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Abstract

It has been found earlier (N.V. Churaev, G.A. Martynov, V.M. Starov, Z.M. Zorin, Colloid Polym. Sci. 259 (1981) 747) that aqueous
surfactant solutions spontaneously rise in vertical hydrophobized quartz capillaries. A theory of this phenomenon is presented, which connect
the experimental observations with the adsorption of surfactant molecules in front of the moving meniscus on the bare hydrophobic interface
0 2003 Elsevier Inc. All rights reserved.
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1. Introduction hydrophobic capillary for the first time. The contact angle,
04, at this moment is more than/2 and the liquid can not
Pure water does not penetrate spontaneously into hy-Penetrate into the hydrophobic capillary. Solid-liquid and
drophobized quartz capillaries. However, surfactant solu- llquid—air interfacial tensionsys. andy, do not vary with
tions penetrate spontaneously and the penetration rate delimeé because the adsorption of surfactant molecules onto
pends on the concentration of surfactant. Both the air—liquid (N€S€ surfaces is a fast process as compared with the rate of
interfacial tensiony, and the contact angle of the moving imbibition into hydrophobic capillaries. The only interfacial

meniscusf4, where a subscript indicates the advancing }f?slonéhat c?n varyiﬁ the .T%hd—'a!r Lnt?rfamdal tens;@tq/,.
contact angle, are concentration-dependent[1]. € adsorption on the Solid—alr Intertace does not occur

Adsorption of surfactant molecules behind the moving then the spontaneous imbibition into the hydrophobic capil-

. . lar nnot take pl ntan | th vancin
meniscus results in a decrease of the bulk surfactant concen-2 Y cannot takeé place sponta eously because the advancing

. . : . L ; contact angle remains abow¢2. However, if the adsorption
tration from the capillary inlet in the direction of the moving . .
. i : of surfactant molecules onto the bare hydrophobic surface in

meniscus [1,2]. However, the major process, which deter- o :

. : : ; . the vicinity of the three-phase contact line takes place then
mines penetration of surfactant solutions into hydrophobic L .
capillaries or spreading of surfactant solutions over hy- /Y 9"OWs with time. The advancing contact angle reaches

P . P '9 . y 7 /2 and the spontaneous imbibition process starts after some
drophobic substrates, is the adsorption of surfactant mole-

. ) critical adsorption is reached.
cules onto a bare hydrophobic substrate in front of the mov- P

) ) In the case of partial wetting the capillary imbibition
ing three-phase contact line [1-3]. The latter process resultsin the horizontal direction proceed according to the depen-
in a partial hydrophilization of the hydrophobic surface in

) R ) dency [4]
front of the meniscus/drop, which, in its turn, determines the
spontaneous imbibition/spreading. Ry cost,
Let us consider the very beginning of the imbibition ° = 2n 2 1)

process in order to understand why the adsorption in front
of the moving meniscus on a hydrophobic substrate deter-
mines the spontaneous imbibition. At this initial moment

the meniscus of surfactant solutions touches an inlet of the

wherel is the length of the part of the capillary filled with
the liquid; R is the radius of the capillary; is the liquid vis-
cosity; the advancing contact ang#g,, in Eq. (1) is below
7/2:0< 04 <m/2; andr is time.
Pure water does not penetrate into hydrophobic capillar-
E-mail address: v.m.starov@Iboro.ac.uk. ies and shows an advancing contact arfgle- 7 /2. The
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Oa Y cos 9, moving meniscus. According to the triangle rule it can be
90 U 3 calculated as
3,/ )
1 %/—4 @(Cm) = ysv(Cm) — vsL(Cp), (2)
Z,
89 / 2 whereysy andys, are solid—vapor and solid—liquid interfa-
cial tensions. According to Antonov's rule the dependency
88 L of the latter two interfacial tensions on the concentration can
\ 1 be presented as
Iy Iy
87 , : [ o ysv(Cm) = V§v<1 - F—oo) + YV o
0,
o G 0.1 0.2 C% et <1 r_>+ r "
Fig. 1. The influence of the concentration of aqueous surfactant solutions ysLitm) = Vs Iree vsi re’

(Syntamide-5, molecular weight of about 420) on the advancing contact .
angle,04 (squares, curve 1), andcosd, (filled circles, curve 2), measured where superscripts 0 and mark zero and Complete cover-

on a flat hydrophobized quartz surface [€}. marks the critical surfactant ~ age of hydrophobic sites, respectively; subscriptand —

concentration, below which surfactant solutions do not spread. Line 3 is a mark positions just behind and just in front of the moving

linear fit according to Eq. (6)- meniscus, correspondingly? is the surface concentration
of surfactant molecules.

Note that adsorption of surfactant molecules results in a

liquid can be only forced into the capillary and does not ) ) o . o
penetrate spontaneously. However, the advancing contact angecrease of SL interfacial tension; that )'§L —rs > 0.

gle is a decreasing function of the surfactant concentration However, adsorption of surfactant molecules on the bare hy-

and at some critical concentratiod,, is equal torr /2. At drophobic surface in front of the moving meniscus results

concentrations aboug, surfactant solution penetrates spon- |n0a Iocg{! increase (_)f.t.he SV interfacial tension; that is,
— ySy < 0. The initial contact angle on the bare hy-

taneously into hydrophobic capillaries [1,2]. An experimen- sV V- o 0 0
tal procedure for hydrophobization of quartz capillaries has drophobic interface is bigger thary2; that is, ysy — s
been described in [1,2]. <

In the case of the imbibition of surfactant solutions into L€t Us assume that surfactant molecules do not adsorb
hydrophobic capillaries the penetration is controlled by both N front of the moving meniscus. In this case the interfacial
surfactant molecule transfer and liquid viscosity according te(|)’1$|on of the SL interface remains constant and equal to
to Eq. (1) [1,2]. In this case the aim is to reveal the mech- ¥sv: hence, from Egs. (2) and (3),
anism of the penetration and to determine the concentration r r
of surfactant molecules near the meniscijs< Cg, Where o(Cm) = ng — [V§L<1 — _;3> + ygf_;o}

Co is the surfactant concentration at the capillary inlet. This r r
problem has been discussed from both experimental and the-
oretical points of view in [1,2].

Fig. 1 shows that the advancing contact angle, ex-
ceeds 90 above some critical concentratiofi,, which is
slightly below 0.05% in the case of surfactant solutions of
Syntamide-5 [1].

It is necessary to emphasize that the mechanism investi-

I
0 0 0
=Ysv—VYsLt+ F—OQ(VSL —¥&h)-

The lowest value of the right-hand site in the latter equa-
tion is equal toyQ, — 3, < 0, while the maximum value is
reached af™_ = '™ and is equal to’d,, — ¥ If the lat-

ter value is negative, then the contact angle remains bigger
: . . than 90 at any bulk surfactant concentration and the spon-
gated below is the opposite of an autophobing event [5]. taneous imbibition of surfactant solutions into hydrophobic

'Belpw, a spontaneous capillary risein hydrophoblgcapn- capillaries does not takes place at any surfactant concentra-
laries is considered and a theory is presented for this case,.

It is shown that in the case of spontaneous capillary rise

Fhe _mle.cha.nlsm greatly dlffers fr(_)m .the case of spontaneouﬁinear functions of the surfactant concentration below CMC
imbibition into hydrophobic capillaries [1,2] because con-

) : ; . (which is the only case considered below) and remain con-
centration on the moving meniscus cannot remain constant
X S stant above CMC. The latter means that
as in the case of spontaneous imbibition.

It is assumed below that both adsorption isotherms are

I'_=Gs Cy (4)
2. Theory at concentrations below CMC.
Spontaneous imbibition and spontaneous capillary rise
Let us consider a dependency @fC,) = y(Cpn) x into hydrophobic capillaries are sufficiently slow processes;

cos94(Cy,) on the concentration of surfactard,,, on the that is, we assume below a condition of local equilibrium
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Fig. 2. Bulk volume concentration;, and surface adsorptiom, distri-
butions along the capillary height during a spontaneous capillary rise in
hydrophobic capillaries.

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,

InI'_ 4+ &g =InIy + &gy,

wherel'_ andl"; are jumps of surface concentration across
the meniscus surface (Fig. 2), aidd| , Psy (in kT units) are
corresponding values of the energy of surfactant molecules
at solid—liquid and solid—air interfaces, respectively. There is
no reasons to assume th@gy is infinite; that is, adsorption

in front of the moving meniscus should take place. From the
latter equation we conclude that

_ I
exp(@sy — PsL)

It is obvious thatbsy is higher thanbg , and, hencel; <
I'_. The latter relation can be rewritten using Eq. (4) as

Iy

GsL
exp@sy — PsL)
Substituting Egs. (3)—(5) into Eq. (2) and having in mind
the latter inequalities, we can conclude after simple re-
arrangements that

I'y = GsyCpy, %)

Gsy =

@(Cp) =a(Cy — Cy), (6)
where
Gsv 0y, OsL, o
o= [F—oo(ygf/ ~¥sv) + s (¥sL — ¥&0) | > O,
0
o
Cy=—, aozygl_—ygv>0.
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According to Eq. (6)¢(C,,) dependency should be a lin-
ear function of concentration &t,, > C,, which is in agree-
ment with experimental observations (Fig. 1).

We now try to solve theoretically the problem of a sponta-
neous rise of surfactant solutions into vertical hydrophobic
cylindrical capillaries, taking into account the transfer and
the surface diffusion of surfactant molecules, as well as ad-
sorption onto the bare hydrophobic surface in front of the
moving meniscus. The location of the moving meniscus in
the capillary ig(¢) (Fig. 2).

The transfer of surfactant molecules in the filled portion
of the capillary is described by the equation

dx (

whereC (¢, x, r) is the local concentration of surfactait;is
the diffusion coefficienty, x, r are time, axial, and radial
coordinates, respectively; andr) is the axial velocity dis-
tribution.

Integration of the last equation over radius from ORp
whereR is the capillary, radius, results in

R
(/ rC(t,x,r) dr)
0
)r:R
R

aC(t,x,r)
] )
- — /rv(r)C(t,x,r)dr .
0x

ar
0

0C@x,r) _ 92Cx,r) 19
- rd

AC(t. x. 1)
ot 9x2 A\

ar

v(rC(t,x,r)),

2
=D—
9x2

R
aat (/rC(I, Xx,r) dr)

0

+&(p

The second term on the right-hand side of the last equation
is equal to
a%r

DBC(t,x,r)
or

_ar
r=R ot

— UsL

whereDg is the surface diffusion coefficient over the filled
portion of the capillary. Hence, the last two equations result

in
R
(/ rC(t,x,r) dr)

0

2
=D—
x2

R
9 (/rC(t,x,r)dr)

Jt
0

R

9 (/rv(r)C(t,x,r)dr).
X

d
0

The characteristic time scale of the equilibration of the
surfactant concentration in a cross section of the capillary
T~ R?/D ~ 0.1 s, if we use for estimat® ~ 10 pm and
D ~ 10-° cm?/s. The characteristic time scale of the spon-
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£ mm Equations (9) and (10) are solved below using the follow-
” ing boundary and initial conditions:
25
C(0,1) = Co, a(oo, 1) =0, (11)
20 1(0) =0, a(x,0)=0. (12)

The following condition of the mass balance on the mov-
ing meniscus surface should be satisfied,

da aC dl
. (50) (02 a0 a3
0x Iy 0x 1 dt

13

wherel_ andl, represent two points located on two oppo-
L2 site sides of the meniscus: on the liquid phase Sideand
Vt, min N ) .
on the unwetted side in front of the moving meniscls,
0 15 30 45 60 75 0 (Fig. 2). Condition (13) expresses the conservation of mass
. . o ) . at the moving meniscus and three-phase contact line. In or-
Fig. 3. Spontaneous capillary rise in a vertical hydrophobized quartz cap- d ded he | b d diti he followi
illary (r = 11 pm), Syntamide-5 surfactant solutio@g(= 0.1%). Time er to deduce the latter boun arY condition t_e ollowing
evolution of the capillary rise height(mm), with time,# (min) [1]. procedure should be undertaken: (i) local coordinates should
be introduced in a narrow region close to the moving menis-
cus; (ii) local transport equations should be integrated over

taneous capillary rise into hydrophobic capillaries is around this narrow region; (iii) limits from the filled and empty
10° s (see Fig. 3), which is much bigger than 0.1 s. That is, Portions of the capillary should be calculated, which gives
the surfactant concentration is constant in any cross sectiorexactly condition (13). In mathematical terms condition (13)
of the capillary and depends only on the vertical position, ~Means limits of outer solutions from both sides on the mov-
(Fig. 2); that is,C = C(t, x). Taking this into account, the ~iNg meniscus. . _

latter equation can be rewritten after both sides are divided ~ Fig. 3 shows the results of one of the capillary rise exper-

by R2/2 as iments using Syntamide-5 surfactant solution in a vertical
hydrophobized quartz capillary [1]. The observed time evo-
da+C) 92C 92a  9C lution of the imbibition length/(¢), follows I(r) = K v/t de-
o P2 TPsiy vy 0<x <, pendency at the initial stage of the process and deviates from
(7 this dependency at the end of the experiment. The value of
where K determined using the slope of the/r dependence corre-

sponds to the advancing contact anglg, being only a few
2 R seconds less than 90At suché, values the capillary rise
v= ﬁ/rv(r)dr would be expected to stop as soon as the liquid reached a
o height of~10-3 cm. However, it does not stop at this height
. ) ] but goes up to a height of 3 cm. The only explanation of this
is the averaged velocity (the same symbol is used for the yhenomenon is that the spontaneous rise in the hydropho-

averaged velocity as for the local one), bic capillary is determined by the adsorption of surfactant
2 2 molecules, which hydrophilize the bare hydrophobic capil-
a(x,t) = ;F = ;GSLC(x, 1) =Fs C(x,1), (8) lary surface in front of the moving meniscus.

o At each position, 1, the meniscus curvature must satisfy
and Fs. = (2/r)GsL. In Eq. (8) local equilibrium between  the following equilibrium condition,
surface and bulk concentrations is assumed.

Substitution of Eq. (8) into Eq. (7) results in 290(}?’”) = pgl(t), (14)
aC 92C  dlaC where ¢(C,,) is given by Eq. (6),0 is the density of the

CH_FSL)E:D 0<x <), (9)

eox2  dr ax’ solution, andg is the acceleration of gravity. Sinag is
close tox/2, and, hence(,, is close toC., we can safely

where Det = (D + Fs . Ds)) is the effective diffusion co- . . .
efficient. On the unwetted portion of the capillary surface, zze Eq. (6). Using the latter equation we can rewrite Eq. (14)

1(r) < x, only surface diffusion takes place; that is,

20
-~ = SV )
ot dx2 The last equation can be rewritten as
where Dsy is the diffusion coefficient of surfactant mole- pgR
cules on the unwetted hydrophobic capillary surface. Cn=Cs+Al, A=——. (16)

20
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Equation (16) shows that the case under consideration isAcknowledgments
governed by the completely different mechanism as com-
pared with the case of the horizontal imbibition, whetg The author expresses his gratitude to Professor M.G. Ve-
remains constant in time [1]. In the case of the spontaneouslarde and Dr. S. Kosvintsev for discussions. This research
capillary riseCy, (t) must increase as the capillary rise pro- was supported by the Royal Society, UK, as a joint project
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The maximum height of the capillary risgax, is reached
after the concentration on the moving meniscGg, be-

comes equal to the concentration at the capillary ir(igt, Appendix A

After that the process stops. Using Eq. (1&)ax is deter-

mined as To simplify a mathematical treatment of the problem we
20(Co — Cy) neglect below the diffusion of surfactant molecules in front

Imax= ST 17) of the moving meniscus and only the adsorption in front of

the moving meniscus is taken into account. Under this sim-
that is, it decreases with the capillary radius increase. The plification the process of the capillary rise in a hydrophobic
latter shows that the experimental observation presented incapillary is governed by Eq. (9) with boundary conditions
Fig. 3 corresponds ti(#) < Imax that is, the initial and in-  (11)—(13).
termediate stages of the capillary rise. Below, using Egs. (9),  The concentration of surfactant molecules changes con-
(10), boundary conditions, (11)—(13), and Eq. (16), we show siderably only in close proximity to the moving meniscus.
that/(r) dependency on time can be calculated and it is pro- That means the surfactant concentration differs from the
portional to square root of time at the initial stage of the concentration at the capillary inle€g, in a narrow region

process (see Appendix A for details). o betweeni(r) — 5(r) and/(r), wheres(r) to be determined.
The soI.ut|0n |.n Appendix A shows that at the initial stage At the boundary(r) — §(¢) the concentration is equal to the
of the capillary risel(¢) develops as concentration at the capillary inlefp, and the derivative of
the concentration at this point is zero (a smooth transition).
[ 2 Let us introduce for convenience a new unknown func-
I(t)=Kt, K=I —— 18 ) . L . .
® Vi max (18) tion, Z = Co — C, which satisfies the following equation and

wherex ande are defined in Appendix A. The latter depen- Poundary conditions:

dency agrees with experimental observations in [1] at the 97
initial stage of the capillary rise (see Fig. 3). At the final (14 Fs)— = Des
stage of the capillary riskr) levels off as ot

927  dldz

e 1(). A.l
ax2  dt ox <x<I. (A1)

The boundary condition (13) takes the following form us-
w+1 . )
I(1)= lmax<1— p ) (19) ing Eq. (16):
0Z . s dl Ao
According to Eq. (17) and Fig. 1S% ~ 35 mm in  Pefl 57 x:l—(FSL_FSV)(C*"' Do (A.2)

the experiment presented in Fig. 3. The experimental value
of K®P in Eq. (18), calculated according to Fig. 3, is
K®P ~ 5 x 103 cm/s/2. In experiments presented in

Other boundary conditions are

Fig. 3, w ~ 1. The comparison of the latter estimations Z(1-8)=0. Z()=Co—Cx— AL (A-3)
givesk ~ 10~° s1, which coincide with the value calcu- 3_Z> —o. (A4)
lated according to Eq. (A.11), if we assume tlig{ <« Fsi, 0x )i s

D ~ 107 cn?/ s, and use the estimafgs; ~ 1072 cm [1]

and the value o is taken directly from Fig. 1. Integration of Eq. (A.1) after simple manipulations using

boundary conditions (A.3) and (A.4) results in

1
3. Conclusion i/de: Det (07

dt 1+ Fs \0x /),
=5

It has been found earlier [1] that aqueous surfactant so- F dl
lutions spontaneously rise in vertical hydrophobized quartz 4=t (Co— Cyx — AD)—. (A.5)
capillaries. A theory of this phenomenon is presented, which 1+ FsL di
connects this phenomenon with the adsorption of surfactant Below we find a solution which satisfies the integral bal-
molecules in front of the moving meniscus on a bare hy- ance, Eqg. (A.5), and boundary conditions (A.2)—(A.4). The
drophobic interface. The developed theory predictions are in simplest solution, which satisfied boundary conditions (A.3)
agreement with experimental data [1]. and (A.4), is
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Z = (Co— Cs— Al) (x —; +34 )2’ (A.6) At the final stage of the process;-lu « 1, Eq. (A.12) gives
. w+1 A 14
where both () andé(r) dependencies are to be determined. “= Kkt (A14)

Substitution of the latter expression into the boundary con-
dition (A.2) and Eq. (A.5) gives, after some rearrangements,
a system of two ordinary differential equation for determi-
nation of two unknown dependenciég, ands (),

Roman
d 6Def (Co—Cyx— Al
—|(Co—Cx — ADS| =
dt [( 0 * ) ] 1+ Fs. s A
3FsL dl a
Co—Cyx — A —,
1+FSL( 0 * )dl‘ g
dl  2Dei (Co— Cy — Al
“ ef ( 0 * )’ (A?) F
dt AF §(Cy+ Al G
where AF = Fs — Fsy > 0. The following initial condi- 8
tions should be satisfied: f
1(0) =5(0) = 0. (A.8) l
,

If the first equationin (A.7) is divided by the second equa- R
tion then an equation fof(!) dependence can be obtained. 7
The latter equation can be solved. After that the solution ¢
should be substituted into the second equation in systemy

(A.7), which results in the following equation féfz) de- X
termination, V4
du (1—u)?
— =2 : 0) =0, A.9 Greek
dt u(w+u)2+ x —u) u(0) (A.9)
where o
r
Co—C C
u=1/lmax Imax= OA *7 w:ﬁ’ 8
4Def(1 + F- 2AFC
A=M, y=—"=0 (A.10) 4
3AF Fsvi3ay Fsv(Co — Cy) Z§
The latter definitions show that > 1; hence, Eq. (A.9) ¢
can be rewritten as P
du _ (A-w? % _ Det(l+ Fs)(pgR)®
dt u(w+u) — x 6a2AF2Co(Co—Cy)’ o
u(0) = 0. (A.11) T

The last equation shows that«lis a characteristic time

Appendix B. Nomenclature

= pgR/(20)

(=2rI'/R), adsorption

concentration

diffusion coefficient

=2G/R

adsorption constant (in a linear law)
gravity acceleration

proportionality coefficient id(r) = K/t
Boltzmann constant

length of the capillary filled with liquid
radial coordinate

capillary radius

absolute temperature in K

time

velocity of the moving meniscus
upward vertical coordinate

= Co — C (see Appendix A)

see Eq. (6)

surface concentration

size of a region close to the moving meniscus,
where concentration considerably changes
interfacial tension

dynamic viscosity

interaction energy ik T units

contact angle

1/ is the time scale of the capillary rise (see Ap-
pendix A (after Eq. (A.9))

see Appendix A (after Eq. (A.9))

density

time scale on diffusion relaxation in a capillary
cross section

. . . =y C0SHy

scale of the process. Itis easy to see thati$ proportional ¢ = VLo . .
to 1/ R?; that is, the duration of the process is longer in thin- @ Interaction energy IRT units
ner capillaries. X see Append!x A (after Eq. (A.9))

Equation (A.11) can be easily solved and the solution is @ see Appendix A (after Eq. (A.9))
as follows: Subscripts

(w~+ Du
u—l—ﬁ—l—(w—l—Z)M(l—u):Kt (A12) A advancing
- ef effective

If u <1 (initial stage of the process), then from Eq. (A.12) m meniscus

W ncl that
e conclude thal max

2% SL

. (A.13) 5\
w

u =

maximum height
solid-liquid interface
solid—vapor interface
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