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Modeling of liquid emulsion membranes facilitated by two carriers
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Abstract

A mathematical model was proposed to describe the behavior of liquid emulsion membranes for the extraction of penicillin G in a continuous
countercurrent mixing column. A polyamine-type surfactant acts not only as a carrier but also as a surface-stabilizing agent; thus the influence
of surfactant on extraction should be considered in mathematical modeling when its effect is significant. The proposed model takes into
account the influence of surfactant on mass transfer. The advancing front model was employed for deriving the overall mass transfer coefficient
in the emulsion globule, and the axial dispersion model was applied to the external feed phase. The experimental data were compared with
the proposed model, the calculations without considering the contribution of the surfactant to extraction, and the calculations without

considering diffusion in the emulsion phase.
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1. Introduction

Liquid emulsion membranes provide a potentially power-
ful technique for effecting a diverse number of separation
operations, while simultaneously allowing the extracted sol-
ute to be concentrated strongly in the receiving phase. In the
industrial application of this technique, a continuous opera-
tion using a mixer—settler or a column is required. However,
there have been only a few studies on the continuous process
so far [1-6].

While some studies of potential applications of liquid
emulsion membranes in biotechnology have appeared in
recent literature, few models have been developed to describe
and predict the extraction kinetics of organic acids [7-9].
Moreover, there have been no reports on the continuous
extraction model of organic acids by liquid emulsion
membranes.

When liquid emulsion membranes are applied to the
organic acid extraction such as carboxylic acids and penicillin
G, the use of a polyamine-type surfactant can give rise to an
increase in extraction rate [10-12]. To confirm the role of
surfactant as a carrier, Hano et al. [ 11] performed extraction
experiments using emulsions prepared with various surfac-
tant concentrations. The results show that the use of ECA
4360J as a surfactant considerably facilitates the extraction
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of penicillin G even without any other carriers. Therefore, a
quantitative estimate of the role of the surfactant becomes
necessary to describe accurately the behavior of liquid emul-
sion membranes. Nevertheless, none of the modeling studies
in the literature include the influence of the surfactant on
organic acid transport.

The objective of this work is to develop a model, which
includes the influence of a surfactant on the extraction, for a
continuous separation process by liquid emulsion mem-
branes. Liquid emulsion membrane operations are well
described by the advancing front model [ 13,14]. On the basis
of this model, the overall mass transfer coefficient in the
emulsion globule was derived by considering the contribution
of the surfactant. With this overall mass transfer coefficient,
the axial dispersion model was applied to the external feed
phase. In this work, extraction experiments were performed
in a countercurrent mixing column with penicillin G, and the
concentration profiles along the column were measured in
order to be compared with the model.

2. Theory
2.1. Transport mechanism of penicillin

Let us consider an emulsion globule containing the carrier
dissolved in the membrane phase. The solute present in the
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external feed phase diffuses through the external aqueous film
and undergoes the reaction with the carrier at the interface
between the external feed phase and the membrane phase to
form a complex. This reaction equilibrium can be expressed
as follows [15]:

H* (aq) +P~ (aq) + A(org) < AHP(org) (1)
C.,

K  =—2 ——30m°mol 2

1 CyC,Cay 30 ol (2)

where C,; is the concentration of the complex made of pen-
icillin G and the carrier, C,, is the penicillin G anion concen-
tration, Cy is the proton concentration and Cy; is the carrier
concentration.

Similarly, the reaction equilibrium of penicillin G with the
surfactant is equated as

H*(aq) +P~ (aq) + S(org) = SHP(org) (3)
K. == 101 m® mol-2 (4)
@l CyCoCry

where C,,, is the concentration of the complex made of pen-
icillin G and the surfactant and Cp, is the surfactant
concentration.

The two complexes formed at the external interface diffuse
through the membrane phase to the interface between the
membrane and the internal phases. At this interface, the acid
anion is stripped from the complex by the stripping reagent
and the carrier diffuses back to the feed side of the
membranes.

A model of an emulsion globule is schematically depicted
in Fig. 1, which describes the increase in diffusion length
with the increase in degree of extraction. If no internal cir-
culation occurs within the emulsion globule, the diffusion
distance becomes increasingly longer because the complexes
formed at the external interface diffuse into the emulsion
globule up to the radius where there are internal droplets
containing unreacted stripping reagent. A reaction front is
assumed to exist within the emulsion globule which separates
an unreacted reagent core from the internal droplets contain-
ing the reaction products, as shown in Fig. 1. This reaction
front will gradually advance toward the center of the emulsion
globule as the solute in the external feed phase is removed.

External aqueous

Droplet containing
no stripping
reagent

Droplet containing
no solute

Fig. 1. Schematic diagram of an emulsion globule.

Thin oil layer

2.2. Overall mass transfer coefficient

Mass transfer will take place between the external feed
phase and the advancing reaction front at any position in the
column. Three mass transfer resistances may be considered
in mathematical analysis of this system:

1. diffusion in the external aqueous film
2. diffusion in the thin oil layer
3. diffusion in the emulsion phase

As presented in Fig. 2, the concentration profile of each
component in the emulsion globule is assumed to be linear.

The flux in the external aqueous film is related to the mass
transfer coefficient in the external aqueous film as follows:
Jo=k(C,—C)) (5)
where k is the mass transfer coefficient in the external feed
phase and CJ is the penicillin G anion concentration at the
interface between the external and membrane phases.

The carrier concentration can be assumed to be uniform in
the emulsion globule and equal to its initial concentration
since the solute—carrier complex is constantly removed by
the stripping reagent. The pH can be assumed to be kept
constant in the column when a buffer solution is used. From
the equilibrium constant, CJ can be expressed as follows:

Ch
Keq.ICHCBl

If quasi-steady state is assumed, the flux of the solute—

carrier complex in the thin oil layer is given as

Do R;
5 R

*
p

(6)

J = (CX,—Cpn') in the thin oil layer (R, <r<R)
(D
where D, is the diffusivity of the solute—carrier complex, &
is the thickness of the thin oil layer and C’_; is the complex
concentration at R;.
According to Fig. 2, J, is also equated as follows:

D, R . .
Jy=—"——C,,,’ in the emulsion phase (R;<r<R;)
Ri_Rf Ri
(8)
External Emulsion
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' [e]
Gy o e} ° o
o © 0
! o 0o O
1Cu*| | I
! l Gt 0o © 6 ;
(VI N °0 o :
* - o '
MOO:
i Copo o Og

Extemal  Thin ol

aqueous layer
film

Fig. 2. Concentration profile of each component in the emulsion globule,
assuming quasi-steady state.
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where D, is the effective diffusivity of the solute—carrier
complex in the emulsion phase and R; is the radius of the
advancing front.
When the series resistances are considered, the flux can be

expressed as follows:
J] = K] C::l (9)
where

1 8 R R—RR
——— (10)
Kl Dml Ri Del Rf

For the solute—surfactant complex, similar equations are
obtained:
J,=K,C¥, (11)
where
1 85 R R—R:R
—=— (12)
K, DmyRi Do R:

In Egs. (11) and (12), the subscript 2 indicates the solute—
surfactant complex.

From a mass balance, the flux J, is equal to the sum of the
two fluxes J, and J,:

Jezjl +.’2 (13)
Substituting Egs. (59) and (11) into Eq. (13) gives
k(C. ———&)—K Ct +K,CE (14)
P KquCHCB] 1% mt 2%~m2

From Eqgs. (2) and (4), the expression for C,,, can be
obtained with respect to C,,,; as follows:

Keq 2 CBZ
m=2 2, !
27K 1 Gy (15)
Eq. (14) can be rewritten by substitution of Eq. (15):
x K.,.C
Jc=k(C -l )z(K + K= BZ) * (16)
P Keq,ICHCBl ! 2 eq,lCBl :

Rewriting Eq. (16) in terms of the overall mass transfer
coefficient:

Je=K0C;,“ (17)
where

i=l+ 1 1

Ko k Keq,XCHCBl Kl +K2(Keq,2(CB2/Keq,l)/CBl)

(18)

It should be noted that the concentration of penicillin G
anion in a reacted internal droplet is equal to the concentration
of sodium ion. Thus, from the material balance, the radius of
the reaction front is given by

R [ (1-h)(Co=C\'"
RF{I 21Cg } (19

Here, C, is the total concentration of the solute, i.e. undisso-
ciated penicillin G and penicillin G anion, and itcan be written
as follows:

C.=C,+ Cyp=C,(1+ 10°Ks_PH) (20)

2.3. Mathematical model

Fig. 3 shows a model of a continuous countercurrent col-
umn operation. The feed, an aqueous phase containing the
solute, is supplied at the top of the column as the continuous
phase. The dispersed phase, a water-in-oil (W/O) emulsion,
is supplied at the bottom of the column and flows counter-
currently with the feed phase in the column. The surfactant
in the membrane phase satisfactorily stabilizes the W/O
emulsion, and the W/O emulsion is finely dispersed in the
feed phase, resulting in a large mass transfer arca.

The concentration profile in the countercurrent column is
influenced by mass transfer in the external aqueous film and
diffusion in the emulsion globule. It is also influenced by the
column type and the axial dispersion.

For devices in which the concentration of the dissolved
solute changes continuously with axial distance, on the
assumption that the axial mixing can be adequately described
by an axial dispersion coefficient, the material balance over
a differential height of the column for the external feed phase
is

d&c, dC
EC—E;E+uCFZE—ka(Cp—C;,“) =0 (21)

where E, is the axial dispersion coefficient of the external
feed phase, u, is the superficial velocity of the external feed

Continuous
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Uc ud
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N
k(Cp‘Cp‘)vﬁ
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Ue ud

Dispersed
phase

Fig. 3. Modeling of column.
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phase, a is the superficial area of contact of the phases and z
is the axial distance.

Eq. (21) can be rewritten with respect to the overall mass
transfer coefficient as follows:

(12Cp dC,
Ec~d7+uc—dz——Koan=0 (22)

From the holdup of the dispersed phase, Eq. (22) can be
rewritten as follows:

&*C,  dC, 3K,

+u. =
I U, & R C,=0 (23)

The boundary conditions, obtained by material balance at
each end of the column, are

dcC,
7z=0 EEzo (24)
dC,
z=L _E°d_z:”°(c"_cp-°) (25)

The equations can be cast in dimensionless form by
defining

C, N ulL z z N 3hLk K, K,
= s e = y L= AV T y Ko =7 K1 =/,
Yoo T E 7L R, T Tk
K,
K2=‘k—7 g, =Keq,1CHC31» UzzKeq,chCBz (26)

The resulting equations are as follows:

L S ”7

Neodz2 " dz e T (27)
| ]

k=l p——— (28)

oK+ K0,/ 0y

If the contribution of surfactant to mass transfer is negli-
gible, the dimensionless overall mass transfer coefficient
reduces to

11

Ko=1+—— (29)

Boundary conditions are

dy
Z:O —_—
i (30)
1 dy
Z=1 l—-y=——= 31
y No. dZ (31)

Eq. (27) may be solved numerically by using the
FORTRAN subroutine DBVPFD in the International Mathe-
matical and Statistical Library (IMSL).

Two factors not accounted for in the modeling approach
are the effects of breakage and emulsion swelling on extrac-
tion performance. If sufficient surfactant is included in the oil
membrane phase, the breakage can be neglected. Swelling

occurs primarily owing to the osmotic transport of water from
the external feed phase to the encapsulated internal reagent
droplets. In this system, a buffer solution prepared for keeping
pH constant can also decrease the osmotic pressure difference
between the external phase and the internal phase, i.e. the
swelling caused by the osmotic pressure difference.

2.4. Parameter estimation

The mass transfer coefficient in the external feed phase was
estimated from a correlation for mass transfer in an agitated
vessel [ 16]. Although it was initially developed to correlate
behavior in a batch system, the equation may be used for
mass transfer to dispersed liquid drops in a continuous coun-
tercurrent column. Since the flow rates of the feed phase and
the dispersed phase are small in this system, it can be suc-
cessfully regarded as an agitated vessel,

k d 0.548
=2932x1077Th" ¥ =} NI (32)
VND,, Dy

where D, is the molecular diffusivity of the solute in the
external aqueous film, d, is the stirrer diameter, Ny, = p.d*N/
Mo p. 1s the density of the external feed phase and g is the
viscosity of the external feed phase.

The thickness & of the thin oil layer may be evaluated by
the equation obtained by Lee and Chan [17].

The molecular diffusivity can be estimated by the Wilke—
Chang [ 18] equation. The effective diffusivity in the heter-
ogeneous emulsion phase may be calculated with the Max-
well equation which states that diffusion does not depend on
the size of internal droplets but only on the volume fraction
in the emulsion globule [19].

The axial dispersion coefficient was estimated by using the
equation correlated for a mechanically agitated liquid extrac-
tion tower [20], and it is described by
AZME_ 1440006820 (33)

Ltclc Ue
where d, is the stirrer diameter and [, is the compartment
height.

2.5. Analytical solution
Eq. (27) can be solved analytically when the overall mass

transfer coefficient is constant. If the diffusion in the emulsion
phase is ignored, K, and K, reduce to

1 &R
1_°R 34
Ky Du R G
1 &R
——— (35)
K, DR

Since Eqgs. (34) and (35) are constants, the overall mass
transfer coefficient becomes a constant. Then, the concentra-
tion distribution of the solute in the column is given by [5]
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y:

2(1+q)exp{ = (1/2)Np(1 = ¢)Z) —2(1 —g)exp{ — (1/2)Np.(1 +4)Z}
(1+¢)%exp( — (1/2)Npe(1 - ¢)) = (1 —g)%exp{ — (1/2)Np,(1+4)}

(36)
where

q:{l+(4NcKo/NPe)}l/2 (37)

3. Experimental details
3.1. Materials

The membrane phase was prepared by mixing kerosene
{(Junsei Chemical Co.) as the diluent, Amberlite LA2 (Sigma
Chemical Co.) as the carrier, and ECA 4360J (Exxon Chem-
ical Co.) as the surfactant. Sodium carbonate used as the
stripping reagent was supplied from Junsei Chemical Com-
pany. Penicillin G (pK, = 2.75) was obtained as its potassium
salt from Sigma Chemical Company.

Citrate buffer solution, used as the external aqueous phase,
was prepared to maintain constant pH in the external feed
phase. It was composed of a mixture of citric acid and triso-
dium citrate. The total concentration of the buffer solution
was 408 mol m™>. In this system, emulsion swelling by
osmotic pressure, which is the most serious problem in liquid
emulsion membranes, can hardly occur during extraction due
to the presence of the buffer solution.

3.2. Extraction in a continuous countercurrent column

A stable W/O emulsion was prepared by initially dissolv-
ing surfactant and carrier in kerosene and then adding Na,CO,
solution under high shear (200 rev s™') provided by a
homogenizer (Tekmar, Germany). The emulsion thus pre-
pared was fed from the bottom of the column at the desired
flow rate. The feed phase was supplied at the top of the column
at the desired flow rate. The emulsion drops supplied at the
bottom rose to the top of the column and coalesced.

The continuous countercurrent mixing column was used
for penicillin G extraction with liquid emulsion membranes,
and details of its geometry are listed in Table 1. Formeasuring
the concentration profile along the column, four sampling
ports are fitted to the side of the column and one valve was
fitted to the bottom of the column for taking the raffinate

Table 1
Geometry of countercurrent mixing column

Column length L=05m
Column diameter Dr=0.062 m
Height of each stage {.=0.045m
Stirrer diameter d,=0.028 m
Number of stirrers 9

Number of sampling ports 5

Table 2
Typical experimental conditions

Feed concentration 20 mol m™?
Stripping reagent concentration 200 mol m™?
Carrier concentration 20 mol m™?
Surfactant concentration 8 wt%

Feed phase pH 5

Membrane phase Kerosene

Volume fraction of the internal phase in the 0.35

emulsion

Flow rate . of feed phase 6.93X10 *ms™!
Flow rate u, of dispersed phase 173X 107 *ms™"
Stirrer speed 55revs™!

(total of five sampling ports). The column has nine stirrers
and nine stators.

At steady state, samples were taken from the sampling
ports, filtered to remove the W/O emulsion drops, and the
concentrations of the penicillin G were analyzed by high
performance liquid chromatography (Waters) using 70 parts
of phosphate buffer solution (100 mol m~3) (a mixture of
sodium dihydrogenphosphate dihydrate and disodium hydro-
gen phosphate dodecahydrate) at pH 7.8 to 30 parts of meth-
anol as the mobile phase and a u-Bondapak C column with
a UV photometric detector (254 nm).

The holdup of the dispersed phase was determined by
measuring the volume of the emulsion phase in the column
after inlet and outlet cocks were simultaneously stopped. The
W/O/W multiple emulsion was separated by density differ-
ence, and the volume of the separated W/O emulsion was
measured.

The emulsion globule sizes were measured photographi-
cally, and the Sauter mean diameter was calculated. The mean
internal droplet size was measured by a centrifugal particle
size analyzer (SA-CP3, Shimadzu).

The reaction equilibrium constant of penicillin G with
Amberlite LA2 or ECA 4360J was obtained by using the
usual two-phase experiments. The organic solution was pre-
pared by dissolving Amberlite LA2 or ECA 4360J (15-140
mol m ™) in kerosene, and citrate buffer solutions (408 mol
m~? ) were prepared at pH 4.8-6.0, and penicillin G potas-
sium salt (5-250 mol m ~—*) was dissolved in the buffer solu-
tions. Equal volumes of the prepared organic and aqueous
solutions were shaken in a flask for 4 h.

The molecular weight of ECA 4360J was determined to be
635 by cryoscopy, a technique for determining the molecular
weight of a substance by dissolving it and measuring the
freezing point of the solution [21].

Experiments involving changing several variables were
carried out. When one variable was studied, all the other
variables were kept constant at the values listed in Table 2.

4, Results and discussion

Fig. 4 shows the concentration profiles along the column
length at the typical experimental conditions where the cal-
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1.0 } T o ’
O :exp. data
8r —
: present model w
—  : single carrier
\. --------- : approximate model

0.0 r ! ] =
0.0 2 4 6 8 10

1-2
Fig. 4. Comparison of experimental with calculated results at typical con-
ditions (R=18X10"* m; h=0.1740; k=1963X10"° m s~
D, =155x1071 m? 74 DL,=1017x10"'% m* s
D, =8574X 107" m?*s ™! D, =5.626 X107 m*s™ ", R, =1.38 X107 °
m; Np. =2.586).

culated results are also presented. The chain curve is the
results calculated with Eq. (29), and the broken curve is the
results calculated with Egs. (34)—(36). As can be seen, the
model (full curve) satisfactorily predicts the experimental
data while the results without considering the influence of
surfactant underestimate the experimental data and the results
without considering the diffusion in emulsion phase overes-
timate the experimental data. These demonstrate that the con-
tribution of surfactant to the transport rate and the diffusion
in the emulsion phase cannot be neglected and should be
taken into account in mathematical modeling.

4.1. Simulation results

The results in Fig. 5 show that an increase in o,/ oy gives
rise to enhancement in mass transfer. The model calculations
are performed by changing o, with oy unchanged. The con-
centration of surfactant in the membrane phase should also
affect the interfacial penicillin G concentration. As the ratio
o,/ 0o, decreases, the model approaches the calculation
results considering only the transport by carrier (full curve),
i.e. the influence of surfactant becomes less important. There-
fore the contribution of surfactant to concentration profile can
be neglected if the ratio o,/ o, is very small. Since the sur-
factant concentration is sufficiently high in order to maintain
the emulsion stability, the necessary condition that the influ-
ence of surfactant on extraction is negligible is when the
equilibrium constant K, , between the solute and the surfac-
tant is small. In this system, however, K, , is not small com-
pared with K., ,, and hence the model considering the
influence surfactant is valid.

The influence of holdup of dispersed phase on the concen-
tration distribution in the column is presented in Fig. 6 where
the calculation results are also presented. When the stripping

1.0 T T T 1
oo,
8 ——:0.182 -1
— :0.855
~——- :1.697
NS T 1 3.380
6 : single carrier | 7|
>
4 -
2
0.0 L I !
0.0 2 4 6 8 1.0

1-Z
Fig. 5. Simulation results (R=1.8X 10™* m; h=0.1740; k=1.963X10"°
m ™5 Dy=155%107" m® 57, Dpp=1017%x107"° m* s7%
Doy =8574%10"" m2s™ ", Dy =5.62X 107" m? s7 % R,=138x107°
m; Noe=2.586).

1.0 T T I
— : present model
8l ' : approximate model | |

h=0.1

Fig. 6. Simulation results (R=1.8X10"% m; h=0.1740; k=1.963x 10~°
m s”h% Dy =155%107° m® s7Y D,=1017x10""° m®> s7}
De,=8.574><10‘”mzs_‘;D,,2=5.626><10"“mzs";R“=l‘38><10‘6
m; Np.=2.586).

reaction occurs only at the internal droplets close to the emul-
sion globuie surface, the diffusion in the emulsion phase can
be neglected. The large holdup makes it possible that the
stripping reaction occurs at the internal droplets close to the
emulsion globule surface. The same situation may take place
when the concentration of the stripping reagent is high. The
approximate model not considering the diffusion in the emul-
sion phase approaches the present model at large holdup of
the dispersed phase. On the contrary, the difference between
the present model and the approximate model is very large
when the holdup of the dispersed phase is small. In other
words, the approximate model is valid only for large holdup
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Peclet Number|
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——" .3.232
e 10,638

FYEN - :0.323

0.0 2 4 6 .8 1.0

1-Z
Fig. 7. Simulation results (R=1.8X10"%m; A=0.1740; k=1.963x10~¢
m s7! Dp=155x10""° m? s7% Dpp=1.017x10"" m? s7%
De,=8.574><10‘”m’s‘l;Dez=5.626X10’”mzs",R“=l.38X]0’6
m, Np.=2.586).

because the diffusion in the emulsion phase becomes less
important.

Fig. 7 shows the concentration profile along the column as
a function of the Peclet number. At constant flow rate, the
Peclet number decreases as the axial dispersion increases or
the column length decreases. As can be seen in Fig. 7, the
decrease in the Peclet number results in a decrease in the inlet
concentration and an increase in the outlet concentration, and
finally both concentrations become the same. To reduce the
outlet concentration to within the acceptable limits, the Peclet
number should be increased, i.e. the axial dispersion should
be decreased or the column length should be increased. If the
residual solute concentration at the bottom of the column is
not within the acceptable limits, it should be discarded; sev-
eral units of this type can be used in series to achieve a high
degree of extraction.

4.2. Comparison of experimental data with computed
results

To investigate the validity of the model, the experimental
data are compared with the computed results. Fig. 8 shows
the experimental results for the non-steady-state behavior of
extraction. In condition 1, the flow rates of the external feed
phase and the emulsion are 5.2X107* and 1.38 X107 m
s~ ' respectively, and the volume fraction of the internal phase
in the emulsion is 0.5. The other conditions are the same as
in Table 2. As can be seen in the figure, steady states are
attained in 90-120 min. Thus, samplings in all experiments
are carried out after 120 min.

Fig. 9 depicts the influence of the stirrer speed on the con-
centration profile along the column. The experiments were
carried out by changing the stirrer speed from 4.67 to 6.5 rev
s~ !. The increase in the stirrer speed increases the surface

1.0 ﬂ“ T T T T T 1
Condition 1
8 — —O— :portno. 2
-0~ :portno. 5
Typical condition
6 —
—&— :portno. 5
>
4 -
2
0.0 ] | i { 1 L1 1
0 20 40 60 80 100 120 140 160 180

Time (min)
Fig. 8. Non-steady-state extraction behavior in the countercurrent mixing
column.

10 T T T T
Stirrer speed
O :4867rmps
8K O :55ms 7
y 467 rps A . 65ms
— : present model
""""" : single carvier

55ps

0.0 2 4 6 8 1.0
1-Z

Fig. 9. Effect of stirrer speed on the concentration profile along the column
(D =155X10"° m® s7Y D,=1017x10""° m* s
D, =8574x10" " m?s™ ", D,=5626X10""m?’s™ ", R,=138x107°
m). At4.67revs™ !, R=20X10"*m, h=0.1359, k=1.639X10"*ms ™"
and Np.=3.058; at 5.5 rev s7, R=18X10"* m, h=0.740,
k=1963%X10"°ms ' and Np,=2.586;at 6.5revs™ !, R=14X10"*m,
h=02174,k=2.396X10"°m s ' and Np.=2.180.

area available for mass transfer, and decreases the mass trans-
fer resistance in the external aqueous film. The holdup of the
dispersed emulsion phase also increases with the stirrer speed.
Therefore, the degree of extraction increases as the stirrer
speed increases. The broken curves are the calculation results
without considering the effect of the second carrier (surfac-
tant). As can be seen, the model considering the contribution
of the surfactant predicts more correctly the experimental data
than do the calculations without the contribution of the
surfactant.

The property of the organic solvent constituting a liquid
membrane plays an important role in extraction rate. The
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. 6.02 cp O :314¢cp
— : present model
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6
>
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2
0.0
- 5 p 8 8 1.0
1-Z

Fig. 10. Effect of membrane viscosity on the concentration profile along the
column. At 1.71 ¢cp, R=1.8X 107*m, h=0.1740, k=1963x 10" ms™",
Dyy=155x107" m* s7'Y  D,L=1017x107" m® s,
D, =8574x 107" m*s™ ", D,,=5626x10" " m*s ", R, =138x107°
m and N,,=2586; at 3.14 cp, R=20X10"* m, h=0.1740,
k=1963x10"°ms ", Dy =124X10"""m?*s ™!, D, =081 X 107" m?
s Dy=683X107" m® s, D,=448x107" m* s,
R,=126X10"% m and Np,=2.584; at 6.02 cp, R=25X10"* m,
h=0.1467, k=2.14%10"° m s7', D, =0694x107"° m? s
D, =0455%10"Y"m?s™! D, =3.84X 107 "m?s™!, D, =2.52x 10"
m’s” ' R, =1.185%10"°m and Np,=2.582.

1.0 ' ' ' l
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>
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Fig. 11. Effect of external feed phase velocity on the concentration profile
along the column (R=18X10"* m; D, =155x10""° m?® s~ "
Dpp=1017X107° m* s D,=8574x10"" m® s}
Dp=5626x10""" m* s7', R,=138X10"° m). For wu/us=6,
h=0.1609, k=2.043%10"° m s™' and Np.=3.940; for u./u,=S5,
h=0.1565, k=2.071X10"°® m s~' and Np.,=3.255; for u./u,=4,
h=0.1740, k=1963x10"% m s~! and Np.=2.586; for u.us=3,
h=0.1685,k=1995X10"°ms™ ' and Np,=1.921.

concentration profiles along the column are measured by
changing the viscosity of the membrane phase using liquid
paraffin. The other conditions are the same as in Table 2. The
variation in the concentration profile with the dimensionless

axial distance is presented in Fig. 10. As the liquid paraffin
content increases, the extraction becomes slow owing to a
decrease in diffusivity and surface area. These results are
quite consistent with the well-known fact that the less viscous
membrane enhances the extraction of the solute across the
membrane. It is observed that the holdup of the dispersed
phase is low in the case of 40 wt% liquid paraffin as a result
of the abrupt increase in the emulsion viscosity, which also
makes the extraction rate low. The results calculated with the
present model are in good agreement with the experimental
data.

Fig. 11 shows the influence of the flow rate of the external
feed phase at a constant flow rate of the dispersed phase on
the concentration profile along the column. The degree of
extraction decreases with the increase in the flow rate of the
external feed phase because the contact time of the external
phase with the dispersed phase is decreased. It is observed
that the holdup of the dispersed phase does not vary greatly
as a result of the flow rate of the external feed phase, which
means that the holdup is more significantly affected by the
stirrer speed or the physical properties of the emulsion itself.
The calculation results are also shown in Fig. 11. The present
model gives a much better approximation over the entire
range.

As the volume fraction of the internal phase in the emulsion
increases, the emulsion viscosity increases, and thus the sur-
face area available for mass transfer decreases. In addition,
the holdup of the dispersed phase decreases with increasing
volume fraction of the internal phase. Thus the degree of
extraction decreases with the volume fraction of the internal

T T T T 1

Volume fraction, ¢
. 1 0.35 #
ok _ O :050
=0.67
[ A 067
— : present model
......... : single carrier

1-Z

Fig. 12. Effect of internal phase volume fraction on the concentration profile
along the column (D, =1.55X10"° m?s™', D,,=1017X1071° m?
s7™').For $=0.35 R=18X10"*m, h=0.1740, k=1963 X 10 ®ms™!,
D, =8574X107 " m*s™ !, D, =5.626 X 10" "' m*s™ ', R, = 138X 10"°°
m and Np,=2.586; for ¢=05 R=19X10"* m, h=0.1228,
k=2343%10"°ms™ ', D, =62X10"" m>s ™', D, =4.068 X 10~ "' m?
™, R,=158X10"° m and Np.=2.58; for $=0.67, R=2.8X10"* m,
h=0.0783, k=2946X10"%* m s~', D,=3831x10"" m? s~
D;=2514x 107" m*s™!, R, =2.06 X 10" °m and Np, =2.576.
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phase, which is shown in Fig. 12. The decrease in the holdup
with the volume fraction of the internal phase results from
large emulsion globule size and poor dispersion caused by
high emulsion viscosity. The model calculations predict the
experimental data well.

5. Conclusions

A mathematical model for liquid emulsion membranes was
proposed to describe the continuous extraction of organic acid
in a countercurrent mixing column. The proposed model gave
a significant improvement in the accuracy over the previous
models. The model can be successfully applied not only to a
system where the surfactant used acts as a carrier but also to
asystem where two carriers are used to enhance the extraction
performance of liquid emulsion membranes. The advancing
front model was employed for the emulsion globule, and the
axial dispersion model was applied to the external feed phase.
The experimental data were satisfactorily predicted by the
proposed model. On the contrary, neither the calculations
without considering the contribution of the surfactant to
extraction nor the calculations without considering the dif-
fusion in the emulsion phase were in good agreement with
the experimental data, indicating that the transport by the
surfactant and the diffusion in the emulsion phase are impor-
tant factors to be considered. The simulation results show that
the calculations without considering the effect of the surfac-
tant approach the present model as the equilibrium constant
between the solute and the surfactant decreases, and the cal-
culations without considering the diffusion in the emulsion
phase approach the present model as the holdup of the dis-
persed phase increases.

Appendix A. Nomenclature

A Carrier

a Superficial area of contact of the phases (m™')

aq Aqueous phase

Cg Carrier concentration in the membrane phase
(mol m ™)

Cga Surfactant concentration in the membrane phase
(mol m™?)

C. Total solute concentration in the external phase
(molm™?)

Cy Proton concentration (mol m ~3)

Cio Initial concentration of stripping reagent
(molm %)

Con Concentration of solute—carrier complex
(mol m™?)

Ciz Concentration of solute—surfactant complex
(molm™3)

C, Penicillin G anion concentration in the external

phase (mol m™?)
Coo Initial feed concentration {mol m™*)

N ™

Diameter of the stirrer (m)

Diameter of the column (m)

Effective diffusivity of solute—carrier complex
(m?s™")

Effective diffusivity of solute—surfactant complex
(m>s™")

Molecular diffusivity of the solute in the external
aqueous film (m?s™ ')

Diffusivity of solute—arrier complex (m*s ')
Diffusivity of solute—surfactant complex (m”s™')
Axial dispersion coefficient of the external feed
phase (m?s™ 1)

Hydrogen ion

Holdup of the dispersed phase (-)

Flux of solute—carrier complex (molm~?s ")
Flux of solute-surfactant complex (molm~ s~ ")
Flux of penicillin G anion in the external phase
(molm™2%s™ 1)

Mass transfer coefficient in the external phase
(ms™")

Acidic dissociation constant (mol m™*)
Equilibrium constant of penicillin G with carrier
(m® mol ~?)

Equilibrium constant of penicillin G with
surfactant (m® mol ~2)

Mass transfer coefficient of solute—carrier complex
obtained by considering the series resistances in
the thin oil film and the emulsion (ms™')

Mass transfer coefficient of solute—surfactant
complex obtained by considering the series
resistances in the thin oil film and the emulsion
(ms™")

Overall mass transfer coefficient (m s™!)
Compartment height (m)

Column length

Stirrer speed (revs ')

Lu ./ E,, Peclet number

Organic phase

Penicillin anion

Radius of emulsion globule (m)

Radius of advancing front (m)

Radius of inner core of emulsion globule (m)
Surfactant

Superficial velocity of the external feed phase
(ms™')

Superficial velocity of the dispersed phase
(ms™)

C,/C, o, dimensionless concentration of penicillin
G anion

Axial distance (m)

z/ L, dimensionless axial distance

A.l. Greek letters

Thickness of the thin oil film (m)
Viscosity of the external aqueous phase (kg m™
s7h

1
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Pe Density of the external aqueous phase (kg m™?)
¢ Volume fraction of the internal phase in the
emulsion phase

A.2. Superscript

* Interface between the external phase and the
membrane phase
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