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The dynamic surface tension (DST) of decanoic acid, Triton
X-100, and Brij 58 solutions is studied by the so-called “peaktensi-
ometry’” method. The obtained results are interpreted by a theoret-
ical modet for diffusion-controlled adsorption. Reasonable values
for diffusivities of the studied surfactants are obtained. The appli-
cability of the peaktensiometry method to studies of the DST of
submicellar and micellar surfactant solutions is demonstrated.
™ 1995 Acadentic Press, Tnc.

INTRODUCTION

There is a great varicty of experimental methods for the
study of the dynamic surface tension (DST) of surfactant
solutions (1-5). Some of them are based on surface tension
mecasurements during periodically (2, 3) or continuously
cxpanded solution/air interfaces (4, 5). Very recently a new
experimental method, called “*peaktensiometry,”’ was pro-
posed by van Uffelen and Joos (6). This method is based
on a measurement of the DST of a linearly expanded sclu-
tion/air surface. The experiments are carried out in a Teflon
trough supplied with a Teflon barrier. The barrier is moved
at a constant speed, thus expanding solution/air interface.
The latter has been initially in equilibrium with the bulk of
the solution. The surface tension measured by a Wilhelmy
plate passes through a maximum (a peak) during the surface
expansion, A theoretical model for the case of diffusion-
controlled adsorption has been proposed. The model allows
calculation of the surfactant diffusivity from the experimen-
tal data if the equilibrium surfactant adsorption is known.
The experimental results for relatively diluted solutions of
decanoic acid have been in agreement with the theory. The
experimental sctup used in Ref. (6). however, does not allow
studies of surfactant sotutions for which the equilibrium sur-
face tension is lower than ~45 dyn/cm. This makes the
experimental technique inapplicable in the concentration
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range close to the critical micellization
(CMC}), which is of main interest for the practice.

The aims of the present work are (i) further v %
of the theoretical model with different surfactants and {ii
an improvement of the experimental setup for the peakiens
ometry technique in order to enlarge its applicability to
wider concentration range.

Experiments with different kind of barriers in a wide cor
centration range of surfactants have been performed. ™™
best results have been obtained with a glass barrier. In 2
case it has been possible to conduct experiments at ar
surfactant concentration, independent of the surface #~ -
value. The results obtained for decanoic acid and the nor
ionic surfactants Brij 58 and Triton X-100 are in agreemen
with the predictions of the theory.

THECGRY

The theory of the peaktensiometry method is given i
detail in Ref. {6). Here we will review only the main poin
together with an analysis of the predictions of the theoretic:
model.

1. The General Case of Diffusion-Controlled Adsorption
onto an Expanding Solution/Air Interface

The convective diffusion equation taken in its form ap
proximated according to van Voorst Vader et al. (4) ha
been solved in Ref. (6) (see also Ref. (7)). It reads

0%c
E_pZe<, 1
ot e dz? [

dc P dc

where ¢ is the surfactant concentration, f is time, z is
coordinate normal to the surface and directed towards th
bulk of the solution, and £ is the surfactant diffusivity. 8 i
a rate of surface expansion defined by the formula

_dinf2
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where {) is the area of the surface. Equation [1] has been
solved assuming small deviations from equilibrivm under
the following boundary and initial conditions:

%f—-i—@l“:DQE, c(0, 1) = ¢,(2) atz =0 [3a]
lim ¢{z, t) = ¢g; lim 9¢ =0 [3b]
fa] z+x Jz

c(z,0) =cy; T(O) =T, atr=0. [4]

Here, T is the surfactant adsorption, ¢, is the surfactant con-
centration in the subsurface layer, ¢, is the surfactant concen-
tration in the bulk far from the interface, and [", is the equilib-
rium adsorption of the surfactant. By using the approach
described by Levich et al. (8), one obtains the final solution

Ao =gl =1 ! 5]

f() ( dc) [ 4D7
+

nf (1)
where £(£) = UNO/0), 7 = [, f2(£)dE, and Ac = o(1)
— 0. is the deviation of the surface tension o from its equilib-
rium value o,. G = —do/d In I is the Gibbs elasticity and
subscript ‘‘e”" denotes an equilibrium value. In such a form,
Eg. [3] is applicable to any law of surface expansion under

the following two requirements:

(1) small deviations from equilibrium, and
(ii) a known Jaw of surface expansion, i.e., £ = Q(¢).

2. The Case of a Linearly Expanded Surface:
Peaktensiometry -

Following the approach of van Uffelen and Joos (6), the
law of surface expansion in this case reads

)y = QO + ar), [6]
where o = (1/9(0))(d€¥(r)/ dt) is a parameter since d€2(1)/
dt = const. The physical meaning of @ becomes more clear
if we rewrite Eq. [6] in terms of the rate of surface expan-
sion, 6:

(43
T+ ar’

a(t) = [7]

It is seen that at time equal to zero, #(0) = «. Hence, « is
the initial rate of surface expansion. It is obvious from Eg.
[7] that for a linearly expanded surface the rate of surface
expansion is not constant. It decreases with time, which is
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FIG. 1. Relative rate of surface expansion #(1} versus time in the case

of a linearly expanded surface at different o (in 57'): 0.1 (curve 1) and
0.025 (curve 2). The dashed line (3) represents the case of constant expan-
sion rate o« = # = const.

illustrated in Fig. 1. There #(¢) is scaled by its initial value,
1.e., by a, and its trend with time for two different values
of a is compared with the case 8§ = const, One can see that
the higher initial rate of surface expansion, «, leads to the
faster decrease of the expansion rate, §. The latter tends
to zero at infinite time. For this particular case of surface
expansion Eq. [5] yields

4¢
+

37TID
where 1, = (1/D)/(dT/dc)% is a characteristic diffusion
time, For not very small times, when t ® fp, the unity in

the denominator of Eq. [8] can be omitted. In this case, after
simple mathematical calculations, Eq. [8] transforms into

1+ 3ar+ 3

Ao = o > ¥ 2ar + 1

RTF 37Ta af

+3m‘+3

[9]

Equation [9] predicts a maximum (a peak) in the Ao versus
time curve at time ¢t = #,, which is given by the formula

= [10]
The substitution of Eq. [10] in Eq. [7] yields the expression

o
oty = ———,
) =17 V3
which suggests that at the moment of the peak the rate of

surface expansion is approximately equal to 37% of its initial
value, a. t, does not depend on the surfactant concentration
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or the type of surfactant. The same is valid for the rate of
surface expansion at the moment of the peak. The curves 1
and 2 in Fig. 1 show that at times longer than £, the rate of
surface expansion decreases more slowly when the initial
rate of expansion, «, is smaller. This suggests that at smaller
o the peak in the Ao versus time curve will appear later
and will be flatter in comparison with the case of greater a.
The height of the peak, however, will depend on the surfac-
tant concentration and the properties of the surfactant. This
conclusion follows from the equation

T2
AJP=ﬁR © Va

C (]"/B

obtained from Eq. [9] at ¢ = ¢,. Here Ao, = Aco(t,) and S
is & numerical constant given by the expression

[ =B
= = (0.604.
b 4(2 + 03)

Eq. [11] suggests that A, plotted versus Vo should give a
strazght line with the slope

[11]

RTT?

C (}\/B

B=g [12]

and the intercept By, = 0. Since the slope, B, can be obtained
experimentally, it is possible to calculate the surfactant diffu-
sivity, D, if the equilibrium adsorption, I'e, is known, and
vice versa. The proper calculation of D, however, requires
that I'. be known with a high precision.

The predictions of the theory in its simplified form (see
Eq. [9]) can be summarized as follows: (i) Ao should pass
through a maximum (a peak) within a certain time, ¢ = f,.
(ii} The position of the peak in time, i.e., #,, should not
depend on any properties of the surfactant, but only on the
initial rate of surface expansion, . (iii) Under a given sur-
factant concentration the peak should be higher and sharper
at greater «, while at smaller « it should be lower and more
flat. (iv) The height of the peak, Ac,, plotted versus Va
should give a straight line with a slope proportional to
I",f/cc\/_Dg and an intercept equal to zero. (v) The dimen-
sionless jump Ag/Ag, plotted versus the dimensionless
time, ¢/, should give only one curve for ali kind of surfac-
tants, concentrations, and rates of surface expansions ac-
cording to the expression

Ao _ (2 +¥3)ilt,
Aoy V@) + B, + 17

which fellows from Eqgs. [9], [10], and [11].
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EXPERIMENT

Materials

Experiments were carried out with solutions of different
surfactants in a wide concentration range. The surfactants
used in this study were the following:

(a) Decanoic acid purchased from Aldrich with 99+ %
purity. The water solutions of this surfactant also contained
0.01 M HCI and 0.09 M NaCl. Hence, the pH was approxi-
mately 2 and the jonic strength was ~0.1 M. Under such
conditions the dissociation of the decanoic acid is sup-
pressed. [t exists in an acid form and behaves regularly with
respect to the surface properties (9).

(b} Polyoxyethylene-10-octylphenol ether, known by the
commercial name Triton X-100. This nonlonic surfactant, a
product of Serva, has an average of 10 ethoxy groups per
molecule and a molecular weight ca. 647.

(c) Polyoxyethylene-20-cetyl ether, known as Brij 58, is
a product of Serva, Its molecular weight is ca. 1050 and it
contains an average of 20 ethoxy groups incorporated in its
molecule,

It should be mentioned that Triton X-100 and Brij 58 are
in fact mixtures. However, no minimum has been observed
in the equilibrinm surface tension versus concentraticn curves
at CMC (10, 11, 14), indicating that highly surface active
minor components are absent. Brij 58 has been previously
used for studying the adsorption kinetics and no effect due
to impurities has been found (15). The recent study by Naga-
rajan and Wasan (16) with the same surfactant did not show
any peculiarities of its surface properties. That is why we
believe that both Triten X-100 and Brij 58 can be treated as
pure compounds with respect to their surface properties.

Deionized water obtained with a Millipore unit was used
for preparation of the surfactant solutions.

Experimental Setup

The sketch of the experimental setup is shown in Fig. 2a
and 2b. A Teflon trough with length 48.1 cm, width 8.1 =
0.1 c¢m, and depth ca. 0.6 cm is filled with a surfactant
solution. A barrier rests on the upper side of the rough and
divides the solution/air surface into two separate parts. The
barrier can be moved at a constant speed along the whole
length of the trough. For this purpose a fork attached to a
nut screwed onto a screw bar is used. The screw bar is turned
by an electromotor supplied with a reductor. A stainless steel
string (0.2 mm in diameter) is stretched along the whole
length of the trough. One end of the string is tightly fixed,
while the other end is attached to a stretching mechanism.
The string passes above the upper side of the barrier and
around three wheels mounted close to the farthermost ends
of the trough. Both ends of the string are situated below the
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FIG. 2. Sketch of the experimental setup (a) and its cross sections with different barriers (b—d).

level of the tip of the barrier. In this way the string is banded
in a vertical direction and presses the barrier down toward
the trough. The use of only one string provides an equal
pressure on both ends of the barrier. In this way the vertical
vibrations of the barrier during its movement are damped;
thus barrier velocities up to 0.9 cim/s can be achieved. This
allows experiments at the high expansion rates needed to
provide a detectable peak when concentrated surfactant solu-
tions are studied. The surface tension of the solution is mea-
sured close to the one end of the trough by a platinum
Wilhelmy plate. The plate hangs on the longer arm of the
lever of a force sensor (gold cell, Statham, U.S.A.}. The
electrical signal of the sensor is amplified and recorded by
a strip chart recorder (Kipp & Zonen, Holland). A similar
experimental setup has been used in Ref. (6) where a rectan-
gular Teflon barrier (a parallelepiped) has been employed
{Teflon barrier 1 in Fig. 2¢). A disadvantage of such a
barrier is that it requires the surfactant solution to be elevated
above the upper edge of the trough. This leads to leakage
of the solution outside the trough when its surface tension
is lower than ~45 dyn/cm. Hence a rectangular Teflon bar-
rier is applicable only in relatively dilute solutions well be-
low CMC. In order to perform experiments at high surfactant
concentrations, we have tested two other types of barriers.
The first one was a Teflon barrier with a special profile,
shown in Fig, 2d (Teflon barrier 2). The second one was a
glass barrier with a profile similar to that of Teflon barrier
2 (Fig. 2b). In contrast to the former, it lies above the edge
of the trough, overlapping the trough wall by about 1 mm.
Two small channels on the upper side of the glass barrier
serve to fix it in a horizontal direction and keep the barrier

attached to the trough walls during its movement. The possi-
bility of leakage of the solution with the new barriers is
avoided because the level of the solution does not exceed
the edges of the trough. Teflon barrier 2 is immersed in the
solution, thus separating the solution surface. The same re-
sult is achieved in the case of a glass barrier because the
solution is elevated on both sides of the barrier due to the
wettability of the glass.

Experimental Procedure

The experiments were carried out according to the follow-
ing procedure. The trough was filled with a surfactant solu-
tion. The barrier was positioned close to the end of the trough
where the surface tension was measured. After a sufficiently
long time (1-3 h, depending on the surfactant and its con-
centration) the surface tension had practically reached its
equilibrium value. Then the electromotor was turned on and
the expansion of the solution/air surface was started. The
change in the surface tension with time (a peaktensiogram)
was recorded by the strip chart recorder. After certain time,
depending on the surfactant concentration and the speed of
the barrier, the motor was turned off. Then the initial rate
of surface expansion, «, was calculated by the formula

v
TN

[4

where V is the velocity of the barrier calculated after each
experiment and x(0) is the initial distance between the barrier
and the edge of the trough. In all experiments x(0) was typi-



o

FIG. 3. A typical peaktensiogram as it has been recorded by the re-
corder. The beginning of serface expansion and the peak are indicated by
arrows,

cally in the range 6—8 cm. The velocity of the barrier was
varied either by switching the reductor stepwise or by gradu-
ally changing the power supply voltage of the electromotor.

RESULTS AND DISCUSSION

A typical peaktensiogram as recorded by the strip chart
recorder is shown in Fig. 3. It is seen that the surface tension
quickly increases at the beginning of surface expansion; then
its increase becomes slower, At a certain moment the surface
tension passes through a maximum and after that it slowly
decreases. Such a trend of the surface tension during the
surface expansion is in perfect qualitative agreement with the
theoretical predictions. The quantitative comparison between
the theory and the experimental results is given below.

1. Experiments at Concentrations below CMC

The peaktensiograms (i.e., Ao versus time curves) can be
described by Eq. [9] if Fﬁ/«/ﬁ is known. This quantity can
be obtained from the slope of Ag, versus Va dependence
(see Egs. [11] and [12]). The data for three surfactant solu-
tions, 7 X 107% mol/em?® decanoic acid, 5 X 10~° mol/cm®
Triton X-100, and 2.5 X 10~° mol/cm® Brij 58, are plotted
in Fig. 4. One can see that the experimental points obtained
for all three solutions lay well on their own straight lines.
The height of the peak increases with increased a, which is
m agreement with the theory. In the same figure data for
Triton X-100 obtained by all three barriers are shown. The
experimental data obtained with a glass barrier practically
coincide with those obtained with Teflon barrier 1. The data
obtained with Teflon barrier 2 are a little shifted. The same
effect has been observed with solutions of Brij 58 above
CMC (see Fig. 10, line 3). This may be due to the different
hydrodynamic conditions during surface expansion when
Teflon barrier 2 has been used. The parameters of the best
fits are summarized in Table 1. The intercepts, By, of the lines
are equal to zero in the range of experimental error, while
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the slopes B are different for different surfactants. The same
result is predicted by the theoretical model. All fits are good,
which follows from their small standard deviations. The rela-
tive error of the slope does not exceed 9%. The comparison
between the results obtained with different barriers shows that
the best are those obtained with a glass barrier. The slopes,
B, are identical in the range of experimental error. Hence, the
new barriers give practically the same (or even better) results
as Teflon barrier 1 at low surfactant concentrations, Such a
comparison is impossible at high concentrations, where Teflon
barrier 1 is inapplicable. The values of B were used for calcu-
lation of the quantity T2/YD in Eq. [9]. Then the Ao versus
time dependencies were calculated and compared with the
measured peaktensiograms. The result is shown in Fig. 5. To
make the plots clearer we have not plotted all measured data,
but only those obtained at high, intermediate, and low initial
rates of surface expansion, . As predicted by the theory, the
peaks are higher and sharper at high &, while at low « they
are lower and flatter. The theory describes better the data
obtained at intermediate and low initial rates of surface expan-
sion, in which cases the peak is not very large. The discrepan-
cies between the theory and the experimental data are greater
at high «. This could be expected bearing in mind that small
deviations from equilibrium have been assumed in the theoret-
ical model. The general agreement between theory and experi-
ment even at high initial expansion rates (see also Fig. 9)
suggests that in practice the requirement for small deviations
from equilibrium is not so strict. This is supported also by
other studies. For instance, desorption from spread mono-
layers of lauric acid has been studied in Ref. (17), and even
at large deviations from equilibrium (Ag ~ 20 dyn/cm) the
experimental resuits have been successfully described by a
linear theory. Anyhow, it is expected that at large Ao the
present theory describes the results semiquantitatively.

The measured time of the peak, r,, is plotted versus

12
a
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o
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g .| 5
- el
2t -
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FIG. 4. Height of the peak Ag,, versus Ve in the cases of decanoic acid
(a); Triton X-100 (b) obtained with a glass barrier (&}, Teflon barrier 1
(), and Teflon barrier 2 {(M); and Brij 58 (c). The lines are the best
linear fits. The other details are given in Table 1.
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TABLE 1
Parameters of the Best Lincar Fits Obtained from the Data in Fig, 4

339

co ¥ 108 By B Standard deviation
Surfactant (mol em ™) Barrier {(dyn cm™") {dyn cm™' ') (dyn cm™")
Decanoic acid 7.0 Teflon 1 03 =02 20.76 = 1.68 0.32
Triton X-100 0.5 Teflon 1 0.1 =05 4776 £ 4.25 0.65
Teflon 2 04 £03 48.06 + 281 0.42
Glass =01 =02 50.02 + 3.11 0.30
Brij 58 0.25 Teflon 1 0.0+ 04 178.55 + 9.82 0.48

l/e in Fig. 6. According to Eq. [10], the data should lie
on a straight line with slope V3. One can see that the
experimental results are in agreement with this predic-
tion. The deviations are greater at small initial rates of
surface expansion, It should be noted, however, that at
small « the peak is very flat and its exact position in
time cannot be determined very precisely (see Fig. 5,
curve 3),

The effect of surfactant concentration is seen in Fig.

a 5
Decanoic acid

al

= 3l

5

=

)

3 2t

- 3
l -
1] : —

! ! L L . I I
0 100 200 300 400 500 600 700 8OO 900
t(s)

c

7, where data for Brij 58 are plotted. It is seen that the
slope of the lines decreases with an increase in the surfac-
tant concentration. This fact, together with Eq. [11], sug-
gests that in the studied concentration region the equilib-
rium adsorption, T',, changes only slightly; hence the
quantity I'2/c, decreases with an increase of concentra-
tion, ¢,. This conclusion is supported by the plots in Fig.
8, where the slope, B, is plotted together with (I'./T".)?
versus surfactant concentration. T, has been calculated

b 10
9 Triton X-100
g
7
_E s
5
5
e A 3
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2
1
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t (s}
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FIG. 5. Typical peaktensiograms obtained in solutions of: (a) 7 ¥ 10~* mol/em® decanoic acid at o (x10% s7") equal to 38 (curve 1), 19 {curve
2), and 4.6 (curve 3); (b) 5 % 107* mol/em’ Triton X-100 at a (3107 ™'Y equal to 38 {curve 13, 16 (curve 29, and 5.2 (curve 3y and (¢) 2.5 X
107 mol/em” Brij 58 at a (X102 s7') equal to 3.7 (curve 1), 1.9 (curve 2), and (.6 {curve 3). The lines are drawn according 1o Eq. [9].
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FIG. 6. Time of the peak £, versus 1/« obtained in solutions of 7 X
10~* mol/cm’ decanoic acid {O), 5 X 10~ mol/em® Triton X-100 (1),
and 2.5 X 107% mol/em’ Brij 58 (A).

by the Langmuir isotherm, which is operative for Brij
58 (10).

In Fig. 9 is plotted the dimensionless jump Ac/Ac,
versus dimensionless time, ¢/¢,, measured in submicellar
solutions of decanoic acid, Triton X-100, and Brij 58
under high and low initial rates of surface expansion, .
The line is drawn according to Eq. [13]. One can see that
the experimental data obtained for different surfactants
under different concentrations and initial expansion rates
do not deviate to a large extent from the theoretical curve,
but follow the general trend predicted by the theory.

2. Experiments ar Surfactant Concentrations above CMC

In order to verify the applicability of the new barriers
at high surfactant concentrations, some experiments
above CMC have been performed. The height of the peak,
Ag,, obtained for Brij 58 and Triton X-100 is plotted
versus ya in Fig. 10. Surprisingly, the experimental data
at concentrations higher than CMC lie on straight lines,

141

12

g, (dyn cm’)

4

2F

0 " . s L . 1 : : L !
0.00 0.02 0.04 006 008 010 01!2 014 016 0.8 0.20
alR (s—m)

FIG. 7. Height of the peak versus Yo obtained in Brij 58 solutions at
concentrations equal to 1.25 x 107° mol/cm’ (O), 2.5 % 107 mol/cm®
(O, and 7.52 x 1077 mol/cm® (A).
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FIG.8. Slope of the lines B, from Fig. 7, and ['Z versus Brij 58 concen-
tration. I', has been calcufated by the Langmuir isotherm (10}. CMC = |
% 107F mol/em’,

as at concentrations below CMC. These data can be de-
scribed by the present theory if we accept that a local
equilibrium between the monomers and the micelles is
established in the bulk of the solution. This seems plausi-
ble since the time scale of the experiments (on the order
of hundreds of seconds) is much greater than the times-
cale of micellar disintegration (less than several seconds
(12, 18)). Under this assumption the relation between
the dynamic surface tension and time remains the same
as for a purely diffusion controlled process if the diffu-
sivity of monomers, D, is replaced by an effective (or
apparent) diffusion coefficient, D (19, 20). In this way
Eq. [11] can be rewritten as

RTT Zuc

Ao, = ————Va, 14
Tp ﬁCMC@a [14]

ActAsy

FIG. 9. Dimensionless jump Acg/Ag, versus dimensionless time mea-
sured in submicellar solutions of: 7 X 10~% mol/cm® decanoic acid (O,
@}, 5 % 107" mol/cm® Tritor X-100 (C1, M), and Brij 58 at concentrations
1.25 x 107° mol/em® (+), 2.5 X 107° mol/em® (A, A), and 7.52 x 10°°
mol/cm® (¢) under high (empty figures) and low (full figures) initial
rates of surface expansion, &, The line is drawn according to Eq. [[3}.
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Ac, (dyn.cm™)

0.0 0.1 0.2 0.3 0.4
a (517)

FIG. 10. Height of the peak versus Vo obtained in micellar solutions
of 3.1 x 1077 mol/em® Triton X-100 (curve 1), 2 X 107® mol/cm® Brij
58 (curve 2), and 3 X 107® mol/em® Brij 58 (curve 3). The lines are
drawn according to Eq. [14].

where 'cye 15 the equilibrium adsorption at CMC. In Ref.
{19) an expression for the effective diffusivity has been
obtained,

Doy = D(l g oo CMC)

CMC
x(] +

where ¢p is the total surfactant concentration and Dy, is the
diffusivity of the micelles. It is obvious from Eq. [15] that
D.g can be much greater than the diffusivity of the mono-
mers, D, and should increase with the increase of surfactant
concentration. Hence, the lower slope of curve 3 in Fig. 10
can be related to the higher Dy compared to that at the
lower concentration (curve 2).

The properties of all studied surfactant solutions are sum-
marized in Table 2. The values of the equilibrium adsorption

CQ*CMC& , [15]
CMC D
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I'. have been calculated as follows: (a) For decanoic acid
it was calculated by the Frumkin isotherm,

al’, r.
Cg = I—':_—_rc eXp[H(l - 21_\_‘”)] s

with a saturation adsorption I'. = 5.3 X 107" mol/cm?,
an interaction parameter H = 1.8, and a Langmuir—von
Szyskowski constant @ = 1.26 X 107% mol/em’ (9). (b)
For Triton X-100 it was calculated by the Temkin isotherm,

o, = o, — bI'Z,

where o, = 72.28 dyn/cm is the surface tension of pure
water at 23°C (13) and b = 3.67 X 10™ dyn cm’/mol? is
a constant taken from Ref. (14}. (c¢) For Brij 58 it was
calculated by the Langmuir isotherm,

with I, = 2.7 X 107" mol/cm* and a = 6.2 X 10" mol/
cm® (10). Then the diffusivities D and D, were calculated
using Eq. [12] and Eq. [14], respectively. The values of D
obtained for Brij 58 solutions practically coincide with the
expected value, 5 X 107® cm®/s. The value obtained for
decanoic acid seems a bit high but still reasonable, while D
calculated for Triton X-100 is approximately twice as high.
The application of the Langmuir isotherm, which is also
operative for Triton X-100 (14}, gives much a greater value
of D, equal to ~20 X 107° cm®/s. Hence, the value of the
diffusivity is very sensitive to the value of the equilibrium
adsorption used for its calculation. This can be expected
bearing in mind that in such calculations I', is of the fourth
power {(see Eq. [12]). Hence, for the proper calculation of
D, the equilibrium adsorption of the surfactant, T';, should

TABLE 2
Properties of Surfactant Solutions Obtained at 23 = 1°C
co X 108 D x 108 D X 10° T, x 10" .
Surfactant {mol cm™%) co/CMC {em? s7h (em? 571 (mol cm™2%) {dyn cm™'}

Decanoic acid 7.0 Q0.7 7.1 % L1 5.11 50.9
Triton X-100 0.5 0.032 9.9+ 1.2¢ 2.26 54.1
31.0 2 91 x26 3.28 296

Brij 58 0.125 0.125 6.6 £ 1.1 2.57 522
0.250 0.25 5306 2.63 47.7

0.752 0.752 44 + 04 2.678 41.3

2.0 2 305 £ 5.5 2,683 41.2

30 3 381 + 6.2 2.683 41.2

“ An average value obtained with teflon barrier 1 and a glass barrier.
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be exactly known. As it has been expected, the effective
diffusivity, D, is higher for the more concentrated micellar
solution of Brij 58 and much higher than the diffusivity of
monomers, D. In order to compare the experimental values
of D with those predicted by Eq. [15] one can accept D,/
D = 0.25 (see Refs. 10, 19, and 20), D = 5.4 x 10 % em¥/
s for Brij 58 (a mean value obtained below CMC), and D
= 5 X 107° cm?/s for Triton X-100 (instead of the vatue
9.9 X 107° cm®/s, which seems too high). The calculated
values of Dy are 13.5 X 107° cm”/s (2 X 10~% mol/cm’
Brij 58), 243 X 107° cm?/s (3 X 10* mol/cm® Brij 58),
and 12.5 x 107% em?/s (3.1 X 107 mol/cm’ Triton X-
100). The quantitative agreement between the theory and
the experiments with micellar solutions is quite satisfactory.
This encouraging result suggests that the peaktensiometry
method can be applied even at concentrations above CMC.
However, more profound studies in this concentration range
are needed,

CONCLUSIONS

The experimental results obtained by the peaktensiometry
method for solutions of decanoic acid, Triton X-100, and
Brij 58 are in agreement with the predictions of the theoreti-
cal model, The values of the surfactant diffusivities, =5 X
107% cm?*/s (Brij 58), 7 X 107° cm?/s (decanoic acid),
and 10 X 107% cm?/s (Triton X-100), calculated from the
experimental data below CMC are reasonable. The equilib-
rium adsorption of the surfactant, T'., should be exactly
known for the proper calculation of the diffusivity.

The improved experimental setup allows studies in a wide
range of surfactant concentrations— from well below CMC
up to several times higher than CMC. The best results are
obtained with a glass barrier. In this case experiments can

HORGZOV AND JOOS

be made at any surfactant concentration, independent of the
surface tension value.

The peaktensiometry method can be successfully used for
studies of the dynamic surface tension of submicellar and,
possibly, of micetlar solutions of not very *‘fast’” surfactants
such as Brij 58 and Triton X-100.
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