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The mutual dependence of mass and momentum transport at fluid interfaces was
studied theoretically and experimentally. Applying thermodynamics of irre®ersible pro-
cesses to systems with interfaces showed, on a theoretical basis, that the dilation of the
interface acts as a thermodynamic dri®ing force for the mass transfer across the inter-
face. Mass-transfer rates and concentration profiles at the dilated interface between
toluene and water were measured using holographic interferometry for ®arious transfer
components. Experimental study showed that mass-transfer rates increase with increas-
ing dilational rate, due solely to an enhanced con®ecti®e transport in the continuous
phases. The dilation does not affect the concentrations at the interface. It was demon-
strated theoretically that the maximum possible alteration in the interfacial concentra-
tions due to dilation was in the order of magnitude of the experimental accuracy of the
interferometer. It was concluded that the thermodynamic dri®ing force due to dilation
is } if present } too small to be rele®ant to technical applications.

Introduction

Interfaces play a significant role for virtually all mass-
transfer processes in nature, as well as in industry. The trans-
fer of components across an interface can be subdivided into
three steps. Initially, the transferring components are trans-
ported to the interface. Successively, they cross the interface
and are finally transported away from the interface. In addi-
tion, chemical reactions at the interface, as well as in the
boundary layers adjacent to the interface, may occur. The
transfer rate is such systems is strongly influenced by the
physical processes taking place at the interface.

The interface is generally regarded as a two-dimensional
Ž .2-D dividing surface at which all phases are in thermody-
namic equilibrium and which moves with the mean velocity of
the adjacent continuous phases. However, in reality this is
often not the case. The mobility of interfaces may be strongly
reduced due to the adsorption of surface active contaminants
Ž .tensides . On the other hand, local inhomogeneities of the
interfacial tension can lead to strong movements of the inter-

Ž .face Marangoni convection , which consecutively have a great
impact on the mass transfer. Liquidrliquid-interfaces are
known to exhibit a particularly strong dependence of the mass
transfer across the interface on the mobility and the move-
ments of the interface.

Correspondence concerning this article should be addressed to D. Mewes.

The majority of experimental investigations with respect to
the role of the interface in the mass-transfer process has been
concerned with the interfacial resistance to mass transfer.
Differences between the experimentally observed mass-trans-
fer rates and the rates calculated on the basis of both phases
being in thermodynamic equilibrium at the interface have
been observed in various investigations. Depending on
whether the measured mass transfer was reduced or en-
hanced, the results have been explained often either with an
additional interfacial resistance or with interfacial instabili-
ties.

Ž .Lewis 1954a,b investigated a vast number of binary and
ternary systems. In his pioneering work he found both re-
duced and enhanced mass-transfer rates in the experiments
in comparison to the theoretically predicted rates. He at-
tributed the reduced transfer rates to the presence of interfa-
cial contaminants, while the enhanced rates were put down

Ž .to interfacial instabilities. Ward and Quinn 1964, 1965 in-
vestigated the transfer of various components across the in-
terface benzenerwater and toluenerwater, respectively. In
their experimental apparatus, the contact time between both
phases was well below 0.1 s which resulted in low mass-trans-
fer resistances in the concentration boundary layers in com-
parison to the experiments of Lewis. However, no interfacial
resistance was found. The transfer of acetic acid and propi-
onic acid across the interface toluenerwater and n-
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butanolrwater was investigated by Chandrasekhar and
Ž .Hoelscher 1975 . Using an optical Schlieren apparatus, the

concentration profiles of the transfering components were
measured in a distance of less than 1 mm from the interface.
From the experimental results, it was concluded that the
largest mass flux of the transferring component does not oc-
cur at the toluenerwater interface but at a distance of 0.5
mm from the interface. This was attributed to an interfacial
resistance. No such phenomena occurred at the n-
butanolrwater interface. An explanation for the unexpected
findings was not given. Later, the results were questioned by

Ž . Ž .Huang and Winnick 1976 . Harada et al. 1975 measured
the mass-transfer rates of various carboxylic acids across a
stationary benzenerwater interface. No mass-transfer resis-
tance in the interface was found for acetic acid being the
transfering component. However, with increasing length of
the molecules of the carboxylic acids, the transfer resistance
of the interface was found to be no longer negligible. The
influence of a momentum transfer at the interface on the
interfacial resistance was not considered. Voigtlander et al.¨
Ž .1980 were able to measure the concentration of pyridine as
a transfering component within a distance of below 0.66 mm
to a toluenerwater interface using a radioactive scintillation
technique. The found a negligible interfacial resistance as
compared to the resistance in the concentration boundary
layers. Only with adsorbed contaminants present at the inter-
face, the concentration of the transferring component in the
interface approached the concentration at a large distance to
the interface and, consequently, the mass transfer was con-
siderably reduced. However, due to the long contact times

Ž .between the phases several mixtures , a possible interfacial
resistance would have been very difficult to measure.

So far, it has not been clearly proven that two immiscible
phases are in thermodynamic equilibrium at the interface re-
gardless of a possible mass or momentum transfer at the in-
terface. This is partly due to the fact that there is no mea-
surement method available to investigate the concentration
profiles in the interface during mass or momentum transfer.
Even the measurement of concentration profiles in the
boundary layers in the immediate vicinity of a moving inter-
face is a difficult task}mainly due to the width of the con-
centration boundary layers of well below 1 mm.

Modeling of Transport Processes Through
Interfaces

For the design of mass-transfer equipment in the industrial
practice, the mass transport processes at interfaces are most
commonly modeled using either the film theory or the sur-
face renewal theory. The former is originally developed by

Ž . Ž .Whitman and Lewis 1924 , the latter by Higbie 1935 , how-
ever, based on these two models, a large variety of modified

Žequations has been published ever since for instance, God-
.frey and Slater, 1994 . Both theories have in common that

only the concentration boundary layers adjacent to the inter-
face are modeled, while at the actual interface, thermody-
namic equilibrium is assumed. Thus, effects such as those de-
scribed above are not taken into account. More rigorous
models also account for the rheological properties of inter-

Ž .faces. Boussinesq 1913 was among the first who attributed
rheological properties such as the interfacial shear viscosity

or the interfacial dilational viscosity to an interface. Based on
his ideas, there are a number of models where the interface
is treated as a separate phase, and the physical behavior of

Žwhich is mainly controlled by adsorbed molecules Slattery,
.1990; Edwards et al., 1991 . In these models, it is assumed

that gradients of the interfacial tension exist due to local dif-
ferences in the number of adsorbed molecules per area inter-
face. These interfacial tension gradients result in shear
stresses in the adjacent flow boundary layers which also af-
fect the temperature and concentration boundary layers.
Hence, momentum, heat, and mass-transfer processes are hy-
drodynamically coupled. Attempts have been made to de-
scribe interfacial effects such as the Marangoni convection by

Žmeans of these coupling phenomena Sternling and Scriven
Ž ..1959 , however, only with limited success.

An alternative way of considering interfacial transport phe-
nomena is to employ thermodynamics of irreversible pro-

Ž .cesses TIP . In the TIP, the balance equations for momen-
tum, mass, energy and entropy are incorporated into Gibb’s
fundamental equation. The resulting equation is of the gene-
ral form

ds
r qydiv J qs , 1Ž .sdt

where r is the density, s is the specific entropy per unit mass,
t is the time, J is the entropy flux, and s is the produceds

entropy flow per unit volume. The term on the lefthand side
of Eq. 1 denotes the change of entropy per unit volume as a
function of time. The first term on the righthand side de-
notes the divergence of entropy flux across the boundaries of
the control volume, and the second term on the righthand
side denotes the entropy flow irreversibly produced per unit
volume. The produced entropy flow is always greater than
zero

!
s G 0 2Ž .

There are several transport processes which add to the
production of entropy within the control volume. The mathe-
matical formulation of the entropy production flow therefore
consists of various terms

s sJ :X qJ :X q ??? qJ ?X qJ ?X1 1 2 2 iy1 iy1 i i

q ??? J X q J X q ??? 3Ž .ny1 ny1 n n

Here, J is named ‘‘thermodynamic’’ flux and X is named
‘‘thermodynamic force.’’ Both can be either tensorial, vecto-
rial, or scalar. The product of a thermodynamic flux and a
thermodynamic force in Eq. 3 is always a scalar. A phe-
nomenological principle of TIP is the existence of a linear
relation between all fluxes and forces of the same mathemati-
cal order}if the process is sufficiently close to thermody-
namic equilibrium

J s L X for ; i , 4Ž .Ýi i j j
j
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where L are phenomenological coefficients. It is due to thisi j
principle that in a continuous phase, the energy flux}a vec-
torial thermodynamic flux}is a function not only of the tem-
perature gradient but also of the concentration gradient, both
being vectorial thermodynamic forces. Hence, applying TIP
to a system inherently results in a coupling of transport pro-
cesses. In a continuous phase, the application of TIP leads to
the coupling between, for instance, heat and mass transfer as
it is known as Soret- or Dufour-effect. In a discontinuous
phase, such as an interface, the possible coupling effects are

Ž .more complex. This has been shown by Bedeaux et al. 1976 ,
Ž . Ž . Ž .Kovac 1977 , Hampe 1981 , Millies at al. 1994 , and Tokarz

Ž .1998 .

Two-dimensional interface
Ž . Ž .Bedeaux et al. 1976 and Kovac 1977 apply the TIP to

systems with a 2-D interface. The system is shown in Figure
1. Variables in the continuous phases are denoted by the in-
dexes q and y, respectively. Variables in the interface are
denoted by the index s. Due to the 2-D nature of the inter-
face in this model, transport fluxes with the index s being
perpendicular to the interface are modeled as scalar pro-
cesses. Transport fluxes with the index s being parallel to the
interface are modeled as vectorial or tensorial processes. If

Ž .the equations derived by Kovac 1977 are simplified by keep-
ing the velocity in the interface equal to the velocities in the
continuous phases on either side of the interface

®qs®ys® s. 5Ž .

the following equation for the entropy production flow is ob-
tained

s y
881

s s, s y ss sy P : grad®sT

ny1 m , s m , s1 m ym1 k ns s s sy J ?gradT y J ? T gradÝ2 q is sž /s T TT k s1

Psd
sy div ®sT

1 1 1 1
q yq J y q J yqn qnq s s yž / ž /T T T T

m ,q m , sr m mk k kq sy J q J yÝ kn kns q sž /ž /r T Tkk

q m , s m ,yr m mk k ky sq J q J ykn kns s yž /ž /r T Tk

!
G 0 6Ž .

Chemical reactions are not taken into account here. The
individual terms can be interpreted as shown in Table 1. From
the study of the mathematical nature of the terms in Eq. 6, it
is seen that the number of possible couplings of transport
processes is larger than in continuous phases, c.f. de Groot

Ž .and Masur 1962 . For instance, the momentum transport due
to a dilation or contraction of the interface can be coupled
with the heat and mass transfer perpendicular to the inter-

( )Figure 1. 2-D model of an interface according to Bedeaux et al. 1976 .
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Table 1. Properties of Systems StudiedU

Immiscible liquids
Property Unit Toluene Water Literature

Chem. Eq. C H H O7 8 2
y3M 10 kgrmol 92.14 18.02

3r kgrm 860 998
y6h 10 Pa ? s 586 1,003

3V m rmol 107.1 18.1i
y9 2D 10 m rs } }i,T
y9 2 Ž .D 10 m rs 0.85 } Ollenik 1983i,W
y3 Ž .g 10 Nrm 34 Mısek 1978´

Transfer components
Property Unit Acetone Acetic Acid Propionic Acid Literature

Chem. Eq. C H O C H O C H O3 6 2 4 2 3 6 2
y3M 10 kgrkmol 58.08 60.05 74.08

3r kgrm 790 1,049 993
3V m rmol 73.4 57.2 74.6i U Uy9 2 Ž .D 10 m rs 2.71 2.34 2.04 Bulicka 1976 ,i,T

Ward and Brooks
Ž .1952

Uy9 2 Ž .D 10 m rs 1.14 1.04 1.11 Ollenik 1983i,W
Ž .Bulicka and Prochazka 1976 ,´

Ward and Brooks
Ž .1952

ksc rc 0,57qc 0,013qc Takeuchi andi,T i,W i,W i,W
y4 Ž .10 Numata 1977

UU UU3 y4 3m rmol 1,2=10 m rmol

UAll quantities at 208C, if not otherwise stated.
UUAt 258C.
UUAt 308C.

face since all three processes are described by scalar terms.
In Eq. 7 the mass flux perpendicular to the interface is given
according to the TIP’s principle of linear dependence

mm ,q mm , s mm , s mm ,y
j j j jsJ s L y q L yÝ Ýin 1 j 2 jq s s yž / ž /T T T Tj j

1 1 1 1
sq L y q L y q L div® 7Ž .31 41 51q s s yž / ž /T T T T

Since the velocity ® s is independent of the z-coordinate
perpendicular to the interface, the last term on the righthand
side of Eq. 7 can be substituted by

s ­ ® s­ ® yxse 'div® s q , 8Ž .˙
­ x ­ y

e being the dilation rate of the interface. Hence, Eq. 7˙
expresses a linear relation between the mass flux perpendicu-
lar to the interface and the dilationrcontraction rate of the
interface. This linear relation does not exist in continuous
phases.

Three dimensional interface
The TIP is applied to systems consisting of two immiscible

phases and a three-dimenionally modeled interface by Hampe
Ž . Ž . Ž .1981 , Millies et al. 1994 , and Tokarz 1998 . In Figure 2
the process of mass transfer of a component i across a plane

Ž .interface is shown Millies et al., 1994 . A molar flow of the
component i is transported from the bulk phase into the in-
terface. The properties of the bulk phase are determined by
the concentration of the components. Thus, the molar flux is
a function of the gradients of the chemical potentials of all
components. It can be described with the known equations
for multicomponent diffusion. The properties of the interfa-
cial region are determined by the structure ®ectors a of alli
components i which are a function of the concentration of
the components c as well as of their gradients. In principle,i
the structure vector may be of the form

Figure 2. 3-D model of an interface according to Hampe
( )1981 .
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2 2­ c ­ ci i
a s f c , , , ??? . 9Ž .i i 2ž /­ z ­ z

Note that only even derivatives of the concentration and
the square of derivatives determine the structure vector. This
is necessary to assure the invariance of the structure vector to
the choice of the coordinate system. Within the bulk phase
where the concentration gradients are relatively small, the
structure becomes identical to the concentration and the
well-known transport equations apply. One advantage of the
introduction of the structure vector is that location and ori-
entation of an interface are described by a variable for which
a balance equation can be formulated. Hence, no a priori
knowledge about the locus of the interface and the creation
or destruction of new interfacial area is necessary. Indeed,
the creation of new interfacial area can be described by a
process which produces structure. As a result of this model,
the mass transport across an interface must be viewed as a
structure transport.

From the principles of TIP, the structure transport de-
Žpends on the gradient of the interfacial potential s s f p, T ,i

.a , the latter being a vectorial thermodynamic force. To de-i

scribe the transport of structure of a specific component i,
the structure transport tensor L is definedi

L 'a w yw . 10Ž .Ž .i i i

Here, w is the velocity of the component i and w is thei
average molar velocity of all components. Since both the mo-
mentum transport and the structure transport are described
by second-order tensors, a coupling between the two of them

Ž .is possible. Millies et al. 1994 show that an equation for the
transport of mass similar to Eq. 7 can also be formulated for
the 3-D interface

­ az
jz z z jJ sL s L k z e y T . 11Ž . Ž .˙ Ýi i e i˙ ­ zj

In this equation J z denotes the molar flux and Lz z denotesi i
the structure flux perpendicular to the interface. L is a phe-ė

Ž .nomenological coefficient, k z is the local interfacial dila-
tional viscosity, T j is a transport coefficient for the structure,i
and az the z-component of the structure of the species j.j
The molar flux perpendicular to the interface is a linear func-

tion of the dilation rate of the interface, as well as of the
structure gradients across the interface. Here, chemical reac-
tions are also not taken into account.

Both, Eqs. 7 and 11 theoretically predict the influence of
the dilation of an interface on the mass transfer across the
interface. Hence, the coupling between mass and momentum
transport expressed in effects such as the Marangoni effect
could be related to principles of irreversible thermodynamics.
Using the equations of TIP, the transport of matter across
interfaces could be described without differentiation between
continuous and discontinuous phase.

To allow an experimental verification of the effects pre-
dicted by Eqs. 7 and 11, the phenomenological coefficients
L must be measured since they cannot be derived from ther-i
modynamics. In the present study, therefore, the influence of
the dilation of an interface on the mass flux across the inter-
face is measured. To achieve this, the plane interface be-
tween the two immiscible liquids toluene and water is dilated
in a flow field. The mass transfer of various components
across the interface and the concentration profiles in the im-
mediate vicinity of the interface are measured using optical
methods. The investigated systems are listed in Table 2 to-
gether with their principal properties.

Experimental Setup
In Figure 3 the experimental setup is shown. Both immisci-

ble liquids are kept in two closed storage vessels having an
adjustable volume. From these, they are circulated through a
flow channel by means of Teflon gear pumps via Teflon tub-
ings. The temperature of the liquids is measured using Pt-100
sensors and controlled by heat exchangers to 0.1 K accuracy.

In Figure 4 the flow channel is illustrated in which both
phases are contacted. Along the interfacial contact, the width
of the flow cell is constant while its height decreases. This
results in an acceleration of the flow and hence a dilation of
the entire flow including the interface. The actual interfacial
area remains constant. The top and bottom wall profiles are
calculated to achieve a constant rate of dilation along the
entire interfacial contact. To investigate the interface by opti-
cal methods, the flow channel has two glass windows on both
sides of the interface. The inner surface of the glass is treated
with hexamethyldisilazan to adjust the wetting properties of
the surface in such a way that the contact angle between in-
terface and glass is nearly 908; hence, the meniscus of the
interface is as small as possible.

The toluenerwater system being investigated is known to
be extremely sensitive to surface active contaminants. The

Table 2. Principal Dimensions of the Flow Loops

Flow Loop for the Experiments in the Binary System Flow Loop for the Interferometric Measurements
L 100 mm L 60 mm
B 100 mm B 22 mm

Ž . Ž .V Entire loop 1,685 L V Entire loop 0,200 LT T
Ž . Ž .V Entire loop 2,000 L V Entire loop 0,200 LW W

˙ ˙V 0.5 . . . 1.5 Lrmin V 0,1 . . . 0,5 LrminT T
˙ ˙V 0.6 . . . 1.8 Lrmin V 0,1 . . . 0,5 LrminW W
˙ ˙V 3 . . . 20 mLrmin V 3 . . . 20 mLrminrem rem
T 208C T 208C
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Figure 3. Experimental setup of the flow loop.

latter adsorb at the interface and form a monolayer which
greatly reduces the mobility of the interface and, hence, the
interfacial dilation. Therefore, the water being used is dis-
tilled, washed with activated carbon and filtered through a

Ž .micropore filter -0.45 mm pore size . The organic com-
pounds are of analytical grade. To reduce the elution of sur-
face active contaminants to a minimum, the flow channel and
the flow loop only consist of inert material such as stainless
steal, Teflon, or glass. The sealings are either from Teflon,
Viton, or silicon. However, to prevent remaining contami-
nants to immobilize the interface, the flow channel is specifi-
cally designed to allow the continuous removal of these con-
taminants from the interface. Using a pump, a small amount
}some mL per min}of the two phases including the inter-
face is constantly withdrawn through a 1 mm high slit in the
metal partition at the end of the interface. The same amount

Table 3. Parameters of the Laser-Doppler-Velocimeter

Laser Ar-Ionen, ls488 nm
Power in the measurement volume ;40 mW

Focal length 121 mm
Fringe spacing 1.2 mm

Size of the measurement volume Ø 54 mm=300 mm

of liquid is withdrawn from the storage vessels into the loop.
Ž .The slit is coated with a hydrophobic material Teflon at the

Ž .top and a hydrophilic material filter paper at the bottom.
The position of the interface is controlled by changing the
volume of one storage vessel. Since the entire system is closed,
both vessels act as communicating tubes and the position of
the interface adjusts accordingly. This way a mobile interface
at a constant position is assured for the entire period of time
of the experiment.

The velocity of the fluids and the interface are measured
Ž .nonintrusively using Laser-Doppler-Velocimetry LDV . The

details of the system being used are listed in Table 3. Parti-
cles from rutile titandioxide having a mean diameter of 1mm
are used as tracer particles. They follow the flow without slip,
are chemically inert, and do not emit surface active contami-
nants.

To determine the mass-flow rate of the transferring com-
ponent across the interface, the concentrations in both phases
are measured. This is carried out by means of spectral pho-
tometry in the aqueous phase and gas chromatography in the
organic phase.

The principle dimensions and parameters of the flow loop
are given in Table 4.

Optical setup
To measure the influence of the dilation on the concentra-

tion profiles in the immediate vicinity of the interface, the
holographic interferometry is used.

The optical setup being used is shown in Figure 5. The
beam of a He-Ne-laser is split into an object and a reference
beam. The object beam passes through the flow cell while the

Figure 4. Flow channel for the dilation of the interface.
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Table 4. Parameters of the Optical Setup of the Holographic
Interferometer

Laser Helium-Neon, ls632,8 nm
Output power 70 mW

Diameter object beam Ø 100 mm
Diameter reference beam Ø 20 mm

Focal length viewing optics 135 mm
Type holo plate AGFA Gevaert 10E75
Size holo plate 127=102 mm

Resolution CCD-camera 512=512 pixel
Lens CCD-Camera Microscopic lens, 6,3-fold

reference beam is transmitted past the flow cell. Using a piezo
shifted mirror in the reference beam path, the accuracy of

Ž .the reconstruction can be enhanced phase-shift technique .
Behind the flow cell, the object and the reference beams in-
terfere on the holographic plate. Using a CCD camera and a
frame grabber, the interferograms are recorded in real time.
By this procedure, fast phenomena such as the development
of interfacial instabilities or concentrations profiles as a func-
tion of time can be observed. The parameters of the optical
setup are listed in Table 5. A typical interferogram of the
concentration boundary layer is shown in Figure 6a. The dark
zone at the bottom of the interferogram is due to the block-
ing of light by the meniscus; the interface forms at the glass
windows. The upper limiting line of this dark zone marks the
transition between the interface and the continuous phase
and is in the following referred to as ‘‘the interface.’’ The
interference fringes begin approximately 20 mm above the

Table 5. Experimental Parameters

ToluenerAcetonerWater
Molar fraction of acetone in the mixture, x 0.01 . . . 0.3A,eq

y1Dilational rate, e 0.1 . . . 1 s˙
ToluenerAcetic acidrWater

Molar fraction of acetone in the mixture, x 0.01 . . . 0.1Aa,eq
y1Dilational rate, e 0.1 . . . 0.5 s˙

ToluenerPropionic acidrWater
Molar fraction of acetone in the mixture, x 0.01 . . . 0.1Pa,eq

y1Dilational rate, e 0.1 . . . 0.5 s˙

interface and are curved due to the concentration field. The
small zone between interface and beginning of interference
fringes is influenced by additional diffraction effects and,
hence, cannot be evaluated.

For the reconstruction of the interferograms, the phase
shift method and the Fourier transformation method are
tested. The latter is found to be the favorable method since
only one interferogram is needed for a measurement. Hence,
small oscillations or movements of the interface during the
measurement procedure which cannot be avoided do not act
as a source of additional errors. For the Fourier transforma-
tion method, a real-time interferogram is recorded using the
CCD camera. The interferogram then is transformed from
the space domain into the space frequency domain via Fast-

Ž .Fourier-Transformation FFT . In the space frequency do-
main it is filtered and partly transformed back into the space
domain. After some mathematical operations, it can be visu-

Figure 5. Optical setup for the holographic interferometry.
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( )Figure 6. a Interferogram of a concentration boundary
( )layer; b interference phase after filtration and

( )backtransformation; c averaging of the inter-
ference phase along the x -axis and demodu-
lation.

alized, as seen in Figure 6b. Each gray level represents a value
of the phase of the interferogram. The mathematical proce-

Ž . Ž .dure is described in detail by Kreis 1993 and Tokarz 1998 .
Due to the periodicity of the phase with respect to 2p , the

reconstructed interferogram must be demodulated. The con-
tinuous phase profile is then averaged parallel to the inter-
face and plotted as a function of the distance to the interface
as shown in Figure 6c. The exact position of the interface
marked in Figure 6c is taken from the original interferogram
since the transition is blurred by the filtering process. It is
assumed that the concentration of all components in the flow
channel is constant along the beam path of the object beam.
Hence, no concentration profile is present in the y-direction.
The concentration profiles in the z-direction perpendicular
to the interface linearly depend on the profile of the interfer-
ence phase according to the modified principle equation of
interferometry

y1­ n
F x , z sc x , z yc x , z , 12Ž . Ž . Ž . Ž .0ž /­ c

Ž . Ž .where F x, z is the interference phase, ­ nr­ c is the varia-
Ž .tion of refractive index with concentration and c x, z and0

Ž .c x, z are the concentrations in the reference and the mea-
suring state, respectively.

Ž .The proportionality coefficient ­ nr­ c is a property of the
fluid and must be known in advance. It may itself be a func-
tion of the concentration. The optical properties of the sys-
tems being investigated are also given in Table 2. Using holo-
graphic interferometry, the concentration of the transferring
species can be measured in the immediate vicinity of the in-
terface. Concentration changes at the interface as small as
10y3 mol % can be detected in real time.

Results
Experimental results for the flow field

Using LDV, the flow field in the channel is measured. The
beam of the LDV is slightly tilted by about 5T with respect to
the horizontal to measure the flow velocity in the continuous
phase, as well as in the interface. In Figure 7 a plot of the
entire flow field in the flow channel is shown. The flow is
accelerated along the channel. The interfacial velocity being
zero at the position of the first interfacial contact increases
due to the acceleration. In Figure 8 a plot of the interfacial

Figure 7. Flow field in the flow channel.
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Figure 8. Interfacial velocity as a function of the interfa-
cial contact length.

velocity as a function of the interfacial contact length is shown.
The velocity is a linear function of the contact length. Hence,
the interfacial dilation rate as given in Eq. 8 is constant. Dif-
ferent dilation rates can be achieved by varying the flow rates
of the liquids. The velocity gradient perpendicular to the in-
terface is almost negligible as can be seen from Figure 9.
Thus, the shear rate at the interface is comparably small. By
continuously removing the interfacial contaminants as de-
scribed above, a mobile interface could be maintained for the
entire period of an experimental run.

Experimental results for the mass transfer: binary system
In preliminary experiments the transfer of toluene from the

toluene phase into the aqueous phase is investigated. The
transfer rate is calculated as a function of the dilational rate
by numerical methods assuming thermodynamic equilibrium
at the interface. This is to say that it is assumed that the
interfacial concentration of the toluene on the aqueous side

U Ž .c is equal to the equilibrium concentration c p,T ,T ,W ,int T ,W
which is dependent on pressure and temperature but not on
the dilational rate of the interface

c scU p ,T . 13Ž . Ž .T ,W int T ,W

The concentration field from the numerical calculations is
shown in Figure 10 for a dilational rate of 0.44 sy1. The con-
centration boundary layer on the aqueous side develops
rapidly at the beginning of the interfacial contact to reach a
constant thickness after about 10 mm. This is in contrast to,
for instance, flow above a solid plate. Only at the solid parti-
tion at the end of the interface is the flow decelerated near
the partition, and the concentration boundary layer suddenly

Figure 9. Axial velocity as a function of the distance to
the interface.

increases in thickness. For the part of the interfacial contact
where the thickness of the concentration boundary layer is
constant, the mass-transfer rate is also constant. Assuming
equimolar mass transfer, which is applicable in the present
situation due to the low solubility of toluene in water, the
mass-transfer rate can be calculated analytically. From the

Figure 10. Concentration field for the transfer of toluene
in the aqueous phase at a dilation rate of 0.44
s-1.
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balance equation of mass for the component toluene

2 2­ c ­ c ­ c ­ c ­ cT ,W T ,W T ,W T ,W T ,W
qw qw s D q ,x z T ,W 2 2­ t ­ x ­ z ­ x ­ z

14Ž .

the following ordinary differential equation can be derived
Žfor the concentration profile Tokarz, 1998; Tokarz et al.,

.1998

­ c ­ 2cT ,W T ,W
ye z s D . 15Ž .˙ T ,W 2­ z ­ z

This can be integrated taking into account the boundary
conditions to give

ė
U Uc z sc q c yc erf z . 16Ž . Ž . Ž .T ,W T ,W T ,W ,` T ,W (ž /2 DT ,W

In the Eq. 16, c is the concentration of toluene inT,W,`
water at a distance far away from the interface. The mass
flux across the interface is given by Fick’s law

­ c 2eD˙T ,W T ,WUn sy D s c yc , 17Ž . Ž .˙ (T T ,W T ,W T ,W ,`­ z pPG

where n is the molar flux of toluene across the interface.˙T
Using Eq. 17, the mean nondimensional mass flux can be de-
fined in form of a mean Sherwood number

22 eL 2˙ 0,5Shs s Re Sc . 18Ž .Ž .( ( ė(p D pT ,W

Here Re Sc can be viewed as a nondimensional dilationė

rate similar to the convection number. In the experimental
investigations, the mass-transfer rate is calculated from the
measurement of the concentration of toluene in the aqueous
phase as a function of time. The experiments are repeated at
various flow rates and dilational rates, respectively. The re-
sult of the measurements is shown in Figure 11 as the mean
Sherwood number as a function of the nondimensional dila-
tion rate Re Sc. The open circles denote the measurements.ė

The dotted line denotes the calculated values according to
Eq. 18. The continuous line indicates the results of the nu-
merical calculations shown in Figure 10; hence, entrance ef-
fects, as well as wall effects due to the glass windows, are
included. It is seen that both theoretically calculated curves
are almost identical. Thus, wall effects and entrance effects
obviously cancel out each other. The agreement between
measured and calculated mass-transfer rates is good. There-
fore, the thermodynamic equilibrium at the interface in this
system is not a function of the dilation rate. This is also in

Ž .agreement with results of Ward and Quinn 1964 who did
not find any deviations from thermodynamic equilibrium dur-
ing mass transfer in the same system.

Figure 11. Mean Sherwood number as a function of the
nondimensional dilation rate for the transfer
of toluene in the aqueous phase.

Experimental results for the mass transfer-ternary system
Similar measurements have been carried out for the trans-

fer of species across an interface in ternary systems. The
transfer of acetone, acetic acid, and propionic acid across the
toluenerwater-interface is examined.

Due to the extremely clean interfaces present at our stud-
ies, instabilities are observed even at concentrations being up
to one order of magnitude smaller than those published in

Žthe past for similar systems Thornton, 1977; von Reden et
.al, 1996 . Thus, a different approach has been taken. Accord-

ing to the Eq. 7 and 11, the dilational stresses act as driving
forces for the mass transfer in accordance with the TIP. This,
however, is independent of the presence of another driving
force such as a structure or potential gradient. That implies
that the effect of dilation on mass transfer occurs, even if
both immiscible phases are everywhere in thermodynamic
equilibrium, and no concentration profiles, and thus no po-
tential gradients, exist at the nondilated interface. To deter-
mine the effect of dilation as a thermodynamic driving force,
it is, therefore, possible to measure the deviation from ther-
modynamic equilibrium due to dilation.

The following equations hold for the transfer of a species
A across an interface

cA ,T ,int
s k 19Ž .

cA ,W ,int

and

n sn˙ ˙A ,T A ,Wint int

­ c ­ cA ,T A ,W
´y D sy D . 20Ž .A ,T A ,W­ z ­ zint int

April 2001 Vol. 47, No. 4 AIChE Journal808



An equation comparable to Eq. 16 can be derived for the
ternary system

ė
c z sc q c yc erf z ,Ž . Ž .A , i A , i ,int A , i ,` A , i ,int (ž /2 DA , i

with isT , W . 21Ž .

In Eq. 19, k is the distribution coefficient. Combining Eqs.
19, 20, and 21, it is

DU 1A
c sc qc 22Ž .A ,W ,int A ,W ,` A ,T ,`U UD q k D q ka a

and

DU 1A
c sc qc 23Ž .A ,T ,int A ,W ,` A ,T ,`1 1

U U1q D 1q DA Ak k

with

DA ,WUD s . 24Ž .A ( DA ,T

If the distribution coefficient k is assumed to be depen-
dent on pressure and temperature, but not on the dilation
rate, it can be concluded from Eqs. 22 and 23 that the con-
centrations at the interface c and c do not de-A,W ,int A,T ,int
pend on the dilation rate, with all other parameters being
kept constant. However, if Eqs. 7 and 11 are valid, the distri-
bution coefficient is not independent of the dilation rate.
Thus, in this case, the concentrations at the interface are de-
pendent on the dilation rate.

As outlined above, the interfacial concentrations in both
phases can be measured using holographic interferometry.
The experimental procedure is as follows. The two immisci-
ble liquids toluene and water, as well as the transfer compo-
nent, are brought into thermodynamic equilibrium by mixing
all three of them for a certain period of time. Subsequently,
the two phases are introduced into the flow rig and circu-
lated through the flow channel at the lowest possible flow
rate. While observing the interface in the interferometer, this
procedure is continued until thermodynamic equilibrium is
again achieved. When thermodynamic equilibrium is reached,
the interfacial dilation is initiated. The concentration profiles
on either side of the interface are measured using the inter-
ferometer. The experiments are carried out for a number of
compositions, using acetone, acetic acid, and propionic acid
as transfer components.

To quantify the sensitivity of the optical system, at the end
of each run, thermodynamic nonequilibrium at the interface
is imposed by introducing a known amount of the transfer
components into one of the phases and recording the respec-
tive interferograms.

In Figure 12 an exemplary set of interferograms for the
case of the transfer of acetone is presented. It is obvious that
no change with respect to the equilibrium is attained by the

Figure 12. Interferograms of dilated interfaces in the
system toluene/////acetone/////water.

dilation. This is found to be the case for all compositions
being studied. Similar experiments are performed with acetic
acid and propionic acid as transfer components. For these
systems, also, no effect of the dilation of the interface on the
mass transfer is observed. The parameters of the experiments
are listed in Table 5.

Entropy Balance
There are a number of possible explanations for the exper-

imental results. At first, the influence of the dilation on the
mass transfer is solely based upon the models being intro-
duced for the 2-D or 3-D interfaces. The fact that no effect
of interfacial dilation on mass transfer has been found sug-
gests that the models may be incorrect. However, there is
more likely another possible reason to explain the experi-
mental findings: the effect of the dilation may be too small to
result in a measurable deviation from thermodynamic equi-
librium. To examine this possibility, the first and second law
of thermodynamics for a control volume in the interface as

April 2001 Vol. 47, No. 4AIChE Journal 809



Figure 13. Interfacial volume element.

shown in Figure 13, is formulated. Since the irreversible en-
tropy production in the control volume must be greater than
zero, the following equation holds under the assumption of a
steady-state situation

!
2˙TS ske Ay j A m ym G 0. 25Ž . Ž .˙irr A A ,out A ,in

˙Here, T is the mean thermodynamic temperature, S isirr
the entropy flow due to irreversible processes, k is the
macroscopic interfacial dilational viscosity, A is the area for
the mass transfer, j is the diffusional molar flux across theA
boundaries of the element, and m and m are theA,out A ,in
chemical potential of the component A at the outflow and
inflow boundary, respectively.

There are two terms on the righthand side of Eq. 25 de-
scribing the production of entropy: the first term denotes the
entropy produced by the dilation of the interface against in-
ner forces subsumed by the interfacial dilational viscosity k .
The second denotes the entropy production due to a mass
transport through the interface. Using the mean temperature
T , the entropy production due to heat transfer is implicitly
included in Eq. 25. Equation 25 can be rearranged to give

!
2ke G j m ym . 26Ž . Ž .˙ A A ,out A ,in

This equation can be interpreted as follows: At a nondi-
lated interface, the lefthand side of Eq. 26 is zero. Hence, it
is

!
m F m . 27Ž .A ,out A ,in

If the interface has no resistance to mass transfer, both
chemical potentials are equal. Otherwise, the transfer occurs

from the higher to the lower chemical potential, as is the case
for diffusion in continuous phases.

At a dilated interface, the chemical potential of the ingo-
ing mass flux can be lower than the chemical potential of the
outgoing mass flux without violating the second law. The di-
lation then acts as a thermodynamic driving force necessary
to achieve this. Assuming an initial situation of thermody-
namic equilibrium, only the deviation of the chemical poten-
tial from the equilibrium value Dm must be regardedA

!2ke ) j Dm yDm . 28Ž .Ž .˙ A A ,out A ,in

This equation can be used to estimate the maximum order
of magnitude, the described effect can have without violating
the second law. The term on the righthand side of Eq. 28 can
be estimated by assuming an appropriate dilational viscosity
k . The term on the lefthand side can be estimated by calcu-
lating the minimum value which is measurable by means of
hologaphic interferometry.

The interfacial dilational viscosity must be estimated from
literature data since no measurements have been carried out.
In contrast to the situation in a continuous phase, the dila-

Žtional viscosity at interfaces is not negligible Edwards et al.,
.1991 . This is particularly true for interfaces where a mono-

layer of surface active molecules is adsorbed. No data are
available for the interfacial dilational viscosity at the inter-

Ž .face toluenerwater; however, Edwards et al. 1991 report that
the contribution of the interfacial stress due to dilation of the
overall surface tension can be considerable. In absence of
specific data, it is assumed that the stresses due to dilation
are in the order of magnitude of one percent of the surface
tension. This is assumed for an average dilation rate of 0,5
sy1. Thus, it is

0,01g
y4k F f7=10 Nsrm, 29Ž .

ė

where g is the surface tension. Although Eq. 29 must be
seen as a very crude estimation of the exact value of k , it
serves well as an upper limit for k . It is very unlikely that the
contribution of the dilational stresses to the overall interfa-
cial tension is larger than estimated by Eq. 29. However, it
may well be considerably smaller.

To estimate the term on the righthand side of Eq. 28, a
number of parameters must be taken into account. It is

­ n ­mA A
j Dm yDm s f l, B ,DS, , D , ,e 30Ž .Ž . ˙A A ,out A ,in Až /­ c ­ cA A

The parameters l, B, DS, and ­ n r­ c are determined byA A
the optical setup and the optical properties of the system.
The parameters D and ­m r­ c are physical properties ofA A A
the system. The parameter e is varied in the investigations.˙
The variation of the chemical potential as a function of the
concentration ­m r­ c is calculated using an NRTL modelA A

Ž .according to So/rensen and Arlt 1980 . With the minimum
fringe order being detectable with the interferometer, DS is
found experimentally to be 0.2. The results of the calcula-
tions using the NRTL model for acetic acid and acetone as
transfer components and water and toluene as immiscible
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Figure 14. Estimation of the order of magnitude of the
effect of dilation.

phases is shown in Figure 14 as the chemical potential gradi-
ent with respect to the molar fraction as function of the mo-
lar fraction of the transfer component. The results only defer
for molar fractions near the plait point.

The results of the estimation of both terms in Eq. 28 is
plotted in Figure 14 exemplary for acetone as the transfer
component. It is seen that, for fractions below 10 mol % of
acetone in the toluene, the measurable potential difference is
larger than the maximum possible potential difference. Thus,
Eq. 28 is not fulfilled and any effect described by Eqs. 7 or 11
would be undetectable. Only for fractions above 10 mol %,
the effect may be measurable. Hence, it can be concluded
that the maximum effect that the dilation may impose on the
chemical potential profiles at the interface is near the detec-
tion level of the used interferometric measurement system.
This will be the case for most systems common in
liquidrliquid-extraction.

Conclusions
The calculation of mass-transfer rates across interfaces is

still restrained by numerous difficulties due to the complex
role of the interface in the transfer process. This can be ob-
served, for example, with the Marangoni effect or the restric-
tion of the mobility of an interface due to adsorbed surfac-
tants.

In the present investigations, the thermodynamics of irre-
Ž .versible processes TIP is applied for the calculation of mass

transfer across interfaces. The interface between two immis-
cible fluid phases is modeled as a 2-D or 3-D domain, respec-
tively. It is shown that, at interfaces, the coupling between
various transport processes predicted by TIP is more mani-
fold in comparison to those in continuous phases. Particu-
larly, it is demonstrated that regardless of the interfacial
model, the dilation of an interface acts as a thermodynamic
driving force for the mass transfer across the interface.

To verify this experimentally, the mass-transfer and the
concentration profiles at the interface between toluene and
water are measured for toluene, acetone, acetic acid, and
propionic acid as transfer components. The two immiscible
liquids are circulated through a flow channel where they form
a horizontal plane interface. The flow channel is shaped like
a nozzle, so that both liquids as well as the interface are ac-
celerated. The wall profile of the flow channel is calculated
to achieve a constant dilation rate of the interface, while the
actual interfacial area remains constant. With the aid of

Ž .laser-doppler-velocimetry LDV , the velocity profiles in the
interface and in its immediate vicinity are measured nonin-
trusively. From the measurements, it is shown that a constant
dilation rate for the entire interface can be achieved. Also,
the shear rates are negligible.

Measurements of the transfer of toluene into the aqueous
phase show that the mass-transfer rates increase with in-
creasing dilational rates. However, this is shown to be only
due to the enhanced convective mass transport in the con-
centration boundary layer. The experimental results agree
well with numerical calculations assuming thermodynamic
equilibrium at the interface.

Using holographic interferometry to measure the concen-
tration profiles of transfer components in the immediate
vicinity of the interface, deviations from the thermodynamic
equilibrium at the interface of below 10y3 mol % could be
accurately detected. The transfer of acetone, acetic acid, and
propionic acid is investigated at molar fractions from zero to
30 mol % and dilational rates of up to 1 s1. However, no
deviation from thermodynamic equilibrium as a result of the
dilation of the interface is found.

To estimate the maximum influence possible of the dila-
tion on the thermodynamic equilibrium without violating the
second law of thermodynamics, the energy and entropy bal-
ance is formulated for an interfacial element. It is theoreti-
cally shown that the maximum possible effect is in the order
of magnitude of the accuracy of the interferometer found in
the experiments. However, due to the uncertainty of the value
for the dilational viscosity of the system, the actual size of the
effect may be well lower. It is safe to assume, therefore, that
the predicted effect of the dilation of an interface on the
mass transfer can be neglected in engineering applications.
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Notation
Bswidth of the flow channel, m
j smolar flux, mol?my2?sy1

A
J smass flux of component k, kg?my2?sy1

k
J sheat flux, W?my2?sy1

q
Lsinterfacial contact length
nsmolar flux, mol ?my2 ? sy1˙
®svelocity, m?sy1

wsvelocity, m?sy1

x, y, zscoordinates, m
x smolar fraction of component i in phase ji , j
Re smodified Reynolds number, seL2 ®y1˙ė

ScsSchmidt number, sn Dy1

April 2001 Vol. 47, No. 4AIChE Journal 811



Ž U .y1 y1ShsSherwood number, s n c yc D˙ `

g ssurface tension, N?my1

DSsfringe order
Ž . y2k z slocal interfacial dilational viscosity, N?s m

k sinterfacial dilational viscosity, N?s my1

lslaser wavelength, m
m Ž .m schemical potential mass specific partial Gibbs’ free energyk

of component k, J?kgy1

n skinematic viscosity, m2 ? sy1

Psstress tensor, N?my2

Indices
Asacetone

Aasacetic acid
Paspropionic acid
eqsequilibrium
intsinterfacial

nsnormal to the interface
remsremoved

ssin the interface
sy ssymmetric tensor
T stoluene
W swater
qsin the continuous phase
ysin the continuous phase

U sthermodynamic equilibrium
`sin distance far away from the interface
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