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Abstract

For the system water–acetone–toluene the mass transfer is measured up to a pressure of 200 bar at a constant temperature of 20 �C for
two different concentrations at quiescent pendant droplets. The measurements are compared to empirical predictions. The influence of a
surfactant is investigated.

A three-mode magnetic suspension balance is used to measure the transfer. Additionally, a Schlieren optic is applied to visualise the
convection.

Only in case of the transfer direction from the droplet into the continuous phase Marangoni convection is detected. A good agreement
of measurement and evaluation is achieved. The surfactant damps the interfacial convection.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Marangoni convection as a transport phenomenon is
known for a long time and has ever since provoked the
interest of researchers. Especially in recent time increased
activities in research regarding interfacial convection [1,2]
are noticable.

It is known that Marangoni convection might play an
important role in small systems, like thin liquid films and
droplets, and that it is the dominant transfer mechanism
under zero-gravity conditions [1]. Despite the increased
research activities it is still difficult to predict if interfacial
convection occurs and to calculate this phenomenon. Espe-
cially the interaction of Marangoni convection with other
transport phenomena is seldom considered and investigated.

From our former work [3] it is known that it is possible to
calculate the mass transfer at a quiescent flat liquid–liquid
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interface by the linear superposition of free and Marangoni
convection. Since first preliminary experiments indicated
that the equations used cannot be transferred easily to other
geometries in this work the mass transfer at quiescent pen-
dant droplets is examined. The measurements are compared
to a calculation based on equations for the mass transfer
coefficient found in the literature. Furthermore, the decisive
property for Marangoni convection, the interfacial tension,
is measured simultaneously to the mass transfer. A Schlie-
ren optic is additionally applied to visualise the mass trans-
fer and detect interfacial convection.

By combining these techniques a deeper insight into the
interaction of the different transport phenomena is gained
and a possible a priori calculation method is presented.
2. Model equations

2.1. Mass transfer inside droplets

In the literature a variety of equations are found describ-
ing the mass transfer into droplets [4]. These theoretical
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Nomenclature

A area
B eigenvalue in Eq. (3)
d drop diameter
D diffusion coefficient
L characteristic length
m mass
Ma Marangoni number DrLM

gD
n counting variable
R enhancement factor

Ra Rayleigh number
d3gðqeq�qðtÞÞ

8Dg

Sh Sherwood number bL
D

t time
V volume

Greek symbols

b mass transfer coefficient
g dynamic viscosity
k eigenvalue in Eq. (3)
q density
r surface tension

Subscripts

A,1 difference between the first measuring point and
the zero point

A,2 difference between the second measuring point
and the zero point

c continuous phase
ca pendant capillary
co coupling
crit critical
d dispersed phase
eq equilibrium
exp experimental
i control variable
j control variable
M Marangoni convection
p partial
ref reference
s calculated
SK2 second sinker
tot total
0 pure dispersed phase
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and empirical equations apply for rising or falling drops
but most cases are derived for Reynolds numbers smaller
than one and, thus, could be applied at quiescent pendant
drops. According to the internal flow patterns the models
can be divided into three main groups [4]:

� internally stagnant droplets,
� internally circulating droplets,
� oscillating droplets.

For the internally stagnant droplet an equation first found
by Gröber [5] reduces to an equation using the solution of
the instationary diffusion equation of a sphere [6] if the
mass transfer resistance in the continuous phase is
neglected. The mass transfer coefficient inside a droplet in
case of such a configuration is calculated according to the
following equation:

bd ¼ �
d
6t

ln
6

p2

X1
n¼1

1

n2
exp � 4n2p2Ddt

d2

� �" #
ð1Þ

in which d stands for the diameter of the droplet, t for the
time and Dd for the molecular diffusion coefficient in the
drop phase. The equation given above reduces for long
contact times by maintaining the first term of the series to

bd ’
2p2

3

Dd

d
or Shd ’ 6:58: ð2Þ

If internally circulating droplets should be considered Kro-
nig and Brink [7] derived an equation for the calculation of
the mass transfer coefficient inside drops for a negligible
outside resistance and a Reynolds number much smaller
than one (Re < 0:25 [8]). Using the stream lines proposed
by Hadamard [9] and Rybczyński [10], who applied the
Stokes stream function inside and outside a droplet for
velocities that small that the quadratic terms can be ne-
glected, Kronig and Brink [7] replaced the physical proper-
ties of the two phases by a constant and included this
generalized stream function in their further considerations.
According to their derivation the following equation was
derived:

bd ¼ �
d
6t

ln
3

8

X1
n¼1

B2
n exp � 64knDdt

d2

� �" #
: ð3Þ

The values for the parameters Bn and kn in Eq. (3) are
found in the articles by Elzinga and Banchero [11] or
Heertjes et al. [12]. Taking only the first term of the series
in Eq. (3) into account the equation is reduced for long
contact times to a constant Sherwood number:

bd ’ 17:9
Dd

d
or Shd ’ 17:9: ð4Þ

Alternatively, an approach proposed by Calderbank and
Korchinski [13] who introduced an effective diffusivity in
the equation for the stagnant drop to account for all inter-
nal disturbances, e.g. circulation, can be used. Fitting their
experiments gave the following empirical approximation:

bd ¼ �
d
6t

ln 1� 1� exp � 4p2RDdt

d2

� �1
2

" #
: ð5Þ
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The enhancement factor R was found to be 2.25. In case of
R ¼ 2:25 the equation for internally circulating drops
found by Kronig and Brink [7] is very well represented.
This value for the enhancement factor had been derived
from heat transfer measurements in the system gylcerol–
bromobenzene. Turning to oscillating droplets two differ-
ent approaches are found in the literature [4]:

� the surface-stretch model,
� the new surface-elements model.

While in the surface-stretch model it is assumed that all
elements stay at the surface during one oscillation cycle and
that the surface extension is achieved due to stretching and
thinning of the interface, the new surface-elements model
proposes that new elements are brought to the interface
when the surface increases and that the oldest elements
are removed from the phase interface if the surface con-
tracts [4].

Clift et al. [14] stated that both models are notably close
to each other. They, moreover, proposed that their equa-
tion for the continuous phase mass transfer coefficient
can be transferred to the dispersed phase replacing the
properties of the continuous phase by those of the dis-
persed phase. The dispersed phase mass transfer coefficient
for oscillating droplets is then estimated by the equation
given below [14]:

bd ¼ 1:4

ffiffiffiffiffiffi
Dd

p

d
48dr

p2ð2qc þ 3qdÞ

� �1
4

: ð6Þ

As it has already been mentioned in the introduction in
small systems Marangoni convection may play an impor-
tant role. Since none of the equations above take this phe-
nomenon into account the mechanism will be considered
separately in the next section.
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Fig. 1. Temporal development of the CO2 mass inside a triglyceride
droplet at a pressure of 90 bar and a temperature of 20 �C: Marangoni
convection calculated with Eq. (8). [17].
2.2. Marangoni convection

For the liquid–liquid extraction a variety of empirical
and theoretical equations exists for the mass transfer coef-
ficient under the condition of interfacial convection. Never-
theless, it is still difficult to find a simple equation suitable
for chemical engineers which applies for a broad range of
systems and geometries, since most of the equations found
are restricted to special systems or are of mere theoretical
nature [15].

The findings for mass transfer if Marangoni convection
occurs lead to the following characterisation [2,15]:

� The mass transfer coefficient is considerably increased
due to Marangoni convection.
� The mass transfer coefficient depends on the concentra-

tion difference, the properties of the phase interface, like
the interfacial tension, and the direction of the transfer.
� In quiescent systems the mass transfer coefficient cannot

be described by the penetration theory.
� Above a critical concentration difference the mass trans-
fer coefficient cannot be calculated based on the equa-
tion for pure diffusion.

A dimensionless description of the Marangoni effect is
achieved by the definition of a Marangoni number.

Ma ¼ DrLM

gD
: ð7Þ

The estimation of the Marangoni number is very difficult
since the characteristic length LM is unknown. Therefore,
the integration of this number in model equations is diffi-
cult and a further consideration of this number will be
omitted in this article.

One of the empirical equations, not using the Marang-
oni number, starting of the penetration theory derived
from the experimental findings of Hozawa et al. [16] was
adapted by ourselves and can be used to calculate the mass
transfer coefficient at a flat interface due to Marangoni
convection separately [3]:

bM ¼
ffiffiffiffiffi
D
pt

r
rref

r
: ð8Þ

In Eq. (8) D stands for the molecular diffusivity, t for the
time and r for the interfacial tension. For the choice of
the reference interfacial tension rref two cases are possible
and described in our former article in detail [3]:

(1) system without migrating substance and without
surfactant;

(2) system without migrating substance with surfactant.

Applying the same equation at curved surfaces like
droplets leads to the result shown in Fig. 1.

As it can be seen the mass transfer coefficient for
Marangoni convection is overestimated which at first leads
to a steep increase in the total transferred mass and after-
wards to a decrease. This development is physically impos-
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sible, thus the equation has to be adapted to suit a wider
range of geometries because the experiments conducted
by Hozawa et al. [16] were entirely performed at flat
interfaces.

Although the dependence of the mass transfer coefficient
included in the penetration theory was first suggested by
Higbie [18] analysing the mass transfer at droplets the same
dependence can be found at a flat interface like falling films
[19]. Hence, the first term of Eq. (8) stemming from the
penetration theory is maintained in the altered version of
the equation for the mass transfer coefficient due to
Marangoni convection.

Moreover, according to the knowledge that the driving
force for Marangoni convection is the surface tension gra-
dient and that this gradient plays a more important role in
systems with an initially small interfacial tension [20] a fac-
tor accounting for these facts is introduced into Eq. (8). To
keep the model as simple as possible a constant difference
in the interfacial tension is chosen which is the difference
of the pure system to the system at equilibrium conditions.
This constant difference considers the maximal difference in
the interfacial tension which could occur at the phase
boundary.

Furthermore, Eq. (8) is augmented by the ratio of the
hydraulic diameter Lref of the surface equivalent square
to the characteristic length of the contemplated geometry,
which in case of droplets is the diameter and in case of
an arbitrary plate its hydraulic diameter, to broaden the
equation to other geometries. Inserting this adoptions into
Eq. (8) the following formula, which allows the calculation
of the mass transfer due to Marangoni convection sepa-
rately, is obtained:

bM ¼
ffiffiffiffiffi
D
pt

r
rref � req

rref

Lref

L
: ð9Þ

The definition of the reference interfacial tension stays like
the one for Eq. (8).
3. Materials and experimental set-up

The system water (dispersed phase, d)–acetone–toluene
(continuous phase, c) investigated in this work is the stan-
dard test system for the extraction recommended by the
European Federation of Chemical Engineering [21].
Acetone and toluene with a purity ‘‘pro analysis” (PA P
99:8%) are used. For the dispersed phase tap water is uti-
lised. For this system the mass transfer is measured for
the following conditions:

� different mass transfer direction: c! d and d ! c,
� two different initial concentrations of acetone: 7 and

15 wt.%.

Additionally, the influence of the surfactant Triton X-
100 (Sigma Chemical) in both phases is determined. The
concentration of the tenside in each phase is 0.011 weight
percent (wt.%). The influence of the surfactant is only mea-
sured for the mass transfer direction d ! c and the high
acetone concentration.

For both systems, the pure and the one containing ten-
side, the changes of the mass of the water droplet due to the
solution of acetone into the droplet or the depletion of ace-
tone in the droplet are measured using the magnetic sus-
pension balance already described in our former article
[3]. The exact function of the three mode magnetic suspen-
sion balance is described elsewhere [3,22–24]. Since a drop-
let is to be attached to the suspended system the following
changes at the experimental apparatus are carried out,
which are shown in Fig. 2.

The first sinker is replaced by a capillary and a mecha-
nism has been developed and is attached to the view cell
allowing the movement of a second horizontal capillary.
This mechanism moves the collateral capillary towards
the hanging one by turning the cap nut. By a pump and
a storage vessel a drop is pressed out of the capillary which
then connects to the hanging one. Afterwards it is possible
to withdraw the collateral capillary by loosening the cap
nut again. The piston is then moved outwards by means
of the internal pressure.

The apparatus can either be inserted into a lighting–
camera–video system or into a Schlieren optic. The former
one allows the simultaneous measurement of the changes in
mass and interfacial tension. In the latter case the Schlieren
optic makes it possible to visualise the mass transfer. The
Schlieren optic is described in detail in [25,26].

For the measurement of the interfacial tension the
recorded pictures are transferred to a computer and
analysed using a commercial software (DSA 1.9, Kruess
Hamburg). As a byproduct of the interfacial tension mea-
surements the volume of the drop is calculated which is
needed in the calculation of the density (see Eq. (11)).

All experiments are carried out at a constant tempera-
ture of 20 �C and at pressures up to 200 bar raising the
pressure level in 50 bar steps.
3.1. Density measurement, interfacial tension and mass

transfer

Like it has been mentioned in the latter section the mea-
surements are performed using a three-mode magentic sus-
pension balance. The mechanism and the change of the
three modes is described in [3].

From a balance of forces at the pendant capillary and
the second sinker (see Fig. 2) in both measuring points
the density of the droplet and of the continuous phase
can be calculated according to the following equations:

qdðtÞ ¼
mA;1 � ðmco þ mcaÞ þ qcðV co þ V ca þ V dÞ

V d

ð10Þ

qcðtÞ ¼
mSK2 þ mA;1ðtÞ � mA;2ðtÞ

V SK2

: ð11Þ



Fig. 2. Experimental apparatus for the mass transfer measurements at a pendant drop.
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In Eqs. (10) and (11) q stands for the density, m for the
mass and V for the volume. The indexes A,1 and A,2 refer
to the difference of the mass between the first and the sec-
ond measuring point, respectively, and the zero point. c de-
notes the continuous phase, co the coupling, ca the pendant
capillary and SK2 the second sinker. As it is described in [3]
the mass and the volume of the capillary and the second
sinker are extracted from a calibration using a medium of
known density.

Measuring the interfacial tension simultaneously gives
the volume of the droplet which is inserted into Eq. (11).

Knowing the density and the volume of the drop the
partial density qp;d and the transferred mass mexp can be cal-
culated according to the functions below:

qp;dðtÞ ¼
qdðtÞV ðtÞ � q0V 0

V ðtÞ ; ð12Þ

mexpðtÞ ¼ qp;dðtÞV ðtÞ: ð13Þ

The transferred mass extracted from the measurements in
the manner described above is compared to the mass trans-
fer according to the calculation procedure given in the next
paragraph.

3.2. Calculated mass transfer

The mass transfer coefficient inside droplets can be
described by the models given in Sections 2.1 and 2.2.
These models are used to calculated the coefficient sepa-
rately for each transfer phenomenon, which means that
the calculation is conducted separately for each mecha-
nism. In our former article [3] this evaluation procedure
has been described in detail and, thus, it is only summa-
rised briefly at this point.
Between a time ti and ti�1 the transferred mass is calcu-
lated by

mi;jðti; ti�1Þ¼bAðtiÞ qp;dðt!1Þ�
qp;d;sðtiÞþqp;d;sðti�1Þ

2

� �
ðti� ti�1Þ

ð14Þ
and gives as the summation of every time step the trans-
ferred mass up to the time ti

mjðtiÞ ¼
X

i

mi;j: ð15Þ

The index i in the equations above denotes a certain time
step while the index j stands for a transport mechanism,
e.g. internally stagnant droplet or Marangoni convection.
If all transport mechanisms have been considered sepa-
rately the total mass transfer is the sum of all possible
mechanisms in such a way that the deviation to the exper-
imental values reduces to a minimum.

mtotðtiÞ ¼
X

j

mjðtiÞ: ð16Þ

In the calculation an estimated partial density qp;d;s is
introduced.

qp;d;sðtiÞ ¼
mtotðti�1Þ

V ðtiÞ
: ð17Þ

The total mass transferred of the previous time step is used
in the estimated partial density to reduce the amount of
experimental data needed for the calculation. The disad-
vantage of this procedure is the introduction of a small mis-
take using an estimated partial density, although this
mistake is very small because of the short time step (one
second). Thus, the benefit of no extra experimental data
outweighs the disadvantage.
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Fig. 3. Temporal development of the droplet density and the interfacial
tension at a pressure of 1 bar, a temperature of 20 �C and 7 wt.% acetone
in the continuous phase, dp ¼ 4 mm.
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A further simplification of the calculation, which is not
pursued at this point, would be to use a constant surface
area and volume. Using this very simple procedure would
reduce the experimental data needed to a minimum.

4. Results and discussion

For the determination of the main transfer resistance the
ratio of the diffusion coefficient in the dispersed phase Dd to
the one in the continuous phase Dc must be considered. In
case of

Dd

Dc

< 1; ð18Þ

the resistance lies in the dispersed phase and in case of

Dd

Dc

> 1; ð19Þ

the resistance is in the continuous phase [27]. Taking a look
at the ratio of the diffusion coefficient of both phases for
the different concentrations and transfer directions it is to
state that the value of the ratio described above lies in be-
tween 0.3 and 0.5. Therefore, the limitation of the mass
transfer arises mainly in the dispersed phase. In the follow-
ing the mass transfer problem will be considered as an
internal problem.

4.1. Mass transfer c! d

A Sterling and Scriven analysis [28] of the system water–
acetone–toluene is conducted up-front for this transport
direction for both acetone concentrations. In both cases
the result of the analysis shows that interfacial convection
is not expected, which also means that oscillating convec-
tion does not occur.

Furthermore, criteria can be found in literature to calcu-
late the drop diameter at which a droplet starts to oscillate.
One of these criteria Klee and Treybal [29] concluded from
their experiments in which a droplet falls or rises through
another liquid. The critical drop diameter is calculated
according to the following equation:

dcrit ¼ 0:33q�0:14
c Dq�0:43g0:3

c r0:24: ð20Þ

Using this criterion leads to a critical droplet diameter of
4.1 mm.

Estimating the critical diameter by the formula given by
Edge and Grant [30]

dcrit ¼ 0:162
qd

Dq

� �0:5

ð21Þ

results in a diameter of 4.5 mm. Since the diameter of the
droplets in our investigation varies between 2.5 and
4.4 mm, which is below or near the critical diameter, and
since there is almost no external flow an oscillating droplet
is not likely to occur.

The density of the droplet is calculated according to Eq.
(11) using the volume of the simultaneous interfacial ten-
sion measurements. In Fig. 3 the development of the drop-
let density for a concentration of 7 wt.% in the continuous
phase is shown. Additionally, the temporal changes of the
interfacial tension is included in the diagram (see Fig. 3).

The density of the water droplet decreases due to the
solution of acetone into the drop. This behaviour has been
expected since it is known from literature [21]. The devia-
tion of the measured density to the values found in the lit-
erature [21] lies at 0.4%, which is within the experimental
accuracy. The same behaviour is noticed at the interfacial
tension which also diminishes with time due to the solution
of acetone until the equilibrium is reached. The measured
interfacial tension at the equilibrium is compared to the
interfacial tension taken from the literature [21] at an ace-
tone concentration calculated from the measured density
and the partial density. With increasing pressure this
behaviour of the density and the interfacial tension stays
unaltered.

The transferred mass is then calculated according to the
Eqs. (12) and (13) using the measured density and volume.
This mass is then compared to the calculation described in
Section 3.2. For the mass transfer coefficient b in Eq. (14)
the different models mentioned in Sections 2.1 and 2.2
depending whether an internally stagnant droplet, a circu-
lating droplet or Marangoni convection should be consid-
ered are utilised. In Fig. 4 the development of the
acetone mass inside a water droplet is shown exemplarily
at a pressure of 1 bar, a temperature of 20 �C and an initial
acetone concentration of 7 wt.% in the continuous phase.

As it can be seen a good agreement of the experimental
results and the evaluation is achieved using the model for
long contact times by Kronig and Brink [7] which takes
an internal circulation into account. Although the model
by Kronig and Brink [7] was developed for creeping exter-
nal flow (Re < 0:25 [8]) as the origin of the internal circula-
tion, which we are well aware of, and in this case the mass
transfer and as a consequence the change in the density is
the reason for the circulation the model by Kronig and
Brink [7] is used since no other appropriate model can be
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Fig. 4. Temporal development of the acetone mass in a water droplet at a
pressure of 1 bar, 20 �C and a continuous phase concentration of 7 wt.%,
dp ¼ 4 mm.
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found in the literature considering natural convection
inside a droplet. In such a model the natural convection
should be considered using the Rayleigh number defined
as follows:

Ra ¼
d3gðqeq � qðtÞÞ

8Dg
: ð22Þ

The values of the Rayleigh number vary for this configura-
tion at the begining between 4 � 105 and 2 � 106.

That an internal circulation or natural convection
occurs can be explained by the change of the density due
to dissolving acetone. If acetone is transferred from all
sides into the drop the density first reduces at the phase
boundary. This also takes place at the bottom of the drop-
let and as a consequence lighter parts start to ascend. Due
to continuity reasons other parts have to flow towards the
phase boundary and a circulation pattern builds up.
Fig. 5. Profile of the flow pattern in a water droplet in a CO2 surrounding
at a pressure of 160 bar and a temperature of 20 �C.
Since the circulation pattern is similar to the one used in
the derivation by Kronig and Brink [7] (see Fig. 5), who
used the geometry of the Stokes stream function in the
droplet and replaced the physical properties by a constant
factor, it seems reasonable to use this model for a circula-
tion pattern of similar geometry. The circulation pattern
shown in Fig. 5 has been detected in a different system
which has the same density properties with regard to the
behaviour if another substance dissolves into it. From this
findings it could be assumed that the model by Kronig and
Brink [7] could be extended to the limiting case of diminish-
ing external flow.

Another possibility would be to introduce enhancement
factors starting of the undisturbed system in which the
mass transfer consists of pure diffusion. In this case, com-
paring Eqs. (2) and (4), the enhancement factor would be
2.72. In general we do not prefer this approach since
enhancement factors summarize all effects in a single factor
and the role of different effects is blurred.

The agreement of the experimental results and the calcu-
lation remains at the same quality if the pressure as well as
the concentration in the continuous phase is increased. The
temporal development of the experimental results and the
calculation in case of an initial concentration of 15 wt.%
and a pressure of 100 bar is shown in Fig. 6.

The finding that no interfacial convection occurs in this
direction of mass transfer agrees with the analysis accord-
ing to Sternling and Scrive [28] and is supported by the
Schlieren pictures in which Marangoni convection is not
visible. Additionally, oscillation is not noticed in the exper-
iments which also agrees with the Sternling and Scriven [28]
analysis and the analysis of the critical drop diameter
which has been performed at the beginning of this section.

Moreover, these findings agree with the observation by
Lewis [31] who also did not detect interfacial convection.
More recent studies of the system water–acetone–toluene
state that Marangoni convection occurs for the transfer
direction templated in this section [2,32,33]. However, this
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Fig. 6. Temporal development of the acetone mass in a water droplet at a
pressure of 100 bar, 20 �C and a continuous phase concentration of
15 wt.%, dp ¼ 3:2 mm.
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investigations cannot be compared directly to our investi-
gations since a flat interface and in most cases also moving
phases are considered. Concluding from the comparison it
seems obvious that the relative movement of the phases has
an influence on the occurence of Marangoni convection.
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Fig. 8. Temporal development of the acetone mass in a water droplet at a
pressure of 1 bar, 20 �C and an initial dispersed phase concentration of
7 wt.%, dp ¼ 4:7 mm.
4.2. Mass transfer d ! c

As in the inverse transport direction a Sternling and
Scriven [28] analysis is also performed for the transfer
direction from the dispersed phase to the continuous phase
up-front showing that for both concentrations, 7 and
15 wt.%, stationary but no oscillating interfacial convec-
tion is to be expected.

The critical diameter at which a droplet starts to oscil-
late stays at the value calculated in Section 4.1 leading to
the expectation that oscillation does not occur.

The density of the droplet is calculated as for the inverse
transfer direction according to Eq. (11) using the volume of
the simultaneous interfacial tension measurements. The
development of the density and the interfacial tension is
exemplarily shown in Fig. 7. The deviation to the literature
values lies in between 2% and 3.5%. The deviation of the
surface tension at the equilibrium, as it is described in the
previous section, is 6.3%.

The density as well as the interfacial tension increases
with time due to the depletion of acetone inside the droplet
as it has been known from the literature [21].

In case of the transferred mass, calculated according to
Eqs. (14)–(16) and compared to the evaluation, it can be
seen that a good agreement is achieved using the linear
superposition of the mass transfer coefficient for an inter-
nally circulating droplet at long contact times and the
one for Marangoni convection according to Eq. (9). The
problem of the applicability of the model by Kronig and
Brink [7] has been discussed in the previous section. The
model is used here for the same reasons. Fig. 8 shows the
development of the acetone mass inside the droplet at a
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Fig. 7. Temporal development of the droplet density and the interfacial
tension at a pressure of 1 bar, a temperature of 20 �C and an initial
concentration of 15 wt.% acetone in the dispersed phase, dp ¼ 4:3 mm.
pressure of 1 bar, a temperature of 20 �C and an initial con-
centration of 7 wt.%.

The agreement of the experimental results and the calcu-
lation of the same quality is maintained with increasing
pressure and concentration using the equations mentioned
above. This can be seen in Fig. 9 which shows the temporal
development of the acetone mass inside the droplet at a
pressure of 100 bar, a temperature of 20 �C and an initial
concentration of 15 wt.%.

If the approach of enhancement factors should be fol-
lowed the factor to describe circulation and Marangoni
convection would be 3 and 3.6 for an initial concentration
of 7 and 15 wt.%, respectively. The value of the enhance-
ment factor compared to pure diffusion conditions
(Sh = 6.58) is gained calculating a constant Sherwood
number of about 19.8 for the former concentration and
23.5 for the latter one from the experimental mass transfer.
Compared with the enhancement factor for pure circula-
tion the factor is about 10% and 32% larger showing the
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Fig. 9. Temporal development of the acetone mass in a water droplet at a
pressure of 100 bar, 20 �C and a initial dispersed phase concentration of
15 wt.%, dp ¼ 4:4 mm.
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influence of interfacial convection increasing the mass
transfer. Nevertheless, the enhancement factor is a lump
sum of both mechanisms making it impossible to distin-
guish the contribution of the different phenomena. There-
fore, this approach is not recommended and not followed
at this point.

Concluding from our findings it is to state that the mass
transfer can be calculated by the model of an internally cir-
culating droplet at long contact times superimposed by the
model for Marangoni convection. Both mechanisms can be
estimated separately.

The transfer mechanism Marangoni convection contrib-
utes about 15% to the total mass transfer at an initial con-
centration of 7 wt.%. This proportion is constant with
increasing pressure. In case of the higher initial concentra-
tion the fraction of Marangoni convection at the total mass
transfer increases to almost 27%, again staying constant
with increasing pressure.

An increase in the intensity of the interfacial convection
with increasing concentration has also been found by
Thornton et al. [34]. The existence of interfacial convection
and its increase with increasing initial concentration is sup-
ported by the Schieren pictures, which show that the inten-
sity decreases with time and can hardly be seen after 90
seconds (see Fig. 10). Moreover, the end of the mass trans-
fer due to Marangoni convection matches the point at
which no longer any interfacial convection is seen in the
Schlieren pictures (compare Figs. 8 and 9 with Fig. 10).

The rapid decay with time has also been noticed by
Thornton et al. [34].

Furthermore, our results are in accordance with the
Sternling and Scriven [28] analysis and the results of other
researchers who also found Marangoni convection for this
direction of mass transfer [2,32,33]. Finally, it is to mention
Fig. 10. Schlieren pictures for the mass tran
that oscillation has not been detected in the experiments
which has been predicted by the analysis of Sternling and
Scriven [28] and the calculation of the critical droplet
diameter.

4.3. Influence of a surfactant

Due to the fact that only in the direction of mass trans-
fer from the droplet into the continuous phase the existence
of Marangoni convection is found, just for this direction
the influence of a tenside on the mass transfer at the high
initial concentration is investigated.

The density of the droplet is calculated as it has already
been described in the last two sections and exemplarily the
development of the density and the interfacial tension with
time in case of the presence of a surfactant is shown in
Fig. 11. As it can be seen in Fig. 11 the interfacial tension
of the system is significantly lower than in the pure system
due to the presence of the surfactant (compare Figs. 11 and
7). The slightly higher density is due to the experimental
error, since the small percentage of the tenside does not
influence the density. However, it can be seen that the tem-
poral development and the relative increase in the density is
similar (see Figs. 11 and 7). The deviation of the measured
density to the one of the pure system is about 5%, which is
about the same order of magnitude as in the pure system
and a mere consequence of the experimental mistake.

Comparing the experimental mass transfer with the cal-
culation gives the same result as in the latter section. A lin-
ear superposition of Marangoni convection and the model
by Kronig and Brink [7] leads to a good resemblance of the
experimental results. This behaviour does not change with
increasing pressure. Fig. 12 shows the changes of the ace-
tone mass inside a droplet exemplarily.
sfer direction d ! c in the pure system.
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Compared to the mass transfer in the pure system the
amount of transferred mass due to Marangoni convection
is reduce to 10% of the total mass. This can be explained by
the ability of surfactants to damp interfacial convection.
The surfactant adsorbs at the interface and a surfactant
monolayer is build up leading to an interface which is much
less flexible than the one in the pure system [20]. Agble and
Mendes-Tatsis [20], moreover, found that especially non-
ionic surfactants, such as Triton X-100, show a greater ten-
dency to adsorb at the interface and, thus, provoke a more
rigid interface preventing interfacial convection. That the
interfacial convection is damped can also be seen at the
Schlieren pictures in which hardly any interfacial convec-
tion is noticeable. From an engineering point of view and
if an error of less than 20% is sufficient it is also possible
to calculate this transfer situation solely with the model
by Kronig and Bring for long contact times [7]. This can
also be seen comparing the enhancement factor for the con-
taminated system which is about 2.85 with the one for pure
circulation (R ¼ 2:72). The slight increase of only 4.8%
shows that it might be sufficient to use the model for inter-
nal circulation solely.

5. Conclusions

The mass transfer in the system water–acetone–toluene
has been measured for the two possible directions of trans-
fer at two different initial concentration differences, 7 and
15 wt.%.

In case of the transfer from the droplet into the contin-
uous phase the influence of a surfactant on the mass trans-
fer has been investigated for the high concentration
difference.

Concluding from the experiments for the transfer direc-
tion from the continuous phase into the droplet it can be
stated that for both concentrations interfacial convection
does not occur. This finding is supported by the Schlieren
pictures and agrees with the analysis by Sternling and Scri-
ven [28]. Oscillation has not been visuable which coincides
with the analysis according to Sternling and Scriven [28]
and the criterion for the beginning of droplet oscillation
by Klee and Treybal [29] and Edge and Grant [30]. More-
over, it is possible to calculate the mass transfer for the
templated transport direction using the model for long con-
tact times developed by Kronig and Brink [7]. A good
agreement of the experimental results and the calculation
is achieved with an error of less than 15%.

The model by Kronig and Brink [7] has been used,
although the circulation pattern which is used in the original
derivation is caused by creeping external flow (Re < 0:25
[8]), since a similar circulation pattern has been found in a
system behaving like the one contemplated in this article
and no other appropriate model describing natural convec-
tion inside a droplet can be found in the literature. The nat-
ural convection can be expressed in terms of the Rayleigh
number which is of the order of 0.5 � 105–2 � 106. The
results using this model suggest that it is a good approach
and allows the assumption that the model can be extended
to the limiting case of vanishing external flow.

The idea of enhancement factors has also been picked
up in this article and values are given making it possible
to calculate the mass transfer. Nevertheless, this approach
is not recommended from our point of view since different
phenomena cannot be considered separately. All effects are
subsumed in a single factor.

For the inverse direction of the mass transfer, from the
droplet into the continuous phase, Marangoni convection
is found for both concentration differences which can also
be seen in the Schlieren pictures. Furthermore, the mass
transfer can be calculated for each transport mechanism
separately and the linear superposition of the model for
long contact times by Kronig and Brink [7] and the pro-
posed equation for Marangoni convection leads to a good
resemblance of the experimental results by the calculation.
An error of less than 10% is gained. These findings agree
with the prediction by Sternling and Scriven [28] and with
the results of other researchers. In addition, an oscillating
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droplet has not been detected which has been predicted by
the Sternling and Scriven analysis [28]. The criterion for the
beginning of droplet oscillation by Klee and Treybal [29]
and Edge and Grant [30] of drops falling or rising in
another liquid has been applied and shows that the droplet
diameter is below or near the critical one which suggested
that no oscillation would occur since no extraneous forces
due to a flow exist. This is in accordance with our findings.

In case of the presence of a surfactant the interfacial
convection is damped due to the higher rigidity of the inter-
face [34]. Nevertheless, it is possible to estimate the mass
transfer using the linear superposition of the two models
mentioned in the last paragraph. The amount of mass
transferred by Marangoni convection reduces from 27%
of the total mass transfer in the pure system to 10% in
the contaminated system.

From an engineering point of view it might be sufficient
to calculate the mass transfer in case of the presence of a
surfactant using the model by Kronig and Brink [7].
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[23] H.-W. Lösch, Entwicklung und Aufbau von neuen Magnets-
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[33] M. Pertler, M. Häberl, W. Rommel, E. Blass, Mass transfer across
liquid-phase boundaries, Chem. Eng. Pro. 34 (1995) 269–277.

[34] K.H. Javed, J.D. Thornton, T.J. Anderson, Surface phenomena and
mass transfer rates in liquid–liquid systems. Part 2, AIChE J. 7 (35)
(1989) 1125–1136.


	Interaction of Marangoni convection with mass transfer effects at droplets
	Introduction
	Model equations
	Mass transfer inside droplets
	Marangoni convection

	Materials and experimental set-up
	Density measurement, interfacial tension and mass transfer
	Calculated mass transfer

	Results and discussion
	Mass transfer c \to d
	Mass transfer d \to c
	Influence of a surfactant

	Conclusions
	Acknowledgement
	References


