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Abstract

In Section 1, spreading of small liquid drops over thin dry porous layers is investigated from both theoretical and experimental points of

view [V.M. Starov, S.R. Kosvintsev, V.D. Sobolev, M.G. Velarde, S.A. Zhdanov, J. Colloid Interface Sci. 252 (2002) 397]. Drop motion over

a porous layer is caused by an interplay of two processes: (a) the spreading of the drop over already saturated parts of the porous layer, which

results in an expanding of the drop base, and (b) the imbibition of the liquid from the drop into the porous substrate, which results in a

shrinkage of the drop base and an expanding of the wetted region inside the porous layer. As a result of these two competing processes, the

radius of the drop goes through a maximum value over time. A system of two differential equations has been derived to describe the

evolution with time of radii of both the drop base and the wetted region inside the porous layer. This system includes two parameters, one

accounts for the effective lubrication coefficient of the liquid over the wetted porous substrate, and the other is a combination of permeability

and effective capillary pressure inside the porous layer. Two additional experiments were used for an independent determination of these two

parameters. The system of differential equations does not include any fitting parameter after these two parameters are determined.

Experiments were carried out on the spreading of silicone oil drops over various dry microfiltration membranes (permeable in both normal

and tangential directions). The time evolution of the radii of both the drop base and the wetted region inside the porous layer were monitored.

All experimental data fell on two universal curves if appropriate scales are used with a plot of the dimensionless radii of the drop base and of

the wetted region inside the porous layer on dimensionless time. The predicted theoretical relationships are two universal curves accounting

quite satisfactory for the experimental data. According to theory predictions [1]: (i) the dynamic contact angle dependence on the same

dimensionless time as before should be a universal function, and (ii) the dynamic contact angle should change rapidly over an initial short

stage of spreading and should remain a constant value over the duration of the rest of the spreading process. The constancy of the contact

angle on this stage has nothing to do with hysteresis of the contact angle: there is no hysteresis in the system under investigation. These

conclusions again are in good agreement with experimental observations [V.M. Starov, S.R. Kosvintsev, V.D. Sobolev, M.G. Velarde, S.A.

Zhdanov, J. Colloid Interface Sci. 252 (2002) 397].

In Section 2, experimental investigations are reviewed on the spreading of small drops of aqueous SDS solutions over dry thin porous

substrates (nitrocellulose membranes) in the case of partial wetting [S. Zhdanov, V. Starov, V. Sobolev, M. Velarde, Spreading of aqueous

SDS solutions over nitrocellulose membranes. J. Colloid Interface Sci. 264 (2003) 481-489]. The time evolution was monitored of the radii of

both the drop base and the wetted area inside the porous substrate. The total duration of the spreading process was subdivided into three

stagesthe first stage: the drop base expands until the maximum value of the drop base is reached; the contact angle rapidly decreases during

this stage; the second stage: the radius of the drop base remains constant and the contact angle decreases linearly with time; the third stage:

the drop base shrinks and the contact angle remains constant. The wetted area inside the porous substrate expends during the whole spreading

process. Appropriate scales were used with a plot of the dimensionless radii of the drop base, of the wetted area inside the porous substrate,

and the dynamic contact angle on the dimensionless time. Experimental data showed [S. Zhdanov, V. Starov, V. Sobolev, M. Velarde,

Spreading of aqueous SDS solutions over nitrocellulose membranes. J. Colloid Interface Sci. 264 (2003) 481-489]: the overall time of the

spreading of drops of SDS solution over dry thin porous substrates decreases with the increase of surfactant concentration; the difference

between advancing and hydrodynamic receding contact angles decreases with the surfactant concentration increase; the constancy of the

contact angle during the third stage of spreading has nothing to do with the hysteresis of contact angle, but determined by the hydrodynamic

reasons. It is shown using independent spreading experiments of the same drops on nonporous nitrocellulose substrate that the static receding

contact angle is equal to zero, which supports the conclusion on the hydrodynamic nature of the hydrodynamic receding contact angle on

porous substrates.
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In Section 3, a theory is developed to describe a spontaneous imbibition of surfactant solutions into hydrophobic capillaries, which takes

into account the micelle disintegration and the concentration decreasing close to the moving meniscus as a result of adsorption, as well as the

surface diffusion of surfactant molecules [N.V. Churaev, G.A. Martynov, V.M. Starov, Z.M. Zorin, Colloid Polym. Sci. 259 (1981) 747]. The

theory predictions are in good agreement with the experimental investigations on the spontaneous imbibition of the nonionic aqueous

surfactant solution, Syntamide-5, into hydrophobized quartz capillaries. A theory of the spontaneous capillary rise of surfactant solutions in

hydrophobic capillaries is presented, which connects the experimental observations with the adsorption of surfactant molecules in front of the

moving meniscus on the bare hydrophobic interface [V.J. Starov, Colloid Interface Sci. 270 (2003)].

In Section 4, capillary imbibition of aqueous surfactant solutions into dry porous substrates is investigated from both theoretical and

experimental points of view in the case of partial wetting [V. Straov, S. Zhdanov, M. Velarde, J. Colloid Interface Sci. 273 (2004) 589].

Cylindrical capillaries are used as amodel of porousmedia for theoretical treatment of the problem. It is shown that if an averaged pore size of the

porous medium is below a critical value, then the permeability of the porous medium is not influenced by the presence of surfactants at any

concentration: the imbibition front moves exactly in the same way as in the case of the imbibition of the pure water. The critical radius is

determined by the adsorption of the surfactantmolecules on the inner surface of the pores. If an averaged pore size is bigger than the critical value,

then the permeability increases with surfactant concentration. These theoretical conclusions are in agreement with experimental observations.

In Section 5, the spreading of surfactant solutions over hydrophobic surfaces is considered from both theoretical and experimental points of

view [V.M. Starov, S.R. Kosvintsev, M.G. Velarde, J. Colloid Interface Sci. 227 (2000) 185]. Water droplets do not wet a virgin solid

hydrophobic substrate. It is shown that the transfer of surfactant molecules from the water droplet onto the hydrophobic surface changes the

wetting characteristics in front of the drop on the three-phase contact line. The surfactantmolecules increase the solidvapor interfacial tension and

hydrophilise the initially hydrophobic solid substrate just in front of the spreading drop. This process causes water drops to spread over time. The

time of evolution of the spreading of a water droplet is predicted and compared with experimental observations. The assumption that surfactant

transfer from the drop surface onto the solid hydrophobic substrate controls the rate of spreading is confirmed by experimental observations.

In Section 6, the process of the spontaneous spreading of a droplet of a polar liquid over solid substrate is analyzed in the case when

amphiphilic molecules (or their amphiphilic fragments) of the substrate surface layer are capable of overturning, resulting in a partial

hydrophilisation of the surface [V.M. Starov, V.M. Rudoy, V.I. Ivanov, Colloid J. (Russian Academy of Sciences English Transaction) 61 (3)

(1999) 374]. Such a situation may take place, for example, during contact of an aqueous droplet with the surface of a polymer whose

macromolecules have hydrophilic side groups capable of rotating around the backbone and during the wetting of polymers containing

surface-active additives or LangmuirBlodgett films composed of amphiphilic molecules. It was shown that droplet spreading is possible only

if the lateral interaction between neighbouring amphiphilic molecules (or groups) takes place. This interaction results in the tangential transfer

of the overturning state to some distance in front of the advancing three-phase contact line making it partially hydrophilic. The quantitative

theory describing the kinetics of droplet spreading is developed with allowance for this mechanism of self-organization of the surface layer of

a substrate in the contact with a droplet.

D 2004 Elsevier B.V. All rights reserved.
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Fig. 1. Cross section of the axisymmetric spreading drop over initially dry

thin porous substrate with thickness D. 1, Liquid drop; 2, wetted region

inside the porous substrate; 3, dry region inside the porous substrate; L(t)

radius of the drop base; l(t) radius of the wetted area inside the porous

substrate; D thickness of porous substrate; r, z coordinate system; h(t, r)

profile of the spreading drop.
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1. Spreading of liquid drops over dry porous substrates

in the case of complete wetting: universal behaviour

In this section, we take up the problem in the case of

complete wetting when a drop spreads over a dry porous

layer. The problem is treated under the lubrication theory

approximation and in the case of complete wetting. Spread-

ing of bbig dropsQ (but still small enough to neglect the

gravity action) over bthin porous layersQ is considered

below.

The kinetics of liquid motion both in the drop above the

porous layer and inside the porous layer itself are taken into

account below. The thickness of the porous layer D, is

assumed to be much smaller than the drop height, that is,

Dbh* ,where h* is the scale of the drop height. The drop

profile is assumed having a low slope (h*/L*b1, where L*

is the scale of the drop base), and the influence of the gravity

is neglected (small drops, Bond number qgL*2/cb1, where

q, g, and c are the liquid density, gravity acceleration, and

the liquid–air interfacial tension, respectively). That is, only

capillary forces are taken into account.

Under such assumptions, a system of two differential

equations has been deduced [1,2] to describe the evolution

with time of the radius of both the drop base, L(t), and the

wetted region inside the porous layer, l(t) (Fig. 1):

dL

dt
¼ 0:1

4 V0 � pmDl2ð Þ
p

� �0:3
10cx

l

� �0:1
1

t þ t0ð Þ0:9

� 2pmDKppcL=l

3 V0 � pmDl2ð Þln l

L

; ð1Þ

dl

dt
¼ Kppc=l

lln
l

L

; ð2Þ

where t is time, V0, c, and l are an initial drop volume,

interfacial tension, and dynamic viscosity, respectively, m,

D, Kp, and pc are the porosity, the thickness, permeability,

and effective capillary pressure of the porous layer,

respectively, xi0.01 is an effective lubrication coefficient

[3], and t0 is the duration of the initial stage [3], when the

capillary regime of spreading is not applicable.

Let t* be the time instant when the drop is completely

sucked by the porous substrate V(t*)=0=V0�pmDl*2,

where l* is the maximum radius of the wetted region in

the porous layer. The latter equation gives:

l4 ¼ V0

pmD

� �1=2

ð3Þ

l* is used below to scale the radius of the wetted region in

the porous layer, l(t). It is easy to check that the latter

equation results in l*NL* in the case under consideration.
An estimation of the time scale t* can be made as [1,2]:

t4 ¼
V0ln

l4

L4
pmDKppc=l

ð4Þ

It has been shown [1,2] that the dynamic contact angle

asymptotically remains constant in the second stage. This

constant value is marked below as he. Let us introduce

hm ¼ pV0

4L3m
1� l2m=l

�2��
, which is the value of the dynamic

contact angle at the time instant when the maximum value

of the drop base is reached. Then h/hm should be a universal

function of the dimensionless time, t/t*. This conclusion

agrees well with experimental observations [1,2]. It is

necessary to emphasize that in the case under consideration,

the constancy of the contact angle has nothing to do with the

contact angle hysteresis: there is no hysteresis in the system

under consideration. he is not a receding contact angle but

forms as a result of a self-regulation of the flow in the drop-

porous layer system.

System of Eqs. (1) and (2) includes seven parameters,

five of which can be measured directly (V0, c, l, m, and D

are the initial volume of the drop, the liquid–air interfacial

tension, the liquid viscosity, the porosity of the porous layer,

and the thickness, respectively) and two additional param-

eters, x and Kppc, which should be determined independ-

ently. Noteworthy that the porous layer permeability and the

capillary pressure always enter as a product, that is, this

product can be considered as a single parameter. A

procedure of independent determination of an effective

lubrication coefficient, x, has been discussed in Ref. [3].

Silicone oils SO20 (viscosity 0.218 P), SO50 (viscosity

0.554 P), SO100 (viscosity 1.18 P), and SO500 (viscosity

5.582 P) purchased from dPROLABOT were used in the

spreading experiments [1,2]. Cellulose nitrate membrane

filters, purchased from Sartorius (type 113), with pore size

a=0.2 and a=3 Am (marked by the supplier) were used as

porous layers. These membranes are referred below as the

membrane a=0.2 Am and the membrane a=3 Am,

respectively.

As mentioned above, the permeability of the porous layer

and the capillary pressure always enter as a product, i.e., as a



Fig. 2. (a) Measured dependencies of radii of the drop base (L, mm) and

radii of the wetted region inside the porous layer (l, mm) on time (t, s). All

relevant values are summarized in Table 1. (b) The same as in (a) but using

dimensionless coordinates: L̄=L/Lm, l̄=l/l*, t̄=t/tp*, where Lm is the

maximum value of the drop base, which is reached at the moment tm.

The same symbols (with overbar) are used for dimensionless values as for

dimensional ones. l* and tp* according to Eqs. (3) and (4), respectively.

Solid lines according to Eqs. (1) and (2).
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single coefficient. Additional experiments were carried out

to determine this coefficient. For this purpose, the horizontal

imbibition of the liquid under investigation into the dry

porous sheet was undertaken. Rectangular sheets 1.5�3 cm

were used. Those porous sheets were cut from the same

membranes used in the spreading experiments. Each sheet

was immersed on 0.3–0.5 cm into a liquid container, and the

position of the imbibition front was monitored over time. In

the case under investigation, a unidirectional flow of liquid

inside the porous substrate took place. Using Darcy’s law,

we can conclude that d2(t)=2Kppct/l, where d(t) is the

position of the imbibition front inside the porous layer. It

was found that in all runs, d2(t)/2 proceeds along a straight

line, whose slope gives us Kppc value. Kppc values were

found independent of the tested liquid viscosity [1,2] in

accordance with the theory predictions [4].

Table 1 shows that the final value of the dynamic contact

angle, he (last column in Table 1), depends on the volume of

the drop, as well as on the viscosity of the liquid, and hence,

he is determined solely by hydrodynamics.

Fig. 2a presents experimentally measured dependencies

of radius of the drop base and the wetted region inside the

porous layer on time for different silicone oils, porous

layers, and drop volumes. All relevant values are summar-

ized in Table 1. The main result appears in Fig. 2b, which

shows that all experimental data (the same as in Fig. 2a) fall

on two universal curves if dimensionless coordinates are

selected as follows: L̄=L/Lm, l̄=l/l*, and t̄=t/t*, where Lm is

the maximum value of the drop base, which is reached at the

time instant tm. The same symbols (with an over bar) are

used for dimensionless values as for dimensional. The scale

l* is determined by Eq. (3) and the time scale t* is given by

Eq. (4). In Fig. 2b, the solid lines are calculated according to

Eqs. (1) and (2).

The 12th column in Table 1 gives the experimental

values of the dynamic contact angle, hm, which the drop has

when the drop base reaches its maximum value, Lm. These

values were used for plotting the time evolution of the

dynamic contact angle, h/hm. Fig. 3 shows that all

experimental points fall on a single universal curve, as

predicted by Eqs. (1) and (2).
Table 1

Relevant values for measurement of dependencies of radii of the drop base (L, mm

in Figs. 2a and b

Liquid Notation

in figures

Membrane

pore size (Am)

V0

(ml�103)

D

(mm)

m—Porosity

SO20 E 0.2 3.1 0.114 0.85

SO20 . 0.2 9.0 0.116 0.72

SO20 n 0.2 15.6 0.116 0.73

SO20 3 3.8 0.136 0.87

SO20 Z 3 5.5 0.134 0.83

SO100 � 3 8.6 0.137 0.82

SO100 B 3 14.5 0.138 0.77

SO500 5 3 3.6 0.138 0.89

SO500 4 3 8.7 0.138 0.88

SO500 o 3 14.5 0.136 0.78
The solid line in Fig. 3 is a result of calculations

according to Eqs. (1) and (2), where dimensionless depend-

encies L̄(l̄) and l̄(t̄) are taken from previous Fig. 2b.
) and radii of the wetted region inside the porous layer (l, mm) on time (t, s)

tp* (s) l* (cm) l*

(theory)

Lm (cm) Lm

(theory)

hm (8) he (8)

102 0.318 0.317 0.179 0.184 20.0 12

440 0.585 0.584 0.314 0.31 12.6 11.4

814 0.77 0.766 0.387 0.39 14.2 12.1

10.9 0.345 0.319 0.196 0.198 25.9 22.3

17.1 0.428 0.398 0.223 0.234 20.3 18.6

186 0.493 0.494 0.257 0.274 18.5 11

354 0.659 0.659 0.332 0.34 15.5 17.2

296 0.306 0.306 0.174 0.179 22.6 19.4

851 0.477 0.478 0.264 0.286 19.1 17.3

1660 0.66 0.660 0.339 0.34 15.8 16.5



Fig. 3. Dynamic contact angle on the dimensionless time. Solid line

according to Eqs. (1) and (2).
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Below, the similar dimensionless scales are used in the

case of spreading of surfactant solutions over porous

substrates.
Fig. 4. Spreading of pure aqueous drops over nitrocellulose membrane

a=0.22 Am. L/Lm, dimensionless radius of the drop base, l/l*, radius of the

wetted area, h/hm, dynamic contact angle, t/t*, dimensionless time. 1—first

stage: h rapidly decreases while L increases until the maximum value Lm.

2—second stage: L is constant, L=Lm, and h decreases linearly with time.

3—third stage: L decreases and h remains constant.
2. Spreading of surfactant solutions over dry porous

substrates, hysteresis phenomena

In this section, we take up the same problem in the case

when a drop spreads over a dry porous layer in the case of

partial wetting. Spreading of bbig dropsQ (but still small

enough to neglect the gravity action) of aqueous SDS

solutions over bthin porous layersQ (nitrocellulose mem-

brane) is considered below according to Ref. [5].

Aqueous solutions of sodium dodecyl sulfate (SDS) (an

anionic surfactant) were used in the spreading experiments.

The following SDS concentrations were used: zero concen-

tration (pure water), concentrations below CMC, near CMC,

and above CMC [5]. SDS was purchased from Fisher

Scientific and used as obtained, without purification. Nitro-

cellulose membranes, purchased from Millipore, with

averaged pore size a=0.22, a=0.45 and a=3.0 Am (marked

by the supplier) were used as a model of thin porous layers.

The same experimental chamber as in Section 1was used

for monitoring of the spreading of liquid drops over initially

dry porous substrates. The time evolution of the radius of

the drop base, L(t), the dynamic contact angle, h(t), and the

radius of the wetted area inside the porous substrate, l(t),

were monitored (Fig. 1).

A modified experimental setup (as compared with the

previous case) was used for measurements of static

advancing and receding contact angles on a nonporous

nitrocellulose substrate [5].

In all spreading experiments [5], the drops remained the

spherical shape over the whole spreading process. This was

cross-checked by reconstruction of the drop profiles at

different time instants of spreading, fitting those drop

profiles by a spherical cap.
According to observations, the whole spreading process

can be subdivided into three stages (see Fig. 4) [5]. During

the first stage, the contact angle, h, rapidly decreases while

the radius of the drop base, L, increases until its maximum

value, Lm. The first stage was followed by the second stage,

when the radius of the drop base, L=Lm, was constant, and

the contact angle, h, decreased linearly with time. During

the third stage, the radius of the drop base decreased and the

contact angles remained constant. At the final third stage,

the drop base shrank until the drop completely disappeared

and the imbibition front expanded until the end of the

process. The spherical form of the spreading drop allows

measuring the evolution of the contact angle of the

spreading drops. The contact angle, h, during the first stage

decreased very fast, during the second stage, the contact

angle, h, decreased much slower and linearly, and the

contact angle remained a constant value over the duration of

the third stage. This constant value of the contact angle is

referred below as he.
All relevant experimental data are summarized in Table 2.

It is possible to show that that the dependency of the

contact angle during the second stage of the spreading is a

linear function of time [5].

Everywhere below, the time evolution is presented of

both the radius of the base of the spreading drops and the

radius of the wetted area using dimensionless coordinates.

The drops were of different volumes and different SDS



Table 2

Relevant values for measurement of dependencies of radii of the drop base (L, mm) and radii of the wetted region inside the porous layer (l, mm) on time (t, s)

in Figs. 4–8

Pore size,

figure symbols

Averaged

pore size (Am)

SDS concentration

(%)

V0, initial volume

of the drop (Al)
t* (s) Lm (mm) l* (mm) hm (grad) tm (s)

Fig. 4 squares 0.22 0 2.9 20.72 1.49 3.38 51 0.36

Fig. 4 circles 0.22 0 5.3 35.28 1.85 4.13 50 0.36

Fig. 5 squares 3.0 0.1 2.1 2.96 1.47 2.30 31 0.36

Fig. 5 triangles 3.0 0.1 3.7 4.92 2.01 3.40 24 0.64

Fig. 5 circles 3.0 0.1 9.7 13.12 2.59 5.28 35 0.48

Fig. 6 diamonds 0.22 0 2.9 20.72 1.49 3.38 51 0.36

Fig. 6 circles 0.22 0.1 10.5 75.2 2.78 5.79 32 0.4

Fig. 6 squares 0.22 0.2 7.4 33.84 2.45 4.67 27 0.44

Fig. 6 triangles 0.22 0.5 2.6 8.2 2.03 2.90 20 0.12

Fig. 7 diamonds 0.45 0 6.1 8.44 2.83 4.35 44 0.52

Fig. 7 circles 0.45 0.1 9.5 10.28 2.46 4.92 38 0.35

Fig. 7 squares 0.45 0.2 7.2 8.44 2.83 4.35 21 0.36

Fig. 7 triangles 0.45 0.5 7.1 6.84 2.75 4.80 23 0.08

Fig. 8 diamonds 3.0 0 5.9 108.04 1.89 4.21 46 21

Fig. 8 circles 3.0 0.1 9.7 13.12 2.59 5.28 35 0.48

Fig. 8 squares 3.0 0.2 6.8 3.96 2.65 4.43 21 0.28

Fig. 8 circles 3.0 0.5 5.1 2.12 2.39 3.97 22 0.12

Fig. 5. Spreading of droplets of 0.1% SDS solution over nitrocellulose

membrane, a=3.0 Am. L/Lm dimensionless radius of the drop base, l/l*

radius of the wetted area, h/hm, dynamic contact angle, t/t* dimensionless

time.
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concentrations. The total duration of the spreading process,

t*, the maximum radius of the drop base, Lm, and the final

radius of the wetted area, l*, vary considerably depending

on the drop volume, SDS concentration, the averaged pore

size, and porosity of nitrocellulose membranes. It has been

suggested in the first section to use the following dimension-

less values: L/Lm, l/l*, and t/t*. The same dimensionless

values are used below. According to the first section, the

reduced contact angle dependency, h/hm, against dimension-

less time t/t* is used below, where hm is the value of the

dynamic contact angle, which is reached at the moment t=tm
(the end of the first stage of the spreading process).

Fig. 4 shows that spreading behaviour of drops of

different volumes over the same porous substrate has a

universal character in dimensionless coordinates. However,

not all of the experimental data have shown such universal

behaviour. Some experimental runs differ during the first

stage of spreading in dimensionless coordinates (Fig. 5).

This difference becomes bigger if overall time of spreading

is shorter (droplets of different volumes).

In Figs. 6–8 (0.22, 0.45, and 3.0 Am nitrocellulose

membranes, respectively), the time evolution is presented of

the radius of the drop base, the radius of the wetted area

inside the porous substrates, and the contact angle at

different SDS concentrations.

Figs. 6–8 show that the second stage of spreading

becomes shorter in dimensionless coordinates with the

increase in SDS concentration. Contact angles show the

universal constant behaviour during the third stage of

spreading for each of SDS concentrations.

2.1. Advancing and hydrodynamic receding contact angles

on porous nitrocellulose membranes

Using presented experimental data on spreading of drop

of aqueous SDS solutions over dry porous substrates, the
values of advancing, ha, and hydrodynamic receding, hrh,
contact angles were extracted as function of SDS concen-

tration. We are using below the term bhydrodynamic

receding contact angleQ and the symbol hrh to distinguish

it from the static receding contact angle, which is found



Fig. 6. Spreading of droplets of SDS solutions over nitrocellulose membrane,

a=0.22 Am. L/Lm, dimensionless radius of the drop base, l/l*, radius of the

wetted area, h/hm, dynamic contact angle, t/t*, dimensionless time.

Fig. 7. Spreading of droplets of SDS solutions over nitrocellulose membrane,

a=0.45 Am. L/Lm, dimensionless radius of the drop base, l/l*, radius of the

wetted area, h/hm, dynamic contact angle, t/t*, dimensionless time.

Fig. 8. Spreading of droplets of SDS solutions over nitrocellulose membrane,

a=3.0 Am. L/Lm, dimensionless radius of the drop base, l/l*, radius of the

wetted area, h/hm, dynamic contact angle, t/t*, dimensionless time.
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equal to zero (see Section 2.2). The advancing contact

angle, ha, was defined at the end of the first stage when the

drop stopped to spread (the radius of the drop base reached

its maximum value). The hydrodynamic receding contact

angle, hrh, was defined at the moment when the drop base

started to shrink.

In Fig. 9, experimental data on the apparent contact angle

hysteresis are summarized. This figure shows that the

advancing contact angle, ha, decreases with SDS concen-

tration; the hydrodynamic receding contact angle, hrh, on the

contrary, slightly increases with SDS concentration.

These experimental runs show that: the difference

between advancing and receding contact angles becomes

smaller with the increase in the SDS concentration (Fig. 9);

the dimensionless time interval when the drop base does not

move also decreases with the increase in the SDS

concentration.

2.2. Static hysteresis of the contact angle of SDS solution

drops on smooth nonporous nitrocellulose substrate

Above, the spreading of drops at different SDS

concentrations on nitrocellulose membranes of various

pore sizes was considered. In all cases, during the third

stage of spreading, the radius of the drop base, L, shrank

and the hydrodynamic receding contact angle, hrh,



Fig. 9. Porous nitrocellulose substrates. Apparent contact angle hysteresis

variation with SDS concentration. Nitrocellulose membranes of different

average pore sizes. Open symbols correspond to the advancing contact

angle, ha. The same filled symbols correspond to the hydrodynamic

receding contact angle, hrh.

Fig. 10. Advancing and receding contact angles variation with SDS

concentration on nonporous nitrocellulose substrate. Open symbols

correspond to the static advancing contact angle, ha. Filled symbols

correspond to the static receding contact angle, hr.
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remained constant. The duration of the third stage of

spreading increases with the SDS concentration increase. It

is necessary to note that the behaviour of drops of aqueous

SDS solutions during the third stage of spreading (partial

wetting) is remarkably similar to the behaviour during the

second stage of spreading in the case of complete wetting

(see Section 1).

It was found above that the advancing and hydrodynamic

receding contact angles are strongly dependent on the SDS

concentration on porous nitrocellulose membranes.

It has been decided to carry out measurements of static

advancing and static receding contact angles on smooth

nonporous nitrocellulose substrate for different SDS con-

centrations [5]. The idea is to compare hysteresis of contact

angles on the smooth nonporous nitrocellulose substrate

with the hysteresis contact angles obtained earlier on

porous nitrocellulose substrates at corresponding SDS

concentrations.

Static advancing contact angle values were obtained

using direct spreading experiments. A droplet of SDS

solution was deposited from above on the smooth non-

porous nitrocellulose substrate. Dynamics of the droplet

spreading was monitored. The final value of the contact

angle under this experimental condition was equal to the

static value of the advancing contact angle.

The static advancing contact angle of pure water on

nonporous nitrocellulose substrate was found equal approx-

imately to 708. The static advancing contact angle decreases

with the increase of SDS concentration (Fig. 10). This trend

continues until the CMC is reached. At concentrations

above the CMC, advancing contact angle remains constant

and approximately equals 358.
The receding contact angle values were obtained using

completely different experimental procedure. In this case,

the contact angle dynamics was investigated using linearly

decreasing droplet volume [5].
Nonzero value of the static receding contact angle was

found only in the case of pure water droplets. In all other

cases (even at the smallest SDS concentrations used

0.025%), the static receding contact angle was found equal

to zero in the whole concentration range used: from 0.025%

(10 times smaller than CMC) to 1% (5 times higher than

CMC).

Both static receding and static advancing contact angles

on smooth nonporous nitrocellulose substrate against SDS

concentration are presented in Fig. 10.

The results highlight a linear decline of the static

advancing contact angle from 708 at 0% SDS (pure water)

to approximately 358 at the value of the CMC (2.4%); after

that, the static advancing contact angle reaches a steady

value which remains constant irrespective of further increase

in the SDS concentration. In contrast to that, the static

receding contact angle is approximately equal to 458 for the
pure water and is equal to zero in the presence of SDS even

at concentrations as low as 0.025%.

Comparison of Fig. 9 and Fig. 10 shows:

! The advancing contact angle dependence on SDS

concentration on porous nitrocellulose substrates is

significantly different from the static advancing contact

angle dependence on nonporous nitrocellulose sub-

strates. The latter means that in the case of porous

substrates, influence of both the hydrodynamic flow

caused by the imbibition into the porous substrate and

the substrate roughness changes significantly the

advancing contact angle.

! The hydrodynamic receding contact angle in the case of

the porous substrates has nothing to do with the

hysteresis of the contact angle and determined complete

by the hydrodynamic interactions in the way similar to

the complete wetting case (see Section 1).



Fig. 11. The influence of concentration of aqueous surfactant solutions

(Syntamide-5, molecular weight 420) on the advancing contact angle ha

(curve 1) and ccos ha (curve 2) measured on a flat hydrophobized quartz

surface. C* marks the critical surfactant concentration, below which

surfactant solution does not spread. Broken line 3 according to Eq. (10).

V.M. Starov / Advances in Colloid and Interface Science 111 (2004) 3–27 11
3. Spontaneous imbibition and capillary rise of

surfactant solutions into hydrophobic capillaries

Pure water does not penetrate spontaneously into hydro-

phobized quartz capillaries; however, surfactant solutions

penetrate spontaneously and the penetration rate depends on

the concentration of surfactant. Both the air–liquid inter-

facial tension, c, and the contact angle of the moving

meniscus, ha, are concentration-dependent [6], where a

subscript a indicates the advancing contact angle.

As shown in Ref. [6], the adsorption of surfactant

molecules behind the moving meniscus results in a decrease

of the bulk surfactant concentration starting from the

capillary inlet in the direction of the moving meniscus.

However, the major process, which determines the pene-

tration of surfactant solutions into hydrophobic capillaries or

spreading of surfactant solutions over hydrophobic sub-

strates, is the adsorption of surfactant molecules onto a bare

hydrophobic substrate in front of the moving three-phase

contact line [6,7]. The latter process results in a partial

hydrophilisation of the hydrophobic surface in front of the

meniscus/drop, which, in its turn, determines the sponta-

neous imbibition/spreading.

Let us consider a very beginning of the imbibition

process when a meniscus of a surfactant solution touched

for the first time an inlet of the hydrophobic capillary. The

contact angle, ha, at this moment is bigger than p/2 and the

liquid cannot penetrate into the hydrophobic capillary. The

solid–liquid and liquid–air interfacial tensions, cSL and c,
respectively, are assumed to not vary with time because the

adsorption of surfactant molecules onto these surfaces is a

fast process as compared with the rate of the imbibition.

The only interfacial tension, which can vary, is the solid–air

interfacial tension, cSV. If the adsorption on the solid–air

interface does not occur, then the spontaneous imbibition

into a hydrophobic capillary cannot take place sponta-

neously because the advancing contact angle remains above

p/2. However, if the adsorption of surfactant molecules on

the bare hydrophobic surface in a vicinity of the three-

phase contact line takes place, then cSV grows with time.

After some critical surface adsorption, CSVcr, is reached,

then the advancing contact angle reaches p/2. Only after

that the spontaneous imbibition process starts. The latter

consideration shows that there is a critical bulk concen-

tration, C*, below which CSV remains below its critical

value, CSVcr, and the spontaneous imbibition process does

not take place.

In the case of partial wetting, the capillary imbibition in

the horizontal direction proceeds according to the following

dependency:

S ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rccosha
2l

s
t ð5Þ

where l is the length of the part of the capillary filled with

the liquid, r is the radius of the capillary, l is the liquid
viscosity, ha is the advancing contact angle, which is above

p/2: 0bhabp/2, and t is time.

A pure water does not penetrate into hydrophobic

capillaries and shows the advancing contact angle, haNp/2.
The latter means that the liquid can be only forced into the

capillary and does not penetrate spontaneously. However,

the advancing contact angle is a decreasing function of the

surfactant concentration, and at some critical concentration,

C*, ha becomes equal to p/2. The latter means that above

C*, surfactant solution penetrates spontaneously into hydro-

phobic capillaries.

Both the surfactant molecules transfer and the liquid

viscosity control the penetration in the case of the imbibition

of surfactant solutions into hydrophobic capillaries accord-

ing to Eq. (5). In this case, the aim is to reveal the

mechanism of the penetration and to determine the concen-

tration of surfactant molecules near the meniscus CmbC0,

where C0 is the surfactant concentration at the capillary

inlet. Fig. 11 shows that in the case of Syntamid-5, the

advancing contact angle, ha, exceeds 908 at concentration

C*, which is slightly under 0.05% [6].

Below, we show that both the bulk diffusion and the

surface diffusion of surfactant molecules (including that on

the unwetted portion of the capillary in front of the moving

meniscus) play an important role and a theory is presented

for this case.

3.1. Theory

Let us consider a dependency of W(Cm)=c(Cm)cos

ha(Cm) on the concentration of surfactant, Cm, on the

moving meniscus. According to the triangle rule, it can be

calculated as:

W Cmð Þ ¼ cSV CmÞ � cSL CmÞðð ð6Þ

where cSV and cSL are solid–vapor and solid–liquid

interfacial tensions, respectively. According to Antonov’s



Fig. 12. Bulk volume, C, and surface, C, distribution of surfactant

concentrations along the capillary length during a spontaneous imbibition

process.

Fig. 13. The time evolution of the imbibition length l (mm) with time t

(min) for aqueous solutions of Syntamide-5 in a horizontal hydrophobized

quartz capillary, r=16 Am. C0=0.05%; C0=0.1%; C0=0.4%; C0=0.5%;

C0=1%.
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rule, the dependency of two latter interfacial tensions on the

concentration can be presented as

cSV Cmð Þ ¼ c0SV 1� Cþ
Cl

� �
þ clSV

Cþ
Cl ;

cSL Cmð Þ ¼ c0SL 1� C�
Cl

� �
þ clSL

C�
Cl ; ð7Þ

where superscripts 0 and l mark zero and complete

coverage of hydrophobic adsorption sites, respectively,

subscripts + and � mark adsorption just behind and just

in front of the moving meniscus, respectively, and C is the

surface adsorption of surfactant molecules.

Note that adsorption of surfactant molecules results in a

decreasing of SL interfacial tension, that is, cSL
0 �cSL

l N0.

However, adsorption of surfactant molecules on the bare

hydrophobic interface in front of the moving meniscus

results in a local increase of the SV interfacial tension, that

is, cSV
0 �cSV

l b0. The initial contact angle on the bare

hydrophobic interface is assumed bigger than p/2, that is,
cSV
0 �cSL

0 b0.

It is assumed below that both adsorption isotherms are

linear functions of the surfactant concentration below CMC

and remain constant above CMC. The latter means

C� ¼ GSLCm ð8Þ

at concentrations below CMC.

Both a spontaneous imbibition and a spontaneous

capillary rise into hydrophobic capillaries are sufficiently

slow processes, that is, we assume below a condition of

local equilibrium on the moving three-phase contact line.

According to this assumption, the equality of chemical

potentials of adsorbed surfactant molecules should be

satisfied across the three-phase contact line, that is, ln

C�+USL=ln C++USV, where C� and C+ are jumps of

adsorption across the meniscus surface (Fig. 12), and USL
and USV (in kT units) are the corresponding values of the

energy of surfactant molecules at solid–water and solid–air

interfaces, respectively. From the latter equation, we

conclude: Cþ ¼ C�
exp USV�USLÞð . It is obvious that USV is higher

than USL, and hence, C+bC�. The latter relation can be

rewritten using Eq. (8) as

Cþ ¼ GSVCm;GSV ¼ GSL

exp USV � USLÞð ð9Þ

Substitution of Eqs. (7) Eqs. (8) Eqs. (7) into Eq. (6) and

having in mind the latter inequalities, we can conclude after

rearrangements that

W Cmð Þ ¼ a Cm � C4Þð ð10Þ

where

a ¼ GSV

Cl clSV � c0SV
� �

þ GSL

Cl c0SL � clSL
� �� �

N0; C4 ¼
a0

a
;

a0 ¼ c0SL � c0SVN0

According to Eq. (10), W(Cm) dependency should be a

linear function of concentration at CmNC*, which is the

good agreement with experimental observations (line 3 in

Fig. 11 at concentrations to C*).

We now try to solve theoretically the problem of a

spontaneous imbibition of surfactant solutions into hydro-

phobic cylindrical capillaries taking into account the

convective transfer and the surface diffusion of surfactant

molecules as well as adsorption on a bare hydrophobic

surface in front of the moving meniscus. The location of the

moving meniscus in the capillary is l(t) (Fig. 12).

A characteristic time scale of the equilibration of the

surfactant concentration in a cross section of the capillary,
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s~R2/Dc0.1 s, if we use for estimations R~10 Am and

D~10�5 cm2/s. A characteristic time scale of the sponta-

neous capillary imbibition into hydrophobic capillaries is

around 100 s (see Fig. 13), while a characteristic time scale

of the spontaneous capillary rise into hydrophobic capillaries

is around 105 s (see Fig. 14). Both time scales are much

bigger than 0.1 s. The latter means that the surfactant con-

centration is constant in any cross section of the capillary and

depends only on the position, x (Fig. 12), that is, C=C(t, x).

We also assume that the adsorption equilibrium in any cross

section is also reached. Taking this into account, the mass

transfer of surfactant can be written as:

B aþ Cð Þ
Bt

¼ D
B
2C

Bx2
þ DSL

B
2a

Bx2
� v

BC

Bx
; 0bxbl tð Þ

ð11Þ

where D and DSL are diffusion coefficients of surfactant

molecules in the volume and over the wetted capillary

surface; v=dl/dt is the meniscus velocity; and

a x; tð Þ ¼
2

r
GSLC x; tð Þ ¼ FSLC x; tð Þ; CbCMC

ac ¼
2

r
GSLCc ¼ FSLCc; CNCMC

8><
>: ð12Þ

where FSL=(2/r)GSL.

3.2. Concentration below CMC

Let C(x, t) and a(x, t) be the local surfactant concen-

trations in the bulk solution and in the adsorbed state on the

capillary surface, respectively. A constant surfactant con-

centration C(0, t)=C0bCMC is kept at the capillary inlet. In

this case, the surfactant transport in the filled portion of the
Fig. 14. Spontaneous capillary rise in a vertical hydrophobized quartz

capillary (r=11 Am), Syntamid-5 surfactant solution (C0=0.1%). Time

evolution of the imbibition length, l (mm), on time, t (min).
capillary obeys Eq. (12). Substitution of Eq. (12) into Eq.

(11) results in

1þ FSLð Þ BC
Bt

¼ Def

B
2C

Bx2
� dl

dt

BC

Bx
; 0bxbl tð Þ ð13Þ

where Def=(D+FSLDSL) is the effective diffusion coeffi-

cient. On the nonwetted portion of the capillary surface,

l(t)bx, only surface diffusion takes place, that is:

Ba

Bt
¼ DSV

B
2a

Bx2
ð14Þ

where DSV is the diffusion coefficient of surfactant

molecules on the nonwetted hydrophobic capillary surface.

The following condition of the mass balance on the

moving meniscus surface should be satisfied:

DSV

Ba

Bx

�
lþ

� D
BC

Bx
þ DSV

Ba

Bx

�
l�

¼ a� � aþð Þ dl
dt

��
ð15Þ

where l� and l+ represent two points located on two

opposite sides of the meniscus: on the liquid phase side, l�,

and on the unwetted side in front of the moving meniscus, l+
(Fig. 12). Condition (15) expresses the conservation of mass

at the moving meniscus and three-phase contact line.

We assume below the condition of a local equilibrium on

the moving three-phase contact line. Using the latter

condition, we conclude: aþ ¼ a�
exp Uþ�U�Þð . According to the

previous, U+ is higher than U�, and hence, a+ba�.

Eqs. (13) and (14) with boundary condition (15) have a

solution only if the concentration on the moving meniscus

remains constant, that is, Cm=const. This corresponds to the

experimentally observed law of the spontaneous imbibition,

l ¼ KMt, where K is to be determined. The latter observation

allows introducing a similarity variable n ¼ x=Mt. After that,

the system under consideration can be directly solved and

the following nonlinear algebraic equation for the determi-

nation of the concentration on the moving meniscus, Cm,

can be deduced [6]:

K

2
FSL � FSVð Þ ¼

C0

Cm
� 1

� �
Def exp

1� FSLð ÞK2

4Def

� �
Z K

0

exp � 1þ FSLð Þn2

4Def

þ Kn
2Def

� �
dn

�
FSVDSVexp � K2

4DSV

� �
Z l

K

exp � n2

4DSV

� �
dn

ð16Þ
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The K value governs the imbibition rate according to Eq. (5)

and can be rewritten using Eq. (10) as

K ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ra Cm � C4ð Þ

2l

s
ð17Þ

Substitution of the latter equation into Eq. (16) gives the

required equation for the determination of the unknown

concentration on the moving meniscus, Cm.

Eqs. (16) and (17) give the solution of the problem under

consideration. To solve Eq. (16), the following coefficients

should be determined: diffusion coefficients, D, DSL, and

DSV, adsorption constants, GSL and GSV, capillary radius, r,

solution viscosity, l, concentration at the capillary inlet, C0,

and the coefficient a in Eq. (17).

Numerical analysis of the final equation for K shows that

its value increases as r, C0, D, and DSL increase or DSV

decreases. The latter is due to the fact that the high surface

mobility of the surfactant on the unwetted portion of the

capillary reduces Cm thereby inhibiting the imbibition.

3.3. Concentration above CMC

In the case of the surfactant concentration at the capillary

inlet, C0, above CMC, the diffusion and adsorption are

accompanied by the destruction of the micelles. In this case,

the total surfactant concentration, C, can be presented as

C=Cmol+CM, where Cmol and CM are concentrations of free

surfactant molecules and molecules inside micelles, respec-

tively. Concentration of free molecules, Cmol, remains

approximately constant above CMC and equal to CMC

(Cc below). The latter means that (i) a decrease in the

surfactant concentration goes through disintegration of

micelles, while the concentration of the free surfactant

molecules remain constant, and (ii) the wetting stress

depends on the concentration of the free molecules and

hence remains independent of the concentration unless the

concentration is below CMC: c(Cc)cos h(Cc)=Wc=const.

The latter means that the K value, which determines the

imbibition rate, is constant and is equal to:

Kc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ra Cc � C4Þ=2l ¼ constð

p
ð18Þ

until concentration at the meniscus, Cm, is below CMC.

The value of Kc for C0NCMC~1% obtained in experi-

ments with Syntamide-5 [6] corresponds to the contact

angle ha=898, that is, only slightly different from 908.
Unlike the case when the concentration at the capillary

inlet is below CMC, the meniscus moves with velocity

l ¼ Kc=Mt, where Kc is given by Eq. (18) and does not vary

with time. In this case, the surfactant adsorption on the

capillary surface is accompanied by a continuous decrease

of concentration, Cm, near the meniscus from Cm=C0NCMC

at the beginning of the imbibition process at t=0 to

Cm=CMC or Cm=Cc at the end of this first fast stage.

After Cm reaches CMC, the condition Kc=const is no

longer valid. The K value decreases below Kc, and the
imbibition rate slows down. After Cm=CMC is reached on

the meniscus, a further reduction of concentration, Cm,

causes separation of the micelle front (where C=CMC) from

the meniscus surface. The micelle front movement is

governed, as shown below, by the same law lM ¼ KMMt,

where KMbK. The further stage of impregnation occurring

when CmbCc is described in the similar way to the previous

section: the concentration no longer varies but remains

constant and smaller than CMC.

The variations of the impregnation process associated

with the above-mentioned phenomenon are illustrated in

Fig. 13. A sharp change in the rate of impregnation at some

distance l=lc is indeed observed for Syntamide-5 solutions

at C0NCMC.

Values of lc, which correspond to the first fast stage of

the imbibition process, are estimated below. As it is

mentioned above, the first fast stage of the imbibition is

determined by the dissociation of micelles close to the

moving meniscus. Let us assume an adsorption of micelles

on the meniscus according to Ref. [6], which is adopted

according to the linear law C=GM(Cm�Cc), where Cm�Cc

is the micelles concentration at C0NCc and GM is the

corresponding adsorption constant. Diffusion of micelles is

neglected below because of the short duration of the first

stage. The mass balance on the moving meniscus during the

first fast stage of the imbibition is:

FSL � FSVð ÞCc

dl

dt
¼ � GM

d Cm � Ccð Þ
dt

;

Cm 0ð Þ � Cc ¼ C0 � Cc ð19Þ

where (FSL�FSV)Cc=const is the limiting adsorption on

solid surface (micelles do not adsorb); the difference

Cm�Cc is equal to the micelle concentration. The left-hand

side of Eq. (19) characterizes the surfactant adsorption rate

on the newly wetted surface, and the right-hand side the

micelle disintegration rate from the adsorbed layer of

micelles.

The solution of Eq. (19) under the initial condition t=0,

Cm�Cc=C0�Cc has the following form:

Cm tð Þ � Cc ¼ C0 � Ccð Þ � 2Cc GSL � GSVð ÞKc

ffiffi
t

p

rGM

ð20Þ

The left-hand side of the latter equation vanishes as all the

micelles near the meniscus disintegrate, i.e., the concen-

tration Cm reduces to CMC. Eq. (20) allows determining the

instant t=tc when Cm=Cc. Using this condition and Eq. (20),

the length of the fast imbibition can be determined as:

lc ¼ Kc

ffiffiffiffi
tc

p
¼ C0

Cc

� 1

� �
rGM

2 GSL � GSVð Þ ð21Þ

For r~2�10�3 cm, C0=2%, Cc=0.1%, and lc=0.5 cm (in

agreement with experimental observations), we get GM/

(GSL�GSV)~25 in an agreement with Ref. [6].

The first fast stage of the imbibition is followed by the

second slower stage. Now, concentration on the moving
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meniscus, Cm, is below CMC. Two regions can be now

identified inside the capillary: the first region, from the

capillary inlet to some position, which we mark as lM(t),

where concentration is above CMC and the solution

includes both micelles and individual surfactant molecules,

the second region, from lM(t) to l(t), where concentration is

below CMC and only individual molecules are transferred.

The concentration is equal to CMC at x=lM(t). Consid-

eration in the second region, lM(t)bxbl(t), is similar to that

at concentration below CMC. That is why only the transport

in the first region is considered below.

Inside the first region, 0bxblM(t), concentration of free

surfactant molecules is constant and equal to CMC [6,7].

Hence, the transfer is determined by the diffusion of

micelles and convection of all molecules. As it was

mentioned above, the total concentration, C=Cmol+CM,

and Cmol remains constant and equal to CMC, hence:

BC

Bt
¼ DM

B
2C

Bx2
� dl

dt

BC

Bx
ð22Þ

where DM is the diffusion coefficient of micelles and

C=Cc+CM is the total concentration. Adsorption on

membrane pores is determined by the concentration of the

free molecules, which is constant in the first region and so

does the adsorption. It is the reason why the diffusion of

adsorbed molecule in the first region is omitted in Eq. (22).

Transfer of surfactant molecules is described by Eq. (13) in

the second region (micelles-free region).

Boundary conditions on the moving boundary between

the first and second regions, lM(t), are as follows:

DM

BC

Bx

� �
x¼lM�

¼ Def

BC

Bx

� �
x¼lMþ

;C lM; tð Þ ¼ Cc ð23Þ

As before, we assume that

l tð Þ ¼ K
ffiffi
t

p
; lM tð Þ ¼ KM

ffiffi
t

p
ð24Þ

where K is given by Eq. (17), that is, expressed via

unknown concentration on the moving meniscus, Cm, and

unknown constant KM.

Afterwards, a similarity variable is introduced now in the

same way as in the case of the concentration below CMC,

that is, n¼ x=
ffiffi
t

p
in (Eqs. (13), (14), and (22). Using boundary

conditions (17) and (23), a system of two nonlinear

algebraic equations can be deduced with two unknown

values, which are concentrations on the moving meniscus,

Cm, and unknown constant KM. It is necessary to remind

that K is express via Cm according to Eq. (17) [6].

It is possible to show using the above-mentioned system

that KMbK, that is, the border between the first and the

second regions moves slower than the meniscus [6]. The

diffusion coefficient of micelles is much smaller than that of

individual molecules. The latter means that the mentioned

system of nonlinear algebraic equations includes a small

parameter DM/Defb hence, constant K only slightly differs

from the same value in the case of concentration below
CMC. That is, during second stage, the rate of the

spontaneous imbibition is only slightly higher than in the

case when concentration below CMC. Experimental data in

Fig. 13 confirm this conclusion.

3.4. Spontaneous capillary rise in hydrophobic capillaries

A further confirmation of the adsorption of surfactant

molecules in front of the moving meniscus on the bare

hydrophobic substrate is a phenomenon of the spontaneous

capillary rise of surfactant solutions in hydrophobic

capillaries.

Let us consider a spontaneous capillary rise of surfactant

solutions in hydrophobic capillaries. Fig. 14 shows the results

of one of the capillary rise experiments with Syntamide-5

solution in a vertical hydrophobized quartz capillary [7]. The

observed time evolution of the imbibition length, l(t), follows

l tð Þ¼K=
ffiffi
t

p
dependency at the initial stage of the process. The

value of K determined from the slopes of the l=
ffiffi
t

p
depend-

encies corresponds to the advancing contact angle value, ha,

being only a few seconds less than 908. At such ha values, the

capillary rise would be expected to stop as soon as the liquid

reached a height of lmax=10
�3 cm. However, it does not stop

at this height but goes up to a height of 3–4 cm with almost

constant K. The only explanation of this phenomenon is that

the meniscus rises in the capillary following the surface

diffusion front of surfactant molecules, which hydrophilise

the bare hydrophobic capillary surface in front of the moving

meniscus. At each position, l, the meniscus curvature must

satisfy the following equilibrium condition:

2W Cmð Þ
r

¼ qgl tð Þ ð25Þ

where W(Cm)=c(Cm)cos ha(Cm), q is the density of the

solution, and g is the gravity acceleration. Since ha is very
close to p/2 according to Eq. (10), we can use a linear

dependency W(Cm)=a(Cm�C*).

Using Eq. (10), we can rewrite Eq. (25) as

l tð Þ ¼ 2a
qgr

Cm � C4Þð ð26Þ

During the initial stage of the capillary rise, l tð Þ ¼ K
ffiffi
t

p

(see Fig. 14). The latter is possible only if Cm ¼ C4 þ B
ffiffi
t

p
;

and B ¼ K
qgr
2a , where the constant K is to be determined.

The latter equation shows that the case under consid-

eration is governed by the completely different mechanism

as compared with the case of the horizontal imbibition

(where Cm remains constant in time). In the case of the

spontaneous capillary rise in hydrophobic capillaries, Cm(t)

does not remain constant but must increase as the capillary

rise progresses. The comparison of Figs. 13 and 14 shows

that the time scale of the spontaneous capillary rise is around

100 times bigger than the corresponding time scale in the

case of the capillary imbibition into horizontal capillaries.

The maximum height of the capillary rise, lmax, is

reached after the concentration on the meniscus, Cm,
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becomes equal to the concentration at the capillary entrance,

C0. After that, the process stops. Using Eq. (26), lmax is

determined as

lmax ¼
2a
qgr

C0 � C4ð Þ ð27Þ

The latter means the experimental observation presented

in Fig. 14 corresponds to l(t)blmax, that is, the initial stage

of the capillary rise.

Below, the problem of the spontaneous capillary rise of

surfactant solutions in hydrophobic capillaries is considered

in the case when concentration at the capillary inlet is below

CMC. In this case, the transport of surfactant molecules is

described by Eqs. (13) and (14) and boundary condition

(15). The substantial difference from the spontaneous

capillary imbibition is that now the relation between l(t)

and concentration on the moving meniscus, Cm, is given by

relation (26), which shows that Cm is an unknown function

of time. Using these equations and boundary conditions, we

show below that l(t) dependency on time can be calculated

and it is proportional to square root of time at the initial

stage of the capillary rise (see Ref. [7] for details).

Solution in Ref. [7] shows that at the initial stage of the

capillary rise, l(t) develops as

l tð Þ ¼ K
ffiffi
t

p
; K ¼ lmax

ffiffiffiffiffiffi
2j
x

r
ð28Þ

where j and x are defined as follows

x ¼ C4

C0 � C4

; j ¼ k
2þ v

; k ¼ 4Def 1þ FSLð Þ
3DFFSVl2max

;

v ¼ 2DFC0

FSV C0 � C4Þð

The latter dependency agrees with experimental observa-

tions in Ref. [6] (see Fig. 14). At the final stage of the

capillary rise, l(t) levels off as

l tð Þ ¼ lmax 1� x þ 1

jt

� �

According to Eq. (27) and Fig. 11, lmax
exp~35 mm in the

experiment presented in Fig. 14. Experimental value of,Kexp,

in Eq. (28), calculated according to Fig. 14 is Kexp~5�10�3

cm/s1/2. In experiments presented in Fig. 14, x~1. The

comparison of the latter estimations gives j~10�5 s�1,

which coincide with the theoretical value, if we assume that

FSVbFSL, D~10�5 cm2/s, and use estimation GSL~10
�5

cm [6] and value of a is taken directly from Fig. 11.
4. Imbibition of surfactant solutions into porous

substrates: partial wetting case

Kinetics of the capillary imbibition of aqueous surfactant

solutions into hydrophobic capillaries has been investigated

earlier in Section 3. It has been shown that the rate of
imbibition is controlled by the adsorption of the surfactant

molecules in front of the moving meniscus on the bare

hydrophobic surface of the capillary. This process results in

a partial hydrophilisation of the surface of the capillary in

front of the moving meniscus and gives a possibility to

penetrate into the initially hydrophobic capillary. That is, no

surfactant molecules on the meniscus—no imbibition.

Below, the imbibition of surfactant solutions into the porous

substrates, which are partially wetted by water, is consid-

ered. It is shown that situation in this case is considerably

different from the case of hydrophobic porous media.

4.1. Theory

The imbibition of aqueous surfactant solutions into a

single cylindrical capillary, those walls are partially wetted

by water, is considered below. A single capillary is used as a

model of a porous medium.

The situation in this case is different from the case of

hydrophobic capillaries (Section 3): water can penetrate into

the capillary even in the absence of surfactant molecules on

the moving meniscus. However, presence of surfactant

molecules on the moving meniscus results in a lower contact

angle (as compared with the pure water) and hence in a

higher capillary pressure behind the meniscus. As a result,

the imbibition rate increases with concentration of surfactant

molecules on the moving meniscus.

The moving meniscus covers fresh parts of the capillary

walls, where surfactant molecules have not adsorbed yet. This

means that the imbibition process is accompanied by the

simultaneous adsorption of surfactant molecules onto fresh

parts of the capillary walls in a vicinity of the moving

meniscus. The adsorption is reversibly proportional to the

radius of the capillary, that is, the thinner the capillary, the

higher the adsorption. On the other hand, the rate of the

imbibition is lower in thinner capillaries (higher friction). The

latter gives more time to diffusion to bring new surfactant

molecules and cover the fresh part of the capillary walls. That

is, there are two competing opposite trends. This means if the

capillary radius is smaller than some critical value, then

adsorption goes faster than the imbibition process, all

surfactant molecules are adsorbed on the capillary walls, that

is, nothing is left for the meniscus, and the concentration on

the moving meniscus remains zero. This qualitative consid-

eration shows that if capillary radius is smaller than some

critical value, then the rate of the imbibition of surfactant

solutions remains independent of the surfactant concentration

in the feed solution and equals to that of the pure water.

This qualitative conclusion is justified below using

theoretical consideration of the capillary imbibition of

aqueous surfactant solutions into cylindrical capillaries;

those walls are partially wet by water.

Let us consider an imbibition of surfactant solution from

a reservoir with a fixed surfactant concentration, C0 (feed

solution), into a thin capillary with radius rbL (Fig. 12),

where L is the capillary length. The capillary walls are
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partially wet by pure water (at zero concentration of

surfactant), that is,

c 0ð Þcosha 0ð Þ ¼ cSV 0ð Þ � cSL 0ð ÞN0 ð29Þ

where c, cSV, cSL, and ha are the liquid–air, the solid

substrate–vapor, the solid substrate–liquid interfacial ten-

sions, and the advancing contact angle, respectively. All

these values are concentration-dependent. Let Cm be the

bulk concentration of surfactant behind the moving menis-

cus. Then

c Cmð Þcosha Cmð Þ ¼ cSV 0ð Þ � cSL Cmð ÞNcSV 0ð Þ � cSL 0ð Þ
¼ c 0ð Þcosha 0ð Þ ð30Þ

It is assumed that the imbibition process in the case under

consideration goes sufficiently fast and transfer of the

surfactant molecules on the bare surface in front of the

moving meniscus can be neglected because this process

goes much slower (see Section 3). Hence, the solid–vapor

interfacial tension, cSV, does not depend on the surfactant

concentration and remains equal to its value at zero

concentration. It is also taken into account in Eq. (30) that

cSL(Cm) is a decreasing function of the surfactant concen-

tration. Eq. (30) shows that W(Cm)=c(Cm)cos ha(Cm) is an

increasing function of the concentration, with the maximal

value, Wmax=W(CCMC), reached at CMC and the minimal

value, Wmin=cSV(0)�cSL(0), reached at the zero surfactant

concentration.

4.2. Concentration below CMC

Let the surfactant concentration at the capillary entrance

be below CMC, C0bCMC. The transfer of surfactant

molecules in the filled portion of the capillary is described

by the convective diffusion Eq. (14) as in Section 3.

As a result of adsorption on the capillary wall, the

concentration of the surfactant molecules on the moving

meniscus, Cm, is lower than at the capillary entrance and

should be determined in a self-consistent way.

Solution of Eq. (14) should be subjected with the

following boundary condition at the moving meniscus Eq.

(15), where adsorption in front of the moving meniscus is

neglected:

2C Cmð Þ
R

d S

dt
¼ � D

BC

Bx

����
x¼S tð Þ

ð31Þ

The latter condition expresses the conservation of mass at

the moving meniscus and the three-phase contact line.

Because of rbL, the liquid flow inside the capillary is

the simple Poiseuille flow; that means

dl

dt
¼ r2

8l
2c Cmð Þcosha Cmð Þ

r

1

l
¼ rc Cmð Þcosha Cmð Þ

4ll

where l is the dynamic viscosity, which is assumed to be

independent of surfactant concentration. It is assumed below

that the surfactant concentration remains constant at the
moving meniscus (similar to the case of hydrophobic

capillaries in Section 3). Solution of the latter equation

using initial condition l(0)=0 gives

l tð Þ ¼ K
ffiffi
t

p
; K ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rc Cmð Þcosha Cmð Þ

2l

s
ð32Þ

Substitution of Eq. (32) into Eq. (14) results in

2

r

BC
Bt

þ BC

Bt
¼ D

B
2C

Bx2
� K

2
ffiffi
t

p BC

Bx
ð33Þ

with boundary condition

C Cmð ÞK
K
ffiffi
t

p ¼ � D
BC

Bx

����
x¼K

ffiffi
t

p ð34Þ

To further simplify the mathematical treatment of the

problem under consideration, the simplest adsorption iso-

therm is adopted below:

C Cð Þ ¼ Cl; CN0

0; C ¼ 0

�
ð35Þ

It is worth mentioning that according to Eq. (30), W in

the case under consideration is independent of the concen-

tration and equal to its maximal value, Wmax. Solution of

problems (33) and (34) is given in Ref. [9], which yields the

following expression for the concentration on the moving

meniscus:

Cm ¼ C0 � Cl

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pWmax

2Dlr

s
ð36Þ

The concentration on the moving meniscus should be

positive, CmN0, that is, the following requirement should be

satisfied:

C0NCl

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pWmax

2Dlr

s
ð37Þ

or

rN
C2
lpWmax

2DlC2
0

ð38Þ

Let us introduce the following notation

rcr ¼
C2
lpWmax

2DlC2
CMC

ð39Þ

Two cases are considered below: (i) rbrcr and (ii) rNrcr.

In the first case, (i), condition (38) is violated at any

concentrations in the feed solution between zero and CMC.

This means that concentration of surfactant molecules on the

moving meniscus is equal to zero at any concentration from

this range. Hence, there are two regions behind the moving

meniscus: in the first region, close to the capillary entrance,

the concentration is changing from C0 in the feed solution to

zero on the moving border between two regions; the first

region is followed by the second region where concentration

snsm
Highlight



Fig. 15. kpc dependency on concentration of SDS solutions for nitro-

cellulose membranes with different averaged pore sizes. Remains constant in

the case of membranes with averaged pore size of 0.22 Am (line 1) and 0.45

Am (line 2). Increases with surfactant concentration in the case of membrane

with averaged pore size 3 Am (curve 3 is drawn simply to guide eyes).
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remains zero over duration of the whole process. The

moving border between these two regions is [9]

S 1 tð Þ ¼ K 1� kvð Þ
ffiffi
t

p
; v ¼ Cl

C0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pWmin

Dlr

s !1=2

ð40Þ

In this case, the concentration on the meniscus remains

zero and the meniscus moves bslowlyQ according to Eq. (32),
l tð Þ ¼

ffiffiffiffiffiffiffiffiffi
rWmin

2g

q ffiffi
t

p
.

The main conclusion from this consideration is that the

adsorption process in sufficiently thin capillaries consumes

all surfactant and the imbibition is not influenced by the

presence of surfactants in the feed solution at any concen-

tration.

Let us consider the second case when the capillary radius

is bigger than the critical value determined by Eq. (38), that

is, rNrcr.

If concentration in the feed solution is low enough, that

is, condition (38) is violated, then the concentration on the

moving meniscus, Cm, is equal to zero and meniscus moves

bslowlyQ according to Eq. (38). It is worth noticing that the

capillary radius is assumed to be bigger than in the previous

case.

If, however, concentration in the feed solution, C0, is

high enough, that is, condition (37) is satisfied, then

concentration of the surfactant molecules is different from

zero on the moving meniscus and the imbibition process

goes bfasterQ according to l tð Þ ¼
ffiffiffiffiffiffiffiffiffi
rWmax

2g

q ffiffi
t

p
.

Hence, if the capillary radius is bigger than the critical

value, then the whole concentration range in the feed

solution can be subdivided into two parts: low concentration

range C0bCcr ¼ Cl

ffiffiffiffiffiffiffiffiffiffi
pWmax

2Dgr

q
, when the adsorption consumes

all surfactant molecules and the concentration on the moving

meniscus is equal to zero and meniscus moves bslowlyQ; and
high concentration range C0NCcr ¼ Cl

ffiffiffiffiffiffiffiffiffiffi
pWmax

2Dgr

q
, when the

adsorption does not consume all surfactant molecules and the

concentration on the moving meniscus is different from zero,

meniscus moves bfastQ.

4.3. Concentration above CMC

If the concentration in the feed solution, C0, is above

CMC, then after some short initial period inside the capillary,

two zones form (Section 3): in the first region, close to the

capillary entrance, concentration inside the capillary is

higher than CMC; this region is followed by the second

region where concentration is below CMC. The concen-

tration is equal to CMC at the border between these two

regions. Consideration similar to that in Section 3 and

presented above shows that the main conclusion remains

unchanged in this case: there is a critical radius of the

capillary below which concentration on the moving menis-

cus remains zero at any concentration in the feed solution.

In the same way as in Section 3, a system of two

nonlinear algebraic equations can be deduced for determi-

nation of two unknown values: the concentration on the
moving meniscus, Cm, and the position of the boundary,

KM, where concentration is equal to CMC. This system

include a small parameter, which the ratio of diffusion

coefficients of micelles and free surfactant molecules, DM/

Db1. Using this new small parameter, it is possible to

show that the solution of the mentioned system only slightly

deviates from the solution in the previous case when

concentration is below CMC.

The latter means that the constant K and the expression

for the critical radius (38) is only slightly different from the

same value in the case of concentration below CMC. Hence,

the previous conclusion concerning the existence of the

critical radius remains valid even at concentrations above

CMC, which is confirmed below by experimental data.

Rectangular membrane samples 1.5�3 cm were used.

Those porous samples were cut from the Cellulose Nitrate

membranes purchased from Millipore. Three different

membranes with averaged pore size 0.22, 0.45, and 3.0

Am were used. Each membrane sample was immersed on

0.1–0.2 cm into a liquid container, and the position of the

imbibition front was monitored over time.

It was checked [9] that in all experimental runs, the

gravity action could be neglected. A unidirectional flow of

liquid inside the porous substrate took place. Using Darcy’s

law, we can conclude that d2(t)=kpct/l, where S (t) now is

the position of the imbibition front inside the porous layer, k

is the permeability of the porous membrane, and pc is an

effective capillary pressure inside the porous sample. The

permeability of the porous layer and the capillary pressure

enters as a product in the latter equation, that is, as a single

coefficient. Experiments were carried out to determine this

coefficient and its dependency on the surfactant concen-

tration if any. It was found that in all runs, d2(t)/2 proceeds

along a straight line, whose slope gives us kpc value.



Fig. 16. Sketch of the geometry of a drop placed on a solid substrate.
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According to our previous notations kpc=K
2g.

Fig. 15 presents kpc dependency on the concentration of

the SDS in the feed solution for three different membranes.

It was found that kpc values are independent of concen-

tration in the case of membranes with 0.22 and 0.45 Am
averaged pore size. However, in the case of membranes with

3.0-Am averaged pore size, kpc increases with SDS

concentration. The latter means that the critical radius, Rcr,

is somewhere in between 0.45 and 3.0 Am. Fig. 15 confirms

the conclusion concerning the existence of the critical pore

radius below which permeability is independent of surfac-

tant concentration.
5. Spreading of surfactant solutions over hydrophobic

substrates

Surfactant adsorption on solid–liquid and liquid–vapor

interfaces changes the corresponding interfacial tensions.

Liquid motion caused by the surface tension gradient on a

liquid–vapor interfaces (Marangoni effect) is the most

investigated process [8]. The phenomena produced by the

presence of surfactant molecules on a solid–vapor interface

have been studied less. In Section 3, the imbibition of

surfactant solutions into thin quartz capillaries was inves-

tigated. In the present section, we address the problem of

aqueous surfactant solutions spreading over hydrophobic

surfaces from both the theoretical and experimental points

of view.

5.1. Theory

Let a small water drop be placed on a hydrophobic

surface. If the drop is small enough, then the effect of

gravity can be ignored. Accordingly, the drop radius r has to

be smaller than the capillary length, a, and hence,

rVa ¼
ffiffiffiffiffi
c
qg

q
, where q and c are the liquid density and

liquid–vapor interfacial tension, respectively, and g is the

gravity acceleration.

Let us assume that in the absence of surfactant, the drop

forms an equilibrium contact angle bigger than p/2. If the
water contains surfactants, then the following three transfer

processes take place from the liquid onto all three interfaces:

surfactant adsorption at both (i) the inner liquid–solid

interface and (ii) the liquid–vapor interface, and (iii) transfer

from the drop onto the solid–vapor interface just in front of

the drop. Adsorption processes (i) and (ii) result in a

decrease of corresponding interfacial tensions, cSV and c.
The transfer of surfactant molecules onto the solid–vapor

interface in front of the drop results in an increase of a local

free energy; however, the total free energy of the system

decreases. That is, surfactant molecule transfer (iii) goes via

a relatively high potential barrier and hence goes consid-

erably slower than the adsorption processes (i) and (ii).

Hence, they are bfastQ processes as compared with the third

process (iii).
The transfer of surfactant molecules onto the unwetted

(hydrophobic) solid–vapor interface in front of the liquid

has been shown in Section 3 to play an important role in the

wetting of hydrophobic surfaces.

All three surfactant transfer processes are favorable to

spreading, as they result in both an increase of the spreading

power, cSV�c�cSL, and hence a decrease of the contact

angle (Fig. 16). As it was mentioned above, the transfer of

surfactant molecules from the drop onto the solid–vapor

interface in front of the drop results in an increase of local

surface tension, cSV. Hence, it is the slowest process that

will be the rate-determining step. Let us define the initial

contact angle as

cosh0 ¼ c0SV � clSL
c

V
p
2
; ð41Þ

where cSV
0 is the initial values of solid–vapor interfacial

tension, cSL
l and c are solid–liquid and liquid–vapor

interfacial tensions, respectively, which already reached

their equilibrium values because the adsorption process on

the liquid–vapor and solid–liquid interfaces has been

completed (they are fast processes); the solid–vapor inter-

face still has its initial value on a bare hydrophobic interface

without any surfactant adsorption. At this Tinitialr instant of

time, a process of slow transfer of surfactant molecules

starts from the drop onto the solid–vapor interface. Let CS(t)

be the instantaneous value of surfactant adsorption onto the

solid surface in front of the liquid drop on the three phase

contact line and Ce be the equilibrium surface density of

adsorbed surfactant molecules, which would eventually be

reached. The driving force of the process is proportional to

the difference CS(t)�Ce. Hence, the surfactant adsorption

behaviour with time is described by

dCS tð Þ
dt

¼ 1

ss
Ce � CS tð Þ
½ ð42Þ

with the initial condition

CS 0ð Þ ¼ 0 at t ¼ 0 ð43Þ

where sS is the time scale of surfactant transfer from the

drop onto the solid–liquid interface at three-phase contact

line. Let us assume that

1

sS
¼ 1

sT
Nexp

� DE

kT

��
ð44Þ



Fig. 17. Time evolution of the spreading of a water drop (aqueous solution

c=0.05% SDS; 2.5F0.2 Al volume) over PTFE wafer. Error bars

correspond to the error limits of video evaluation of images (pixel size).
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where the prefactor 1/sT is determined by thermal fluctua-

tions only; DE is an energy barrier for surfactant transfer

from the liquid drop onto the solid–liquid interface; k and

T are Boltzmann’s constant and absolute temperature,

respectively; N is a fraction of the drop liquid–vapor

interface covered with surfactant molecules. Obviously,

surfactant molecules position on a hydrophobic interface is

bhydrophobic tails down.Q
It has been assumed in Eq. (44) that transfer of surfactant

molecules onto the hydrophobic solid interface takes place

only from the liquid–vapor interface. It is difficult to assess

the contribution of surfactant molecule transfer along the

solid surface from beneath the liquid. However, experimen-

tal data below support this assumption (although they do not

prove it decisively). The drop surface coverage N is an

increasing function of the bulk surfactant concentration

inside the drop, whose maximum is reached close to the

CMC. It follows from Eq. (44) that sS should decrease with

an increase of the concentration at low surfactant concen-

trations inside the drop, while sS should level off and reach

its lowest value above the CMC. Both of these effects are

observed in experimental results (compare Fig. 18).

As the drop adopts a position according to the triangle

rule, the contact angle, h(t), is determined by the relationship

cosh tð Þ ¼ cSV tð Þ � clSL
c

ð45Þ

where cSV(t) is the instantaneous solid–vapor interfacial

tension at the three-phase contact line. The latter dependency

is determined by CS(t). According to Antonov’s rule

cSV tð Þ ¼ clSV
CS tð Þ
Cl þ c0SV 1� CS tð Þ

Cl

��
ð46Þ

where cSV
l is the solid–vapor interfacial tension of the

surface completely covered by surfactants and Cl is the

total number of sites available for adsorption. Hence, the

final value of the contact angle can be determined from

Eq. (45) as

coshl ¼ clSV � clSL
c

ð47Þ

According to Eq. (46), solid–vapor interface in front of

the spreading drop changes its wettability with time: from a

highly hydrophobic at the initial stage to a partially

hydrophilic at the final stage.

Substitution of Eq. (46) in Eq. (45) yields the instanta-

neous contact angle

cosh tð Þ ¼ cosh0 þ k
CS tð Þ
Cl ð48Þ

where cos h0 is given by Eq. (41), and the positive value of

k is k=(cSV
l �cSV

0 )/c.
Eq. (42) with initial condition (43) yields the following

solution

CS tð Þ ¼ Ce l � exp � t=sSð Þð Þ ð49Þ
Using Eq. (49) in Eq. (48) gives the final expression for

the instantaneous contact angle

cosh tð Þ ¼ cosh0 þ k
Ce

Cl l � exp � t=sSð Þð Þ ð50Þ

A simple geometrical consideration (Fig. 16) shows that

the radius of the wetted spot, r(t), occupied by the drop can

be expressed as

r tð Þ ¼ 6V

p

� �1=3
1

tan
h
2

3þ tan2
h
2

�� �� 1=3
ð51Þ

where V is the drop volume, which is supposed to remain

constant, and the contact angle, h, is given by Eq. (50).

Eqs. (50) and (51) include two parameters: the dimen-

sionless b=kCe/C
l and the time scale sS. It follows from

Eq. (50) that b=cos hl�cos h0N0, where hl is the contact

angle after the spreading process, is completed. Both values

of the contact angle, h 0 and hl, have been measured and

hence b can be determined experimentally. Only sS was

used to fit the experimental data [10].

Two types of substrate were used, a PTFE film and a

polyethylene (PE) wafer in [10] to monitor spreading of

aqueous surfactant drops. The equilibrium macroscopic

contact angles obtained were 1058 and 908 for PTFE and

PE substrates, respectively (for pure water droplets).

Aqueous solutions of sodium dodecyl sulfate (SDS) from

Merck with weight concentrations from 0.005% up to 1%

(the CMC of the SDS is 0.2%) were used in spreading

experiments [10].

According to experimental observations [10], all the

spreading drops were of spherical shape; no disturbances or

instabilities were detected. Immediately after deposition, the

drops had a contact angle, which differs slightly from the

equilibrium angle of pure water on the same substrate. After

a very short initial time, the drops reached a position which

is referred to as bthe initialQ position. After that, for 1–15 s,



Fig. 18. Fitted dependency of ss on surfactant concentration inside the drop

(spreading over PTFE wafer). Error bars correspond to the experimental

points scattering in different runs; squares are average values.
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depending on the SDS concentration, drops remained at the

initial position. Then drops started to spread until a final

value of the contact angle was reached and the spreading

process was completed.

In Fig. 17, the evolution of the spreading radius of a drop

over PTFE film at 0.05% SDS concentration is plotted. The

solid line corresponds to the fitting of the experimental data

using Eqs. (50) and (51), with sS used as a fitting parameter.

Fig. 18 shows that qualitatively, the sS dependency

agrees with the theoretical prediction and tends to support

the assumption concerning the mechanism of surfactant

molecule transfer onto the hydrophobic surface in front of

the drop.

Similar results were obtained for the spreading over the

polyethylene substrate for concentrations below CMC.

However, in this case, the spreading behaviour of drops at

concentrations above CMC differs with increasing SDS

concentration [10]. The rate of a spreading is increased so

much that at 1% concentration, the power law with the

exponent 0.1 fits experimental data reasonably well. This

clearly shows a transition to a different mechanism of

spreading, which can be understood in the following way. In

the previous considerations, the influence of the viscous

forces was ignored. It was assumed that sSHsvis, where svis
is a time scale of viscous spreading. In the latter case, sS
decreases so considerably that mentioned inequality

becomes invalid and now rather sS~svis becomes valid.
6. Spreading of aqueous droplets induced by overturning

of amphiphilic molecules or their fragments in the

surface layer of an initially hydrophobic substrate

In recent years, a large number of researches have been

published (see, for example, Refs. [11–14] and relevant

references therein) demonstrating that interaction of a
polymer with a polar liquid (first of all, with water and

aqueous solutions) may result in the spontaneous rearrange-

ment (bself-organizationQ) of its surface layer, providing the

minimization of the interfacial free energy due to the

emergence (or adsorption) of polar groups at the surface.

Depending on the structure of the polymer macromolecules,

the physical state of the polymer, and other factors, such a

rearrangement may involve various forms of molecular

motion, from the reorientation of individual amphiphilic

side groups (when their rotation around the backbone is

allowed) to the diffusion of macromolecules as a whole.

Each of these processes may occur on different time scales.

If the characteristic time scale of self-organization is

comparable with the time of measurement, this process

may be observed while studying the contact angle (and size)

of an aqueous droplet on time of contact with polymer [15].

Such a bprolongedQ spreading of aqueous droplets occurs

also during the study of the wettability of model systems

such as apolar polymers containing low-molecular-weight

amphiphilic additives (surfactants) capable of adsorption

and/or reorientation at the polymer–liquid interface [15].

Langmuir was the first to mention the possible reor-

ientation (boverturningQ) of amphiphilic molecules in

contact with a polar liquid [16]. Later, experimental data

were obtained that demonstrated the occurrence of such

process in monolayers and Langmuir–Blodgett films com-

posed of long-chain fatty acids [17] and at the surface of

mixtures of such acids with paraffin [18] during contact

with an aqueous droplet, resulting in gradual droplet

spreading. Recently, such a situation has also been observed

for the spreading of a droplet over the surfaces of polymers,

when the amphiphilic groups of their macromolecules are

capable of reorientation by rotating around the macro-

molecule backbone.

Preliminary, the rate of spreading was analyzed in terms

of formal chemical kinetics [17,18], and the mechanism of

the process (the dynamic situation in the vicinity of the

three-phase contact line) was not considered.

The aim of this section is to analyze the mechanism of

the spontaneous spreading of a droplet of aqueous droplets

induced by the overturning of amphiphilic molecules (or

their fragments) in the surface layer of a solid substrate and

to develop a quantitative theory describing this process.

6.1. Derivation of basic equations

Let us consider the spreading of an aqueous droplet over

a solid substrate ignoring the evaporation of the liquid, i.e.,

assuming that the droplet volume remains constant during

spreading. It is assumed also that the substrate is smooth,

horizontal, and (what is important for the further discussion)

contains in the surface layer rotationally mobile amphiphilic

molecules (or amphiphilic fragments of molecules; for

brevity, we hereafter mention only molecules) capable of

overturning in the plane perpendicular to the surface and

incapable of lateral motions in the plane of the substrate.
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Hence, each of the amphiphilic molecules may be in one of

two states: (i) non-overturned (bnormalQ), i.e., when the

hydrophilic head group of the molecule is oriented down-

ward into the substrate while the hydrophobic btailQ is

directed upward into the second phase (air or water) in

contact with the substrate; and (ii) overturned state, i.e., in

the opposite (as compared to the previous case) orientation

of hydrophilic and hydrophobic moieties of the molecule

(Fig. 19).

Let Nl and N be the total number of amphiphilic

molecules per surface area of the substrate capable of

overturning and the number of overturned molecules,

respectively; then p=N/Nl is the probability to find an

overturned molecule. Let us consider the process of

transition of a system to the equilibrium state during the

contact of the substrate surface with the air, provided that

initially, the system was somehow disturbed from an

equilibrium state.

Let us consider for simplicity a linear chain of

amphiphilic molecules because a switch to the two-dimen-

sional case will be self-evident. Let pi(t) be the probability

of the occurrence of molecule i at the instant t in the

overturned state; then the same probability at the time t+Dt

will be equal to:

pi t þ DtÞ ¼ pi tð Þ þ PVDt � PSVDt þ PdDt � PbDtð ð52Þ

where P with subscripts are the probabilities of direct and

reverse overturnings per unit time: PV is the overturning

probability caused by the interaction with the air of the

amphiphilic molecule that has not been overturned pre-

viously; PSV is the overturning probability caused by the

interaction with underlying molecules of the molecule that

was overturned previously; and Pd and Pb are the

probabilities corresponding to the direct and the reverse

overturnings of a molecule due to its interaction with

neighbouring molecules. Only the interactions with the

nearest neighbours are accounted for, i.e., with the

molecules having numbers i+1 and i�1.
Fig. 19. Polymeric substrate containing rotationally mobile amphiphilic

chains in contact with air or water. V—air, W—water, S—polymeric

substrate. 1—amphiphilic chains in the bnormalQ state, 2—amphiphilic

chains in the overturned state.
All the probabilities in Eq. (52) may be written in the

following form:

PV ¼ aV 1� pið Þ;
PSV ¼ aSVpi
Pd ¼ b pi�1 1� pið Þ þ piþ1 1� pið Þ½ 

Pb ¼ b 1� pi�1Þpi þ 1� piþ1Þpið 
ð½

ð53Þ

where constants aV, aSV, and b entering into the definitions

of probabilities in Eq. (53) have the dimensionality of

reciprocal time and are determined below using the energy

of molecular interaction with surrounding phases in over-

turned and non-overturned states:

aV ¼ aexp �RV
½ ð54Þ

aSV ¼ aexp RV
½ ð55Þ

b ¼ a exp vÞ � 1ð 
½ ð56Þ

where v ¼ z 2Uth�Utt

RT
;RV ¼ UtsþUhv�Utv�Uhs

RT
; subscripts t, h, v,

and s correspond to the hydrophobic tail of a molecule, to its

hydrophilic head group, to the air, and to the underlying

molecules of the substrate, respectively; a denotes the

corresponding values in the absence of any interaction, i.e.,

determined only by thermal fluctuations; and z is the

number of neighbouring molecules, i.e., z=2 for a linear

chain and z=4 for the two-dimensional case. It follows from

definitions (54) and (55) that aVbaSV.

Let us consider Eq. (56) in more detail. If expressions

(54) and (55) involve both overturnings due to the thermal

fluctuations and those caused by the interaction with the

surrounding media, then, in contrast to these expressions,

Eq. (56) involves only the overturnings related to the

interactions between the neighbours; hence, random over-

turnings caused by thermal fluctuations should not be taken

into account because they do not result in the transfer of the

overturned state. It is the reason why the unity is subtracted

in Eq. (56).

Substituting expressions (53)–(56) into Eq. (52) yields:

pi t þ Dtð Þ � pi tð Þ
Dt

¼ aV½1� pi tð Þ
 � aSVpi tð Þ

þ bf½pi�1 tð Þ þ piþ1 tð Þ
½1� pi tð Þ

� ½2� pi�1 tð Þ � piþ1 tð Þ
pi tð Þg

Taking the limit in the last expression at DtY0 results in:

dpi tð Þ
dt

¼ aV 1� pi tð Þ½ 
 � aSVpi tð Þ

þ b piþ1 tð Þ þ pi�1 tð Þ � 2pi tð Þ½ 
 ð57Þ



Fig. 20. Impossibility of a spreading of a water droplet on a hydrophobic

substrate without lateral interaction between neighbouring chains (explana-

tion in the text).
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Let a be the mean distance between molecules capable of

overturning. Then Eq. (57) may be rewritten in the

following form:

dpi tð Þ
dt

¼ aV 1� pi tð Þ½ 
 � aSVpi tð Þ

þ ba2
piþ1 tð Þ þ pi�1 tð Þ � 2pi tð Þ
� �

a2
ð58Þ

The latter part of Eq. (58) is a discrete analogy of the

second-order spatial derivative. Hence, using the continuous

coordinate xcia, we obtain the following second-order

partial differential equation instead of Eq. (58):

Bp

Bt
¼ aV 1� pð Þ � aSVpþ D

B
2p t; xð Þ
Bx2

ð59Þ

where p(t, x) is the probability of the occurrence of an

overturned molecule at time t at point x and D=ba2 is the

effective diffusion coefficient of the molecule-overturned

state along the surface. The extension of Eq. (59) to the

plane (two-dimensional) case of further interest is, as was

stated before, a straightforward procedure: it is reduced to

the simple substitution of the partial second-order derivative

with respect to one coordinate x for the sum of the partial

second-order derivatives with respect to x and y because in

the two-dimensional case, p=p(t, x, y).

According to the previous consideration, the transfer of

the overturned state is determined only by the interactions

between adjacent molecules and should vanish in two cases:

(i) in the absence of interactions between adjacent amphi-

philic molecules, i.e., at v=0 (in this case, b=0 and hence

D=0); (ii) upon unlimited increase in the distance a between

adjacent molecules, i.e., when the surface concentration of

molecules capable of overturning tends to zero; in this case,

interactions between adjacent molecules also vanishes.

Indeed, if Uth, Utt, and Uhh are determined by dispersion

interactions, then v(a)~B/a6, where B is a constant

expressed via the polarizabilities of hydrophilic head groups

and hydrophobic tails: B=(2Ath�Att�Ahh)z/3, where Ath,

Att, and Ahh are the corresponding Hamaker constants.

Consequently, D(a)~btexp B/a6�1ba2~bB/a4Y0 with an

increase in distance a between adjacent amphiphilic

molecules.

In the equilibrium state, the probability p does not

depend either on time or coordinate; this equilibrium state

is further denoted by pv, which is readily determined from

Eq. (59):

pV ¼ aV
aV þ aSV

¼ 1

1þ aSV=aV
ð60Þ

From definitions (54) and (55), we obtain that aSV
aV

¼ exp

2RVð ÞH1, i.e., pv is a small value.

The similar consideration to those used for derivation of

Eq (59) results in the case of the events occurring under-
neath the aqueous droplet at the solid–water interface in the

following equation:

Bp

Bt
¼ aW 1� pð Þ � aSWpþ D

B
2p t; xð Þ
Bx2

ð61Þ

where subscript W refers to water; corresponding constants,

aW and aSW, can be obtained from (54)–(56) by substituting

subscript W instead of V. The equilibrium value of the

probability of the occurrence of an amphiphilic molecule in

the overturned state

pW ¼ aW
aW þ aSW

ð62Þ

is determined, as in the case of contact with the air, from Eq.

(61). Unlike the case of contact with the air, the pW
probability is not a small value; on the contrary, it is close to

one. It is this difference in probabilities that provides for the

possibility of the aqueous droplet spreading over the

initially hydrophobic surface.

Note that in the absence of lateral interactions between

adjacent amphiphilic molecules, the aqueous droplet may

not spread over the surface under consideration despite the

effect of overturning of molecules with the hydrophilic

portions upward, underneath the water. Indeed, let, in the

absence of interactions between adjacent molecules, the

necessary quantity of molecules be overturned with their

hydrophilic portions upward (upper part in Fig. 20), and the

substrate surface underneath the aqueous droplet becomes

sufficiently hydrophilic so that the droplet edge can move

into the adjacent position (lower part in Fig. 20). However,

in the absence of lateral transfer of the overturned state of

the amphiphilic molecules in the substrate, the surface both

in front of the droplet edge in position 2 and behind the edge

are still in the initial hydrophobic state, thus forcing the

droplet edge to return immediately to the initial position 1.

Thus, if the diffusion terms in Eqs. (59) and (61) vanish in

the absence of the lateral transfer of the overturned state,
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then the spreading of the aqueous droplet over the surface

becomes impossible (Fig. 20)). However, if the adjacent

amphiphilic molecules interact with each other and the

lateral transfer of the overturned state due to these

interactions is possible, the droplet edge moves over the

surface and this motion is determined exactly by the rate of

the lateral transfer of the overturned state of the substrate

molecules.

6.2. Boundary conditions

According to the theory described above, the propagation

of the overturned state of amphiphilic molecules along the

surface under the droplet is described by Eq. (59) and the

propagation beyond the droplet by Eq. (61). It is required

now to formulate the boundary conditions for the p(t, r)

value at the boundary of the spreading axisymmetric

droplet, i.e., at r=r(t) (Fig. 21).

In view of the assumption of the absence of evaporation,

the droplet volume V remains constant during the spreading

and it is assumed also that the droplet is small enough, that

is, the gravity action may be neglected. The time scale of the

spreading process is so low (see below) that the deforma-

tions of the drop profile caused by the spreading can be

neglected. The latter means that the droplet retains the shape

of a spherical segment during the spreading and described

by Eq. (51).

Let us denote surface (interfacial) tensions for the water–

air (constant value), substrate–air, and substrate–water

interfaces directly at the boundary of the spreading droplet

by c, cSV(t), and cSW(t), respectively. Note that the values of
cSV(t) and cSW(t) near the droplet edge differ from the

constant values of surface tensions at the polymer–air and

polymer–water interfaces far from the edge of the spreading

droplet and in the depth of the droplet, respectively. It is

assumed that the Young condition (quasi-equilibrium
Fig. 21. Spreading of a spherical droplet: ro(t)—radius of the basis of a

drop, h(t)—dynamic contact angle, h—height at center of a drop.
spreading) is satisfied at any moment at the boundary of

the spreading droplet

cosh ¼ cSV tð Þ � cSW tð Þ
c

¼ cosh0 þ D tð Þ ð63Þ

cosh0 ¼ c0SV � c0SW
c

D tð Þ ¼ cSV tð Þ � c0SV
c

� cSW tð Þ � c0SW
c

In the latter equation, superscript 0 marks corresponding

initial values of interfacial tensions. Note that the D(t)

value is positive and increases with time because the cSV(t)
value increases with time due to possible appearance of

hydrophilic head groups of the amphiphilic molecules at

the substrate surface; in contrast, the cSW(t) value

decreases with time due to overturning of molecules under

the droplet.

Let us emphasize once more:

(i) In view of the lateral interaction between adjacent

amphiphilic molecules of the substrate, the overturned

state may be extended beyond the boundary of the

spreading droplet, resulting in an increase in surface

tension of the substrate cSV(t) in front of the moving

droplet;

(ii) Interfacial tensions cSV(t) and cSW(t) do not remain

constant near the droplet boundary but vary depend-

ing on the coordinate in a close vicinity of the

boundary of the moving droplet (see below). Hence,

interfacial tensions in the close vicinity of the edge

of the moving droplet or, in a more formal manner,

the limiting values of these tensions at rYr(t) from

the inner and outer droplet sides enter the Young

Eq. (63).

Corresponding limits of the degree of overturning inside

and outside the droplet are denoted by pin and pout,

respectively (Fig. 21). Evidently, the D(t) value is not an

explicit function of time but depends on time in an implicit

manner via the values of pin and pout, i.e., D=D( pin, pout).

As it is shown below, in view of the equality of chemical

potentials of amphiphilic molecules between the inner and

outer boundaries of a droplet, the pout value is expressed as a

function of pin. Hence, in view of the latter dependence,

actually D=D( pin).

Let us use an Antonov’s rule to determine unknown

dependence D( pin, pout), which means the additivity of the

formation of the interfacial tensions.

Let cSW
l and cSW

0 be the interfacial tensions under the

droplet in the case when all molecules are overturned (all

hydrophilic head groups are oriented upward) and when

neither of these molecules is overturned (all hydrophilic

head groups are oriented downward), respectively. Similar

surface tensions outside the droplet are denoted by cSV
l and

cSV
0 , respectively. According to the assumption of the
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additivity, the interfacial tensions in the closest vicinity of a

droplet acquire the following form:

cSV ¼ c0SV 1� poutÞ þ clSVpout;
�

cSW ¼ c0SW 1� pinÞ þ clSWpin
�

ð64Þ

Substitution of relationships (64) into the Young Eq. (63)

yields the following expression for the dependence D( pin,

pout) under consideration:

D pin; poutð Þ ¼ clSV � c0SV
c

pout þ
c0SW � clSW

c
pin ð65Þ

The obtained dependence, D( pin, pout), is a linear function

with respect to both variables.

As it is mentioned above, the spreading process under

consideration is very slow (the time scale is hours). Because

of this, below, we employ the principle of local equilibrium

accepted in nonequilibrium thermodynamics. In accordance

with this principle, chemical potentials of overturned and

non-overturned amphiphilic molecules remain equal from

both sides of the droplet boundary, i.e.,

l pin; vð Þ ¼ l pout; vð Þ þ I; I ¼ Uhv � Uhw

RT
ð66Þ

The l( p,v) dependence may be given, for example, in

accordance with the Flory–Huggins theory in the follow-

ing form: l( p, v)=ln p+v(1�p)2 [20]. We will not

specify this dependence below but consider only two

limiting cases of weak and strong lateral interactions

between amphiphilic molecules. At this stage, it is enough

to assume that, according to the equality of chemical

potentials (66), pout and pin are interrelated by the known

dependence pout=u( pin). In view of all that has been said

above, the value of D is dependent on only one variable, i.e.,

D=D( pin).

In view of the equality tan h
2
¼ 1�cosh

1þcosh

� �1=2
from Eq. (51),

we obtain

r pinð Þ ¼ 6V

p

� �1=3

G pinð Þ; ð67Þ

where

G pinð Þ ¼ 1

1� A

1þ A

� �1=6

3þ 1� A

1þ A

� �1=3
;

A pinÞ ¼ cosh0 þ D pinð Þ
�

ð68Þ

Eq. (67) allows determining the final droplet radius, rl, at

the end of the spreading process using the known depend-

ence G( pin); to this end, it is necessary to substitute the

expression for the equilibrium fraction of overturned

molecules under droplet pW from relationship (62) into

Eq. (67), which yields

rl ¼ 6V

p

� �1=3

G pWð Þ ð69Þ
It is easy to verify that G( p) is an increasing function of p,

i.e., r(t) increases, approaching its final value determined by

Eq. (69).

Let us consider now the formulation of boundary

conditions on a moving droplet edge. Two boundary

conditions are required because the edge itself moves and

the law of this movement should be determined.

The first boundary condition expresses the balance of the

number of overturned molecules at the boundary of the

moving droplet, and it has the following form:

� D
Bp

Br

����
r¼r tð Þ�

þ D
Bp

Br

����
r¼r tð Þþ

¼ pin � poutð Þ dr tð Þ
dt

ð70Þ

As it is mentioned earlier, it is necessary to set the second

boundary condition relating the pin and pout values because

the other boundary conditions are straightforward: the

symmetry in the droplet center, i.e.,

Bp

Br

����
0

¼ 0 ð71Þ

and the tendency of the fraction of overturned molecules far

from the droplet to the equilibrium value at the substrate–air

interface that is determined from Eq. (59) as

pYpV: ð72Þ

We use below the condition of equality of chemical

potentials of overturned molecules to the right- and left-

hand sides of the moving boundary of a droplet [r=r(t)],

which determines the dependence

Pout ¼ u PinÞð ð73Þ

To analyze the dependences of chemical potentials, we

employ the expressions resulting from the Flory–Huggins

theory [20] modified to take into account the interactions of

amphiphilic molecules with the environment and the

underlying molecules of a substrate, namely, interactions

of their hydrophilic head groups with water and their

hydrophobic tails with the substrate molecules (under the

droplet) and interactions of hydrophilic head groups with

the air and hydrophobic tails with underlying substrate

molecules (outside the droplet). This leads to the following

expression:

lnpin þ v 1� pinð Þ2 ¼ lnpout þ v 1� poutð Þ2 þ I ð74Þ

where v is the known parameter of interaction of amphi-

philic molecules with each other; in this case, the value of z

is equal to 4 [see expression below Eq (56)].

In the case of weak interactions between adjacent

molecules, i.e., at vbI, from expression (74), we have ln



Fig. 23. Time dependences of the contact angle, h, of water droplets at the
surface of a Langmuir–Blodget films formed by a stearic acid at various

temperatures in 8C: Experimental data from Ref. [18]. t*=13.5 h, t*=15.5 h,

t*=23.0 h, t*=25.0 h, t*=28.5 h. Solid lines calculated according to Eq.

(79) using t* as a fitting parameter.
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pin=ln pout+I. As a result, we have the Boltzmann’s

distribution:

pout ¼ pinexp � Ið Þ ð75Þ

In the case of strong interaction between the neighbour-

ing molecules, i.e., vHI, we obtain

lnpin þ v 1� pinð Þ2 ¼ lnpout þ v 1� poutð Þ2 ð76Þ

Hence, it results in equality of overturned fractions:

pout=pin.

The value of pout is always smaller than or equal to pin,

thus enabling us to solve Eq. (66) for the arbitrary case and

to express pout as a function of pin which was stated before.

Thus, the problem of droplet spreading acquires the

following form: the dependence p(t, r) under the droplet

[0brbr(t)] is described by the equation

Bp

Bt
¼ aW 1� pð Þ � aSWpþ D

1

r

B

Br
r
Bp

Br
ð77Þ

and the dependence p(t, r) outside the droplet, rNr(t), is

described by the equation

Bp

Bt
¼ aV 1� pð Þ � aSVpþ D

1

r

B

Br
r
Bp

Br
ð78Þ

with the following boundary conditions: condition of

symmetry in the droplet center [Eq. (71)], condition (72)

far from the droplet, condition (67) expressing the radius of
Fig. 22. Time dependences of contact angle, h, of water droplets at the

surface of paraffin containing stearic acid of different concentrations in

wt.% (experimental data from Ref. [17]): C=0.6, C=2.0, C=9.0. Solid lines

calculated according to Eq. (79) using t* as a fitting parameter.
the spreading droplet via pin, condition (70) expressing the

equality of fluxes at the moving boundary of the droplet

r=r(t), and relationship (66) expressing the equality of

chemical potentials of overturned molecules near the

moving edge of the droplet.

6.3. Solution of the formulated problem

We perform the solution of the formulated problem

introducing a number of simplifying assumptions whose

validity is checked in Ref. [19].

! Under the main part of the droplet, the value of p is

independent of the coordinate and equal to its equili-

brium value Eq. (62); the same is true outside the

droplet: p differs from its equilibrium value Eq. (60)

only in a narrow region close to the droplet edge.
Fig. 24. Dependence of characteristic time of a spreading of drops, t*, on

temperature.
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! The latter means that probability, p, differs from its

equilibrium values in narrow regions, d and dout, under

and outside the droplet, respectively (Fig. 21).

dpin

dt
¼ 1� pinð Þ=t4

GV pinð Þ ffiffiffiffiffiffi
pin

p ð79Þ

where d ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D= aW þ aSWð Þ;

p
t* ¼ r*d=D; r* ¼ 6V=pð Þ1=3.

Thus, according to the proposed theory, the droplet

spreads in a completely different manner than was suggested

in Refs. [17,18], i.e., the equilibrium concentration of

overturned amphiphi1ic molecules (or their fragments) is

established rapidly (as compared to the characteristic time of

spreading) under the main portion of the drop and retains its

value over the course of the entire spreading process. All

changes occur only within the narrow region in the vicinity

of the perimeter of the spreading droplet.

6.4. Comparison between theory and experimental data

Eq. (79) contains one unknown parameter, t*, which is

the characteristic time of the propagation of the overturned

state, i.e., the characteristic time of droplet spreading.

Parameter t* was used as an adjustment parameter for the

comparison of the theoretical predictions according to the

above theory and experimental data reported elsewhere [17,

18].

In Fig. 22, the time dependences of the contact angle of

an aqueous droplet at the surface of paraffin containing

steric acid at various concentrations, C, are presented. Lines

show the solutions of Eq. (79) and the symbols denote

experimental data [18] for three different concentrations, C.

The values of t* were found as follows:

t*=50.5 h at C=0.6 wt.%,

t*=27.5 h at C=2.0 wt.%,

t*=24.0 h at C=9.0 wt.%.

The latter values show that as the concentration of stearic

acid increases, the characteristic time of propagation of the

overturned state decreases. The latter is due to an increase in

bdiffusion coefficientQ D because of the decreasing average

distance between acid molecules capable of overturning.

In Fig. 23, the time dependences of the contact angle of

aqueous drops at a Langmuir–Blodgett films composed of

stearic acid at various temperatures are presented. Here,

symbols represent experimental data from Ref. [17] and
lines drawn correspond to the solutions of Eq. (79). The

deduced dependence of parameter t* on temperature is

shown in Fig. 24. Characteristic time t* of the propagation

of the overturned state decreases with temperature, which

may be explained by an increase in the rotational mobility of

molecules capable of overturning and simultaneously the

bdiffusion coefficientQ D of the overturned state of stearic

acid molecules increases.
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