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Abstract—The present paper seeks to provide an understanding of the possible effect of
interaction between emulsion globules, on batch extraction, utilising emulsion liquid mem-
branes. The conventional reversible model of Bunge and Noble (1984) considers an isolated
globule, for explaining type-1, reaction-facilitated transport. Their basic approach has been
extended here through Monte Carlo simulation of a system of emulsion globules, interacting via
coalescence-redispersion. Collision of such an interacting pair results in internal circulation in
membrane phase of globules and causes mixing of solute existing therein. This translates into
faster solute penetration inside the globule. Hence, solute depletion rate in the external phase is
enhanced, over and above that of a diffusion-limited reaction. In experiments, at high stirring
speeds involving extraction of weakly basic amines with a strong internal phase acid (Baird
et al., 1987), this trend has been observed during the initial period. A further shortcoming of the
reversible model is that it overpredicts the maximum extraction achieved in these experiments,
which is corrected by introducing leakage of internal drops during redispersion. © 1998
Elsevier Science Ltd. All rights reserved.

Keywords: Emulsion liquid membrane; solute extraction; reversible reaction; coalescence-
redispersion; leakage; Monte Carlo simulation.

1. INTRODUCTION
Emulsion liquid membranes (ELM) have been used
extensively (Ho and Li, 1992) for extraction of diverse
kind of solutes and also in multicomponent separ-
ation. Of particular interest in these applications is to
utilise the large interfacial area for increasing the
extraction rates of diffusion-limited systems and to
achieve both enrichment and stripping in a single step.
To this end, a water-in-oil or oil-in-water emulsion
prepared a priori, is dispersed in an immiscible ex-
ternal phase under agitation, producing emulsion
globules. The resulting ELM system—either of the
type W/O/W or O/W/O, thus consists of three phases.
A formulation such as above, is designed to extract
solutes from the external phase into an internal one.
Two general techniques are available for enhance-
ment of mass transfer rate of solutes in these primarily
diffusion-controlled systems. One approach in
W/O/W systems for example, is to transport the sol-
ute from the external aqueous phase across the oil
medium of the globule (membrane phase), and then
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subsequently react it with a reagent in the internal
water drops. This is known as type-I facilitation. On
the other hand, for solutes insoluble in oil (e.g. metal
ions), an extractant has to be used in the intervening
membrane phase, which binds and releases the solute
at the external and internal interfaces successively,
allowing diffusion of the solute-extractant complex
through the liquid membrane. This approach consti-
tutes type-II facilitation.

Predictive studies concerning extraction in either
kind of facilitated-transport, so far, have relied on
modelling of a single emulsion globule as a represen-
tative of the whole system (Ho et al., 1982; Bunge and
Noble, 1984; Chan and Lee, 1987; Borwankar et al.,
1988). Models with this approach have evolved to-
wards refining the treatment of transport and reaction
in an isolated globule; disregarding however the phe-
nomenon of coalescence between globules and their
breakage, which results in exchange and mixing of
solute content of different globules present in a sys-
tem. Thus, modelling of solute extraction in ELM by
analysing a single globule is perhaps inadequate and
therefore requires consideration of a number of such
interacting globules together.
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Existing literature on extraction models for type-I
facilitation clearly demonstrate the superiority of the
reversible reaction model of Bunge and Noble (1984);
in comparison to the advancing front treatment of Ho
et al. (1982), which assumes irreversible reactions,
especially towards the end of batch extraction. Both
these models are based on diffusion of solute through
the membrane. However, the approach in reversible
model of depicting the reaction between solute and
internal reagent to be reversible is more realistic, and
forms our starting point. Further improvements on
these models (Kim et al., 1983; Stroeve and Varanasi,
1984; Chan and Lee, 1987) consider extraction to
occur through a series of mass transfer resistances in
the external and membrane phase. The external phase
mass transfer resistance can however be neglected at
high stirring speeds, but not frequent coalescence and
breakage, which on the contrary are promoted by
agitation.

A convenient method towards description of inter-
actions in the dispersed phase is the framework of
population balance equations (PBE). However, the
reversible model itself requires computation of the
solute concentration profile in a globule, which typi-
cally being around 0.1-2 mm in diameter, cannot be
regarded as well mixed because of slow membrane
phase diffusion of solute. A population balance ap-
proach therefore has to incorporate both the size
distribution of globules as also the existing concen-
tration profile in each of them. Solution of such a
multivariate PBE would be too difficult to attempt.
Consequently, recourse to Monte Carlo simulation is
taken in this study to describe interaction in a system
of globules, and in conjunction, the reversible model
is solved for each individual globule. A further
aspect of importance in membrane extraction is leak-
age of internal droplets into the external phase, result-
ing in decreased extraction efficiency. The leakage
phenomenon has been incorporated in existing diffu-
sion—reaction models as a continuous flux of internal
droplets from a single globule (Chan and Lee, 1987,
Borwankar et al., 1988). However, in a model of
a single, stable globule, this should be accounted
only during intermittent globule break-up. Therefore,
the task of the present model is to include the effect
of globule—globule interaction; by combining
membrane phase mixing and exchange of globule
contents along with leakage of internal droplets, in
order to interpret batch extraction data in an ELM
system.

2. MODEL DEVELOPMENT

2.1. Simulation scheme

We now proceed to elucidate the technique of
Monte Carlo simulation followed in the present work.
Essentially, we have utilised the concept of quiescence
interval, developed by Shah et al. (1977) for a partic-
ulate system. Their implementation involves genera-
tion of the random time instants, when an evolving
multiphase system undergoes an abrupt change in the
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dispersed phase attributes, due to such events as for
example, coalescence and breakage. In the present
context, these discrete birth—death mechanisms alter
the state of the participating globules, which being
subject to turbulent agitation interact randomly.
Thus, volume and solute content of these globules
may change by a discrete amount. These processes in
turn affect all the globules but at different times.
Furthermore, internal phase hold-up of a globule is
also altered if leakage occurs during its break-up.
Apart from these intermittent changes, all the globules
are further subject to smooth alterations in their re-
spective solute concentration profile due to diffusion
and reaction.

The effect of polydispersity of globules on batch
extraction has been investigated by Lorbach and
Hatton (1988), and shown to be not significant. Ac-
cordingly, the extracting system is simulated by fol-
lowing the temporal evolution of N monodisperse
emulsion globules, along with the associated external
phase containing the solute. In order to preserve the
monodisperse condition, we have treated the dispar-
ate coalescence and breakage steps as a unified coales-
cence-redispersion event, first proposed by Curl
(1963) for dispersed drops.

We, therefore, use a binary coalescence frequency,
assuming redistribution of coalesced globules into
two equal halves to be instantaneous. To this end, we
generate the coalescence time intervals(quiescence in-
tervals) for the simulated system, denoted by Tg;
assuming that any pair of globules has a volume-
average binary coalescence frequency ¢, independent
of their volume and physical properties. One then has
to identify the pair of globules which undergoes the
designated coalescence redispersion at the end of this
time interval, and recalculate their concentration pro-
file and hold-up, after accounting for leakage. Thus,
number and volume of globules remain constant. The
system is updated after each coalescence redispersion
by keeping track of hold-up and solute concentration
profile in each globule, till the simulation clock
reaches the desired extraction time. Simulation runs
can be replicated until the ensemble—averaged extrac-
tion profile shows no further change.

Now, if we follow a single globule in time, it can
undergo coalescence with surrounding globules in
the reactor at a frequency of gN,, where N, is the
number density of globules. However, due to random-
ness of pairwise interactions, this frequency would be
maintained only on an average for each globule. For
the simulated system of N globules, this implies that
on an average, a total of 3¢N,N coalescence events
occur per unit time. The factor 4 appears, since, each
coalescence involves selection of two globules from
the system of N such globules. This would preserve,
independent of system size N, the requirement that
any globule should be interacting at a frequency of
qN,.

The quiescence time interval Ty is a random vari-
able and is known to follow an exponential distribu-
tion with mean 1/g;, where g is the total coalescence
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frequency for N globules, given by
qar =3qN,N. ey

Therefore, the probability that none of the N globules
undergo any coalescence in time t, (a sample value of
Tp) is given by

Pr0< Ty <ty =1—exp[ —qripl.  (2)

Inverting the cumulative distribution we get the ran-
dom, quiescence time intervals as

In(1 — u)
to . ©)
where u is obtained from an uniform random number
generator between 0 and 1.

Now, the total number of possible collision pair c is
given by, 4 N(N — 1). Hence, the probability that any
jth and kth globules coalesce, given that a coalescence
event is due, is

Prix =(j,k)|Tg=tol =¢, 1<j, k<N (4

since each pair has equal coalescence probability.

To identify this pair (j, k), we generate a second
random value of u, and compare with the above
probability to obtain x. The relevant globules are then
allowed to undergo coalescence-redispersion. In the
following section, we describe the model equations
solved in the above simulation format.

2.2. Model equations

The model equations have been written for extrac-
tion of a weak base (BOH), using a strong acid (HA)
as the internal reagent, for monodisperse globules. In
the reversible model, the emulsion globule has been
picturised as a spherical oil drop with micron-sized
aqueous droplets dispersed uniformly throughout the
globule. The solute from the external phase diffuses
through the oil (membrane) phase and reacts with the
internal reagent present in the internal drops, via
a reversible reaction. This may be written as

BOH + H" =B* + H,0. (5)

As a result, a solute concentration gradient devel-
ops in the membrane phase of all the globules. Due to
incompleteness of the reversible reaction, unreacted
solute can be present right upto the globule centre.
The equation describing the concentration profile of
BOH in the membrane phase of jth emulsion globule
is obtained by adapting the reversible model (Bunge
and Noble, 1984):

0
— [BOH],,;
5, LBOHL. j

Dug @ [, 0
_ 2t 2 (2 £ [BOH],, ;
12 or <r or [ s

1 —fui\/0 0 .
—< ><& [BOH]; ; + " [B ]i,j)a

fm,j 6

j=1,N. (6)
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Now charge balance in the internal phase requires
[H*],;+[B*],;=[OH ],;+[A ], (7

Since extraction is generally carried out using a strong
mineral acid (e.g. HCI) in the internal phase, dissocia-
tion of water is suppressed by the former and there-
fore,

[OHi:li,j<<[A7:|i!j.
So eq. (7) reduces to
[H');+[B"];=[A"1,;=[A] (®)

there being no change in the concentration of inert
species, A, either due to extraction or leakage, and
remains same for all globules.

Furthermore, equilibrium constant for reaction (5)
is

Ky (BT,
K=K, T BOHI, [HT,,” )
Combining eqs (8) and (9) we have
K[BOH]; ;[A"]?
[B*]:; = K[BOH];, [A"]7 (10)

1 + K[BOH], ;

The high interfacial area of the globules and also that
of internal drops results in instantaneous transfer of
BOH across interfaces. In each globule, the dispersed
aqueous drops would hence be in local equilibrium
with the corresponding spatially varying membrane
phase solute concentration. We therefore use the fol-
lowing equilibrium partition constant to relate BOH
concentration at membrane—drop interfaces through-
out the globule:

_ [BOH],;

Kim = BOHT. - (11)

Therefore eq. (6) on using eqs (10) and (11), reduces to
1 <1 — fom. j>
Ki,m fmJ

K[A™T?
[BOH],. ;|2
i+ M|

i,m

0
— [BOH],, ;| 1
= [BOH, | 1+

x| 1+

_Deff 8
o or

<;~26[BOH] > i=1,N. (12
or mej ) )=

The above equation is same as that of the reversible
model. The relevant initial and boundary conditions
for eq. (12) are

t=0, [BOH],;=0 (0<r<R) (13)

r=0, % [BOH],, ;=0 (t=0) (14)

r=R, [BOH],,;=K;,[BOH], (t>=0). (15)
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For all the globules f,, j|;=o =f 5, given in Table 2,
and for monodisperse globules R = R3, which repres-
ents the radius of a characteristic globule having same
ratio of volume to surface area as that of the whole
globule population.

In order to obtain external phase solute concentra-
tion we consider the following additional mass bal-
ance equation, comprising of the N globules:

VA[BOHIZ + [B*]¢)

= V.([BOH], + [B"],) + ). | [([BOHI,;
0

+[B™1.,)(1 —f,;) + [BOH1,, ; f, 147> dr
(16)

where

4 fo
VO=N_ R .
300 (0—h)

(17)

After the (j, k) pair coalesces, at the time given by
eq. (3), the membrane phase constituents of the two
coalescing globules mix during the fusion step. How-
ever, the internal drops are not subjected to any
collision with each other and therefore remain phys-
ically isolated. As a first step we assume the mem-
brane phase mixing to be completed in the fused
globule. Hence, the pre-existing solute concentration
profiles in the membrane phase of the individual,
interacting globules are abolished, resulting in an uni-
form membrane phase concentration throughout the
transient, bigger globule. Furthermore, as required by
the instantaneous nature of the reversible extraction
reaction and BOH partition coefficients, membrane
phase BOH concentration in this new globule
achieves rapid equilibrium with the internal phase
BOH and B* concentrations. As a consequence, we
allow all the internal drops to achieve a solute concen-
tration in equilibrium with the surrounding, uniform,
membrane phase solute concentration. Mixing of the
membrane phase solute and its equilibrium-redis-
tribution with the internal phase is assumed to be
instantaneous and no mass transfer from the external
phase occurs during that period. This uniform mem-
brane concentration in the transient globule, called
[BOH],..,, is obtained from the following equation:

[((BOHT:,: + [B*1i.) (1 — fun.e) + [BOHL( fun. IV
=T= E [((BOH];; + [B"]:))
X (1 = fu.;) + [BOHI,, j fon, j147r* dr
+ :Ij [((BOHT;x + [B* 1) (1 — fon.r)

+ [BOH],. i fou.i J4mr* dr
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where
V,=2%4nR> (19)
and
;n, i+ m,
fni = Ufff") ) (20)

According to previous assumption, leakage occurs
when the transient globule redisperses into two equal
halves. In absence of any suitable hydrodynamic esti-
mate, we have assumed that a fixed volume fraction of
the internal phase v, , leaks out during redispersion of
the coalesced globule. The volume of internal phase
leaked out is given by

Vi=v(l —fud Vi 21

with an associated amount of solute,

L = V/([BOH];, + [B"]..). (22)

Fractional change in volume of daughter globules due
to leakage will be vgN, (1 — f,,)t, which will generally
be small, and change in radius will be even smaller.
The radius of redispersed globules therefore is as-
sumed to remain unchanged by leakage. The external
phase volume after leakage V., however is updated by
adding the leaked volume V;, to the prior-leakage
external phase volume V,. The new concentrations in
the external phase are also recalculated, taking the
leaked components into account, on satisfying eqs.
(23)—(26).

Mass balance of solute:

Vo([BOH], + [B"];) = V.((BOH], + [B"].) + L.

(23)
Charge balance:
[OH L.+ [A L=[H'l.+[B'l. (24
where
Ve[ATl =V [A™]. + V[ATY (25)

along with dissociation constant for the base and
water,

_[B*LL[OH T, [
Kb_W5 Kw_[H ]e[OH :Ie'
(26)

The daughter globules also emerge with identical sol-
ute concentration in the membrane phase and an
equilibrated solute content in the drops, with no
gradient in either phase. However, the new uniform
concentration is different from the transient, parent
globule due to leakage. This is obtained as follows:

[([BOH];.a + [B*1i.a)(1 — fun.d)

T—-L
+ [BOHlu.a fnalVi = —5— 27)

2
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where
W= = fu ) Vi — (1 = fui)Vi)
fona = Taan (28)
and
V,= Vi 29
= (29)

Of course, subsequently, mass transfer from external
phase allows gradients to be set up in each of these
globules, until they encounter any further collision.

Thus, we do not allow intermixing of the internal
drops in a globule, during coalescence. Rather it is
only through the above postulated mechanism that all
the internal drops attain the same uniform concentra-
tion after redispersion.

Now, all the globules start with same volume frac-
tion of membrane phase. Interestingly, however, due
to the random nature of the coalescence-redispersion
process, any globule would undergo different number
of such events and at different times, and hence would
loose variable amount of internal phase via associated
leakage. Correspondingly, membrane volume fraction
in a globule increases and thus a distribution in
volume fraction develops with time. Equation (28)
implies that any two interacting globules j and k, with
different membrane phase volume fractions, emerge
with the same membrane volume fraction f, 4,
of daughter globules, which is reassigned after redis-
persion to the indices j and k. Therefore, a distribution
in membrane volume fraction would exist in the
extractor.

The partial differential equation (12) has been non-
dimensionalised and discretised using finite difference.
The resulting initial value problem has been solved by
Runge-Kutta method with a time step of 0.1 s for
monodisperse globules. Simultaneously, eq. (16) was
satisfied as a mass balance constraint at each time
step, to obtain the external phase solute concentration
([BOH], + [B*].) with time. The changes in the in-
teracting globules and the external phase, due to co-
alescence and leakage occurring at time intervals
given by eq. (3), were calculated by using egs (18), and
(22)-(27).

3. RESULTS AND DISCUSSION

The new model has been used to compute the
extraction profiles of weak organic bases like amines
for the experimental conditions of Baird et al. (1987).
HCI was used as the internal reagent for facilitating
the solute transport. These predicted profiles have
been compared with the reversible model predictions
of Baird et al. (1987) in Figs 1-3. The coalescence
frequency ¢ and leakage fraction v, , appearing in the
present model, are treated as adjustable parameters.
These and other relevant parameters for simulation
are given in Tables 1 and 2. An estimate of ¢ obtained
from the empirical equation of Laso et al. (1987), for
the enlisted experimental conditions is of the same
order. The leakage coefficient v, presently used, on

2803
1.00
Experimental :
eeee [80H]’ +[87=0.0025 M
0-80 [Hcd =01M
E ——— Reversible model

w o Present model
. 0-60} — — Present model ($=0)
o o
£ E
P E
c F
o C
£ 0.40F
O C
“ -
- L
x E
w r

0-20F

0.00: TN S T T S U T S S S S S S S NS S A B B B

0.00 1.50

Dimensionless time, T
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Table 1. System parameters of Baird et al. (1987)

System p- m- 4-chloro
parameters Toluidiene Toluidiene aniline
Ky 39 39 5.8
Kin 39 39 5.8
K(x10~*mol I 12.02 5.37 1.4
&i(x 1017 m?s™1)
(At 2.5x 1073 M) 0.875 1.025 1.327
(At 1.1x 1073 M) 1.2 1.35 -
E(f)
(At 2.5x 1073 M) 0.0755 0.098 0.155
(At 1.1x 1073 M) 0.0065 0.014 -

*Calculated according to Bunge and Noble (1984), using aqueous and organic-
phase diffusivities reported by Baird et al. (1987).

Table 2. Experimental and simulation parameters

Parameters Values
N 500 rpm
fo 0.64
Jo 0.94
N, 547%x108m™3
A 70 01M
([BOH] + [B*])° 25%x1073,11x1073M
R3, 3x107*m
q Tx10712m3s7!
v 0.02
N 100

multiplying with g, and number density of globules
N,, provide an equivalent estimate of continuous
leakage coefficient of a single globule used in previous
models (Chan and Lee, 1987; Borwankar et al., 1988).
The resulting coefficient, vgN,, for our case is of the
order of 107351,

Tracer experiments have been carried out
(Nakashio, 1993), to directly measure the extent of
leakage for different surfactants. For an almost similar
membrane type and composition (nature and concen-
tration of surfactant), as that used by Braid et al.
(1987). Nakashio (1993) report a value of the same
order as obtained from the current model. We, how-
ever, cannot utilise the exact value of Nakashio (1993)
due to differences in membrane composition (e.g. sol-
vent oil) and in operating variables. Borwankar et al.
(1987), on the other hand, had to devise a time depen-
dent leakage parameter, for explaining their experi-
mental data. Their leakage coefficient was increasing
with time, which was not properly substantiated
from a physical standpoint. Furthermore, they per-
formed experiments at a much lower stirrer speed of
150 r.p.m., resulting in a significantly lower fitted
value. Contrary to this Braid et al. (1987), did experi-
ments at 500 r.p.m., where one expects more leakage,
as the globules experience increasing shear with in-
crease in agitation. This trend of leakage with r.p.m.

has been verified by Terry et al. (1982), while reporting
leakage rate fitted to their own experimental data. For
an agitator speed in the range of 520 to 535 r.p.m., it is
of the same order as found from the present model. In
fact, no model exists to predict the leakage coefficient
a priori. However, our estimated parametric value
compares favourably with the above mentioned ex-
perimental data of previous workers.

For all the dimensionless solute concentration—
time plots (E vs 1) of different amines shown (Figs
1-3), the reversible model underpredicts the extrac-
tion at small residence time but overpredicts towards
the end. However, the simulated curves from the pres-
ent model, are able to represent the experimental data
more closely, throughout the whole extraction period.
Such an improvement is due to the incorporation of
interaction and leakage in the reversible model. This
has been explained below.

The sole effect of coalescence-redispersion on ELM
extraction can be seen from Fig. 1, on comparing the
reversible model results with the simulated curve in
absence of leakage (v = 0). This comparison shows
that the above phenomena improves prediction at
small extraction times but diverges subsequently from
the experimental points. This is true for all the systems
considered here and the improvement can be ex-
plained as follows. Globules undergoing interaction
attain a uniform value of [BOH],, temporarily, due to
complete mixing of globule’s membrane contents
through internal circulation. The net effect is that the
solute penetrates faster inside the globule and reacts
therein. As a result the effective reaction rate, other-
wise limited by slow membrane-phase diffusion, is
considerably enhanced. Effect of this enhanced solute
penetration is seen to be quite significant for big
emulsion globules (R = R3, = 3 x 10~ *m) in consid-
eration here. Furthermore, the post-coalescence aver-
age [BOH],, in the coalescing globules will be less
than the pre-coalescence value of [BOH],,|,—. This
would have been true even in absence of any internal
reaction. Both these effects combine to give a steep
concentration gradient at the globule-external phase
boundary, increasing subsequent solute flux. Thus,



Batch extraction in emulsion liquid membrane

faster extraction results, compared to the isolated
globule considered in the reversible model. Interac-
tion thus causes a quicker approach towards the equi-
librium-limited final extraction E®. This value is same
as that obtained from the reversible model for a single
globule.

As discussed above, coalescence-redispersion alone
cannot explain all the experimental features. The re-
versible model used by Baird et al. (1987), in absence
of leakage, expectedly predicts the equilibrium-limited
extraction E* to be achieved, if sufficient extraction
time is allowed. In contrast, the maximum experi-
mental extraction in figures 1-3 is seen to be much
less than E®. For example, for 4-chloroaniline, Table
1 shows the maximum possible theoretical extraction
to be 84.5% , for an ELM system with the tabulated
concentration and volume fraction. However, in the
experiment, only about 76% extraction (Fig. 1) has
been achieved. This discrepancy points to the pres-
ence of some mechanism attributing to loss in ex-
traction, which becomes dominant than the normal
diffusion rate towards the end. Therefore, we have
incorporated the leakage model to explain the experi-
mental results particularly towards the end of batch
extraction. In this event, previously extracted BOH
and B* is transferred back to the external medium.
Even though leakage occurs intermittently from the
beginning, the resulting loss assumes importance only
when the internal drops become rich in solute. Thus,
the present model which incorporates leakage, pro-
vides a more reliable estimate of the final extraction
for these experimental data. The extent to which leak-
age is important is evident from Fig. 1, where it
becomes significant at large batch residence time. The
combined effects of coalescence and leakage thus pro-
vide a significant improvement of results obtained
from the present model, in contrast to the basic re-
versible model. However, in both the Figs 2 and 3, we
notice an upward movement of the extraction profile
towards the end, for external solute concentration of
1.1 x 10~ 3 M. This follows from leakage, which in its
role of reducing extraction, assumes more significance
for lower external concentration.

So far, it has been assumed that every collision
leads to coalescence. Furthermore, we have allowed
a complete mixing of the membrane phase contents of
the fused globule during the dimer life time, so that the
redispersed globules emerge with the same and uni-
form [BOH],, concentration. Thus, an exchange of
solute of the interacting globule occurs implicitly.
However, the presence of surfactants may result in
partial fusion and smaller dimer life time, due to
reduced coalescence efficiency. In the extreme situ-
ation, there would be no fusion and exchange at all
and the colliding globules would just drift apart with
new but different uniform concentrations. Individual
internal mixing however, would be possible due to
circulation currents set up by the labile surfactant
layer during impingement. This possibility prompted
us to delineate the separate roles of individual mixing
and mutual exchange during globule interactions. We
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accordingly, allowed only collision with complete
mixing but no fusion and solute exchange. In case of
monodisperse globules, we did not observe any dis-
cernible effect of exchange added to that of individual
mixing. This probably reflects the initial equality of
reactant content for monodisperse globules, and the
subsequently same diffusion-reaction rate until any
interaction. In order to overcome this limitation of the
monodisperse population, we sampled same number
of globules (N = 100), from a symmetric normal dis-
tribution of globule volume. The volume of each sam-
pled globule V,, is obtained by acceptance-rejection
technique from a normal probability density function,
given by,

f(Vy) =

(Vg* V10)2:| (30)

1

ex
N p[ 2%
where Vi, is the mean volume of the sample. For
preserving the sauter-mean radius of previous mono-
disperse population (Figs 1-3, R3, = 3x 10~ *m),
we have used for the normal distribution a value
of Vip=112x10"1"m3, corresponding to Ry =
2.99 x 10~*m, in the above equation. The resulting
sample of 100 globules obtained from eq. (30) then has
the same sauter-mean radius of 3x10™*m. For
a sample calculation, a value of ¢ = 3.35x 10~ 1! m?,
was used as the standard deviation of globule volumes
in eq. (30). So the sampled normal distribution has
a coeflicient of variation of 0.3. To simplify the redis-
persion step, we have preserved the volume of interac-
ting globules, through unequal breakage. As a result,
the volume of individual globules do not change dur-
ing a simulation run; and the previous model equa-
tions can be used, by using a variable globule radius
and volume.

Figure 4 shows the results for a normally distri-
buted globule volume, without any leakage. Here too,
extraction profiles for the two situations of exchange
and no-exchange of solute were same, and therefore is

1.00
Experimental :
eeee[BOH]. + [B77=0.0025 M

0-80 [Hct]=01 M
w i
c a
° o
b F —— Present model (9=0)
g 0.-60 a ——— Normal Dist.(with exch.,»=0)
c F
S E
b o
o 0-40F
- -
* E
w F

0-20F

000F s v v v v v U

0.00 0-50 1.00 1.50

Dimensionless time, T

Fig. 4. Effect of a normal globule volume distribution (with
exchange) for 4-chloroaniline extraction.
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not shown separately. The obvious conclusion is that
fusion and exchange during interactions is not of any
importance to predict extraction rates, whereas, inter-
nal mixing caused by internal circulation is important.
The effect of the theoretical normal distribution is
also not significant on extraction rate, when one re-
cognises sauter-mean radius as the characterising
globule dimension. The same conclusion has been
arrived at by Lorbach and Hatton (1988) for a similar,
nearly symmetric, but empirical globule radius distri-
bution.

4. CONCLUSION

Our model focuses on two mechanisms bearing
profound influence on ELM extraction, especially at
higher agitation speeds. First of all, random coales-
cence and breakage of emulsion globules which is
inevitable in a turbulent field, and hitherto completely
relegated in extraction models, has been included for
the first time. Instead of modelling a single globule, we
simulate a batch system as a collection of emulsion
globules interacting via random coalescence-redisper-
sion. Therefore, we have been able to overcome the
limitations of existing models, which deal with a single
isolated globule. Moreover, accounting of internal
phase leakage has been rationalised in this model,
which so far was treated as a continuous drainage
of droplets from a single globule into the external
medium, without citing proper reasons thereof. In
contrast to such an ad-hoc description, we have repre-
sented leakage from a globule as a discrete process,
occurring only at the instant of redispersion. The
present approach of Monte Carlo simulation includ-
ing the above two phenomena has provided a signifi-
cant advancement over the reversible extraction
model of Bunge and Noble (1984). A much better
explanation of experimental data of Baird et al. (1987)
is thus possible with the present model. The model
predictions shown are for monodisperse globules un-
dergoing fusion, and solute exchange during interac-
tion. However, the results did not change on relaxing
these assumptions. Although we have illustrated the
extraction of weak bases, like amines, facilitated with
a strong internal phase acid; other systems can be
accommodated in the present formulation without
any loss of generality.

NOTATION

[A7] concentration of anion, mol m~3

[B*]  concentration of dissociated base (disso-
ciated solute), mol m ™3

[BOH] concentration of undissociated base [undis-
sociated solute), mol m ™3

¢ total number of collision pairs

Dge effective diffusivity in globule, m? s~!

E ([BOH], + [B*1)/A[BOH], + [B"1.)",
dimensionless external phase solute
concentration

f normal probability density function of glob-

ule volume, m 3

R. Bandyopadhyaya et al.

J volume fraction of external phase

I volume fraction of globule occupied by the
membrane phase

K reaction equilibrium constant, mol ! 1

K, dissociation constant of base, mol 17!

K, solute partition coefficient between the

membrane and external phases

Kin solute partition coefficient between the
membrane and internal phases

K, dissociation constant of water, mol? 172

L moles of solute leaked, mol

N total number of globules used in simula-
tion

N, number density of globules in the dispersion,
m-3

N, agitator speed for experiment, rpm

q volume-average coalescence frequency of
a single globule, m3s ™!

qr total coalescence frequency of N globules,
s~ 1

R;, sauter-mean radius of w/o emulsion globule,
m

Ryo mean radius of w/o emulsion globule, m

r radial distance from globule centre, m

T total mass of solute in transient globule, mol

Ty random variable, for quiescence time inter-
val

t time, s

to value of random quiescence time interval
To,s

u uniform random number between (0, 1)

V, volume of daughter globules, m?

v, volume of external phase associated with
N globules, at any time, m3

| volume of single globule, m?

V volume of internal phase leaked, m?

v, volume of transient globule, m?3

Vio mean volume of exponentially distributed

globules, m?
X bi-variate random variable indicating glob-
ule indices for collision
concentration of hydrogen ion (internal re-
agent), mol m~?
[OH™] concentration of hydroxyl ion, mol m~

[H"]

3

Greek letters

v volume fraction of internal phase drop
leaked

G standard deviation in globule volume, m?

T dimensionless time used in Figs (1-4)
(Dee/R3,)

Subscripts

d daughter globules upon redispersion

e external phase

i internal phase

J. k globule index in simulation

m membrane phase

t transient globule upon coalescence of pair

(J» k)
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Superscripts

) terms after leakage

0 initial value

o0 final equilibrium value
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