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SCOPE 
We studied the convective stability of a fluid interface be- 

tween two immiscible incompressible fluids when submitted to 
exchanges of matter. The mass transfer is a two-step process: a 
diffusion flux between suhlayer and bulk phase and an 
adsorption-desorption kinetic between sublayer and surface. 

A linear perturbation analysis restricted to longitudinal 
waves is performed. For aperiodic regimes we give the com- 
plete analysis when there is no accumulation of matter, both in 

the reference steady state and in the perturbed one. The 
coupling between surface potential barriers and matter fluxes 
in the steady state can induce new varieties of instabilities. 

We give the general instability conditions involving experi- 
mental parameters (diffusion coefficients and profiles, Schmidt 
numbers, adsorption-desorption coefficients) to extend the 
Sternling-Scriven criteria for the interfacial convective mo- 
tion. 

CONCLUSIONS AND SIGNIFICANCE 

It is experimentally observed that interfacial motion and 
spontaneous emulsification at liquid surfaces occur during 
mass transfers together with a decrease of the interfacial re- 
sistance. 

A pure diffusion kinetics in the bulk phases doesn’t always 
account for this behavior and relaxation mechanisms are then 
to be considered. England and Berg (1971) gave a comprehen- 
sive survey of these last processes. They pointed out the 
influence of: 

Breaking of formation of hydrogen bonds 
Orientation of molecules 
Dimerization and dissociation reactions in the interface 

with formation of polymolecular films 

All these effects could be responsible for the existence of an 
additional resistance which may decrease the rate of exchange 
of molecules between the interface and the adjacent bulk 
phases. For example, a minimum of dynamic interfacial ten- 
sion due to a desorption barrier could induce an emulsification. 
A statistical thermodynamic treatment was also developed a 
couple years ago in order to show the existence of transitory 
states of zero interfacial tension (Defay and Sanfeld, 1975). 

An interesting hydrodynamic stability analysis was de- 
veloped by Brian et al. (1971, 1972a,b) for the transfer of a 
surfactant between water and air. They considered bulk diffu- 
sion controlled transfer in the liquid phase and adsorption- 
desorption in the gaseous phase. They showed the influence of 
the surface convection and of the Marangoni effect on the mass 
transfer coefficients in the liquid phase and they predicted 
numerically the value of the neutral state. 
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Palmer and Berg (1972) studied the stability of dilute binary 
solutions bounded on the bottom by a flat solid surface and on 
the top by an inviscid gas. The shallow liquid pool is heated 
from below. The numerical analysis put forward by these 
authors for the marginal state allows them to show the bound- 
ary between the regions of oscillatory and stationary instabil- 
ity. The potential barriers of adsorption increase the stability 
of the system. They played a crucial role in determining the 
mode of instability and have a major influence on the 
wavenumber corresponding to the maximum time coefficient. 

A Marangoni effect has also been observed in steel-making 
processes. The slag metal interfacial tensions are one order of 
magnitude greater than in organic aqueous systems and are 
highly sensitive to solute concentrations (Davenport et al., 
1967; Subramanian and Richardson, 1968). The adsorption of 
surface active substances such as oxygen or sulfur in such 
systems reduces the interfacial tension and thus leads to an 
interfacial flow (Lu and Hamielec, 1973). 

McManamey et al. (1975) have investigated molecular diffu- 
sion on mass-stirred cells in connection with interfacial stabil- 
ity. Chemical and electrical constraints have also been studied 
in the frame of surface hydrodynamic stabilities (for example, 
Miller, 1978; Sanfeld et al., 1979; Van Lamsweerde-Gallez et 
al., 1979; Bisch et al., 1979; Berg, 1979). Electro and chemical 
convective coupling terms play a fundamental role for the onset 
of surface motion. 

Our purpose is to give general physical conditions and rules 
of instability through a linear analysis for aperiodic regimes 
and longitudinal waves when a two-step process of diffusion 
and adsorption-desorption occurs (Sanfeld et al., 1979b). Re- 
cently we developed the same perturbation formalism for pure 
diffusional exchanges (Hennenberg et al., 1979; Sbrensen et 
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al., 1977 and 1979). 
The analysis of longitudinal waves related to the Marangoni 

effect showed that the imposed diffusion profiles modify the 
elasticity coefficient and may be responsible for the interfacial 
instability. It leads, among other things, to Lucassen-van den 
Tempe1 (1972) results for equilibrium situations and to 

Sternling-Scriven (1959) stability criteria (Hennenberg et al., 
1979, 1980; Sdrensen, 1979). For oscillatory regimes, we 
applied our theory to the influence of a two-step process diffu- 
sion and adsorption-desorption in the long wavelength approx- 
imation (Hennenberget al., 1980). The results are summarized 
in Table 1. 

In the next sections, we will recall briefly the model, the 
linearized hydrodynamical perturbed equations and the sur- 
face mass balance. We will then analyze the compatibility cubic 
relation for aperiodic marginal and unstable states. An exhaus- 
tive mathematical analysis leads to physical necessary condi- 
tions for the onset of convective surface motion. They relate the 
diffusion coefficients, the kinematic viscosities, the direction of 
matter transfer, the adsorption and desorption coefficients. 

We compare our results to those obtained by Sternling and 
Scriven (1959) which are only valid for diffusion-controlled 
transfer. Their classical theory is valid to some extent for situa- 
tions which are not diffusion-controlled. Nevertheless, the 
precise values of the critical wavenumber and of the corre- 
sponding maximum time constant are shifted. In addition, out 
of equilibrium interfacial surface barrier induces new instabil- 
ity criteria. For example, even when matter transfer is directed 
from the phase with the largest diffusion coefficient towards the 
other, the steady state might be unstable and convective motion 
is predicted. 

LINEARIZED, PERTURBED HYDRODYNAMICAL EQUATIONS 

The reference steady state (superscript o)  is supposed to be at 
rest. Two immiscible, incompressible viscous fluids (subscript 
y)  are separated by a homogeneous flat interface. We consider 
the normal to the perturbed interface as directed from the bulk 
1 ( z  < 0) towards the bulk 2 ( z  > 0). In the perturbed state, 
each incompressible volume phase (y  = 1, 2) is described by 
the Navier-Stokes equation. There is no slip at the interface 
which means the continuity of the velocity. 

For the sake of simplicity we neglect, in the momentum 
balance of the interface, the contributions of the intrinsic sur- 
face elasticities (Wasan et  al., 1979; Maru e t  al., 1979) and 
viscosities (Scriven and Sternling, 1964; Sprensen, 1979) as well 
as the surface acceleration. We want to focus our attention on 
the role of surface adsorption-desorption processes on interfa- 
cial instability. 

As mass transfer leads essentially to the variation of surface 
tension along the interface, we will neglect the coupling with 
any normal deformation at the surface (62 = 0). The tangential 
(xJ = x ,  y) part of the momentum balance depends upon the 
two-dimensional gradient of surface tension taken along the 
interface (Sternling and Scriven, 1959; Lucassen et  a]., 1972; 
Linde et  a1 , 1979) 

where 6 a  is the variation of surface tension due to the transfer of 
the surfactant, 7) is the shear bulk viscosity. A compositional 
dynamic surface elasticity may be defined by an extended 
Gibbs relation: 

6U 
61nA 

E=- 

where A is the surface area and 

(3) 

There are two kinds of elasticities. The first one (neglected 
here) characterizes the intrinsic elastic stresses of the surface 
and may be  combined to the surface intrinsic viscous stresses 
(for example, a single Voigt model, spring and dashpot in 
parallel). The other one E is directly linked to the dynamic 
surface tension (Eq. 2) and thus to the exchanges of matter. As 
shown previously by Hennenberg  e t  a l .  (1979), this 
phenomenological coefficient is generally a complex quantity 
related to the diffusional fluxes, to the adsorption-desorption 
rates and to the Schmidt numbers. 

Using a classical linear development in normal modes, we 
obtain from the Navier-Stokes equation and the boundary con- 
ditions mentioned above, the dispersion relation which links 
the wavenumber k to the time coefficient W .  

with 

(4) 

(5) 

The coefficient vy is the kinematic viscosity of the phase y and 
Re(Qy) a 0 for the perturbation to vanish far from the interface. 

SURFACE MASS BALANCE 

The net rate of variation of the adsorbed solute is the differ- 
ence of the two fluxes reaching the interface. In each phase at 
rest, the transfer occurs by diffusion from the bulk to the 
sublayer l o a d  and then by an adsorption-desorption process 
from the sublayer to the interface (England and Berg, 1971; 
Davies, 1972; Defay and Pet&, 1979). For each phase y, we 
assume : 

which means no accumulation of matter at the sublayer in the 
reference state. Each bulk phase is an ideal dilute solution and 
the steady concentration profile Co is given by a classical Fick 
law: 

P z  (7) 
This profile is chosen for the sake of simplicity. In fact, 

significant concentration gradients may be confined in a thinner 
region near to the interface. This drawback can easily be rem- 
edied, however, by aliowing for exponential concentration 
profiles (Sprensen, 1979). In that case, convection appears when 
a critical penetration depth is reached. Similar conclusions are 
reached by Berg and Acrivos (1965). 

Another interesting model is used by Palmer and Berg 
(1972). They consider a system in which the bulk phase is 
uniform in composition up to a layer of a few molecular diame- 
ters. The actual concentration of solute in this layer is defined by 
the ratio of the relative Gibbs adsorption and the thickness of 
the layer. From a pure thermodynamic point of view, this 
picture leads to question of the relevance of the Gibbs model 
(Defay et  al., 1966, 1972). 

Furthermore, the existence of a large diffusion zone is ex- 
perimentally shown for monoalcohols (Defay and Petri., 1971). 

c o  = c o o  - 
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We suppose that there is no accumulation of matter at the 
interface (equality of the unperturbed bulk fluxes). This gives 
for the diffusion fluxes: 

PlDl = P2D2 (8) 

The coefficient p, is positive when transfer is from 1 to 2. We 
consider that the adsorption-desorption fluxes are proportional 
to the difference of chemical potentials of the solute between 
the bulk phase and the interface. The perturbed fluxes at the 
interface are given by: 

SJ, = - D  '*" = a,SC,(-l)Y+l - bySr(-l)Y+l 
Y a z  

(Y = 1, 2) (9) 

which means no accumulation of matter at the sublayer in the 
perturbed state (England and Berg, 1971). 

For a linear adsorption-desorption kinetic, the quantities ay 
and by are the positive kinetic constants independent of the 
concentrations. For most of the adsorption-desorption schemes 
known (i.e., Langmuir or B.E.T. mechanisms), the constants a, 
and by are positive. They, however, depend on the concen- 
trations in the steady state. We assume that there is no net flux at 
the interface in the perturbed state. Physically, this means that 
the time during which the molecules of the solute stay in the 
interface is much smaller than the time they need to cross the 
interface. Neglecting the surface mass diffusion (Brenner and 
Leal, 1978), the surface mass balance is given by: 

811 = 812 (10) 
This is a generalization of the basic hypothesis of Sternling and 
Scriven who considered to have equilibrium between the sur- 
face and the sublayer. Indeed, they supposed to have bulk 
diffusion controlled transfer in each phase and no accumulation 
of matter in the interface. We assumed that the fluctuation of 
surface tension is only linked to the fluctuation of the surfactant 

This quantity is, thus, directly linked to the exchanges of 
matter between the surface and the adjacent phases (D,, a,, by) 
to the Gibbs static surface elasticity co = aTo and to the viscous 
effect. Equations 4 and 13 were used to develop the stability 
analysis of periodic unstable states (Table 1). 

NONOSCILLATORY UNSTABLE REGIMES 

To study nonoscillatory modes, we will consider that 

(15) 
2?r k = k = - w = w, (sub r = real) 

where A is the wavelength. When the time coefficient w is 
positive (negative), the perturbations are amplified (damped). 
The marginal state is given by w = 0. We study the onset of 
instability at a given position with increasing time. 

Taking into account Eqs. 2, 4, 9, 10 and 11 in the develop- 
ment into normal modes of the stability analysis, we obtain the 
compatibility condition as a parametric cubic equation in the 
wavenumber k:  

A '  

k3 + &([)k2 + Zl ( [ )k  + a',([) = 0 (16) 

with 

concentration: 

sv = 

where 

a > o  

We will first give a detailed mathematical analysis of the com- 
patibility equation (Eq. 16). 

After that, we will discuss the physical meaning through 
instability conditions involving experimental parameters: dif- 
fusion profiles and coefficients, adsorption-desorption 
coefficients, and Schmidt numbers (D,/ u,). 

(11) 

(12) 

Expanding into normal modes and introducing the tangential 
momentum balance (Eq. I), we obtain the explicit dispersion 
equation. The formulation of the dynamic surface elasticity is 
given by comparison ofthis dispersion equation with E ~ ,  4. we 
obtain: 

MATHEMATICAL ANALYSIS 

In the absence of adsorption-desorption barrier, the system is 

Rl - 1 1 - 1 
kDiRi 1+- Rz + Qz kDzRz R, + Qi I 

(13) 
with 

and ReR, 3 0 for the fluctuations to vanish at infinite distance 
from the interface. The generalization of this relation to systems 
with surface mass accumulation was previously derived (Hen- 
nenberg et  al.,  1980). 

diffusion-controlled (a, + m, by +m, 0 < b,/a, < 00) and the 
compatibility equation (Eq. 16) reduces to a second-order rela- 
tion in the wavenumber k (Sternling-Scriven, 1959). The bar- 
rier, thus, increases the number of conditions and new pos- 
sibilities of instabilities occur. 

For unstable and marginal nonoscillating cases, [ is a non- 
negative dimensionless parameter. Henceforward, the analysis 
will be the study of Eqs. 16-21 for nonnegative values of [ and 
thus the search for unstable states. Then, because of Eqs. 5 and 
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TABLE 1. INFLUENCE OF A TWO-STEP PROCESS 

Physical Characteristics 

112 

Dz 

Commentary Regime 

Adsorption-desorption controlled in both 
phases 

Always stable 

Diffusion controlled in both phases See Table 1 

Both the diffusion and the adsorption- 
desorption define the instability 

Stable with respect to oscillations 

Unstable with respect to oscillations 

Diffusion controlled in phase 1 adsorp- 
tion-desorption controlled in phase 2 

Stable with respect to oscillations 

Unstable oscillatory zone between two 
stable ones 

Stability with respect to oscillations 
or 

14, R,  and Qv are larger or equal to one (neutral stability) and 
the coefficient &([) is always positive. The factor P is positive or 
negative according to the sign of PI: P is positive for steady 
transfer from 1 to 2 and negative for transfer from 2 to 1. 
Whatever nonnegative [ considered, P is different from zero. 

What are the relations which will promote nonoscillatory 
instability? According to the Descartes theorem on the sign 
changes of consecutive coefficients of a polynom: 

If an([) and a',(t) are both positive, there is no positive real 
solution of Eq. 16. Aperiodic, unstable states are thus not al- 
lowed. 

If a,([) is negative, whatever the sign of a',([), there is one 
and only one real wavenumber solution of Eq. 16, leading thus 
to an unstable solution. 

If a"([) is positive and a',(t) is negative, we have one of the 
two following possibilities. Either there exists two positive real 
solutions of Eq. 16 and thus unstable states will be expected, or 
there is no real solution and no aperiodic instability will occur. 
A more refined analysis is then required and we will use the 
classical Sturm method which is a generalization of the Des- 
cartes theorem 

When the following inequality is satisfied: 

we obtain two positive wavenumbers. Otherwise, there is no 
positive roots. 

We must search for all the changes of sign of a'n(5) and &(t) for 
0 x. As these coefficients are proportional to P, they 
depend also on the direction of the transfer of matter. Let us 
then rather analyze: 

5 

Sternling and Scriven (1959) have shown that this function has 
one and only one finite root for [ = [,, provided that: 

This criterion is independent of the existence of a potential 
barrier and was deduced from the limiting behavior of G0([)P-' 
for [ + 0 and [ + m. 

The existence of this finite zero [,, implies that k = 0 is a 
solution of Eq. 16. To this value of k corresponds a marginal 
state (o = 0) because of the definition (Eq. 17). One should 
then study the remaining second-order equation: 

(25) 

Ifa',(tn) is negative, there exists apositive wavenumber and thus 
a corresponding amplification factor o different from zero. If 
a',([,) is positive, the last equation has no real positive solution 
and Eq. 16 has only one solution for 5 = [,,, which corresponds 
to marginal stability. 

k2 + &([n)k + (50) = 0 

This function has at least one finite zero 5 = [,, when lim a',([)/P 

and lim a',(()lP have opposite signs. More explicitly, this will 

be in case when: 

5-0 

5-0 

D: DZ 

(27) 
The barrier plays here an important role. When [ -+ m, 

Eq. 16 has a physically meaningful solution provided that: 

Then k and o decrease as [-' and we expect a marginal state. 
The demonstration is similar to the one given by Ruckenstein 
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TABLE 2. GENERAL REPRESENTATION o = o ( k )  

so(0) < O  A 1 < O  

6 , ( 0 ) < 0  A Z < O  

Go(0)>O A l  3 0 

a , ( O ) > O  A 2 > 0  

and and 

and and 

E o ( O ) < O  A1<O 
ond and 

a",(O)>O A2> 0 

go(0)>O Al>O 
ond and 

AZ<O 6, (O)<O 

I I 

wL') ~ 

wL (') k) 

(9) 

Inconsistency of 

kCfl 

the Inequalities 

0 3 )  

A j >  0 

A4 < 0 
o nd 

A3<  0 

A4> 0 
and 

wL kcrl 

Stable 

A > O  
3 

on d 

A > O  4 

and Berbente (1964) 
Let us analyze the compatibility equation (Eq. 16) in terms of 

the existence or nonexistence of to and 8, and the limiting 
behavior for f -+ m. We will consider that a',(f)P-' has, at most, 
one zero. Furthermore, we need to know the signs of a',(O) and 
a'&) which determine the marginal state corresponding to finite 
k (k = kcr) and to 5 - 0. 

Instead of solving numerically the compatibility condition 
(Eq. 16), the above analysis leads to draw the topological be- 
havior k = k ( f )  and w = w ( f ) .  The bi-univocity of these functions 
gives the general representation w = w(k)  (Table 2 ) .  

depend on the existence of to and on the limit 6 -+ m. The 
conditions Eqs. 24 and 28 are independent of the barriers of 
adsorption-desorption. However, the marginal state (k = k c r )  
corresponding to t = 0 may depend on the adsorption- 
desorption parameters. In cases 1 to 4 and 10 to 12, a',,(O) is 
negative and there is only one critical value (k = k,.,). 

For the cases 5 to 8, there is no critical wavenumber different 
from zero since a',,(O) > 0 and a',(0) > 0. For the cases 14 to 16, we 
have &(O) > 0 and &(O) < 0. We have then to consider the 
following inequality deduced from inequality (Eq. 22) for 5 = 
0. 

INSTABILITY CONDITIONS 

The above analysis gives 16 different possibilities (Table 2 )  
corresponding to a peculiar set of relationships between the 
Schmidt  numbers  D,v;', t h e  adsorpt ion-desorpt ion 
coefficients a,b;' and the ratio of the diffusion coefficients 
DID;l. Only 14 cases are consistent. Indeed, when a',(O) and 
a',(O) have opposite signs, the simultaneous existence of to and .( 
is not allowed. 

The results of this analysis are shown in Table 2 for positive 
values of k and w. The figures describe the various domains of 
aperiodic instabilities. The unstable states for k - 0 and w + 0 

If it is satisfied, we have two finite wavenumbers k,.,., and k,,, 
(case ii). When not, there is no finite marginal wavenumber 
(case i). To obtain Table 2 ,  we assume that inequality (Eq. 22) 
separates two domains on the 5 axis following whether it is 
satisfied or not. Should there be more domains along the axis 
with respect to this inequality, the following graphs would be 
more complicated: cases 1 , 2 , 5 , 7 ,  14, 15, 16. When the transfer 
of matter is from the phase with the lowest diffusion coefficient 
towards the other (cases 1 to 4 and 10 to 12), w~ recover 
essentially the same results as those obtained by Sternling and 
Scriven. 
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The presence of unstable solutions d o  not depend on the 
surface barrier. However, the wavenumber corresponding to 
the maximum time constant and the precise marginal wave- 
number are functions of the adsorption-desorption coefficients. 

When the direction of transfer is reversed, the barrier plays 
an important role. The rate of adsorption-desorption coefficient 
has to be compared to the square of the rate of the diffusion 
coefficients. This will distinguish between the cases where the 
criteria of Sternling-Scriven are recovered for the aperiodic 
behavior (cases 5 to 8) and those where the inequality (Eq. 29) is 
required (cases 14 to 16). In other words, when the transfer is 
from the phase with the largest diffusion coefficient toward the 
other transfer has also to be from the phase with the large 
adsorption coefficient to the other phase. This results from the 
fact that the ratio of the adsorption coefficient has to be larger 
than the ratio of the square of the diffusion coefficient. 

As an illustration of case 16ii, let us examine reasonable 
experimental data derived from the analysis of England and 
Berg (1971): 

D, = cm2 s-l; D, = 5 . 10-7 cmz s-l; 7, = p ;  

q2 = 2 . 10-1 p ;  aI = lo-’ cm s-l; a2 = cm s-l; 

b, = I s-1; b, = 10 s-l; up, = 2 . 10-8 g 
cm2 s-’; 

p1 = 1 g ~ m - ~ ;  p2 = 0.89 g ~ 1 1 1 ~ ~  

From the definitions (Eqs. 17 to 21), we get for 6 = 0, &(O) = 
3.5 10” c w 3 ;  a‘,(O) = -5 lo9 cm-’; ii2(0) = 9 10’ om-’, and 
inequality (Eq. 29) is then satisfied in the vicinity of the margi- 
nal state. Parallel roles on the influence of potential barriers 
were shown by Palmer and Berg (1972), taking also into account 
the temperature gradient. 

CONCLUDING REMARKS 

When adsorption-desorption rates are competitive with bulk 
diffusion fluxes, new kinds of aperiodic instabilities can occur. 

Indeed under specific conditions (diffusion profiles and 
coefficients, Schmidt numbers and adsorption-desorption 
coefficients an unstable domain separating two stable domains 
is obtained although the Sternling-Scriven (1959) criteria, valid 
for diffusion controlled transfers, would predict stable states. 

These new situations could play an important role in emul- 
sification (Shah and Schechter, 1977; in surface turbulence 
(Davies, 1972) in stability and in rupture of thin liquid films 
(Joosten et al., 1977; Jain e t  a]., 1979b) and in convective 
processes at biosurfaces (Jain et  al., 1979a; Evans and Skalak, 
1980). The linear perturbations analysis for longitudinal waves 
fills up the previous study on periodic instabilities at fluid 
interfaces (Hennenberg et  al., 1980). 

All these problems may be viewed as an examplification of 
the Prigogine-Glansdorff dissipative structures (Glansdorff and 
Prigogine, 1971; Nicolis and Prigogine, 1977) and their exten- 
sion to capillary systems (Steinchen and Sanfeld, 1980). 
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NOTATION 

A = surface area 
UY = adsorption coefficient 
Z(5) 
b, = desorption coefficient 
C“ 
Coo 
D = diffusion coefficient 

= quantities defined by Eqs. 22-24 

= solute concentration in the bulk phase 
= solute concentration at the reference surface 

J = flux of matter 
J d  = diffusion flux 
J a - d  = adsorption-desorption flux 
k = wavenumber 
k, 
k 
Q y  

R, 
6, = perturbed hydrostatic pressure 
P 

xj = tangential coordinate 
2 = normal coordinate 

= real part of the wavenumber 
= critical value of the wavenumber 
= quantity defined by Eq. 5 
= quantity defined by Eq. 14 

= quantity defined by Eq. 21 
0 = perturbed velocity 

Greek Letters 

a 
/3 r = surface concentration 
E 
A = wavelength 
7 

o 
or 
p = density 
u = surface tension 
5 

= constant of the surface state equation (Eq. 11) 
= coefficient of the diffusion profile 

= compositional dynamic surface elasticity 

= shear viscosity of the bulk phase 

= time coefficient of the perturbation 
= real part of the time coefficient of the perturbation 

U = kinematic viscosity 

= quantity defined by Eq. 17 

Subscripts and Superscripts 

0 = steady state 
y = phase 1, 2 

LITERATURE CITED 

Berg, J. C.  and A. Acrivos, “The Effect of Surface Active Agents on 
Convection Cells Induced by Surface Tension,”Chem. Eng. Sci.,  20, 
737 (1965). 

Berg, J. C. ~ “Interfacial Hydrodynamics,” 72nd Annual Meeting, 
AZChE J., Paper 51b, San Francisco (Nov. 25-29, 1979). 

Bisch, P. M., D. Van Lamsweerde-Gallez, and A. Sanfeld, “Hy- 
drodynamic Stability of Monolayers at Fluid-Fluid Interfaces; I. Ion 
Interactions,”J. Colloid Interface Sci., 71, 501 (1979). 

Brenner, H. and L. G.  Leal, “A Micromechanical Derivation of Fick’s 
Law for Interfacial Diffusion,” J .  Colloid Interface Sci., 65, 191 
(1978). 

Brian, P. L. T., “Effect of Gibbs Adsorption on Marangoni Instability,” 
AZChE J , ,  17, 765 (1971). 

Brian, P. L. T. and K. A. Smith, “Influence of Gibbs Adsorption on 
Oscillatory Marangoni Instability,” AZChE J . ,  18, 231 (1972). 

Brian, P. L. T. and J.  R. Ross, “The Effect of Gibbs Adsorption on 
Marangoni Instability in Penetration Mass Transfer,” AIChE J., 18, 
585 (1972). 

Davenport, W. G . ,  A. V. Bradshaw, and F. P. Richardson, “Bebaviour 
of Spherical Cap Bubbles in Liquid Metals,”J. of the Zron and Steel 
Institute, 205, 1034 (1973). 

Davies, J. T., “Turbulence Phenomena,” Chapt. VII, Academ. Pr., 
New York and London (1972). 

Defay, R . ,  I. Prigogine, A. Bellemans, and D.  H .  Everett, “Surface 
Tension and Adsorption,” p. 377, eds., Longmans and Green, Lon- 
don (1966). 

Defay, R . ,  A. Sanfeld, and A. Steinchen, “La Coucbe Interfaciale 
Traitke Comme une Collection d e  Plans Molkculairer,” J. C h i d e  
Physique, 68, 1380 (1972). 

Defay, R. and G. P&k, “Dynamic Surface Tension,” Surface and 
Colloid Science, 3 ,  p. 27, ed., E.  Matijevic, Wiley & Sons Publishers 
(1971). 

Defay, R. and A. Sanfeld, “Surface Tension of Interfaces Outside 
Equilibrium,” An. Quim., 71, 856 (1975). 

England, D. C.  and J. C. Berg, “Transfer of Surface-Active Agents 
Across a Liquid-Liquid Interface,” AIChE J . ,  17, 315 (1971). 

Evans, E.  A. and R. Skalak, “Mechanics and Thermodynamics of 
Biomembranes,” C. R. C. Press, Boca Raton, Florida (1980). 

AlChE Journal (Vol. 27, No. 6) November, 1981 Page 1007 



Glansdorff, P. and I. Prigogine, “Thermodynamic Theory of Structure, 
Stability and Fluctuations, “Wiley Interscience, London-New 
York-Sydney-Toronto (1971). 

Hennenberg, M., P. M. Bisch, M. Vignes-Adler, and A. Sanfeld, 
“Mass Transfer, Marangoni Effect and Instability of Interfacial Lon- 
gitudinal Waves, Part 1,”J. Colloid Zntelface Sci., 69, 128 (1979). 

Hennenberg, M.,  P. M. Bisch, M. Vignes-Adler, and A. Sanfeld, 
“Mass Transfer, Marangoni Effect and Instability of Interfacial Lon- 
gitudinal Waves, Part 11,”J. Colloid Interface Sci., 74, 495 (1980). 

Jain, R. K . ,  C. Maldarelli, and E. Ruckenstein, “Onset of Microvil in 
Normal and Neoplastic Cells,” AIChE Symp. Ser., 74, 120 (1979). 

Jain, R. K. ,  I. B. Ivanov, C. Maldarelli, and E. Ruckenstein, “Instabil- 
ity and Rupture of Thin Liquid Films,” Lecture Notes in Physics, 
105, p .  140, e d . ,  T.  S.  Sprensen, Springer-Verlag, Berlin- 
Heidelberg-New York (1979). 

Joosten, J.  G. H. ,  A. Vrij, and H. M. Fignaut, “Surface Waves 011 this 
Free, Liquid Films,” in Physicochemical Hydrodynamics, p. 639, 
ed . ,  D. B. Spalding, Advance Publications Limited, London, En- 
gland (1977). 

Linde, H.,  P. Schwartz, and H. Wilke, “Dissipative Structures and 
Non-Linear Kinetics of the Marangoni Instability,” Lecture Notes in 
Physics, 105, p. 75, ed. ,  T. S. Sprensen, Springer-Verlag, Berlin- 
Heidelberg-New York (1979). 

Lu, W. K. and A. E. Hamielec, “Role of Interfacial Tension in Slag 
Metal Reactions,” Chemical Metallurgy of Iron and Steel Proc. Int. 
Symp. on Metallurgical Chemistry Iron and Steel Institute, London, 
p. 110 (1973). 

Lucassen, J .  and M. van den Tempel, “Dynamic Measurement of 
Dilational Properties of a Liquid Interface,” Chem. Eng. Sci. ,  27, 
1283 (1972). 

Maru, H. C. ,  V. Mohan, and D. T. Wasan, “Dilational Viscoelastic 
Properties of Fluid Interfaces,” Chem. Eng. Sci., 34, 1283 (1979). 

McManamey, W. J., S. K. S. Multani, and J. T. Davies, “Molecular 
Diffusion and Liquid-Liquid Mass Transfer in Stirred Cells,” Chem. 
Eng. Sci., 30, 1536 (1975). 

Miller, C. A , ,  “Stability of Interfaces,” Surface and Colloid Science, 
1 0 , ~ .  227, ed. ,  E. Matijevic, PlenumPubl. Corp., NewYork(1978). 

Nicolis, G. and I. Prigogine, “Self-Organization in Non-Equilibrium 
Systems,” Wiley-Interscience, New York (1977). 

Palmer, H. J. and J. C. Berg, “Hydrodynamic Stability of Surfactant 
Solutions Heated from Below,”J. Fluid Rech., 51, 385 (1972). 

Ruckenstein, E. and C. Berbente, “The Occurrence of Interfacial Tur- 
bulence in the Case of Diffusion Accompanied by Chemical Reac- 
tion,” Chem. Eng. Sci., 19, 329 (1964). 

Sanfeld, A . ,  A. Steinchen, M. Hennenberg, P. M. Bisch, D. Gallez, 
and W. Dalle-Vedove, “Mechanical, Chemical and Electrical Con- 
straints and Hydrodynamic Interfacial Instability,” Lecture Notes in 
Physics, 105, p. 168, ed . ,  T. S. Sprensen, Springer-Verlag, Berlin- 
Heidelberg-New York (1979). 

Sanfeld, A, ,  M .  Hennenberg, and P. M. Bisch, “MassTransfers, Poten- 
tial Barriers and Interfacial Instability,” 72nd Annual Meeting 
AIChE, San Francisco (Nov. 25-29, 1979). 

Scriven, L. E. and C. V. Sternling, “On Cellular Convection Driven by 
Surface Tension Gradients: Effects of Mean Tension and Surface 
Viscosity,” Fluid Mech., 19, 321 (1964). 

Shah, D. 0. and R. Schechter, “Improved Oil Recovery by Surfactant 
and Polymer Flooding,” p. 578, Academic Press, New York (1977). 

Sprensen, T. S., “Dynamics and Instability of Fluid Interfaces,” Lec- 
ture Notes in Physics, 105, ed., T. S. Sprensen, Springer-Verlag, 
Berlin-Heidelberg-New York (1979). 

Steinchen, A. and A. Sanfeld, “Thermodynamic Stability of Charged 
Surfaces,” Modern Theory of Capillarity, eds., A. I. Rusanov and 
F. C. Goodrich, Akademie-Verlag Publ. House, Berlin DDR(1980). 

Sternling, C. V. and L. E .  Scriven, “Interfacial Turbulence: Hy- 
drodynamic Instability and the Marangoni Effect,” AIChEJ. ,  5, 514 
(1959). 

Subramanian, K.  N. and F. D. Richardson, “Mass Transfer Across 
Interface Agitated by Large Bubbles,”J. ofthe Zron and Steel Znsti- 
tute, 206, 574 (1968). 

Van Lamsweerde-Gallez, D.,  P. M. Bisch, and A. Sanfeld, “Stability 
of Monolayers at Fluid-Fluid Interfaces, I1 Dipole Interactions,” 

J .  Colloid Interface Sci., 71, 513 (1979). 
Wasan, D. T., N. F. Djabbarah, M. K. Vora, and S. T. Shah, “Dynamic 

Effects of Surfactants and Macromolecules on Interfacial Viscoelastic 
Properties,” Lecture Notes in Physics, 10, p. 205, ed. .  T. S. Spren- 
sen, Springer-Verlag, Berlin-Heidelberg-New York (1979). 

iuanuscript received February 14,1980; revision receiaed October27, and accepted 
November 21, 1980. 

Model-Based Analysis of Data from 
Countercurrent Liquid-Liquid Extraction 
Processes 

An efficient iterative method for solving the equations which describe the 
steady state of a staged countercurrent extraction process is described. The 
equations include the effects of backmixing, and apply to an arbitrary number of 
solutes, to nonlinear equilibrium relations, and to variable net phase flow rates 
(and thus to partially miscible solvents). The solution procedure, based on partial 
linearization of the equations, is related to and extends the method of Ricker et al. 
(1980). 

This solution procedure has been used, in conjunction with nonlinear regres- 
sion methods, to investigate problems related to the determination of parameters 
by analyzing steady state data. The simultaneous determination of several param- 
eters, including mass transfer coefficients, backmixing coefficients, and equilib- 
rium constants, is shown to be possible. The accuracy with which the parameters 
can be estimated depends, however, on many factors, including the number and 
location of the sampling points, the intensity of the backmixing, and the extent to 
which equilibrium is approached in the column. 
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