is also of  in te res t  to  
note  t h a t  as the  ma jo r  d imension decreases (R 1 --> Rs) , the  th ickness  also 
decreases. Tha t  is, there  is ~ posi t ive  corre la t ion between the  length  and 
thickness of  the  c lay par t ic les  of  a given t y p e  of  mineral .  

B. Evaluation of Methods 
A n y  sample  of  c lay u n d o u b t e d l y  has a cont inuous ly  var iable  size and  

shape dis t r ibut ion.  However ,  b y  f rac t iona t ion  of  t he  clay and  de te rmina t ion  
of the  average length  and  thickness  of  each f ract ion,  one can give an  es t imate  
of the  d i s t r ibu t ion  in t e rms  of  average dimensions for the  par t ic les  in  each 
fraction. 

To obtain general concepts about the size and shape of the particles of clay 
materials with which one is not familiar, electron microscopy provides useful 
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information. The first two objections to electron microscopy presented in the 
introduction do not now seem valid. With improved experimental techniques, 
adequately clear pictures are obtainable as shown by the mierographs in this 
report. The second reason for the distrust of electron micrographs, namely 
the possibility that  by the technique used in preparing the sample the 
original particles no longer remain, now seems unlikely since the major 
dimension of the particles from electron mierography is in general agreement 
with tha t  obtained from electro-optical birefringence studies in all the samples 
studied. However, once a model for the particles is obtained from electron 
microscopy, one or more of the indirect methods discussed in this report is 
more useful in characterizing the samples. 

In  electron microscopy one sees only individual particles, and the problem 
of obtaining a representative sample is always present. In  the other tech- 
niques described in this report, an average parameter  for all particles is 
obtained from a single measurement. 

The methods other than electron microscopy unfortunately must utilize 
calculations based on models which are mathematically simple and which 
may not adequately describe the particles, so tha t  errors will be involved in 
absolute size measurements. However, even in these, dimensions within a 
factor of two are obtainable. For comparative purposes and for the charac- 
terization of clay samples by some relative average size, the indirect methods 
are extremely useful. 

The electro-optical birefringence technique provides the most  reliable data. 
Determination of rotational diffusion constant involves no major problems of 
experimental uncertainty or of theoretical assumptions. However, the calcu- 
lation of a major semi-axis from this value does bring in the assumption that  
the particle approximates either a disk or a rod. 

The ultracentrifuge technique was not very satisfactory with our instru- 
mentation. However there is now commercially available an extremely 
reliable analytical ultracentrifuge which migh~ be useful for particle size 
~tudies of clays. 

The measurement of viscosity is simple but interpretation of results is not 
on a firm basis. However, the values obtained from the thickness of particles 
from the combined electro-optical birefringence and viscosity results correlate 
well with the qualitative ideas about this dimension obtainable from the 
electron micrographs. 

The light-transmission method is the most difficult to interpret theoreti- 
tieally. I t  probably will be useful only as a strictly empirical tool. 

C. Discussion of Individual Clay Minerals 

1. Montmorillonite.---The platy type of structure for montmorillonite is 
again confirmed by  the electron micrographs. The " major dimension " of 
the particles ranges from 2800 to 13,800•, a factor of five. As shown in 
Table 5, the particles of the largest major semi-axis also have the largest 
minor semi-axis. 
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2. I l l i t e . - - I l l i t e  has the smallest particles from the s tandpoin t  of lateral 
extent .  However, illite contains by  far the thickest  particles, indicat ing a 
large number  of stacked layers. 

3. Nontroni te  and hec tor i t e . - -Nontron i te  and  hectorite are both lathlike in 
the electron micrographs. F rom the  viscosity da ta  they seem very asym- 
metric and  may  contain only a few layers of the  fundamenta l  s tructural  
sheets. 

4. A t t a p u l g i t e . - - T h e  structure  of a t tapulgi te  is unequivocally rod-shaped 
from the electron micrographs. The average lengths  of the rods in  the various 
fractions range from 6600 to 15,5004. There does not  seem to b e  much 
change in  diameter  from sample R~ to R s. 

9. S U M ~ A I ~ Y  A N D  C O N C L U S I O N S  

The particle size and  shape of montmori l loni te ,  il]ite, nontroni te ,  hectorite 
and  at tapulgi te  were studied by  five techniques---electro-optical birefringenee, 
ul t racentr i fugat ion,  viscosity, light t ransmission and electron microscopy. 
The total  range of the max imum dimension of the particles was from 1000 
to 38,6004. 

I t  is concluded tha t  for a prel iminary survey of the size and  shape of c]ay 
mineral  particles, electron microscopy is most  useful. However, once a model 
for the particles is obtained,  a combinat ion  of electro-optical birofringence 
and  viscosity data  provides a much more convenient  method for obta ining 
the major  dimension and  the  thickness of the  clay particles. 
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