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Abstract--The influence of surfactants on the flow behavior of sodium montmorillonite dispersions (2% 
w/w) was studied for a cationic (cetylpyridinium chloride, CPC1) and an anionic surfactant (sodium 
dodecylsulfate, SDS). When the dispersion pHs were >3.5 and <7, CPC1 concentrations >10 -4 M 
increased the shear stress but the Bingham yield value remained virtually unchanged (to ~- 100 mPa). At 
pH ~ 7, the shear stress and yield point decreased with increasing CPC1 concentration (70 from 430 to 
100 mPa). The flow properties of sodium calcium bentonite dispersions were independent of pH and 
CPCI concentrations -< 10 -4 M; they increased modestly at higher concentrations. At pH < 4, SDS addition 
to the sodium montmorillonite dispersions increased the shear stress and yield value to a maximum value 
(to = 2100 mPa) at 10 -3 M SDS; higher SDS concentrations reduced the shear stress and yield value. At 
pH > 4, the flow values decreased to a minimum value at 10 -2 M SDS (to from 430 to 50 mPa). The 
flow of the sodium calcium bentonite dispersions at pH > 4 was independent of SDS concentrations 
-< 10 - 3 mole/liter; at higher SDS concentrations, the flow values increased more strongly in sodium calcium 
bentonite than in sodium montmorillonite dispersions. 

Surfactants influence the flow behavior of sodium montmorillonite dispersions by their action on the 
card-house networks in strongly acidic medium and, at higher pH, by the electroviscous effect. At the 
highest surfactant concentrations without flocculation, the shear stress and yield value are increased by 
interacting chains of opposed particles. 

Addition of the surfactants increases the salt (NaC1) stability of the dispersions because the adsorbed 
surface active agents influence the counterion distribution between the Stern and the diffuse ionic layer. 

Key Words--Bentonite, Cetylpyridinium chloride, Coagulation, Flow behavior, Montmorillonite, Sodium 
dodecylsulfate (SDS), Surfactants. 

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

Cationic and anionic surfactants greatly influence the 
flow behavior of  kaolinite dispersions. The dependence 
on the pH value o f  the dispersion medium reveals 
different modes of  surfactant-kaolinite interactions 
(Welzen et al  1981, Lagaly 1987). At pH = 3.3 and 
very low concentrations of  cetyl t r imethylammonium 
bromide (CTBr), the card-house formation with edge 
(+) / face ( - )  contacts (Hofmann and Hausdorf  1945, 
Fahn et al 1953, Hofmann et a l  1957, van Olphen 
1956, 1964, 1977) produces a high Bingham yield stress. 
At CTBr concentrations > 10 -6 M, the surfactant cat- 
ions are bound by negative face charges and decrease 
the yield point to a minimum. At higher CTBr con- 
centrations, a large part o f  the counterions on the faces 
are replaced by the CT + cations. The alkyl chains o f  
the surfactants on two opposed faces interact and in- 
crease the yield value. At surfaclant concentrations be- 
tween 10 -4 and 10 -3 M all sodium counterions are 
replaced by surfactant cations, and additional ion pairs 
(cetyl t r imethylammonium + bromide ions) are ad- 
sorbed. This recharges the particles and eliminates the 
Bingham yield stress. 

When the pH of  the dispersion is highly alkaline (pH 
-- 10), a yield value is not observed at CTBr concen- 
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trations < 10 -5 M and > 10 -2 M. The max imum be- 
tween 10 -5 M and 10 -4 M is again caused by inter- 
acting alkyl chains of  the surfaclant covered particles. 
Changes in the flow behavior of  sodium kaolinite dis- 
persions by an anionic surfactant (sodium dodecylsul- 
fate, SDS) are noticed at pH = 3.3. The high Bingham 
value caused by the card-house structure remains con- 
slant up to SDS concentrations of  about 10 -3 M, then 
decreases sharply to zero. The surfactant anions at- 
tached on the positive edges destroy the edge(+ ) / face(-)  
contacts of  the card-house. SDS is not adsorbed at a 
dispersion pH of  10, and no yield value is observed 
up to 10 -I M SDS. 

The influence of  surfaclants on sodium montmori l -  
lonite dispersions should be more complex than on 
kaolinite. First of  all, delamination of  sodium mont- 
morillonite produces very thin particles and the degree 
o f  delamination is highly dependent on the experi- 
mental conditions. As the number o f  particles is a de- 
cisive factor, the flow behavior can change dramatically 
by modest changes in experimental conditions such as 
pretreatment reactions, degree o f  dispersion, and pH. 
The secondary electroviscous effect becomes very im- 
portant in dispersions of  large, but very thin particles. 
It is caused by the extended diffuse ionic layers around 
the particles which restrict the translational and rota- 
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Figure 1. Buffering action of sodium montmorillonite dis- 
persions (4% w/w). pH ~ and pH ~ are the values of the aqueous 
solution (adjusted with 0.1 M HC1 or 0.1 M NaOH) before 
and after montmorillonite addition, pH" was measured 5 days 
after clay addition. 

tional motion of the particles and, therefore, increase 
viscosity and yield value. Salt addition decreases the 
double layer thickness, thereby increases the mobility 
of the particles and reduces the flow values (cf. Figure 
4 in Permien and Lagaly 1994a) (Norrish 1954, Cal- 
laghan and Ottewill 1974, Rand et al. 1980, Permien 
and Lagaly 1994a). 

Another consequence of the extreme aspect ratio of 
the delaminated particles is the preferential face-to- 
face aggregation and formation of band-type networks 
(Weiss and Frank 1961, Weiss 1962, Fitzsimmons et 
al 1970, O'Brien 1971, Fukushima 1984, Keren et al 
1988, Keren 1989, Quirk 1986, Quirk and Murray 
1991, Ramsay and Lindner 1993, Permien and Lagaly 
1994a, 1994b). Card-house structures are less impor- 
tant in montmoril lonite than in kaolinite dispersions 
because the positive charging of the montmoril lonite 
edges only occurs in strongly acidic milieu (Permien 
and Lagaly 1994c, 1994d). 

A montmoril lonite dispersion shows a pronounced 
buffering action at pH ~ 6.5 (Figure 1). Considerable 
quantities of acid or base must be added to reach a pH 
far from 6.5. The reaction proceeds slowly; the dis- 
persion pH changes within hours or days which results 
in changes in the flow behavior. In acidic milieu, the 
clay mineral particles are attacked by the acid. The 
release of octahedral cations from the structure influ- 
ences the flow behavior (Permien and Lagaly 1994d). 
Therefore, the flow properties often show considerable 
differences from experiment to experiment and are 
highly dependent on the way the pH is adjusted. 

The paper attempts to clarify the influence of a cat- 

ionic (cetylpyridinium chloride, CPCI) and an anionic 
surfactant (sodium dodecylsulfate, SDS) on the flow 
behavior of homoionic sodium montmoril lonite dis- 
persions at dispersion pHs between 2 and 12. The study 
also comprizes measurements with the original ben- 
tonite which was used to prepare the sodium mont- 
morillonite. These measurements reveal the influence 
of the surfactants on the flow behavior of the dispersion 
in the presence of a certain amount  of calcium ions. 

EXPERIMENTAL 

Two types of clays were used in the experiments: 
(i) an original Wyoming bentonite "Greenbond"  

("Na, Ca-bentonite" in the following). It contained 79% 
montmorillonite (determined by alkylammonium ex- 
change; Lagaly 1994a). The main impurities were 
quartz, feldspars and mica. Most important is that the 
montmorillonite contained sodium and calcium ions 
on exchange positions. Chemical analysis indicated a 
molar ratio Na+/Ca 2+ = 6.5. The layer charge deter- 
mined by alkylammonium exchange was 0.28 eq/ 
(Si,A1)4Olo Corresponding to an interlayer exchange 
capacity of 0.78 meq/g (Lagaly 1994a). 

(ii) The Na-montmoril lonite was obtained from the 
bentonite by size fractionation (<2  #m fraction) after 
dithionite-citrate treatment and H202 oxidation (Per- 
mien and Lagaly 1994a). 

Na, Ca-bentonite and Na-montmoril lonite were dis- 
persed in water so that the solid content was about 
2.2% (w/w). The dispersions were shaken intensively 
for 12 h, then ultrasonicated (38 W, 3 min), and again 
shaken for 24 h. Aliquots of 1800/zl of these dispersions 
were mixed with 100 ~zl of surfactant solution and 100 
#l hydrochloric acid or sodium hydroxide solution of 
different concentrations, so that the required pH (be- 
tween pH = 2 and 12) and surfactant concentrations 
from 10 -5 M to 5. l0 -2 M were obtained. 

The samples were again shaken and measured in the 
viscosimeter at 20~ about 24 h after preparation. The 
viscosimeter was a Low Shear rotational viscosimeter 
(Contraves LS 30, Zurich) which allowed measure- 
ments of the shear stress up to 1250 mPa and of the 
shear rate -~ up to 120 s -1. The flow behavior of the 
dispersions was mostly non-Newtonian (Giiven 1992). 
It is characterized by the shear stress at @ = 94.5 s - l ,  
r*, and the Bingham yield point, %. The yield value is 
defined as the shear stress extrapolated from the linear 
or almost linear section of the flow curves at the highest 
shear rates (~ --~ 120 s -~) to "~ = 0 (Giiven 1992). 

As mentioned above, the pH of the dispersions 
changed with time when pH § 6.5. Therefore we re- 
corded two pH values, e.g., pH = 4 ---, 5.5. The first 
value, pH = 4, is the pH of the control solution con- 
taining the surfactant and acid or base but no clay. The 
second value, pH = 5.5, is the pH of the clay dispersion 
at the moment  of rheological measurement. The pH- 
values of the dispersions (and also of the control so- 
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Figure 2. Shear stress r* and yield value % of the sodium 
montmorillonite dispersion (2% w/w) vs. the amount of ce- 
tytpyridinium chloride added. (a) pH = 2.2 ~ 3, (b) pH = 
2.5 ---, 3.5, (e) pH = 7 ---* 7. 

lutions) were measured with colorimetric test papers 
because glass-electrode methods do not give reliable 
pH values, even in visually clear supernatant liquids 
(Keller and Matlack 1990). The pH changes of  the 
sodium calcium bentonite dispersions were greater than 
those o f  the sodium montmoril lonite  dispersions. 

The salt stability of  the sodium montmoril lonite dis- 
persions in the presence o f  the surfactants was mea- 
sured by test tube experiments with sodium chloride 
at room temperature (Permien and Lagaly 1994c). The 
solid mass content of  the dispersions was 0.025 percent 
(w/w), and the pH was 6.5. 
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Shear stress r* of the sodium calcium bentonite 
dispersion (2% w/w) vs. amount of cetylpyridinium chloride 
added at different dispersion pH. 

The optical density (=lg Io/I) of  the dispersions was 
measured in ceils with an optical path length o f  0.1 cm 
at a wavelength of  400 nm (Shimadzu photometer,  
UV- 120-02). 

The cationic and anionic surfactants cetylpyridi- 
nium chloride (CPC1) (from Merck, Germany) and so- 
dium dodecylsulfate (SDS) (from Fluka, Switzerland) 
were used. 

RESULTS 

The shear stress and yield value of  the acidic sodium 
montmoril lonite  dispersion (pH = 2.2 ---, 3.0, Figure 
2a) were high. Increasing concentrations of  CPC1 de- 
creased r* and %. At concentrations - 10 -4 M (-> 10 -3 
M at the other pH values) the dispersion formed flocs 
and could not be measured. At slightly higher pH, the 
stresses remained constant up to 10 -4 M CPCI (Figure 
2b). The curves for the neutral dispersion (Figure 2c) 
were almost identical to those for sodium montmori l -  
lonite dispersed in sodium chloride solutions (Figure 
6 in Permien and Lagaly 1994d, cf. Figure 4b). 

In the presence of  calcium ions (Na, Ca-bentonite) 
the shear stress and yield value remained constant up 
to CPC1 concentrations o f  10 -4 M at all pH values 
(from 2.5-10), then increased slightly (Figure 3). 

When the anionic surfactant SDS was added, and 
pH was between 4 and 10, the dependence o f  the stress- 
es r* and ro is similar to that in Figure 2c and also to 
the behavior of  Na-montmori l loni te  dispersed in NaC1 
solution. The stress curves for pH = 7 ~ 6.5 are shown 
as an example (Figure 4b). The shear stress and yield 
value at the min imum are virtually independent on 
pH (r* ~ 350 mPa, ro ~- 50 mPa). 

Significantly different curves were observed with SDS 
in the more strongly acidic media (at pH = 3.0 ~ 3.5 
and pH = 2.2 ~ 3.0) (Figure 4a). In spite of  the high 
shear stress and yield value at pH = 2.2 ~ 3.0, SDS 



232 Permien and Lagaly Clays and Clay Minerals 

3000 

~1500 

No-iont . ,SD 
pH = 2.2 ~ 3.0 

1 i i i i i 

0 10 -6 10 -5 10 -4. 10 -3 10 -2 
surfactant  conc. (mote/L) 

1500 

~ 1000 

500 

Q 

_- . . 

Bent.,SDS 
pH = 2.2 -~3.5 

0 10 -6 10 -5 10 -z~ 10 -3 10 -2 
surfQctant conc. (mote/L) 

1000 
13_ 
E 
I/1 

5 0 0  

0 
0 10 -6 10- 5 10-4. 10 -3 10 -2 

s u r f a c t o n t  conc.  (mote/L) 

Figure 4. Shear stress r* and yield value ro of the sodium 
montmorillonite dispersion (2% w/w) vs. the amount of so- 
dium dodecylsulfate added. (a) pH = 2.2 --~ 3.0, (b) pH = 7 
---, 6.5 (for comparison: * r* and ro for CPCI against CPC1 
concentration; + for NaC1 against NaC1 concentration). 

add i t ion  increased these values  further  to a m a x i m u m  
at about  10 -3 M SDS and  reduced r* and ro below the 
values  o f  the surfactant  free dispersion.  At  p H  = 3.0 
---" 3.5, the m a x i m u m  was sharper  and was shifted to 
about  5 .10  -3 M; r* and ro at the highest  SDS concen-  
t ra t ion (5 .10 -2 M) r ema ined  higher  than in the sur- 
factant free dispersion.  

The  shear stress, r*, and the yield point,  to, in the 
acidic Na,  Ca-bentoni te  dispers ion (pH = 2.2 ---, 3.5, 
Figure 5a) were dist inct ly smaller  than  for N a - m o n t -  
mor i l lon i te  (Figure 4a). The  m a x i m u m  was only weak- 
ly out l ined.  At  higher  pH,  the curves  for the Na,  Ca- 
bentoni te  dispers ions were very  different f rom those 
o f  the ca lc ium free dispers ions (Figure 5b and Figure 
4b). The  stresses were cons tant  up to about  5" 10 -4 M, 
then  increased. S imi la r  curves  as in Figure 5b for p H  
= 3.5 ~ 7 were found for p H  = 2.5 ---, 5 and p H  = 11 

9. The  step at 5 .10  -3 M SDS was observed  in all 
cases. 

As  m e n t i o n e d  above,  the mon tmor i l l on i t e  is slowly 
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Figure 5. Shear stress r* and yield value ro of the sodium 
calcium bentonite dispersion (2% w/w) vs. the amount of 
sodium dodecylsulfate added. (a) pH = 2.2 ---, 3.5, (b) pH = 
3.5 ---, 7.0. 

a t tacked in acidic med ium.  The  r emova l  o f m u l t i v a l e n t  
cations f rom the octahedral  sheet had  only a weak 
influence on the flow behav io r  o f  the dispers ion (Per- 
mien  and Lagaly 1994d). The  changes were insignifi- 
cant  compared  with  the effect o f  surfactant addi t ion.  
This  was also seen when  the measu remen t s  o f  the flow 
curves  were repeated a few days later. 

The  optical  densi ty  o f  the sod ium mon tmor i l l on i t e  
dispers ion was about  0.6. In mos t  cases, it r ema ined  
unchanged up to 10 -3 M CPCI and  2 .10  -2 M SDS, in 
spite o f  changes o f  the flow behavior .  Fo r  instance, the 
increase o f  r* in Figure 2b was not  seen in the optical  
density. Also,  the m a x i m u m  o f  the curves  in Figure 4a 
or  the decrease o f  r* and ro to the m i n i m u m  in Figure 
4b were not  accompan ied  by changes o f  the optical  
densi ty  up to 5 .10  -2 M SDS. 

The  influence o f  p H  on the flow behav io r  o f  the 
surfactant free dispers ions can be der ived  f rom the 
curves  in Figures 2-5  and supplementary  d iagrams (not 
shown). In a strongly acidic m e d i u m ,  the shear stress 
r* and the yield value  ro o f  the N a - m o n t m o r i l l o n i t e  
dispersions were high but  decreased dramat ica l ly  wi th  
increasing p H  (Figure 6). At  higher  pH,  r* and  ro in- 
creased again. The  occurrence o f  a m i n i m u m  in the 
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flow parameters of  clay dispersions is well-known (Rand 
et al 1980, Brandenburg and Lagaly 1988, Permien 
and Lagaly 1994d). The shear stress and yield value 
decreased again at higher pH. The min imum values 
were around 300-400 mPa. In the presence of  calcium 
ions (Na, Ca-bentonite dispersions) r* and % also de- 
creased sharply in acidic milieu and showed a very 
shallow min imum at pH ~ 6. 

An unexpected result was the influence o f  the sur- 
factants on the critical coagulation concentration, cK, 
with sodium chloride (Table 1). CPCI addition to the 
Na-montmori l loni te  dispersion enhanced cK from 8 to 
16 mmole/li ter.  The anionic surfactant increased the 
critical coagulation concentration to 135 mmole/ l i ter  
at 10 - t  M SDS. 

DISCUSSION 

Cetylpyridinium chloride 

In strongly acidic media, CP § ions decreased the 
shear stress r* and yield value % (Figure 2a) but the 
min imum stress values were still high. The cetylpyri- 
dinium ions on the faces of  the clay mineral particles 

Table 1. Critical sodium chloride concentration for the co- 
agulation of a sodium montmorinonite dispersion (0.025% 
w/w) in the presence of cetylpyridinium chloride (CPCI) and 
sodium dodecylsulfate (SDS) at pH = 6.5 and room temper- 
ature. 

eK (mmole/L) 

Surfactant cone. (M) CPCl SDS 

0 8 
5 x 10 -7 9.5 

10 -6 9 10 
10 -5 7 10 

2 x 10 -5 11 
10 -4 13 10 

2 x 10 -4 16 
10 -3 1) 12 
10 -2 1) 81 
10 -1 1) 136 

i Coagulation by CPC1 itself. 

make it difficult to form the edge(+) / face(- )  contacts 
of  the card-house structure. When a mechanical force 
acts on the card-house, a certain number o f  edge-to- 
face contacts are broken. However, the particles can 
easily shift into neighboring contact positions (Hof- 
mann 1962). This latching mechanism is disturbed 
when organic cations are adsorbed on the faces. The 
large cations restrain gliding of  an edge along the face 
into a neighboring site where the edge can again engage 
into a new contact position. 

At pH = 2.5 ~ 3.5 (Figure 2b) the card-house net- 
work breaks apart. The electroviscous effect is sup- 
pressed by the acid added to adjust the pH and cause 
r* and % to acquire their min imum values (Figure 6). 
Therefore, CPCI addition (up to 10 -4 M) did not fur- 
ther decrease T* and %. The increase of  the yield value 
at > 10 -4 M CPC1 is probably caused by interacting 
alkyl chains of  approaching particles. As in many other 
cases, the beginning of  aggregation was not recognized 
in the optical density up to 10 -3 M CPC1. 

At pH ~ 7, the flow values changed with the CPC1 
concentration (Figure 2c) in the same way as for so- 
dium montmoriUonite dispersed in NaC1 solutions 
(Figure 4b). Thus, the behavior is governed by the 
electroviscous effect. At CPC1 concentrations > 10 -3 
M the particles settled as floes because the exchange 
of  the counterions by CP + cations made the particles 
less hydrophilic. 

Sodium dodecylsulfate 

Dodecylsulfate anions were not adsorbed by the clay 
mineral particles from very dilute solutions and did 
not influence the flow behavior of  the acidic dispersions 
at concentrations < 10 -5 M (Figure 4a). Because of  
card-house structure formation, r* and % values were 
high. Somewhat unexpected was the increase ofT* and 
% at higher SDS concentrations. The addition o f  an 
electrolyte, in this case SDS, increases the edge(+)/  
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Figure 7. Small surface aggregates (Rupprecht and Gu 1991): 
one surfactant anion is anchored at a surface site and other 
surfactant anions together with their gegen ions are clustered 
around it. 

face(-)  attraction between the particles (heterocoa- 
gulation, see, for instance, Hogg et a11966) and reduces 
the electrostatic repulsion between the faces at larger 
distances. Both effects increase the mechanical stability 
of the network. 

At SDS concentrations > 10 -3 M, the surfactant an- 
ions break up the edge(+)/face(-)  contacts, and r* and 
% decrease. The constancy of the optical density again 
indicated that discrete particles were not formed up to 
5 "  1 0  - 2  M SDS. 

The type of flow curves changed when pH was in- 
creased from 3.0 --~ 3.5 to 4 --~ 5.5. The curves for 
SDS, CPC1 and NaCl at pH ~ 7 are virtually identical 
(Figure 41)) and reveal the influence of the electrovis- 
cous effect. As the degree of dispersion, i.e., the number  
of particles did not distinctly change, the optical den- 
sity remained constant over the whole concentration 
range. 

One can conclude from the drastic changes in the 
flow curves at pH > 3.5 that above this pH value 
positive edge charges are no longer important for the 
flow behavior of montmoril lonite dispersions. 

Effect of calcium ions 

The shear stress and yield point of the surfactant free 
dispersions of Na-montmoril lonite  decreases sharply 
in acidic milieu (Figure 6) when the card-house net- 
work is disintegrated. The increase in shear stress at 
pH > 5 results from the higher degree ofdelaminat ion 
and, therefore, the higher number  of particles in the 
dispersion. Raising the pH above 7 requires increased 
amounts  of NaOH which reduce the degree of delam- 
ination and the electroviscous effect, and z* and Zo 
decrease again. 

The shear stress ~* and yield value ro of strongly 
acidic dispersions of Na, Ca-bentonite were distinctly 
lower than of the Na-montmoril lonite  dispersions (Fig- 
ure 2a, 3 and 6). Calcium ions induce face/face aggre- 
gations within the card-house network which enlarge 
the aperture size, and r* and ro are reduced. The "stair- 
step card-house" shown in Figure 8 of O'Brien (1971) 
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Figure 8. Sedimentation of sodium calcium bentonite dis- 
persions (1% w/w). h/ho is the ratio of the sediment height to 
the total height of the dispersion. (a) h/ho (after 60 days) vs. 
the concentration of dodecylsulfate; pH ~ 6.5, (1)) h/ho (after 
60 days) vs. the number of carbon atoms in the alkyl chain 
of sodium alkylsulfates; surfactant concentration 5. l0 -2 M, 
pH ~ 6.5. The solubility of the calcium alkylsulfates in water 
at 25"C (Stache 1981, p. 143) is also shown. 

very well represents a card-house structure containing 
band-type aggregations of clay mineral platelets. The 
thickening effect of calcium ions, which is very im- 
portant for practical uses, occurs when the amount  of 
salts (NaC1, CaC12, Na2CO3 etc.) in the dispersion is 
> 10 -a M (Permien and Lagaly 1994b). 

The flow behavior of Na, Ca-bentonite dispersions 
remained unchanged at concentrations < 10-3 M CPCI 
(Figure 3). The calcium ions reduce z* and ro values 
of the acidic dispersion (Figures 2a, 3 and 6). Very 
likely, low concentrations of the surfactant cations do 
not disturb the band-type fragments created by the 
calcium ions and, therefore, do not decrease the flow 
values. At higher pH, the attenuation of the electrovis- 
cous effect by the calcium ions is so strong that the 
contribution of the surfactant cations is also insignif- 
icant. The increased value of T* near l0 -3 M CPC1 
reveals the stiffening effect of the calcium ions at salt 
concentrations > 10-3 M. This could not be measured 
in detail because the hydrophobic cetylpyridinum 
montmoril lonite particles began to settle in flocs. 

SDS decreases the stability of the network structure 
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of the Na, Ca-bentonite only at concentrations > 10 -3 
M and at low pH (pH < 4) (Figure 5a). At higher pH, 
the effect of calcium ions is predominant.  The values 
o f t *  and  ~o remain constant up to 10 -3 M SDS (Figure 
5b). The step at about 10 -2 M SDS is probably related 
to the precipitation of calcium dodecylsulfate. 

The partial replacement of calcium ions by sodium 
ions on the clay mineral particles and the precipitation 
of calcium dodecylsulfate enhances the degree of de- 
lamination. The increase of t*  and ~'o at > 10 -3 M SDS 
(Figure 5b) corresponds to a steep increase in the sed- 
iment volume (Figure 8a). Precipitation of the calcium 
salt of the surfactant is required for this volume in- 
crease. The sediment volume remained small (Figure 
8b) in the presence of the more soluble, short chain 
calcium alkylsulfates. 

Precipitated calcium dodecylsulfate was identified 
by its X-ray powder diffraction pattern. This salt has 
a layer structure with a basal spacing of 30 A, which 
has sometimes been misinterpreted as calcium mont- 
morillonite intercalated with SDS. 

Salt stability 

One expects that the addition of a cationic surfactant 
will reduce the Stern potential and decrease the critical 
coagulation concentration of sodium chloride in Na- 
montmoril lonite dispersions. However, the cK value 
was increased (Table 1). Cetylpyridinium ions near the 
surface may change the distribution of the sodium 
counterions between the Stern layer and the diffuse 
ionic layer. The long hydrophobic alkyl chains at the 
surface would influence the structure of the dispersion 
medium near the surface. Sodium ions would be dis- 
placed from the surface and the Stern potential would 
increase to a higher negative value. Because the Stern 
potential at the coagulation point is low (Miller and 
Low 1990, Chanet  al 1984, Permien and Lagaly 1994c), 
even modest changes of the absolute value of the po- 
tential would have a significant effect on the stability 
(Figure 13 in Lagaly 1986). Increased salt stability was 
also observed in the presence of several neutral organic 
compounds, for instance, Triton X 100 (t-octylphenyl 
polyethylene oxide). 

The stabilizing effect of the anionic surfactant was 
stronger than that of cetylpyridinium chloride (Table 
1). Adsorption of anionic surfactants on sodium clay 
minerals was detectable in an acidic milieu in which 
the edges of the particles are positively charged. Nev- 
ertheless, a few anions were also adsorbed at higher 
pH by interaction with sporadically occurring posi- 
tively charged edge sites or by complex formation be- 
tween the head group and octahedral cations on the 
edges. The adsorption of modest amounts of anionic 
surfactants is difficult to measure by the concentration 
changes in solution because of the pronounced volume 
exclusion effect for anions (cf. Permien and Lagaly 
1994d and references there, see also Chou Chang and 

Sposito 1994). Binding of dodecylsulfate on sodium 
montmoril lonite could be recognized by a LAMMA 
technique (=laser microprobe material analyser). 

Isolated surfactant anions sporadically anchored on 
the particle edges act as nuclei for the clustering of 
additional surfactant anions (Rupprecht and Gu 1991, 
see also Lagaly 1994b) (Figure 7). Formation of these 
small surface aggregates increases the negative charge 
density at the edges. This is less important  for the flow 
behavior but has a significant influence on the stability 
of diluted colloidal dispersions. Coagulation of Na- 
montmoril lonite dispersions at pH ~ 6.5 occurs be- 
tween negative edges and faces. Anionic surfactants 
bound in the form of small surface aggregates (Figure 
7) on the edges can increase the Stern potential, and 
thereby enhance the salt stability. The Stern potential 
at the coagulation point is on the order of 20-30 mV 
(cf. Permien and Lagaly 1994c). 

CONCLUSION 

Cationic and anionic surfactants influence the flow 
behavior of sodium montmoril lonite dispersions by 
several mechanisms. In strongly acidic media (pH < 
4) the surfactants affect the stability of the card-house 
structure. The cationic surfactant promotes disintegra- 
tion of the card-houses. This also occurs at higher con- 
centrations of the anionic surfactant (> 10- 3 M), whereas 
lower SDS concentrations stiffen the network. At pH 
> 4, the surfactants act as 1 : 1 electrolytes which reduce 
the shear stress and yield value by the electroviscous 
effect. At high surfactant concentrations, the alkyl chains 
of opposed particles interact and flocs are formed. Still 
higher concentrations cause repeptization by recharg- 
ing the particles. 

In the presence of calcium ions, band-type structures 
predominate and weaken the influence of surfactant 
ions on the flow behavior. 
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