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A novel, fast formed drop technique is developed for measuring
ynamic surface and interfacial tension of surfactant solutions. It
mploys the basis of the capillary pressure methods. A new way of
ormation of a fresh interface is the key point in the proposed
echnique. It is based on the fact that a jet of liquid flowing out of
capillary breaks very fast after a sudden stop of the flow, but a

mall drop with a fresh interface remains at the capillary tip. Once
he drop is formed, its size (and thereby its area) remains constant,
hile the capillary pressure is measured with a pressure trans-
ucer. The dynamic surface (or interfacial) tension is calculated by
eans of the Laplace equation for capillarity. In this way, mea-

urements under constant interfacial area in a time domain from
bout 50 ms up to several minutes or more can be made. The
easurements with pure liquids give constant values of the dy-

amic surface and interfacial tension equal to the corresponding
quilibrium values reported in literature. The dynamic surface
ension of Triton X 100 and Triton X 405 solutions measured by
he new technique are in a good agreement with those obtained by
he static drop weight method. The applicability of the new tech-
ique for measuring the dynamic interfacial tension is
emonstrated. © 1999 Academic Press

Key Words: fast formed drop technique; dynamic surface ten-
ion; dynamic interfacial tension; constant interfacial area; surfac-
ant solutions.

INTRODUCTION

Surfactant solutions play an essential role in many indus
rocesses such as foaming, froth flotation, emulsification
etergency. The practical importance of the surfactan
ased on the ability of their molecules to accumulate at fre
reated solution/fluid interfaces, thus decreasing the surfa
nterfacial tension. The latter quantities, being a measur
he specific free surface energy, change continuously with
ntil their equilibrium values are reached. The nonequilibri

ransient values are called dynamic surface tension (DS
he case of solution/gas interface or dynamic interfacial ten

1 To whom correspondence should be addressed. Present addres
ATECH Corp., Surfactants Division, 14 Iskarsko Shosse Blvd., Sofia 1
ulgaria. E-mail: chimatech@mbox.cit.bg.
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DIT) in the case of solution/liquid interface. Both, DST a
IT are related to the rate of transfer of the surfactant m
ules from the bulk of solution onto the interface. The stu
f the DST and the DIT give information not only for t
dsorption rate but also for the mechanism of adsorptio
urfactant molecules, thus helping to reveal the factors
rning the adsorption process. That is why studies of DST
IT are an important step in almost every scientific or app

nvestigation dealing with surfactant solutions.
Besides the chemical nature of the surfactant, the surfa

oncentration has a strong effect on the DST and the DIT
quilibrium surface (interfacial) tension of commonly u
oncentrated surfactant solutions is usually reached durin
rst several seconds after formation of a fresh interface.
equires fast experimental methods for measuring the DST
IT to be used. An overview of the experimental methods
e found in Ref. (1).
Two groups of methods can be distinguished, dependin

he expansion of the interface during measurements. The
i) methods for measuring the DST (DIT)at constant interfa
ial area and (ii) methods involvingsurface expansion.The
nterpretation of the results obtained by the latter metho

uch more difficult in comparison with the former. Indeed,
xpansion of an interface always causes some conve
uxes inside the bulk phases (2), hence convective terms
e included in the governing equations of the adsorption p

em. As a consequence, a general analytical solution o
dsorption problem can not be obtained and the latter has
olved numerically (1, 3). Besides, the rate of surface ex
ion should be exactly known for the proper interpretatio
he results. This requires more sophisticated equipment
sed (e.g., video recording, image analysis (4–6)) or s
dditional assumptions and approximations to be done in

o reduce the problem for adsorption with surface expansi
he case of adsorption at constant surface area (7, 8). The
isadvantages of all methods which employ expanding i

aces in comparison to the methods without surface expan
There are several methods for measuring the DST (DITat

onstant interfacial area.The classical Wilhelmy plate and
oüy ring methods have a broad time domain, but both m
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100 HOROZOV AND ARNAUDOV
ds are too slow to measure the DST (DIT) during the
everal seconds after formation of a fresh interface. The m
ds involving hydrodynamic flow, like the oscillating jet
0) and the inclined plate (11), are fast but have narrow
omains of measurements equal to 3250 ms and 0.05–2
espectively. Another disadvantage of the above two met
s they are applicable only at the solution/air interface.
atter limitation does not concern methods involving a d
ttached to a tip of the capillary. These are the static
olume (weight) (12–15), the pendent drop digitization (
nd the expanded drop (17, 26, 27) methods. The DST (

s calculated by use of the volume (or the weight) of the d
etached from the capillary tip in the first of the methods.
econd one uses for that purpose the drop profile obtain
n image analysis of the drop shape. The directly meas
apillary pressure of the drop is used for calculation of the
DIT) in the expanded drop method. The measuring proce
f these methods consists of two consecutive stages, (i
ation of a “fresh” drop at the tip of the capillary by squeez
ut a solution by means of a syringe, and (ii) measuring
ST (DIT), s(t), as a function of the surface age,t, under
onstant volume of the drop. The end of the first stag
ssumed to be the beginning of the adsorption process (t 5 0);

.e., the surfactant does not adsorb at the drop surface d
he stage of drop formation. This assumption should be m
alid at small adsorption rates (e.g., in diluted solutions) an
hort duration of the drop formation stage. The stage of
ormation lasts from several tenths of a second up to se
econds in the static drop volume and the pendent drop
ization methods. That is why both methods are not approp
or measuring the DST (DIT) when the characteristic ads
ion time is smaller than several seconds. More over,
dsorption of the surfactant during the drop formation s
an not be neglected, especially in the case of concen
olutions. For that reason some authors claimed that the
btained by the static drop volume method at short times c
ot be properly interpreted (15). The problems discussed a
re overcome to some extent by Liggieriet al. (17, 26, 27)
ho proposed the expanded drop technique. This tech
elongs to a group of so-called capillary pressure method
n overview see Ref. (26)). They all are based on d
easurement of the capillary pressure,Pc, of a drop attached t
tip of a capillary. Precise pressure transducers for that

ose are used. The surface (interfacial) tension,s, is calculated
y means of the Laplace equation for capillarity, which in
ase of a sphere with radiusR reads

Pc 5
2s

R
. [1]

his equation is strictly valid in a special case of zero B
umber (i.e., under zero gravity or zero difference betw
ensities of the drop liquid and the surrounding fluid). At sm
t
th-
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rops and/or a small density difference Eq. [1] still can be u
ithout significant error.
During last decade different modifications of capillary p

ure methods were developed, first by Passeroneet al. (18) and
ater by others (4, 5, 17, 19, 26, 27). The expanded
echnique (17, 27) differs from the other capillary press
ethods by the fast drop expansion occurring in a few te
f a second. The fast expansion in the earlier version of

echnique (17) is obtained by suitable value of the capillar
nd by introducing a gas volume in the system. Under ce
onditions, the presence of the gas bubble provides an un
tate for the system during the drop formation. In fact, in
ase, after the drop has reached the hemispherical sh
udden increase in its volume is observed. The drop
ncreases more than 20 times in a short time. In this way a
rop with “fresh” surface is formed at the capillary tip. Ho
ver, the introduction of a gas volume in the system lead
ome negative effects related to change of the drop size d
easurements and to an increased sensitivity of the sy

oward temperature fluctuations. These negative effect
liminated in the recently developed upgraded version o
xpanded drop technique (26, 27). The major improveme

he use of a piezoelectric piston for the expansion of the d
hus allowing a 50-fold increase of the drop area to be achi
ithin 0.2 s.
In summary, only a few experimental methods allow m

urements the DST (DIT) during the first second after for
ion of a fresh interface. Some of them have a narrow
omain of measurement and are applicable to solution

nterfaces only. Other methods involve a surface expan
hich complicates the interpretation of the results. The a
isadvantages are overcome to a large extent in the exp
rop method (17, 26, 27). An alternative of the latter met
ased on a totally different principle for formation of a fre

nterface is proposed in the present work.
The experimental technique developed by us employs

dvantages of the capillary pressure methods—simple
lear theoretical backgrounds (see Eq. [1]), fast and eas
uisition of a large amount of experimental data, and suitab

or DIT and DST measurements. The key point is the wa
orming a fresh interface. In contrast to the expanded
echnique, we use the fact that a jet of liquid flowing out
apillary breaks very fast after a sudden stop of the flow, b
mall drop with a fresh interface remains at the capillary
hat is why we call the new technique“a fast formed drop”
FFD) technique.Once the drop is formed, its size (and ther
ts area) remains constant, while the capillary pressure is
ured with a pressure transducer. The dynamic surfac
nterfacial) tension is calculated by means of Eq. [1].
xperimental setup, the experimental procedure, and the w
alculating the DST (DIT) are described in detail in the n
hree sections, together with the results of tests with
iquids. Since the static drop weight method was used
eferent method for some of the DST measurements,
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101FAST FORMED DROP TECHNIQUE
riefly described in Materials and Methods. The obtained
ults with surfactant solutions are discussed, and some co
ions are drawn in the last two sections of the work.

EXPERIMENTAL SETUP

A sketch of the experimental setup is shown in Fig. 1.
nd of a glass capillary with outer radiusRc 5 0.0659 6
.0001 cm is connected to a reservoir of surfactant solution

o a pressure transducer (Omega, type PX163-005BD5V)
evel of the solution in the reservoir is approximately 80
bove the capillary tip. A stopcock is mounted in the pla
ipeline not far from the capillary. When the stopcock is clo

he transducer can measure the pressure inside the co
ent with the capillary. The output signal of the transduc
mplified and, by means of an Analogue-to-Digital Conve
ADC), is stored in the PC. The ADC can convert analo
ignals in the range25V–15V with a precision of 0.1 mV
he sampling frequency range from 100 to 200 measurem
er second was found to be most suitable. The time is
ured by the PC’s clock and is recorded as well. The cap
s mounted inside the left branch of a “U” shaped ve
artially filled with solution. When the stopcock is open,
olution flows out of the reservoir through the capillary as a
he level of the liquid in the left branch of the vessel can

FIG. 1. Sketch of the experimental
-
lu-

e

nd
he

c
d
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is
r
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ts
a-
ry
l

t.
e

ept constant by sucking out the incoming solution from
ight branch by means of a water pump. The drop remaini
he capillary tip after the flow is stopped is observed wi
ong-focus microscope. Plane-parallel windows are mou
nside the wall of the vessel for better observation.

EXPERIMENTAL PROCEDURE

The reservoir, the pipelines, and the capillary are filled
he surfactant solution. All air bubbles (even very small o
hould be removed, because they can compromise the
urements. For that reason, it is preferable to use deae
ater for preparation of the solutions. First, the referent ou
oltage,U 0, of the pressure transducer has to be determ
efore measurements are made. For that purpose a s
onvex meniscus is formed at the capillary tip. Then, the l
f the solution in the “U” shaped vessel is elevated by add
f solution to the right branch until the capillary tip is touch
y the surface of the solution. The output voltage of

ransducer at that moment,U 0, corresponds to a flat surface
he tip of the capillary.

ynamic Surface Tension Measurements

The level of the solution is adjusted to be several centim
elow the capillary tip by sucking out the liquid from the rig

p (a) and close-up of the capillary tip (b).
setu
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102 HOROZOV AND ARNAUDOV
ranch of the “U”-shaped vessel. Then, the stopcock is op
nd the surfactant solution flows out of the capillary as a
Fig. 2a). Since the applied pressure is high, the output vo
s constant and equal to the upper limit of the ADC (Fig.

FIG. 2. Photographs of liquid flowing out of a capillary as a jet (a),
espective changes of the output voltage of the pressure transducer wi
ed
t

ge
.

bout 10 s later, the stopcock is suddenly closed, the
tops, and an almost hemispherical drop is formed a
apillary tip (Fig. 2b). We found out by video recording t
he jet breaks in less than 33 ms (one video frame), henc

drop remaining at the capillary tip after the flow was stopped (b), and
ime (c). Arrows denote the moment when the jet breaks.
the
th t



d ting
t abo
1 ed
t rre
i tpu
v s
s sh
( i
u this
m (
0 pu
s , th
o f th
p ect
d at
b 0 m
w ea
s pro
m the
m nst
t at t
d er
m atu
c ou
m n
e sta
w sta
T tal
m c
s ne
s

a
a t o
t th
a po
a

D

pe
v ck
l th
s h o
i l to
s oc
d dro
h e
m -
l

en
t
i

O plied
p r used
b

w the
t that
P /air
i drop
a ured
o

w as
U uan-
t the
w tion/
o n of
t the
r can
b
c

w ly,
f

w cer
a
i n-
s
g
s
U or
t
n eter-
m n of
w 0).
E out
­ s
v pure

103FAST FORMED DROP TECHNIQUE
rop with a fresh surface is formed very fast. It is worth no
hat the drop formation stage in the proposed technique is
0 to 100 times shorter than that in the methods discuss

he beginning of the present paper. The moment of flow a
s well visible in Fig. 2c, where a typical change of the ou
oltage with time is shown. The flow breaking off cause
harp decrease of the pressure due to the hydrodynamic
so-called water hammer), so the output voltage falls from
pper to its lower limit (see the arrow in Fig. 2c). We take
oment as the beginning of the measurement of the DSTt 5
). This point is followed by damped oscillations of the out
ignal. Approximately 30–50 ms after the flow is arrested
utput voltage calms down and starts to follow the trend o
ressure inside the drop. The highly scattered data coll
uring the early stages of the measurements were elimin
ut the rest of the data obtained at times larger than 40–5
ere taken into account. Hence, the lower time limit of m
urements by the proposed technique is as short as ap
ately 50 ms. There is not a limitation for the duration of
easurements, if the temperature of the system is kept co

o assure constant size of the drop. We have found out th
rop size was practically constant during the first sev
inutes of the experiments even without precise temper

ontrol. That is why we have restricted the duration of
easurements to about 300 s. The latter restriction ca
liminated if the temperature of the system is kept con
ith an accuracy 0.1°C (or better) by means of a thermo
he drop height,H, (Fig. 1b) is measured by a horizon
icroscope with an accuracy of 6mm. Then the dynami

urface tension is calculated in the way described in the
ection.
If the DST against vapors of some oil is of interest, a sm

mount of oil is added over the solution through the outle
he “U” shaped vessel (see Fig. 1a). After some time,
tmosphere around the capillary is saturated with oil va
nd the DST is measured in the way described above.

ynamic Interfacial Tension Measurements

The oil phase is added through the outlet of the “U” sha
essel in such an amount to form a several centimeters thi
ayer over the solution (see Fig. 1a). Some quantity of
olution is sucked out by the water pump until the dept
mmersion,Dz, of the capillary inside the oil becomes equa
everal millimeters (see Fig. 1b). After that, the same pr
ure as for DST measurements is followed. Beside the
eight,H, the depth of immersion,Dz, is also measured by th
icroscope with an accuracy 25mm. Then the DIT is calcu

ated (see below).

CALCULATIONS OF THE DST AND THE DIT

The capillary pressure,Pc, is defined as a difference betwe
he pressure inside,P in, and the pressure outside the drop,Pout;
.e.,
ut
in
st
t
a
ock
ts

t
e
e
ed
ed,

s
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Pc 5 Pin 2 Pout. [2]

n the other hand, there is a linear relation between the ap
ressure and the output voltage of the pressure transduce
y us. Hence, we can write

DP 5
­P

­U
DU, [3]

here ­P/­U is a constant for a given feed voltage of
ransducer. Having this in mind, and taking into account

out is practically equal to the pressure at the flat solution
nterface, we can express the capillary pressure of the
ttached at the capillary tip as a function of the meas
utput voltage

Pc 5
­P

­U
~U 2 U0!, [4]

here the output voltageU corresponds to the drop, where
0 corresponds to a flat solution/air interface. The latter q

ity is determined in the beginning of each experiment in
ay described in the previous section. In the case of solu
il interface the hydrostatic pressure due to the immersio

he capillary tip in oil phase has to be subtracted from
ight-hand side of Eq. [4]. The drop in our case is small and
e considered as a spherical segment with radiusR. It can be
alculated from the drop height,H, by the formula

R 5
H 2 1 Rc

2

2H
, [5]

hereRc is the radius of the capillary tip (Fig. 1b). Final
rom Eqs. [1], [4], and [5] we obtain

s~t! 5 H ­P

­U
@U~t! 2 U0# 2 DrgDzJ H 2 1 Rc

2

4H
, [6]

hereU(t) ands(t) are the output voltage of the transdu
nd the dynamic surface tension at timet, respectively,DrgDz

s the hydrostatic term,Dr is the difference between the de
ities of the drop liquid and the surrounding fluid, andg is the
ravity. The depth of immersion of the capillary tip,Dz, is
ettled to zero in the case of solution/gas interface. SinceU 0,
(t), Dz, H, andRc are experimentally measured, the DST

he DIT can be calculated by Eq. [6]. The constant­P/­U
eeded for these calculations has been preliminarily d
ined by experiments with pure water, the surface tensio
hich is known to be equal to 72.2 dyn/cm at 24°C (2
quation [6] was used for that purpose. We have found
P/­U 5 450 6 1.4 dyn/cm2 per volt. In order to verify thi
alue we have measured the DIT of pure water against
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104 HOROZOV AND ARNAUDOV
exane and benzene. The DST of pure water against vap
exane and benzene was also measured. The results are

n Fig. 3 and in Table 1, where the obtained DST and
alues are compared with the equilibrium values known f
he literature. As it should be, the DST and DIT of the p
iquids are constant and coincide with the equilibrium litera
alues in the range of experimental error. The reproducib
f the results obtained from different runs is very good, as
e seen in Fig. 3. The surface tension of water against satu
apors of hexane and benzene is lower than that again
hich seems a reasonable result. These results confirm

FIG. 3. Dynamic surface tension of pure water against air (E, F), hexan
ure water against hexane (‚, Œ) and benzene ({) measured by the FFD te

o the respective equilibrium values taken from the literature (see Table

TABLE 1
Surface and Interfacial Tensions of Pure Water Measured

by the Fast Formed Drop Technique at 24°C

Second fluid

s (dyn cm21)

Measured Literature

Air 72.2 6 0.2 72.2a

Hexane vapors 68.36 0.2 —
Benzene vapors 61.86 0.2 —
Hexane 50.46 0.2 50.6b

Benzene 35.26 0.2 35.0b

a Taken from Ref. (20).
b Taken from Ref. (24).
of
own

e
y
n
ted
ir,

the

orrectness of the preliminarily determined­P/­U value and
he reliability of the experimental procedure. They also s
hat the assumption for the sphericity of the drop is fulfille
he proposed technique; hence Eq. [1] can be directly app
he error of the DST (DIT) values calculated by means of

6] is smaller than 0.5% (see Appendix A).

MATERIALS AND METHODS

The surfactants used in the present study were Triton X
nd Triton X-405, both purchased from Serva. They are o
henyl polyoxyethylene ethers with 10 and 40 oxyethy
roups, respectively. Both surfactants were used without

her purification. Benzene (Sigma, spectroscopy grade)
-hexane (Aldrich, 99% purity) were used in DIT measu
ents. Deaerated water was used in all experiments. Fo
urpose deionized water obtained with a Millipore unit w
ept at 60°C under vacuum and continuous agitation by m
etic stirrer for about 1 h. Then, the water was chilled to ro

emperature and used for preparation of the solutions.
The new FFD technique was used for measurement o
ST of Triton X-100 and Triton X-405 solutions. The DIT
riton X-405 solutions againstn-hexane was also studied. T
ater phase was not preliminarily saturated with oil in th
xperiments and vice versa.
Some measurements of the DST of Triton solutions h

apors (h, ■), and benzene vapors (ƒ, �), and dynamic interfacial tension
ique. Solid and empty figures correspond to different runs. The lines co
.
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105FAST FORMED DROP TECHNIQUE
een made by the static drop weight method, in order t
ompared with the results from the FFD technique. For
urpose the experimental setup shown in Fig. 1 was mod

n the following way. The microscope and the “U” shap
essel were removed. The capillary was replaced by a m
ider one, with outer radius equal to 0.4025 cm. The pres

ransducer was removed and a syringe supplied with a m
riven piston was connected at the same place. The static
eight experiments were performed in the following man
he syringe was filled with a certain amount of surfac
olution. The stopcock was opened and the solution flowe
hrough the capillary as a jet. About 10 s later, the stop
as closed and the flow stopped. Then the motor was tu
n. It squeezed the solution out of the syringe to form a l
rop pending at the capillary tip and automatically turned

n contrast to the measurements with FFD technique, the
eeded for formation of the drop in these experiments
uch longer. It varied from about 0.3 s for the smallest d

o about 0.7 s for the largest. Once the drop was formed a
apillary tip, the motor was switched off and a chronom
as turned on. The time for detachment of the drop,t, was
easured. The detached drop was collected in a Petri dis

ts weight was measured by a “Sartorius” balance wit
recision of 0.0001 g. The corresponding DST was calcu
y the formula

s~t! 5
W

2pR c
, [7]

FIG. 4. Dynamic surface tension of Triton X 100 solutions measure
gures) at concentrations (3108 mol cm23) equal to 2.58 (1,h), 5.0 (2,‚),
c

e
at
d

ch
re
or
rop
r.
t
ut
k
ed
e

f.
e
s
s
he
r

nd
a
d

hereW 5 Drmg is the drop weight,m being its mass, an
is the so-called Harkins and Brown correction factor (

he c was calculated from the equation (22)

c 5 0.90542 0.7249S Rc

V1/3D 1 0.4293S Rc

V1/3D 2

. [8]

ere,V 5 W/Drg is the volume of the detached drop, wh
as calculated from the drop weight assumingDr 5 1 g/cm3.
ifferent drop weights (hence different DST values) co
ponding to adsorption times in the range from 0.3 s to se
inutes were achieved by varying the volume of the solu

queezed out from the syringe.
All experiments were performed at room tempera

24°C).

RESULTS AND DISCUSSION

ST and DIT of Surfactant Solutions

The DST of Triton X 100 and Triton X 405 solutions a
lotted in Figs. 4 and 5, respectively. The data obtained b
FD technique (solid figures) are collected from at least 4
t each surfactant concentration and confirm the good r
ucibility of the measurements. The DST of both surfact

ends to the surface tension of pure water at short times.
act is evidence that the way of drop formation used in the
echnique assures an initially (i.e., att 5 0) fresh drop surface

y the FFD technique (solid figures) and by the static drop weight meth
(3,ƒ), 23.25 (4), 31.0 (5), and 62.0 (6).
d b
7.5
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he DST of the most concentrated Triton X 100 soluti
curves 4–6 in Fig. 4) tend to one and the same value at
imes. This is not unexpected, since all three concentration
reater than the critical micelle concentration (CMC) of Tr
100 (16, 23).
The dynamic interfacial tension of Triton X 405 solutio

gainstn-hexane is plotted in Fig. 6. These data prove tha
IT of surfactant solutions can be measured by the

echnique at times as short as 40–50 ms. The DIT ma
nfluenced by a mass transfer through the drop interface
ause both phases were not mutually saturated in these
ments. Nevertheless, the DIT tend to the interfacial tensio
he surfactant free system water/hexane at short times
able 1), while they tend to the respective equilibrium va
t long times (see the arrows in Fig. 6).

omparison with Other Experimental Methods

The data measured by the static drop weight method
hown in Figs. 4 and 5 (empty figures) for comparison. Fig
and 5 illustrate very well some of the advantages of the
DD technique, namely, the possibility for measuremen
uch shorter times and an easy accumulation of a large am
f experimental data. In the case of Triton X 100 the D
easured by the static drop weight method practically c

ides with that measured with the FFD technique at ti
arger than 2 s. However, the static drop weight method g
ower DST values at short times. The difference increases

FIG. 5. Dynamic surface tension of Triton X 405 solutions measure
gures) at concentrations (3108 mol cm23) equal to 2.5 (■, h) and 5.0 (Œ, ‚
s
ng
re

e
D
be
e-
er-

of
ee
s

re
s
w
at
unt

-
s
s

th

he increase of Triton X 100 concentration. This effect is b
ronounced in the case of Triton X 405 solutions. Th
iscrepancies can be attributed to the greater initial adsor
f the surfactants in the static drop weight experiments c
ared to that in the FFD measurements. Indeed, due t
uch longer drop formation stage the drop surface in the s
rop weight measurements is “less fresh” compared to the

echnique, thus leading to lower initial DST values. The in
dsorption, however, has a weak effect at long times an
ST measured by both methods merge to one and the
urve. Due to the very fast formation of a fresh interface
FD technique can be used for the adsorption kinetics st
f concentrated surfactant solutions. The obtained DST
icellar Triton X 100 solutions support this conclusion (

urves 4–6 in Fig. 4).
The new FFD technique differs from the expanded d

echnique (17, 26, 27) by the manner of formation of a fr
nterface. As a result, the following advantages of
ormer are achieved: The drop formation is much sho
less than 33 ms instead of a few tenths of a second).
hould lead to a fresher interface, especially in the cas
oncentrated solutions. The drops used in the FFD techn
re smaller than those in the expanded drop techn
ence, their shape is less affected by gravity and can be
pproximated as a part of a sphere even in the case of
ifference between densities of the drop liquid and
urrounding fluid (see Appendix B).

y the FFD technique (solid figures) and by the static drop weight meth
d b
).
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CONCLUSIONS

A novel, so-called fast formed drop (FFD) technique
eveloped. It allows very reproducible measurements of
nd DIT of pure liquids and surfactant solutions to be mad
onstant interfacial area. The obtained results with pure liq
re in excellent agreement with the equilibrium data publis

n the literature. The FFD technique gives consistent dat
he DST of Triton X 100 and Triton X 405 solutions. T
esults are in good agreement with those obtained by the
rop weight method. The FFD technique is equally applic

or measuring the DST and the DIT of diluted and concentr
urfactant solutions. The following advantages of the F
echnique in comparison to other experimental methods c
oted: simple and clear theoretical backgrounds, suitabilit
IT and DST measurements in a broad time domain f
bout 50 ms to several minutes and more, fast and
cquisition of a large amount of experimental data under
tant interfacial area without need of video recording or im
nalysis, and easier interpretation of the results.

APPENDIX A: AN ESTIMATION OF THE ERRORS
IN CALCULATIONS OF THE DST (DIT)

In general, the absolute error of a functiony 5 y( xi) can be
alculated by the formula (28)

ey 5 F O
i51

n S ­ y

­ xi
exiD 2G 1/ 2

, [A.1]

FIG. 6. Dynamic interfacial tension of Triton X 405 solutions against
.25 (E), 2.5 (h), and 5.0 (‚). The arrows show the respective equilibriu
T
at
s
d

or

tic
le
d

D
be
r

sy
n-
e

heree y is the absolute error of the function,n is the tota
umber of the variables,xi , ande xi are their absolute error
pplying Eq. [A.1] to Eq. [1] we obtain

es

s
5 FS eR

RD 2

1 S ePc

Pc
D 2G 1/ 2

, [A.2]

herees/s, eR/R, andePc/Pc are the relative errors ofs, R, and
c, respectively;es, eR, and ePc are the respective absolu
rrors. The drop radius,R, is calculated with Eq. [5], while th
apillary pressure,Pc, of the water drop immersed in oil
iven by the expression (cf. Eqs. [1], [5], and [6])

Pc 5
­P

­U
~U 2 U0! 2 DrgDz. [A.3]

pplying Eq. [A.1] to Eqs. [5] and [A.3], we obtain th
ollowing expressions foreR andePc:

eR 5 H0.25F1 2 SRc

HD 2G 2

e H
2 1 SRc

HD 2

e Rc

2 J 1/ 2

[A.4]

ePc 5 F ~U 2 U0!
2e ­P/­U

2 1 S ­P

­UD 2

e U2U0

2 1 ~Drg! 2e Dz
2 G 1/ 2

.

[A.5]

/H is close to 1 in the proposed FFD technique, becaus

xane measured by the FFD technique at concentrations (3108 mol cm23) equal to
nterfacial tensions taken from Ref. (25).
he
c
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108 HOROZOV AND ARNAUDOV
hape of the drop is close to a hemisphere. For instance,Rc/H
aried from 1 to 1.2 in our experiments. Hence,eR depend
ainly on the error ofRc (see Eq. [A.4]). That is why w
easuredRc very precisely with an accuracy of 1mm before

he experiments. Hence, the absolute error ofR calculated by
q. [A.4] atRc/H 5 1.2, eH 5 6 mm, eRc 5 1 mm is smalle

han 1.8mm. SinceR $ Rc, the relative error of the dro
adius,eR/R, does not exceed 0.27% in our experiments.U 2

0 varied from about 1 V to about 3.5 V in the experiments
he water/hexane interface, hencePc was in the range from 45
yn/cm2 to about 1500 dyn/cm2. Bearing this in mind, an
nowing thate ­P/­U 5 1.4 dyn cm22 V21, eU2U0 5 0.2 mV,
Dz 5 25 mm, Dr 5 0.34 g/cm3, Eq. [A.5] yields ePc # 5
yn/cm2. Hence, the relative error ofPc does not exceed 0.34

n these experiments. The same is valid for the relative err
c in the experiments at the solution/air interface.
Finally, after substitution of the relative errors ofR andPc

alculated above in Eq. [A.2] we obtaines/s 5 0.43%.

APPENDIX B: COMPARISON BETWEEN THE FFD AND
THE EXPANDED DROP TECHNIQUES WITH RESPECT
TO THE DROP DEFORMATION CAUSED BY GRAVITY

Bond number, Bo, can serve as a measure for the influ
f gravity on the drop shape. By definition, it reads

Bo 5
Drgd2

s
,

hered is a typical dimension of the drop. Let us take the d
adius,R, as such a typical dimension and form the ratio

BoED

BoFFD
5 S RED

RFFD
D 2

, [B.1]

here subscripts ED and FFD denote the respective quan
n the expanded drop (ED) and the FFD techniques. Due t
ay a fresh interface is created, the drop shape in the

echnique proposed by us is close to a hemisphere; ther
FFD ' Rc. RED can be estimated taking into account the

hat the fresh interface in the ED technique is created by
xpansion of an almost hemispherical drop with an areaA* to
drop with much larger areaA0. The drop interface afte

xpansion should be “fresher” the greater the ratioA0/A* is.
or simplicity, let us consider the drop before and after ex
ion as a spherical segment. Hence, the drop radius is giv
q. [5], whereas for the drop area before and after expans
alid,

A* 5 2pRc
2 [B.2a]

A 5 2pR H . [B.2b]
0 ED ED
of

ce

p

ies
he
D
re,
t
st

n-
by
is

rom Eqs. [5] and [B.2] one obtains

RED 5 Rc

A0

A* S2
A0

A*
2 1D 21/ 2

. [B.3]

inally, after substitution of Eq. [B.3] in Eq. [B.1] we obta

BoED

BoFFD
<

A0/A*

2 2 A*/ A0
. [B.4]

o assure fresh interfaceA0/A* has to be large; hence
eciprocal in the denominator of Eq. [B.4] can be neglec
hus Eq. [B.4] reduces to

BoED

BoFFD
< 0.5

A0

A*
. [B.5]

ccording to Refs. (17, 27),A0/A* in experiments performe
y the ED technique is typically in the range 20 to 50. He

n view of Eq. [B.5] the drop shape is 10 to 25 times l
ffected by gravity in the FFD technique compared to the

echnique.

ACKNOWLEDGMENTS

This work is in living memory of Professor Paul Joos in whose labora
t Antwerp University, Belgium, the experiments by the static drop we
ethod were done in 1994. The authors thank Mrs. N. Tzokova for the
easurements of Triton X 405 solutions by the static drop weight method
uthors are indebted to Professor I.B. Ivanov for suggestions and cri
uring preparation of the manuscript.

REFERENCES

1. Dukhin, S. S., Kretzschmar, G., and Miller, R., “Dynamics of Adsorp
at Liquid Interfaces.” Elsevier, Amsterdam, 1995.

2. Edwards, D. A., Brenner, H., and Wasan, D. T., “Interfacial Trans
Processes and Rheology.” Butterworth–Heinemann, Stoneham,
1991.

3. MacLeod, C. A., and Radke, C. J.,J. Colloid Interface Sci.166,73 (1994)
4. MacLeod, C. A., and Radke, C. J.,J. Colloid Interface Sci.160, 435

(1993).
5. Horozov, T., Danov, K., Kralchevsky, P., Ivanov, I. B., and Borwan

R., in “Proceedings, First World Congress on Emulsion.” Paris, Fra
1993.

6. Horozov, T. S., Dushkin, C. D., Danov, K. D., Arnaudov, L. N., Ve
O. D., Mehreteab, A., and Broze, G.,Colloids Surf. A113,117 (1996).

7. Kloubek, J.,J. Colloid Interface Sci.41, 1 (1972).
8. Fainerman, V. B., Makievski, A. V., and Joos, P.,Zh. Fiz. Khim.67, 452

(1993).
9. Defay, R., and Hommelen, R.,J. Colloid Sci.13, 553 (1958).
0. Thomas, W. D. E., and Potter, L.,J. Colloid Interface Sci.50,397 (1975)
1. van den Bogaert, and Joos, P.,J. Phys. Chem.83, 2244 (1979).
2. Addison, C. C.,J. Chem. Soc.570,579 (1946).
3. Tornberg, E.,J. Colloid Interface Sci.60, 50 (1977).
4. van Hunsel, J., Bleys, G., and Joos, P.,J. Colloid Interface Sci.114,432

(1986).
5. Miller, R., and Schano, K.-H.,Tenside Detergents27, 238 (1990).



1 .
1

1

1 .
2 F-4

2
2

2
2 nom-

2
2 e-

nce

2

2 sen-

109FAST FORMED DROP TECHNIQUE
6. Lin, S.-Y., McKeigue, K., and Maldarelli, C.,AIChE J.36, 1785 (1990)
7. Liggieri, L., Ravera, F., and Passerone, A.,J. Colloid Interface Sci.169,

226 (1995).
8. Passerone, A., Liggieri, L., Rando, N., Ravera, F., and Ricci, E.,J. Colloid

Interface Sci.146,152 (1991).
9. Nagarajan, R., and Wasan, D. T.,J. Colloid Interface Sci.159,164 (1993)
0. Weast, C., Ed., “Handbook of Chemistry and Physics,” 55th ed., p.

CRC Press, Boca Raton, FL, 1974.
1. Harkins, W. D., and Brown, F. E.,J. Am. Chem. Soc.41, 499 (1919).
2. Wilkinson, M. C., and Kidwell, R. L.,J. Colloid Interface Sci.35, 114

(1971).
3.

3. Rillaerts, E., Ph.D. Thesis, Antwerp University, Antwerp, 1981.
4. Abramzon, A., and Shchukhin, E., Eds., “Handbook of Surface Phe

ena and Surfactants.” Chimiya, 1984. [In Russian]
5. van Hunsel, J., Ph.D. Thesis, Antwerp University, Antwerp, 1987.
6. Liggieri, L., and Ravera, F.,in “Drops and Bubbles in Interfacial R

search” (D. Möbius and R. Miller, Eds.), Studies in Interface Scie
Series, Vol. 6, p. 239. Elsevier, Amsterdam, 1998.

7. Ferrari, M., Liggieri, L., and Ravera, F.,J. Phys. Chem. B102(51), 10521
(1998).

8. Kamke, D., and Kramer, K., “Physikalische Grundlagen der Mas
heiten.” Teubner, Stuttgart, 1977.


	INTRODUCTION
	FIG. 1

	EXPERIMENTAL SETUP
	EXPERIMENTAL PROCEDURE
	FIG. 2

	CALCULATIONS OF THE DST AND THE DIT
	FIG. 3
	TABLE 1

	MATERIALS AND METHODS
	FIG. 4

	RESULTS AND DISCUSSION
	FIG. 5
	FIG. 6

	CONCLUSIONS
	APPENDIX A: AN ESTIMATION OF THE ERRORS IN CALCULATIONS OF THE DST (DIT)
	APPENDIX B: COMPARISON BETWEEN THE FFD AND THE EXPANDED DROP TECHNIQUES WITH RESPECT TO THE DROP DEFORMATION CAUSED BY GRAVITY
	ACKNOWLEDGMENTS
	REFERENCES

