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A B S T R A C T  

A viscometr ic  s t u d y  of di lu te  mon tmor i l l on i t e  dispersions,  truing for t he  m o s t  pa r t  
d i lu t ion- type  capil lary v i scomete r s  s u p p l e m e n t e d  by  a fa l l ing-head capi l la ry  v iscometer ,  
has  invo lved  a d e t e r m i n a t i o n  of  the  concen t ra t ion  dependence  of v i scos i ty  of  such  
dispers ions  in b o t h  dist i l led and  e lec t ro ly te -conta in ing  water .  The  resu l t s  of t he  s t u d y  
have  been  in te rp re ted  in  t e r m s  of a t h e o r y  of i nc remen ta l  v iscos i ty ,  a n d  of  the  Schu lz -  
Blaschko (1941) equa t ion .  Use  of  th i s  equa t ion  yields good ex t rapo la t ions  to zero 
concen t ra t ion  for t he  d e t e r m i n a t i o n  of l imi t ing  v iscos i ty  n u m b e r ,  a n d  pe rmi t s  calcula- 
t ion of " in te rac t ion  indices " which  are  considered,  for reasons  d i scussed  in detai l ,  to 
be a m e a s u r e  of pa~ ic i e -pa r t i c l e  in te rac t ion .  These  indices  are  re la ted  t o  tha  cat ionic  
hea t  of  h y d r a t i o n  of  the  electrolyte  used ,  a n d  re la t ionship  is d e m o n s t r a t e d  be tween  t he  
yield s t ress  of  a 3 percen t  m o n t m o r i l l o n i t e - e l e c t r o l y t e - w a t e r  s y s t e m  a n d  such  inter-  
act ion indices.  The  recen t  work  of  P a e k t e r  (1956, 1957) is discussed,  a n d  the  re la t ion  
of  the  resu l t s  of  th i s  inves t iga t ion  to t he  d a t a  of  v a n  Olphen (1956, p. 204) is no ted .  

INTRODUCTION 

In recent years, a number of excellent papers on the properties of the system 
montmorillonite-water have appeared in the clay literature. Of particular 
interest are the series of papers by van Olphen (1951 ; 1954 ; 1956 ; 1957) 
and the various publications of Norrish (1954), Foster, Savins, and Waite 
(1955), M'Ewen and Pratt (1957), M'Ewen and Mould (1957), and Packter 
(1956 ; 1957). These contributions are of particular value in the interpretation 
of the observed phenomena in this system. 

The present paper presents the results of a continuing study of the flow 
properties of dilute montmorillonit~ dispersions in fresh and in electrolyte- 
containing water. The presentation will involve a discussion of the experi- 
mental techniques, followed by a detailed analysis of the experimental 
results and a consideration of various methods of presenting data from visco- 
metric studies of clay-water systems. Particular emphasis will be placed on 
the Schulz-Blaschke (1941) equation and an attempt will be made to cor. 
relate interaction indices obtained from this equation with the properties of 
a bentonite gel. 

It should be pointed out here that, in the application of the Schulz- 
]3laschke equation and the calculation of interaction indices from viscometric 
data on dilute montmorillonite-water systems, the recent papers by Packter 
(1956 ; 1957) have priority and have anticipated much of the author's work. 

2o7 

https://doi.org/10.1346/CCMN.1957.0060116 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1957.0060116


208 SIXTH NATIONAL CONFERENCE ON CLAYS AND CLAY MINERALS 

This fact was pointed out in correspondence with the Clay Conference pro- 
gram committee, but the decision was to permit presentation of this paper. 
This paper, however, will demonstrate the reason why the Schulz-Blasehke 
t reatment  fits the data and will set forth the equation in a way different 
from tha t  of Packter (1956). 
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Nomenclature 
viscosity of system 
viscosity of bulk phase 
volume fraction 
~]/~]0 = relative viscosity 
Y/~]0 --  1 = Yrel - -  1 = specific viscosity 
viscosity number 

lim (~]sp/r 
r 

interaction index 
axial ratio (ratio of major to minor axes of hypothetical 

ellipsoid) 

E X P E R I M E N T A L  M E T H O D S  

The montmorillonite used in this study, supplied by Baroid Division, 
National Lead Company, Houston, Texas, had been highly beneficiated by  
multiple stage eentrifugation. This operation involved the removal in several 
stages of the coarse end of the product from the preceding stage. Thus, the 
final fraction contained all the " fine " clay (<0.8#)  present in the original 
sample. The exchange properties of the final material were as follows: 
C.E,C., 96 meq/100 g of clay ; exchangeable Na+, 80 meq/100 g ; exchangeable 
Ca ~+, ~-~20 meq/100 g;  and soluble Ca ~+ and Mg 2+, about 35 meq/100 g. 
The preparative technique involved the preparation of fresh water disper- 
sions using the Waring Blender. In  general, the initial preparation contained 
about 1 percent clay and this stock sample was then diluted with water to 
various concentrat ion levels. The electrolyte-containing systems were 
obtained by  adding electrolyte to a montmorillonite dispersion in fresh water 
to a known concentration of electrolyte. Dilutions were then carried out 
using electrolyte solutions of the same ionic strength. 
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The viscometric data were obtained using either capillary viscometers 
or the falling head viscometer described by Wood, Granquist and Krieger 
(1956). Clay concentrations in the fresh water dispersions were determined 
gravimetrically (constant weight at ll0~ The same dilution techniques 
were used in the preparation of the electrolyte-containing systems, and the 
clay concentrations in these systems were calculated from the fresh water 
data. Volume fractions were calculated on the basis of a density of 2.4 for 
the clay and 1.0 for the water and on tabulated density for the particular 
electrolyte concentration being employed. No attempt was made to correct 
this volume fraction to a hydrodynamic volume by making assumptions 
as to the extent of the solvation layer of the particular " hydrodynamic 

t,rnin 
tO 2.0 3.0 40  5.0 

2.(: I i I I 

~= 1.6 

1.4 0.463 montmori l lonite in H 2 

1.2 

'.% 2b 
t, min. 

FIOURE 1.--Method of plotting falling-head viscometer data. 

particle". This procedure can be justified on the basis that  neglect of solva- 
tion in the calculation of volume fraction will be compensated in the observed 
values of interaction index. 

The viscosities of the water and electrolyte solutions were determined 
carefully and the system viscosities were converted to relative and specific 
viscosities. The falling head viscometer was used to check the capillary visco- 
meter to make certain that  the viscometric data were obtained in a region 
of Newtonian flow. At the lower dilutions, the systems are Newtonian, but 
at clay concentrations near 1 percent non-Newtonian behavior is observed 
at low rates of shear. 

The operation of the falling head viscometer was described in the earlier 
publication (Wood, Granquist and Krieger, 1956), and Fig. 1 is presented 
to show the type of data obtained in this particular study. Figure 1 plots 
logl0h (effective height) vs. the total elapsed time of flow. Linearity is indi- 
cative of Newtonian flow while deviation from the straight line shown 
indicates the beginning of a non-Newtonian region. This can be seen in the 
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low shear-stress region (large flow times) of the 0.935 percent montmorillonite 
dispersion. 

These viscometric data were examined by a theory of incremental vis- 
cosity and by the Schulz-Blaschke equation, and the data from these equa- 
tions were used to calculate a shape factor or axial ratio from the equations 
of Kuhn (1933) and Simha (1940). 

D I S C U S S I O N  OF R E S U L T S  

The usual procedure for presenting viscometric data is to plot the vis- 
cosity number as a function of the volume fl'action. Actually this method is 
applicable only in extremely dilute solutions, and such a functional depend- 
ence demands that  the total viscosity effect observed is the sum of the effects 
caused by each individual suspended particle. That is, consider the viscosity 
of the system after such an incremental addition to be' the result of adding 
the increment to a pure bulk phase having a viscosity equal to that  possessed 
by the system just prior to the addition. The applicability of such a first 
power plot to a particular system can be determined readily through a 
method of presentation of the data resulting from such an incremental 
viscosity approach, as follows : 

d~] = A~]dCv 
r  

"70 0 

In ~1 = Ar 
% 

In  ~]rel __ A 

Thus, a plot of 
In ~]rel 

Cv VS ' r  

should be a straight line parallel to the volume concentration axis. In Fig. 2 
such plots are presented for a dispersion of montmorillonite in water and in 
1.0 M sodium chloride solution. I t  is obvious that both of these systems 
deviate from the demanded dependency down to the lowest volume fractions 
used (about 1 • 10-8). Data obtained from such first-power plots might well 

be misleading. While discussing such plots, it should be noted that  in Yre~ 
Cv 

should extrapolate to the same value at Cv = 0 as would %pier. This is 
because ~]rol = ~]sp @ ] and ln~]rel "-- ln(ysp + 1) = ~]sp -- 1/2 ~]2sp @ 1/3 
7] 3sO . . . .  

Mark (1940) has pointed out that  with elongated rods excessive viscosities 
will always be found even at the highest measurable dilutions ; he has inter- 
preted this fact to mean that the interaction of the disperse phase which still 
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exists at these dilutions goes beyond the range of validity of formulas con- 
gaining only terms in the first power of concentration. The perturbations of 
solvent flow caused by the suspended particles are not independent, and the 
interaction of such perturbations can be classified into those caused by 
2, 3, . . .  particles by adding successive terms to a power series in volume 
fraction. I t  would seem that one must proceed to investigate the experi- 

~v x I0 ~ 
30C I 2 3 

200 

f, 

I 0 0  

Ionite in I.Om NaCI solution-a,o 

~ M~ontmorillonite in HeO-e 

2C I 1 I I _ I I 
I 2 3 4 5 6 7 

r  • I0 3 

ln~rel FmURE 2.--Plot  of ~ VS. Cv showing ~hat functional relationship between ~]sp and Cv 

depends on higher powers than the first power. 

mental data on the basis of higher and higher powers of volume fraction in 
such a power series, and here the Schulz-Blaschke equation becomes of real 
value. Schulz and Blaschke (1941) wrote : 

d(y~ , / r  _ k[y]  

d~/s, 
Rearranging and integrating : 

,,,/,,~,/r = kiwi] y~, + O 
~OW, aS 

and since 
r ~ o, % I C y  ~ [*/], 

~I/~Io -+ I, ~ -+ O. 
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Therefore, 
0 = [~ ]  

and the equation becomes 

Thus, a plot of viscosity number vs. specific viscosity should yield a 
straight line having a slope equal to the product of the interaction index 
and the intrinsic viscosity or limiting viscosity number, and an intercept 
equal to the intrinsic viscosity. This equation can be expanded into a power 
series as follows : 

Cv = [~] 

or [y] 

~s~/r - ( 1 . -  kiwi Cv) 
which expands to : 

~p/r = [~] (1 + kiwi Cv + ~ [~]~ Cv ~ + . . . )  
or in an alternate form, 

~ = [~]] r + k[~]~ Cv ~ + k~[~]. C j  + . . .  
I t  can therefore be seen tha t  a plot of viscosity number against specific 

viscosity rather than volume fraction is a device that  permits the use of a 
very specific type power series (i.e. coefficients are interdependent) in volume 
fraction, and avoids the necessity of testing higher and higher powers of 
concentration. Figure 3 gives data for montmorillonite in water and in 1.0 
molal sodium chloride plotted by  the usual technique (that is, agMnst volume 
fraction) while Fig. 4 shows the Schulz-Blaschke type of plot. The improve- 
ment is obvious. 

Sadron (1953) pointed out that,  when Cv is not infinitesimal, the quanti ty 
Ysp/r becomes a function of Cv which can be expressed as a power series 
in Cv as follows : 

~hp = AlCv + A 2 r  + . . .  
where A~ ~ A(p), and A(p) is a complicated function of the axial ratio 
developed by Simha (1940). Tables are available (see Sadron, 1953) which 
list the values of A(p) arising from various values of axial ratio. A 2 is deter- 
mined by the interactions, as is A3, etc . . . .  Comparison of this approach 
with the expanded form of the Schulz-Blaschke equation shows tha t  

A~ = [~] 
A2 = k[y] 2 
A a :/c~[~]] a 
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This indicates  t h a t  [y] = A(p), a n d  t h a t  the  in te rac t ion  coefficients are  t he  
products  of var ious  powers  of two cons tan t  terms.  The cons tan t /c  is therefore  
a reasonable  measure  of  the  ex t en t  of pa r t i c l e -pa r t i c l e  in terac t ion ,  and  axia l  
rat ios can be ob ta ined  from the  publ i shed  tables.  

"500 - 

40C 

30( 

20C 

ntmo 

/ ~  Montmorillonite in HzO 

I 2 3 4 5 6 7 
Cv x IO s 

F I G v ~  3.--Conventional viscosity number vs. Cv plot showing uncertainty 
inherent in extrapolation 4o zero concentration. 

The K u h n  equat ion  
j 2  

~p/r  - -  2.5 + 1~ 

expresses a much s impler  funct ional  dependence  be tween the  specific vis- 
cosity and  the  axia l  ra t io ,  and  can also be used for calculat ion of axial  ra t ios  
for the  different systems.  Since this  equa t ion  s ta tes  [as does the  Simha 
expression in A(p)] t h a t  specific viscosi ty  is a cons tant  t imes  the  vo lume 
fraction,  i t  can only be va l id  for the  mon tmor i l l on i t e -wa te r  sys tem a t  
infinite di lut ion,  and  the  axial  ra t ios  calcula ted are those  in  which the  vis- 
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cos i ty  n u m b e r  has  b e e n  r e p l a c e d  b y  t h e  in t r i n s i c  v iscos i ty .  These  axial  
ra t ios ,  t he r e fo re ,  a p p l y  on ly  t o  inf in i te  d i lu t ion .  The  va lues  o b t a i n e d  f rom 
t h e s e  ca lcu la t ions  are  co l lec ted  in  Tab le  1. 

40( 

MontmorilloniM in I0 m NoC1 

~50r 

in Hz0 

0• I t t 1 I 
10 ~ t 0  2 . 0  2 . 8  

//sp 

FIGTJI~E 4.--l~roposed Schulz-Blaschke plot showing improvement in ease 
of extrapolation to zero concentration. 

TABLE I.--CALCULATED PICOI'EI~TIES OF TI~E SYSTEM 
]~/[ONTMOI%ILLONI TE--WATEI~--ELE CT~OLYTE 

Ion 

Nozto 
Li +, 1.9 
Na +, 1.9 M. 
K +, 1.9 1V[ 
NHa+, 1.9 l~ 
Na +, 0.5 ~r 
Na +, 1.0 ]Y~ 
Na +, 2.5 iV[ 

Slope 
= k[n] 

105.8 
]82.5 
224 
440 
558 
142 
249 
330 

Intercept 
[~] /c JKuhn Jsimha 

160 
200 
240 
188 
150 
174 
174 
135 

0.66 50.0 47 
0.91 56.0 54 
0.94 61.5 60 
2.34 53.2 52 
3.72 48.4 45 
0.82 52.4 48 
1.31 52.4 48 
2.4 ~6.0 43 

Cation 
Hydration 

Energy AH, 
kcal/g-ion 

136 
114 
94 
87 
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With some exceptions, notably the discrepancy between the 1.0 M Na + 
and 1.9 3/[ Na +, it is concluded that  the interaction index, and thus the 
extent of interaction, increases with decreasing cationic heat of hydration, 
and increases with increasing ionic strength of added electrolyte (at con- 
stant hydration energy). I t  should be emphasized that  the observed results 

4.0- 

5.0 

"-~ 2.0 
g 

U 

I.r 

bentonite in 1.9 electrolyte  
cations as i nd ica ted  
anion constant as CI- 

K + 

~i § 

I I I [ t I 
70 80 90  I00 llO 120 130 140 

~ H ,  Heat of Hydration,Kcal 

FmUI~E 5.--Variation of interaction index with cationic hydration energy. 

depended on the technique of preparing the samples; i.e. the electrolyte 
was added to the fresh-water dispersions, and no attempt was made to 
measure properties of direct dispersions of bentonite in electrolyte solution. 
Figure 5 demonstrates this variation of/c with hydration energy. Table 1 
also indicates the relative constancy of the axial ratio at infinite dilution. 

I t  was of interest to determine if these results in dilute systems had any 
bearing on the properties of bentonite gels prepared by adding electrolyte 
to more concentrated fresh water dispersions. The final clay concentration 
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TABLE 2,--Co.~RELATION BETWEEN INTERACTION INDEX AND YIELD STRESS 

Ion 
(1.9 M) 

None 
Li + 
Na + 
:[42+ 
INTI4+ 

Interactio~ 
Index 

0.66 
0.91 
O. 94 
2.34 
3.72 

Yield Stress 
dyn/cm ~ 

19.2 
134 
163 
182 
218 

was 3 percent .  The gels were s tud ied  using t h e  F a n n  viseometer  and  a 
correla t ion no ted  between y ie ld  stress and  in te rac t ion  index,  as shown in 
Table  2 and Fig.  6. 

25C 

20C 

r  

% I00 

/ 3% bentonite in 1.9 e lec t ro ly fe  
e Li + cations as ind ica ted  

anion constant as CI- 

e N o n e  
I I I I 

i i 2 3 4 
k, interaction index 

FIOU~E 6.--Variagion of yield stress of 3 percent gels with interaction index. 

Again,  the  Na  + (1.9 M) po in t  seems out  of  l ine and  suggests t h a t  the  inter-  
act ion index should be eonsiderably  higher  for NaC1 a t  this  concentrat ion.  
Other  t h a n  this  point ,  the  d a t a  seem consistent .  The  significant fact  here is 
t h a t  the  yie ld  stress of  3 percent  dispersions,  for systems containing electro- 
lyte ,  increases wi th  increasing in te rac t ion  index.  Thus, a definite re la t ionship  
seems to  exist  be tween the  proper t ies  of the  d i lu te  dispersion and of  the  
ben ton i te  gels. 
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As was brought out earlier, the linearity of plots of ~]sp/r vs. Ysp as con- 
trasted to the lack of linearity in the usual ?]spiCy plots indicates that higher 
powers of r must be considered. Calculation of the contribution arising 
from such higher powers of r was of interest and this has been done for the 
two systems appearing in Figs. 3 and 4, at two arbitrary choices of volume 
fraction. The results appear in Table 3. These calculations point out the 
importance of particle-particle interactions for a range of concentration from 
about 0.2 to 0.7 percent. 

TABLE 3.--CONTRIBUTIONS TO ~sp FROM HIGHER POWERS OF VOLUME FRAOTION 

[n]r 

None, /~ = 0.66, [~1] = 160 
r = 1 • 10 .8 ,r = 3 • 10 -a 

0.160 0.480 
0.0169 0.152 
0.0018 0.0481 

- -  0.0152 

ION 

Na + (1.9 M),/~ = 1.31, [7] = 174 
r = 1 X 10 - s , o v  = 3 X 10 -s  

0.174 0.522 
0.0397 0.354 
0.0091 -0.244 

0.163 

These results  are in qua l i t a t ive  agreement  wi th  the  publ ica t ions  men- 
t ioned earlier. Foster ,  Savins and  WMte  (1955) show much  the  same quali- 
t a t ive  re la t ionship  ill the i r  s t u d y  of  t he  effect of  var ious  ions on the  yie ld  
stress, and  van  Olphen (1956) has  no ted  the  same general  re la t ionships  as 
in this  s t u d y  for the  case of increasing concent ra t ion  of  NaC1. I t  should be 
ment ioned  t h a t  t he  e lec t ro ly te  concent ra t ion  employed  in th is  work (lowest 
concentra t ion  = 0.5 M) corresponds to  t he  ex t reme  upper  range  of  van  
Olphen's  s tudy.  I t  m u s t  be emphas ized  t h a t  the  sys tems employed  in th is  
and  t h e  o ther  inves t igat ions  are  no t  s t r ic t ly  comparable ,  a n d  such com- 
parisons d e m a n d  the  use of  due caut ion.  

Another  po in t  of in te res t  is t h a t  van  O1phen found l inea r i ty  in a p lo t  of  
~]rcl vs. c lay concentrat ion.  E x a m i n a t i o n  of  t he  d a t a  ind ica ted  t h a t  the  
function ln~/rel/Conc, was independen t  of concent ra t ion  over  the  range  of  
concentra t ion presented  (0.1-0.3 pe rcen t  clay), as requi red  b y  the  idea of  
incremental  viscosi ty.  This p a p e r  presents  d a t a  t h a t  dev ia t e  from such 
constancy over much the same concentration range. The difference can 
probab ly  be found in t he  greater  care used  by  van  Olphen in t he  p r epa ra t i on  
of his c lay samples ; t h e  behavior  in the  presen t  s t u d y  m a y  be the  resul t  of  
traces of  ex t raneous  electrolyte.  This i inear i ty  was r epor t ed  for the  "_~ 
suspension," conta ining mate r i a l  resul t ing f rom cent r i fugat ion  of a coarser  
suspension, T, which consisted of  c lay  of equiva lent  spher ica l  rad ius  of  2/x 
and less. I t  would be interes t ing to  know ff the  same l inea r i ty  was observed 
for the  T suspension. 

Some speculat ion abou t  the  reasons for the  observed behavior  would be 
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in order. The following is based largely on the publications of van O1phen 
(1954), l~orrish (1954), M'Ewen and Pra t t  (1957), and M'Ewen and Mould 
(1957). Van Olphen has pointed out, on the basis of an ultramicroscopic 
counting technique, tha t  the number of particles increases with increasing 
dilution, and he concludes tha t  the number of associated layers per particle 
therefore varies with the clay concentration. In  this connection, the values 
of axial ratio a t  infinite dilution were found to be essentially constant, 
regardless of electrolyte, with an average value of about 50. I f  the association 
is considered to be edge-to-edge, as seems firmly established by M'Ewen's 
work, this value is reasonable ff one assumes rather  complete dissociation at 
infinite dilution. 

In  order to account for the viscometric phenomena occurring as a function 
of the concentration, it seems correct to rule out face-to-face association, 
because such association would result in a decrease in the anisometry of the 
particle, or an approach to " sphericity," and such a change could not account 
for the rapid increase of specific viscosity with volume fraction. Here again, 
the most  probable way to account for such concentration effects is to postu- 
late edge-to-edge association, which would cause a rapid increase in particle 
anisometry with increase in concentration. This would increase viscosity due 
both to shape and to increased hydrodynamic interactions, involving higher 
powers of concentration in the power series. 

Finally, something must be said about the observed effect of the extent 
of interaction being dependent on the particular electrolyte used. Of concern 
here is the fact tha t  this dependency of interaction index with cation varies 
as follows : NH4+ ~ K + ~ Na+ ~ Li+. This is the reverse of the swelling 
dependence noted by Norrish. Since the concentration of electrolyte was 
high (1.9 M), it is reasonable to consider the system as being Na+-bentonite 
in NaCl, ere . . . .  The original clay sample was not homoionie but was essenti- 
ally a sodium-bentonite, and the electrolytes were added to a dispersion of 
this clay in fresh water. I f  the added cation had a high hydration energy, 
less interaction was noted than  if the opposite were true. 

One explanation for this behavior is that  the particle-particle equilibrium 
distance in the various dispersions in electrolyte solution corresponds to the 
minimum in the potential curve for two montmorillonite platelets in a given 
electrolyte. This minimum can be expected to occur a t  smaller values of 
interparticle distance as hydration energy of the cation decreases, as dis- 
cussed by Norrish (1954, p. 130). Thus, the cations of low hydration energy 
would result in greater particle-particle interaction and higher values of the 
interaction index. The gel rigidity can be thought  of as arising from mech- 
anical interaction of long ribbons of particles, resulting from edge-to-edge 
association. This is really only a modification of the " house-of-cards " 
concept (van Olphen, 1954 ; Packter, 1957), since fewer junction points would 
be present, which could be counterbalanced by  assuming a higher strength 
per junction point. 

Studies in this system are being continued, with current work involving 
birefringence decay. 
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