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The effects that both temperature and solute concentra- 
tions exert on specific viscosity are studied in this 
paper. The products used were sodium or triethanolam- 
monium dodecylsulfates or dodecylbenzenesulfonates, 
as surfactants, and tetrasodium or tetrapotassium pyrc~ 
phosphates, as electrolytes. All are of technical quality. 
As temperature decreases, within the temperature range 
studied, a phase separation or an appearance of non- 
Newtonian behavior is noted in many solutions. The 
solutions studied fit, within the accuracy range for 
experimental measurements, an empirical equation that 
agrees with what is called the activated diffusive relax- 
ation model. For this model, the relative viscosity is a 
linear superposition of stresses coming from hydro- 
dynamic interactions and from activation energy due 
to structural relaxation of the uniform distribution of 
micelles in the quiescent micellar solution. Solutions 
containing a dodecylsulfate show very slight hydro- 
dynamic effects. Their activation energy, which is inde~ 
pendent of temperature, becomes greater by increasing 
the concentrations of surfactant and pyrophosphate. 
The specific viscosities of these solutions also increase 
by replacing the triethanolammonium counter-ion with 
sodium. Solutions contnlning sodium dodecylbenzene~ 
sulfonate show considerable hydrodynamic effects, which 
increase with the addition of tetrasodium pyrophosphate. 
The activation energy is independent o f  temperature. 
Solutions containing triethanolammonium dodecyl- 
benzenesulfonate show decreasing activation energy 
values when temperature is increased. Consequently, a 
maximum for specific viscosity appears at a certain 
temperature. This maximum diminishes progressively 
with the addition of pyrophosphate, while the corre- 
sponding temperature becomes higher. From the inves- 
tigation carried out, the necessity for further basic 
studies remains clear. Research should be done on con- 
centrated aqueous solutions containing surfactants and 
electrolytes, taking into consideration the variations 
that their dynamic viscosities present along with com- 
position and temperature. All of this, naturally, must 
be carried out before developmental research on manu- 
facturing, commercialization and usage of such solu- 
tions proceeds. 

The rheology of highly concentrated aqueous solutions 
containing an anionic surfactant and a strong electrolyte 
as solutes is very complicated and has not yet been 
studied systematically (1). 

For spherical micelles of similar sizes in quite diluted 
aqueous solutions, if they are considered comparable to 
dispersed solid particles, the equation for specific viscosity 
~sp is: 

where + is the volume fraction of the miceUes. The 
intrinsic viscosity 1~1 depends on several factors, such 
as the mean radius of hydrated micelles, the thickness 
of the diffuse electrical double layer which surrounds 
the micelle, the electrokinetic potential and tempera- 
ture, as well as the dynamic viscosity, the permittivity 
and the specific electrolytical conductivity of the con- 
tinuous aqueous phase {2-7). 

As the concentration of miceUes increases above the 
critical micellar concentration, the equation which relates 
~sp to the characteristics of micellar dispersion becomes 
more complicated (8-12}. 

At high concentrations, hydrodynamic interactions 
and collisions between micelles have to be taken into 
account. This being the case, the specific viscosity is 
usually represented by the equation: 

q,p = 1ql + + kz+2 + k 3+3 + . . . [2} 

Subsequently, at very high concentrations, inter- 
miceUar interactions can give rise to the formation of 
nonspherical-shaped micelles. 

The activated diffusive relaxation model, described 
by Goodwin (13), establishes that in disperse systems 
at a very low gradient of shear rate the relative viscosity, 
~re~ = ~p + 1, is a linear superposition of stresses, some 
due to hydrodynamic interactions and others to the 
structural relaxation of the uniform distribution of 
miceUes in the quiescent miceUar dispersion. 

When the volume fraction is high, the disturbance in 
the fluid as it flows around each micelle interacts with 
the flow around neighboring micelles. As a result, a 
hydrodynamic increase in viscosity takes place. The 
contribution of these hydrodynamic interactions, qr~l, 
to the relative viscosity of an aqueous system is expres- 
sed as follows: 

qre~ = (1 - kp +)-,,,kp [3] 

where kp is the so-called "crowding factor," which is a 
function of the coordination number of the ordered, 
liquid-like, micellar structure (14). 

When an ordered, liquid-like, micellar structure is 
subjected to shear flow and is strained, then a nonuniform 
distribution is produced. Structural relaxation is caused 
by a long-range diffusive motion in the dispersed phase. 
This is restricted by the repulsive forces of neighboring 
micelles, which produce an activation energy barrier in 
opposition to this process. Assuming that  there is no 
cooperative motion, the activation energy is easily cal- 
culated from the structure and the sum of the pair 
interaction energies. 

The stresses due to structural relaxation contribute 
to the relative viscosity of a system in this way: 
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J exp(E/kT) = [~(16 n nw a3)] exp{E/kT) [4] 

where l~ is Planck's constant divided by 2 n, qw is the 
dynamic viscosity of the continuous aqueous phase, a 
is the mean radius of micelles having similar sizes, E is 
the activation energy for long-range diffusive motion, k 
is Boltzmann's constant and T is the absolute temper- 
ature. 

The complete equation for the activated diffusive 
relaxation model is: 

q~l = qrel + j exp(E/kT) [5] 

At very high concentrations, cooperative motion ac- 
quires an increasing importance, which leads to a rise 
in relative viscosity at a slower rate than that  pre- 
dicted by the preceding equation {15}. 

This model is a micellar close association model (16) 
which is acceptable only for micelles with a narrow size 
range and with very lengthy residence times for each 
monomer in each micelle. 

In this paper, the effects of both temperature and 
the concentrations of solutes {an anionic surfactant and 
a strong electrolyte) on the specific viscosity of aque ~ 
ous solutions showing a Newtonian rheological behav- 
ior are studied. The anionic surfactants used were sodium 
or triethanolammonium dodecylsulfate and dodecyl- 
benzenesulfonate, while the strong electrolytes were 
tetrasodium or tetrapotassium pyrophosphate. 

The interpretation of the results obtained for these 
solutions has been based on Goodwin's activated diffusive 
relaxation model. 

EXPERIMENTAL 

Products. The technical anionic surfactants used at 
concentrations of 0.25 and 0.50 mol]l were the following: 
sodium dodecylsulfate, Na-DS; triethanolammonium 
dodecylsulfate, TEA-DS; sodium dodecylbenzene- 
sulfonate, Na-LAS, and triethanolammonium dodecyl- 
benzenesulfonate, TEA-LAS. Their mean molecular 
weights are 299, 427, 344 and 471, respectively. A 
complete description of these surfactants was presented 
in a previous paper (17). 

A tetrasodium pyrophosphate, Na-PF, and a tetra- 
potassium pyrophosphate, K-PF, were used. Both were 
of technical quality. They were used at concentrations 
of 0.25, 0.50, 0.75, 1.00 and 1.25 eq/I. 

Equipment. Experimental measurements of dynamic 
viscosity were taken at temperature between 5 and 
60°C, according to Scheme 1. The equipment required, 
at each temperature, was the following: 
• A Hettich, model Rotanta]K, thermostatic centrifuge 

was used in order to exclude samples that separate 
into phases after being subjected to an acceleration 
of 25,000 m]s 2 for 30 min. 

• A rotational rheometer Haake, model RV-3, was 
required in order to select those samples that  show 
Newtonian theological behavior. 

• A Hoepler falling-ball viscometer was used for New- 
tonian solutions to obtain their dynamic viscosities. 
The density values required for these calculations 
were done by pycnometry. 

RESULTS AND DISCUSSION 

First, it is necessary to take into account that, as 
temperature decreases, within the temperature range 
studied, a phase separation or an appearance of non- 
Newtonian behavior is produced in many solutions. 
Due to this, the minimum temperature at which dynamic 
viscosity was measured {denoted by tm~} is included for 
each system in every table. 

Solutions containing only an alkaline pyrophosphate. 
The specific viscosity values do not change significantly 
with temperature within the range studied. These values 
are shown in Table 1. The 95% confidence limits diverge 
from these values only in the last digit. 

The plots of specific viscosity versus concentration 
adequately fit linear regressions in which the intercept 
does not differ significantly from zero. The slopes of 
these regressions may be estimated as 2.11 1]mol for 
Na-PF and 0.88 l]mol for K-PF. This difference is ex- 
plained by the greater hydration of the sodium cations. 
To deliberate further, it is necessary to bear in mind 
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TABLE 1 

Specific Viscosity Values for Solutions Containing 
Pyrophosphate as the Only Solute 

Tetrasodium Tetrapotassium 
pyrophosphate pyrophosphate 

Concentration "tinf rlsP "~nf rl sp 

0.25 eq/l 5°C 0.172 5°C 0.039 
0.50 eq/1 5°C 0.282 5°C 0.091 
0.75 eqfl 20°C 0.552 5°C 0.151 
1.00 eq/l 30°C 0.632 5°C 0.211 
1.25 eq/1 35°C 0.687 5°C 0.247 
These values remain unchanged within the range of temperature 
studied. 
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TABLE 2 

Parameters for the Equations Relating Specific Viscosity 
to Absolute Temperature in Solutions 
Containing Dodecylsulfate 

Pyrophosphate 
c o n c e n t r a t i o n  tin f qsp(40) B VNJ 

None 

Sodium dodecylsulfate at 0.25 mol/1 

25°C 0.674 0 

the  fact  t h a t  the  specific v iscosi t ies  of these  pyrophos-  
p h a t e  so lu t i ons  do  n o t  exceed  a va lue  of  0.7. 

Solutions containing a surfactant. Be c a use  of  t he  
d i f fe ren t  b e h a v i o r s  shown  b y  so lu t ions  c o n t a i n i n g  a 
d o d e c y l s u l f a t e ,  s o d i u m  d o d e c y l b e n z e n e s u l f o n a t e  or  
t r i e t h a n o l a m m o n i u m  dodecy lbenzenesu l fona te ,  the i r  re- 
s u l t s  a re  p r e s e n t e d  a n d  d i s c u s s e d  s e p a r a t e l y .  

Solutions containing a dodecylsulfate. These  so lu t ions  
f i t  t he  e q u a t i o n  g iven  below: 

0.25 eq/1 Na-PF 25°C 0.711 
0.50 eq/1 Na-PF 25°C 1.26 
0.75 eq/1 Na-PF 25°C 3.13 
1.00 eq/1 Na-PF 25°C 8.78 
1.25 eq/1 Na-PF 40°C 34.4 

0.25 eq/1 k-PF 40°C 2.04 

Sodium dodecylsulfate at 0.50 

None 25°C 2.04 

0.25 eq/1 Na-PF 25°C 3.13 
0.50 eq/1 Na-PF 25°C 12.5 
0.75 eq/1 Na-PF 30°C 74.7 

0.25 eq/1 K-PF 40°C 16.4 

Triethanolammonium dodecylsulfate 

None 5°C 0.376 

0.25 eq/1 Na-PF 20°C 0.852 
0.50 eq/l Na-PF 25°C 1.06 
0.75 eq/1 Na-PF 25°C 1.68 
1.00 eq/l Na-PF 25°C 3.04 
1.25 eq/l Na-PF 30°C 6.00 

0.25 eq/l K-PF 40°C 0.719 
0.50 eq/l K-PF 40°C 3.85 
0.75 eq/1 K-PF 40°C 34.1 

0 
1.75 1.95 
3.70 0.53 
5.52 1.17 
8.71 0.04 

5.09 5.32 

mol]l 

0 

1.71 0.84 
5.22 0.24 
8.43 0.23 

7.54 1.73 

at 0.25 mol/l 

0 

0 
0.440 6.35 
1.86 4.33 
3.18 0.17 
4.70 0.70 

0 
5.93 1.74 

11.5 0.12 
Triethanolammonium dodecylsulfate at 0.50 mol/1 

None 5°C 0.834 0 - 

0.25 eq/1 Na-PF 20°C 2.43 0 - 
0.50 eq/1 Na-PF 25°C 3.05 0.626 1.94 
0.75 eq/1 Na-PF 25°C 6.74 2.98 1.32 
1.00 eq/l Na-PF 25°C 17.8 5.24 0.34 
1.25 eq/1 Na-PF 30°C 38.9 5.45 0.04 

0.25 eq/l K-PF 30°C 2.48 0.517 2.19 
0.50 eq/l K-PF 40°C 8.35 4.58 2.50 
0.75 eq/l K-PF 40°C 68.0 9.82 0.10 
1.00 eq/1 K-PF 40°C 175.0 12.1 0.86 

In [rlsp/~sp(40)] = 103 B(1/T - 1/313.2) [6] 

The  va lue s  for  p a r a m e t e r s  Wsp(40), speci f ic  v i s c o s i t y  
a t  40°C, and  B in equa t ion  [6], as  well as  the  percen tages  
of t h e  r e s idua l  v a r i a n c e  for t he  l inear  r e g r e s s i o n s  V N J ,  
a re  p r e s e n t e d  in T a b l e  2. [VNJ  --- 100 (1 - r 2) (N - 1)/{N 
-2),  where  r is  t he  l i nea r  r e g r e s s i o n  coeff ic ient  and  N is 
t he  n u m b e r  of t he  p a i r s  of da ta . ]  

A s  th i s  t a b l e  shows ,  p a r a m e t e r  B does  n o t  d i f fer  
s igni f icant ly  f rom zero in solu t ions  wi thou t  pyrophos-  
pha t e .  The  s a m e  occurs  in some  so lu t ions  c o n t a i n i n g  
0.25 eq/1 of p y r o p h o s p h a t e .  In  t h e s e  cases ,  t he  95% 
conf idence  l im i t s  for  each  qsp(40) va lue  d i v e r g e  f rom 
th i s  in t he  l a s t  d i g i t  a p p e a r i n g  in Tab le  2. The  r e s t  of 
the  solu t ions  p re sen t  c lear ly  pos i t ive  va lues  for p a r a m e t e r  
B. 

I f  t he  dodecy l su l f a t e  concen t r a t i on  r e ma ins  cons t an t ,  
p a r a m e t e r s  qsp(40) a n d  B b e c o m e  g r e a t e r  b y  i n c r e a s i n g  
the  p y r o p h o s p h a t e  concen t r a t i on .  If,  on t h e  c o n t r a r y ,  
i t  is  t he  p y r o p h o s p h a t e  c o n c e n t r a t i o n  t h a t  r e m a i n s  
c o n s t a n t ,  b o t h  p a r a m e t e r s  i nc rea se  b y  d u p l i c a t i n g  t h e  
dodecy lsu l fa te  concen t ra t ion  or  b y  rep lac ing  the  tri- 
e t h a n o l a m m o n i u m  counte r - ion  w i t h  sod ium.  

The  r e p l a c e m e n t  of  N a - P F  b y  K - P F  p r o d u c e s  a pro-  
nounced  increase  in the  p a r a m e t e r s  ~sp(40) and  B, excep t  
for t hose  so lu t ions  con ta in ing  0.25 eq/l of p y r o p h o s p h a t e  
and  0.25 or  0.50 mol/1 of T E A - D S .  

Solutions containing sodium dodecylbenzenesulfonate. 
These  so lu t ions  f i t  the  fo l lowing  equa t ion :  

ln[(rIsp - Q)/(qsp(40) - Q)] = 103 B(1/T - 1/313.2) [7] 

The  va lue s  for  t he  t h r e e  p a r a m e t e r s  in e q u a t i o n  [7], 
as  well  as  t he i r  c o r r e s p o n d i n g  v a l u e s  for  V N J ,  a re  
p r e s e n t e d  in Tab le  3. [VNJ  = 100 (1 - r 2) (N - 1)/(N -2),  
where  r is the  l inear  r e g r e s s i o n  coeff ic ient  and  N is the 
n u m b e r  of  t he  p a i r s  of  da ta . ]  

TABLE 3 

Parameters for the Equations Relating Specific Viscosity to Absolute Temperature 
in Solutions Containing Sodium Dodecylbenzenesulfonate 

Concentration Pyrophosphate 
of surfactant concentration thf Q rlsp(40) B VNJ 

0.25 mol]l None 5°C 0.7 1.99 5.08 0.22 
0.25 moll1 0.25 eq/1 20°C 1.6 7.27 10.4 0.40 
0.50 tool/1 None 15°C 9.0 66.0 9.74 0.08 
0.50 tool/1 0.25 eq/1 40°C 16.0 247. 3.65 1.24 
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The addition of 0.25 eq/1 of Na-PF  to the solution 
containing only 0.25 mol]l of Na-LAS increases the 
values for the three parameters .  However,  if this  addi- 
t ion is carried out in the solution containing 0.50 mol]l 
of Na-LAS, pa ramete r s  ~p(40) and Q increase, but  B 
decreases to less than  half its initial value. 

By increasing the Na-LAS concentrat ion f rom 0.25 
to 0.50 mol/1, in sys t ems  without  Na-PF, the values for 
the three pa rame te r s  increase. However,  if the sys t ems  
contain 0.25 eq/l of Na-PF, the increase in Na-LAS 
concentrat ion f rom 0.25 to 0.50 tool/1 raises the values 
of the pa rame te r s  r]sP(40) and Q, bu t  it decreases B to 
less than  half i ts  initial value. 

Solutions containing triethanolarnmonium dodecyl- 
benzenesulfonate. The solutions without  pyrophosphate  
fit equat ion [6]. The values for pa ramete r s  rl~p(40) and 
B, as well as the V N J  values, are presented in Table 4. 

The solutions with a pyrophosphate  fit this equation: 

ln[(~,p - Q)/(~,p(40) - Q)] = 10~ B(1/T - 1/313.2) 
- 106 C(1/T2 - 1/313.22) [8] 

The values for the four pa ramete r s  in equat ion [8], 
as well as the values for the multiple regression coefficient 
R, are presented in Table  4. 

Pa ramete r s  Q and C become clearly superior to zero 
by  adding pyrophospha te  up to 0.25 eq/1 to solutions 
wi th  TEA-LAS at  0.25 or 0.50 molfl. Moreover,  high 
increases in pa rame te r s  ~p(40) and B also are produced. 

The solution containing 0.25 molfl TEA-LAS exhibits 
a re levant  increase in the four pa rame te r  values when 
the Na-PF concentrat ion is raised f rom 0.25 to 0.50 
eq/1. I f  this  concentrat ion ascends to 0.75 eq/1, ~sp(40) 
keeps on increasing and Q becomes null, while B and C 
decrease significantly. A fur ther  addition of Na-PF up 

to 1.00 eq/1 produces a reduction in the values for 
rl~p(40), B and C, while Q remains  null. 

In  reference to the solution containing 0.50 tool/1 
TEA-LAS,  the increase in the Na-PF concentrat ion 
f rom 0.25 to 0.50 eq/1 gives a null value for Q and 
produces a decrease in the other three parameters .  
Fur thermore ,  pa rame te r  Q remains  null and r}sp(40), B 
and C diminish by increasing the Na-PF concentrat ion 
f rom 0.50 eq/1 to 1.00 eq/1. 

Because in each of these sys t ems  specific viscosi ty  
fits equat ion [8], it passes  th rough  a m a x i m u m  when 
the t empera tu re  has a value of 

tm~ + 273.2 = 2o103 C/B 

Both  sets of values, tm~ and their  corresponding 
max imum specific viscosity, ~SPm~, are included in Table 
4. 

The influence t ha t  the addition of a pyrophospha te  
exer ts  on rl"pm~ and tm~ in a solution already contain- 
ing 0.25 eqfl should be emphasized.  Thus,  ~SPm~ dimin- 
ishes progressively,  and t ~  becomes higher. 

In order to facili tate the s tudy  of the relat ionship 
between the values for lnv~p and 1/T for each of the 
pyrophosphate concentrations, their corresponding graphs 
have been plot ted in Figures  1 through 4. 

F rom the analysis  of these curves it can be inferred 
tha t  the addit ion of py rophospha te  to a solution con- 
taining 0.25 molfl of TEA-LAS always leads to an increase 
in specific viscosity.  On the contrary,  if the concentra- 
t ion of sur fac tan t  is 0.50 mol/1, the solution wi thout  
pyrophospha te  presents ,  below 25°C, a higher specific 
viscosi ty than  the solutions containing a pyrophosphate.  
I t  also can be deduced that ,  at  low enough tempera-  
tures,  the specific viscosi ty  of a solution containing 

TABLE 4 

Parameters for Equations Relating Specific Viscosity to Absolute Temperature 
in Solutions Containing Triethanolammonium Dodecylbenzenesulfonate 
Pyrophosphate 
concentration "tin f Q rlsp(40) B C tma z rlSPma x Adjustment 

Triethanolammonium dodecylbenzenesulfonate at 0.25 moi]l 

None 15°C 0 5.71 6.59 0 - VNJ=0.38 

0.25 eqfl Na-PF 20°C 4 40.2 56 .78  7.142 -22°C 2840 R--0.9995 
0.50 eq/l Na-PF 5°C 7 76.1 123.2 17.62 13°C 358 R=0.9998 
0.75 eq/1 Na-PF 20°C 0 94.3 100.5 15.05 26°C 130 R--0.9995 
1.00 eqfl Na-PF 30°C 0 72.4 82.45 12.76 36°C 74 R--0.9993 

0.25 eq/1 K-PF 5°C 6 52.0 199.8 28.84 15°C 397 R=0.9984 

Triethanolammonium dodecylbenzenesulfonate at 0.50 molfl 

None 15 ° C 0 292. 8.28 0 - VNJ-- 0.08 

0.25 eqfl Na-PF 5°C 25 361. 57.0 7.86 2°C 1520 R=0.9999 
0.50 eqfl Na-PF 5°C 0 256. 41.9 5.96 12°C 466 R=0.9989 
0.75 eqfl Na-PF 15°C 0 152. 26.6 3.84 15°C 204 R--0.9944 
1.00 eqfl Na-PF 25°C 0 110. 20.5 3.00 19°C 129 R=0.9908 

0.25 eqfl K-PF 5°C 38 311. 83.0 11.9 15°C 745 R=0.9998 
0.50 eq]l K-PF 25°C 0 154. 58.0 8.92 34°C 159 R=0.9972 
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FIG. 1. Relationship between In ?~sp and 1000IT for solutions 
containing 0.25 mol/l of triethanolammonium dodecylbenzene- 
sulfonate and tetrasodium pyrophosphate. (D, 0.00; *, 0.25; O, 
0.50; A, 0.75; x, 1.00 eqfl). 
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FIG. 3. Relationship between In I~ sp  and 10001T for solutions 
containing 0.25 molll of triethanolammonium dodecylbenzene- 
sulfonate and tetrapotassium pyrophosphate. (D, 0.00; *, 0.25 
eq/l). 
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103/T 

FIG. 2. Relationship between In ~sp and 1000IT for solutions 
containing 0.50 mol/i of triethanolammonium dodecylbenzene- 
sulfonate and tetrasodium pyrophosphate. ([7, 0.00; *, 0.25; O, 
0.50; A 0.75; x, 1.00 eq/l). 

8 
In qSp 

5 

;2.8 3.0 3.2 3.4 3.6 :3.8 

103IT 

FIG. 4. Relationship between In r f P  and 10001T for solutions 
containing 0.50 mol/l of triethanolammonium dodecylbenzene- 
sulfonate and tetrapotassium pyrophosphate. (D, 0.00; *, 0.25; O, 
0.50 eq/l). 
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TEA-LAS may diminish when the pyrophosphate  con- 
centrat ion is raised. The following case may be men- 
tioned as a typical example: The addition of Na-PF up 
to 0.50 eq/1 to a solution containing 0.50 mol/1 of TEA- 
LAS reduces, at 15°C, the specific viscosity from 2730 
to 449; whereas at 60°C this addition provokes an 
increase in specific viscosity from 59 to 99. That  is to 
say, at 15°C, at which many hydrogen bonds are present, 
specific viscosity suffers a decrease of 84%; at 60°C, a 
tempera ture  a t  which there are only a few hydrogen 
bonds left, the specific viscosity increases to 68%. 

INTERPRETATION OF RESULTS 

With respect to the explanation of the behaviors found 
in the solutions studied, the two following hypotheses  
may  be assumed. 

(i) If the parameters  qrel and J in equation [5] do not  
change significantly with tempera ture  within the range 
studied, then tha t  equation can be t ransformed into 
the following one: 

In [(~1 _ q~,l)/(~r,l(40) _ qr,1)] = 
(E/k} (1/T - 1/313.2) [9] 

where ~?~1(40) is the relative viscosity at 40°C. 
(ii) If the activation energy for long-range diffusive 

motion may be expressed by the following function of 
temperature:  

E = E e - A / T  [10] 

where E o and A do not  change significantly with tem- 
perature  within the range studied, then Equat ion [9] 
can be converted into the one below: 

In [ (~rel- q r e l ) / ( u r e l ( 4 0 )  - qr~l)] = 
(Eo/k) (1/T - 1/313.2) - (A/k)(1/T 2 - 1/313.22) [11] 

If it is assumed tha t  the parameter  qrel does not  
significantly differ from unity, then Equat ion [9] is 
equal to Equat ion [6], which was found to be valid for 
those solutions containing Na-DS or TEA-DS, and for 
those containing TEA-LAS as the only solute. The 
parameter  103 B in Equat ion [6] corresponds to the 
parameter  E/k in Equat ion [9]. 

Uni ty  values for qre| may be due to the fact tha t  
intrinsic viscosity, 1~, for micelles is very  low. Thus, 
Equat ion [3] results as follows: 

qr,~ = (1 - kp +} -,,,kp ~- (1 - kp ~}o _- 1 [12] 

Equat ion [9] is equal to Equat ion [7], which was 
found to be valid for those solutions containing Na- 
LAS, and where Q = qrel - 1 and 103 B = E/k. 

Finally, Equat ion  [ l l ]  is equal to Equat ion [8], which 
is valid for those solutions containing TEA-LAS and 
pyrophosphate,  where Q = qrel _ 1; 103 B ---- EJk ,  and 
106 C = A/k. 

Consequently, all the experimental  results can be 
explained if the equation for the act ivated diffusive 

relaxation model, modified according to the hypotheses 
proposed above, is acccepted. 

With respect to the explanation of the behavior 
found in solutions containing TEA-LAS and a pyro- 
phosphate,  with an activation energy for long-range 
diffusive motion, E, which increases when tempera ture  
is raised, the following can be assumed: 

(a) The large micelles formed in these solutions are 
surrounded by a layer of water  molecules. These mole- 
cules are joined by hydrogen bonds to the hydroxyl  
groups of the t r ie thanolammonium cations si tuated in 
the Gouy-Chapman and Stern layers of the micelles. 

(b) This aqueous layer, because it contains alkaline 
pyrophosphate  ions, helps to "screen" the electrostatic 
repulsion forces between micelles. Thus, the higher the 
p y r o p h o s p h a t e  co n cen t r a t i o n  is, the  g rea t e r  the  
"screening" effect. 

(c) An increase in the "screening" effect produces a 
decrease in the activation energy for long-range diffusive 
motion. 

(d) As temperature  becomes higher, a breakdown of 
hydrogen bonds take place. Consequently, the efficiency 
of the "screening" process goes down as temperature  
increases. 

(e) The rise in the "screening" process, caused by an 
increase in the concentrat ion of pyrophosphate,  leads 
to a drop in the ~sp~,,~ value, as well as to an increase in 
the tm,~ value. 

(f) The addition of pyrophosphate  to a solution con- 
taining 0.25 mol/l TEA-LAS provokes, within the range 
of tempera ture  studied, an increase in viscosity as may  
be observed in Figures 1 and 3. Nevertheless, as can be 
deduced from inspection of Figures 2 and 4, if the 
concentrat ion of TEA-LAS is 0.50 mol/1 and tempera- 
ture s tays  below 30°C, the opposite effect takes place 
when pyrophosphate is added. These contrasting effects 
may  be a t t r ibuted  to the difference in magnitude of the 
intermicellar repulsions in each solution, because they 
are obviously higher at a double concentrat ion of TEA- 
LAS. 

The influence of the changes in the surfactant  anion, 
in its counter-ion and in the cation of pyrophosphate  
will be analyzed extensively in a subsequent  paper. 

To sum up, interactions among water, surfactants  
and alkaline pyrophosphates  are very  complex, and a 
satisfactory explanation of rheological behaviors of aque- 
ous media containing them requires additional studies. 
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