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It is established experimentally that slowly shrinking small air bubbles attached to a liquid-air interface 
form a nonequilibrium (dynamic) contact angle. Aqueous solutions of sodium dodecyl sulfate (SDS) 
are used at two different concentrations of added electrolyte. A black thin liquid film is formed at the 
top of the bubble. The experimental cell used allows measurements with shrinking and expanding bubbles 
as well as with bubbles of constant equatorial radius. Hysteresis of the contact angle was observed. The 
results show that the shrinking of the contact line (advancing meniscus) causes deviation of the contact 
angle from its equilibrium value. The reliability of some previous work interpreting the change in contact 
angle with the radius of shrinking bubbles as a line tension effect is discussed. © 1992 Academic Press, Inc. 

1. INTRODUCTION 

The present interest for line tension is re- 
lated to its influence on the equilibrium at the 
three-phase contact line and, in particular, on 
the value of the contact angles ( 1, 2, 3 ). The 
theoretical studies revealed that similar to the 
surface tension, which is due to the excess of 
the free energy density in the narrow transition 
zone between two bulk phases (4, 5 ), the line 
tension is an excess of the surface tension in 
the transition zone around the three-phase 
contact line (6-9) .  Hence, the line tension is 
a second-order excess quantity and should play 
a role only for very small radii of the contact 
line. This is probably the source of the variety 
of experimental values for line tension deter- 
mined by different authors: both positive and 
negative values, which differ sometimes by 
several orders of  magnitude, have been re- 
ported. 

Line tension has also been estimated by nu- 
merous theoretical calculations. A microme- 
chanical theory of  the line tension at  the pc- 
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riphery of symmetric thin films was developed 
( 10, 1 1 ). It demonstrates that the value of  line 
tension is determined both by the changes of 
the interfacial tensions and by the local devia- 
tions of  the interfacial profile in the transition 
region. The equations describing the profile of 
the transition region were extended in ( 12, 13) 
to arbitrarily shaped interfaces. According to 
the study of Evans (14), the bending energy 
can also contribute to line tension in the case 
of membrane-covered droplets. The possibility 
of measuring line tension from the shape of a 
liquid meniscus wetting a stripwise heteroge- 
neous wall was also discussed ( 15, 16). 

It is interesting to note that the theoretical 
studies predict systematically lower line ten- 
sion values than those determined experi- 
mentally. For example, Starov and Churaev 
( 17, 18) predicted theoretically a line tension 
K ~ 0.1 n N  for two attached emulsion drop- 
lets. With a similar emulsion system Wallace 
and Schurch (20) measured K = 10-24 nN. 
Recent measurements with microscopic liquid 
lenses floating on a foam film provided an up- 
per limit of about 10 n N f o r  the magnitude of  
K in this system (21). For the case of  a solid- 
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liquid-vapor three phase contact line Tara- 
zona and Navascues (7) found theoretically 
to vary between -0.026 and -0.082 nN. On 
the other hand, for systems of the same type, 
Neumann and coworkers (22, 23) measured 
positive values of K, all being of the order of 
1000 nN. 

These discrepancies do not necessarily mean 
a failure of the theory or of the experiment. 
The theoretical values of line tension are 
probably correct, at least in order of magni- 
tude, within the framework of the accepted 
simplified theoretical model. However, the real 
experimental situation might be much more 
complicated: a variety of unexpected or un- 
accounted effects could contribute to the 
measured line tension values. A more detailed 
investigation of a simple experimental system 
can help clarify the physical explanations for 
the large line tensions measured. 

Such a relatively simple experimental sys- 
tem is a shrinking air bubble attached to a 
liquid-air interface. Platikanov et al. (36) de- 
tected experimentally changes in the contact 
angle with the shrinking of the contact line 
and attributed this effect to the action of line 
tension, K. To calculate K from the contact an- 
Ne data these authors hypothesized that both 
the film and line tensions, ~/and K, are constant 
during bubble shrinkage and thus obtained 
values of K of the order of 0.1 nN, both positive 
and negative. (Note that the equilibrium the- 
ory of de Feijter and Vrij (10) predicts K 
-0.001 nN for Newton black films.) 

Later on in Ref. (24) we studied the same 
system as Platikanov et al. (36). However, in- 
stead of assuming constancy of-y and ~, we 
experimentally determined these two quanti- 
fies during the process of bubble shrinkage. 
Our experiments (24) yielded line tension 
values varying with the radius of the contact 
line and having magnitudes of up to 100 nN 
for the largest bubbles. We also observed sig- 
nificant variations with the bubble radius of 
the film tension, % of the black foam film 
formed at the top of the bubble. The careful 
verification of the experimental procedure (25, 

26) confirmed the reliability of our values of 
K and 3' (see also Section 4 below). 

The data obtained in Ref. (24) were criti- 
cized and the experiment was qualified by 
some authors as "not correct" (27), "erro- 
neous" (28), and "apparently erroneous" 
(29). This criticism was based essentially on 
the fact that in the experiments of Platikanov 
et al. (30, 27) for bubbles fixed at the tip of a 
capillary, the measured values of the film ten- 
sion were independent of the curvature of the 
film. For discussion of some other arguments 
raised in Refs. 27 and 28 against our paper 
(24), the reader is referred to Ref. 31. How- 
ever, a closer inspection reveals that the results 
of the two experiments, (24) and (30), are not 
only compatible (31 ), but they even support 
each other--see Section 4. 

We believe that the only correct way to find 
the reason for the large line tensions measured 
in (24), is to study directly the role of various 
factors on the contact angle, film, and line 
tensions of shrinking bubbles. The first step in 
this direction was to exchange the anionic sur- 
factant (SDS), which stabilizes the thin films, 
with a nonionic surfactant (32). The experi- 
ments with this system gave zero line tension. 

The aim of the present study is to investigate 
the possible role of some nonequilibrium (dy- 
namic) effects such as the motion of the con- 
tact line. Already in Ref. 24 we argued that 
the line tension values measured by the 
shrinking bubble method might be due, at least 
in part, to nonequilibrium effects. Such an ef- 
fect, namely, the possible difference in surface 
tension between the meniscus and bubble sur- 
faces, was then assumed and discussed. How- 
ever, since at that time we did not dispose of 
a technique for controlling the rate of bubble 
shrinkage, it was not possible to discuss an- 
other effect also mentioned in Ref. 24--the 
motion of the three-phase contact line. Hence, 
we preferred to report in Ref. 24 our experi- 
mental data and their verification without 
going into speculations about the nature of 
the observed phenomena. In the present paper 
we report the results, obtained with a new ex- 
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perimental cell that allows measurements with 
bubbles of  diminishing, expanding, and fixed 
equatorial radii (for the sake of  brevity we call 
the latter "stopped bubbles"). The calculation 
of  the film and line tensions requires interfer- 
ometric measurement of the film curvature. 
Since this procedure is very delicate and time 
consuming we used it only in a few cases and 
the results are reported in Ref. (26). However, 
only measurements of the contact angle o~ 
(between the film and the meniscus) can give 
valuable information, bringing us closer to the 
answer to the problem of whether the observed 
effects are of equilibrium or nonequilibrium 
origin. 

The next section is devoted primarily to the 
description of  the new experimental cell. In 
Section 3 the experimental procedure and re- 
sults are outlined. The conclusions, summa- 
rized in Section 4, reveal that the effects ob- 
served by us in Ref. (24) have nonequilibrium 
origin. The same is probably true for the results 
of  Platikanov et al. (Refs. (36, 37)), who 
claim, however, to have measured equilibrium 
line tension. In an attempt to resolve the con- 
troversy on this subject existing in the litera- 
ture, we analyzed also, based on our new find- 
ings, the experimental approaches used by 
Platikanov and co-workers. 

2. EXPERIMENTAL SET UP AND MATERIALS 

A scheme of  the new experimental cell is 
presented in Fig. 1. The cylindrical holder, 1, 
and the two screw covers, 2 and 3, are made 
of Teflon. The upper and the bottom plates, 
4 and 5, are optically plane-parallel glasses. 
Two plastic rings, 6 and 7, placed between the 
glass plates and the holder, provide hermetic 
isolation of  the cell interior from the outer air. 
The pressure inside the cell can be controlled 
through the orifice, 8, which is connected with 
an aspiring pump by means of  Teflon tubing. 
In our experiment we used a water jet pump. 

A cylindrical glass vessel (of  diameter 1.2 
cm and height 1.3 cm) containing the surfac- 
tant solution is placed at the center of the cell. 

2 

t 
2 

FIG. 1. Experimental cell of variable pressure--cross- 
section. (1) teflon holder, (2) and (3) screw covers, (4) 
and (5) optical glass plates, (6) and (7) isolation rings, 
(8) connection with the pump. 

A slightly convex meniscus was formed so that 
a small floating bubble could be fixed at the 
center of  the solution-air interface. At the be- 
ginning of  each experiment the upper screw 
cover was open and a bubble of  suitable size 
was blown out of  a glass syringe. Then the cell 
was closed to allow saturation of  the vapors 
above the solution. The connection between 
the cell and the pump passes through a glass 
container partially filled with water. Thus sat- 
uration of  the water vapors in the hoses is also 
ensured. The pressure adjustment is done by 
a special screw valve of  fine pitch. In addition, 
a petcock controls the connection of the sys- 
tem with the pump or, alternatively, with the 
atmosphere. In this way the pressure in the 
cell can be decreased or made equal to at- 
mospheric. 

Before each experiment the Teflon parts of  
the cell were cleaned by putting them into 
chromic acid and washing them afterwards 
with distilled water. The two optical glass 
plates, the central cylindrical glass vessel, and 
the glass syringe were kept for several hours 
in fresh chromic acid and then washed and 
rinsed with distilled water for 30 min. 

The optical measurements were carried out 
with a microscope Epival Interphako (Carl 
Zeiss, Jena).  The bubble was observed from 
above, through the optical glass plate. That is 
why we could not use microscope objectives 
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of  too-short focusing distance like the objective 
(X25) used in our previous experiments (24). 
All of  our measurements were carried out with 
objectives of X 10 and X 12.5. The construction 
of the microscope and the cell allows obser- 
vation of  the bubble both in reflected and 
transmitted light. Moreover, the microscope 
is specially designed for interferometric mea- 
surements (33, 34). The microscope is sup- 
plied with a photographic camera. In order to 
eliminate the vibrations the whole system with 
the microscope was mounted on top of  a 4000 
kg antivibrational block. 

In order to be able to compare the new data 
with those from Ref. (24) we carried out the 
experiments with the same solutions as pre- 
viously used: 0.05% (1.73 X 10 -3 mol/ l i ter)  
aqueous solutions of sodium dodecyl sulfate 
(Fluka BioChemika) at two concentrations of 
NaC1 (Merk, analytical grade, heated for 5 h 
at 400°C): 0.25 and 0.32 mol/liter.  The so- 
lutions were prepared with water of surface 
tension 72.4 m N / m  obtained from Milli-Q 
water purification system. The experiments 
were carried out in a thermostated room at 22 
_+ 0.5°C. The surface tension of the two so- 
lutions used (with 0.25 and 0.32 mol/ l i ter  

NaC1) were 32.4 and 31.7 r a N / m ,  respec- 
tively. 

3. EXPERIMENTAL PROCEDURE 
AND RESULTS 

The experimental cell shown in Fig. i allows 
measurements with (i) shrinking bubbles, (ii) 
expanding bubbles, and (iii) stopped bubbles. 
They are considered separately below. 

(i) Shrinking Bubble 

This method was first used by Princen and 
Mason (35) for studying film permeability to 
gases and then in Refs. (24, 32, 36, 37) for 
investigation of the contact angle and line ten- 
sion of foam films. With the new cell we ap- 
plied the method in the following way. 

At the beginning an air bubble of initial ra- 
dius about 400 ~m is formed by means of  the 
glass syringe. Then the cell is closed hermeti- 
cally by means of the upper screw cover. 

A thin foam film intervenes between the air 
inside and outside the bubble--Fig. 2. Due to 
the higher pressure inside the bubble there is 
a gas diffusion flux across the film. As a result 
the bubble shrinks with time. 

FIG. 2. Cross-section of an air bubble attached to a liquid-air interface, re, R, and R f are the radii of the 
contact line, bubble equator, and film curvature, respectively; "r, a, and K are the film, surface, and line 
tensions, respectively. 
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At the beginning the size of  the bubble is 
larger than the observation field of  the micro- 
scope. One and a half hours after the formation 
of  the bubble it becomes small enough (equa- 
torial radius R < 300 lzm) and the measure- 
ments can be started. The contact line radius 
r~ (Fig. 2) is measured in reflected light (illu- 
mination through the microscope objective). 
The equatorial bubble radius R is measured 
in transmitted light. To increase the accuracy 
the values of  r~ and R were recorded visually 
at the moment  when the diameter of the re- 
spective circumference was equal to an integer 
number of  scale divisions. The dependencies 
of R and rc on time t are fitted by means of 
smooth curves as explained in Ref. (24) - - see  
Fig. 3. The contact radius r~ can be measured 
directly due to the fact that in our case the 
film is extremely thin, the contact angle is 
large, and the contact line is sharp. For ex- 
ample Lyklema and Mysels (38, 39) measured 
values of h less than 10 nm for SDS solutions 
with electrolyte concentration larger than 0.2 

re; R [#mj 

250 

200 

150 

100 

50 

3 

lo zo 30 40 50 60 70 tJ&e 
Lmi~ 

FIG. 3. Experimental data for the dependence of the 
equatorial and contact line radii, R and re, on time t for 
three consecutive shrinkings of the same bubble at at- 
mospheric pressure (the solution with 0.25 tool/liter 
NaC1). 

tool/liter. The respective contact angle o~ is 
larger than 13 o. According to Babak (40) the 
uncertainty in the visual determination of  re, 
Arc, is of  the order ofh/tan(o~/2). With the 
above values of  h and o~, one calculates Arc < 
0.08 izm, which is less than the experimental 
precision of  measurement of  re--about 0.3 
#m. In his estimate Babak used h = 100 nm, 
a ~ 0.2 °, and obtained ~xro = 50 lzm. Since 
the latter values of  h and a are very different 
from the real thickness and contact angle in 
our experiments, the estimate of Babak (40) 
does not apply to our measurements. (A spe- 
cial procedure for determining ro was devel- 
oped in Ref. (32) for the case of  small ( ~ 1 o ) 
contact angles.) 

The spontaneous diminishing of  the bubble 
accelerates with time. Finally the bubble 
shrinks virtually into a point and disappears. 
However, the experimental cell in Fig. 1 en- 
ables one to prevent the disappearance of  the 
bubble and to investigate several spontaneous 
shrinkages of the same bubble. This is achieved 
in the following way. 

When the equatorial radius R of a shrinking 
bubble decreases to about 150 tzm one can 
lower the pressure inside the cell by using the 
water jet pump. This leads to an increase of 
the bubble volume. Indeed, in accordance with 
the ideal gas law, V = const/Pb, the bubble 
volume Vis inversely proportional to the bub- 
ble pressure Pb. When the equatorial radius, 
R, of the expanding bubble reached 300 ~zm 
we closed the screw valve and thus we fixed a 
new lower value of  the pressure inside the cell. 
In spite of  that, the bubble size kept increasing 
with time. This is probably due to the slow 
desorbtion of gas, whose concentration in the 
solution is higher than the equilibrium one, 
corresponding to the newly established lower 
pressure. After waiting 20-30 min (the bubble 
slowly expands during this period) we in- 
creased the pressure up to atmospheric and 
then kept it constant. As a result the bubble 
shrank to 200-230 ~zm and then it continued 
to shrink spontaneously. Measurements of R 
and r~ were periodically carried out again. 
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When R reached 150 #m the bubble was ex- 
panded again and the procedure was repeated. 

Figure 3 presents data for R and rc measured 
during three consecutive spontaneous shrink- 
ings of  the same bubble at atmospheric pres- 
sure. The numbering of the curves corresponds 
to the sequence ofshrinkings. Curves 1 in Fig. 
3 represent R and r~ for the first spontaneous 
shrinking of a bubble formed in a 0.05% SDS 
solution with 0.25 mol/ l i ter  NaC1. At the mo- 
ment when R = 150 #m the bubble was ex- 
panded as described above. Curves 2 and 3 
correspond to the second and third sponta- 
neous shrinking of  the same bubble. One sees 
that the slope of  a curve increases with its 
number; i.e., with each consecutive expansion 
the rate of shrinking increases. This is probably 
due to the fact that after the atmospheric pres- 
sure has been quickly restored inside the cell, 
the solution remains undersaturated with air, 
which makes it possible for the air to escape 
from the bubble not only through the film, 
but also through the air-solution interface. 

Curves 0-1 and 2-3 in Fig. 4 represent the 
values of  the contact angle c~, calculated from 
data for R(t) and r~(t) shown in Fig. 3. More 
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FIG. 4. Values of  the contact angle c~ of one and the 
same bubble at different conditions: 0-1 and 2-3, spon- 
taneous shrinkings; 3-4, gradual expansion; 4-5, relaxation 
at fixed R; 5, 6 . . . . .  12, equilibrium values ofc~ for dif- 
ferent fixed R. 

precisely, curve 0-1 corresponds to the first 
spontaneous shrinking of  the bubble (curves 
1 in Fig. 3), whereas the values of  a for the 
next two shrinkings of the same bubble (curves 
2 and 3 in Fig. 3) lie on the same curve 2-3. 
The contact angle for curve 2-3 is pro, 
nouncedly smaller compared with that of  the 
first shrinking (curve 0-1 ). The values of a 
were calculated from the measured R and rc 
by using the procedure described in Section 3 
of Ref. (24). The only difference is that instead 
of using the asymptotic formula [ 11 ] in (24) 
we integrated numerically the Laplace equa- 
tion to determine ¢c. (The asymptotic formula 
in Ref. (24) is accurate enough for the rela- 
tively small bubbles investigated in Ref. (24).) 
The method of  numerical integration of the 
Laplace equation for the bubble surface is 
similar to the method used in Ref. (32). 

(ii) Gradually Expanding Bubble 

The cell depicted in Fig. 1 allows also ex- 
periments with expanding rather than shrink- 
ing bubbles. A bubble can be made to expand 
by suitably controlling the pressure decrease 
through the screw valve. The procedure for 
measurements of  R and rc, as well as the com- 
putation of the contact angle a, are the same 
as for shrinking bubbles. The rate of expansion 
in our experiments was from 2 to 10 times 
higher than the rate of spontaneous shrinking. 
Curve 3-4 in Fig. 4 illustrates the typical be- 
havior of the contact angle a during the ex- 
pansion of  a bubble. When R came down to 
150 ~m (Point 3) the bubble was gradually 
expanded up to R = 260 #m (Point 4) with a 
mean velocity of drc/dt ~ 4 ~m/min.  Curve 
3-4 shows that the contact angle a for this 
process exhibits a slight decrease with time. 

(iii) Stopped Bubble 

The spontaneous diminishing of the bubble 
radius R can be stopped when the shrinking 
due to the escaping of gas from the bubble is 
exactly compensated by a suitable decrease of 
the pressure inside the experimental cell. The 
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process of  spontaneous shrinking is relatively 
slow for not-too-small bubbles: d R / d t  ~ 0.25 
# m / s  at R = 200 um and dR~dr ~ 0.40 # m /  
s at R = 80 #m. So it turned out to be possible 
to keep R constant within +5 ~m by manual  
adjustment of  the pressure by means of  the 
fine screw valve accompanied by simulta- 
neous observations of  the equatorial bubble 
diameter. 

The observation showed that in spite of  the 
constancy of  R,  the contact line radius rc and 
thereby the contact angle a keep decreasing 
with time (see curve 4-5 in Fig. 4). The values 
of  the contact angle c~ as a function of t ime 
for two solutions are presented in Fig. 5. One 
observes a typical relaxation behavior: o~ de- 
creases with time until some equilibrium value 
C~e of  a is reached. The relaxation is more pro- 
nounced for the solution containing less elec- 
trolyte (the one with 0.25 mol / l i ter  NaC1). 
The relaxation t ime (determined from the 
slope of the plot In ~ vs t - - n o t  shown) is tr = 
50 min for curve 1 in Fig. 5 (0.25 mol / l i ter ) ,  
whereas tr = 130 rain for curve 2 (0.32 m o l /  
liter). The radii of  these bubbles were R 
280 ~m. 

Let us return now to Fig. 4. After the relax- 
ation 4-5 (at constant R) ,  the bubble was al- 
lowed again to shrink from R = 260 #m to R 
= 230 ~m (from point 5 to point 6) and then 
it was stopped again and allowed to relax. The 
equilibrium values, ae, of  a in points 5 and 6 
turned out to coincide within the experimental 
accuracy. This procedure was repeated several 

ot 
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~ l" "- ' -~" 
12 I 

I0  
50 100 t ime [mini 

FIG. 5. Re laxa t ion  of  the contac t  angle a wi th  t ime  t 
for s topped bubbles  of  radius  R = 280 #m:  (O)  0.25 m o l /  

liter NaC1; (©) 0.32 mol/liter NaC1. 

times: all the transitions from 5-6 up to 11- 
12 correspond to shrinking, whereas the values 
of  a in points 5, 6 , . . . ,  12 are the equilibrium 
contact angles reached after the relaxation. 
This experiment shows that the equilibrium 
value a~ of  the contact angle does not depend 
on the bubble size in the investigated region 
of  radii. We call a~ "equil ibrium" angle be- 
cause it was reached during a process of  relax- 
ation. However, we are aware of  the fact that 
the "stopped" bubble is not in a state of  full 
thermodynamic  equilibrium, even after the 
contact angle has fully relaxed. Indeed, the 
pressure drop and the gas diffusion flux across 
the thin liquid film still exist. 

It is interesting to note that, whereas the 
first relaxation 4-5 took 30 min, the next re- 
laxations were considerably faster: the relax- 
ation in point 10 needed 8 min and the relax- 
ation in point 12 took only 1 min. So a ten- 
dency of  the t ime for relaxation to decrease 
with R is observed. 

Additional information about the dynamic 
behavior of  the contact angle of  small bubbles 
is provided by the experimental data presented 
in Fig. 6. In Fig. 6a the data for a are plotted 
versus the bubble radius R,  whereas in Fig. 6b 
the same data are presented as a function of 
time. 

Curve 0-1 corresponds to an initial spon- 
taneous shrinking of the bubble at atmospheric 
pressure. At R = 150 #m the process of  
shrinking was stopped as described above. The 
contact angle of  the stopped bubble decreased 
from 13.5 ° to the equilibrium value ae = 
12.2 °. The relaxation process 1-2 took 30 min. 
( I f  the bubble had not been stopped, it would 
have shrunk from R = t 50 jzm to R = 0 during 
40 min.) The relaxed bubble was then grad- 
ually expanded from R = 150 ~m to R = 220 
#m with a mean rate of  d R / d t  ~ 2.5 ~m/  
min. It is important  to note that no changes 
in the contact angle were observed during this 
process of  expansion: o~ = O~e on the segment 
2-3 in Fig. 6. After the expansion, the bubble 
was allowed to shrink spontaneously again at 
constant pressure--curve 3-4. As seen in Fig. 
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FIG. 6. The contact angle a of  an air bubble as a function of the equatorial bubble radius R (a),  and of 
time (b). 0-1-spontaneous shrinking; 1-2 relaxation at R = 152 tsm; 2-3 gradual expansion; 3-4, spontaneous 
shrinking. 

6, the shrinking was accompanied with an in- 
crease of the contact angle, which exhibits a 
tendency to level off at a value of about 13 o 
for the small bubbles (Fig. 6a). 

The comparison between the processes 2-  
3 and 3-4 shows that in the case of a receding 
meniscus (expanding contact line) the contact 
angle keeps its equilibrium value, whereas in 
the case of  an advancing meniscus (shrinking 
contact line) the contact angle increasingly 
deviates from its equilibrium value. Such be- 
havior is typical of hysteresis effects observed 
often with contact angles under dynamic con- 
ditions. In the case of smooth and homoge- 
neous interfaces (as it is in our case) the hys- 
teresis can be due to the interactions between 
the two meniscus surfaces (41). 

Finally, let us compare segment 3-4 in Fig. 
4 and segment 2-3 in Fig. 6, which both cor- 
respond to expansion. The difference between 
them is that the contact line expansion is car- 
ried out before (Fig. 4) and after (Fig. 6 ) the 
relaxation of the contact angle. Therefore, the 
decrease of c~ during the process 3-4 in Fig. 4 
can be due to contact angle relaxation. 

4. DISCUSSION 

Let us summarize the main conclusions we 
reached, based on the experiments described 
above: 

(i) There is pronounced difference between 
the contact angles measured during two con- 
secutive spontaneous shrinkings realized with 

one and the same bubble-compare curves 0-  
1 and 2-3 in Fig. 4. 

(ii) When the spontaneous shrinking of a 
bubble is stopped by fixing the equatorial ra- 
dius R (i.e., the capillary pressure) a relaxation 
of the contact angle ~ is observed--see curve 
1-2 in Fig. 6. During the relaxation o~ changes 
more than 1: ° for the investigated solutions. 

(iii) If after the contact angle has relaxed 
the bubble is allowed to shrink spontaneously 
again, the contact angle deviates from its equi- 
librium value, ~e, and starts to increase--see 
curve 3-4 in Fig. 6. The latter fact implies that 
the shrinking of the contact line causes devia- 
tion of  the contact angle from its equilibrium 
value. 

The general conclusion we are led to by 
these experiments is that the contact angle of  
the spontaneously shrinking bubbles in the in- 
vestigated solutions is a nonequilibrium one. 
It seems reasonable to assume that the non- 
equilibrium effects observed with the contact 
angle in the present paper and the surprising 
variations of the film and line tension with 
bubble size established in Ref. (24) with 
shrinking bubbles have common physical or- 
igin. The results presented and discussed in 
the second part of this study, Ref. (26) support 
this claim. Here we will only mention in ad- 
vance that both the film and the line tension 
of a stopped bubble exhibit relaxation. More- 
over, during the relaxation, the film tension 
approaches its equilibrium value (coinciding 
with the value measured by de Feijter (42) for 

Journal of Colloid and Interface Science, Vo]. 151, No. 2, July 1992 



454 I V A N O V  E T  A L .  

macroscopic films), whereas the line tension 
approaches zero. 

Following the ideas developed in (41 ) one 
can hypothesize that the observed contact an- 
gle hysteresis is due to some short-range at- 
tractive surface forces counteracting the de- 
tachment of  the film surfaces during the 
shrinking of  the contact line. A theoretical 
model for describing this phenomenon is cur- 
rently being developed. 

As pointed out above, experiments with 
shrinking bubbles were performed also by 
Platikanov et al. (36, 37). However, since they 
did not measure the radius of  curvature of the 
film R f, they could not determine the film and 
line tensions independently. To make up for 
the missing experimental information these 
authors hypothesized that during the bubble 
shrinkage the film tension, % remained con- 
stant and equal to its equilibrium value. As a 
result of this hypothesis their calculated values 
of  line tension, K, are independent of  the bub- 
ble radius and about two orders of magnitude 
smaller than the values of  K determined in our 
experiments (24) for the same system. The 
new results for the contact angle, presented in 
this paper, provide a basis for an analysis of  
the approach by Platikanov et al. (36, 37). 

On the Dimin ish ing  Bubble M e t h o d  

In their experiments with spontaneously 
shrinking bubbles Platikanov et aI. (36, 37) 
measured only R and rc (see Fig. 2 ), and then 
calculated the contact angle a. According to 
their results o~ levels off for large bubbles (R 
> 70 #m), whereas a deviation of c~ from con- 
stancy was established with the smaller bubbles 
(see, e.g., Fig. 9 in Ref. (29)) .  The latter fact 
was interpreted as an effect of the line tension 
K in accordance with the equation 

1 2 a  K 1 
- -  - , [1] 
cos a / 2  3" 3" r~ 

where ~ and 3" are the surface tension of the 
solution and the film tension, respectively. 
Equation [1] is an approximated version of  

Eq. [60 ] in Ref. (9),  which follows from the 
Neumann-Young force balance at the contact 
line. If  3' and K were constants, they could be 
determined from the slope and the intersect 
of the plot 1 / c o s ( ~ / 2 )  vs 1 ~re, as Platikanov 
et al. did. 

This approach for determining line tension, 
called the "diminishing bubble method," 
seems to be simple and convincing. Its weak 
point is the hypothesis that both 3, and K are 
constant during the bubble shrinking. The ar- 
guments of  Platikanov et al. (29, 37, 43) in 
favor of this hypothesis are the following: (a) 
The contact angle a was found experimentally 
to level off for the large bubbles when the line 
tension effect should be negligible (hence 3' = 
const at least with the larger bubbles--see Eq. 
[1]). (b) Independent experiments (27, 30) 
with curved foam films formed at the tip of a 
capillary showed that the film tension 3" was 
constant over a wide range o fR  f (70-700 ~m). 
(c) The line tension K determined by means 
of the "diminishing bubble" method agrees 
by its sign and order of  magnitude with the 
results for K obtained by two other methods 
developed by Platikanov et al.: The "critical 
bubble" method (44) and the "porous plate" 
method (43, 45). 

As a matter of fact the present study, as well 
as our previous work (24, 26 ), allows checking 
experimentally the hypothesis in question. 
With respect to argument (a),  the constancy 
of  ce for the larger bubbles established in (29, 
37) turned out to be an artifact. It is due to 
the systematic error introduced by the ap- 
proximated formula (Eq. [7] in Ref. (37)) ,  
which was used in Refs. (29, 37) for calcula- 
tion of a from the data for rc and R. By rig- 
orous computer integration of the Laplace 
equation for the shape of the bubble surface 
we recalculated the correct values of  the con- 
tact angle by using the data from curve 1 in 
Fig. 9 in (29). The results are compared in 
Fig. 7 with the curve of Platikanov et al. (29) .  
It is clear that the correct values of a (filled 
circles) do not level off at large R and that the 
systematic error of  the approximated formula 
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FIG. 7. Contact angle ~ vs bubble radius R: data by 
P|atikanov et al. (37) processed by means of their ap- 
proximated formula (O) and by rigirous integration of the 
Laplace equation (O). 

increases with R; in particular, ~xa ~ 0.34 ° at 
R -- 200 #m. 

Our data for a vs R (see Figs. 4 and 6 ) also 
do not exhibit a tendency for leveling off at 
large R. Besides, the dependence of e, on R 
turns out to depend on the evolution of the 
bubble before the start of the measurements--  
cf. curves 0-1 and 2-3 in Fig. 4. Moreover, 
the fact that the contact angle a of  a stopped 
bubble relaxes (curve 1-2 in Fig. 6) and that 
a changes when a relaxed bubble is allowed 
to shrink again (curve 3-4 in Fig. 6) clearly 
demonstrates that the contact angle a of a 
shrinking bubble is a nonequilibrium one. 
Then the dependence of a on r~, observed by 
Platikanov et al. (36, 37) can well be a non- 
equilibrium effect (similar to the relaxation 
shown in Fig. 5 ) rather than being due to an 
equilibrium line tension as argued by Plati- 
kanov et al. In addition, the independent 
measurements of 3' and K in Refs. (24, 26) 
show that c o s ( a / 2 )  is almost a constant, 
whereas ~, and K undergo large variations with 
rc (i.e., the plot of  1 / cos (~ /2 )  vs 1/rc can- 
not be used for determining ~) see Fig. 8 in 
Ref. (24). 

As far as the measurement of the film ten- 
sion 3, of  films fixed on the tip of  a capillary 
(27, 30) is concerned, in this case Platikanov 
et al. obviously deal with a motionless (non- 
shrinking) contact line. As our experiments 
demonstrated in such a case both a (see Fig. 

5 ) and 3, (Figs. 9, 10, and 11 in Ref. (26))  
relax with time and eventually reach equilib- 
rium values. Hence the experiment with bub- 
bles fixed on a capillary cannot serve as proof 
that 3, is constant also for shrinking bubbles. 
This conclusion is in line with the observation 
by Platikanov et al. (Ref. (30) p. 75) that 
measurements done immediately after the film 
formation yield larger (according to us - -non-  
equilibrium) values of 3,. In addition, it is es- 
tablished in Part II of this study, Ref. (26),  
that after the relaxation of the contact angle 
is completed, the film tension becomes equal 
to the equilibrium value measured by de Fe- 
ijter (42), just like the film tension measured 
in (30).  Therefore, our results in Ref. (24) are 
not in contradiction with those in Ref. (30) 
as claimed in Refs. (27, 28, 29). 

The third argument of Platikanov et al. (29, 
43) against our data is based on the agreement 
(by order of magnitude) between the results 
obtained by them by means of the diminishing 
bubble method and the so-called critical bub- 
ble and porous plate methods (44, 45). This 
could have been a strong argument if the last 
two methods were irreproachable, which un- 
fortunately is not the case. Hence, we discuss 
below briefly some problems connected with 
the interpretation of the experimental data 
obtained by these methods. 

On the Critical Bubble  M e t h o d  

In Ref. (44) the attachment of small bubbles 
at the surface o f  SDS aqueous solutions was 
studied. It was established that under certain 
conditions only the larger bubbles (with R > 
Rcr) formed black foam films, while the 
smaller ones (with R < Rcr) remained beneath 
the surface touching it but not forming a vis- 
ible three-phase contact line. The smallest 
bubble forming a three-phase contact line was 
called "the critical bubble" and its radius was 
denoted by Rcr. 

The following apparently simple explana- 
tion of this phenomenon has been proposed 
(44).  An equivalent form of Eq. [1] reads 
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K OL OL 
7 + - - c o s  = 2 0 c o s  [2] 

rc g g" 

The maximum value of the right-hand side of 
Eq. [2] is 2o at oz = 0, while the left-hand side 
can grow infinitely as re --* 0 (ifK is not zero). 
So, it was hypothesized in (44) that (a) the 
critical bubble has a contact radius rcr such 
that at r~ < R~r the equilibrium condition [2] 
is violated and (b) the contact angle a of the 
critical bubble is zero, Thus by setting o~ = 0 
in Eq. [21 one obtains 

K = (20 - T)rcr. [3] 

rcr was determined in the following way (44). 
The small bubbles are almost spherical; then 
r~r ~ R¢~sin ~ = Rcrsin ¢c ( a  is supposed to 
be zero with the critical bubble)--cf .  Fig. 2. 
Besides, the buoyancy force is counterbalanced 
by the meniscus surface tension: 

4 3 7rR~rpg = 27rrcrO sin ¢c. 

The elimination of  sin ¢c yields 

2Og R4 
~'  = 3o c~, [41 

and from Eq. [ 3 ] one obtains the basic formula 
of the critical bubble method, 

K = (20 - 3,) ~ 3 ¢ g  R2r. [5] 

The main problems with the use of  Eq. [ 5 ] 
for the interpretation of  the experimental data 
are the following: 

(i) If the "critical" behavior of the bubble 
is due to the breakdown of  Eq. [1 ], applied by 
the authors (see Refs. (36, 37)) to shrinking 
bubbles, it is not clear why a large sponta- 
neously shrinking bubble (like the bubbles 
studied both in the present study and in (24, 
36)) does not exhibit any critical behavior at 
R = RCr. The experimental dependence of r¢ 
on R for such a bubble (data from Run 2b in 
Ref. (24) 0.32 mol/li ter NaC1) is depicted with 
a solid line in Fig. 8. It is obvious that the 

ro (/~m) 
50 

40 

30 

20 
z ~  

7 
s0 

, (Ror,ror) 
0 

25 50 75 100 125 

R (/~m) 

FIG. 8. Experimental data for rc vs R for a spontaneously 

shrinking bubble (0.32 mol / l i t e r  NaC1). The asterisk de- 

notes the position of the "critical" point, calculated from 

Eq. [4] with Rcr = 54 #m measure~ in (43, 44) for the 
same solution. 

condition for mechanical equilibrium, Eq. [2 ], 
is satisfied both for R > Rcr  and for R < Rcr .  

(ii) In Ref. (51) Rcr = 54 #m was deter- 
mined for the solution with 0.32 mol/ l i ter  
NaC1. Following the reasoning of  the authors 
of  Ref. 51, their critical bubble radius Rcr 
should correspond to a critical film radius, rot, 
which could be calculated from Eq. [4]. In 
this way we obtained for this system rcr = 1.3 
izm. The corresponding point (Rc~, ror) is 
shown in Fig. 8. The fact that it is situated far 
away from the equilibrium curve r~ vs R casts 
doubt on the applicability to this phenomenon 
of Eqs. [ 2 ] -  [ 4 ], which all have equilibrium 
nature. In this connection it is worthwhile 
noting that Babak (40) proposed an alternative 
(and we believe plausible ) interpretation of the 
data for the critical bubbles, based on kinetic 
considerations, without making use of any line 
tension effect. 

(iii) In order for Eq. [5 ] to be used it is 
assumed (43) that the isolated point (R~r, rcr) 
corresponds to a metastable equilibrium state 
that is not specified. Quite arbitrarily it is sup- 
posed implicitly that this state corresponds to 
a Newton black film and the value of 3' mea- 
sured by de Feijter (42) for macroscopic New- 
ton black films can be used. If the nonattached 
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bubbles (with R < Rcr) form "submicroscopic 
films," as stated in (44), it seems to us that it 
is better to substitute the film tension of  these 
thicker films for 3/ in Eq. [5]. Say, for elec- 
trostatically stabilized films, 0~ ~ 1 ° (3' = 
2a cos 0~)--see ,  e.g., (42). Then Eq. [5] gives 
K = 8 X 10  7 dyn, which is about 100 times 
smaller than the value obtained in Ref. 43 by 
using Newton black film tensions. 

(iv) In (44, 46) the barrier preventing the 
smaller bubbles (with R < Rcr) to form film 
is interpreted as a line tension effect by means 
of some force consideration, which seems to 
be applicable for solid, rather than for fluid, 
particles--cf,  p. 614 in (44). Since these con- 
siderations in fact do not affect Eq. [ 5 ], we 
will not analyze them here. 

In summary, not only the line tension value 
calculated from Eq. [ 5 ], but also the very con- 
cept for the existence of a line tension barrier 
preventing thin film formation, is problematic 
and needs both theoretical and experimental 
justification. 

On the Porous Plate Method 

The porous plate method was introduced 
by Mysels and Jones (47),  who studied ex- 
perimentally the dependence of the thin film 
interactions on the film thickness. Zorin et al. 
(45) applied this method for line tension mea- 
surements in accordance with the N e u m a n n -  
Young equation, 

K 
3' + - -  = 2~ cos 00, [6] 

r c  

where 00 = a / 2  is half of  the contact angle. I f  
the formed flat foam films are at an equilib- 
r ium state, and if the slight dependence of 3' 
on rc (due to the dependence of 3/on the cap- 
illary pressure) can be neglected, then in keep- 
ing with Eq. [ 6 ] any observed dependence of 
00 on rc can be attributed to the line tension 
effect. To measure 00 Zorin et al. (45) used 
two independent approaches: (i) capillary 
pressure measurements  and (ii) interferomet- 

ric measurements.  These two approaches are 
discussed separately below. 

(i) Capillary pressure measurements. A 
simple integration of the Laplace equation 
d ( x  sin O)/(xdx)  = Pc/a for rc < x < R yields 
(48, 52) 

R cos OR -- rcsin 00 
Pc = 2~ R 2 - r~ [7] 

Here R is the radius of  the vertical cylindrical 
hole in the porous plate supporting the film 
and OR is the contact angle subtended between 
the surface of the liquid meniscus and the in- 
ner surface of  the hole. (In the case of  perfect 
wetting, OR must  be zero.) Zorin et al. mea- 
sured the quantity, 

2a 
2xP = Pc - ~ -  cos 0U [ 8 ] 

and plotted the data versus the contact radius 
re. This experimental curve was compared in 
their Fig. 2 with the theoretical curve AP vs rc 
calculated from Eqs. [7] and [8] at constant 
0o (no line tension effect). A slight difference 
between this theoretical and the experimental 
curve was interpreted as a line tension effect. 
However, Zorin et al. did not publish any error 
estimates of  AP and rc, which is desirable when 
measuring a small effect such as K. 

To get an idea about the accuracy of these 
measurements  we used the equation: 

~ r c  - =COS0R - - s i n 0 0 ,  [9] 
r c  

which follows directly from Eqs. [7] and [8 ]. 
Then we took the data for ~d ~ and rc from the 
table in Ref. (45) and plotted the left-hand 
side of  Eq. [9] (denoted by F)  vs R / r e - - s ee  
Fig. 9. (The data are for a 0.05% aqueous so- 
lution of SDS with 0.32 mol / l i te r  NaC1, T = 
21°C, ~ = 31.8 m N / m ,  R = 120 #m.) The 
data fit a straight line with a correlation coef- 
ficient of  0.9991. The slope yields 0o = 7.85 ° 
+ 0.11 o, which is markedly lower than the re- 
sults of  the interferometric measurement  of  
the same authors giving 00 as varying between 
8.23 ° and 9.30 ° (45).  The intersect yields OR 
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FIG. 9. The left-hand side of Eq. [9] plotted vs R / r c :  data are from the Table in Ref. (45). F 
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= 26.6 ° + 2.0 °. This high value of OR seems 
to be unrealistic because the glass porous plate 
soaked with the solution must be well wettable. 

In the plot of  F vs R/rc  shown in Fig. 9 
there are no visible deviations from the straight 
line suggesting the presence of a line tension 
effect on 0o. For a closer inspection of this 
point from Eq. [6] we determined sin 00: 

4o-2( 1 + ~ ]  J " 

Since K/Tr~ < 1, one obtains 

s i n 0 o = s i n 0 ~  1 - - - c o t 2 0 ~  ~/2,  [10] 
,,/r e 

where 0~ is the limiting value of  0o for large 
r~: cos 0~ = 3'/2o---cf. Eq. [6]. I f r  ~ 10 -1° 
N ( a s  claimed in Ref. 45) and 0~ ~ 8 °, then 
the square root in Eq. [10] can be expanded 
in series. We substituted the resulting expres- 
sion for sin 0o in Eq. [9] to obtain 

2o- r ~  - + - -  sin 0~ 
f c  

KR cos20~ 1 
= COS O R -~ . [ 1 1 ] 

3' s in0~ r~ 

For 0o~ we used the value 7.85 ° determined 
from the slope of the plot of  F vs 1 / ro. In the 
inset of  Fig. 9 the left-hand side of  Eq. [11 ], 
denoted by G, is plotted against 1 / r 2. Having 
in mind Eq. [11], from the slope of the straight 
line we determined r = (0.8 + 5.5) X 10 -l l  
N. In other words, it turns out that K is zero 
in the framework of the experimental accu- 
racy. 

In conclusion, we deem the capillary pres- 
sure measurements presented in (45) to be not 
reliable enough, especially for line tension 
measurements.  

( ii) Interferometric measurements.  Zorin et 
al. (45) applied transmitted light differential 
interferometry to determine the meniscus 
shape from the interference pattern and to 
calculate the contact angle 00 from the 
interference pattern. Then they plotted (1 
- c o s  00) vs 1 ~re and fitted the data with a 
straight l ine--see Fig. 10. By using Eq. 6 from 
the slope of the straight line they calculated K 
= + 3 n N  for 0.32 mol / l i te r  NaC1 and K = 
-1 .5  n N  for 0.45 mol / l i te r  NaC1. The inter- 
sects in Fig. 3 of  Ref. (45) give 0oo = 10.12 ° 
for 0.32 mol / l i te r  NaC1, while de Feijter (42) 
determined 00o = 9.13 ° with the same con- 
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FIG. 10. Dependence of( 1 - cos 00) on 1~re as obtained 
by Zorin et al. (45) (0.45 tool/liter NaC1). The triangle 
is an experimental point, recalculated from the interference 
data in (45) by using the procedure developed in (21). 

centrations of  NaC1 and SDS. With 0.45 m o l /  
liter NaC1 the respective values are 0~o = 9.33 o 
for the data of  Zorin et al. and 0~o = 11.26 ° 
for the data of  de Feijter. 

These considerable differences in 0~, which 
are not mentioned in Ref. (45),  can be due 
to improper  computer  processing of  the data 
for the interference fringes. To check this pos- 
sibility we used the rigorous method for pro- 
cessing interferometric data developed in Ref. 
(21 ), which has been tested there both with 
model and experimental data. We processed 
the numerical data for the positions of  the in- 
terference fringes, measured from a single 
photograph, which were presented as illustra- 
tive examples in Ref. (45). As a result we ob- 
tained rc = 11.8 ~m and 00 = 8.86 °. The re- 
spective point (denoted by a triangle in Fig. 
10) turned out to be located away from the 
data of  Zorin et al. I f  all other points are re- 
calculated in the same way, one might expect 
a better agreement with de Feijter's value for 
0~. However, it is not possible to predict how 
much the value of the line tension K will change 
as a result of  such a recalculation. It should 

be noted also that only the points denoted by 
open circles in Fig. 10 were obtained from the 
interferometric determination of 00. The filled 
circles were calculated by using the following 
special procedure. The quantity R0 = R~ 
cos OR was determined by processing the in- 
terference pattern at a given moment .  The re- 
sult was substituted in the fight-hand side of  
the equation 

rc AP ( _ R~ cos20R ] [12] 
sin Oo = ~oo + ~ -  ~ rc rc 1 '  

which is equivalent to Eq. [ 9 ]. Then by using 
the independently measured 2xP (see above) 
and by setting OR = 0 the angle 00 was calcu- 
lated. 

We believe that the agreement achieved in 
this way between the interferometric and cap- 
illary pressure measurements is fortuitous. In- 
deed, as shown above the data for Ap are con- 
sistent with the values 00 = 7.85 ° and OR = 
26.6 ° , corresponding to the slope and the in- 
tersect in Fig. 9. If0R = 26.6 ° is used, it yields 
R0 = 107 ~tm instead of R0 = 116-120 ~tm 
obtained by the authors of  Ref. (45) from the 
interferometric measurements.  Therefore, the 
procedure used in (45) for calculation of the 
filled circles in Fig. 10 is not entirely self-con- 
sistent. 

In summary,  the line tension measurements 
with the porous plate method need further 
work. The points raised above lead us to the 
conclusion that neither the magnitude nor the 
sign of the line tension values obtained in Ref. 
(45) are totally reliable. 

5. CONCLUDING REMARKS 

The main result in the present paper is the 
experimental finding that slowly shrinking 
small air bubbles attached to a l iquid-air in- 
terface form a nonequilibrium (dynamic)  
contact angle. The velocity of  shrinkage of the 
contact line is really very small: drc/dt ~ 9.2 
× 10 -3 t~m/s for a bubble of  radius R ~ 200 
#m. Nevertheless, this rate turns out to be large 
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enough to cause a noticeable deviation of  the 
contact angle from its equilibrium value. 

To study the dynamic behavior of the con- 
tact angle a specially designed experimental 
cell with variable pressure was constructed. It 
allows the shrinking of a bubble to be stopped 
and even to be reversed into an expansion. 
The contact angle of  a stopped, initially 
shrinking bubble relaxes for about 1 h or more 
to reach its equilibrium value. The relaxation 
time depends on the radius of the bubble and 
electrolyte concentration for the investigated 
solutions of  SDS. In addition, if a relaxed 
bubble is allowed to shrink again, the contact 
angle deviates from its equilibrium value- -  
see Fig. 6. On the contrary, if a relaxed bubble 
is gradually expanded, no changes of  the con- 
tact angle were noticed. These facts imply that 
the very shrinking of the contact line (corre- 
sponding to an advancing meniscus) causes 
the deviation of the contact angle from its 
equilibrium value. 

The new data shed some light on the line 
tension measurements with shrinking bubbles. 
In particular, the change of  the contact angle 
with the bubble radius, which was interpreted 
in Ref. (36)  as a line tension effect can well 
be due to the observed nonequilibrium phe- 
nomena. This raises considerable doubt about 
the reliability of the line tension values re- 
ported in a number of publications (29, 36, 
37, 46, 49, 50). 

On the other hand, the new results suggest 
that the large line tension measured in Ref. 
(24),  as well as the accompanying film tension 
variations, can be in fact nonequilibrium val- 
ues of the respective quantities. This idea is 
supported experimentally in Ref. (26) .  It is 
established there that both the film and line 
tension of a stopped bubble (which previously 
had been shrinking) relax together with the 
contact angle. 
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