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A novel, fast formed drop technique is developed for measuring
dynamic surface and interfacial tension of surfactant solutions. It
employs the basis of the capillary pressure methods. A new way of
formation of a fresh interface is the key point in the proposed
technique. It is based on the fact that a jet of liquid flowing out of
a capillary breaks very fast after a sudden stop of the flow, but a
small drop with a fresh interface remains at the capillary tip. Once
the drop is formed, its size (and thereby its area) remains constant,
while the capillary pressure is measured with a pressure trans-
ducer. The dynamic surface (or interfacial) tension is calculated by
means of the Laplace equation for capillarity. In this way, mea-
surements under constant interfacial area in a time domain from
about 50 ms up to several minutes or more can be made. The
measurements with pure liquids give constant values of the dy-
namic surface and interfacial tension equal to the corresponding
equilibrium values reported in literature. The dynamic surface
tension of Triton X 100 and Triton X 405 solutions measured by
the new technique are in a good agreement with those obtained by
the static drop weight method. The applicability of the new tech-
nique for measuring the dynamic interfacial tension is
demonstrated. © 1999 Academic Press

Key Words: fast formed drop technique; dynamic surface ten-
sion; dynamic interfacial tension; constant interfacial area; surfac-
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INTRODUCTION

(DIT) in the case of solution/liquid interface. Both, DST anc
DIT are related to the rate of transfer of the surfactant mole
cules from the bulk of solution onto the interface. The studie
of the DST and the DIT give information not only for the
adsorption rate but also for the mechanism of adsorption
surfactant molecules, thus helping to reveal the factors go
erning the adsorption process. That is why studies of DST a
DIT are an important step in almost every scientific or applie
investigation dealing with surfactant solutions.

Besides the chemical nature of the surfactant, the surfacte
concentration has a strong effect on the DST and the DIT. Tl
equilibrium surface (interfacial) tension of commonly usec
concentrated surfactant solutions is usually reached during t
first several seconds after formation of a fresh interface. Th
requires fast experimental methods for measuring the DST a
DIT to be used. An overview of the experimental methods ca
be found in Ref. (1).

Two groups of methods can be distinguished, depending
the expansion of the interface during measurements. These
(i) methods for measuring the DST (DI&} constant interfa-
cial area and (ii) methods involvingsurface expansionThe
interpretation of the results obtained by the latter methods
much more difficult in comparison with the former. Indeed, the
expansion of an interface always causes some convecti
fluxes inside the bulk phases (2), hence convective terms m
be included in the governing equations of the adsorption prol

Surfactant solutions play an essential role in many industri&@m. As a consequence, a general analytical solution of i

processes such as foaming, froth flotation, emulsification, ag@dsorption problem can not be obtained and the latter has to
detergency. The practical importance of the surfactants Sglved numerically (1, 3). Besides, the rate of surface expa
based on the ability of their molecules to accumulate at frestipn should be exactly known for the proper interpretation
created solution/fluid interfaces, thus decreasing the surfacdltg results. This requires more sophisticated equipment to
interfacial tension. The latter quantities, being a measure féged (e.g., video recording, image analysis (4—-6)) or son
the specific free surface energy, change continuously with tiragditional assumptions and approximations to be done in orc
until their equilibrium values are reached. The nonequilibriuntg reduce the problem for adsorption with surface expansion
transient values are called dynamic surface tension (DST)thre case of adsorption at constant surface area (7, 8). These
the case of solution/gas interface or dynamic interfacial tensidisadvantages of all methods which employ expanding inte
faces in comparison to the methods without surface expansic

*To whom correspondence should be addressed. Present address: CHII--here E_ire Sev_eral methods for _meaSl_mng the DST (B&tT)
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ods are too slow to measure the DST (DIT) during the firstrops and/or a small density difference Eq. [1] still can be use
several seconds after formation of a fresh interface. The mettithout significant error.

ods involving hydrodynamic flow, like the oscillating jet (9, During last decade different modifications of capillary pres
10) and the inclined plate (11), are fast but have narrow tinsere methods were developed, first by Passeebaé (18) and
domains of measurements equal to-30 ms and 0.05-2 s, later by others (4, 5, 17, 19, 26, 27). The expanded drc
respectively. Another disadvantage of the above two methagshnique (17, 27) differs from the other capillary pressur
is they are applicable only at the solution/air interface. Thaethods by the fast drop expansion occurring in a few tentl
latter limitation does not concern methods involving a dropf a second. The fast expansion in the earlier version of th
attached to a tip of the capillary. These are the static drigchnique (17) is obtained by suitable value of the capillary ti
volume (weight) (12-15), the pendent drop digitization (16and by introducing a gas volume in the system. Under certa
and the expanded drop (17, 26, 27) methods. The DST (Dld@Qnditions, the presence of the gas bubble provides an unsta
is calculated by use of the volume (or the weight) of the dragiate for the system during the drop formation. In fact, in thi
detached from the capillary tip in the first of the methods. Thease, after the drop has reached the hemispherical shape
second one uses for that purpose the drop profile obtainedsayglden increase in its volume is observed. The drop ar
an image analysis of the drop shape. The directly measuirdreases more than 20 times in a short time. In this way a lari
capillary pressure of the drop is used for calculation of the DSiFop with “fresh” surface is formed at the capillary tip. How-
(DIT) in the expanded drop method. The measuring procedwaeer, the introduction of a gas volume in the system leads
of these methods consists of two consecutive stages, (i) fepme negative effects related to change of the drop size duri
mation of a “fresh” drop at the tip of the capillary by squeezingheasurements and to an increased sensitivity of the syst
out a solution by means of a syringe, and (ii) measuring theward temperature fluctuations. These negative effects ¢
DST (DIT), o(t), as a function of the surface age,under eliminated in the recently developed upgraded version of t
constant volume of the drop. The end of the first stage éxpanded drop technique (26, 27). The major improvement
assumed to be the beginning of the adsorption prodess)); the use of a piezoelectric piston for the expansion of the dro
i.e., the surfactant does not adsorb at the drop surface durihgs allowing a 50-fold increase of the drop area to be achiev
the stage of drop formation. This assumption should be moséthin 0.2 s.

valid at small adsorption rates (e.qg., in diluted solutions) and atin summary, only a few experimental methods allow mez
short duration of the drop formation stage. The stage of dreprements the DST (DIT) during the first second after forme
formation lasts from several tenths of a second up to sevetiah of a fresh interface. Some of them have a narrow tim
seconds in the static drop volume and the pendent drop digemain of measurement and are applicable to solution/g
tization methods. That is why both methods are not appropriagerfaces only. Other methods involve a surface expansio
for measuring the DST (DIT) when the characteristic adsorpsich complicates the interpretation of the results. The aboy
tion time is smaller than several seconds. More over, tliésadvantages are overcome to a large extent in the expan
adsorption of the surfactant during the drop formation stageop method (17, 26, 27). An alternative of the latter metho
can not be neglected, especially in the case of concentrabesed on a totally different principle for formation of a frest
solutions. For that reason some authors claimed that the daterface is proposed in the present work.

obtained by the static drop volume method at short times couldThe experimental technique developed by us employs tl
not be properly interpreted (15). The problems discussed ab@dyantages of the capillary pressure methods—simple a
are overcome to some extent by Liggieti al. (17, 26, 27), clear theoretical backgrounds (see Eq. [1]), fast and easy ¢
who proposed the expanded drop technique. This techniguasition of a large amount of experimental data, and suitabilit
belongs to a group of so-called capillary pressure methods (for DIT and DST measurements. The key point is the way ¢
an overview see Ref. (26)). They all are based on direftrming a fresh interface. In contrast to the expanded drc
measurement of the capillary pressug,of a drop attached to technique, we use the fact that a jet of liquid flowing out of
a tip of a capillary. Precise pressure transducers for that paepillary breaks very fast after a sudden stop of the flow, but
pose are used. The surface (interfacial) tensigis calculated small drop with a fresh interface remains at the capillary tig
by means of the Laplace equation for capillarity, which in th&hat is why we call the new technique fast formed drop”
case of a sphere with radilsreads (FFD) techniqueOnce the drop is formed, its size (and thereby
its area) remains constant, while the capillary pressure is me
sured with a pressure transducer. The dynamic surface |
P.=—. [1] interfacial) tension is calculated by means of Eq. [1]. The
experimental setup, the experimental procedure, and the way
calculating the DST (DIT) are described in detail in the nex
This equation is strictly valid in a special case of zero Borithree sections, together with the results of tests with pul
number (i.e., under zero gravity or zero difference betwediquids. Since the static drop weight method was used as
densities of the drop liquid and the surrounding fluid). At smateferent method for some of the DST measurements, it
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FIG. 1. Sketch of the experimental setup (a) and close-up of the capillary tip (b).

briefly described in Materials and Methods. The obtained rkept constant by sucking out the incoming solution from th
sults with surfactant solutions are discussed, and some conelght branch by means of a water pump. The drop remaining

sions are drawn in the last two sections of the work. the capillary tip after the flow is stopped is observed with
long-focus microscope. Plane-parallel windows are mounte
EXPERIMENTAL SETUP inside the wall of the vessel for better observation.
A sketch of the experimental setup is shown in Fig. 1. One EXPERIMENTAL PROCEDURE

end of a glass capillary with outer radil® = 0.0659 +
0.0001 cm is connected to a reservoir of surfactant solution an
to a pressure transducer (Omega, type PX163-005BD5V).

dThe reservoir, the pipelines, and the capillary are filled witl
g surfactant solution. All air bubbles (even very small one:

level of the solution in the reservoir is approximately 80 ci ould be relz:movre]zd, because_ tr_]ey ca;n ck())lmprom|sedthe m
above the capillary tip. A stopcock is mounted in the plast&urements. or t_at reason, it IS preteranie to use deaera
pipeline not far from the capillary. When the stopcock is closaiater for preparation of the solutions. First, the referent ou_tp|
the transducer can measure the pressure inside the com%ﬁj}@ge'uf" of the pressure tragsdcher r;]as o be determll_ner
ment with the capillary. The output signal of the transducer ore mea;urem_enfts are(zj mahe. o_r”t at_pu_:%ose i Sllg
amplified and, by means of an Analogue-to-Digital Convert&?NVEX MENISCUS 1S :)r’r,ne at the capiliary tip. Then, the levs
(ADC), is stored in the PC. The ADC can convert analog the solution in the “U” shaped vessel is elevated by additio
signals’, in the rangeSV—+5V with a precision of 0.1 mV of solution to the right branch until the capillary tip is touchec

The sampling frequency range from 100 to 200 measuremem's the surface of the solution. The output voltage of th
per second was found to be most suitable. The time is métcgns_ducer at that_ momertd,,, corresponds to a flat surface at
sured by the PC's clock and is recorded as well. The capillatye UP Of the capillary.

is mounted inside the left branch of a “U” shaped vess
partially filled with solution. When the stopcock is open, th
solution flows out of the reservoir through the capillary as a jet. The level of the solution is adjusted to be several centimete
The level of the liquid in the left branch of the vessel can beelow the capillary tip by sucking out the liquid from the right

?ynamic Surface Tension Measurements



102 HOROZOV AND ARNAUDOV

(a) (b)

6
L D B
4 0
; 2 5 VO U DI rrertin B C ks
= o W RN T Uy e A st
(o o i N ) J
> 0 ;
5 5
= ; ‘
o -2 [* { z
> 2 R
- g : -
5 _4* 3 o ;
= 200D 9] B 2 |
3 B
o -6 | : |
o
; .
-8+ 0 2 4 6 8 10 12 14 16
_ time (s)
10 | o
0.0 0.1 0.2 0.3
time (s)
(c)

FIG. 2. Photographs of liquid flowing out of a capillary as a jet (a), the drop remaining at the capillary tip after the flow was stopped (b), and a |
respective changes of the output voltage of the pressure transducer with time (c). Arrows denote the moment when the jet breaks.

branch of the “U”-shaped vessel. Then, the stopcock is opengldout 10 s later, the stopcock is suddenly closed, the flo
and the surfactant solution flows out of the capillary as a jstops, and an almost hemispherical drop is formed at tl
(Fig. 2a). Since the applied pressure is high, the output voltaggpillary tip (Fig. 2b). We found out by video recording that
is constant and equal to the upper limit of the ADC (Fig. 2cjhe jet breaks in less than 33 ms (one video frame), hence t
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drop with a fresh surface is formed very fast. It is worth noting P.= Py, — Pow [2]
that the drop formation stage in the proposed technique is about

10 to 100 times shorter than that in the methods discussedgR the other hand, there is a linear relation between the appli

the beginning of the present paper. The moment of flow arrgsbssure and the output voltage of the pressure transducer u
is well visible in Fig. 2c, where a typical change of the outpy us. Hence, we can write

voltage with time is shown. The flow breaking off causes a
sharp decrease of the pressure due to the hydrodynamic shock PYs)
(so-called water hammer), so the output voltage falls from its AP = FTo) AU, [3]
upper to its lower limit (see the arrow in Fig. 2c). We take this
moment as the beginning of the measurement of the RST ( ) .
0). This point is followed by damped oscillations of the outpyh€re 9P/0U is a constant for a given feed voltage of the
signal. Approximately 30-50 ms after the flow is arrested, thEansducer. Having this in mind, and taking into account th:
output voltage calms down and starts to follow the trend of teou 1S Practically equal to the pressure at the flat solution/a
pressure inside the drop. The highly scattered data colleciBfface, we can express the capillary pressure of the dr
during the early stages of the measurements were eliminatdtiached at the capillary tip as a function of the measure
but the rest of the data obtained at times larger than 40-50 Aidput voltage
were taken into account. Hence, the lower time limit of mea-
surements by the proposed technique is as short as approxi- P — f
mately 50 ms. There is not a limitation for the duration of the ¢ U
measurements, if the temperature of the system is kept constant
to assure constant size of the drop. We have found out that tiieere the output voltagel corresponds to the drop, whereas
drop size was practically constant during the first severdl, corresponds to a flat solution/air interface. The latter qual
minutes of the experiments even without precise temperattitg is determined in the beginning of each experiment in th
control. That is why we have restricted the duration of oway described in the previous section. In the case of solutio
measurements to about 300 s. The latter restriction can dikinterface the hydrostatic pressure due to the immersion
eliminated if the temperature of the system is kept constahe capillary tip in oil phase has to be subtracted from th
with an accuracy 0.1°C (or better) by means of a thermostétjht-hand side of Eq. [4]. The drop in our case is small and cz
The drop heightH, (Fig. 1b) is measured by a horizontabe considered as a spherical segment with raBiuk can be
microscope with an accuracy of gm. Then the dynamic calculated from the drop heighi, by the formula
surface tension is calculated in the way described in the next
section. H? + R2

If the DST against vapors of some oil is of interest, a small R= ToH [5]
amount of oil is added over the solution through the outlet of
the “U” shaped vessel (see Fig. 1a). After some time, th
atmosphere around the capillary is saturated with oil vap
and the DST is measured in the way described above.

(U - UO)! [4]

%ere R. is the radius of the capillary tip (Fig. 1b). Finally,
rom Egs. [1], [4], and [5] we obtain

. . . P H2 + RZ

Dynamlt-: Interfa(?lal Tension Measurements o(t) = {au [U(t) — Ug] — ApgAz} - ° [6]
The oil phase is added through the outlet of the “U” shaped

vessel in such an amount to form a several centimeters thick oil

layer over the solution (see Fig. 1a). Some quantity of thereU(t) ando(t) are the output voltage of the transduces

solution is sucked out by the water pump until the depth @nd the dynamic surface tension at timesspectivelyApgAz

immersionAz, of the capillary inside the oil becomes equal té the hydrostatic termip is the difference between the den-

several millimeters (see Fig. 1b). After that, the same procgifies of the drop liquid and the surrounding fluid, anés the

dure as for DST measurements is followed. Beside the dr8ffVity. The depth of immersion of the capillary tipz, is

height,H, the depth of immersion\z, is also measured by theSettled to zero in the case of solution/gas interface. Sihge

microscope with an accuracy 26m. Then the DIT is calcu- U(t), Az, H, andR, are experimentally measured, the DST o

lated (see below). the DIT can be calculated by Eq. [6]. The constam/oU
needed for these calculations has been preliminarily dete
CALCULATIONS OF THE DST AND THE DIT mined by experiments with pure water, the surface tension |

which is known to be equal to 72.2 dyn/cm at 24°C (20)

The capillary pressur®,, is defined as a difference betweertquation [6] was used for that purpose. We have found o
the pressure insid®,,, and the pressure outside the drBp,; dP/dU = 450 = 1.4 dyn/cni per volt. In order to verify this

ie., value we have measured the DIT of pure water against pu
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FIG. 3. Dynamic surface tension of pure water against @ @), hexane vapor<(, m), and benzene vapor§( ¥), and dynamic interfacial tension of

pure water against hexan&,(A) and benzene() measured by the FFD technique. Solid and empty figures correspond to different runs. The lines corres
to the respective equilibrium values taken from the literature (see Table 1).
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hexane and benzene. The DST of pure water against vaporsafrectness of the preliminarily determine&/oU value and
hexane and benzene was also measured. The results are stibevmeliability of the experimental procedure. They also sho
in Fig. 3 and in Table 1, where the obtained DST and Dlihat the assumption for the sphericity of the drop is fulfilled ir
values are compared with the equilibrium values known frothe proposed technique; hence Eq. [1] can be directly applie
the literature. As it should be, the DST and DIT of the pur&he error of the DST (DIT) values calculated by means of Ec
liquids are constant and coincide with the equilibrium literaturf€] is smaller than 0.5% (see Appendix A).

values in the range of experimental error. The reproducibility
of the results obtained from different runs is very good, as can
be seen in Fig. 3. The surface tension of water against saturated

vapors of hexane and benzene is lower than that against air,

which seems a reasonable result. These results confirm thd € surfactants used in the present study were Triton X-1(
and Triton X-405, both purchased from Serva. They are octy

phenyl polyoxyethylene ethers with 10 and 40 oxyethylen

MATERIALS AND METHODS

TABLE 1 groups, respectively. Both surfactants were used without fu

Surface and Interfacial Tensions of Pure Water Measured ther purification. Benzene (Sigma, spectroscopy grade) a
by the Fast Formed Drop Technique at 24°C n-hexane (Aldrich, 99% purity) were used in DIT measure
ments. Deaerated water was used in all experiments. For tl

o (dyn cm™) purpose deionized water obtained with a Millipore unit wa:

kept at 60°C under vacuum and continuous agitation by ma

Second fluid Measured Literature netic stirrer for about 1 h. Then, the water was chilled to roor

Air 722+ 0.2 723 temperature and used for preparation of the solutions.
Hexane vapors 68.2 0.2 — The new FFD technique was used for measurement of t
Benzene vapors 61802 — DST of Triton X-100 and Triton X-405 solutions. The DIT of
Hexane 50.4-0.2 50.6 Triton X-405 solutions against-hexane was also studied. The

Benzene 35.2 0.2 35.0 L . L
water phase was not preliminarily saturated with oil in thes

*Taken from Ref. (20). experiments and vice versa.

® Taken from Ref. (24). Some measurements of the DST of Triton solutions hay
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FIG. 4. Dynamic surface tension of Triton X 100 solutions measured by the FFD technique (solid figures) and by the static drop weight method
figures) at concentrations<(L0° mol cm™®) equal to 2.58 (1), 5.0 (2,A), 7.5 (3,V), 23.25 (4), 31.0 (5), and 62.0 (6).

been made by the static drop weight method, in order to ldhereW = Apmg is the drop weightm being its mass, and
compared with the results from the FFD technique. For thétis the so-called Harkins and Brown correction factor (21)
purpose the experimental setup shown in Fig. 1 was modifiétle ¢ was calculated from the equation (22)

in the following way. The microscope and the “U” shaped

vessel were removed. The capillary was replaced by a much R. R. 2

wider one, with outer radius equal to 0.4025 cm. The pressure ¢ = 0.9054— 0-7245<V1/3> + 0-429<V1/3) . [8]
transducer was removed and a syringe supplied with a motor

driven piston was connected at the same place. The static dr

0 . .
weight experiments were performed in the following manne'F!gre'V = W/Apg is the volume of the detached drop, which

The syringe was filled with a certain amount of surfactarff@s calculated from the drop weight assumig = 1 g/cn.

solution. The stopcock was opened and the solution flowed (R,{fere_nt drop weights (henc_e different DST values) corre
through the capillary as a jet. About 10 s later, the stopco(s,Rond'ng to adsorption times in the range from 0.3 s to sevel

was closed and the flow stopped. Then the motor was turdf@{1utes were achieved by varying the volume of the solutio

on. It squeezed the solution out of the syringe to form a larGdueezed out from the syringe.

drop pending at the capillary tip and automatically turned off, A;" experiments were performed at room temperatur
In contrast to the measurements with FFD technique, the tirtfs ©)-

needed for formation of the drop in these experiments was

much longer. It varied from about 0.3 s for the smallest drops RESULTS AND DISCUSSION

to about 0.7 s for the largest. Once the drop was formed at the ]

capillary tip, the motor was switched off and a chronomet&ST and DIT of Surfactant Solutions

was turned on. The time for detachment of the dpyas  The DST of Triton X 100 and Triton X 405 solutions are
measured. The detached drop was collected in a Petri dish @figted in Figs. 4 and 5, respectively. The data obtained by tt
its weight was measured by a “Sartorius” balance with Bp technique (solid figures) are collected from at least 4 rur
precision of 0.0001 g. The corresponding DST was calculatggl each surfactant concentration and confirm the good rep
by the formula ducibility of the measurements. The DST of both surfactan
tends to the surface tension of pure water at short times. Tt
fact is evidence that the way of drop formation used in the FF

w
o) = 7] technique assures an initially (i.e.,tat 0) fresh drop surface.

2R’
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FIG. 5. Dynamic surface tension of Triton X 405 solutions measured by the FFD technique (solid figures) and by the static drop weight method
figures) at concentrations<(L0° mol cm™®) equal to 2.5%&, O) and 5.0 &, A).

The DST of the most concentrated Triton X 100 solutionthe increase of Triton X 100 concentration. This effect is bette
(curves 4-6 in Fig. 4) tend to one and the same value at lopgnounced in the case of Triton X 405 solutions. Thes
times. This is not unexpected, since all three concentrations discrepancies can be attributed to the greater initial adsorpti
greater than the critical micelle concentration (CMC) of Tritonf the surfactants in the static drop weight experiments con
X 100 (16, 23). pared to that in the FFD measurements. Indeed, due to t
The dynamic interfacial tension of Triton X 405 solutionsnuch longer drop formation stage the drop surface in the sta
againstn-hexane is plotted in Fig. 6. These data prove that thigop weight measurements is “less fresh” compared to the FF
DIT of surfactant solutions can be measured by the FH@chnique, thus leading to lower initial DST values. The initia
technique at times as short as 40-50 ms. The DIT may Bgsorption, however, has a weak effect at long times and t
influenced by a mass transfer through the drop interface, h¢sT measured by both methods merge to one and the sa
cause both phases were not mutually saturated in these exggfve. Due to the very fast formation of a fresh interface th
iments. Nevertheless, the DIT tend to the interfacial tension pEp technique can be used for the adsorption kinetics studi
the surfactant free system water/hexane at short times (g¢€oncentrated surfactant solutions. The obtained DSTs
Table 1), while they tend to the respective equilibrium valuggicellar Triton X 100 solutions support this conclusion (se

at long times (see the arrows in Fig. 6). curves 4—6 in Fig. 4).
. . _ The new FFD technique differs from the expanded dro
Comparison with Other Experimental Methods technique (17, 26, 27) by the manner of formation of a fres

The data measured by the static drop weight method dpéerface. As a result, the following advantages of th
shown in Figs. 4 and 5 (empty figures) for comparison. Figuré&rmer are achieved: The drop formation is much shorte
4 and 5 illustrate very well some of the advantages of the ndi@ss than 33 ms instead of a few tenths of a second). TF
FDD technique, namely, the possibility for measurements $ftould lead to a fresher interface, especially in the case
much shorter times and an easy accumulation of a large amoe@acentrated solutions. The drops used in the FFD techniq
of experimental data. In the case of Triton X 100 the DSd@re smaller than those in the expanded drop techniqgt
measured by the static drop weight method practically cointence, their shape is less affected by gravity and can be wi
cides with that measured with the FFD technique at tim@pproximated as a part of a sphere even in the case of lar
larger than 2 s. However, the static drop weight method give#fference between densities of the drop liquid and th
lower DST values at short times. The difference increases wihrrounding fluid (see Appendix B).
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FIG. 6. Dynamic interfacial tension of Triton X 405 solutions against hexane measured by the FFD technique at concentre@fom|(cm®) equal to
1.25 ©), 2.5 ), and 5.0 {). The arrows show the respective equilibrium interfacial tensions taken from Ref. (25).

CONCLUSIONS wheree, is the absolute error of the function,is the total

. number of the variables;, ande,, are their absolute errors.
A novel, so-called fast formed drop (FFD) technique i plying Eq. [A.1] to Eq. [1] we obtain

developed. It allows very reproducible measurements of D
and DIT of pure liquids and surfactant solutions to be made at ) o 1/
constant interfacial area. The obtained results with pure liquids € [ <€R> n <€Pc) ] [A2]

are in excellent agreement with the equilibrium data published o
in the literature. The FFD technique gives consistent data for

the DST of Triton X 100 and Triton X 405 solutions. Thewheree, /o, ex/R, ande, /P are the relative errors of, R, and
results are in good agreement with those obtained by the stdi¢ respectively;e,, €z, and ey, are the respective absolute
drop weight method. The FFD technique is equally applicabégrors. The drop radiu®, is calculated with Eq. [5], while the
for measuring the DST and the DIT of diluted and concentratedpillary pressureP., of the water drop immersed in oil is
surfactant solutions. The following advantages of the FF@ven by the expression (cf. Egs. [1], [5], and [6])
technique in comparison to other experimental methods can be

noted: simple and clear theoretical backgrounds, suitability for 9P

DIT and DST measurements in a broad time domain from Pe= -y (U~ Uo — ApgAz. [A.3]
about 50 ms to several minutes and more, fast and easy

acqui_sition of_alarge a_mount of exper_imental dat{:l unde_r CORéSplying Eq. [A1] to Egs. [5] and [A.3], we obtain the
stant interfacial area without need of video recording or 'magollowing expressions foe, ande,

analysis, and easier interpretation of the results. R Per

“|\R P.

APPENDIX A: AN ESTIMATION OF THE ERRORS R\?1?, (R\?,1"°
€ER = 0.25 1_ T €n T €R [A.4]
IN CALCULATIONS OF THE DST (DIT) H H °
In general, the absolute error of a functipr= y(Xx;) can be , 9P\ 2 , , 12
calculated by the formula (28) €p, = [(U — Up) %€5pu + <8U> €5-u, T (Apg) 26A2:|
27 1/2
S
€y~ |:2 ((")))(/ €x; ’ [Al] [A5]
i=1 ' R.J/H is close to 1 in the proposed FFD technique, because t
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shape of the drop is close to a hemisphere. For instak¢l, From Egs. [5] and [B.2] one obtains
varied from 1 to 1.2 in our experiments. Heneg, depends
mainly on the error ofR, (see Eq. [A.4]). That is why we A, Ao -1z
measuredR; very precisely with an accuracy of dm before Reo = Re 2 (2 Ax 1)
the experiments. Hence, the absolute erroRafalculated by
Eq. [A4] atRJ/H = 1.2,e4 = 6 um, eg, = 1 um is smaller
than 1.8um. SinceR = R, the relative error of the drop
radius,ex/R, does not exceed 0.27% in our experimekts- Bo AJA*
U, varied from aboti1 V to about 3.5 V in the experiments at ED _ o )
the water/hexane interface, heriRewas in the range from 450 Borrp 2 — A*/ A
dyn/cnt to about 1500 dyn/cfn Bearing this in mind, and
knowing thate s,y = 1.4 dyn cm? V% ey, = 0.2 mV, To assure fresh interfacd,/A* has to be large; hence its
€s, = 25 pm, Ap = 0.34 glcm, Eq. [A.5] yieldse,, = 5 reciprocal in the denominator of Eq. [B.4] can be neglectec
dyn/cnt. Hence, the relative error &, does not exceed 0.34% Thus Eq. [B.4] reduces to
in these experiments. The same is valid for the relative error of
P. in the experiments at the solution/air interface. Bogp Ao

Finally, after substitution of the relative errors RfandP, BOero ~0.5 A* [B.5]
calculated above in Eq. [A.2] we obta&)/c = 0.43%.

[B.3]

Finally, after substitution of Eq. [B.3] in Eqg. [B.1] we obtain

[B.4]

According to Refs. (17, 27/ A* in experiments performed
APPENDIX B: COMPARISON BETWEEN THE FFD AND by the ED technique is typically in the range 20 to 50. Hence
THE EXPANDED DROP TECHNIQUES WITH RESPECT in view of Eq. [B.5] the drop shape is 10 to 25 times les:
TO THE DROP DEFORMATION CAUSED BY GRAVITY affected by gravity in the FFD technique compared to the El

technique.
Bond number, Bo, can serve as a measure for the influence
of gravity on the drop shape. By definition, it reads ACKNOWLEDGMENTS
5 This work is in living memory of Professor Paul Joos in whose laborator
Bo = Apgd at Antwerp University, Belgium, the experiments by the static drop weigh
0= o ' method were done in 1994. The authors thank Mrs. N. Tzokova for the DS

measurements of Triton X 405 solutions by the static drop weight method. Tl
) ) ] ) authors are indebted to Professor 1.B. Ivanov for suggestions and criticis
whered is a typical dimension of the drop. Let us take the droguring preparation of the manuscript.

radius,R, as such a typical dimension and form the ratio
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