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Mass transfer and interfacial phenomena during simultaneous extraction of two com-
ponents from a single spherical droplet to a surrounding continuous phase were investi-
gated both experimentally and theoretically. The experiments were carried out in a single
droplet measuring cell in which the mass transfer of acetone and methylisopropylketone
from the disperse toluene phase to the continuous aqueous phase was investigated. The
developed model takes into consideration the cross-effects of multicomponent mass trans-
fer and the onset of Marangoni convection induced by mass transfer. The influence of
Marangoni convection on the velocity field around the droplet was analyzed. The devel-
oped model was implemented into the commercial computational fluid dynamics software
package CFX4.3. The results of the performed simulations agree well with experimental
data. Influences of Reynolds numbers of the continuous phase and initial mass fraction on
the extraction process were analyzed. Furthermore, the effect of multicomponent mass
transfer on the onset of Marangoni convection was studied. © 2006 American Institute of
Chemical Engineers AIChE J, 52: 4071-4078, 2006
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Introduction

Liquid-liquid extraction represents an important and effi-
cient method for numerous industrial applications. However,
its basic phenomena are very complex and not yet fully
understood. This lack of understanding makes the design of
extraction units difficult and causes additional expensive
pilot-plant experiments. The process understanding can be
improved if the interdependencies are considered at the
smallest representative scale. For most extraction operations,
this scale is associated with a single droplet and its surface.
Mass transfer of one or more components between the drop-
let and the surrounding phase, droplet size change arising
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from mass transfer, and the onset of Marangoni convection—
all these interdependent phenomena have significant influence
on extraction processes.

In multicomponent liquid systems, the direct proportional-
ity between the transport of each individual component and
its driving force (expressed either by concentration or by
chemical potential gradient) is no longer valid. This brings
about various cross-effects (osmotic diffusion, diffusion bar-
rier, etc.) and makes the process behavior qualitatively more
complex than that in binary systems.! The notion Marangoni
convection generally encompasses phenomena caused by sur-
face tension gradients at fluid interfaces. Marangoni convec-
tion may appear in many different forms, such as roll cells,
ripples, or eruptions.” They lead to enhanced mixing of fluid
elements near the interface and thus may appreciably acceler-
ate mass transfer.” The interaction between multicomponent
mass transfer and Marangoni effects was analyzed by von
Reden.® He found that in the investigated quaternary system,
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more intense interfacial phenomena appeared than in ternary
systems. Besides, the onset of Marangoni convection was
observed at lower concentrations of the transferred compo-
nents. An explanation for these observations was not given
in von Reden.?

It is very difficult to experimentally investigate this com-
plex interplay of phenomena and, thus, rigorous theoretical
methods are necessary to understand and properly describe
liquid-liquid extraction processes. In this respect, computa-
tional fluid dynamics (CFD)—allowing the numerical simula-
tion of complex fluid flow patterns inside and outside single
droplets—represents a powerful method for the description
of transport and interfacial phenomena.

Mass transfer of one component from a single droplet to a
continuous liquid phase was recently modeled,*® however,
none of these works considered phenomena in multicompo-
nent mixtures. The present work aims at a detailed descrip-
tion of liquid-liquid extraction including multicomponent
mass transfer at a single droplet and the effect of Marangoni
convection. Three systems—two ternary and one quater-
nary—were the focus of this investigation. The ternary sys-
tems are toluene/acetone/water and toluene/methylisopropyl-
ketone (MIPK)/water. A toluene/acetone/MIPK/water mixture,
which constitutes the quaternary system, was chosen because
of the different solubilities of both transferring components in
toluene and water. Multicomponent effects are usually more
pronounced in such systems.” In earlier works,>’ in which
another quaternary system—toluene/acetone/phenol/water—
was studied, the authors found that in systems with similar
transport behavior of both transferring components characteris-
tic multicomponent effects could not be observed.

Single-drop experiments can be performed fairly well in a
measuring cell based on a Venturi injector with a specially
designed drop collector facility.g_10 This construction allows
for arbitrary variation of residence time as well as high
reproducibility of the measured concentrations. In Steiner'' a
detailed overview of systems analyzed in a drop measuring
cell is given. In von Reden® the simultaneous mass transfer
of two components across the drop interface was examined
for the first time.

Simplified empirical and analytical models for description
of multicomponent mass transfer at single droplets are not
able to mirror the complex phenomena at the liquid-liquid
interface. Therefore, in this work a rigorous model is pre-
sented to account for both multicomponent mass transfer and
Marangoni convection. The model equations were solved
using the commercial CFD tool CFX 4.3 (ANSYS Inc.). To
verify the accuracy of the developed model, mass-transfer
experiments at single droplets were also carried out to pro-
vide experimental data for the model validation. Several sim-
ulation studies were performed with the validated model,
which brought new insights into the interdependencies in lig-
uid-liquid extraction processes.

Experimental

The setup for measuring mass transfer at single droplets
basically consists of a droplet measuring cell, a dosing
pump, a gear pump, and a thermostat to maintain constant
temperature in the system (see Figure 1). From a tank, the
continuous aqueous phase is pumped through the measuring
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cell. Toluene is pressed through a capillary into the meas-
uring cell using the dosing pump. This pump is used both for
creation and for removal of the droplet. The toluene droplets
contain a predefined amount of acetone and MIPK. The mass
transfer of both components is observed during the experi-
ments. The generated toluene droplet rises in the cell and is
collected in a funnel at its top end. The measuring cell con-
tains a Venturi injector, so that a variation of the flow veloc-
ity of the continuous phase in this area is obtained.'? In the
Venturi injector, droplets of different sizes can be brought to
hover in the cell as a result of the different flow velocities.
By varying the residence times of the droplets in the cell it
is possible to analyze the mass-transfer behavior of the trans-
ferring components. For this study, toluene droplets of 1.5
mm radius were examined. The collected droplets were ana-
lyzed using a gas chromatograph.

Model Formulation

The system studied consists of a droplet and a surrounding
continuous liquid phase (Figure 2). The phenomena in this
system are inherently of a dynamic nature. The interactions
in this two-phase system are manifold. The velocity field in
each phase influences mass-transfer phenomena. Diffusional
interactions of different species result in a coupled system of
mass-transfer equations that should be solved simultaneously.
In addition, the variables of the two liquid phases are conju-
gated in a complex way at the droplet interface. Finally, the
droplet changes its size as the result of mass transfer and,
thus, a moving interphase boundary arises. For an accurate
description of this extraction system, all these coupling
effects should be properly taken into account. To reduce the
complexity, in this work, we focus on a spherical droplet and
investigate the onset and the early stage of the Marangoni
convection. This allows adequate study of the influence of
Marangoni phenomena in a two-dimensional formulation.

The model is formulated under the following assumptions:

Newtonian fluids

Incompressible flow

Isothermal system

No mass transfer of the two carrier fluids across the
phase interface (mutual saturation)?

Laminar flow of both phases

e Droplet holds the spherical form
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Figure 1. Experimental setup.
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Figure 2. Axisymmetric model geometry of the droplet
system.

[Color figure can be viewed in the online issue, which is avail-
able at www.interscience.wiley.com.]

e Absence of surface active contaminants
e No chemical reactions in the system

The process can then be described by the following
equations.

Model equations for each phase

Continuity and Momentum Equations

V.ou=0 1

0
p[afl;Jru‘Vu] = —Vp + uAu 2)

Mass-transfer Equation for a Multicomponent System

@+ u-V(w) = V{D]V(w)} 3

Initial conditions at t = 0

System Velocity

u=u,=0 @)
Mass Fractions

(W), = (W), = (W), )

(W) = (wo) = (Woo) (6)
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Boundary conditions at the system inlet (see Figure 2)

uU=1u; = Uy atr:fw (@)
sin 0
o . _SR(r=0)
(W) = (Win) = (Wxo) ar=—— 8)

In Eqs. 7 and 8, an assumption of infinitely extended contin-
uous phase is used."*

Boundary conditions far away from the droplet

U= Uy at r — 0o )

(W) = (W) at r — oo (10)

Boundary conditions at the symmetry axis

Ou, ou,
= — = = = — +
Up = 5o = Hop (80)p 0 at 0 = =

These conditions follow from the assumed droplet geome-
14
try.

an

[NSNR ]

@ — a(w)l’ =0

30 a0 af==x

12)

YRS

Moreover, concentrations and velocities as well as their
derivatives assume finite values at the center of the droplet'*:
ou o(w)
P
u, —, (w
T or’ W), or

are limited at » =0 (13)

The latter condition is set to avoid infinite values for the ra-
dial gradients at r — 0 in the axisymmetric geometry.

Boundary conditions at the droplet surface'*

Normal and Tangential Stresses
Ou, Ou, 20
-2 —|p-2 =—
(p o )p <p K 61‘) R(?)

0 suy 1 Ou, 0 (up 1 0u,
Hp {ra(ﬂ tr ae]p_“ { () +;@]
1 o

atr =R(r) (14)

QU
<>

Continuity of Normal and Tangential Velocity Compo-

nents14

Urp = Uy

at r =R(1) (16)

upp =up atr=R(r) a7
Thermodynamic Equilibrium’

(w)p = [M](w) atr = R(z) (18)

where [M] is the matrix of distribution coefficients.
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Continuity of Component Fluxes'

D24 (w), = D] 4 ()

Transient change of the droplet radius

R(t+ Ar) = %3(1) - %’ Z (Api /A (J,-)dA) (20)

i=1

The latter condition is derived based on the assumption of
spherical form of the droplet.

To account for Marangoni convection, the surface tension
gradient resulting from the transport of acetone and MIPK
was implemented in Eq. 15 using correlations obtained
experimentally in Misek et al.'® Because data for ternary sys-
tems only are available in the open literature, it was assumed
that during multicomponent mass transfer the local surface
tension gradient can be calculated as the sum of the gradients
induced by individual species acetone and MIPK.

Model Implementation

The system of partial differential equations (Eqgs. 1-3), to-
gether with initial and boundary conditions (Egs. 4-20), can-
not be solved analytically; instead, the system requires a nu-
merical solution technique. The principle of computational
fluid mechanics is based on the discretization of the deriva-
tives of Navier—Stokes and mass-transfer equations with
respect to time and space. In this work, the commercial CFD
tool CFX4.3 is used for the model implementation. Given
that a small spherical droplet surrounded by a laminar liquid
flow was the focus of this study, the problem can be consid-
ered as axisymmetric.'* With from this assumption, only the
change of process variables with respect to the axis r and the
angle 6 should be considered, thus significantly reducing
computational expense (Figure 2).

The droplet radius is set to 1.5 mm to match the experi-
mental conditions described above. Moreover, for small drop-
lets of this size, the spherical and axisymmetric shape of the
droplet can still be assumed at Re = 400."* Density and vis-
cosity of both the disperse and continuous phase depend on
the concentrations of acetone and MIPK. Therefore, they are
recalculated for each consecutive time step. The inlet velo-
city of the continuous phase varies from 107 to 107" my/s.
The correlations for density, viscosity, and distribution coeffi-
cient as function of MIPK and acetone concentration are
taken from Misek et al.'”> The UNIQUAC parameter values
for the quaternary mixture are listed in Burghoff.'?

In CFX 4.3, a liquid-liquid interface cannot be simulated
using default program options. Therefore, the droplet surface
is modeled using a standard boundary condition available in
CFX 4.3, which is then modified by implementing the inter-
facial boundary conditions (Eqgs. 14—19). This is done using
Fortran subroutines. The system geometry is represented as
seven blocks to enable reasonable meshing of the system
with structured grids. For the grid generation, body-fitted grids
are used to account for the spherical shape of the droplet. For
numerical simulations, the geometrical system is meshed with

4074 DOI 10.1002/aic

Published on behalf of the AIChE

25,000 grid cells. Simulation tests performed with various grid
cell numbers confirmed that this number guarantees stable sim-
ulation results independent of the number of cells.

The transient extraction process is calculated with a fully
implicit backward-difference time-stepping procedure. The
pressure—velocity coupling is modeled using the SIMPLE
algorithm.15 More detailed information on solution algo-
rithms of the flow simulation can be found in the CFX4.3
manual.'® For the calculation of implemented transient proc-
esses, such as droplet size change, the explicit Euler method
was used. Implementation of Marangoni convection was
achieved by use of the central difference scheme.

Process Analysis and Model Validation
Marangoni convection in ternary systems

If local surface tension gradients are induced at the phase
interface, the velocity profiles change drastically as a result
of the development of so-called roll cells at the interface.
These roll cells can significantly enhance mass transfer by
mixing of fluid elements close to the interface. Figure 3
shows the roll cells at the droplet interface for a system with
Re = 0.004. Here, the mass transfer of acetone from a tolu-
ene droplet to a continuous aqueous phase is simulated.

This irregular velocity field has a direct influence on the
concentration profiles of the transferring component in the
droplet. The usual torus-like concentration profiles in systems
with constant surface tension are completely destroyed and the
droplet contents are subjected to intense mixing (see Figure 4).

At higher Reynolds numbers, the development of Maran-
goni convection is partly suppressed. This is obvious if the
flow fields in Figure 5 and Figure 3 are compared. At the
front side of the droplet, Marangoni convection cannot evolve
because of the high velocity of the continuous phase, as
any concentration gradient of the transferred component close
to the interface, that could cause the development of roll cells,
is instantaneously leveled out by the aqueous phase flow. At
the rear side of the droplet, Marangoni convection still can de-
velop because the velocity of the continuous phase is very
small in this area. These different flow profiles at the front
and rear parts of the interface induce separation of the contin-
uous-phase flow from the droplet surface (Figure 5). As a
result of this separation, a laminar vortex behind the droplet
appears. This vortex cannot be established if the same system
is considered neglecting Marangoni phenomena.

In a further simulation study, the influence of the Reynolds
number of the continuous phase on the intensity of Marangoni
convection and, consequently, on the rate of mass transfer was
analyzed. Figure 6 shows the relative mass fractions of acetone
w/wq against the Reynolds number of the continuous phase for
both possible acetone transport directions. The w/w, values are
calculated 10 s after the process start. For the mass transfer
from the droplet to the continuous phase, the increasing veloc-
ity of the continuous phase in the system studied does not
influence the relative mass fraction for Reynolds numbers <
200. However, with a Reynolds number > 200, a considerable
enhancement of mass transfer can be observed because the
interplay of Marangoni phenomena and flow convection in the
continuous phase results in a very effective mixing of the
droplet contents. For Reynolds numbers > 300, no further sig-
nificant enhancement can be recognized.
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The situation is different for the mass-transfer direction from
the continuous to the disperse phase. Here, the mass transfer is
slowed down almost linearly with increasing Reynolds number
of the continuous phase. With higher velocities of the continu-
ous phase, fluid elements with strong concentration inhomoge-
neity are instantaneously replaced by fluid elements rich in the
transferring component, so that the development of Marangoni
convection is suppressed. Because of this suppression, the
highest mass-transfer rate can be reached at high Reynolds
numbers of the continuous phase, with the mass-transfer direc-
tion from the disperse to the continuous phase (see Figure 6).

Further analysis centered on the effect of the initial mass
fraction of the transferring component on mass transfer using
the toluene/acetone/water ternary system. The mass-transfer
direction is chosen to be from the droplet to the aqueous
phase, with a Reynolds number of the continuous phase of
0.004. Figure 7 shows the relative mass fractions 10 s after
the process start against the initial mass fraction in the drop-
let. It is evident that the mass-transfer rate grows with higher
initial mass fraction, if Marangoni convection is considered.
In contrast, this rate remains constant, if the influence of
Marangoni phenomena is neglected, that is, if the surface
tension gradient in Eq. 15 is set to zero. The intensity of
Marangoni convection increases with higher surface tension
gradients and the latter grow when concentrations become
higher. Therefore, high concentrations in the system lead to
powerful interface phenomena and enhanced mass transfer.

Marangoni convection in a quaternary system

Simulation studies were also performed for the simultaneous
mass transfer of acetone and MIPK, to analyze the interplay of
multicomponent mass transfer and Marangoni phenomena. Fig-
ure 8 shows the concentration profiles of acetone and MIPK
close to the droplet interface, after 2 s of transient mass trans-
fer from the droplet to the continuous phase, neglecting the
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onset of Marangoni phenomena. It is obvious that the mass-
transfer behavior of both components differs remarkably.
Because of low solubility of MIPK in water resulting in a high
distribution coefficient of about 10, its transport is much slower
than that of acetone, with a distribution coefficient close to 1.
For the model validation, simultaneous mass transfer of
both components, acetone and MIPK, from the droplet to the

Acetone

l 0.100000

= 0.075000
0.050000
— 0.025000

0. 000000

E‘

m_v

Figure 4. Concentration field of acetone at a single
droplet at Re = 0.004.
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Figure 5. (a) Marangoni convection (roll cells) at Re =
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continuous phase was simulated including the Marangoni
phenomena. The simulation results are compared with the ex-
perimental data (Figure 9). The error of the experimental
data is estimated to 10% of the data point value. Generally, a
good agreement is found. However, a certain systematic
deviation is seen. This can be attributed to the overestimation
of the surface tension gradient arising from the simplified
assumptions. Additional experiments have to be performed to
establish a better correlation for the surface tension gradient
of multicomponent systems. As mentioned before, the simul-
taneous influence of two transferring components on the sur-
face tension of the toluene/water two-phase system is not
described in the literature and, therefore, the overall surface
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Figure 6. Influence of Reynolds number on mass transfer.

[Color figure can be viewed in the online issue, which is avail-
able at www.interscience.wiley.com.]
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tension gradient caused by acetone and MIPK is set to the
sum of the surface tension gradients induced by the individ-
ual components.

For further studies, mass transfer of one component from
the droplet to the continuous phase is simulated, whereas
another transferring component moves either in the same or
in the opposite direction. Table 1 contains the relative mass
fractions of the components for different mass-transfer sce-
narios. First, the mass transfer of acetone in the quaternary
system was studied. If MIPK is also transferred from the
droplet to the continuous phase, the mass transfer of acetone
is enhanced compared to mass transfer in the ternary sys-

e - :

== wilh MC.
——without MC

go?
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ﬁﬂ.ﬁ
Em
03
iaz
01

0.0

0 0.02 0,04 0.08 0,08 o,
initial mass fraction wi [-]

Figure 7. Influence of initial mass fraction on mass
transfer.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Figure 8. Concentration profiles of acetone and MIPK
at the phase interface.

tem—the final mass fraction of acetone in the quaternary sys-
tem is only one third of its mass fraction in the ternary system.
When MIPK is transferred into the droplet from the continuous
phase, the final mass fraction of acetone is even lower (11% of
the final mass fraction in the ternary system). This unexpected
phenomenon can be explained by the very high solubility of
MIPK in toluene resulting in its rapid mass transfer into the
droplet. The latter brings about stronger Marangoni convection
at the interface and, consequently, an enhanced mass transfer
of acetone to the continuous phase. On the contrary, the
change in the mass fraction of MIPK is barely affected by ace-
tone, for both directions of acetone transport. The reason is the
low solubility of MIPK in water: in this type of mass-transfer
process, the transition of MIPK across the interface is the slow-
est step, which cannot be accelerated by the convective trans-
port of this component to the interface.

Further interaction effects

It was also interesting to study the influence of flow veloc-
ity on multicomponent mass transfer in a system with Maran-
goni phenomena. Figure 10 shows the difference of the rela-
tive mass fractions of acetone at Re = 0.4 and 400:

| w

w

1)

Wo IRe=0.4 Wq IRe=400

Experimant |Acetons)
VA ® Experiment (MIFK)

Mumerical Simulation (Acstong)
= Nurmerical Simulation (MIPK]

ral. mass fraction wiwi [-]

a 2 4 -] E: 10 12 14

time [s]

Figure 9. Relative mass fraction of acetone and MIPK
in a toluene droplet (Re = 200).

Simulated and experimental data.
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Table 1. Influence of Multicomponent Mass Transfer

Relative Mass

Transport of Conditions Fraction, w/w,
Acetone
wyq (acetone) Without MIPK 0.253
= 0.01 With MIPK, same direction 0.083
With MIPK, opposite direction 0.027
MIPK
wo (MIPK) = 0.01 Without acetone 0.810
With acetone, same direction 0.802
With acetone, opposite direction 0.794

as a function of time. In the toluene/acetone/water ternary
system, the mass fraction of acetone is always higher for Re
= 400 than for Re = 0.4, that is, F is always > 0. This means
that the mass transfer in the system with higher flow velocity
always proceeds faster than the mass transfer in the system
with lower velocity. On the contrary, in the quaternary sys-
tem the mass fractions at Re = 400 are higher than those at
Re = 0.4 at the beginning of the mass-transfer process. After
some 6-11 s, this trend changes, and after 15 s the mass
fractions of acetone are lower in the system with Re = 400.
The reason for this trend can be explained by the fact that
in a quaternary system stronger Marangoni effects appear than
those in a ternary system. At low flow velocities these phe-
nomena can evolve without restrictions and show a strong
influence on mass transfer. At high flow velocities, the onset
of Marangoni convection is at least partly suppressed, as
described above. This results in a slower mass transfer across
the interface for high Reynolds numbers, compared to mass
transfer in a system with Re = 0.4. As soon as the interfacial
phenomena in the system with low velocity weaken, the mass
fraction of acetone in the droplet becomes similar for both
high and low flow velocities. The strong influence of high
flow velocity in the droplet system leads to lower mass frac-
tions in the droplet after 15 s at Re = 400, as compared to Re
= 0.4. In Figure 10, the lines lie below the x-axis, if the influ-
ence of Marangoni phenomena in the system is stronger than
that of the flow velocity; in the opposite case, the values of F
are positive. We can see that multicomponent mass-transfer
effects influence not only the mass-transfer behavior of the
transferred components, but also the intensity of Marangoni

015

0,13
o1
0,08
Q.07
0,05

0,03

differenca F [-]

0,01
0,01 g

-0,03

-0.05

time [5]

Figure 10. Time-dependent differences F of acetone: (1)
without MIPK; (2) with MIPK in the same
transfer direction; and (3) MIPK in the opposite
transfer direction for Re = 400 and Re = 0.4.
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convection in a given system. These results agree well with
the experimental observations of von Reden.*'?

Conclusions

A rigorous model for the description of mass transfer and
interfacial phenomena at single droplets in liquid-liquid
extraction processes has been developed and implemented into
the commercial CFD software CFX4.3 (ANSYS Inc.). The
quaternary system toluene/acetone/MIPK (methylisopropylke-
tone)/water is used for both theoretical and experimental anal-
yses. Multicomponent mass transfer in the chosen system was
modeled using the Maxwell-Stefan equations. Marangoni phe-
nomena were accounted for in the numerical simulations, by
implementing a term for calculation of the surface tension var-
iation resulting from mass transfer. The onset of interfacial
instabilities significantly changes flow conditions at the drop-
let. The droplet content is mixed intensely, resulting in en-
hanced mass transfer across the phase interface.

Along with the theoretical modeling, experiments at single
droplets were carried out in a measuring cell for validation
purposes and for testing the model quality. Especially for
quaternary systems, experimental data for mass transfer are
very rare in the literature. The simulation results were com-
pared with the data obtained from experiments. The good
agreement between simulation and experimental results
proves the model predictivity.

In simulation studies, the influence of the flow velocity of
the continuous phase on Marangoni convection was studied.
With increasing Reynolds number of the aqueous phase, the
onset of Marangoni phenomena is partially suppressed. At
the front part of the droplet, concentration gradients cannot
develop because fluid elements close to the interface are im-
mediately swept away by the aqueous phase.

Further studies show that both mass-transfer direction and
initial mass fractions of the transferring components have
significant influence on the intensity of Marangoni phenom-
ena. In multicomponent mass transfer, interfacial instabilities
appear at lower initial mass fractions of the transferring com-
ponents and are stronger than those in the corresponding ter-
nary systems. These results agree with the experimental
observations of von Reden.>!? Thus, the developed model is
able to mirror the complex interacting phenomena at single
droplets surrounded by a continuous phase and helps in
understanding the interactions between multicomponent mass
transfer, hydrodynamics, and interfacial phenomena in lig-
uid-liquid extraction processes.
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Notation

A =
a =

area, m’
distance from the interface, m

2:-—»—1(?77"5—3

= molar mass of component i, kg/mol

= system pressure, kg/(ms?)

= droplet radius, m

= Reynolds number, u;,3R(t = 0)/u
cylindrical coordinate in radial direction, m
time, s

velocity vector, m/s

= mass fraction

Greek letters

0 = cylindrical coordinate in circumferential direction, degree
1 = viscosity, m>/s
p = density, kg/m®
o = surface tension, kg/s2
Indices
0 = initial value at t = 0
i = component i
in = value at system inlet
p = disperse phase
r, 0 = cylindrical coordinates
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(W) = vector of mass fractions, mol/m>
[D] = matrix of diffusion coefficients, m?/s
J; = molar flux of component i, mol/(m®s)
[M] = matrix of distribution coefficients
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