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TRANSPORT PROCESSES IN LIQUID MEMBRANES:
DOUBLE EMULSION SEPARATION SYSTEMS

Pieter Stroeve and Padma Prabodh Varanasi
Department of Chemical Engineering
University of California
Davis, California 95616

INTRODUCTION

The field of membrane technology is currently undergoing a rapid
expansion of the areas of both research and industrial separation
techniques. Developments in membrane technology have been guided by
the need to develop relatively simple but highly selective separa-
tion techniques that are economically attractive when compared to
other separation processes. An area of current interest is the use
of liquid membranes to separate species or to control mass transfer
rates. Liquid membranes can be manipulated to selectively separate
a specific solute from a mixture, and even to extract a solute
against its concentration gradient by coupling its flux to the flux
of another solute or by coupling to another external force across
the membrane such as an electrical field.

The advantage of using a liquid membrane over a solid polymer mem-
brane is that the diffusion rates of species in a 1iquid are con-
siderably larger than those found in solids, and further, the solu-
bility properties of 1iquids offer a wider range of possibilities
than normally found with solids. A disadvantage is that liquid
membranes are inherently less stable to mechanical forces than
solid-type membranes. In general, liquid membranes are either sup-
ported or unsupported.

29
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Supported 1iquid membranes can be held in a porous structure or
bounded on either side by two thin polymeric films. The former
method of support is more common and the porous structure can be a
porous polymer membrane or filter paper. The liquid membrane can be
either in the form of a flat plate or in tubular shell geometry as
is shown in Figure 1. Ward and Robb] were probably the first investi-
gators who applied liquid membranes containing carriers to possible

industrial separation processes.

Unsupported liquid membranes are usually in the form of double emul-
sion drops. The addition of surfactants is necessary to stabilize
the drops. Figure 1 shows an example of a water/oil/water (W/0O/W)
system. For the W/0/W system it is the immiscible oil phase, separ-
ating the two aqueous phases, which is the 1iquid membrane across
which selective diffusion takes place. For a 0/W/0 system, the
Tiquid membrane is the immiscible water phase which separates the
two oil phases. It is in principle possible to devise other systems
such as W/0/0 if the two oil1 phases are immiscible. The subdrops
contained in the larger drop of the membrane phase can also be sub-
stituted by a solid phase. However, such systems have not yet been
studied.

The phase contained in the subdrops is often referred to as the
encapsulated phase. Its primary purpose is to serve either as a

sink or source solutfon. In separation processes it serves primarily
as a sink for the removal of species from the continuous phase. In
certain controlled release applications, e.g., controlled release of
drugs, the encapsulated phase can serve as a source.

The use of double emulsion drops as separation media was first pro-
posed by Liz.'3’4 The advantages of the unsupported form of liquid
membranes is that the surface area to volume ratio can be made large
by using smaller drops. Further, the reagent phase contained in the
subdrops can be made into sinks by the introduction of reactants
which combine irreversibly with the species to be separated from the
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continuous phase. The reaction is chosen in such a manner that the
product is retained in the reagent phase due to poor solubility and
Tow diffusion rates in the liquid membrane phase. The irreversible
reaction, if kinetically fast compared to diffusion rates, causes the
concentration of the diffusing species inside the subdrops to be low,
effectively maximizing the concentration gradient across the 1iquid
membrane.

In either form of liquid membrane, supported or unsupported, the
addition of reversible carrier compounds into the 1iquid membranes,
which are constrained to remain within the membrane phase, can con-
siderably increase the mass transfer rate of a particular species.
In addition to the requirement that the carrier compound complexes
reversibly, selectively and rapidly with the species to be separated,
other desirable characteristics are that the carrier and its complex
have a large diffusivity, and that the carrier can be dissolved in
large concentrations in the membrane phase while it is insoluble in
the adjoining phases. Considerable work has been reported on using
carriers in facilitated transport,5 co-transport,6 and counter-
transport systems.7 It is the use of carriers which has made the
industrial utilization of 1iquid membranes more attractive.

Transport processes in supported 1iquid membranes have been succinctly
discussed in a number of papers, for example by Smith et a].g and

Way et a].]o In this article the problem of transport processes
occurring in unsupported membranes will be addressed. In particular,
the effect of drag forces on the stability of double emulsion drops
and the modelling of mass transfer in double emulsions will be dealt
with.

HYDRODYNAMIC STABILITY

The problem that is inhibiting the application of double emulsions
in industrial equipment is the stability of the drops in contacting
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equipment, i.e. mixers, pumps, etc. At present, the widespread use
of double emulsions as a separation system in industrial processes
has not yet been possible due to problems of stabi]ity.]] An under-
standing of the hydrodynamic stability of double emulsion drops is
necessary to logically set operating conditions for contacting
equipment.

Actually the stability of double emulsions can be of at least two types:
thermodynamic and hydrodynamic. In reality, no emulsion is thermo-
dynamically stable. The emulsion drops always tend to coalesce so

as to reduce the total interfacial area. The surfactant that is

added to the membrane phase in the nreparation of these emulsions

can substantially, though not complietely, reduce the coalescence

rate. The residence time of these emulsions in the mixing equipment

is short enough so that the thermodynamic stability is not the cru-
cial factor in the design of equipment.

On the other hand, the hydrodynamic stability can play a vital role
in the design of equipment used with double emulsions. Hydrodynamic
stability is a measure of the resistance offered by the emulsion
drops to the viscous and inertial drag forces acting on them due to
the motion of the continuous phase. When these drag forces exceed
the resisting forces (mainly surface tension forces), the drop
breaks. The consequence of the breaking of double emulsion drops

is the liberation of some of the encapsulated solution into the con-
tinuous phase which leads to a reduction in the extraction efficiency
and extraction rate. An understanding of the stability of double
emulsions when subjected to hydrodynamic forces is necessary to set
the correct operating conditions for equipment.

The first study on stability was done experimentally by Hochhauser
and CUSS1EP.8’12 The 1iquid membrane systems used in this study were
made up in the following way:

i. encapsulated phase - 0.1 M sodium dichromate solution.

ii. membrane phase - solution of Span 80 in an organic solvent.
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iii. continuous phase - water.

The solubility of sodium dichromate in this membrane is negligibly
small, and any dichromate found in the water phase is due to the
breakage of the membranes. They expressed their results in the form
of a percentage breakup defined as the ratio of chromium present in
the water phase to the total amount present in the system. Stirring
of the double emulsion drops in a container with the continuous
phase was accomplished with a 2-inch, 3-vane, marine type propeller
with a 50° pitch.

The stirring rate and the concentration of sodium dichromate were
found to have no effect on the breakup. Rapid breakup during an
initial period with no further breakup was observed. Hochhauser and
Cussler explained their results by postulating the existence of two
types of liquid membranes, one which is easily and rapidly breakable
and another which is stable for longer times. Another plausible
explanation for this time dependency can be that the emulsion drops,
at the end of this initial period, have reached a size at which drag
forces trying to rupture the drops could not overcome the surface
tension forces holding the drops together (o/a).

The variables that showed pronounced influence on the stability were
viscosity of the membrane solution, volume fraction of the subdrops
within the emulsion drop, and the concentration of the surfactant.

A 50% reduction of the membrane rupture required either a 1500%
increment in the viscosity of the membrane solution or a 25% reduc-
tion in the volume fraction of the subdrops or a 0.2 wt% increment
in the surfactant concentration (Fig. 2). The results for the vol-
ume fraction of subdrops is surprising. In general, an increase of
the volume fraction of the subdrops increases the viscosity of the
emulsion drop and so one would expect a positive effect on the sta-
bility of the emulsion.

Martin and Davies13 performed some stability studies along with
their mass transfer studies on the extraction of copper from
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Figure 2:
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and volume fraction of the encapsulated phase on the
percent of membrane breakage (100 £). Redrawn from
Hochhauser and Cussler,

aqueous feed solution through a membrane phase consisting of a com-
mercial chelating agent (LIX 64N}, an organic diluent, and a non-
ionic surfactant. The encapsulated phase used was H2504 solution.
The emulsion breakup was estimated by measuring the concentration of
hydrogen ion in the continuous phase in excess of what should
actually be present (each copper ion results in a counter transfer
of two H' jons).
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Martin and Davies reported that the emulsion breakup depends on the
following:
i. the size of the subdrops
ii. the operating conditions in the mixing device
iii. the type of surfactant used.

The smaller the size of the subdrops, the greater was the sta-
bility. The size of the subdrops depended on the type of mixing
device used in the initial formation of the W/0 emulsion before
introduction into the continuous phase. They further observed a
dependence of the % breakdown on the impeller speed in a mixing
vessel, as shown in Fig. 3. Breakage was found to increase linearly
with time in almost all cases. This is in contrast with the find-
ings of Hochhauser and Cuss]er.8 Use of sorbitan mono-laurate gave
greater breakage than sorbitan mono-oleate. Presumably the inter-
facial tension with sorbitan mono-laurate was lower but those values
were not reported.

Recent investigations on the stability of emulsion drops are those
of Takahasi et a].,]4 Kita et a].,]5 Tanaka et a1.16 and Kondo et
a1.]7 In general stability was also measured using a tracer tech-
nique. Release of the tracer (usually a salt) from the subdrops
was a direct measure of the breakage of double emulsion drops since
the tracer transport through the 1iquid membrane was negligible.

Breakage was measured in terms of the factor £ defined as the
ratio of moles of tracer in the continuous phase to the total amount
of tracer initially present in the subdrops. The effects of the
following variables were studied:
i. tracer or salt concentration
ii. agitation time
iii. size of the emulsion drops
iv. concentration of emulsifying agent
v. pH of the subdrops

Similar to the studies of Hochhauser and Cuss]er8

and Martin and
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Figure 3: Influence of the type of surfactant and mixing speed

on percent of membrane breakage (100 &):

A) Sorbitan mono-laurate, mixer speed 300 rpm;
B) Sorbitan mono-laurate, mixer speed 250 rpm;
C) Sorbitan mono-oleate, mixer speed 300 rpm:

D) Sorbitan mono-oleate, mixer speed 250 rpm,

Redrawn from Martin and Davies.

Davies,]3

the parameter £ is an indication of the amount of sub-
drops expelled into the continuous phase. The mechanism of this
process is not entirely clear although it presumably occurs when
double emulsion drops break up into two or more drops when hydro-
dynamic forces are exerted on the drops. The breakup process appar-

ently releases some subdrops into the continuous phase.
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Hochhauser and Cussler did not observe a significant effect on salt
concentration. Kita et a1.15 reported a decrease in & with
increasing salt (NaCl) concentration in the range of 0.3 - 0.5 wt%.
Takahasi et a].]4 observed very little effect up to a concentration
of 2 wt%, above which £ increased with increasing concentration of
tracer. Stability was found to decrease with increasing salt con-
centration in the continuous phase.

According to Hochhauser and CUSS]EF,8’12

emulsion drops broke up to
a certain time, beyond which there was no further breakup. They
did not report any relation between £ and time. Martin and Davies
observed a linear relationship between £ and time. Takahasi et
a1.14 reported that an initial nonlinear behavior precedes a constant

rate period.

13

Takahasi et a1.14 showed that the double emulsion is more stable

when the drop size of the emulsion is smaller. Obviously for
smaller drops the surface tension force, which holds the drop to-
gether, is more significant than that for larger drops.

Most of the studies on the effect of the surfactant concentration
(in the liquid membrane phase, Cs) on the breakage indicated that

£ decreased with increasing CS. Kondo et a1.]7 reported a sudden
decrease in £ at about 1.0 wt% of surfactant. Takahasi et a1.14
observed £ to depend on CS raised to the -1.5 power. It is diffi-
cult to compare such results since the double emulsion systems were
different in each case. Although addition of surfactant should
Tower the interfacial tension between Tiquid membrane and continuous
phase giving rise to a reduced resistance of the surface tension
force to hydrodynamic forces, addition of surfactants appears to be
beneficial in preventing the subdrops to be expelled in the continu-
ous phase when the double emulsion drops break into smaller frag-
ments.

Takahasi et al.]4 also studied the effect of pH on £. The emulsions
were more stable for pH values between 3 and 11.5. Outside this
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range the emulsion breakage was substantial, possibly due to the
increase of either hydrogen or hydroxyl ion as was found with
increased salt concentration,

The main drawback of the above studies is their limited applicabil-
ity. The studies are useful only to the specific conditions
under which the experiments were performed. Many of the systems
were different and mixing of the double emulsion drops in the con-
tinuous phase was only controlled by fixing the rpm of the stirrer.
Obviously, shear rates in the mixer were radically different from
point to point. Drops were exerted to varying degrees of inertial
and viscous forces. Details of the experimental conditions were
often not fully specified. A way by which the drawback can be sur-
mounted is by correlating the breakup data in terms of dimensionless
quantities that can be used irrespective of the experimental
conditions and materials. Such an approach has been made by
Stroeve et a].,]g’lg who have studied the effect of viscous forces
on double emulsions. The basis of this work is the classical work
of Taylor.20

Tay]or20 was the first investigator who studied both experimentally
and theoretically the deformation and breakup of a drop of a New-
tonian liquid suspended in another immiscible Newtonian Tiquid
undergoing definable fields of flow (simple shear and plane hyper-
bolic flows). Thereafter numerous researchers became interested in
this subject. Of particular importance are the experimental works
of Rumscheidt and Mason,2] Karam and Be]h‘nger,22 Torza, Cox and
Mason23 and finally of Grace,24 whose experiments cover a large
range of p from 10'6 to 103 (p 1is the ratio of the viscosity of
the dispersed phase to the viscosity of the continuous phase).

Neglecting significant deviations of the drop from sphericity, the
theoretical problem of breakup was tackled first by Tay10r20 and
then by Chaffey and Brenner25 and Coxzs, and finally by Barth&s-
Biesel and Acrivos.27 These theories are known as small deformation
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theories, and are successful in the high-viscosity ratio range where
the drops deform only by a small amount before they break, usually
into two smaller drops. On the other hand, the drops are observed
to become very long and siender before breakup into several smaller
drops when the viscosity ratio, p, is much smaller than unity. To
represent this behavior, it is necessary to have a theory that

takes advantage of the slenderness of the drop rather than extend-
ing the small deformation theories which basically involve con-
structing a solution by using perturbation expansions of the appro-

priate variables in terms of a deformation parameter ¢
Gu_a
(= ¢ ). This parameter is a measure of the ratio of viscous

a
forces to surface tension forces. Tay]or28

was the first one to
use such a technique to determine the maximum value of ¢ = €g for
which a long slender drop can exist in the system before breakup
for the case of axisymmetric straining flow. This theory was later
extended for other flow situations by Buckmaster,zg’30 Acrivos,3]
Hinch and Acrivos,32’33 and by Hinch.34 These theories give excel-
lent predictions of drop breakup for Tow values of p. Recently,
Rallison and Acrivos35’36 developed a numerical scheme that is
applicable over the entire range of p. The studies mentioned above
were all concerned with the dispersions of Newtonian drops in New-
tonian Tiquids. Studies on the behavior of viscoelastic drops and
threads in Newtonian and viscoelastic media have been done by Gau-
thier et a1.,37 by Flumerfelt,38’39 and by Middleman.40 Chin and
Han“’42 studied the deformation of drops in nonuniform flows.

Most of the above-mentioned experimental studies are restricted to
either plane hyperbolic flow or simple shear flow. These can be
achieved by choosing an appropriate apparatus amongst the four

shown in Fig. 4. The four-roller apparatus produces plane hyperbolic
flow while any of the other three produces simple shear flow.

Stroeve et a1.18’]9 used a counter-rotating cone and plate visco-
meter to study the deformation and breakup of both homogeneous New-
tonian drops and double emulsion drops. The angle of the cone used
was 2°, a value low enough for the shear rate to be constant through-
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Figure 4: Types of devices used to study the behavior of drops

in plane hyperbolic (A) and simple shear flow (B,C,D).

out the viscometer. The dilute dispersion was observed through an
inverted microscope over which the viscometer is mounted. The cone
and plate rotated at equal but opposite speeds. The double emul-
sions studied were of W/0/W type and the continous phases were

corn syrups of different viscosities. For better contrast, methyl-
ene blue dye was added to the subdrops so that size analysis could
be performed. The diameter of the subdrops ranged from 1 um to

7 um with a number average of 2.5 um. The surfactant used to sta-
bilize the membrane phase was Span 80 (sorbitan mono-oleate) and it
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amounted to about 10% of the total membrane phase. The size of the
initial emulsion drops were about 80-100 yu.

Figures 5 and 6 show photographs of the breakup of both Newtonian
and double emulsion drops as observed by Stroeve et a].18,19 It is
interesting to note that the double emulsion drops break up in the
same way that Newtonian drops do. Upon reaching a maximum deforma-
tion from sphericity, a Rayleigh instability wave appears on the
drop's surface. The nodal regions of the wave then thin, eventually
breaking, so that the drop breaks into main fragments. The thin-
ning of the nodal regions often leads to the generation of small
drops between the main fragments, and these small drops are known

as satellite drops.

When Newtonian drops are suspended in another Newtonian liquid, it
can be shown that breakup, in the case of negligible inertial
forces, can be represented by the two main dimensionless groups,
namely, the deformation parameter at breakup, €gs and the viscosity
ratio p. Since the mechanism of breakup of 1iquid membranes is
similar to Newtonian drops, it is reasonable to correlate the break-
up data of double emulsion drops in terms of these same dimension-
less groups.

Figures 7 and 8 show the breakup data of both Newtonian drops and
double emulsion drops containing different volume fractions of sub-
drops. Breakup is correlated in terms of €g as a function of p.
Accounting for the differences in the types of apparatus used and the
size of droplets studied, the breakup data for Newtonian drops agree
reasonably well with those obtained by the researchers].8’22’23’24
Except for the results of Karam and Bellinger,22 the minimum value
of €g er Newtonian drops is ;;ound 0.3 - 0.75. According to
Grace, Karam and Bellinger "~ used the equilibrium surface ten-
sion, which caused the minimum value of €g to be higher. A1l the
above studies indicate that drops cannot be broken upfor p > 4.0.
The second asymptote observed by Karam and Be]]inger22 is possibly
due to equipment limitations, as discussed by Grace.24
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Figure 7: Experimental results for drop breakup. Results for

curyes A, B, C, and D are for homogeneous Newtonian
drops suspended in a Newtonian phase. Curve E is for
double emulsion drops suspended in a Newtonian phase
(Wfo/), e, is the value of the breakup parameter e
at drop breakage.

For double emulsion drops, the smaller the volume fraction of the
subdrops, the lesser is the shift of the breakup curve along the
horizontal axis, relative to the breakup curves of the homogeneous
Newtonian drops. The 15 vol% emulsion drops approach the breakup
behavior of Newtonian drops. As Fig. 9 shows, the viscosity behav-
ior of this double emulsion is Newtonian while the other emulsions
(ﬁ&) were non-Newtonian. The minimum in the value of the breakup
parameter is smaller for 15 and 39 compared to that for 62 vol%.

Note that the apparent viscosity of the double emulsion Hy is that at
the shear rate prevailing in the continuous phase. The utility of
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ston drops with different volume fractions of sub-
drops. The solid curve is for homogeneous Newtonian
drops and corresponds to curve D in Figure 7, The

62 vol% subdrop curve is identical to curve E in Fig-
ure 7,

these breakup curves is that if one knows the largest drop size of
the double emulsion, one can find the maximum shear rate that can
be applied without breaking the drops.

There are several possible explanations for the shift in the breakup
curves and the variation of the minimum of the breakup parameter.
The decrease in the minimum of the eg Mmay possibly be due to the
heterogeneity of the double emulsion drops. At lower volume frac-
tions, the subdrops tend to form aggregates, a process that might
affect the internal circulation. This effect on the internal circu-
lation may reduce the stability. (The degree of stress generated
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Figure 9: Apparent viscosity of the water in 0il emulsions as

a function of shear rate and the volume fraction of
subdrops (encapsulated phase).

within the drop depends on the circulation inside the drop. The
drop breaks up only when the difference in the external and internal
stresses exceeds the surface tension force.) The elastic nature of
the 62 vol% emulsion may be the cause of the higher values of €ge
Elastic forces may aid the surface tension forces in resisting the
viscous drag forces, thereby increasing the shear rate necessary to
break up the drop.

Another explanation is based on the cohesion of the drop phase. At
lTow volume fractions, the cohesion of the drop is not likely to be
affected but, as soon as the drop is drawn out into a long thread,
the thickness of the liquid thread obviously cannot become less
than the average size of the subdrops, so €g is Tower. When the
drop is completely packed (62 vol%), the cohesive forces among the
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subdrops increase the cohesion of the overall drop, thereby increas-
ing eg-

As mentioned earlier, EE is calculated at the shear rate prevailing
in the continuous phase. Obviously this is not the true shear rate
within the drop. Since the internal subdrops undergo rotary flow
inside the main drop and in addition may spin around their axes,
this shear rate could be larger compared to the shear rate prevail-
ing in the continuous phase. Since the emulsion is shear thinning,
its viscosity would be lower at higher shear rates and this would
cause the curves to shift back to Tower values of p.

The results shown in Figures 7 and 8 are consistent with the notion
that smaller double emulsion drops are more stable in a given shear
rate than large drops. Also the Tower the interfacial tension
between drop and continuous phase (o), the smaller the surface ten-
sion force o/a. Apparently no studies have been conducted on the
effect of inertial forces on the stability of double emulsion drops.
The results for viscous forces are valid for low Reynolds number
flow for the drops. It is possible that in contacting equipment the
drop Reynolds number is sufficiently large that inertial forces play
an important role.

In none of the previous studies has the mechanism(s) by which sub-
drops are expelled into the continuous phase during double emulsion
breakup been identified. Stroeve et a1.18’19 have observed a
decrease in the volume fraction of subdrops contained in the
smaller double emulsion drop fragments but the actual release of
subdrops could not be observed. The drop breakup becomes a very
rapid process once the nodal regions start necking. Subdrops con-
tained in this region most 1ikely escape into the continuous phase
when the nodal region is pulled into a liquid thread because the
much smaller satellite drops between the main drop fragments often
are devoid of subdrops.
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The problem of double emulsion breakup due to swelling in the pres-
ence of an osmotic pressure gradient into the double emulsion drop
has not been adequately studied. This phenomenon may have been
important in some of the previous studies on the stability of double
emulsions in mixing vessels (e.g., the effect of salt concentration).
The double emulsions of Stroeve et a1.18’]9
and stable over hours when no shear was present. Another stability

were osmotically balanced

problem arises when the double emulsion drops collide with vessel
walls or the air/water interface. Due to the relatively low inter-
facial tension of the continuous and the 1iquid membrane interphase,
the spreading coefficient of the double emulsion is positive. Con-
tact with a surface with a high surface tension causes the drops to
spread rapidly and to be pulled apart. Although these stability
problems are different from the hydrodynamic stability, they
deserve further study.

MASS TRANSFER PROCESSES

In dealing with mass transfer into double emulsion drops, it is

advantageous to simplify the double emulsion drop to the spherical
shell model as shown in Fig. 10. For a motionless double emulsion
drop, the subdrops are assumed to form one large coalesced subdrop
with the 1iquid membrane phase forming a spherical shell of thick-
ness §* around the encapsulated phase. Stroeve et a].]8,19
observed that when the double emulsion drops are exposed to shear

have

flow, the subdrops undergo rotary flow inside the deformed double
emulsion drop. When rotary flow takes place the assumption of the
spherical shell model is still applicable, except that (according
to the stagnant film approach of Whitman) the layer thickness would
be reduced to a value 8. The spherical shell model has met with
success in approximate theoretical modelling of transport proc-
esses,43’44’45 and appears to be a reasonable physical approxima-
tion. In the spherical shell model, under flow conditions, the
concept of the summation of resistances can be applied. In one

simple model, the resistance to mass transfer from the continuous
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Encapsulated Phase

Membrane Phase

Double Emulsion Drop Spherical Shell Model
Figure 10: Simple spherical shell model of a double emulsion
drop.

phase to the Tiquid membrane interface is governed by one mass
transfer coefficient and the mass transfer from the continuous/
Tiquid membrane interface into the encapsulated phase by another
mass transfer coefficient that is related to the thickness &.

The overall resistance can be measured by monitoring the flux of a
passive diffusant into the double emulsion drop.

As mentioned in the introduction, the use of reversible carriers in
the 1iquid membrane phase, with the presence of reactants in the
encapsulated phase that irreversibly consume the diffusing species,
has made double emulsions desirable as separation systems. Examples
of carrier compounds are shown in Fig. 11. Other carriers have been
described by Kobuke et a].,46 Wong et a1.,47 Kopolow et a1.,48
Christensen et al.,*? Strzelbicki and Bartsch,%® and Volkel et ai.,
among others. The first carrier compound shown in Figure 11,
p-octadecyloxy-m-chlorophenylhydrazonemesoxalonitrile or OCPH, is
known to combine selectively and reversibly with hydrogen ions.52
The next two compounds have been used extensively in copper ion
extraction,SI and the Tast compound is known to complex with a var-
iety of cations.50 It is obvious from Fig. 11 that the .selectivity

51
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Figure 11: Examples of carrier compounds.

51

of the carrier compound depends to a large extent on the complexity

of its chemical structure.

The introduction of carriers into the liquid membrane offers the
possibility of carrier-facilitated transport, co-transport, or
counter-transport mechanisms to play a role. Fig. 12 shows schem-
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Facilitated Transport Co - Transport Counter — Transport

Figure 12: Schematic example of facilitated, co- and counter-
transport occurring in the liquid membrane,

atic representations of these transport processes occurring in the
model of spherical shells for the T1iquid membranes with thickness
§. It is assumed that the interior concentration of the diffusing
species CA6 is uniform, due to internal mixing and/or rapid irre-
versible reaction inside the encapsulated phase.

Inthe case of very rapid reversible chemical reaction rates relative
to diffusion rates, the chemical reaction in the liquid membrane
phase can be assumed to be at equilibrium. If a mobile carrier B is
present within the membrane phase and if the carrier reacts revers-
ibly with the diffusing species

A+B 2 AB, Ky (m

The total transport of Aat steady state can be given by53

0 s o_ 8§

_ Ch - Ca KyCrky Co  Ca
I7 Dk * Dng (1 + K kyC,0) (1 + KokyC,O)
1¥aCA 1¥aCa

(where the membrane thickness is either & or &*).
Eq. 2 is an example of carrier-facilitated transport. Several
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assumptions were made in arriving at Eq. 2, including the
assumption of equal diffusivities for the carrier and the complex,
and that § is much smaller than the radius (a) of the double emul-
sion. In the latter assumption, the problem can be simplified by
using a planar geometry. A similar simple expression can be
obtained for co-transport when, for example, the reaction

A+C+B Z ACB, K2 (3)

can be assumed to be at equilibrium. The total flux of solute A at
steady state is given by54

0~ 0 8n &
N DascK2Crkakc <CA Cc -G Cc> @)
0.0 50 3
(1 + KokpkcCpCIT + Kokpk C7Cl°) §

Again the assumptions of equal diffusivity for carrier and complex
species, and planar geometry (& << a) have been made to obtain
Eq. 4. For the case of counter transport as shown in Fig. 11 with
the reactions55

A+B 2z AB, K, (5)

C+B 7 CB, Ke (6)

the steady-state flux of A is
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where

KyC
R = AT

0 0 8 §
(kAcA Kp * keCe Ke + 1)(kAcA Kp + kCCC Ke + 1)

and

The determination of the flux of the species A for facilitated
or coupled transport systems is simple if chemical equilibrium can
be assumed. In general, these are problems of diffusion with chemi-
cal reaction. The flux is obtained by solving the differential
mass balances for all species involved in the diffusion process
subject to the appropriate boundary conditions. In many diffusion-
chemical reaction problems, equilibrium can be safely assumed if the
chemical reaction rates are fast relative to diffusion rates. This
situation is often encountered with ionic association-dissociation
reactions, which are very fast. When chemical reaction rates are slow,
the simple equilibrium solutions are not applicable. Also when the
liquid membrane film becomes very thin, as for fully packed double
emulsion drops or double emulsion drops undergoing shear, the
assumption of chemical reaction equilibrium may become tenuous due
to large diffusion rates. The more difficult problem of diffusion
with non-equilibrium chemical reaction needs then to be considered.

Theoretical difficulties also arise when the geometry is no longer

planar and when the unsteady state problem becomes important. Each
of these problems will be considered individually. Reference will

be made to the case of facilitated transport but the discussion is

applicable to coupled transport.

When chemical reaction rates are not many orders of magnitude larger
than diffusion rates, the reversible chemical reaction can no longer
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be assumed to be at equilibrium throughout the 1iquid membrane. Con-
sider as an example the reaction given by Eq. 1 which for finite
reaction rates is

K
Jl K
A+B T pB, K=t (8)
K 2
2

This reaction is chosen to be illustrative and it is assumed to
follow the kinetics suggested by stochiometry. Again the carrier
species B and the complex species AB are constrained to remain in
the liquid membrane. For the steady state case the overall reaction
is globally zero and the problem is to predict the flux of A. The
differential mass balances are

dch dch dchB
Daka 2 = Dp 7 = Dap 7 T KikaCale - kolag  (9)

The boundary conditions are the imposed concentrations of A at each
side of the membrane, and the impermeability to carrier and complex
species. Solution of Eq. 9 is simple if chemical reaction equilib-
rium exists since the left-hand side reduces to the equilibrium
relationship. For finite kinetics, the differential mass balances
are non-linear and difficult to solve unless approximations are
made. In the case of equal diffusivities for the carrier and com-
plex species the total steady state flux of A is

dC dC
J = Dk, —B -, 28 (10)
dx dx
Integration of Eq. 10 between x = 0 and x = & yields
¢’ - ¢c,® Cpo® - Cpe®
_ A A AB AB
J = DAkA + DAB (11)

8 8
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In the case of very fast kinetics or very slow diffusion rates
(which is equivalent to thick membranes ), the reaction

approaches equilibrium. The concentration of the complex species
can therefore be related to the concentration of A (expressed here
in terms of the aqueous phases: continuous or encapsulated) by
using the equilibrium relationship to yield Eq. 2. This equation
can be rewritten as

Ry (12)

where F is called the facilitation factor. F is a maximum when
the reaction is at equilibrium:

F=F, = “ag°T (13)
€0 D (1 + KekyCpO) (1 + Kok,yC,d)
A 1KACA 1%aCa

When the reaction deviates from equilibrium within the liquid mem-
brane, the facilitation factor F is less than Feq' An exact solu-
tion of Eq. 9 is not possible, but several approximate solutions of
high accuracy are available in the literature. It is not the pur-
pose of this article to review developments in non-equilibrium
facilitated transport since many excellent treatises are avail-
able,56’57’58’59 but a brief synopsis will be given. Approximate
analytical solutions have been given for the two extreme regimes:

i) the near-diffusion regime or thin 1iquid membrane, and ii) the
near-equilibrium regime or thick 1iquid membrane. The usual param-
eters that distinguish these two regimes are either the Damk&hler
number, v, or the modified Thiele modulus, ¢,

2 2
re e (8) (1)
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where 8 is the typical reaction rate. The characteristic length is
a reaction-diffusion length sca1e60 and is given by

A= == (15)

A large Damkdhler number characterizes the near-equilibrium regime
where the chemical reaction rates are much greater than diffusion
rates ("thick film") and the total flux of species A approaches its
maximum value correspondingto chemical reaction equilibrium (Eq. 12).
A small Damkbhler number characterizes the near-diffusion regime
("thin film") where the diffusion rates are much greater than
chemical reaction rates. Consequently, in the 1imit of y »~ 0, the
facilitation factor F approaches zero (no reaction) and in the limit
of y - = the facilitation factor F approaches Feq (equilibrium reac-
tion). Analytical solutions for Eq. 9 are often given in terms of

F and solutions are available for small Damk&hler number56]’62’63
and large DamkShler numbers.62’64’65’66’67 The steady state flux of
A is then given simply by

(1 +F) (16)

However, the intermediate range of DamkBhler numbers is often
important and the above solutions for F are then not capable of
giving accurate predictions.
Recently Hoofd and Kreuzerss’sg’70 presented a new solution consist-
ing of the sum of the separate solutions for both thin and thick
membranes. Hoofd and Kreuzer called the two separate solutions the
“small Damkdhler number solution" and the "large Damkéhler number
solution”". Their new solution is known as the "combined Damkdhler
number solution”, and they have shown that it can give accurate pre-
dictions of the facilitation factor over the whole range of Damkoh-
ler numbers {0 <y 5_w). The solution is algebraically relatively
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simple so that with its accuracy it is the method of choice for
reaction-diffusion problems. As yet it has not been applied to non-
equilibrium situations of co- or counter-transport, nor to liquid
membrane separations in general.

The combined DamkBhler number solution can be derived for the case
of the reaction given by Eq. 8. The variation of the concentration
of species A is given by

kaCp = e(CB) + f(x) (17)

where e is the carrier-dependent part and f(x) is the position-
dependent part. The function f serves as a correction for the large
DamkShler number solution, and it is solved over the entire thick-
ness of the membrane. The function e is solved as if f = 0, and f
is solved for the condition near the boundaries, where

dC dC
15?. = _Heﬂ = 0 forx-=0,8 (17)

since the carrier is constrained to remain in the membrane. The
solutions for e and f are of the form

k,C
2°AB
e(Cy) = 5= (18)
B k1CB
: 1
sinh § - x)/x
A cosh(f 5/x>
where
1 k,C k k,C
Az D D D,C
A AB B*B

The flux is given by Eq. 11. For each situation of fixed concentra-
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tions CA° and CAG, a unique solution for Egs. 17 through 20 and
Eq. 11 exists, which can be found by a trial-and-error solution.
It is obvious that when J is known, the facilitation factor can be
obtained from Eq. 16.

Most of the solutions for non-equilibrium-facilitated transport

have beeh given for planar geometry, and consequently facilitation
factors are for flat membranes. Double emulsions are spherical
instagnant media and ellipsoidal when distorted by uniform shear.
When the 1iquid membrane thickness, & or &*, becomes significant
relative to drop radius, a, the appropriate geometry has to be taken
into account. Stroeve and Eag]e,7] who considered the problem of
facilitated transport in heterogeneous media, have given non-equili-
brium facilitation factors for reactive spheres and cylinders

placed in a field of unidirectional flux. The technique of single-
point 11’near1’zat1’on72 was used to obtain the facilitation factors.
Since the spheres and cylinders were in a field of unidirectional
flux, the species concentrations at the surfaces of these shapes are
not uniform. For double emulsions, the drops experience a uniform
concentration CA°, wh;gh therefore gives rise to a different bound-
ary condition. Noble'™ has analyzed the problem of shape factors
for spherical and cylindrical liquid membranes. A reaction of the
form given by Eq. 8 was considered for reaction equilibrium and the
near~diffusion regime. Hoofd and Kreuzer70 have applied the com-
bined Damk&hler technique to the case of a vesicle embedded in a
continuum with uniform distribution of species A. The vesicle
geometry was analogous to the spherical shell model for a double
emulsion drop. The reaction considered to occur in the spherical
shell was of the form

=
—

=
+4
(v~

(21)

=~
N

An example of this reaction is where species B is produced by
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binding of A to a very abundant mobile carrier. Species B cannot
diffuse through the boundaries of the membrane. An irreversible
reaction occurred inside the encapsulated phase so that CA could
be taken as constant. For spherical geometry, and the reaction
given by Eq. 21, Eq. 17 becomes

kyCy = e(Cg) + f(r) (22)

Solutions for e and f were given by Hoofd and Kreuzer as

ko
e(CB) = FT CB (23)
fr) = (a4 peY) (24)

with

=k
AL
D D
B A

The constants A1 and A2 are integration constants. The concentra-
tions of the carrier and complex species in the liquid membrane are

Akl
A, A
CB = k-l A3 + T D—B' f(Y‘) (27)

where A3 and A4 are again integration constants which are determined
by the boundary conditions associated with the problem. Since CA
and CB are known the flux can be calculated.

Recently Hoofd74 has also solved the problem for the reaction given
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by Eq. 8 occurring in the spherical shell exposed to a uniform con-
centration CAm at r = », The situation is schematically depicted in
Figure 13, Species A arrives at the continuous phase/1iquid mem-
brane interface by diffusion. The species is consumed inside the
encapsulated phase so that CAs = 0 (note: & or &* is equal to R2
minus Rl)' The solutions fore and X are identical to Eqs. 18 and
20, while the solution for f is

f(r) =
R, - r r-R R R, - r R r-R
sinh( 2 >+ sinh< ]> ird cosh( 2 >+ a cosh< ]>
J A A A A
Da o RiR,
—cosh—+< > -1 sinh —}
A
(28)
The total steady state flux of A is obtained from
DyksCp + DyoCpo = Ay - & (29)
A"A™A AB~AB 1 r

where A1 is an integration constant. The prob1em is now reduced to
f1nd1ng boundary values for CA and CAB so that CA =0atr-= R],

CA = CA - J/Dy*R, at r = R,, and the mean value of Cg + Cpp is
equal to CT Presumably the same approach as described by Hoofd

can be taken if the continuous phase is stirred. The mass transfer
rate of A arriving at the spherical shell is then governed by the
mass transfer coefficient on the continuous phase side. If internal
rotation takes place inside the drop the thickness &6* is substituted
by & which is related to the internal mass transfer coefficient in
the 1iquid membrane. Such theoretical studies have not yet been
conducted and they need experimental verification,

Folkner and Nob]e75 have considered the transient response of facil-
itated transport membrane. The transient flux of the permeant spe-
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Figure 13: Schematic diagram of one-dimensional spherical coor-
dinates for facilitated transport.

cies was determined for flat plate, spherical, and cylindrical
geometries. The reaction scheme given by Eq. 8 was considered.
Computer solutions of the differential mass balances were obtained
and the flux J and facilitation factor F determined from the con-
centration profiles. The facilitation factor F was plotted as a
function of time and the Damkthler number. Use of the charts
allows for the determination of the time to reach the steady state
value of F when the boundary conditions remain fixed. At present
no analytical solutions are available to predict unsteady facili-
tated transport in liquid membrane systems.

SUMMARY

In the last decade considerable information has been obtained on
transport processes in unsupported liquid membranes., However, the
use of double emulsions as separation systems in industrial pro-
cesses will require that additional fundamental studies be made on
the transport characteristics of these systems. In particular,
theoretical models on the hydrodynamic stability of double emuision
drops to viscous and inertial forces are lacking. Experimental data
are necessary to confirm the use of such models for predictive ap-
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plications in mixing equipment. Mass transport processes for flat
supported membranes are reasonably wellunderstood. For double
emulsion separation systems the influence of stirring rates, volume
fraction of subdrops, the kinetics of the irreversible reaction,
interfacial tension and viscosity parameters on transport in the
presence of chemical reactions is not known. Some authors contend
that the stagnant liquid membrane film was the controlling resist-
ance to mass transfer in their studies.44 Nor 1s it known if the
conclusion applies generally to all systems. Approximate values
for the thickness of the 1liquid membrane have been given45’76 but
these values are probably applicable only to the particular double
emulsion systems studied. Most of the studies have assumed that
chemical equilibrium existed for the reversible chemical reactions
in the Tiquid membrane phase. Although this assumption is often
valid for ionic association-dissociation reactions, non-equilibriun
effects may be very important in other reaction systems. The com-
bined Damkdhler technique appears to be most promising in the appli-
cation to the problems in transport with chemical reaction in dou-
ble emulsion separation systems.

NOMENCLATURE

Ai Constants of integration (i = 1 to 4)

a Radius of double emulsion drop a = R2

c Concentration

CA Concentratign of species_A expressed relative to an aque-
ous phase, i.e. the continuous and the encapsulated phases

CT Total carrier-plus-complex concentration in the liquid
membrane

D Diffusivity of species in the liquid membrane

DA* Diffusivity of species A in the continuous phase

e Carrier-dependent function

F Facilitation factor
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Feq Equilibrium facilitation factor
f Position-dependent function
G Shear rate
J Flux of species A
K] Equilibrium constant for chemical reaction
K2 Equilibrium constant for chemical reaction
KA Equilibrium constant for chemical reaction
Kc Equilibrium constant for chemical reaction
kA Equilibrium distribution coefficient for species A between
1iquid membrane phase and aqueous phase (continuous or
encapsulated):
Ca (Tiquid membrane)
ky = C, (aquecus phase)
equilibrium
kC Equilibrium distribution coefficient for species C
k] Forward kinetic rate constant
ko Backward kinetic rate constant
p Viscosity ratio of dispersed phase to continuous phase
R Function defined below equation 7
R1 Radius of single subdrop of coalesced encapsulated phase,

or radius of internal region which is assumed to be welle
mixed due to rotary flow,

R2 Radius of double emulsion drop
r Radial coordinate
X Cartesian coordinate

Greek Symbols

Y Damkdhler number

8 Thickness of hypothetical 1liquid membrane film adjacent
to interface
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&%

€

Thickness of 1liquid membrane film &* = R2 - R]

Ratio of applied viscous force to surface tension force,
or breakup parameter, € = (Guca)/o

Breakup parameter for drop to burst

Ratio of moles of tracer species in the continuous phase
to the total amount initially in the encapsulated phase
(due to liquid membrane breakage)

Reaction rate

Characteristic length or reaction-diffusion length scale
Viscosity of the continuous phase

Viscosity of the dispersed phase

Apparent viscosity ofthe W/0 emulsion

Interfacial tension between continuous phase and liquid
membrane phase

Subscripts

A
AB
B
BC
C

W.Jd.
N.N.
N.N.
N.N.

N.N.

Species A
Species AB
Species B
Species BC

Species C (expressed relative to an aqueous phase)
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