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Abstract: A mathematical model was proposed to describe the behavior of the liquid emulsion membrane(LEM) con-
taining sodium carbonate as internal stripping reagent. Experimental results of the batch extracuon of lactic acid were
compared with computed results by using the model. It was found that the model computations could predict fairly well
the effects of parameter variations such as the carrier concentration, the stripping reagent concentration, the stirrer
speed and the treatment ratio. An attempt has been made to reduce emulsion swelling which is one of the main problem
of LEM. As the additives for swelling control, liquid paraflin, n-decanol, cyclohexanone and Span 85 were used. All the
additives that were investigated tend to reduce the quantity of swelling to some extent. Cyclohexanone was found not

only to reduce the swelling but zlso to increase largely the acid transport rate.
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1. Introduction ery of metal ions, removal of phenols and separa-
tion of hydrocarbons in that the LEM technique pos-
Liquid emulsion membrane(LEM) has been wide- sesses a high potential for separation and concentra-
ly used in many separation problems such as recov- tion of various solutes[ 1-4]. Nowadays, some stud-
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ies of application in biotechnology have appeared,
including extraction of amino acids and carboxylic
acids from fermentation broths[5-9]. Especially, in-
terest is focused on the separation of lactic acid as
a result of an increasing demand for this acid which
is the monomer of polylactic acid.

Lactic acid is produced by fermentation. When
LEM technique 1s applied to product recovery,
demulsification is needed after extraction and set-
tling. As well as demulsification, product recovery
involves precipitation and subsequent dissolution
using calcium hydroxide and sulphuric acid. Further
treatment involves the use of activated carbon to re-
moves impurities and ionic contaminants, multiple
effect evaporation and, finally vacuum crystalliza-
tion[5].

When organic acids are separated by LEM, sodi-
um hydroxide, potassium hydroxide or sodum car-
bonate can be used as stripping reagent in the inter-
nal ‘phase. As pointed out by Boey and Pyle[5],
however, sodium hydroxide and potassium
hydroxide have several problems. Emulsions con-
taining NaOH solutions have inferior extraction
properties to those emulsions containing sodium car-
bonate solutions, which proved highly satisfactory
both in terms of emulsion stability and extraction
properties. Moreover, strong NaOH solutions are
corrosive and hazardous in handling, and more im-
portantly, if the product were to be used in food
processing, possible contamination with hazardous
chemicals must be avoided. Thus, sodium carbonate
that has no serious problems is suggested as strip-
ping reagent for liquid emulsiont membrane system.

When the stripping phase is made of agueous so-
dium carbonate, the expression of pH change of
stripping phase becomes mathematically complex
due to the hydrolysis of sodium carbonate. This
study presents a model of LEM which contains sodi-
um carbonate as stripping reagent. The proposed
model takes into account the mass transfer
resistance in the thin aqueous film at the outside of
the emulsion globule and the diffusion resistance

through the liquid membrane. The model assumes

reaction equilibrium both at the interface between
the external phase and the membrane phase, and
the interface between the membrane phase and the
internal phase.

Emulsion swelling which is one of major disad-
vantages results in dilution of the separated product
and emulsion breakage, thus the swelling control is
very important lo increase the efficiency of liquid
emulsion membranes. The aim of this work is to
verify the accuracy of the model and to reduce the
emulsion swelling by using several membrane
additives.

2. Theory

2. 1. LEM Configuration

A schematic diagram of a LEM system is pre-
sented in Fig. 1. Liquid emulsion membranes are
prepared by first forming a water-in-oil{W/0)
emulsion and then dispersing the emulsion through-
out an aqueous(feed) phase by agitation for extrac-
tion. For the aqueous system to be considered here-
in, the liquid membrane refers to the phase between
the encapsulated phase in the emulsion and the ex-
ternal continuous phase. The membrane phase is
not miscible with the internal encapsulated phase
and/or the external phase, thus preventing direct
contact of one aqueous phase with the other aque-

ous phase. The membrane phase may be organic(as
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Fig. 1. Schematic diagram of a liquid emulsion mem-

brane system.
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in the case of water/oil/water system), and this
phase incorporates surfactant as stabilizing agent
and carrier. The internal encapsulated phase con-
taining high concentration of sodium carbonate can
acl as a stripping phase. It can concentrate lactic
acid that is extracted from the aqueous feed{exter-
nal continuous phase) at the cutside of the liquid

membrane{organic phase}.

2. 2. Transport of Lactic Acid

Fig. 2 illustrates the overall transport mechanism
of lactic acid. In LEMs secondary amine(R,HN)
can be used as a carrier for the separation of lactic
acid. When the carrier reaches the interface be-
tween the agueous external phase and the liquid
membrane phase, it reacts with proton and lactate
anion to form a complex(R,HNH"La") which is sol
uble in the organic membrane phase. The reaction

for the extraction can be expressed as follows:

H*(aq)+La (ag) + R,HN{org)

=R,HNH"'La (org) M
C

o LU 2

Ke=Toin @)

where Cj is the concentration of the carrier(R,HN),
and C, Is the concentration of the complex(R,HNH
*La7).

The complex then diffuses through the membrane
to the interface between the membrane and internal
phases. Due to extremely high concentration of
hydroxyl 1on in the internal phase, the lactate anion
is stripped from the membrane phase into the inter
nal phase, the high pH of the internal phase prevent-
ing lactate anion from reacung again with the carn-
er. The stripping reaction can be expressed as the
reverse of eqn.(1)

The stripping reaction regenerates the carrier,
which then diffuses back to the feed side of the
membrane. These processes are repeated as long as
a difference in proton concentration exists. This up-
hill transport of lactate anion makes 1 possible to
obtain highly concentrated product solution from di-

lute feed solution.

Wealal, A5 A1, 1995
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Fig. 2. Overall transport mechanism of lactic acid.

2. 3. Internal Phase pH

In this study, sodium carbonate was used as the
internal stripping reagent to give driving force for
lactic acid transport. When sodium carbonate is
used as a stripping reagent, the pH change in the in-
ternal phase according 10 the accumuiation of solute
becomes somewhat complex. The pH expression can
be obtained from the hydrolysis of sodium carbon-
ate and the charge balance in the internal phase.

Equilibrium equations for the hydrolysis of Na,CO,
can be written as follows[ 10]

COY +H,0=HCO;+OH (3)
[HCO3)[OH ]
y= e =0 %10
[CO3 ] " W
HCO,+H.0=H.CO,+0H (5)
HCO,J{0H
o= IO Ty 4 (6)

[HCO,]

The electroneutrality condition and the mass bal-

ance in the internal phase can be wriiten as fol-

lows:
[Na']-{H"]
Z2(CO% < [HCO ]+ [La ]+ [OH] 0
[,Ng;] ~[CO? 1+ [HCO, 1+ [H,L0,] (8)

From ion product Kw and, eqns.(4), (6), (7) and
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(8), the e‘xbression of proton concentration in the
internal phase can be obtained

CH+CCA+CLH~CLy—Ci=0 (9)
where

C,=%+CN,.,~~CB

= g; ’ KX:EZJ G

2. 4. Model Formulation

Followings are assumed for the mathematical de-
velopment :

(1) Although emulsion globules have a non-uni-
form distribution, the system is characterized in
terms of mean globule diameter. It is also assumed
that the internal droplets are immobile because of
the presence of surfactant.

(2) No coalescence and redispersion occur be-
tween all emulsion globules.

(3) The external phase is well mixed.

(4) Chemical equilibrium holds in each interface,
1.e., no interfacial resistances are considered.

(5) Emulsion breakage and swelling are neglect
ed.

(6) The carrier concentration is much higher
than the concentration of solute/carrier complex
since the complex is constantly removed by the
stripping reagent(the calculated results are not pre-
sented in this paper, however it is shown from the
calculation that the carrier concentration is 10°~ 10°
times higher that the complex concentration during
extraction). Thus, the carrier concentration can be
assumed to be equal to its initial value at all posi-
tions.

Fig. 3 presents the schematic picture of the pres-
ent model based on the above assumptions. When
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Fig. 3. Concentration profiles of components in an
emulsion globule.

the film theory is applied to the diffusion in the ex-
ternal aqueous film, the following equation can be
derived in the external phase

dCo_ 1 ym
G= Ty kAC—C) (10)

where C, is the lactic acid concentration in the ex-
ternal phase, C; is the lactic acid concentration at
the interface between the external phase and the
membrane phase, V, is the volume of external
phase, t is the stirring time, k is the mass transfer
coefficient, and A is the surface area of emulsion
globules.

From the equilibrium constant K., and acidic dis-
sociation constant(k,=C,C,,/C,), C. is expressed as

C.,

Cm I
K.K.Ch (an

where C,, is the concentration of carrier/solute com-
plex at the interface between the external and mem-
brane phases.

The diffusion in the emulsion phase can be ex-
pressed by using the effective diffusivity D. as fol-
lows

aCi, 0

D.d, ,oC,
'W+(1‘¢) e

rrar ar

gm: ) (0<r<R) (12)
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The derivative of C,, in eqn.{12) can be obtained
from the equilibrium constant {eqn.(2)] and the pH
expression{ eqn.(9) ] as follows(see Appendix)

aC

Il

(4G +3C,Cirt 2000 CICWC., aC.
J KEG ., K, K ot
(CHAGHACC) 7 " (G kG g G 13)

Initial and boundary conditions are as follows:
t=0, C.=C, ., Co=C,,=0(0<r<R) (14)

We use boundary condition at the center of emul-
sion globule to have no flux making the problem

symmetric about the origin.

aC

r=0, ;"=0(1<0) (15)
ar

At the interface between the external phase and
the membrane phase, we use the boundary condition
of the third kind. Thus,

ac,

r=R, D. ar

=k(C.-O =0 (16)

To solve the above equations, the following rela-
tions are required
(1) The number of emulsion globules can be de-
termined from the mean radius, R=D4/2,(Dyn=2n,
D¥/3n D% Sauter-mean diameter)
V., +V,

New= (4/3y4R an

(111) The surface area of emulsion globules 1s

_3(V,+V)

A R

(18)

The eqns.(9)-(18) may be simultaneously solved
numerically by using the method of line(MOL)(a
combination of the finite difference method and the

Gear’s algorithm in the subroutine IVPAG of IMSL
MATH library){ 11, 12].

3. Experimental

3. 1. Materials

Rudal, A5A A1E, 1995

The membrane phase was prepared by mixing
kerosene as the diluent, Amberlite LAZ2 as the carri-
er, and Paranox 100 as the surfactant. Amberlite
LAZ2 is a secondary amine purchased from Sigma
Chemical Company in USA and Paranox 100 is a
polyamine-type surfactant made by Exxon Chemi-
cal Company in USA. The main component of the
membrane phase, kerosene was obtained from
Kanto Chemical Company in Japan.

Cosurfactant Span 85(sorbitan tricleate) was
supplied from Sigma Chemical Company. Span 85
which is a surfactant having a low HLB(hydrophilic
/lipophilic balance) value will transport water less
than other surfactants having high HLB value.

Sodium carbonate(extra pure), purchased from
Junsei Chemical Company, was used as the strip-
ping reagent.

Lactic acid was supplied in concentration form
(90 wt%) by Katayama Chemical Company. The
concentrated lactic acid solution also contained di
mers{lactic anhydride) which can be hydrolyzed (o
lactic acid by heating a dilute agueous solution for
several hours.

For the purpose of swelling control, cyclo-
hexanone, liquid paraffin and long chain aliphatic
alcohol(n-decanol) were used as the additives.
Cyclohexanone and liquid paraffin were obtained
from Junsei Chemical Company, and n-decanol was
obtained from Fluka Chemical Company.

3.2. Methods

A stable waler-in-oil{ W/Q) emulsion was pre-
pared by initially dissolving 5wt% surfactant and
carrier in kerosene and then adding 50cm3 of 0.6M
Na,CO; solution to make volume of 100cm® under
high shear(12000rpm) provided by a homogenizer
(Tekmar company, Germany ).

The W/0O emulsion was then dispersed by a six-
bladed stirrer(4.3cm diameter) into a four-baffled
vessel( 10cm diameter) containing 400cm’ of 0.1 M
feed solution to give a W/0/W system. The extrac-
tion of 0.1 M lactic acid was carried out at initial
pH 2.5(the pH of feed phase was 2.5 when 0.1 M
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lactic acid was dissolved). The stirrer speed was mea-
sured by a tachometer and was maintained at a de-
sired speed. All experiments were carried out at 25°C.

At given intervals, samples of about 7cm® were
withdrawn by a pipette, filtered to remove the W/Q
emulsion drops, and the residual lactic acid concen-
tration in the filtrate was determined by colorimet-
ric method[ 13] or by high-performance liquid chro-
matography(Waters) using a YMC-Pack C8 col-
umn with refractive index detector. In HPLC analy-
sis, the flow rate of mobile phase(0.005 N H,S0,)
was 0.3cm*/min. The color reagent was prepared by
dissolving 3g of FeCl,(Kanto Chem. Co.)in 12.5cm?
of 1 N HCL. This solution was freshly diluted 1:5
with water and used as the color reagent. A 0.5cm?
sample of the lactic acid solution was added to 5cm®
of water in a test tube. 0.5cm?® of the color reagent
was added to the test tube and the absorbance at
360nm was measured using a spectrophotometer
(PU 8715, Philips).

Water content in the collected emulsion was de-
termined by Karl-Fisher method[14] and then the
internal phase volume was calculated from the vol-
ume ratio to initial value of the internal aqueous
phase.

Emulsion globule sizes were measured photo-
graphically, and expressed in terms of the Sauter
mean diameter.

The equilibrium constant was determined from
equilibrium data using the usual two phase experi-
ments.

Typical experimental conditions are summarized
in Table 1. When the effect of one variable was
studied, all other variables were kept constant as in
Table 1.

Table 1. Typical Experimental Conditions

Membrane phase carrier. 5wt%(0.11M)
surfactant; 5wt%

Internal phase Na,CO;. 0.6M

External phase lactic acid: 0.1M

Volume ratio external phase/emulsion: 4

Stirrer speed: 250rpm

4. Results and Discussion

So as to investigate the validity of the proposed
model, experimental data for the lactic acid trans
port were compared with computed results. In the
other aspect, the reduction of emulsion swelling was

performed by using several membrane additives.

4. 1. Effective Diffusivity and Mass Transfer Coeffi-
cient

The effective diffusivity of the complex in the
heterogeneous emulsion globule can be estimated by
the Jefferson-Witzell-Sibbit equation[15]. Molecu-
lar diffusivity required for the Jefferson-Witzell-
Sibbit equation was obtained from Wilke-Chang
correlation[ 16].

The external phase mass transfer coefficient k
was estimated from a correlation for mass transfer
in stirred vessel. Although Levins and Glastonbury
[17] developed their correlation to describe rigid
particles suspended in a stirred vessel, their correla-
tion is still valid to calculate the convective mass
transfer coefficient of the external phase strirring
in the batch system. Since sufficient surfactant con-
centration is contained in the membrane phase, the
emulsion globule may be treated as a rigid sphere,
and so external phase mass transfer coefficient can
be determined by such a correlation.

The parameter values used for modeling are list-
ed in Table 2.

4.2. Comparison between Model and Experimental
Data

Lactic acid does not almost partition into the
membrane phase so that it can be transported only
by the way of solute/carrier complex. Thus, the sol-
ute transport rate is fairly strong function of the
carrier concentration, that is, its content determines
how fast the separation proceeds. Batch extraction
of 0.1 M lactic acid is carried out with concentra-
tion of Amberlite LA2 in the range 2~8wt%, and
with 5wt% surfactant and 0.6 M sodium carbonate.

The carrier concentrations used for computation are

Membrane J. Vol. 5, No.1, 1995
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Fig. 4. Effect of carrier concentration on lactic acid

transport.

Table 2. Parameters Used

Dissociation constant of lactic acid, pk,: 3.86
Equilibrium constant, K 19> 10*dm®/mol’
Effective diffusivity*, D, 3.16 X 10”*dm?/min
Mass transfer coefficient in the external phase**, k

3.85x 10 *dm/min for 180rpm
5.03 X 10~ *dm/min for 250rpm
5.73x 10”*dm/min for 300rpm
6.47 x 10”"*dm/min for 350rpm
Emulsion globule diameter, R
0.00277dm for 180rpm
0.00195dm for 250rpm
0.00175dm for 300rpm
0.00150dm for 350rpm

* Jefferson-Witzell-Sibbit equation[15]
** | evins and Glastonbury[17]

0.044M, 0.071M, 0.110M and 0.176M, corresponding
to 2wt%, 3.5wt%, 5wt% and 8wt%. Fig. 4 shows
the influence of carrier concentration on lactic acid
transport rate where the predicted profiles using the
model are also presented. The increases in solute
transport rates with increases in Amberlite LA2
concentration represent the increased interfacial sol-
ute/carrier complex concentrations, and hence the
increased ability of the solute to diffuse the mem-

brane phase via the solute carrier /complex. The

Auga, A15A A1E, 1995
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Fig. 5. Effect of stripping reagent concentration on
lactic acid transport.

solid curves represent the computed results by using
the model and agree well with the experimental
data.

Fig. 5 shows the residual lactic acid concentration
in the external phase obtained by changing the
stripping reagent concentration. As expected, the
separation rate increases with the stripping reagent
concentration since the driving force for lactic acid
transport is increased. When the stripping reagent
concentration is decreased to 0.4M, the separation
rate is too low and a significant quantity of lactic
acid remains in the external phase because the satu-
ration of internal droplets with lactic acid makes it
impossible to transport the acid any longer. When
the stripping reagent concentration is increased to
0.8M, the separation rate is only slightly increased.
On using higher stripping reagent concentration, the
increased osmotic pressure difference must result in
greater emulsion swelling, which counteracts the n-
crease in solute transport rate. One of the crucial
variables in liquid membrane system is the stripping
reagent concentration as the driving force for lactic
acid transport. The stripping reagent concentration
should be chosen to give not only a sufficiently fast

separation rate but also a highly concentrated pro-
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Fig. 6. Effect of stirrer speed on lactic acid trans-
port.

duct. In this context, an appropriate concentration
of stripping reagent can be found to be 0.6M.

The stirrer speed affects the emulsion globule size
and mass transfer coefficient in the external phase.
As the stirrer speed becomes large, the mass trans-
fer resistance in the aqueous film decreases and the
interfacial contact area between the external and
membrane phases increases because the emulsion
disperses as smaller drops. As presented in Fig. 6,
therefore, higher solute transport rate(slope) is ob-
tained at higher stirrer speed. The computed results
represented by the solid curves in the figure are in
satisfactory agreement with the experimental
results.

The feed consumes more internal reagent over
the course of the separation as the amount of lactic
acid in the external phase is increased. The influ-
ence of treatment ratio(external/emulsion phase)
on lactic acid transport rate is depicted in Fig. 7. As
the treatment ratio is increased, the solute transport
rate decreases largely due to the relatively reduced
capacity of the internal phase to neutralize the
transported lactic acid. In case of treatment ratio 8,
a reduction in lactic acid concentration of only 72%
is achieved and equilibrated in the run, indicating

109 T T T T
08 f Ve/Ven b
® 4.0
° v 6.0
= 06 . .
g m 80
% -— ! Calculated
< 04
x
0.2
0.0 1
0 5 10 15 20
Mixing Time{min)
Fig. 7. Effect of treatment ratio on lactic acid trans-

port.

that the stripping reagent concentration is not suffi-
cient to accept all of the lactic acid in the external
phase. If the sodium carbonate in the internal phase
is completely consumed, the amount of lactic acid
that can theoretically be extracted is 75% of the ini-
tial value when the treatment ratio is 8. However, it
is not possible to attain 75% extraction of the lactic
acid from the feed solution because of the reaction
reversibility and the emulsion breakage. The present
model assumes that there is no breakage of the
droplets or globules. Nevertheless, the computed
profile never reaches zero even on using excess
stripping reagent(see also Fig. 5). The reason is be-
cause the reaction equilibrium exists at each inter-
face. The predicted results coincide well with the ex-
perimental results.

4. 3. Contrdl of Emuision Swelling

To be able to apply LEM to the organic acid,
emulsion swelling should be controlled because it
lowers the efficiency of LEM process. Emulsion
swelling occurs in W/O/W LEM system and brings
about membrane breakage and product dilution.
LEMs are W/O/W system when applied to organic
acid separation, thus the effectiveness of LEMs will

Membrane J. Vol. 5, No.1, 1995
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depend on the emulsion swelling. Nevertheless, the
swelling control of LEMs has not been sufficiently
investigated.

Several possible ways to accomplish the swelling
control are. (1) decrease osmotic pressure differ-
ence by addition of inert species such as glucose to
the external phase[6], (2) Increasing membrane
viscosity to decrease diffusion rate if the swelling is
a diffusional process. However, although the swell-
ing can be decreased by above methods, the
addition of inert species to the external phase in-
creases the total separation cost, and increasing
membrane viscosity also decreases the solute trans-
port rate. Thus, another method for swelling control
1s needed in terms of process economics.

Although the reasons and mechanisms of the
swelling phenomenon have not been completely elu-
cidated yet, it is well known that surfactant is di-
rectly involved in water transport. Significant swell-
ing can be explained as water osmosis that is relat-
ed to surfactant[ 18, 19]. Thus the careful choice of
surfactant is the most important factor in swelling
control. Swelling can also be reduced by formulat-
ing membrane phase which is not permeable to
water. The species do not have to interfere with the
separation, nor change the stability of emulsion.

The formulation of membrane to minimize swell-
ing, as well as to maximize separation rate, should
be carefully considered. The effects of several varia-
bles which have the possibility to reduce the swell-
ing were investigated. Since some of these variables
can affect the solute transport rate, they-should be
considered simultaneously when studying swelling
control. It should be noted that the swelling cannot
be avoidable but can be only reduced because the
swelling is, of course, caused by coextraction of
water along with that of the acid and the influence
of surfactant on swelling cannot be perfectly re-

moved.
4.3. 1. Effect of Liquid Paraffin Content

Increasing the membrane viscosity needs to re-
duce the swelling if the water transport Is a kind of

Audel, A5H A1E, 1995

20min

Smin

1.0 1 1 1 1 1 1
0 10 20 30 40 50 60

L.P. Content(wt% ).

Fig. 8. Effect of liquid paraffin content on emulsion

swelling.

diffusional process, thus 1t is obviously desirable
that the membrane phase should be made of viscous
oil such as liquid paraffin. In order to examine the
effect of membrane viscosity, membrane phases of
different viscosity are prepared by changing the lig-
uid paraffin content. Fig. 8 shows the effect of lig-
uid paraffin(L.P.) content on swelling. As the L.P.
content increases, the swelling greatly decreases
since the diffusion rate of components containing
water decreases. As well, since the higher emulsion
viscosity results in larger emulsion globule size, the
relative amount of surfactant available for water
transport is decreased by the increase in globule
size(the decrease in surface area).

One of the advantages of LEM is rapid separation
rate, however, an increase in L.P. content decreases
the transport rate too much(see Fig. 9). In this
LEM system, there is an initial fast reduction in the
lactic acid concentration, ie., the maximum trans-
port rates of lactic acid occur at the beginning of
extraction and the transport rate largely decreases
with the elapsed time. Therefore, the initial trans-
port rate greatly affects the overall separation rate.
The initial transport rates in Fig. 9 are calculated

from the conceniration change in the external phase
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Fig. 9. Initial transport rate of lactic acid as a func-

tion of liquid paraffin content.
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up to 1 minute. The decrease in lactic acid transport
rate must be caused by the increase in membrane
viscosity, therefore, other method to reduce the
swelling should be used so as not to affect the sepa-

ration rate.

4, 3. 2. Effect of Cyclohexanone Content

Swelling can be effectively controlled without sig-
nificant influenze on solute transport rate if the
membrane phase is formed which is less permeable
to water. The membrane capable of reducing swell-
ing may be formulated by the addition of
cyclohexanone. Mukkolath et al.(1990) found that
the swelling can greatly be reduced by the addition
of cyclohexanone to have preferential micellization
of Span 80 with the added reagent rather than with
water[20]. The cyclohexanone concentration in the
membrane to minimize swelling was found to be
about unity volume ratio of it to Span 80. As can
be seen in Fig. 10, the swelling also decreases in
this system by the addition of cyclohexanone when
the concentration is below about 6wt%, but at
higher concentration, the swelling increases beyond
a minimum with cyclohexanone concentration be-

cause the decrease in viscosity of emulsion phase

V/V.,

-

1 1
0 2 4 6 8 10

Cyclohexanone(wt%)

1.0

Fig. 10. Effect of cyclohexanone content on emul-

ston swelling.

0.10 T H T T T

Initial Rate{(mol/dm>min)

0.06 1 1 NS 1 !
0 2 4 6 8 10

Cyclohexanone(wt% )

Fig. 11. Initial transport rate of lactic acid as a
function of cyclohexanone content.

overcome the ability of cyclohexanone to reduce
swelling. It is observed that cyclohexanone has an
additional effect on this system besides the reduc-
tion of swelling, i.e., the transport rate of lactic acid
increases with cyclohexanone content(Fig. 11). This
large increase in transport rate with cyclohexanone
content can hardly be explained by only the viscosi-
ty change of membrane phase because
cyclohexanone has great influence on equilibrium

Membrane J. Vol. 5, No.1, 1995
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constant between lactic acid and carrier. The equi-
librium constant between lactic acid and Amberlite
LAZ in cyclohexanone(4.3x 13°dm®/moi?) is much
larger than that in kerosene(1.9x 10*dm®/mol®).
Therefore, the complex concentration formed at the
interface between the external phase and the mem-
brane phase increases as the cyclohexanone content
in membrane phase increases. As a result, the trans-
port rate of lactic acid increases with the increase

in cyclohexanone content.

4.3.3. Effect of Span 85 Content in Surfectant Mixture

The surfactant is one of the most important vari-
ables in swelling control since it plays an important
role in water transport. The hydrophilic part of sur-
factant is respansible for swelling, so that the use of
surfactant having low HLB value such as Span 85
(HLB=1.8) can decrease the swelling. While Span
85 has less hydrophilic part than Paranox 100, its
molecular weight(956g/mol) is much smaller than
that of Paranox 100(2000g/mol), and thus the
diffusivity of Span B85 is Jarger than that of
Paranox 100. Tec investigate the effect of the
amount of hydrophilic part, mixture of Paranox 100
and Span 85 is used as surface active agent and ex-
periments are carried out by varying the Span 85
content. Span 85 is sorbitan trioleate, and Paranox
100 is & polyamine-type surfactant.

Fig. 12 shows the effect of Span 85 content in the
surfactant mixture on swelling. The decrease of
hydrophilic part in the surfactant mixture can cause
the decrease of water solubility and of water transport
rate, 1e., surfactant hydration and reversed micelle de-
crease with decrease of hydrophilic part in the surfac-
tant mixture. On the other hand, the diffusivity of sur-
factant mixture increases with the Span 85 fraction
because the average molecular weight of surfactant
mixture decreases with the increase in the Span 85
fraction. Therefore, the decrease in hydrophilic part by
using Span 85 as cosurfactant is canceled by the in-
crease in diffusivity. This is the reason why the in-
crease in Span 85 fraction has only a little influence

on swelling.

Hudel, M5 A1ZE, 1995
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Fig. 12. Effect of Span 85 content in surfactant
mixture.

4.3. 4. Long Chain Aliphatic Alcohd Content

In liquid extraction of organic acids, the presence
of amine shows a tendency to the aggregation of
the polar acid-amine complexes. With few excep-
tions, the complexes of most of organic acids are
cationic aggregation colloids that form micelles of a
variety of sizes, shapes, and properties[21]. The
process of micellar aggregation in organic solvents
used as diluents for amines is a stepwise formation
of oligomers, where the extent(number of aggregat-
ed units) and the degree(size of aggregated units)
of apgregation depend on the characteristics of
amine, acid radicals, and the organic solvent. Analo-
gously, the acid-amine complexes may tend to ag-
gregate in LEM system, but since liquid emulsion
membrane is a dynamic process that the complex is
constantly stripped, the aggregaled complex cannot
maintain its micellar form. An alternative possibili-
ty is that the swelling can be mediated by way of
the aggregated acid-amine complexes containing
water. The complexes formed may aggregate at the
external interface, which then diffuses to be
stripped. Therefore, a modifier needs to prevent the
acid-amine complex from aggregating. In this
study, n-decanol was used as the modifier, and it
would be expected that the portion of swelling via
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Fig. 13. Effect of n-decanol content on emulsion
swelling.

these aggregated acid-amine complexes can be re-
duced by the addition of the modifier.

Fig. 13 represents the effect of long chain
aliphatic alcohol concentration on swelling, where it
was shown that n-decanol was somewhat effective
for swelling control. When reactive extraction was
performed with only Amberlite LA2, much more
third phase was formed than with the addition of n-
decanol. This may explain that n-decanol was effec-
tive for swelling control.

As n-decanol concentration was increased, a mini-
mum value of the internal phase volume was ob
served, followed by increase in the internal phase vol-
ume. N-decanol has a hydrophilic group that can
transport water, thus the excess of n-decanol will in-
crease the swelling rather than decreasing it. Thus,
the swelling was getting increased as the n-decanol
concentration was increased more than 5wt %.

5. Condlusions

A mathematical model considering the pH varia-
tion in the internal phase was proposed to describe
the behavior of liquid emulsion membrane contain-
ing sodium carbonate as the stripping reagent. The

proposed model considers the mass transfer
resistance in the external aqueous boundary layer
and the diffusion resistance in the emulsion phase,
and assumes the reaction equilibrium at each inter-
face. Although all the resistances can affect the sep-
aration rate, the controlling step is the diffusion of
lactic acid-carrier complex in the emulsion phase.
The model predictions were examined by compari-
son with the experimental data on the batch extrac-
tion of lactic acid, and found to predict well the var-
iations of feed concentration in the external phase.
This good agreement of the experimental data to
the predicted results supports the model used for fa-
cilitated transport in LEM system. The experimen-
tal and predicted results in Fig. 4 to Fig. 7 show
that the concentration profiles are steep, which is
the feature of diffusion-controlling system.

The appropriate conditions drawn with respect to
the separation rate are 0.6M sodium carbonate, 8wt
% carrier and 350rpm stirrer speed for 0.1M feed.
However, in real system, the economic aspect
should be considered in finding the optimal condi-
tions of the parameters. The carrier is the most ex-
pensive agent among the membrane components,
and high stirrer speed needs high mechanical energy
cost.

Using the liquid emulsion membrane, not only lac-
tic acid can be separated but also concentrated.
Emulsion swelling thus determines the concentrated
extent of the solute in the internal phase. The ex-
tent of swelling depends strongly on membrane vis-
cosity, however, an increase in membrane ViSCosity
greatly decreased the solute transport rate since it
is a diffusional process. Thus the method should be
avoided although it is effective to reduce swelling.
The aggregation of the acid-amine complexes can
be prevented by a long-chain aliphatic alcohol such
as n-decanol, and thus the addition of n-decanol as
modifier had positive influence on swelling control.
The suitable n-decanol concentration was found to
be 5wt% in terms of swelling control.

The addition of cyclohexanone was effective for
reduction of swelling when its content was below

Membrane J. Vol. 5, No.1, 1995
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about 6wt%, and an minimum value of swelling
was observed at that concentration. As well, the
addition of cyclohexanone increased the acid trans-
port rate due to the shift of chemical equilibrium be-
tween lactic acid and Amberlite LAZ2. Because of
this additional effect of cyclohexanone, the additive
is proposed to be used as a membrane component.
The swelling is significantly affected by the
amount of hydrophilic part in surfactant, but de-
creasing hydrophilic part in surfactant mixture by
Span 85(HLB=1.8) was not effective for this
system containing Paranox 10¢ of high molecular

weight.

Nomenclatures

aq aqueous phase

A surface area, dm;

Cs concentration of carrier, mol/dm’

Co% initial concentration of carrier, mol/
dm?

C. feed concentration in the external
phase, mol/dm?®

C. . initial feed concentration in the exter-
nal phase, mol/dm?

C. concentration of solute at the inter-
face between the external and mem-
brane phases, mol/dm?

Cy concentration of proton, mol/dm?®

C.. concentration of lactate anion, mol/
dm*®

C. concentration of solute/carrier com-
plex, mol/dm’

Cn concentration of solute/carrier com-
plex at the interface between the ex-
ternal and membrane phases, mol/dm?

Cu: concentration of sodium ion, mol/dm’

Dy Sauter mean diameter, dm

D, effective diffusivity, dm®/min

H* proton

HLa lactic acid

k mass transfer coefficient, dm/min

k, acidic dissoctation constant of lactic

Haeel, A5 #H1Z:, 1995

acid, mol/dm?

Ku primary basic dissociation constant,
mol/dm?

K secondary basic dissociation constant,
mol/dm*

K. equilibrium constant between aqueous
and organic phases, dm®/mol’®

K. ion product, mol?/dm?®

La lactate anion

New number of emulsion globules

org organic phase

r radius, dm

R emulsion globule radius, Dy/2, dm

R,HN carrier, secondary amine

R.HNH*La~ solute/carrier complex

1 time, min

V., volume of external feed phase, dm®

V. volume of internal stripping phase,
dm?

V. volume of membrane phase, dm®

[ ] molar concentration, mol/dm?

Subscripts

e external phase

1 internal phase

m membrane phase
0 nitial condition
Greek letters
& internal phase volume fraction in
emulsion
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Appendix

Ch+CCH+CCi—-CLy—Ci=0 9

where

Cu K. Ki K.
— + K.~
Kh|+KbZ KhZ

Cla

K& Ki

= - —Cz
Ki KuKy

K
- KthbZ

C,

Differentiating eqn. {9) with time, t
(4% +3C,Ch+ 2C.Co - C 2 -
; K Ka acla
3 wew o W e
(C Il.‘*~ K , H+ Kblez at

b2

(A-1)
Differentiating eqn. (2)(equilibrium con-
stant) with time, t

aC., JCr

aC
=KCO 2 K —

(A-2)

at ot
Rearranging eqn.(A-2),
w1 G G
ot KLuChot  C. ot
Ch 0C,  KLCChaC.,
=" T~ A-3
C, dt C. ot (A-3)
Combining eqns.(A-1) and (A-3).
G, _
ot
(4C4+3C,Cit 2C.Ch—C)CW/C.) ac.
(4CH+3CCi+2CL,-C) K“’CC*C”‘ +<c’.+r§i Gy
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