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Abstract

We carried out experiments on detachment of oil drops from glass substrates in solutions of an anionic surfactant. The three-phase contact
line shrinks spontaneously, and eventually the oil drop detaches from the substrate. Consecutive video frames of such drops are digitized,
and the time dependencies of the contact radius and angle are determined. Three stages of detachment of a drop, situated above a horizontal
substrate, can be distinguished. They correspond to three different driving factors: (1) the interfacial tension decrease because of surfactant
adsorption, (2) the aqueous meniscus spontaneously advances owing to the penetration of water between the oil and solid phases, and (3) at
sufficiently small contact radius the shape of the oil–water interface becomes unstable and the drop detaches under the action of buoyancy.
Analyzing the experimental data, we identified two important characteristics of the drop-detachment process: the velocity of spontaneous
advance of the contact line and the line drag coefficient. In the case of moving contact line, a dynamic Young equation must be used, which
takes into account the line drag force. The latter is proportional to the velocity of contact-line motion. The experimental data agree with the
latter dependence, from whose slope the line drag coefficient is determined.
 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

Several mechanisms have been discussed in the literature
in relation to the cleaning of solid surfaces from oily de-
posits. The most popular are roll-up, emulsification, and sol-
ubilization [1–10]. Depending on the specific system, one or
another mechanism can prevail. From a practical viewpoint
it is important to reveal the physicochemical factors that can
be used for efficient control of the cleaning process. One of
these factors is the type and concentration of the surfactants
used. The latter can affect the cleaning process by changing
the oil–water and solid–water interfacial tensions, the three-
phase contact angle, the solubility of the oil in the aqueous
phase, etc. Important details of the washing action of surfac-
tant solutions are not yet well understood, because the actual
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process is rather complex and could combine two or several
elementary mechanisms.

Our present study is directed toward analyzing the mech-
anism of spontaneous detachment of oil drops from solid
surfaces in solutions of ionic surfactants. We carried out di-
rect microscopic observations of the cleaning process for hy-
drophilic glass surfaces, in an attempt to reveal the main
stages of the oil drop detachment. The final goal is to get
additional knowledge about the main factors that control the
cleaning process and can be used for its optimization.

Technologically oriented experiments on detachment of
oil drops from solid substrates were carried out by Dil-
lan et al. [3], who obtained many data about the efficiency
of the roll-up mechanism. The experiments of several au-
thors [6,11–13] show that the apparent “roll-up” is related
to shrinking of the three-phase solid–oil–water contact line,
which, in its turn, is due to the molecular penetration (diffu-
sion) of water molecules between the oil drop and the solid
phase. This process was termed thediffusional mechanism
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of oil detachment. For example, in the experiments by Kao
et al. [6], drops of crude oil have been detached from glass
in solutions of 1 wt% C16-alpha-olefin-sulfonate+ 1 wt%
NaCl. These authors have observed directly the dynamics of
water-film penetration between the oil phase and the solid.
Once such a disjoining water film has been formed, even
a weak shear flow is enough to detach the oil drop from
the substrate. The study in Ref. [6] was related to enhanced
oil recovery; however, a similar mechanism can be opera-
tive also for oil-drop detachment in other applications of de-
tergency. To our best knowledge, the physicochemical and
dynamic aspects of thediffusional mechanism have not yet
been well studied and understood.

From a more general viewpoint, processes with moving
contact lines are crucial for many applications in coating,
printing, painting, and detergency. The most studied are the
cases where the motion of the contact line on a solid surface
is strained by some external force or potential gradient, in-
cluding processes of liquid deposition on a moving or porous
substrate; see Refs. [14–28] and the literature cited therein.
In contrast, in the case of a diffusional mechanism [6], the
contact-line motion occurs spontaneously, at a finite contact
angle, driven by some molecular mechanisms, but its veloc-
ity is much lower than in the case of conventional spread-
ing (zero contact angle; see, e.g., Ref. [29]) or “superspread-
ing” [30].

Our aim here is to investigate thedynamic aspects of the
diffusional mechanism of detachment of oil drops from a
horizontal glass plate immersed in a surfactant solution. Our
attention is focussed on the balance of forces at the moving
three-phase contact line. In such cases, aline drag force
should be included in the Neumann–Young force balance
at the contact line [31]. One of our goals is to verify this
expectation and to determine theline drag coefficient. The
latter could be an important physicochemical parameter
characterizing the dynamics of detachment of oil drops.

The paper is organized as follows. In Section 2 we
describe the experimental method. Section 3 is devoted to
the procedure of processing of the drop profiles. Section 4
presents the results and their interpretation.

2. Experimental method and procedures

In our experiments we use the samesurfactant as in
Ref. [6], C14/C16-alfa-olefin-sulfulate (AOS) sodium salt,
technical product, Hostapur OSB (Clariant). The working
AOS concentration was from 0.3 to 1 mM. The solutions also
contained various concentrations of NaCl (Merck, analytical
grade, preheated for 5 h at 450◦C) in deionized water from a
Milli-Q Organex purification system. Pure hexadecane was
used as the oil phase.

Dry glass slides, precleaned by immersion in sulfochro-
mic acid and subsequent abundant rinsing with water, were
used as substrates. After the rinsing, the glass slides were
dried at 80◦C for 1 h. In our experiments, a hexadecane

drop of millimeter size is placed on thedry glass slide. Then,
the slide is placed (with the oil drop at the upper side) at
the horizontal bottom of the experimental rectangular glass
vessel, which has planar walls to prevent optical distortion.
Afterwards, the surfactant solution is carefully poured into
the vessel until completely immersing the oil drop in the
solution. Furthermore, by using a horizontal microscope
with a long-focus objective, one can observe the drop profile.
A digital CCD camera (Kappa CF 8/1 DX) and VCR
(Samsung SV-4000) were used to record the process of drop
detachment. All experiments were carried out at the ambient
room temperature (T = 22± 2 ◦C).

Consecutive experimental photos of a drop, at different
stages of spontaneous detachment, are shown in Fig. 1
(0.3 mM AOS+ 100 mM NaCl). It is visible that initially
the drop has an approximately spherical shape. With elapsed
time the contact line shrinks, the oil–solid contact area
decreases, and the drop becomes slightly elongated under the
action of buoyancy (pendant-drop-type profile). At the final
stage (t = 878 s) a neck is formed. Next, the drop detaches
very fast. Depending on the surfactant concentration and the
volume of the deposited drop, sometimes a residual drop
is observed to remain on the substrate; that is, the initial
drop has broken at the neck. In other cases, complete oil
detachment, without residual drop, is observed.

Video frames of the drop were digitized and recorded.
The data for each digitized drop profile were processed
numerically to adjust the cap of the drop at the center of
the coordinate system and to rotate the profile in order to
get the vertical axis coincident with the axis of symmetry.
This computational procedure is important for the following
two reasons: (a) the original image is digitized in the real
screen frame, i.e., in a shifted coordinate system; (b) the
original image is sometimes taken rotated at a small angle
with respect to the vertical due to imperfect positioning of
the video camera. Digitized profiles of the drop in Fig. 1 are
shown in Fig. 2, where the drop dimensions are quantified.

We measured the water/hexadecane interfacial tension by
the spinning drop method (Krüss). The measured equilib-
rium interfacial tension of 0.3 mM AOS+ 0.1 M NaCl is
3.9 mN/m.

3. Processing of the drop profiles

To achieve an accurate determination of the radius of the
three-phase contact line,rc, and the contact angle,α, we
fitted the obtained digital drop profiles (Fig. 2) by means of
the Laplace equation of capillarity. The physical parameters
involved in the Laplace equation are the capillary pressure
and the characteristic capillary length,

(1)l = [
(ρw − ρo)g/σow

]−1/2
,

where σow is the oil–water interfacial tension,g is the
acceleration due to gravity, andρw = 0.998 g/cm3 and
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Fig. 1. Consecutive photos of the process of detachment of a hexadecane
drop from a horizontal glass plate immersed in a solution of 0.3 mM
AOS + 0.1 M NaCl.

ρo = 0.772 g/cm3 are the densities of water and hexadecane
at 22◦C.

A cylindrical coordinate system,Orz, is used, withr and
z being the radial and vertical coordinates, respectively. It is
convenient to chose the coordinate origin at the drop apex
and to orient thez-axis downward (Fig. 3). We introduce
dimensionless variables

(2)x1 = r

l
, x2 = z

l
, v = V

πl3
,

whereV is the volume of the drop, which remains constant
during the detachment experiment (no solubilization of oil).

Fig. 2. Digitized profiles of three of the photos in Fig. 1 taken at time
moments denoted in the figure. The theoretical line is drawn as explained
in Section 3.

For the sake of numerical integration, it is convenient to
represent the Laplace equation of capillarity in terms of the
arc length,s, along the generatrix of the drop profile [32],

(3)

dθ

ds
= 2

b
− sinθ

x1
− x2,

dx1

ds
= cosθ,

dx2

ds
= sinθ,
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Fig. 3. Sketch of an oil drop situated above a horizontal solid plate immersed
in a water phase. The interfacial tensions,σow, σos, andσws, acting at the
three-phase contact line (of radiusrc) are shown;α is the contact angle;θ is
running slope angle;g is the acceleration due to gravity.

whereθ = θ(s) is the running slope angle andb is the un-
known dimensionless radius of curvature at the top of the
drop (Fig. 3). Thus, the Laplace equation acquires the form
of a system of three differential equations which is solved
to determine the functionsx1 = x1(s), x2 = x2(s), and
θ = θ(s) describing the drop profile in a parametric form.
To find the solution of Eq. (3), three natural boundary condi-
tions are used at the drop apex, wheres is defined to be zero:

(4)x1(0) = 0, x2(0) = 0, θ(0) = 0.

Equation (4) determines the starting point for the numerical
integration along the drop profile.

Three parameters enter the set of equations: (i) the
interfacial tension,σow, which defines the capillary length,l;
(ii) the drop volume,V , which is constant; and (iii) the
radius of curvature at the drop apex,b. First, we fit carefully
the profile of the initial drop, att = 0, which has an
almost spherical shape, and determine the drop volume. For
example, for the drop in Figs. 1 and 2 we getV = 1.45 mm3.
Afterwards, we keepV constant and fit all other profiles
only with two unknown parameters,b and σow. The fit is
excellent; it describes well the drop shapes in the cases with
and without neck (see Fig. 2). From the best fits we calculate
the contact radiusrc , the contact angle,α, and the interfacial
tension,σow. The last is found to vary with time due to
simultaneous surfactant adsorption and deformation of the
drop shape.

4. Numerical results and discussion

Figure 4 shows the results from the processing of 24
consecutive experimental profiles of one and the same
detaching oil drop. The results for the contact radiusrc and
contact angle,α, are shown in Fig. 4 as functions of timet .
During the first 160 s (Stage I)rc quickly decreases, from
0.81 mm to 0.50 mm. Afterwards,rc decreases slowly, from
0.50 mm to 0.30 mm, for a long period of about 620 s
(Stage II). The final Stage III of drop detachment is very
fast: rc shrinks down to 0.12 mm, a capillary instability of
the drop profile appears, and the drop detaches (see Fig. 4a).

(a)

(b)

Fig. 4. (a) Contact radiusrc and (b) contact angleα as functions of timet .
The points are obtained by processing digitized photos of the drop in Fig. 1;
the lines are guides to the eye.

The contact angle (Fig. 4b) also shows three stages with
different behavior. Initially, during Stage I, the contact angle
α drops from 83◦ down to 50◦. During Stage IIα does not
change significantly—it remains constant, about 50◦. In the
final Stage III,α increases fast up to 92◦. The points in
Figs. 5a and 5b form almost smooth lines (no scattering);
that is, the experimental errors are low.

The dependenciesrc(t) andα(t) can be interpreted in the
following way. During all stages, there is a dynamic balance
of forces per unit length of the contact line, which reads

(5)σos= σws + σow cosα + σd.

Here σos and σws are the superficial tensions of the oil–
solid and water–solid boundaries (Fig. 3);σd is a drag force
acting per unit length of the contact line;σd is expected to
be proportional to the velocity of motion of the contact line,

(6)σd = −β
drc

dt
,

whereβ is a line drag coefficient. (Note thatσd is positive
becausedrc/dt is negative; in general,σd is directed oppo-
sitely to the direction of contact-line motion). Equation (6)
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Fig. 5. Experimental velocity of motion of the contact line,drc/dt , plotted
vs σ cosα in accordance with Eq. (9).

can be deduced from Eq. (40) in Ref. [31], which expresses
the balance of the thermodynamic force by the drag force at
steady state conditions.

It should be noted that the Young equation can be
derived based on both energy and force considerations, the
two approaches being equivalent. In particular, the force
interpretation ofσos and σws stems from the work of
Gibbs [33], who coined the term “superficial tensions” for
them. According to Gibbs [33], by definition, the superficial
tension opposes every increase of the wet area, without
any deformation of the solid, in the same way asσow
opposes every dilatation of the interface between the two
fluids. From this viewpoint, the superficial tensionsσos and
σws can be interpreted as surface tensions, i.e.,forces per
unit length. Thus, the Young equation has the meaning
of a tangential projection of a vectorial force balance
per unit length of the contact line. Correspondingly, the
normal component of the meniscus surface tension,σow sinα

(Fig. 3), is counterbalanced by the bearing reaction of the
solid substrate.

In fact, Eq. (5) represents a dynamic form of the Young
equation with account for the viscous drag force. The
physical reason for the appearance of line drag force is the
fact that (during the motion of the contact line) oil molecules
are taken out of potential wells at the solid surface and
replaced by water molecules, accompanied with dissipation
of kinetic energy in the zone of the contact line. In particular,
a possible interpretation of the three stages distinguished in
Fig. 4 is the following.

Stage I. In the beginning, the interfacial tensionσow
quickly decreases due to the adsorption of surfactant at the
oil–water interface. The lowering ofσow affects the force
balance at the three-phase contact line. The latter shrinks
to reach an equilibrium position, with an appropriate value
of the contact angle. In other words, during Stage I the
variation ofσow is the driving force of the observed contact-
line shrinking.

Stage II. In this stageσow and α have already reached
their almost equilibrium values,σow,eq ≈ 3.9 dyn/cm and

αeq ≈ 50◦. Because at this stage the rate of motion of the
contact line,drc/dt , is rather small, one can neglectσd in
Eq. (5) (an estimate is given below) to obtain

(7)σos= σws + σeqcosαeq (Stage II).

Figure 4a shows that the contact line still shrinks very
slowly. The slope of the curve in Fig. 4a, corresponding to
the intermediate Stage II, is

(8)us = |drc/dt|Stage II= 0.24 µm/s.

In fact, us has the meaning of the velocity of spontaneous
motion of the contact line. This could be attributed to the
molecular diffusion of water (and surfactant?) along the
oil–solid boundary in the zone of the three-phase contact.
The diffusion of water disjoins the oil from the solid at
the contact line. Such a process could be the origin of the
slow changes during Stage II. We believe thatus is an
important kinetic characteristic of the oil–drop detachment.
Its dependence on the composition of the surfactant solution,
type of oil and solid, size of the drop, etc., should be
investigated.

Stage III. This stage begins when the contact line radius
rc becomes so small that the shape of the pendant oil drop
becomes unstable. This type of instability (“necking”) has
been investigated in relation to the drop-volume method
for measurement of surface tension [34–39]. The necking
develops at a finite rate because of the viscous dissipation of
kinetic energy in the oil and water phases, and in the contact-
line region.

Note that Eq. (5) is satisfied during all three stages of
drop detachment. This equation implies that under steady-
state conditions the disbalance of the interfacial tensions at
the contact line is always counterbalanced by theline drag
force, σd, by adjustment of a corresponding velocity of the
contact-line motion,drc/dt . Substituting Eqs. (6) and (7)
into Eq. (5), we obtain

(9)
drc

dt
= 1

β
(σ cosα − σeqcosαeq).

In accordance with Eq. (9), in Fig. 5 we plot the experimental
data for drc/dt vs. σ cosα for all the three stages. The
data comply well with a straight line, which confirms the
validity of Eq. (6). Note that the experimental points on
the right-hand side of Fig. 5 correspond to the intermediate
Stage II, whereas the points on the left correspond to the
more dynamic initial and final Stages I and III.

From the slope of the linear regression (Fig. 5) we
determine the line drag coefficient to beβ = 16.2 poise
(1.62 Pa s). The intercept yieldsσeqcosαeq = 2.55 mN/m;
with αeq ≈ 50◦ this yieldsσeq = 3.95 mN/m, in agreement
with the spinning-drop measurements. Using Eq. (8), one
obtains that during Stage II the line drag isσd = βus =
3.9 × 10−4 dyn/cm. In other words,σd is really negligible
during Stage II, for which the equilibrium relation, Eq. (7),
holds.
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Next, let us discuss the difference between the detach-
ment in the case of oil drops situated below (Ref. [6]) and
above (the present article) the solid substrate. In the latter
case, the buoyancy force tends to detach the drop from the
substrate; for that reason, when water penetrates between oil
and glass in the contact zone, the oil and glass surfaces read-
ily detach, and a continuous shrinking of the contact line (ad-
vancing of the water meniscus) is observed. In contrast, in
the case of oil drop below a glass plate, the buoyancy pushes
the drop toward the solid surface. Then, during Stage II, the
penetration of water between oil and glass in the contact
zone leads to the formation of water lenses, rather than to
advancing of the water meniscus [6].

The reproducibility of the experimental data, such as
those in Fig. 4, is sensitive to the pretreatment of the solid
surface. The experiments carried out with different drops and
glass plates give qualitatively similar results, although there
are often quantitative differences. The latter could be due, at
least in part, to the differences between the initial volumes
of the drops. Tasks for future studies can be to determine
whether and how the velocity of spontaneous contact-line
advance,us, and the line drag coefficient,β , depend on
the drop volume, type of surfactant, surfactant concentration
and micellization, presence of added inorganic electrolytes
(hardness of water), type of oil, chemical nature and surface
roughness of the solid substrate; effect of applied cross flow
in the water phase, etc.

Finally, let us discuss a possible mechanism of penetra-
tion of the oil–glass interface by water as the likely cause
of the continuing detachment process. There are many ex-
perimental indications that water may dissolve or diffuse
into and swell the glass (and silica) surface and form a sur-
face gel layer [40–48]. This effect shows up in surface-force
measurements [44,46,48] and in experiments on adsorption
of macromolecules on glass [47]. As part of the dissolution
process, water may break silicon–oxygen bonds and form a
hydroxylated surface [48]. In addition, the formation of a gel
layer may include an ion exchange process, in which sodium
ions at the glass surface are replaced by protons [41,43,47].
Swelling of the surface layers has been directly detected in
some glasses in humid atmospheres by analytical methods:
the surface area is increased by at least 10 times, microp-
ores appear, and clusters are formed on the interface [45].
Coming back to our system (Fig. 3), we could hypothesize
that water molecules, from the gel layer at the water–glass
interface, can penetrate the oil–water interface by diffusion,
at least in the close vicinity of the contact line. The pres-
ence of water molecules in the surface layer of glass would
alter the values of the two superficial tensions,σws andσos,
which, in turns, would affect the force balance expressed by
the dynamic Young equation, Eq. (5). The resulting uncom-
pensated force would drive the spontaneous shrinking of the
contact line. A model development is under way.

5. Summary and conclusions

We carried out experiments on detachment of oil drops
from glass substrates in solutions of the ionic surfactant
AOS. Video frames of detaching oil drops were digitized
(Fig. 1) and processed by means of the Laplace equation
(Fig. 2), and the time dependenciesrc(t) and α(t) were
determined (Fig. 4).

One can identify the following stages of detachment
of a drop situated above a horizontal substrate: Stage I
(fast): the reason for the changes in the drop shape is
the decrease of the interfacial tension due to surfactant
adsorption. Stage II (slow): the changes in the drop shape
are due to the spontaneous advance of the aqueous meniscus,
with a constant velocityus, owing to the penetration of water
between the oil and solid phases in the zone of the contact
line. In our experimentus = 240 nm/s. Stage III (fast): this
begins whenrc becomes so small that the shape of the oil–
water interface becomes unstable and a “necking” instability
appears; the driving force of the changes at this stage is the
buoyancy.

Analyzing the experimental data we identified two im-
portant characteristics of the process of drop detachment,
whose role deserves to be studied better in the future. These
are (i) the velocity of spontaneous advance of the contact
line (of the aqueous meniscus),us, and (ii) the line drag co-
efficient,β . In the case of a moving contact line a dynamic
Young equation must be used, Eq. (5). It states that if there is
a disbalance of the interfacial tensions at the contact line, the
excess tension is counterbalanced by the line drag force,σd,
which is proportional to the velocity of contact-line motion;
see Eq. (6). The experimental data agree with Eq. (9), which
is a form of the dynamic Young equation. From the slope of
the respective linear regression (Fig. 5) we determined the
line drag coefficient for this specific system (β = 1.62 Pa s).
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