
Clays and Clay Minerals, 1968, Vol. 16, pp. 129-136. PergamonPress. PrintedinGreatBritain 

CATIONIC D I F F U S I O N  IN CLAY MINERALS:II.  
ORIENTATION EFFECTS* 

T. M. LAI and M. M. MORTLAND 

Department of Soil Science 
Michigan State University, East Lansing, Michigan 

( R e c e i v e d  30 A u g u s t  1967) 

Abstract-The effect of orientation of vermiculite particles on the diffusion of Na ion was measured 
by a tracer technique. The diffusion measurements were made on pellets prepared by pressing freeze- 
dried vermiculite in a cylindrical die and the diffusion coefficient evaluated by a thin-film boundary 
condition of Fick's law. Because flakes of vermiculite were highly oriented under the pressing force, 
it was possible to prepare different angles of specimen orientation with respect to the surface where 
diffusion was initiated. Mathematical relationships of orientation angle, axial ratio of the platelets, 
and apparent diffusion coefficient were developed. The experimental results on the diffusion of Na ion 
in K-vermiculite of clay size gave apparent diffusion coefficients of 2.21 • 10 -7 cm 2 sec-' when the 
diffusion flux was parallel with the clay platelets and 0.45 • 10 -7 cm 2 sec-' when the flux was perpen- 
dicular to the clay platelets. For the diffusion of Na ion into Na-vermiculite, apparent diffusion 
coefficients were obtained of 1.18 • I0 -8 cm 2 sec ' when the diffusion flux was parallel with the clay 
platelets, and 0.18 • 10 -8 cm 2 see-' when the flux was perpendicular to the platelets. For K-vermiculite, 
the change in apparent diffusion coefficient is a simple one of particle geometry. The Na-vermiculite 
system exhibited more complicated behavior. 

INTRODUCTION 

BOTH isotropy and anisotropy for the diffusion 
process have been found in noncubic materials 
(Shewmon, 1963, p. 36). Clay minerals generally 
have a pronounced platy or fibrous structure. 
Walker (1959) showed that the cationic movement 
was isotropic within the plane of the silicate layers 
of vermiculite flakes. The question may be raised 
as to whether the diffusion coefficient will be con- 
stant or variable along different axes in these 
minerals. Recently the authors have demonstrated 
homogeneous and heterogeneous cationic diffusion 
in clay systems. Homogeneous diffusion is charac- 
terized by a single pathway of cationic movement 
as in clay systems where only external surfaces 
are present. Heterogeneous diffusion results from 
at least two pathways of cationic movement as in 
swelling clay minerals where both external and 
internal surfaces are available. These studies were 
conducted with highly oriented specimens of clay 
minerals in which the flux was at right angles to 
the clay platelets and thus parallel to the c axis. 

Most experimentally observed diffusion coeffi- 
cients are apparent values, in which three main 
factors are involved, namely, tortuosity effects, 
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interactions of the diffusing ions with the clay 
minerals, and nature of the ion itself. In a highly 
oriented clay system, physical tortuosity effects 
could be studied by determination of apparent 
diffusion coefficients at various angles of orien- 
tation with respect to the direction of diffusion flux. 
From these results, diffusion coefficients which 
may reflect only the properties of the diffusing 
species and the matrix through which movement 
occurs, could be evaluated. With this objective 
in mind, the following study was made of effects 
of clay mineral orientation on the cationic diffusion. 

EXPERIMENTAL METHODS 

A Montana vermiculite supplied by Ward's 
Natural Science Establishment, Inc., was used in 
this study. Salt-free homoionic Na- and K-saturated 
vermiculite were prepared the same way as des- 
cribed in a previous paper (Lai and Mortland, 1967). 
Two different particle sizes, 2 -5 /z  and < 2/z of 
K-vermiculite were separated by ordinary decan- 
tation procedures, and Na-vermiculite with < 2 
particle size only. 

In order to obtain highly oriented specimens, the 
suspension of homoionic vermiculite was freeze 
dried, and was pressed in a cylindrical die under 
I000 psi pressure to make a pellet as described 
by Cloos and Mortland (1964). The result of this 
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method of pellet preparation was to create highly 
oriented systems in which the c axis of the clay 
particles was parallel to the axis of the cylindrical 
vermiculite pellet. The highly oriented condition 
of the clay could easily be observed under the 
microscope and was made evident by a platy 
structure similar to a shale. Since a measurement 
of apparent diffusion coefficients at various angles 
of orientation with respect to the direction of diffu- 
sion flux was the objective of this study, the speci- 

coefficients reported are the average between 
duplicates. 

DISCUSSION OF RESULTS 

T h e o r e t i c a l  c o n s i d e r a t i o n s  
Cationic diffusion in the clay minerals with very 

low moisture content is suggested to be a movement 
along the surface. Fig. 2 shows diffusion pathways 

B 
men was cut and mounted as follows: ~ ~ r  

The pellet was affixed with paraffin to a plexiglas "~ 
rod with a surface of angle 0 as shown in Fig. 1. The 
dashed lines show the orientation of vermiculite 
flakes. The final diffusion specimen was cut into 

/ -  

,',. Y D 
^ o VERMICULITE 

~ , ~ ' , t ~ ' - - -  PELLET 

~\ "" Fig. 2. Model used for analysis of diffusion pathways on 
" ~ ' ~ i ~  ] ~ ' - - R O D  the surface of a platy particle seen edgewise and oriented 

at an angle 0 with respect to the diffusion flux. 

on the surface of a platelet seen edgewise and 
oriented at an angle 0 with respect to the diffusion 
flux in the y direction. As shown in Fig. 2, BD is 
the width (w) of the particle, AB the height (h), 

Fig. 1. Schematic drawing of a vermiculite pellet mounted 
on a plexiglas rod designed to give a plane of angle 0 of 

orientation with respect to the diffusion flux. 

A B C D  as shown in Fig. 1. AB is the surface on 
which the diffusion was initiated in direction y in 
Fig. 1 and which was formed by carefully slicing 
with a microtome. 0 is the angle of vermiculite 
platelets oriented with respect to the diffusion flux 
and has the value of 90 ~ - @. The diffusion studies 
at various angles of 0 were performed. Pellets of 
kaolinite and bentonite were also tried, but were 
not rigid enough to be cut into various angles as 
described with vermiculite. Because of this experi- 
mental difficulty, only vermiculite was used in this 
study. 

Carrier-free 22Na was used as diffusing ion. A 
tracer technique based on a thin-film boundary 
condition of Fick 's  law with application to consoli- 
dated media (Lai and Mortland, 1967) was used in 
this study. The experiments were carried out in 
duplicate under 81.0 per cent relative humidity at 
20 • 0.05~ as described in the previous report 
(Lai and Mortland, 1967). The apparent diffusion 

and 4' the angle between diagonal BC and width BD. 
When only the geometry factor is considered, the 
following mathematical manipulations are easily 
seen from Fig. 2: 

o r  

BC = (w 2 + hZ) v'z ( 1 ) 

y = BE = BC cos ( 0 -  ~b) (2) 

y = (w2+ h2) vz cos ( 0 -  4~)- (3) 

Since the mean square displacement (AW) at time 
t is (Jost, 1960, p. 25) 

AP e = 2Dt. (4) 

When the diffusion time t is constant, Equation (4) 
may be written as 

D = kAP 2 (5) 

where k is a constant. If y in Fig. 2 is a displace- 
ment at a certain diffusion time t, as y2 = Ap2 the 
following equation is obtained: 
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D = k (w 2 + h 2) cos 2 (0--  ~b). (6) 

F o r  a definite particle size, w and h are constant ,  
Equat ion  (6) may be shown as 

D = k' cos 2 (0--  qS) (7) 

where  k'  is another  constant  represent ing k(w2+ 
h 2) of  Equat ion  (6). I f  plots of  D vs. cos'-' (0 - 4)) are 
made, a straight line should result. 

Mathemat ica l ly  the fol lowing relation be tween  
the three angles which any straight line makes with 
the coordinate  axes is known 

cos2a + c0s2/3 + cos2T = I (8) 

where  a , /3 ,  and y are the angles which the given 
line makes  with the axes X, Y, and Z respect ively.  
I f  the true diffusion coefficients are the same in all 
the axes  but the apparent  diffusion coefficients are 
dissimilar in the different direct ions due to geomet ry  
factors,  then the equat ion is 

D ~  = D~ cos 2 a + D e cos 2/3 + D v cos 2 y (9) 

where  O,e  ~ is the total resulting coefficient,  and 
D , ,  De, and D~ are the component  diffusion coeffi- 
cients along the three corresponding axes. If the 
diffusion is in a plane which is expressed  with the 
ordinary cartesian coordinate  system, then in 
Equat ion (9), y = 90 ~ c~ +/3  = 90 ~ say/3 = 90 ~ - c~, 
and Equat ion  (9) may be writ ten as 

D ~  = D ,  cos'-'c~ + D e sin 2 cL (10) 

This  general  equat ion can be applied to the 
condi t ion as shown in Fig. 2. Suppose  F0 is the 
resulting diffusion flux along BE with apparent  
diffusion coefficient Do, the componen t  fluxes F,. 
along BD(w) with D w and Fh along BA(h) with Dh, 
respect ively;  and suppose F,. is larger than Fh. It 
is seen that Do is equivalent  to D,e,  D,. to D , ,  Dh 
to D e, and 0 to a,  respect ively;  and thus Equat ion 
(10) becomes  

Do = D,: cos'-' 0 +  DI, sin'-' 0. (11) 

This  equat ion also descr ibed the relationship that 
exists be tween  the diffusion coefficients parallel 
and perpendicular  to the c-axis of  the lattice of  
noncubic  metal  crystals (Shewman,  1963, p. 36). 

Effect o f  orientation on diffusion 
Figure 3 shows the apparent diffusion coefficients 

of  N a  ions into K-vermicul i te  pellets at 20 ~ 0.05 ~ 
C under  81.0 per cent  relat ive humidity at various 
angles of  0. It shows that the apparent  diffusion 
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/ " ~ , , ~  n5 ~- k~ "~ 4 /  / ~(3 "~ PARTICLE SIZE : 
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T 
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Fig. 3. Relationship of cos20 and cos 2 (0-qS) with the 
diffusion coefficient of Na ion in K-vermiculite oriented 
at various angle of 0 with respect to the diffusion flux and 
equilibrated at 81.0 per cent relative humidity (20~ 
The moisture contents of 2-5 p. and <2 /z  particles of 
K-vermiculite were 3.9 and 3.6 per cent by weight 

respectively (105~ 

coefficients vary non-linearly with cos 2 0. I f  the 
vermicul i te  flakes are perfect ly or iented as shown 
in Fig. 1, the angle 0 in Figs. 1 and 2 should be the 
same. Accord ing  to Equat ion (7) the apparent  
diffusion coefficients vary linearly with cos 2 (0--  4)). 
D and 0 in Equat ion (7) were  exper imenta l ly  
found, and 4) could be found by tr ial-and-error  
method  to fulfill Equat ion (7). F o r  2 - 5 / ~  K-vermi-  
culite used in this s tudy the 6 was found to be I 0 ~ 
and that of  < 2/z  was 6 ~ the resulting straight lines 
as shown in Fig. 3. The  angle of  ~b can be used to 
calculate the axial ratio (width : height) of  the plate- 
let f rom which the " t r u e "  diffusion coefficient can 
be evaluated.  This  will be discussed later in this 
paper. 

If  the angle 0 in Figs. 1 and 2 is the same as 
ment ioned in the above  section, f rom Equat ion (11) 
the values of D,, and Dh can be calculated f rom Do 
and 0 which are exper imenta l ly  measurable.  Mean-  
while, when 0 of  Fig. 1 is or iented at ei ther 0 ~ or  
90 ~ exper imental ly ,  these two observed  diffusion 
coefficients are assumed equivalent  to D,, and Dh 
of Equat ion (11). Table  1 shows both observed  
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Table 1. Observed diffusion coefficients of Na ion in 
K-vermiculite oriented at angle 0 =  90 ~ (Dh) and 0 ~ 
(Dw) with respect to the diffusion flux and calculated 

results at various intermediate values of 0 

Do x 107 Dh X 107 D,, X 10 r 
0 ~ (cm 2 sec-') (cm 2 sec -1) (cm 2 sec -1) 

Particle size: 2-5 Ix 
0 1.22" 

90 0"31" 
22.0 1.11 * 0.53t 1.20t 
47-5 0.84* 0.37t 1.23t 
57.0 0.73* 0.35t 1.42t 

Particle size: < 2 IX 

0 2.21" 
90 0.45* 
22.5 1-97" 0.69t 2.19t 
48.5 1-35" 0.43t 2.52t 
57.0 1.05" 0-56t 2.21t 

*Experimentally observed values. 
tCalculated values from simultaneous equations based 

on Equation (11). 

values of  Dh and D,,. at 90 ~ and 0 ~ respect ive ly  
and calculated results at var ious intermediate  
values of  0. It is apparent  that the calculated values 
are very  close to the observed  values for both D,,  
and Dh, with both 2 - 5 / x  and < 2 p. particles of  
K-vermiculi te .  

Orientation effects in heterogeneous system 
Models  of  homogeneous  and he te rogeneous  

cat ionic diffusion systems applied to clay minerals 
have been worked  out by the authors (Lai and 
Mort land,  1967). F o r  1 : 1 clay minerals which have 
external  surfaces only, and 2 : 1 minerals which are 
col lapsed or  whose  exchange  sites are clogged 
with non-exchangeable  cations where  the diffusing 
cation cannot  move  into the inter layer  space,  there 
is only one diffusion coefficient and they may be 
considered as homogeneous  systems. The  expanded  
2 :1  clay minerals which have both external  and 
internal surface available for cat ionic movemen t  are 
he te rogeneous  systems.  The  authors have also 
suggested that cat ionic diffusion studies in clay 
minerals must consider  the nature of  the sys tems 
and whether  or  not they have homogeneous  or  
he te rogeneous  properties.  Both Equat ions  (7) and 
(I 1) are der ived on the basis that there is external  
surface diffusion only, thus this sys tem should be 
homogeneous .  The  K-vermicul i te  has the homo-  
geneous  proper ty  as repor ted  in the previous paper  
(Lai and Mort land,  1967). F r o m  Fig. 3 and Table  I 
it is apparent  that this homogeneous  system follows 
Equat ions  (7) and (1 1). It is of  interest  to see the 

application of  these two equat ions to a hetero-  
geneous  diffusion system. As repor ted  in the previ-  
ous paper,  the Na-vermicul i t e  shows he te rogeneous  
behavior  (Lai and Mort land,  1967). The  effect of  
or ientat ion on the diffusion of  N a  ion in clay size 
Na-vermicul i t e  was measured  the same way as that 
of  K-vermicul i te .  F igure  4 shows the results which 
the apparent  self-diffusion coefficients of  N a  ion in 
vermicul i te  versus  cos 2 0 is plotted. When  Fig. 4 is 
compared  with Fig. 3, the differences are apparent.  

1.0 / o  
T 

=, 0.5 o 

012 014 016 018 I'.0 
COS z O 

Fig. 4. Relationship of cos 2 0 with the diffusion co- 
efficient of Na ion in Na-vermiculite oriented at various 
angles of 0 with respect to the diffusion flux and equilib- 
rated at 81.0 per cent relative humidity (20~ The 
moisture content of Na-vermiculite was 18-1 per cent by 

weight (105~ 

In Fig. 3 with K-vermicul i te ,  the D vs. cos 2 0 has a 
convex  curvature ,  so that a D versus  cos 2 (0--4)) 
result ing in a straight line as descr ibed in Equat ion  
(7) can be found. With Na-vermicul i t e  as shown in 
Fig. 4 it is a concave  curve  f rom which the angle ~b 
cannot  be obtained as in K-vermiculi te .  It  appears  
that the Equat ion  (7) cannot  be directly applied to 
the he te rogeneous  Na-vermicul i te  sys tem as in the 
case of  homogeneous  K-vermicul i te .  

Equat ion (1 1) was also used to calculate Dh and 
Dw from different values of  Do to compare  the 
observed  Dh and D,, in Na-vermicul i te  as in K- 
vermiculi te .  The  results are shown in Table  2. 
When  Table  2 is compared  with Table  1, it is seen 
that for the Na-vermicul i t e  system, the calculated 
results at various angles of  0 are not  in as good 
agreement  with the observed  data at 0 ~ and 90 ~ as 
in the K-vermicul i te  systems. 

Evaluation of  true diffusion coefficient 
Cationic  diffusion in clay minerals at very  low 

moisture contents  is mainly control led by the 
nature of  the diffusing cation, e lec t rochemical  
interact ions of  this cat ion with the clay mineral ,  
and the tor tuosi ty  factor.  The  first two effects may 
be considered as the factors affecting the " t rue"  
diffusion coefficient in a part icular  clay mineral  
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Table 2. Observed diffusion coefficients of Na ion in 
Na-vermiculite oriented at angle 0 = 90 ~ (Dh) and 0 ~ 
(D,.) with respect to the diffusion flux and calculated 

results at various intermediate values of 0 

Do X 10 s Dh X 10 s Dw • 10 s 
0 o (cm 2 sec -1) (cm 2 sec -1 ) (cm 2 sec -1) 

area. On the other hand, when the diffusion process 
is treated macroscopically, the net flow of ions per 
second over a plane of unit area at a certain point 
is the product of the diffusion coefficient times the 
concentration gradient along the direction of flow 
resulting in the general equation (Welt and 
Thomson, 1964, p. 65): 

0 1.18" 
90 0.18" 
22-0 0.86* 0-26? 0'79t 
47-5 0.50* 0.19? 0.97t 
60.0 0'39* 0'09? 0.99? 

* Experimentally observed values. 
?Calculated values from simultaneous equations 

based on Equation[11]. 

system. Most experimentally observed diffusion 
coefficients are apparent values which include the 
tortuosity effects. For  unconsolidated systems 
some mathematical equations have been worked 
out to solve the tortuosity problems (Meredith and 
Tobias, 1962). Cremers and Thomas (1966) applied 
a "formation factor" equation in the study of self- 
diffusion of Na ion in a suspension of montmoril- 
lonite, and Cremers and Laudelout (1966) used the 
same equation in measuring surface mobilities of 
several cations in montmorillonite gels. In consoli- 
dated systems cationic movement occurs through 
tortuous paths and channels which can hardly be 
classified and described mathematically. Because 
of the complexity of these geometry factors, only 
some empirical correlations are available (Meredith 
and Tobias, 1962). 

If a homogeneous diffusion system such as the 
diffusion of Na ion in K-vermiculite has only one 
"true" diffusion coefficient, the various apparent 
coefficients observed at different orientation angles 
(Do, Dw, and D^) as shown in the previous results 
must mainly be due to tortuosity effects. The 
orientation effects could be then applied in evalu- 
ating the " t rue"  diffusion coefficient in a particular 
system. Based on this assumption, the evaluation 
is proposed in the following section. 

Great difficulties exist in the direct measurement 
of the " true" diffusion coefficient (Dr) of cations 
on a clay mineral surface. If the formation factor 
(F) is known, the true coefficient can be calculated 
from the experimentally observed value (Do) as 
Dt = F Do. Although the formation factor is not 
available for consolidated media, such as clay 
pellets in this study, some other value relating to 
a formation factor may be worked out. 

The formation factor is a function of effective 
area and porosity (Millington and Quirk, 1964). If 
in a given medium the porosity is constant, the 
formation factor is related only to the effective 

1 dN dC (12) 
A dt - - D ~  

where dN refers to a net flow of ions through area 
A at a time interval dt, and dC/dy is the concen- 
tration gradient. Therefore, it is suggested that the 
following relationship holds: 

Dt~ _ Ao 
Do Ae 

(13) 

where Dr, means the " true" diffusion coefficient 
in a medium with effective area Ae at a given poro- 
sity condition, and Do is the observed apparent 
coefficient with observed total diffusion area Ao 
at the same porosity condition. When the angle 0 
(Fig. 2) is at 0 ~ only the area along the width (w) 
of the particle, which is parallel to the diffusion flux, 
contributes to the effective area. On the other hand, 
the area along the height (h) which is perpendicular 
to the flux makes no contribution. As the angle 0 
changed to 90 ~ the opposite is true, the area along 
the height of the particle is effective, and not that 
along the width. Therefore, the effective diffusion 
area of the same particle changes with the vari- 
ations of angle 0 (Fig. 2), and the effective area 
may be calculated as follows: 

0 ~ Effective area 

0 A~ = w X b 
90 Ar = h x b 

where w, h, and b are the width, height, and length 
of the particle respectively. When 0 is either 0 ~ 
or 90 ~ , the observed total diffusion area may include 
two portions: one is the area parallel to the diffusion 
flux and another is that perpendicular to the flux, 
and the conditions of ionic movement in these two 
areas may not be the same. When the angle 0 = 0 ~ 
the flux direction is parallel to the width and when 
0 = 90 ~ it is parallel to the height of the particle. 
In the above conditions the resulting direction of 
the flux is uni-directional, although basically each 
ion in the diffusion process moves randomly from 
one position to another. When ions move in the 
area perpendicular to the direction of diffusion 
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flow, such as when they m o v e  in the area  along the 
height of  the particle in case  o f  0 = 0 ~ and that of  
width in case of  0 = 90 ~ it is cons idered as two- 
direct ional  movement .  In this situation, the average 
diffusion area is half of  the physical  dimension. The  
above  deve lopment  related to Barfer ' s  (1941, 
p. 44) discussion of  infinite and semi-infinite 
systems.  There fore ,  the observed  total diffusion 
area may be calculated as follows: 

0 ~ Total diffusion area 

0 Ao = (w+h/2) xb  
90 Ao=  (h+w/2) x b  

Suppose  R is an effective diffusion area factor  
which is the ratio of  effect ive area to the observed  
total diffusion area (Ae:Ao),  then Equat ion  (13) 
is writ ten as 

Dtp= 1/R X D o. (14) 

The  effective area  factor  R of  the same particle 
also changes with the variat ions of  angle O, it follows: 

0 ~ Effective area factor 

Ae W X b It' 

0 R = A~ = (w+h/2) x b -  w+h/2 (15) 

Ae h x b  h 
90 R = Ao (h+w/2) x b -  h+w/2 (16) 

(16), the Dt~ can be then calculated f rom the 
exper imenta l ly  observed  diffusion coefficient 
(Do) according to Equat ion (14). The  calculated 
values of  Dt~ and R, the exper imenta l ly  obtained 
data  of  w:h and Do at angle 0 = 0 ~ and 90 ~ and 
also the apparent  densi ty of  the pellets of  both 
2 -5  p. and < 2 ~ particles of  K-vermicul i te ,  are 
listed in Table  3. It  shows that for  both 2 -5  p. 
and < 2/~ part icles the two calculated values of  
Dt, ,  f rom Do at 0 = 0 ~ and 90 ~ agree rather  well. 

Fo rma t ion  factor  relates both effective area  and 
porosity.  Here  only the effective area  factor  is evalu- 
ated. E v e n  though the pellets of  two kinds of  par- 
t icle sizes, 2 -5  ~ and < 2 ~, of  K-vermicul i te  were 
prepared the same way  by pressing in a die under  
1000 psi pressure,  the apparent  densi ty of the pellet 
of  2 -5 /~  particles was smaller  than that of  < 2/~ 
part icles as shown in Table  3. The  porosi ty  of  

Table 3. Values of width : height ratio (w:h), effective 
area factor (R), observed (D,), and "true" diffusion 
coefficients (Dw) of specimens oriented at angle 0 = 0 ~ 
and 90 ~ with respect to the diffusion flux of Na ion in two 
different particle sizes and apparent densities of K- 

vermiculite pellets 

Do x 107 D w x 107 
0 ~ w : h R (cm 2 sec -I) (cm 2 sec -1) 

Particle size: 2-5 ~ Apparent density: 1.79 g/cc 
0 5-7:1 0.919 1.22 1.33 

90 5.7:1 0.260 0.31 1.19 

Particle size: < 2 t~ Apparent density: 1.87 g/cc 
0 9.5:1 0-950 2.21 2-33 

90 9.5:1 0.174 0.45 2.58 

The  actual values  of  w and h of  the particle may 
not be easily determined;  however ,  the ratio of  
w : h can be obtained f rom this study. F r o m  Equa-  
tion (7) the angle 4~ of  K-vermicul i te  used in this 
study was found to be 10 ~ for 2 -5  p., and 6 ~ for 
< 2 p. particles. The  width:height  ratios were  then 
5.7 : 1 and 9.5 : 1 respect ively.  These  ratios may not 
be exact ly  the physical  d imension of  the K-vermi-  
culite particles because  they are calculated f rom 
data obtained from the diffusion process,  but may 
be considered as an "effect ive diffusion dimension".  
This  may be the reason that these ratios do not 
agree well with the results repor ted  by Raman and 
Mort land  (1966), in which the ratios were calcula- 
ted from surface area  data obtained from the B.E.T.  
equation.  The  wid th :he igh t  ratios obtained in 
this study may be applied bet ter  in evaluat ion of  
the effective area factor.  When  the exper imenta l ly  
obta ined w:h ratio is applied to calculate  the effec- 
t ive area factor  as shown in Equat ions  (15) and 

these two kinds of  specimens should then be dif- 
ferent.  The  effects of  porosi ty  on diffusion include 
the factors  of  size, shape, and unit number  of  pores. 
F o r  consol idated media,  no mat ter  which factors  
(size, shape,  and unit number  of  pores) affect the 
diffusion, the over-all  influence will he the dis tance 
be tween  the particles,  or  in o ther  words,  the 
compactness  of  the diffusion specimen.  When all 
o ther  condit ions are the same, the more compac t  
the specimen,  the faster  the diffusion rate. This  
observa t ion  was made by G r a h a m - B r y c e  (1965) 
and Phillips and Brown (1965) who  also found that 
the cationic diffusion coefficients increased with 
increasing bulk density. F o r  example,  in a given 
soil, as the bulk densi ty increased f rom 1-34 to 
1 .64g/cc at 21~ the Rb ion diffusion coefficient 
increased from 1 .8•  10 -~ to 8.1 • 10-8cm 2 sec -1 
( G r a h a m - B r y c e ,  1965). In these two papers,  they 
both a t tempted to explain the effect of  bulk densi ty  
on diffusion based on the results of  "hopping  
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distance" (which has the same physical meaning 
of jump distance (Shewmon, 1963, p. 51) that is 
used in the modern terminology in diffusion) as 
reported by the authors (Lai and Mortland, 1961, 
1962). The increase of clay content and bulk 
density resulted in a shorter average "jump 
distance" between particles, and the over-all result 
is the increase of diffusion rate. 

GENERAL CONCLUSIONS 
There are two basic assumptions on the applica- 

tion of Equations (7) and (11) to the cationic 
diffusion in clay minerals: (1) the system should 
have external surface diffusion only, and (2) the 
diffusion specimen should be perfectly oriented. 
Because of the homogeneity of diffusion property 
of K-vermiculite, experimental results show the 
diffusion of Na ion in this system, both 2-5 p, and 
< 2/z particles, conformed with Equations (7) and 
(11), (Fig. 3 and Table 1). As far as the degree of 
orientation of the specimens used in this study is 
concerned, quantitative data could not be obtained. 
Several techniques for orientation studies of certain 
crystal planes in rock have been reported, for 
example Fayed (1966) published an X-ray diffrac- 
tion method measuring the orientation of the 
micaceous minerals in slate. However ,  that 
technique could not be applied to these pellet 
specimens. In Table 1 the experimental results 
show obedience to Equation (11). This, in addition 
to microscopic examination, suggests that these 
specimens were very highly oriented. 

The observed values of coefficients (Dw and Dh) 
in K-vermiculite showed considerable difference 
between specimens oriented at 0 ~ and at 90 ~ with 
respect to the direction of diffusion flux. The cal- 
culated "true" coefficients in a given size particle 
system agreed very closely however. This seems 
to be good support of the homogeneous nature of 
cationic diffusion in K-vermiculite. It also appears 
very likely that the principle of homogeneous and 
heterogeneous diffusion systems as suggested by 
the authors (Lai and Mortland, 1967) could be 
applied in general. Meanwhile, the diffusion of 
Na ion in Na-vermiculite, a heterogeneous diffusion 
system, did not show conformity with Equations 
(7) and (11). This seems to support the authors' 
suggestion (Lai and Mortland, 1967) that in cationic 
diffusion studies in clay minerals, one must con- 

sider the nature of  the system and whether only 
external or external and interlamellar diffusion 
pathways are possible. 
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R6sum6- L'effet de I'orientation de particules de vermiculite sur la diffusion d'ion Na a 6t6 mesur6 par 
une m6thode au trac6. Les mesures de diffusion ont 6t6 faites sur des pastilles pr6par6es par com- 
pression de vermiculite s6ch6e et congel6e dans une matrice cylindrique. Le coefficient de diffusion a 
6t6 6valu6 sur la limite d'une couche mince selon les conditions de la loi de Fick. A cause de la projec- 
tion tr~s forte d'6clats de vermiculite sous l'effet de la force de pression, il a 6t6 possible de pr6parer 
divers angles d'orientation des sp6cimens, en raison de la surface de d6part de la diffusion. On a ainsi 
d~velopp6 des relations math6matiques de l'angle d'orientation, du rapport axial des plaquettes et du 
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coefficient apparent de diffusion. Les r6sultats exp6rimentaux sur la diffusion d'ion Na  dans la vermi- 
culite -K de taille argileuse, donnaient des coefficients de diffusion de 2,21 • l0 -7 cm 2 sec -t, quand ]e 
flux de diffusion 6tait parall~le aux plaquettes d'argile et de 0,45 • 10 -7 cm 2 sec -1, quand le flux 6tait 
perpendiculaire aux plaquettes d'argile. Quant h la diffusion d'ion Na  dans la vermiculite -Na, les co- 
efficients apparents de diffusion obtenus 6taient de 1,18 • l0 -s cm 2 sec -1, pour un flux de diffusion 
parall61e aux plaquettes et de 0,18 • t0 -8 cm 2 sec -1 pour le flux perpendiculaire aux plaquettes. Le 
changement du coefficient apparent de diffusion pour la vermiculite -K est un simple ph6nom~ne de 
g60m6trie particulaire. Les syst~mes de vermiculite -Na ont manifest6 un comportement beaucoup 
plus complex. 

K u r z r e f e r a t - - D i e  Wirkung der Orientierung von Vermiculitteilchen auf die Diffusion von Natrium- 
ionen wurde mit Hilfe einer Tracertechnik gemessen. Die Diffusionsmessungen wurden an Pl~ittchen, 
die dutch Pressen yon kiihlungsgetrocknetem Vermiculit in einem zylindrischen Presstempel her- 
gestellt worden waren, ausgefiihrt und der Diffusionskoeffizient wurde durch einen D(innfilmgrenz- 
zustand des Gesetzes  yon Fick bestimmt. Der hohe Orientierungsgrad der Vermiculitbl~ittchen unter 
dem Einfluss tier Druckkraft erm6glichte es, verschiedene Winkel der Probenorientierung in Bezug auf 
die Oberfl~iche, an der die Diffusion einsetzte, herzustellen. Es wurden mathematische Beziehungen 
zwischen dem Orientierungswinkel, dem Axialverh~iltnis der PlSttchen und dem Scheinbaren Dif- 
fusionskoeffizienten entwickelt. Die Versuchsergebnisse,  die bei der Diffusion yon Na Ion in K- 
Vermiculit yon Tongr fsse  erhalten wurden, wiesen scheinbare Diffusionskoeffizienten yon 2,21 x 10 -7 
Str6mung senkrecht zu den Tonpl~ittchen Werte von 0,45 • 10 -7 cm 2 sec -~ ergaben. Fiir die Diffusion 
von Na  Ion in Na  Vermiculit wurden bei Diffusionsstr/3mung parallel zu den Tonpl~ittchen scheinbare 
Diffusionskoeffizienten von 1,18 • 10 -~ cm z sec -1 erhalten, und bei Diffusionsstr6mung senkrecht zu 
den Pl~ittchen Werte yon 0,18 • 10 s cm 2 sec-~. Bei K-Vermiculit ist die Anderung des scheinbaren 
Diffusionskoeffizienten einfach durch die Teilchengeometrie bedingt, lm Falle des Na-Vermiculit 
Systems liegen die Verh~iltnisse etwas komplizierter. 

Pe3mMe--~OpOperT opaea rauxn  aep~mryaaroBblX qaCTHU Ha ~[Opdpy3g~o aorta N a  H3MepgeTCS 
no MeTO~y Me~eHblX aTOMOB. H3MepcHFIa ]IH(~(~T3HH HpOBO]LI4.ffH~b Ha rpaHynax, npHroToBnaeMblx 
WOeCCOBaHHeM vepMmcynHTa, no~[neprHyTOrO cymre HpH TeMnepaType HH~Ke B HH.rlHH~pHxlP-~KOM 
MyHamTyKe, a KO~HLI[HeHT ]~H~y3HH OLteHHBaeTCH no yCJIOBHflM TOHKOfl H.qeHKH Ha rpaHHLle 
HO 3aKOHy ]IH~C~y3HH q~HKa. BcYle~CTBHC TOFO, qTO XJIOIlb~l BepMHKyJIHTa ~blYlH CHJIbHO opHeHTH- 
poBaHbI rIO~ npHY~LMa~omei~ CrinOId, MO~KHO 6blJIO HpHFOTOBHTb pa3JIHtIHbIe yrJlbi opHeHTalIHH 
06pa3tla no OTHOmeHHIO K rloBepxHOCTH, Ha rOTOpOfi HHHUHHpOBaJIacb ~H0p~py3FDl. Pa3pa6arbl- 
I~'LrlOCb MaTeMaTI4~eCKOC COOTHOmeHHe yrna opHeHTaIIHH, ocevoro OTHOmeHHa HYlaCTHHOqeK H 
ra~ymeroca  KO3Op0pHIIHeHTa ~H~y3HH. ~KCrlepHMeHTaYlbHI~Ie pe3y:lbTaTbI Ha ]XH0p0py3HIO HOHa 
N a  B nepMmcynHTe-K pa3Mepa FYIHHbl ;Ia.qH Ka~KyIIIHeCfl gO30p~pHIIHeHTbl ~IH0p0py3HH B 2,21 X I 0 - 7  

c m  2 CeK - 1 ,  Kor~[a ]IH~y3HOHHbI~ IIOTOK ~blJl rIapaJUIeJIbHblM K HJIa~rHHOXlKaM FXIHHbI H 0 ,45  X 

10 - 7  c m  2 CeK -1 Kor~la IIOTOK 6blJl nepneHmn~TrLapHbiM r naacrHnoqKaM. ~ n a  ;IH0p0py3HH HOHa N a  

~ei3MHXy~IHT-Na noayqam~ch Kazoymaeca KO~HUHeHTbl ]~H~0py3HH 1,18 X 10 - s  cm ~ CeK - t  
KOF~[a ]~H~T3HOHHbII~ IIOTOK ~IMJI rlapaJlyleJibHbiM r HHacTHHOtlKaMH FnHHbl, a 0 ,18  x 10 - s  cm 2 
ceK -1, Korea HOTOK 6blYI HeprleHHHKyYLqpHblM K HJIaCTHHOqI<aM. ~[YI~l BepMh'KyJIHTa~K H3MeHeHHe 
n xa;gymeMc~ KO~K~C~HL[HeHTe }~HC~C~y3HH $1B.rLqeTC~I HpOCTO H3MeHCHHeM r~OMeTpHH ~IaCTHLL CHCTeMb! 
nepMHKyJIHTa~Na llOKa3aJIH 6OJlee CJ]O~KHO~ noBe2ieHue. 
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