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The Properties and Structures of Aqueous

Sodium Caprylate Solutions

III. The Viscosities at Temperatures between 20° and 40°C
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of Engineering Sciences, Stockholm, Sweden

The viscosities of sodium caprylate solutions have been measured
with capillary viscometers at 20°, 25°, 30°, 35°, and 40°C. From the
temperature dependence of the relative viscosity and the magnitude
of the activation energy for viscous flow it is evident that sodium
caprylate behaves like a spherocolloid up to the 3rd CMC, but no
longer above the latter concentration. Over the concentration range
from the CMC to the 3rd CMC, the concentration dependence of the
viscosity can be expressed by the equation log nrel = A3C[(1—Q’C),
but this range is divided into two sections with different values of the
constants A; and Q’, one between the CMC and the 2nd CMC and the
other between the 2nd and 3rd CMC. The molar volume of the caprylate
of the micelles increases at the 2nd CMC. This change is connected
with an increased binding of water by the micelles, which in turn
seems to be due to an increased degree of the counterion binding.
The changes that occur at the 2nd CMC became more pronounced
at higher temperatures.

From viscosity and other measurements we have concluded that changes
occur in the structures of sodium caprylate solutions in the concentration
range above the CMC.%:2 In order to determine to what extent these structural
changes depend on temperature we have measured the viscosities of sodium
caprylate solutions at several temperatures between 20° and 40°C. We have
also wished to determine if these structural changes are revealed by the
temperature dependence of the viscosity.

The soap was prepared and the measurements were carried out as described
previously.l.2 The solutions were sealed in ampoules, which were stored at
20°C until they were transferred to thermostats. The ampoules were kept in
the thermostats for at least 2 h before they were opened to permit transfer
of the solutions to capillary viscometers. Thus, the temperature of the solutions
usually was increased from 20°C to a higher value, but in several cases the

Acta Chem. Scand. 19 (1965) No. 3 3



574" EXWALL AND HOLMBERG

solutions were first kept for some time at a higher temperature before they
were cooled to the temperature where the measurements were performed.
These variations in the treatment of the solutions did not affect the results.
The densities of the solutions were measured with Ostwald-Sprengel pycno-
meters at every temperature where the viscosity measurements were carried
out. The accuracy of the results was somewhat lower (4 5 in the fifth decimal
place) than that of our previous results at 20°C. The determined densities and
viscosities are collected in Table 1.

THE TEMPERATURE DEPENDENCE OF THE VISCOSITY AND THE
ACTIVATION ENERGY OF VISCOUS FLOW

The relative viscosities of spherocolloids vary as a rule only slightly with
temperature; even at high colloid concentrations the decrease in viscosity
with increasing temperature is relatively small. In the case of colloids that
form anisometric particles, however, an increase in temperature leads to a
marked lowering of the relative viscosity, especially when the concentrations
are high.

The data in Table 1 reveal that the temperature dependence of the viscosity
of sodium caprylate solutions differs greatly in different concentration ranges.
At concentrations up to 29 9, the relative viscosity decreases only slightly
with increasing temperature; the relative viscosities at 40°C are only 2—4 9,
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576 EKWALL AND HOLMBERG

lower than the relative viscosities at 20°C. This weak temperature dependence
shows that we here have to do with a spherocolloidal system. When the
concentration exceeds about 29 9,, the temperature dependence increases
rapidly to a tenfold value for the 40 9, solution. This indicates that the micellar
structure has undergone a change and the behaviour is no longer that of a
colloid that forms spherical particles. The increasingly greater dependence
of the viscosity on temperature implies an increasing degree of anisometry
of the micelles.

The greater part of our experimental data is presented in Fig. 1 in the
form of plots of the logarithm of the dynamic viscosity (log #) against reciprocal
absolute temperature since the viscosities of many liquid systems decrease
logarithmically as the temperature is raised in accordance with eqn. (1)

n = B X exp(E/RT) (1)

In this equation # is the dynamic viscosity, £ the activation energy of viscous
flow, R the gas constant and 7' the absolute temperature. The data for the
sodium caprylate solutions give plots that are approximately linear, especially
at the higher concentrations. The slopes of the plots are rather small at low
concentrations, but increase considerably at sodium caprylate concentrations
above 30 %,.

The slopes and thus the values of the activation energy of viscous flow,
E, can be taken as measures of the temperature dependence of the viscosity.
Fig. 2 shows that the activation energy increases slowly with increasing
caprylate concentration from a value of 3970 cal/mole for water to a value
of about 4200 cal/mole for the 7 9, solution (0.42 C), but then remains constant
up to a caprylate concentration of 29—30 9, (1.8—1.9 C). Above the latter
concentration the activation energy increases rapidly to the value 7670 cal/mole
for the 40 %, solution (2.5 C).

The activation energy is hence constant from the CMC (0.35 C) to the
3rd CMC (1.8—2.0 C). Our viscosity data at 20°C demonstrated that the micelles
are spherical in form from a concentration immediately above the CMC up
to a concentration of about 1.3 C, i.e. above the 2nd CMC, and that larger
deviations from the spherical form hardly occur before the concentration
exceeds the 3rd CMC.? This view is strongly supported by the present data
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Fig. 2. The activation energy of viscous
30001 flow in sodium caprylate solutions.
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on the temperature dependence of the relative viscosity and the fact that the
activation energy does not change in the range between 0.42 and 1.8—1.9 C.
The resistance offered by the micelles to the flow of the solvent hence changes
in a similar way with increasing temperature over this range. The marked
change in the temperature dependence of the viscosity as revealed by the
rapid increase in the activation energy above the 3rd CMC is a sign that the
resistance to flow offered by the micelles is of another type than at lower
concentrations and is evidently due to a change in the structure of the micelles.
These new observations are in agreement with our previous conclusion that
the spherical micelles change into cylindrical micelles above the 3rd CMC.
It is unknown whether the marked decrease in viscosity noted with increasing
temperature is due to a decrease in the micelle length or to some other cause.

The determination of the temperature dependence of the relative viscosity
and of the magnitude of the activation energy thus offers a sensitive method
for the detection in association colloid systems of deviations from the spherical
form of the micelles.

In the following we shall examine the experimental data mainly to elucidate
how an increase in temperature alters the structure of caprylate solutions in
the concentration range below the 3rd CMC, where the micelles are spherical.

THE VARIATION OF THE CMC WITH TEMPERATURE AND THE HEAT OF
MICELLE FORMATION

Previously we have found that when values of #.,/C for sodium caprylate
solutions are plotted against the molar concentration C, the critical concentra-
tion is revealed by a point of intersection of two linear parts of the viscosity
curve.? The height above the axis of the lower, almost horisontal part of the
curve below the CMC is given by the value of the constant 4, in eqn (2).

7:/C = (4 1/\/5) + 4, (2)

The linear rising part of the curve immediately above the CMC can be repre-
sented by an equation of the type

Nep/C = a;" + a,'C (3)

where a,’ and a,’ are constants.

The viscosity curves have the same form also at higher temperatures.
The height of the section below the CMC decreases somewhat with increasing
temperature, the values of the constant 4, are 0.94, 0.90, 0.87, 0.84, and
0.82 at 20°, 25° 30°, 35°, and 40°C. The slope of the linear part above the
CMC remains unchanged and the value of the CMC increases from about
0.31‘5‘ C at 20° to about 0.38 at 40°C. The plot of log CMC versus 1/T is shown
in Fig. 3.

We have estimated the heat of micelle formation 4H,, from the equation
proposed by Stainsby and Alexander 3

AH,, = —RT? (3 In CMC/3T), (4

The value of 4H_ increases slightly with temperature from —0.57 at 20° to
—0.96 kcal/mole at 40°C, with a mean value of —0.76 kcal/mole.

Acta Chem. Scand. 19 (1965) No. 3
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THE INTRINSIC VISCOSITY OF THE MICELLAR SUBSTANCE

The intrinsic viscosity of the micellar substance [#,] can be calculated
from the data on the linear section of the plot of 7s m/C,, against C, in the
range immediately above the CMC.

(et m —1)/Cy = Nsp m[Cry = [m1] + a'Cy (8)

C, (= Oy —CMC) is the concentration of micellar substance and #rei m
(= Rexp/flemc) its relative viscosity, and a,’ is a constant. Extrapolation to
the value C,, = 0 gives for [5,] values between 0.78 and 0.84 litres/mole,
which are of the same magnitude as the value 0.83 litre/mole previously found
at 20°C.2 No trend with temperature is evident in these values.

The value of the shape factor, the constant a; in the general expression (6),

ha=1-+a, @+ ay®?+ ... (6)
can be derived from the value of the intrinsic viscosity with the aid of eqn. (7).
(1] =a,V (7)

In expression (6) @ is the volume fraction occupied by particles, a; = 2.5 for
systems containing spherical particles and @, = k,a,.2 In eqn. (7) V is the
molar volume of the hydrated micelle substance.

In the calculation of [#,] we have taken into account the contributions
of the micelles and their bound and free counterions upon the viscosity.
The values of V should therefore also include the volume of these counterions.
By our previous calculations at 20°C we have used the value V = 0.33
litre/mole, the mole volume of micellar substance with a total counterion
binding. As we shall see below this value does not vary significantly in the
temperature range from 20° to 40°C. Using V = 0.33 litre/mole for all tempera-
tures we get for the constant a, values between 2.55 and 2.37 which show
that the micelles in the concentration and temperature ranges in question are
spherical or almost spherical in form.

Acta Chem. Scand. 19 (1965) No. 3



AQUEOUS SODIUM CAPRYLATE SOLUTIONS III 579

The same result is, of course, obtained if one calculates the volume fraction

of the micellar substance @, using the above mentioned value of ¥ and then
plots the log(#sp w/P,) against @,. These curves are at higher temperatures,
as at 20°C, linear up to a concentration of about 1 C, i.e. almost up to the
2nd CMC, and the value of a,, derived by extrapolation to @, = 0, is that
characteristic for spherical micelles.

THE VOLUME OCCUPIED BY THE MICELLAR SUBSTANCE

We have found previously that the variation of the viscosity of sodium
caprylate solutions with concentration at 20°C from the CMC to rather high
concentrations can be represented by eqn. (8)% which is valid for suspensions

of spherical particles
log 7:a/C = A4; + Q' log e (8)

In this equation 4; and @' are constants. 43 = 2.5 ¥/2.303 litre/mole where

V = @/C litre/mole is the rigid volumo of the solute including any water
of hydration which is held too firmly to participate in the viscous shearing

process. @ is the volume fraction of hydrated substance. @' = QV, where

log !lrel

0.8+ Cc
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04—

0.3 log |"rel
| 1 1 |
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Fig. 4. Plot of log nret/C versus log nret of sodium caprylate solutions above the CMC at
temperatures between 20° and 40°C. The full drawn curve gives previous results at 20°C
(Ref. 2). New measurements: 20°C O; 25°C +; 30°C @; 35°C x; 40°C [].
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580 EKWALL AND HOLMBERG

@ is an interaction parameter dealing with neutral interferences between
spheres and their Brownian motion.4,5 We obtained constant values of 45 and
@' from 0.45 C (slightly above the CMC) up to about 1.3 C at 20°C. Above the
latter concentration the values of the constants changed slightly but then
remained practically unaltered up to about 1.8—1.9 C where their values
changed greatly.?

Although our density and viscosity data at higher temperatures are not
so accurate as those at 20°C, we have attempted to determine the validity of
eqn. (8) at higher temperatures. Our complete set of viscosity data are presented
from this point of view in Fig. 4. The previous data at 20°C are plotted as a
continuous line.2 The new data are marked by symbols, one for each tempera-
ture. The new experimental values at 20°C fall close to the continuous line.
The points are seen to shift toward the horizontal axis with increasing tempera-
ture. This shift is smallest in the range between about 1.2 and 1.8 C where
the values from the different temperatures lie so close to each other that
all could be taken to lie on the same curve. Above 1.8 C the values for the different
temperatures follow different courses and the distances between the curves
increase rapidly with rising concentration. Below 1.2 C the order is similar
but the spread of the values is much smaller.
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Fig. 5. Examination of the validity of equation log nret/C = A4, + @’ log nre1 in sodium
caprylate solutions above the CMC at different temperatures.
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Plots of log #:a/C against log #:a at the different temperatures are drawn
in Fig. 5. The plots for all temperatures are practically linear with the same
slope @' and the same intercept 4, in the intermediate range between about
1.2 and 1.8 C. The lower limit of this range shifts to lower concentrations
with increasing temperature from about 1.3 C at 20° to about 1.1 C at 40°C.
The plots have approximately linear sections also below these limits which
extend to a concentration slightly above the CMC, to about 0.45 C at 20°
and about 0.57 C at 40°C. The slopes @’ of these sections increase slightly with
temperature, whereas the values of the constant A; diminish somewhat.
The values of the constants are given in Table 2.

Thus, the study shows that eqn. (8) represents the concentration dependence
of the viscosity at all temperatures up to a concentration of about 1.8 C, the
3rd CMC, i.e. in that concentration range where the micelles are spherical or
closely so. The range where the equation is valid is divided into two parts
with a boundary at 1.1—1.3 C, the 2nd CMC; this boundary is more marked
at higher temperatures. The value of the constant 4 is independent of tempera-
ture above the 2nd CMC, but diminishes with rising temperature below this
concentration.

Table 2. Values of the parameters 4, and @’ in different concentration ranges at different

temperatures.
0.5—1.1C 1.2—-18 C
Temp.
°C
44 Q 4, Q

20 0.321 0.274 0.344 0.241
25 0.314 0.279 0.343 0.242
30 0.306 0.290 0.341 0.243
35 0.298 0.310 0.342 0.242
40 0.294 0.318 0.343 0.240

The spherocolloidal nature of sodium caprylate in both the mentioned
concentration ranges makes it justified to calculate the molar volume V of
the micellar substance with the aid of the relation V = 2.303 A4,/2.5. The

data in the range between the 2nd and the 3rd CMC yield the value ¥ = 0.316
litre/mole at all temperatures, but the data below the 2nd CMC yield values

that decrease with rising temperature: Voo = 0.295, V,s = 0.288, V;, = 0.282,
Vg5 = 0.275, and V,, = 0.271 litre/mole.

HYDRATION OF MICELLES

The preceding mole volumes apply to the hydrated micellar substance.
The fact that the mole volume remains constant but has a different value
in the two concentration ranges is an indication that the binding of water

Acta Chem. Scand. 19 (1965) No. 3



582 EKWALL AND HOLMBERG

to the micelles is constant within both ranges but changes by passing from
the one range to the other, that is at the 2nd CMC. The variation of the molar
volume with temperature in the lower concentration range suggests that
the binding of water varies also with temperature in this range.

The evaluation of the hydration number, the number of water molecules
bound by one mole of micellar caprylate, is somewhat uncertain, because
we did not know with certainty the mole volume of caprylate in unhydrated
state in the micelles, and because we are not certain that the difference between
volumes of hydrated and unhydrated caprylate is fully occupied by water
molecules.

In our previous calculations for the mole volume of unhydrated micellar
caprylate we used the value V, i, = 0.137 litre/mole estimated for sodium
caprylate with hydrocarbon chain in liquid state and the values of the partial
molal volume of caprylate determined by density measurements.2 On the
assumption that the volume difference is fully taken up by water molecules
we get a hydration number between 8.9 and 8.5 moles of water per mole
of micellar caprylate between CMC and the 2nd CMC at 20°C.2

When the molar volume of unhydrated sodium caprylate is taken to be
Voiq = 0.137 litre/mole the hydration number is found to be about 10 in
the range between the 2nd and 3rd CMC, where the molar volume of the
hydrated caprylate is 0.316 litre/mole irrespective of the temperature. If the
volume of unhydrated caprylate is taken to be equal to the partial molal
volume in this range, the hydration number is slightly lower and decreases
with rising temperature from 9.55 at 20° to 9.35 at 40°C. (The partial specific
volumes are 0.872 at 20°, 0.878 at 25°, 0.882 at 30°, 0.889 at 35°, and 0.893 ml/g
at 40°C.)

The following hydration numbers are computed for the range between
the CMC and the 2nd CMC: 2 = 8.9—8.5 at 20°, 8.4—8.0 at 25° 8.1—7.6 at
30°, 7.7—17.2 at 35°, and 7.5—6.9 at 40°C. (The higher values were computed
using ¥V, 5q = 0.137 litre/mole, the lower values using the following experi-
mentally determined values of the partial specific volumes: 0.856 at 20°,
0.871 at 25°, 0.874 at 30°, 0.881 at 35° and 0.887 g/ml at 40°C). An increase
of temperature from 20° to 40°, thus, seems to cause a decrease of the water
binding of about 1.5 moles of water per mole of micellar caprylate. This
implies that the change in the water binding of micelles at the 2nd CMC
becomes greater with rising temperature.

The reason for the increase in the binding of water that occurs at all
temperatures at the 2nd CMC we have previously ascribed to an increased
counterion binding by the micelles.2 As a consequence the observed decrease
in the water binding with rising temperature should also be ascribed to changes
in the counterion binding; one must not, however, disregard the possibility
that the ions that compose the micelles may be less hydrated and that the
water of hydration of the micelles may be less strongly bound at higher
temperatures. These factors together may well explain the observed changes
in the hydration number with rising temperature.

The preceding discussion has been related to the binding of water by
micelles in concentration ranges where the counterion binding by the latter
is far from complete. We have previously estimated the degree of water

Acta Chem. Scand. 19 (1965) No. 3



AQUEOUS SODIUM CAPRYLATE SOLUTIONS III 583

binding when the counterion binding is complete from the water contents
of concentrated sodium caprylate solutions and the mesomorphous middle
soap in equilibrium with the latter at 20°C. We have now determined these
same water contents at 30° and 40°C. The water content of saturated sodium
caprylate solution and mesophase in equilibrium with one another remain
practically unaltered by rising temperature. We have found 13.6 9, water
in the former and 10.8 9%, water in the latter phase. This gives as the most
probable value a volume of 0.33 litre/mole for hydrated sodium caprylate
with complete counterion binding in the temperature range in question.

Acknowledgements. The experimental measurements described in this paper were
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