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NOTE

Determination of Bulk and Surface Diffusion Coefficients
from Experimental Data for Thin Liquid Film Drainage

This note presents a method for the determination of the surface
diffusion coefficient and surface diffusion flux. The theoretical con-
siderations are based on the Onsager linear theory for the definition
of the surface diffusion flux and on the Einstein theorem for the def-
inition of the surface diffusion parameter. In this interpretation the
surface diffusion coefficient differs from the one commonly defined
in the literature. It does not depend on the surfactant concentration
and itisafunction only of the type of surfactant and the liquid/liquid
interface. The theoretical calculations indicate that the effect of the
surface diffusion on the film drainage is stronger than that predicted
by previous theoretical studies. The experimental data for thin

Ds o utilizing the experimental data for the drainage velocity of the thin liquid
film and interfacial tension isotherm from Ref. 9.

SURFACE DIFFUSION FLUX AND SURFACE
DIFFUSION COEFFICIENT

We consider two homogeneous bulk liquid phases divided by an interfaci
adsorption layer built from a nonionic surfactant. Following the Onsager lineg
theory from the nonequilibrium thermodynamics, the thermodynamic flux (ir
our case the surface diffusion flu¥s) is proportional to the thermodynamic
force (in our case the surface gradient of the surface chemical potendialo
simplify our conclusions, we assume that the processes take place at cons

liquid film drainage in the case of low surfactant concentration in  {emperatureT, and therefore

the continuous phase could be used for the calculation of the bulk

and surface diffusion coefficients. In the present study we utilized

the experimental data for the drainage of nitrobenzene films stabi-

lized by different concentrations of dodecanol.  © 2000 Academic Press
Key Words: diffusion coefficients; thin film drainage.
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where Vs is the surface gradient operatdt,is the adsorption, andl is the
Onsager coefficient. According to the Einstein theorem, the surface diffusic
coefficient,Ds g, defined adDso=kL/T", wherek is the Boltzmann constant,
does not depend on the adsorption. Hence, from Eqg. [1] we can introduce t
gradient surface diffusion coefficiers, which depends on adsorptioDs is

the coefficient of proportionality of the surface diffusion flux and the surface

The rheological and dynamic properties of surfactant adsorption monolaygng'em of adsorption:

are major factors affecting the stability of foams and emulsions under dynamic
conditions. A criterion for emulsion stability accounting for the interplay of
thermodynamic and hydrodynamic factors was obtained in Refs. 1-3. In this

interpretation and generalization of the Bancroft rule (1-3) the velocity of thigyr that reason in the literature itis called a “gradient diffusion coefficient” (se

liquid film drainage is a main parameter. When the surfactant is soluble i gefinition on p. 430 in Ref. 5). In the case of a Langmuir adsorption isothert
the continuous phase, the Marangoni effect becomes operative and the raig ot ,rface chemical potential reads (10)

film thinning (of both foam and emulsion type) depends on the surface (Gibbs)
elasticity (4). The bulk and surface diffusion fluxes, which arise to restore the
uniform adsorption monolayers, dampen the surface tension gradients (which
oppose the film drainage) and thus accelerate the film thinning.

Different experimental techniques are widely used for the determination here 15 is the standard surface chemical potential, is the maximum
the bulk and surface diffusion coefficients (5-8). An original simple idea fgjossible adsorption, arf=T'/ T, is the degree of coverage. Therefore, from
the simultaneous measurement of both diffusion coefficients is discussed:=is. [2] and [3] we can derive the following relationship for the gradient surfac
Ref. 9. The authors used the experimental data for drainage of thin liquid plag@fusion coefficient,Ds,
parallel films stabilized by different concentrations of surfactant. At low surfac-
tant concentrations the ratio of the velocity of thinning and the Reynolds velocity
(corresponding to tangentially immobile interfaces) depends linearly/on 1
wherehis the film thickness. Knowing the parameters of the adsorption isotherm,
from the intercept the bulk diffusion coefficient can be calculated and from t®llowing an analogous procedure, the dimensionless surface diffusion pau
slope the surface diffusion coefficient is estimated. Reference 9 reported a gnater, Ds/Ds 0, is derived for the most frequently used surfactant adsorptior
dient surface diffusion coefficient for nitrobenzene film stabilized by dodecanisbtherms. The results are listed in Table 1, wheisthe surfactant concentra-
that depends on the surfactant concentrations. To elucidate the concentrationide;K is an adsorption parametartjs the parameter of the Freundlich isotherm,
pendence of the diffusion coefficient in the present study, we apply the Onsaged 8 is the interaction parameter (see Refs. 10-12). In all cases the gradie
linear theory to determine the surface diffusion flux. The Einstein theorem feurface diffusion coefficienDs, increases when the density of the adsorption
the surface diffusion phenomenological coefficiddy, is used. We calculated layer increases (see Eq. [4]). Then, at one and the same adsorption gradient
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Js = =DsVsl'. Ds= 1= o0
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TABLE 1 3.0
Dimensionless Surface Diffusion Parameter, D/ D; o, for Most .
Frequently Used Surfactant Adsorption Isotherms e 25[
Z
Adsorption isotherm ParametBxs/Ds o E o9b
g
Henry Kc=6 1 @
2 15|
Langmuir Ke= =0 o E
i m 1 g 10
Freundlich Ke)"=0 n =
3
Tl 0 1 @
Volmer Ke= 1= exp(1%5) TP 05
; ) 28500 1 28T
Frumkin Ke= =0 exp(—25=2) 12y — 2Beb ool
ol . o L - 0 2 4 6 8 10 12 14 16 18 20 22
vanderWaals  Kc= 127 exp(125 — %37) e ~ kT Surfactant concentration, ¢x10-2 (M)
FIG. 1. Plot of the surface pressure isotherm at the air—nitrobenzene il

terface versus the dodecanol concentration. The symbols are experimental ¢

e . from Ref. 9; the continuous line represents the best fit.
surface diffusion flux becomes more pronounced at higher surfactant concen-

trations (see Egs. [2] and [4]).

The surface diffusion flux affects the interfacial dynamics and plays an imereog is the surface tension of pure nitrobenzene. From the fit the satt
portant role in the thin liquid film stability and drainage. The problem for deteration adsorption]',, and the constark are calculated to b&., =6.47 x
mining the drainage velocit} = —dh/dt, of a plane-parallel thin liquid foam 107 mol/m? andK = 2.05 x 10-2 m®/mol. The experimental data and the cor-
film in the presence of surfactant dissolved only in the continuous phase wasponding theoretical curve (solid line) are plotted in Fig. 1. The agreeme
solved by Radoeet al. (13). The final result reads between them is very good.

The second step is to plot the experimental data for the relative velocity
plane-parallel film thinningy / Vre as a function of 1h. These plots are shown
in Fig. 2 for three different concentrations of dodecanol: 11, 44, and 178 mM (9
Alinear dependence is observed in accordance with Eq. [5]. From the interce|
where ha=98T'/dc is the slope of the isothermy is the surface tension, and slopes of lines in Fig. 2, the parameterand hs are calculated and the
Eg=—0d0/3InT isthe Gibbs elasticity; is the dynamic viscosity of the liquid, results are given in Table 2. The Gibbs elastidiy,= kTT's, K ¢, and the slope
andD isthe bulk surfactant diffusion coefficient. The coefficieanésmdhs are the  of the isothermh, = K I'n, /(14 K c)2, corresponding to Eq. [7], are also listed
bulk diffusivity number and the characteristic surface diffusion length, respegrTable 2. Knowing the values of the parametergg, andh,, from Eq. [5] we
tively, which account for the influence of the bulk and surface diffusivity as congomputed the bulk diffusion coefficier, (see Table 2). The dynamic viscosity
pared to the Gibbs elasticity. In Eq. [5] the Reynolds velocity of thinnigs,  of nitrobenzene igj=2 x 10-3 Ns/m. The value oD for concentrations 11
of a plane-parallel film between tangentially immobile interfaces has the forrind 178 mM isD = 7.3 x 1010 m?/s (the difference between them is within
the experimental error). In the case of 44 mM the calculated bulk diffusio
coefficient is too large (see Table 2). We believe that it can be due to sor
artifacts in this case (see also the discussion below).

Knowing the values of the parametérsg, andh,, from Eq. [5] we computed
whereR is the film radius P is the capillary pressure, arid is the disjoining  the gradient surface diffusion coefficieB; (see Table 2). From Table 2 itis seen
pressure. The solution in Ref. 13 is derived under the assumption for sntabit D increases from 35x 10~9 to 134 x 10~9 m?/s with the increase of
deviations from equilibrium in surfactant adsorption and concentration. Henedecanol concentration. In contrast, the calculated surface diffusion coefficie
to a leading order in the surface diffusion flux the gradient surface diffusion
coefficient is a constant. Its value corresponds to the equilibrium one calculated

\% hs
— =1+b+ —,
VRe the h

31D

_ 61 Ds
haEG’

b= hs = ,
s Ec

(5]

_ 2h¥(P.— 1)

VRe= , 6
Re 377R2 [ ]

from Eq. [4], Ds(I') = Ds(T'eq). On the contrary, the dependence D on 7

adsorption has to be taken into account when the deviations from equilibriui

are large enough, or the processes of surfactant diffusion and film thinnir 6 —e—11 mM

are simultaneous, or the film drains in a non-quasi-steady-state regime. The 5L o 44 mM

processes appear in the initial stage of emulsion and foam preparation. --o- 178 mM o

DETERMINATION OF BULK AND SURFACE DIFFUSION
COEFFICIENTS FROM EXPERIMENTAL DATA

V/VRe

To illustrate the discussed above question about the definition of the surfa
diffusion coefficients, we used experimental data for nitrobenzene films stab
lized by different concentrations of dodecanol (9). The first step in the exper
mental data interpretation is to calculate the equilibrium interfacial paramete!
from equilibrium surface pressure dependence on dodecanol concentration (¢
Fig. 1). The Langmuir—Szyszkowski adsorption isotherm is employed:

r Kc

= —) =009 — kTl In(1 + Kc), 7
o= 1iKke = o IN(1+ Kc) [7]

1/hx105, cm1

FIG. 2. A typical plot of V/VRe versus Y h for nitrobenzene foam films
stabilized by various concentrations of dodecanol: 11, 44, and 178 mM.



316 NOTE

TABLE 2
Experimental Data and Calculated Theoretical Parameters for Nitrobenzene Film Stabilized by Dodecanol (9)
¢ (mM) b hs (nm) Eg (MN/m) ha (Nnm) D (m?/s) Ds (m?/s) Dso (m?/s)
11 1.40 120 0.355 8.82 .30x 10710 3.55x 1079 2.90x 10°°
44 1.45 75 1.42 3.67 18x 10710 8.87x107°° 467x10°°
178 1.25 28 5.74 0.615 F5x 10710 134x10°° 2.89x 10°°

Ds 0, remains constant, 2 x 109 m?/s, at concentrations 11 and 178 mM. In 6. Clark, D. C., Dann, R., Mackie, A. R., Mingins, J., Pinder, A. C., Purdy,
the case of 44 mMDs g differs from other calculated values. It is interesting to P.W., Russel, E. J., Smith, L. J., and Wilson, D.RColloid Interface Sci.
note that the values of the bulk and surface diffusion coefficients calculated at 138,195 (1990).
44 mM have the same coefficient of proportionality to the corresponding valueg. Feng, S. S.). Colloid Interface Scil60, 449 (1993).
at other concentrations. 8. Martins, J., Vaz, W. L. C., and Melo, EJ. Phys. Chem100, 1889
(1996).
9. Maney, E. D., Sazdanova, S. V., Vassilieff, C. S., and Ivanov, |ABn.
Univ. Sofia Fac. Chen7.1(2), 5 (1976/1977).
. . . . e 0. Hill, T. L., “An Introduction to Statistical Thermodynamics.” Addison-
In this work the physical meaning of the gradient surface diffusivity an& Wesley, Reading, MA, 1960.

its dependence on the surfactant concentration is clarified (see Eq. [4]). T:{T Gurkov, T. G., Kralchevsky, P. A., and Nagayama,@olloid Polym. Sci
surface diffusion flux is defined according to the Onsager linear theory and on’ 274 22% ('199"6) T gay ’ ym. Scl.

the Einstein t‘heo.rem. Our theoretl(_:al cop5|derat|ons indicate that the gffectjb(g' Kralchevsky, P. A., Danov, K. D., Broze, G., and Mehreteabl, Aagmuir
the surface diffusion on the film drainage is more pronounced than predicted Dy 15(7), 2351 (1999)

previous theoretical studies (see Eqg. [5]). We demonstrated how to calculateg%e Rad(;ev B.P Dim.itrov D.S. and Ivanov. I. Bolloid Polvm. Sci252
bulk and surface diffusion coefficients using experimental data for thin liquid T T B0 ym. '
) ) - Lo . 50 (1974).

film drainage in the case of low surfactant concentration in the continuous phase.

CONCLUSION
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