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Abstract The rheotogical properties 
of the aqueous mixtures of cationic- 
anionic surfactants, both in single- 
phase systems and in aqueous 
two-phase systems, have been studied. 
Bizarre rheological properties - 
negative thixotropy, viscoelasticity 
and high viscosity of shear rate 
dependent at relatively low 
concentration- have been observed. 
An unusual viscosity change, that is, 
viscosity lowering with increasing 
concentration, was obtained. The 
negative thixotropy might be due to 
the existence of lamellar or sheet-like 

micelles, viscoelasticity might be 
induced by rodlike and lamellar or 
sheet-like micelles, the high viscosity 
might be a consequence of the 
formation of network by long rodlike 
micelles and the concentration- 
induced viscosity lowering could be 
interpreted in terms of the decrease of 
micellar dimensions with 
concentration. 
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Introduction 

Considerable works have been done on the aqueous mix- 
tures of cationic-anionic surfactants [1-10]. Most of the 
research activities have been focused on the surface ad- 
sorption and micellization phenomenon [1-5] as well as 
micellar dimensions and structures [6-9]. There were very 
few works dealing with their rheological properties [10] 
because such mixtures are often unstable - precipitation or 
phase separation usually occurs at very low concentra- 
tions (usually slightly beyond the CMC's) [-5], making the 
study of rheological properties difficult. 

our  studies have shown that, with the further increase 
of concentration, the mixtures form transparent homo- 
geneous solutions at a higher concentration, this concen- 
tration range was called '"high concentration region" 
(correspondingly, the concentration range in which pre- 

cipitation or phase separation occurs was called "mediate 
concentration region") [11-12]. It was found that, in the 
high concentration region, especially in the boundary 
between the high concentration region and the mediate 
concentration region, the aqueous mixtures exhibit com- 
plicated rheological properties. So far as the systems we 
have studied are concerned, three kinds of bizarre 
rheological behaviors have been observed: negative thixot- 
ropy, viscoelasticity, and shear rate dependent high viscos- 
ity at relatively low concentration. Furthermore, an un- 
usual viscosity change, that is, viscosity lowering with 
increasing concentration, has been obtained. 

The negative thixotropy has been reported by us as 
a short communication [10]. In this paper, the full details 
of negative thixotropy and the other above-mentioned 
rheological properties of mixed cationic-anionic surfac- 
tants, both in single-phase systems and in aqueous two- 
phase systems have been studied. 
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Experimental 

Materials 

Sodium dodecylsulfate (CIzS) : Fluka Co. (Swiss), recrys- 
tallized from water-ethanol. Dodecyltriethylammonium 
bromide (CleNE): prepared by mixing dodecane bromide 
with excess of triethylamine for 48 hours. The crude prod- 
uct of C,2NE was recrystallized from acetone-ether. No 
surface tension minima were found for C12S and C12NE, 
which implies that no surface active impurities exist in 
them. All water used was twice redistilled from alkaline 
permanganate. 

Methods 

Viscosity was measured by the reduced-pressure capillary 
viscometer which was set up in our laboratory [11]. 
Figure 1 is the sketch of the reduced-pressure capillary 
viscometer. At a reduced pressure, the flowing time (t) of 
a fixed amount of liquid through the capillary (from b to a) 
was measured. The apparent viscosity (t/) was calculated 
by the following equation: 

t~ = A P t  - B p l / t  

= A ( p e h e  - p i h i ) t  - B p i / t  

where P is the driving pressure making liquid flow through 
capillary, he is the height of liquid in manometer, hi is the 
apparent height of measured liquid (hi is varying during 
measurement, but the variation is the same when the 
volume of measured liquid is identical each time, so it is 
a constant), Pl and Pe are the densities of the measured 
liquid and the liquid in manometer respectively, A and B 
are all constants. The flow types could be judged by the 
relations between the driving pressure (P) and the apparent 
viscosity (t/). 

Viscoelasticity can be detected easily on the recoil of 
trapped bubbles which can be observed when such a solu- 
tion is rotatively sheared and the shearing is stopped 
abruptly. 

The negative thixotropy was judged using the reduced- 
pressure capillary viscometer and the concentric cylinder 
viscometer (Haake, Rotovisco). 

After a solution was allowed to stand enough time, its 
viscosity (t/0) was measured using the reduced-pressure 
capillary viscometer. Soon after that, several measure- 
ments were carried out in quick Succession, from which the 
largest value of viscosity (t/t) was taken. At last the solution 
was allowed to stand enough time again and its viscosity 
(t/o') was measured. All measurements were carried out at 

Fig. 1 Reduced-pressure 
capillary viscometer 1. Ostwald 
capillary viscometer, 2. Gas 
box, 3. To water pump, 4. To 
W manometer t a 

the same driving pressure. If t/t > t/o and t/0 = t/o', the 
solution should be negative thixotropic. 

When the concentric cylinder viscometer was used, the 
change of viscosity with time was measured at constant 
shear rate. 

Results and Discussions 

Negative thixotropy 

Negative thixotropy is a rheological phenomenon defined 
as a reversible increase in viscosity with time when a liquid 
flows at constant shear rate. This phenomenon was found 
in some polymers [13], very few dispersing systems [-14] 
and oil-water microemulsion [15]. To surfactant solu- 
tions, negative thixotropy is seldom seen [16-18]. In the 
course of our investigation of mixed surfactants, negative 
thixotropy was observed in the aqueous mixtures 
of cationic-anionic surfactants. Figure 2 shows the region 

Fig. 2 Regions of negative thixotropy and viscoelasticity of C12NE- 
C1zS(25 ~ negative thixotropy . . . . .  viscoelasticity 
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Table 1 Negative thixotropy of C12 NE-C12 S system (25 ~ 

System P r/o r/t 7o 
(cm H20) (cp) (cp) (cp) 

c12NE-C12S 
0.01 mol' dm -3. 17.7 1.09 2.32 1.10 
1 : 2 * *  

C12NE-C12S 
8.0x 10-3 mol'dm -3 10.1 1.36 3.52 1.38 
1:2 

* Total concentration 
** Molar ratio (I-C12NE]/[C12S]) 

Table 2 Negative thixotropy of C~2 NE-C12 S system (21 ~ 

System U Sm~n Smax t(s) 

c12NE-C12S 
0.05 mol. dm -3 18 5.4 10 225 
1:2 

C12NE-C12S 
0.05 mol. din- ~ 27 2.8 4 50 
1:1.5 

where the mixtures of C~2NE and C~2S exhibit negative 
thixotropy. 

Negative thixotropy could be judged easily by observ- 
ing visually the increase of viscosity of solutions while the 
solutions were shaken. For example, 0.05 mol'dm -3, 1: 
2 C~2NE-C~2S solution is clear transparent on standing. It 
would be more and more viscous and become gel-like at 
last when it was shaken continuously. This gel-like fluid 
would restore gradually to the original state if it was 
allowed to stand enough time. 

Tables 1-2 show the negative thixotropy of several 
typical solutions which were judged using the reduced- 
pressure capillary viscometer and the concentric cylinder 
viscometer (Haake, Rot.ovisco) respectively. In Table 2, 
U is the shear rate factor which corresponds to shear rate, 
S is the shear stress factor which corresponds to shear 
stress, Stain and Smax correspond to minimum and max- 
imum shear stress respectively, t is the time between the 
onset of flow and the maximum of shear stress. 

The negative thixotropic solutions have the following 
features: 

(1) For the mixture of C12NE and C12S, negative 
thixotropy was observed only in nonequimolar systems 
with C~2S in excess. 

(2) Negative thixotropic systems stand in the region 
between the high and the mediate concentration regions. 
The concentration forming negative thixotropic systems 
decreases with the increase of the amount of C~2S. 

(3) Negative thixotropic solutions could be trans- 
parent homogenous, or opalescent or turbid. The trans- 
parency of solution varies with total concentration 
and molar ratio. The more close to 1:1 the molar ratio is, 
or the lower the concentration is, the more poor the 
transparency of solution is. For example, 0.05 mol.dm-3, 
1 :2  C12NE-CtzS solution is transparent homogenous, 
0.05mol-dm -3, 1: 1.5, and 8.0x 1 0 - 3 m o l ' d m  -3, 1: 
2 CI2NE-C~2S solutions are opalescent. These opalescent 
or turbid solutions are usually quite stable, no obvious 
change of their appearances could be observed on standing 
for a long time. 

(4) The negative thixotropic solutions are usually visco- 
elastic. 

Up to now, there has been no theory of general agre- 
ement to explain the negative thixotropy of different 
systems. To the polymer and dispersing systems, four 
mechanisms have been proposed [13-14] : (1) aggregation 
theory, (2) crystallization theory, (3) network theory, (4) 
screen effect. For oil-water microemulsion systems, nega- 
tive thixotropy was interpreted in terms of the existence of 
lamellar structures [15]. The shear thickening phenom- 
enon of some micellar solutions was interpreted in terms of 
shear induced coagulation among rodlike micellar [16] 
and shear induced supermolecular structure [17]. 

For the mixtures of cationic-anionic surfactants, we 
thought that the negative thixotropy might be due to the 
existence of lamellar or sheet-like micelles. 

The lamellar or sheet-like micelles are composed of 
parallel bilayers in which the water-layers are sandwiched. 
When the solution flows, it might be the sliding of 
bilayers in lamellar or sheet-like micelles with each other 
that leads to low viscosity of the solution. With the 
increase of shearing time, the parallel arrangement of 
bilayers would be gradually destroyed and become dis- 
ordered, and consequently, viscosity increases with time. 
When the flow stops, the bilayers would return to the 
parallel arrangement gradually, which leads to the de- 
crease of viscosity with time. 

This possible mechanism may be evidenced by the fact 
that lamellar liquid crystal could be observed by polariz- 
ing microscope in some negative thixotropic solutions 
which were on standing for a long time, such as 
0.04 mol. dm -3, 1:1.5 C12NE-C12S. The lamellar liquid 
crystal could be regarded as a result of the growth of 
lamellar or sheet-like micelles. 

Since the large size of the polar group of C12NE is 
unfavorable to the parallel arrangement of surfactant mol- 
ecules the mixtures of C12NE and C12S are not easy to 
form lamellar micelles when C12NE is in excess. This 
might be the reason that negative thixotropy was observed 
only when C12S is in excess. 
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For nonequimolar mixtures of cationic-anionic surfac- 
tants, the charge density on micellar surface increases with 
the increase of surfactant concentration and the amount of 
excess of component [71. It is obvious that too low 
a charge density might be liable to induce precipitation or 
turbidity because of the coacervation or flocculation be- 
tween micelles, and that too high a charge density might be 
liable to induce the formation of small micelles. On this 
ground, we might demonstrate the fact that negative 
thixotropy was observed on the boundary between the 
high and the mediate concentration regions, and the con- 
centration forming negative thixotropic systems decreases 
with the increase of the amount of C12S. 

Viscoelasticity 

Some aqueous surfactant solutions are viscoelastic, espe- 
cially the surfactant systems with associating counter ions 
[19-21]. A typical set of systems is that of some cationic 
surfactants associating with certain aromatic organic 
compounds, such as alkyltrimethylammonium and alkyl- 
pyridinium salicylates with alkyl chain lengths from C12 to 
C16 [19-211. 

For the aqueous mixtures of cationic-anionic surfac- 
tants, viscoelasticity could be observed at larger concen- 
tration range. Figure 2 shows the region in which the 
mixtures of C12NE and C12S exhibit viscoelasticity. 

It could be observed that viscoelastic solutions have 
the following features: 

(1) The same as the negative thixotropic solutions, 
viscoelasticity was observed in the region between the 
mediate and the high concentration regions. 

(2) For the mixtures of C12NE and C12S, viscoelastic- 
ity was observed only in nonequimolar systems with C12S 
in excess. 

(3) Some viscoelastic solutions are negative thixo- 
tropic, which could be seen in Fig. 2. 

(4) The viscoelastic solutions with negative thixotropy 
are usually quite stable, especially those which are clear 
transparent. Those without negative thixotropy are usu- 
ally unstable, phase separation occurs and viscoelasticity 
vanishes on standing. 

It used to be thought that the elastic properties were 
a consequence of the rodlike aggregates [19-21]. How- 
ever, considerable investigations show that many systems 
also form rodlike aggregate but the solutions behave as 
normal Newtonian fluids even though the conditions are 
the same for which viscoelasticity had been observed pre- 
viously. Hoffmann et al. thought that [22] it is because the 
chemical relaxation time for the formation of micelles is 
short (it is in the range of tenths of seconds) and no 
permanent network can be formed. 

In our studies on the aqueous mixtures of cationic- 
anionic surfactants, the same puzzling phenomenon was 
encountered. For example, for mixed C12NE-C12S sys- 
tems, viscoelasticity can be observed only when CI~S is in 
excess. The solutions with C~2NE in excess show no vis- 
coelasticity even though its viscosity is very high, such as 
0.1 tool-din -3, 2:1 C~2NE-C~2S solution, which is very 
viscous, but no elasticity can be observed. 

As stated above, some viscoelastic solutions i exhibit 
negative thixotropy and the negative thixotropic solutions 
are usually viscoelastic. The negative thixotropy may be 
likely induced by lamellar or sheet-like micelles. On this 
ground, we thought that, besides rodlike micelles, lamellar 
or sheet-like micelles might induce to viscoelasticity as 
well. For the lamellar or sheet-like micelles, the parallel 
arrangement form of bilayers is destroyed and turn 
to disordered when the solution is sheared, in the mean- 
time, the system may store energy. There might be the 
tendency that the bilayers return to the parallel arrange- 
ment form when shearing is stopped, which may lead to 
the elasticity. 

Since the large polar group of C~ 2NE is unfavorable to 
the parallel arrangement of surfactant molecules the mix- 
tures of C~2NE and C12S are not easy to form lamellar 
micelles when Cj2NE is in excess. On the other hand, the 
lifetime of individual rodlike micelles formed when C12NE 
is in excess might be short, no permanent network could 
be formed. As a result, no elasticity could be observed 
when C12NE is in excess. 

It could be seen from Fig. 2 that the viscoelastic solu- 
tions without negative thixotropy have concentrations 
lower than those with negative thixotropy. In other words, 
their micelles have lower charge density. Therefore, the 
viscoelastic solutions without negative thixotropy might 
have more poor stability, phase separation might occur on 
standing as a consequence of the growth and coagulation 
of micelles. 

High viscosity of shear rate dependent 

Another outstanding feature deviating from Newtonian 
behavior for the mixtures of cationic-anionic surfactants is 
the high viscosity at relatively low concentration. Some 
solutions are so viscous that they can almost not flow at 
normal conditions, such as 0.1 mol. dm -3, 1:1.9 C12NE- 
C12S. 

Using reduced-pressure capillary viscometer, the 
apparent viscosity was determined at different driving 
pressures. It shows that the high viscosity is shear rate 
dependent and the solution shows obvious shear thinning 
properties, no negative thixotropy was observed. A typical 
set of data is shown in Fig. 3. 
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Fig. 3 Aparent viscosity of C~2NE-C~2S 0.1 mol. dm -3, 1:2, 25 ~ 

The phenomenon of high viscosity may be interpreted 
in terms of the existence of three dimension network for- 
med by long rodlike micelles. The network is destroyed 
and the rodlike micelles move along the direction of shear 
stress when the solutions are sheared. As a result, the 
viscosity decreases with the increase of shear rate. This 
conclusion is in agreement with the data of Hoffmann et al. 
in which the highly viscosity and shear thinning properties 
observed with cetyltrimethylammonium bromide-salicylic 
acid (CTAB-SA) are interpreted in terms of the network of 
overlapping rodlike micelles [17-22]. 

Viscosity lowering with increasing concentration 

It is a common understanding that viscosity increases with 
increasing concentration. However, for the aqueous mix- 
tures of cationic-anionic surfactants, a converse change of 
viscosity could be observed. As state above, at the bound- 
ary between the mediate concentration region and the high 
concentration region, the mixtures of cationic-anionic 
surfactants usually exhibit viscoelasticity and negative 
thixotropy and, with the increase of concentration, vis- 
coelasticity and negative thixotropy vanish gradually and 
the solutions became fluent and clear like water. Corres- 
pondingly, the viscosity initially decreases with increasing 
concentration, passes through a minimum, and then in- 
creases again. A typical set of date is shown in Table 3. 

In another paper [7], we propose the model of rod (or 
lamella)-to-sphere transition of micelles. In this model, at 
relative high concentration, with the continuing increase of 
surfactant concentration, the micelle of mixed cationic- 
anionic surfactants undergo a transition from long to 
short rod, and then to spherical shape. In other words, at 
high concentration, micellar size decreases with increasing 
concentration. The sizes of micelles of 1:5 C12NE-C12S at 
high concentration was measured by dynamic light scat- 
tering technique, which is shown in Table 3. It should be 

Table 3 Viscosity and micelle sizes of 1:5 C~2NE-CIzS solution 
(25 ~ 

Total concentration r/* Negative V i s c o -  Micellar 
(mol. dm-3) (cp) thixotropy** elasticity size d/A 

0.10 1.07 No No 20.0 
0.05 0.98 No No 21.0 
0.01 0.90 No No 49.0 
8.0x 10-3 0.88 Yes Yes 65.4 
6.0 x 10-3 0.96 Yes Yes 70.9 
5.0x 10 3 1.03 Yes Yes 113.7 
4.0 x 10 -3 1.06 Yes Yes 186.8 
3.0 x 10- 3*** 

* t/is the average viscosity over a range of P between 1.39 and 21.44 
cm" HzO column 
** For negative thixotropic solutions, the viscosity is that at a time 
t = 0 (minimum viscosity) 
*** Below 3.0 x 10-3 mol-dm-3, precipitation or phase separation 
O c c u r s  

pointed out that, since the micelles in this system are 
charged highly, the strong interaction between charged 
micelles makes the formula by which the micelle sizes are 
calculated [6] not to fit this system quite well, the values in 
Table 3 should be regarded as the "apparent" micelle sizes. 
At any rate, the data in Table 3 do clearly show the relative 
size change during the rod (or lamella)-to-sphere transi- 
sion of micelles. Therefore, the concetration-induced vis- 
cosity lowering might be considered as a result of the 
decrease of micellar size with the increase of concentration. 

The rheological properties of the aqueous 
surfactant two-phase systems 

When a cationic and a anionic surfactant solutions are 
mixed at certain concentration the solution separates 
spontaneously into two immiscible phases with a clear 
interfacial boundary between them [6, 11,23]. Such a 
system may be coined as aqueous surfactant two-phase 
system (ASTP system). If it is formed when cationic surfac- 
tants are in excess, it is called ASTP-C system and when 
anionic surfactants are in excess it is called ASTP-A sys- 
tem. In ASTP-A systems, the two phases are called the 
water-like phase and oil-like phase respectively, not the 
upper and lower phases, since the positions of the two 
phases are changeable with temperature [11]. 

Tables 4-5 show the apparent viscosity (r/) at different 
driving pressures (p) of the two phases. Table 6 shows the 
comparison of the rheological properties between ASTP-C 
and ASTP-A systems. 

As can be seen, both the upper phases of ASTP-C 
systems and the water-like phases of ASTP-A systems are 
very viscous and shear thinning. The lower phases of 
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Table 4 Apparent viscosity of ASTP-C systems ClzNE-Ca2S, 0.05 mol" dm -3, 1.8:1 

Upper phase 
P 46.19 
(cm H20) 

17.41 
(cp) 

Lower phase 
P 
(cm H20) 

(cp) 

51.69 59.59 64.36 65.49 71.29 77.09 79.86 84.89 95.20 110.55 

15.68 13.15 12.56 11.68 10.76 10.09 9.98 9.27 8.45 7.49 

5.71 9.50 13.31 20.80 

0.93 0.91 0.91 0.92 

Table 5 Apparent viscosity of 
ASTP-A systems ClzNE-C12S, 
0.05 mol-dm -3, 1 1.65 

Water-like phase 
P 64.27 
(cm H20) 
~/ 10.10 
(cp) 

Oil-like phase 
P 
(era H20) 
q* 
(cp) 

70.47 7 6 . 7 5  82 .95  8 9 . 1 5  9 5 . 1 9  101.39 107.44 113.64 

9.80 8.67 7.75 7.02 6.53 6.16 5.88 5.23 

7.43 10.61 13.47 19.51 

1.24 1.18 1A7 1.15 

* The viscosity is that at a time t = 0 (minimum viscosity) 

Table 6 Comparison of 
rheologicat properties of ASTP- 
C and ASTP-A systems of 
C12NE-C12S 

ASTP-C ASTP-A 

Upper phase Lower phase Water-like phase Oil-like phase 

Appearance Very viscous Very clear Very viscous Slightly viscous 
Fluid type Non-Newtoniala Newtonian Non-Newtonian Non-Newtonian 

Shear thinning Shear thinning 
Viscoelasticity No No No Yes 
Negative 
thixotropy No No No Yes 

A S T P - C  sys tem are  c lear  l ike water .  The  oi l - l ike phases  
of  A S T P - A  systems are  viscoelas t ic  and  negat ive  th ixo-  
t ropic.  

I t  is in teres t ing to note  tha t  the A S T P - C  systems, p r io r  
to  phase  separa t ion ,  o r  shaken  after phase  separa t ion ,  is 

tu rb id  and no t  viscous, bu t  f rom which a very viscous 
phase  (the upper  phase)  could  be separa ted  out  on  s tand-  
ing. I t  is a p p a r e n t  tha t  the tu rb id  system of  g o o d  fluidity 
would  be an emuls ion  with the the upper  phases  as the 
dispersed phase.  
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