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Abstract: The principle of maximum pressure in a bubble for measurements of
dynamic surface tension is realized in a fully automatically operating apparatus.
The set-up yields data in the time interval from 1 ms up to several seconds and
can be temperature controlled from 5° to 80 °C. Experimental data obtained for
different surfactants and gelatine in water and/or water/glycerine mixtures at
different temperatures are discussed. A direct comparison with results from
oscillating jet and inclined plate experiments shows excellent agreement.
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1. Introduction

The dynamic surface tension of liquid-gas inter-
faces is an important physical parameter which
characterizes the surface properties and processes
which take place at the surface and in the bulk of
a liquid. Rehbinder was apparently the first to
apply the maximum bubble pressure method for
measurements of dynamic surface tension of sur-
factant solutions [1]. Further developments of
this method were described in [2-7]. It was estab-
lished specifically that the time interval between
subsequent bubbles includes surface lifetime and
the so-called “dead time” [4]. A considerable con-
tribution to the development of this method was
made by Kloubek [8-10]. He derived a simple
experimental procedure for the determination of
the dead time [10] and gave also an estimation of
the effective bubble surface lifetime [9]. The use of
electric pressure sensors for the measurement of
pressure and bubble formation frequency
[5, 11-15] substantially simplified the measure-
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ment procedure. Original apparatuses for the
measurement of dynamic surface tension by the
maximum bubble pressure method were present-
ed in [16, 17] for the region of long lifetime and in
[18] for a modified method with two capillaries.
Techniques of oscillating bubbles [19, 20] and
direct analysis of the bubble shape at constant
bubble volume [217 were also developed.

The implementation of maximum bubble pres-
sure method in the region of high bubble forma-
tion frequencies is connected with three main
problems:

1) the measurement of bubble pressure;
2) the measurement of bubble formation fre-
quency;
3) the estimation of surface lifetime and effective
surface age.

The first problem can be solved easily if the
system volume, which is connected with the
bubble, is big enough in comparison with the
volume of the bubble separating from the capillary.
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In this case the system pressure is equal to the
maximum bubble pressure. The use of an electric
pressure transducer for the measurement of
bubble formation frequency presumes that pres-
sure oscillations in the measuring system are dis-
tinct enough. This condition is fulfilled in systems
with comparatively small volumes. As shown by
Mysels [15], the determination of maximum
bubble pressure values in systems with a small
volume can be erroneous. Apart from a high-
speed pressure measuring method, also electric
[22,23] and stroboscopic [3, 4, 7-10] methods
for detection of the bubble formation frequency
were used. To separate the surface lifetime from
the total time interval between subsequent bub-
bles an appoximation of the dead time according
to geometric parameters of capillary and bubble
volume was derived in [23, 24]. A substantial im-
provement for the exact determination of surface
lifetime and its calculation was done in [25, 26]
where a critical point in the experimental curve in
co-ordinates “pressure-gas flow rate” was defined.
This point corresponds to a change in the flow
regime from individual bubble formation to a gas
jet regime. The problem of recalculation of bubble
surface lifetime to the so-called effective age of the
surface (effective adsorption time) was discussed
in [25-30].

In the present paper an instrument is described
for the measurement of dynamic surface tension
based on the principle of maximum pressure in
a bubble. In this set-up, available as the commer-
cial device MPT1 from Lauda (Germany), all the-
oretical and experimental problems are solved.
Beside results obtained from studies with this in-
strument for very different systems, including pure
solvents and aqueous surfactant and protein solu-
tions, a comparison with data obtained from
other methods is presented.

2. The design and operation of the instrument

A block-scheme of the instrument for the mea-
surement of dynamic surface tension by the max-
imum bubble pressure method is shown in Fig. 1.
The air coming from a microcompressor (1) is
purified in a fine gas purification filter (2). Then it
flows through a triple-stroke valve (3), realized by
a combination of three magnetic valves, to the
throttling capillary (4). The air flow rate is mea-
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Fig. 1. Block-scheme of the maximum bubble pressure ap-
paratus.

Designations: 1 — micro-compressor; 2 — fine air purification
filter; 3 — three-stroke valve (stopcock, or actually a combina-
tion of three magnetic valves); 4 — throttling capillary;
5 — microphone; 6 — micro-compressor control block unit;
7 — analog-digital converter; 8 — gas flow rate sensor;
9 — pressure sensor (transducer); 10 — measuring block; 11
— IBM-compatible computer; 12 — separable part of the
measuring cell; 13 — air outlet connection pipe; 14 — measur-
ing cell; 15 — capillary; 16 — electrode system

sured with the help of an electric transducer ()
according to the pressure difference between the
two ends of capillary (4). Thereafter the air enters
the removable part (12) of the measuring cell (14).
The excess air pressure in the system is measured
by an electric sensor (9). In the tube which feeds
the air to the measuring cell (14), a sensitive
microphone (5) is placed. The measuring cell (14)
is equipped with a water jacket which allows
a connection with an external thermostat. It has
also an outlet pipe (13) to let out the excess air.
The removable part (12) of the measuring cell
consists of a capillary (15) and two platinum elec-
trodes (16), one of which is immersed into the
liquid under study and the second is situated
exactly opposite the capillary (15). This electrode
is welded into a glass pipe, and only the very end
is in contact with the liquid. The removable part
of the measuring cell has a cavity which is filled
with the liquid to ensure a saturated atmosphere.
The electric signals from the gas flow rate sensor
(8) and pressure transducer (9), the microphone (5)
and electrodes (16) are send to the control block
(10), which is connected with a computer (11) via
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an analog-digital converter (7). The operational
control of the compressor (1) is also organized by
the computer (11) via block (6).

In the present instrument two independent sys-
tems for measuring the bubble formation fre-
quency are implemented: the acoustic system is
based on a microphone (5) and the electric one
operates with platinum electrodes (16). While the
electric system can be used only for electro-con-
ductive liquids, the acoustic one is applicable to

any liquids. A sketch of a bubble at the tip of

a capillary immersed into the liquid is shown in
Fig. 2. At the very beginning the bubble radius r,
is bigger than the capillary radius r. After the time
7, which represents the so-called surface lifetime,
the bubble radius decreases and becomes equal to
the capillary radius. In systems with a relatively
small volume in this moment the pressure will
reach its maximum value in the measuring system.
Thereafter, the bubble radius decreases again and
the bubble grows quickly. When the growing
bubble reaches the electrode oppositely located to
the capillary, a change in the electric conductivity
of the electrode system 16 (Fig. 1) results and can
be registered by the control block (10). After
touching the electrode the bubble loses its stabil-
ity and symmetry and emerges after separation
from the capillary. The gas cavity connecting the
bubble with the capillary collapses and the sound
wave accompanying this phenomenon is regis-
tered by the microphone (5). The time interval of
the fast bubble growth (counting from hemisphere
of the bubble up to the interval of cavity collapse)
is called dead time. Thus, we have 74 + 7 = 14,
where 7, is the time interval between subsequent
bubbles. In the present instrument very thin glass
capillaries with a smooth and straight surface
were used having radii between 0.07 and 0.08 mm
and a total length of about 10 mm.

The excess pressure in the measuring system
and the pressure value inside the bubble in de-
pendence of time is shown schematically in Fig. 3.
As one can see, in the first stage of bubble forma-
tion the pressure inside the bubble is equal to that
in the measuring system while the bubble radius
decreases from r, to r. During the period of
bubble growth from a radius  up to R at time
t = 14, the bubble pressure decreases quickly
while the system pressure remains constant.
Strictly speaking, the pressure p is equal to a cer-
tain constant value only when the volume of the

Fig. 2. Schematic of the bubble formation process at the tip
of the capillary
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Fig. 3. The pressure change in the measuring system and in
the bubble as a function of time

measuring system V is infinitely large in compari-
son with the volume of a separating bubble v. In
the present instrument the ratio v/F amounts to
approximately 107> and thus, even in the period
of fast bubble growth the pressure in the measur-
ing system decreases only for about 1 Pa which is
negligible in comparison with the value of excess
pressure p = 1000—2000 Pa.



734

Colloid and Polymer Science, Vol. 272 - No. 6 (1994)

Except for the filling of the measuring system
with the liquid under study all operations of the
instrument are fully automated including the
preparation steps:

automatic air-tightness check;

calibration of all sensors and transducers;
performance of the measurement;
interpretation and saving of data.

!

For starting the measuring run the necessary
(maximum and minimum) air flow rates have to
be set. After stabilization of all parameters the
instrument measures the excess pressure in the
system and the time interval between subsequent
bubbles. The air flow rate is changed automati-
cally by a given increment and the instrument
repeats the measuring procedure until the limit is
reached. The experimentally measured values, the
pressure p in dependence of air flow rate L and
time interval between subsequent bubbles 7y, are
registered and stored in the computer memory.

3. The theory for calculation of surface tension,
surface lifetime and effective surface age

The value 74, the time interval necessary for the
formation of a bubble with radius R, can be cal-
culated under the conditions p = const and
p, = 20*/R; (where ¢* is the surface tension value
and R, is the actual value of the growing bubble)
via the Poiseuille law [22, 24, 25]:

where K = nr*/8ly is the Poiseuille law constant
(for a non-immersed capillary Eq. (1) reads
L = Kp), n is the gas viscosity and [ is the capillary
length. The calculation of 74 can be simplified
when taking into account the existence of two gas
flow regimes for the gas flow leaving the capillary
[10, 22, 257: bubble flow regime when 7 > 0 and
jet regime, when t =0 and hence 7, = 74. The
dependence of p on L for some systems is pre-
sented in Fig. 4.

On the righthand side of the critical point the
dependence of p on L is linear in accordance with
the Poiseuille law. The existence of the electrode
placed opposite the capillary controls the dimen-
sions of bubbles. Under this condition R = const
at any given L in the region of the bubble flow
regime [24]. Therefore, instead of Eq. (1) the fol-
lowing relation results [25]:

Lp,
Lp’

Ta=Tp 2)
where L, and p, are related to the critical point,
and L and p are the actual values of the depen-
dence left from the critical point.
The surface lifetime can be calculated via the

formula derived in [257:

Lp.

Lp

As one can see, Eq. (3) involves only experi-
mentally available values. The critical point in the
dependence p on L can easily be located. In the
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calculate the effective surface age (adsorption
time) the following equation results [26, 297]:

N T
Ta_2£+1’

where ¢ = sin @4 /(1 + sin @) is the relative defor-
mation rate of the bubble surface in the first stage
of its growth, @o = arccos(c/a,) (Fig. 2), ¢ is the
dynamic surface tension of the liquid at time =,
and o, is surface tension of the liquid at t =0
(usually equal to the surface tension of the pure
solvent). The derivation of the relation for the
relative surface deformation rate is based on the
condition p = const and Eq. (4) results from
a model of convective diffusion of the surfactant
to the deforming surface without considering the
bubble displacement in the liquid. From Eq. (4) it
follows that for values of ¢ not too close to o (for
example, for aqueous solutions below 60 mN/m)
¢ is approximately equal to 0.5, i.e., 1,~1/2. This
coeflicient is close to values obtained for other
set-ups [3]. It is necessary to stress again the fact
that Eq. (4) and also the expression for & are valid
only for the case p = const, i.e, when the system
volume ¥V is large enough. If this condition is not
fulfilled, as seems to be the case for the instru-
ments described in [5, 11-15], the law for bubble
surface change is unknown and it is impossible to
obtain valid relations for £ and t,. In these cases
the physical pattern is absolutely different from
that given in Fig. 2, so that in the initial moment
the liquid meniscus can even have a convex form.
- The surface tension value in the maximum
bubble pressure method is calculated via the
Laplace equation. As the capillary radius in the
presented instrument is small, the deviation of the
bubble shape from a spherical one can be neg-
lected and need not to be considered by correction
factors. Thus, the following equation results:

(4)

2
p= —ra- + pgh+ Ap, (3)

where p 1s the density of the liquid, g is the
acceleration of gravity, h is the depth the capillary
is immersed into the liquid, and A4p is a correction
value attributed to hydrodynamic effects. The use
of the pressure value p in the measuring system
instead of the pressure value in the bubble is
caused by the equality of both in the first stage of
bubble formation (Fig. 3). The existing difference

can be attributed to some hydrodynamic effects:

1) aerodynamic resistance of the capillary dur-
ing the passage of air, due to both the pres-
sure change from p, to p at the tip of the
capillary and the displacement of the menis-
cus (Fig. 2) in the first stage of bubble forma-
tion (the radius grows from r, to r);

2) hydrodynamic resistance of liquid against
the moving bubble.

The contribution of the first factor is negligible.
An estimation of the second contribution was
done using Stokes law for a viscous resistance of
the liquid [22]. The correction value to the cal-
culated surface tension value (that is, difference
between measured value of dynamic surface ten-
sion and its real value) can be estimated according
to the following relation:

3 ur

Ao 37 (6)
where u is the viscosity of the liquid.

Recent experimental studies [32] qualitatively
corroborated the validity of Eq. (6): the value
increases with increasing liquid viscosity, increas-
ing capillary radius and decreasing surface
lifetime. For liquids of small viscosity (water
and aqueous surfactant solutions), the correction
does mnot exceed the measurement error of
+ 0.5 mN/m) even in the millisecond region of
7 and it is allowed to exclude the correction para-
meter Ap from Eq. (5). For viscous liquids (in the
region of 10-100 mm?/s and more) the value can
reach some mN/m (Fig. 4) at small 7. Therefore, to
correct the resulting error, it is necessary to per-
form additional investigations with viscous model
liquids (for example, water-glycerine solution)
having the same viscosity as the liquid under test.
Corrected (from influence of viscosity effects)
values of dynamic surface tension can be obtained
by subtracting the corresponding difference be-
tween apparent surface tension at the given
bubble formation time and the equilibrium value
at large bubble formation times obtained for the
model liquid. Thus, using experimental values of
p, L and 1, and via the determination of the
critical point in the p vs. L dependence, it is
possible to calculate the lifetime, effective sur-
face age and dynamic surface tension of pure
liquids and solutions according to formulae (3), (4)
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and (6). In the present instrument all these steps
are implemented as automatic procedures. After
the measurement of a full set of experiments all
obtained results can be stored on a harddisc
or diskette or be printed out as tables and
graphics.

4. The comparison with other methods

For comparison of the present maximum
bubble pressure apparatus with other methods
experiments with oscillating jet and inclined plate
set-ups were performed. The detailed description
of these methods were given elsewhere [33, 34].
Aqueous solutions of Triton X-100 (octylphenol
polyglycol ether, C,,H,; O(C,H,O)oH, Serva) of
different concentrations (from 0.1 up to 5 g/1) were
studied. The results, obtained with the help of
all three mentioned methods, are presented in

Figs. 5 and 6. As one can see, in all cases a very
good agreement is obtained.

5. Examples of experimental results

Further studies of dynamic surface tensions of
different systems were performed by using only the
maximum bubble pressure method, the results of
which are presented in Figs. 7-10. The dependence
of dynamic surface tension of concentrated micel-
lar solution of the non-ionic surfactant Triton X-
100 at different temperature is shown in Fig. 7. The
theory elaborated in [26, 29, 35] allows to calcu-
late the micelle dissociation rate constant k from
the initial linear section of the dependencies o(t ™)
in Fig. 7. The obtained values for k (230-290s~1)
independent of temperature give evidence about
the entropy nature of the micelle dissociation pro-
cess in Triton X-100 solutions.

Fig. 5. Dynamic surface tension of
Triton X-100 solutions, measured by the
methods of oscillating jet (M <), inclined
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Fig. 6. Dynamic surface tension of
Triton X-100 solutions, measured by the
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Results for micellar solutions of the anion-
active sodium hexadecylsulphate at concentra-
tions about 80 times higher than the CMC
(CMC = 0.0006 mol/l) are given in Fig. 8. The
calculated values of the micelle dissociation rate

constant k show an increase with sodium hexadecyl-
sulphate concentration. Especially at a concentra-
tion 40 times higher than the CMC a strong change
in the k-values can be observed which is possibly
connected with a change of the micelle shape.
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The dynamic surface tensions for water and
aqueous gelatine solutions at different temper-
ature are presented in Fig. 9. These results are not
corrected with respect to the viscosity effect and
therefore, the values at low bubble formation
times could be somewhat too high. For pure
water the correction value is negligible. In Fig. 10
the dynamic surface tension of sodium tetradecyl-
sulphate (STS) in the viscous water-glycerine mix-
ture (60% glycerine in water, u = 8.5 mm?/s) is
displayed. For comparison the data for the same
water-glycerine mixture without addition of the
surfactant is shown in Fig. 10 and used for a “hy-
drodynamic correction”. The results of correction
for the present sodium tetradecylsulphate solu-
tion is also presented in Fig. 10. As discussed in
[32] this correction is performed by subtracting
the difference A¢ = o(tr) — o(t— o0 ), obtained for
the surfactant-free solvent under the same condi-
tions, from the obtained dynamic surface tension
of the surfactant solution. These results satisfac-
torily correspond with diffusion theory.

6. Conclusion

The principle of the maximum pressure in bub-
bles formed at the tip of a capillary, which is
immersed into a liquid, can be used for the exact
and fast measurement of the dynamic surface ten-
sion. The developed theory of the method and the
commercially available instrument including the
necessary software allows to apply this method in
practice. The presented experimental results show

of viscosity (#); temperature 30 °C

the high accuracy and good reproducibility of the
measurements. The comparison of the dynamic
surface tension data obtained from maximum
bubble pressure experiments with the results from
other methods yields excellent agreement. The
method can be applied to different systems: aque-
ous and non-aqueous solutions of non-ionic and
ionic surfactants (at low concentration as well as
above CMC), protein solutions and other highly
viscous liquids, different organic liquids and their
solutions. The advantages of this new method are
as follows:

— wide range of bubble surface lifetime (from
0.001 s up to 10s, and in the commercial
set-up MPT1 even up to 100 s and more);

~ wide range of temperature control;

— easy handling of the automatically operating
instrument, in preparation and measurement
procedures, data processing and interpreta-
tion;

— control of the instrument via the serial port
of any type of IBM-compatible computers.
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