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Abstract-Data on montmorillonite and illite collected by A. Kahn were further analyzed to show 
the relationship between particle geometry and the optical density (OD) of the clay suspensions. A 
correction was introduced to the calculations of the minor dimension of the montmorillonite particles 
which took into account the volume of water between unit layers. 

The assumption of disc geometry which was used by A. Kahn in the calculations of the clay par- 
ticle dimension was found to be consistent with his OD measurements, thus showing that optical 
measurements can be used to find an equivalent radius of montmorillonite and illite when the general 
geometry of the particles is the same. 

INTRODUCTION 
IN THE visible range the decrease in light intensity 
upon passing through illite and montmorillonite 
suspensions is due to scattering (Banin and Lahav, 
1968). In dilute suspensions of these clay minerals 
the turbidity is related (Doty and Steiner, 1950) 
to the molecular weight M of the particles according 
to the expression: 

H M C Q  
r = (1) 

(1 + 2BMC) 

where 

2.303 • OD 
~- is the turbidity -- optical path length 
C is the clay concentration 

327r z Uw 2 (d U/dC) 2 
H =  3Nh 4 
Uw is the refraction index of the solvent at 
wavelength 
N is Avogadro number 

dU/dC is the refractive index increment of 
the suspension 
B is the deviation from van' t  Hoff behavior,  
and 
Q is the particle dissipation factor (Doty and 
Steiner, 1950). 

*Contributions from Scientific Series Paper No. 1573. 
tResearch Soil Scientist, USDA, and visiting Associate 

Professor, Colorado State University, Fort Collins, 
1968-69. Presently, Senior Lecturer at The Hebrew 
University of Jerusalem, the Faculty of Agriculture, 
Rehovot, Israel. 

Q characterizes the ability of the particles to dissi- 
pate light from the incident beam and it is so 
defined that the observed turbidity multiplied by 
1/Q will equal the turbidity that would have been 
observed in the absence of interference. 

The connection between Q, ~, and the major 
dimension D of colloid particles of several geome- 
trical shapes has been worked out by Doty and 
Steiner (1950). Similar relationships can be com- 
puted for discs by using the relevant equation 
given by van de Hulst  (1957, p. 98) in Dory and 
Steiner equations. However ,  the range of applic- 
ability of these theoretical relationships is limited 
to particle size ~ X / I m -  1 I, m being the refractive 
index of the particle relative to that of the medium 
(van de Hulst,  1957). The error introduced in the 
application of these theoretical relationships 
increases with particle size and with m, and indeed 
Flory (1953) specifies D/h = 1 as the upper limit 
of particle size. However ,  this error will be less 
pronounced for thin discs than for spheres. 

Montmorillonite and illite particles are plate 
shaped with irregular geometry. Several workers 
(Kahn, 1959; Kelley and Shaw, 1942; Lahav and 
Banin, 1970; Quirk, 1968; van Olphen, 1954) 
assumed that the shape of these particles can be 
approximated by discs, an assumption which is 
included in the concept of equivalent or effective 
radius. I t  is the purpose of this article to test more 
quantitatively the "disc assumption" by a detailed 
study on the agreement between theory and experi- 
mental findings of OD measurements. The 
experimental data used here were taken from A. 
Kahn (1959) who compared systematically several 
methods, including OD measurements,  in his 
studies of size and shape of several clay minerals. 
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In his work, A. Kahn separated each of the clay 
minerals under study into five size fractions R1, 
Rz, R3, R4, and R~ where/71 and R5 are the biggest 
and smallest size fractions, respectively. The two 
plate-shaped clay minerals of this study, mont- 
morillonite and illite, seem to suit our purpose 
because their smallest size fractions are in the 
range of applicability of the theoretical relation- 
ships between Q, x and D. 

RECALCULATION 
Major dimension (equivalent diameter) 

Electron microscopy enables one to measure 
directly the particle dimensions. However, owing 
to the multitude of geometrical shapes, all of 
them plates, it is difficult to express such a measure- 
ment in one number. The average surface area of 
the clay particles seems a desirable parameter for 
the population of each size fraction (see also Kelley 
and Shaw, 1942) but no such measurements were 
carried out by Kahn. The available data are of two 
methods: Electron Microscopy and Electro- 
Optical-Bireftingence. Most of the values obtained 
by the two methods agree within a factor of about 
1.7-2.1 (see Table 1). This, together with the 
electron microscope study and information from 
other workers (van Olphen, 1963) support an 
important assumption which is usually made: in 
the whole range of particle size under study the 
geometrical shape of the particles is basically that 
of plates with a large axial ratio. On the basis of 
this general shape, numerous variations of the 
detailed geometry are possible. 

Minor dimensions (equivalent thickness) 
Based on Electro-Optical Birefringence and 

viscosity measurements, A. Kahn calculated the 
thickness of the clay particles using the following 
equations: 

and 

~q~ = 1 + K~b (2) 

a = 1.2 K (3) b 

in which "0r is the relative viscosity 
4~ is the volume fraction of the particles in 
the suspension 
a and b are the major and minor dimen- 
sions, respectively, and 
K is a constant. 

4~ was calculated from the clay concentration and 
density but the contribution of the water associated 
with the clay particles was neglected. This practice 

seems justified in the case of illite but not in that 
of montmotillonite. 

The swelling of Na-montmorillonite studied by 
X-ray diffraction methods (Norrish, 1954; Norrish 
and Quirk, 1954; Posner and Quirk, 1964) has 
indicated that in water solutions of low electrolyte 
concentrations the particles exist as single unit 
layers or platelets. In several other studies (Lahav 
and Banin, 1968) such a complete dispersion was 
not always obtained. As discussed earlier by Lahav 
and Banin (1968), optical and negative adsorption 
studies show that the dispersibility of  N a -  
montmorillonite is greatly dependent on the method 
of preparation of the clay suspension. Thus par- 
ticles containing several unit layers can exist in 
suspension presumably as metastable forms. 
Meting (1946) also concluded from X-ray study 
that crystalline swelling of Na-montmorillonite 
ceased at 20 A.. Though his record is probably to 
be interpreted as failure to observe a definite 
diffraction line up to the low angle cut-off of the 
camera (Norrish and Quirk, 1954), it should be 
noted that Meting had dried his clay before 
causing it to swell by water. This treatment might 
have induced the association of unit layers to form 
bigger particles (Lahav and Banin, 1968). 

The data of A. Kahn (1959) which will be used 
here, indicate that whereas the small size fraction 
of Na-montmorillonite, Rs, R4, and R3, were almost 
completely dispersed, the other size fractions 
contained particles with considerable thickness. 
In view of the fact that the purity of all the size 
fractions was checked and found satisfactory, this 
indicates that for unknown reasons the clay par- 
ticles were not completely dispersed into single 
unit layers. This problem will be further discussed 
later on. Thus it is necessary to calculate again the 
values of ~b taking into account the contribution of 
the water layers inside the particles. When the 
thickness of the particle is near 10 A, (i.e. that of a 
single unit layer), the contribution of the outer 
first layer or layers of adsorbed water should also 
be taken into account in the calculation of 0h. Though 
the exact thickness of this layer is not known for 
the time being, we assume that it is one molecular 
layer thick, i.e. 3 A  on each side of the clay 
particle. The contribution of this layer can be 
neglected when the particles are several unit layers 
thick. 

From Tables 4 and 5 in Kahn's article and by 
comparison to the data in another article (Kahn, 
1958)*, it was found that in the OD measurements 
the clay concentration in both the illite and mont- 
morillonite suspensions was 500 ppm. The density 

* No other information is available. Personal communi- 
cation with Dr. A. Kahn. 
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used by Kahn was 2.83 and 2.69 g/cm 3 for illite 
and montmorillonite, respectively, q5 for mont- 
morillonite was recalculated by equations (2) and 
(3) assuming thickness of 9.4 A and 9.0 A to a unit 
layer and water layer, respectively (van Olphen, 
1963). The number of unit layer, n, in a panicle  
was calculated accordingly (Table 1). In illite 4~ 
was not recalculated and the number of unit layers 
in a particle was calculated for a c-spacing of 10.1 

(Grim, 1968). 

Optical density (OD) measurements 
Equation (1) was used to calculate Q from values 

of r obtained from Kahn's  OD measurements. It 
was also necessary to know H, C, M and B. r was 
found from Kahn's  figures 4 and 5 with the help of 
an epidioscope (magnification about 10 times). C 
was found to be 500 ppm in both illite and mont- 
morillonite as explained above. B was assumed to 
equal zero (see Lahav and Banin, 1970). The mole- 
cular weight of a unit layer in a particle was found 
from the eguivalent diameter D, the area of a unit 
cell (45.8 A ~) and the molecular weight of a unit 
cell. 

The molecular weight of a unit cell of N a -  
montmorillonite is 734 (van Olphen, 1963) whereas 
that of Na-i l l i te  is 839 (Grim, 1968). The molecular 
weight of an illite particle, M, was ~ found by 
multiplying the molecular weight of a unit layer by 
the number of unit layer, n, in a panicle.  In the 
calculations of the molecular weight of the mont- 
morillonite particles the contribution of the water 
layers was taken into account as explained above. 
Six H~O molecules were assumed per unit cell 
(Grim, 1968) and three molecular layers were 
assumed in each water layer. 

In the calculation of H the presence of water 
layers was taken into account (Banin and Lahav, 
1968) in (dU/dC) as follows: 

d U  n 
d C - n ( p + l ) - l ( U ~ - U ' )  (4) 

where Uc is the refractive index of the clay and 
the other variables were explained above. Since 
no separate measurement was made to determine 
Uc for the clays under study, and because there 
are differences between clay minerals of the same 
group (Grim, 1968), the choice of U~ is somewhat 
arbitrary. The value of U~ for the two clay minerals 
under study was taken as 1.55 (Banin and Lahav, 
1968). 

Since the illite particles are considered as 
crystals, the value ofn  assigned to them in equation 
(4) was 1. In montmorillonite, however, n is the 
number of unit layers in a particle which can be 
looked at as "quasi crystal"  (Quirk, 1968). The 

data used in these calculations are given in Table 1. 
In Fig. 1, Q is plotted as a function of D/h, D 

being the equivalent diameter of the clay discs, 
taken from electro-optical-birefringence and 
viscosity measurements.  The relationships between 
Q and D/h were calculated according to Doty  and 
Steiner (1950) by introducing the proper  expression 
given by van de Hulst  (1957) for randomly oriented 
discs (p. 98). A computer program was used for 
this purpose. Though the theoretical relationships 
between Q and D/h are applicable to values of 
D/h not much greater than 1 (solid line), it is 
interesting to note the reasonable agreement 
between the calculated curve and the experimental 
measurements in the whole range of D/h under 
study*. 

It should be noted that the good agreement 
between the theory and the experimental data of 
the two clays cannot be obtained when the major 
dimension of the particles is taken from Electron- 
Microscopy measurements. This might be expected 
since the axial ratio of the particles was calculated 
from viscosity and electro-optical birefringence 
data in which the "disc assumption" was also used. 
Therefore, the concept of equivalent radius of a 
disc should be used in the context of the assump- 
tions included in the experimental methods. 

EVALUATION 
Both illite and montmorillonite particles are 

plate shaped with the major dimension much 
bigger than the minor dimension. Therefore, if the 
assumption of "equivalent disc" is valid, it should 
be applicable to the two clay minerals. Figure 1 
shows that this is the case when the specific 
properties of the clays, such as n, p, or M, are 
taken properly into account. 

It is interesting to note that the axial ratios, 
though bigger than 10 in all the size fractions of the 
two clays under study, vary greatly from about 
10-190. This variability has no effect on Q when 
its effect on H is taken into account, as is expected 
from the theory (Doty and Steiner, 1950). However ,  
for each geometrical shape there is a unique rela- 
tion between Q and D/h and in the different size 
fractions under study the experimental relation- 
ship represents a weight average of the relevant 
properties of all the particles. 

The data from A. Kahn which have been used 
here indicate that the Na-montmori l loni te  under 
study did not disperse completely into single unit 
layers. If one neglects completely the electro- 
optical-birefringence and viscosity measurements 

*Author's thanks are due to Dr. A. C. Wright, Baroid, 
for the calculations of the curve for values of D/X larger 
than 1 (dashed line). 
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Fig. 1. Q as a function of D/h for the illite and montmorillonite at three wavelengths, 

and calculates Q in equation (1) assuming n = 1 
and taking into account only the major dimension 
of the particles from the electron microscope study, 
this gives very high values of Q for all the size 
fractions except for Rs. Another possibility is that 
the coarse fraction of montmorillonite, namely R1 
and R2, contains impurities of other minerals. The 
effect of such impurities is not expected to be too 
high since the purity of each clay sample was 
checked by means of X-ray diffraction and all the 
samples were considered to be satisfactory (Kahn, 
1950). 

The experimental points in Fig. 1 cover a range 
of D/X values of one order of magnitude, i.e. from 
about 0.6 to about 6. The theory used here is 
strictly applicable up to D/h values in the vicinity 
of about 1. The reasonably good agreement between 
the experimental data of both illite and mont- 
morillonite with the theory indicates that the error 
introduced by working with large D/~ values is 
not very big. 

In summary, it seems that even though the inter- 
pretation of the data obtained by viscosity, electro- 

optical-bireffingence and optical methods is based 
on certain simplifying assumptions, the results 
of these measurements are consistent with each 
other and give good approximation of the 
dimensions of plate shaped clay particles. They 
can be used for purposes of comparative or particle 
size distribution studies. 
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R6sum6--Les donn6es sur la montmorillonite et l'illite rassembl6es par A. Kahn ont 6t6 analys6es 
plus en d6tail afin de montrer la relation existant entre la g6om6trie des particules et la densit6 optique 
(O.D.) des suspensions d'argile. On a introduit une correction dans les calculs de la plus petite dimen- 
sion des particules de montrnorillonite, qui tient cornpte du volume de l'eau entre les feuillets 616- 
rnentaires. 

L'hypoth6se de la forme en disque qui avait 6t6 utilis6e par A. Kahn dans les calculs de dimension 
de la particule d'argile s'est r6v616e en accord avec ses mesures de O.D. ce qui d6montre donc que les 
d6terminations optiques peuvent ~,tre utilis6es pour trouver un rayon 6quivalent de la montmorillonite 
et de l'illite quand la g6om6trie g6n6rale des particules est la m~me. 

Kurzreferat- Die durch A. Kahn gesammelten Messwerte an Montmorillonit und Illit wurden weiter 
analysiert urn die Beziehungen zwischen der Teilchengeometrie und der optischen Dichte (OD) 
der Tonsuspensionen aufzuzeigen. Es wurde eine Korrektur der Berechnungen der kleinen Dimension 
der Montrnorillonityeilchen eingefiihrt, die das Volurnen yon Wasser zwischen den Einheitsschichten 
beriicksichtigt. 

Es wurde festgestellt, dass die yon A. Kahn in den Berechnungen der Tonteflchendimension 
verwendete Annahrne der Scheibengeometrie mit seinen optischen Dichtemessungen vereinbar ist, 
wornit gezeigt wird, dass optische Messungen verwendet werden kiSnnen um einen 5.quivalenten 
Radius von Montmorillonit und Illit zu finden wenn die allgemeine Geometrie der Teilchen die 
gleiche ist. 

Pe3~oMe-  ~bIJ'IH HO:~BeprHyTbl aHa~a3y co6paHHbIe A. KaHOM }IaHHble O MOHTMOpHJ'I.rIOHHTe H 
H.rLrlHTe /I.rig BblgCHeHIlg COOTHOLI/eHI4J:I Me::~jIy reoMeTpnei~ '.taCTatI n onTnqecKoB HYlOTHOCTblO (OI][) 
F.rlItHHCTOgl cycrleH3ttn. BBe~ena nor~paBra B Bbiqnc.rlenn,qx MaJ'IblX pa3MepOB qacTnU MOHTMOpHJ'LrIO- 
nnra c ytleTOM 06~,eMa BO~lb~ Me~/ly e~nHntlHblMI4 CJ/O~tMH. I'IoKa3aHo, tlTO ztonynleHne 0 ,ancro- 
BH,~IHOfi qbopMe, KOTOpOe HCnO.rlb3OBaJ'l m. I'(an npn BblqltC.rleHHH pa3Mepa F..rlHHHCTOI~I ~iaCTntlbl, 
corJaacyeTca c ero ri3MepeHn:~Mn O1"I; aTO yra3biBaeT Ha BO3MO)KHOCTI:, HCIIOJ'Ib3OBaTb onTn,-tecKtte 
n3Mepennfl ~ng onpe~tenenng 3KBHBaJIeHTHOFO paj1Hyca '-taCTHU MOHTMOpR.rl.rIOHIiTa I4 nnJiriTa npa 
OJI~IHaKOBOi~ reOMeTpH~I ',tacTrlIL 
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