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Water Transport in Water-in-Oil-in-Water Liquid
Emulsion Membrane System for the Separation of
Lactic Acid

YOUNG SUN MOK and WON KOOK LEE*
DEPARTMENT OF CHEMICAL ENGINEERING

KOREA ADVANCED INSTITUTE OF SCIENCE AND TECHNOLOGY
373-1, KUSONG DONG, YUSUNG GU, TAEJON, KOREA

ABSTRACT

Liquid emulsion membranes (LEMs) were applied to the separation of lactic
acid from an aqueous feed phase, and water transport (swelling) was investigated
during the separation. Considering that as lactic acid was extracted into the inter-
nal stripping phase, osmotic pressure difference across the membrane was varied,
the water transfer coefficient was evaluated. The water transfer coefficient was
larger at higher carrier concentration and initial lactic acid concentration, which
means that emulsion swelling can also be mediated by solute/carrier complexes
although it is, in general, osmotically induced. The appropriate LEM formulation
was given for separation and concentration of lactic acid. If both separation and
concentration are desired, evidently emulsion swelling should be considered in
conjunction with the transport rate of lactic acid. It was observed that the sepa-
rated solute concentration in the internal phase was lowered due to swelling during
the operation. Nevertheless, lactic acid could be concentrated in the internal phase
more than 6 times in specific conditions, indicating that as the volume ratio of
external phase to internal phase is increased, a still higher concentration in the
internal phase can be obtained. The change in mean internal droplet size with
swelling was measured at given intervals to understand the associated interfacial
phenomenon. From this experiment it was proved that the amount of swelling

cannot be quantitatively determined from the change of mean droplet size.

* To whom correspondence should be addressed.
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INTRODUCTION

Liquid emulsion membranes (LEMs) were invented by Li (1) and have
been used for a variety of separations (2—6). The LEM separation tech-
nique is a highly selective method of separating organics, inorganics, and
metal ions capable of simultaneous extraction and stripping.

Recently, the demand for lactic acid, which is the monomer of polylactic
acid, has increased steadily, so that easier and cheaper techniques to
separate lactic acid are needed. However, there are a few reports on the
separation of lactic acid.

Chaudhuri et al. were the first to apply LEMs to the separation of lactic
acid using Alamine 336 as a carrier and Span 80 as a surfactant (7, 8).
Their system, however, has several problems. Surfactant Span 80, for
example, transports a lot of water and causes the emulsion to be unstable
when the stripping reagent concentration is high. Additionally, in their
study the lactic acid could not be highly concentrated in the internal phase
due to the low treatment ratio (external/emulsion volume = 2).

Interest in ILEMs for biochemical separations has focused on their po-
tential for cocurrent product removal in fermentation broths through re-
duced product inhibition of the fermenting organisms. LEMs, when ap-
plied to biochemical separations, are water-in-oil-in-water (W/OQ/W)
systems. The problems associated with a W/O/W LEM system is emulsion
swelling. The disadvantages of swelling are the dilution of separated prod-
uct in the internal phase and the increase of membrane breakage. These
phenomena are caused by the osmotic pressure gradient across the mem-
brane phase.

Many studies on emulsion swelling have been reported elsewhere
(9-13). However, most of these studies deal with systems which do not
possess any transportable solutes. When a system contains solute, the
osmotic pressure difference across the membrane varies as the solute is
extracted into the internal stripping phase, and the possibility exists that
the solute transports water by way of solute hydration and aggregated
solute—carrier complexes. Therefore, solute transport should be taken into
account when studying emulsion swelling.

In this study the application of LEMs to the separation of lactic acid
is discussed using Amberlite I.A2 as the carrier, Paranox 100 as the surfac-
tant, and sodium carbonate as the stripping reagent.

This article reports the effect of variables on lactic acid transport and
emulsion swelling, and the quantitative and interpretative aspects of the
study are discussed. Emulsion swelling indicates that the optimal LEM
formulation can be obtained with respect to separation and concentration.
An attempt has been made to elucidate how lactic acid and Amberlite



12:16 25 January 2011

Downl oaded At:

SEPARATION OF LACTIC ACID 745

LLA2 affect water transport (swelling). In addition, the change of mean
internal droplet size (Sauter mean diameter) with swelling was periodically
measured during the course of a run, which is important for understanding
the interfacial phenomenon and subsequent mathematical modeling.

THEORY
Transport of Lactic Acid

For the aqueous systems considered here, a membrane is defined as a
water-immiscible phase which separates two aqueous phases, thus pre-
venting direct contact of the aqueous phases. A water-in-oil (W/O) emul-
sion is formed and dispersed throughout an aqueous (feed) phase in a
reactor. A schematic diagram of an LEM system is presented in Fig. 1.

In this study, sodium carbonate was used as the stripping reagent in
the internal aqueous phase to accept lactic acid. The hydrogen gradient
provides the driving force for lactic acid transport. Hydrolysis of Na,CO;
is chemically and mathematically equated as follows:

CO%~ + H,0 & HCOs5 + OH™ )
_[HCOs JIOH™] -
Kbl—W——z.leOd' ?)
5 droplets of
internal reagent
9) 8% phase
external feed > OO
phase Oo O ®)
O 0O
o0 O
OO0 Oo O O
oo O Q
0 00
membrane O
phase

FIG. 1 Schematic diagram of a liquid emulsion membrane system.
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HCO; + H,O0 < H,CO; + OH™ 3)
_ [H:CO3][OH7] _g
Ky» = THECO;] T 2.4 x 10 )

In LEMs, a secondary amine (R, HN) can be used as a carrier for the
separation of lactic acid. When the carrier reaches the interface between
the external and membrane phases, it reacts with hydrogen ion and lactate
ion to make a complex. The overall reaction for this extraction can be
expressed as the forward reaction:

H*(aq) + La~(aq) + RoHN(org) & R>HNH " La~(org) (5)

The complex then diffuses through the membrane to the interface be-
tween the membrane and the internal phases. Due to the extremely high
pH of the internal phase, the lactate ion is stripped from the membrane
phase into the internal phase by the reverse of Eq. (5). This 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 hydro-
gen concentration exists. This uphill transport of lactate ion makes it possi-
ble to obtain highly concentrated product solutions from dilute feed
streams. Figure 2 illustrates the overall mechanism of lactic acid transport.

External Membrane Internal
phase phase

FIG. 2 Overall transport mechanism of lactic acid.
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Transport of Water

Generally, water transport into the internal phase (emulsion swelling)
is driven by the osmotic pressure difference between the external phase
and internal phases, and takes place by way of hydrated surfactant (11)
or surfactant aggregates (reversed micelle) (12, 13) to reduce the osmotic
pressure difference. Figure 3 shows a schematic representation of the
water transport mechanism.

In dilute solution, the osmotic pressure difference between the external
and internal phases, AIl, is given by

ATl = (Ci — Ce)RT (6)

where C; and C, are the concentrations of all species (ions + molecules)
in the internal and external phases, respectively.

When LEM is applied to the separation of organic acids, swelling can
be caused by solute hydration in addition to the osmotically induced one.
If a driving force for solute transport exists, emulsion swelling by solute
hydration occurs even in the absence of an osmotic pressure difference.
Thus, the extent of water transport is related to the coextraction of water
along with that of the acid. Then the equation describing the volume flux
of water across the membrane is

dV;

ar (7

= k,AATl + nVuo + nVuo [— d—(VC—C")] - €V;

dt

where k is the water transfer coefficient, n is the hydration degree of
lactic acid, and Vo is the molar volume of water. If the LEM system
is stable during separation, the leakage of internal phase € can be ne-
glected. Assuming each hydrophilic functional group interacts with only
one water molecule, the degree of hydration, n, is 2.

If the model is correct, then a plot against A AIl should yield a straight
line with a slope of k., but actually it does not.

Figure 4 shows the effect of the volume fraction of the internal aqueous
phase in the emulsion on emulsion viscosity. As the volume fraction of the
internal phase is increased by swelling, the emulsion viscosity increases; it
increases sharply when the volume fraction of the internal phase is larger
than 0.67. This can be explained by the formation of more liquid crystalline
structures with an increase in the volume fraction of the internal phase
(14). The presence of liquid crystalline structures can lead to water trans-
port resistance, which retards emulsion swelling. Since the increase in
emulsion viscosity interferes with the circulation of internal droplets, the
transported water primarily dilutes the droplets close to the emulsion glob-
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Internal phase

releases water

surfactant

External hydration
phase
(a)
releases water
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FIG. 3 Schematic representation of water transport. (a) Hydrated surfactant mechanism.
(b) Reversed micelle mechanism. S: Non- (or poorly-) hydrated surfactant. Sp: Hydrated
surfactant.
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FIG. 4 The change in relative emulsion viscosity as a function of internal phase volume
fraction in the emulsion.

ule surface, which reduces osmotic pressure difference, so that the diffu-
sion distance for water becomes increasingly longer. That is, swelling does
not penetrate far into the emulsion globule. Therefore, the volume flux
of water transport is inversely proportional to the increasing internal phase
volume. Equation (7) should be rewritten

dvi _ Vio¥ | = d(VeCe)
Z = kswA(Ci — Co) (T.) + nVyo [— ~dr ®

where ks is equal to ksRT.
In the present system the total concentration in the internal phase which
influences the osmotic pressure is equated as follows:

Ci = [Na*; + [CO3™ i + [HCO5 ]i + [H2COski + [La™) (9



12:16 25 January 2011

Downl oaded At:

750 MOK AND LEE

The mass balance equations are as follows:

[Na*]/2 = [CO3™] + [HCOs3] + [H.COs] (10)
Ve‘occ_o = VeCe + VmCm + Vi[La]i
= V.C. + VilLa"}; 1y
Using Eqgs. (10) and (11), Eq. (9) can be rewritten as
= 3 N+ Veo Ye
Ci - 2 [Na ]i + (CC.O Ve _ Ce) Vi (12)

Since the membrane is the water-immiscible phase, another mass balances
hold, and Eq. (12) can be written in terms of only C. and V;:

[Na*]ioVio = [Na+]iVi (13)
Veo + Vipg = Ve + V; (14)

It is necessary to obtain an expression for the interfacial area A before
we can solve Eq. (8). The number of emulsion globules can be determined
from the initial mean radius, Ro = D3/2 (D32 = > mDi/> niDi: Sauter
mean diameter):

4
Nem = Vem,O/'3- 1TR(3) (15)

where Vemo is the initial emulsion volume (Vy, + Vig).
The emulsion globule radius is given by

4 1/3
R. = (Vem/§ '"Nem) (16)

From Eqgs. (15) and (16), one can obtain the equation for the interfacial
area between the external and membrane phases

2/3
Vem
Vem,O

A = Nemd4wRZ2 = Ncm4'n-R(2,< an

As can be seen in Eq. (17), interfacial area A can be determined from
the change of emulsion volume. Since the membrane phase volume V,,
is constant, the change of emulsion volume is equal to the change of
internal phase volume, V;.
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In order to solve Eq. (8), the profiles of C. and V; must be obtained.
The change in internal phase volume and lactic acid concentration in the
external phase are described by empirical expressions as follows:

Vi _a(l + 0P

Vie f(a+1) (18)
C. c+dt

Ceo cC+1t (19)

The values of a, b, ¢, and d were obtained by best curve fitting of the
experimental data (Figs. 6-8).

Knowing that —dV./dt is equal to dV;/dt, Eq. (8) can be transformed
to

= dv; - dac. f B
(1 = nVioC) T2 + nVuoVe T2 = kW A(G - C) (h)
t dt Vio
0 (20)
Y = ke X

Substituting Eqs. (18) and (19) and the derivatives of Eqgs. (18) and (19)
into Eq. (20), a graph of Y against X gives the water transfer coefficient
Ksw.

EXPERIMENTAL
Materials

Kerosene, purchased from Junsei Chemical Co., was used as the mem-
brane phase. The surfactant, Paranox 100, a nonionic polyamine, was
obtained from Exxon Chemical Co. Paranox 100 has a high molecular
weight, so the use of a bigger surfactant with its smaller diffusivity reduces
emulsion swelling if emulsion swelling occurs via the diffusion of hydrated
surfactant or reversed micelle.

The carrier, Amberlite LA2, a secondary amine, was purchased from
Sigma Chemical Co.

Sodium carbonate, purchased from Junsei Chemical Co., was used as
the stripping reagent.

Lactic acid was supplied in concentrated form by Katayama Chemical
Co. The concentrated lactic acid solution also contained dimers (lactic
anhydride). The lactic anhydride can be hydrolyzed to lactic acid by heat-
ing a dilute aqueous solution for several hours.
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Methods

A stable emulsion was made by slow addition of the aqueous sodium
carbonate solution (internal phase) to the membrane phase. The emulsion
consisted of Paranox 100 and Amberlite LA2 dissolved in kerosene under
the high shear provided by a homogenizer (Tekmar Company, Germany).
The W/O emulsion was then dispersed by a six-bladed turbine into a four-
baffled vessel containing the external feed phase to give a W/O/W emul-
sion system. At given intervals, samples were withdrawn by pipet, filtered
to remove the W/O emulsion drops, and the residual lactic acid concentra-
tion was analyzed by a colorimetric method (15) or by high-performance
liquid chromatography (Waters) using a YMC-Pack C8 column with a
refractive index detector.

The emulsion globule sizes were measured photographically, and the
Sauter mean diameter was calculated. The emulsion viscosity was mea-
sured by a rotational viscometer (Brookfield Model DV-II).

The size distribution of internal droplets and the water content in the
removed emulsion were also analyzed. The size of the internal water drop-
lets in the emulsion was measured by using a centrifugal particle size
analyzer (SA-CP3, Shimadzu, Japan), and the Sauter mean diameter, ds.,
was calculated from a specific area as follows:

nd;  6M
2 = — (A;/M = specific area) 2n

d = =
3 Enid% pAi

where M and A; are the total mass and total surface area of internal drop-
lets, respectively.

TABLE 1
Typical Experimental Conditions

Internal phase:
N8.2CO32 0.6 M
Membrane phase:
Kerosene: 90 wt%
Amberlite LA2: 5 wt%
Paranox 100: S wt%
External phase:
Lactic acid: 0.1 M
Volume ratios of each phase:
Internal/membrane: 1/1
Emulsion/external: 1/4
(emulsion = internal + membrane phases = 0.1 dm?)
Emulsifier speed: 12,000 rpm
Stirrer speed: 250 rpm
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Water content in the W/O emulsion was measured by the Karl-Fisher
method, and then the internal phase volume was determined from the
volume ratio to initial value of the internal aqueous phase.

The leakage of the internal phase was measured by determination of
sodium concentration in the external phase. The sodium concentration
was analyzed by an atomic absorption spectrophotometer (AA575). The
leakage of the internal phase was less than 0.2% under experimental condi-
tions, so it was ignored.

Typical experimental conditions are summarized in Table 1. When the
effect of one variable was studied, all the other variables were kept con-
stant at the values given in Table 1.

RESULTS AND DISCUSSION

Typical Experimental Results

Figure 5 shows the separation resulits for the typical experimental condi-
tions (Table 1). The effect of swelling on the ability of the membrane to
concentrate solute can also be seen in Fig. 5. It is instructive to note that
water transport (swelling) occurred during separation, and the separated

0.06 2.0 -~ 0.6
1.8
- 0.5
0.04
- 1.6 —_
& a s
F_E’T S_ ~ 0.4(—‘7
I 3
= 1.4 —
0.02
403
1.2
0.00 L 1.0 - 0.2

0 5 10 15 20
Mixing time (min)

FIG. 5 Typical experimental results.
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lactic acid in the internal phase diluted. Since both the separation rate
and concentration are important, the effects of LEM formulation on solute
transport and emulsion swelling should be examined. As can be seen in
Fig. 5, the product concentration in the internal phase reaches a maximum
and then gradually decreases, indicating that an optimal operation time
exists.

Water Transfer Coefficient

To evaluate the water transfer coefficient, B was repeatedly assumed
so that the plot of Eq. (20) was linearly related with the slope of k.., .
When B is 3, linear relationships were obtained with the slope of k.., and
the calculated values of V;/V;, fit the experimental data well. The water
transfer coefficient evaluated at various conditions is given in Table 3
where kw/Vu,0 corresponds to the water permeation coefficient in the
equation used for lipid bilayer membrane systems (e.g., Ref. 16).

Effects of Variables

The effects of LEM formulation on lactic acid transport and emulsion
swelling were investigated, and the variations in the extent of emulsion
swelling were interpreted in terms of the water transfer coefficient.

The effect of surfactant concentration on lactic acid transport is shown
in Fig. 6(a). Except for extremely low surfactant concentrations, three
runs showed similar results after an initial period. However, there are
slight differences in the initial transport rate. When the surfactant concen-
tration was decreased to 2 wt%, the initial transport rate slightly increased.
On the contrary, when the surfactant concentration was increased to 8
wt%, the initial transport rate slightly decreased. This is easily explained.
As the surfactant concentration is increased, the internal droplet size in
the emulsion decreases since more internal droplets can be formed at
a higher surfactant concentration (see Table 2). The emulsion viscosity
increases as the internal droplet size decreases (17). It is readily apparent

TABLE 2
Mean Droplet and Globule Sizes (Sauter mean diameter)

Paranox 100 concentration (wt%)

2 5 8

ds (pm) 4.58 4.29 3.34
D32 (dm) 0.0019 0.00195 0.00202
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symbols same as

20}
in Figure 6(a)

vI / vl.o

1.5 v

s

0 5 10 15 20

1.0

Mixing time (min)

(b)

FIG. 6 Effect of Paranox 100 concentration on HLa transport (a) and emulsion
swelling (b).

that an increase in emulsion viscosity raises the emulsion globule size.
When the emulsion globule size is larger, the mass transfer area becomes

smaller.

Figure 6(b) represents the influence of surfactant concentration on emul-
sion swelling. As the surfactant concentration was increased, the emulsion

TABLE 3
Water Transfer Coefficient
ksw 3 .
. — X 10° (dm/min)
Variables Concentration R, (dm) Vi,0

Surfactant (wt%;) 2 0.0019%0 0.52

5 0.00195 2.13

8 0.00202 2.53
Carrier (wt%) 2 0.00195 1.87

5 0.00195 2.13

8 0.00195 4.58
Initial feed (M) 0.06 0.00211 1.83

0.10 0.00195 2.13

0.14 0.00188 2.55




12:16 25 January 2011

Downl oaded At:

756 MOK AND LEE

swelling increased. Since the surfactant could be a water carrier, the ex-
tent of swelling increased with the surfactant concentration. As noted in
many studies, the surfactant plays an important role in water transport.
Therefore, as long as the emulsion is stable during separation, a low sur-
factant concentration is desirable because a high surfactant concentration
results in large emulsion swelling and the surfactant is expensive. As ex-
pected, a larger water transfer coefficient was obtained at a higher surfac-
tant concentration. Here, it should be noted that in case of 2 wt% surfac-
tant, Vi/V, o was less than 1.25 at 5 minutes while most of lactic acid was
separated.

Figure 7(a) shows the effect of Amberlite LA2 concentration on lactic
acid transport. Carrier concentration determines how fast the separation
proceeds. As the carrier concentration was increased, the initial lactic
acid transport rate (slope) increased. An increase in the initial lactic acid
transport rate causes faster lactic acid enrichment in the internal phase,
that is, the osmotic pressure gradient in the early stage increases with
carrier concentration. Thus, the rate of emulsion swelling increases with
carrier concentration, as shown in Fig. 7(b). However, the large differ-
ences between the extents of swelling, as in Fig. 7(b), can hardly be ex-
plained by only the increase of osmotic pressure difference in the early
stage because the lactic acid separation almost reaches equilibrium within
a few minutes and then each case has a similar osmotic pressure differ-

T T T T 1] S ] L k)
symbols same as
. 0 in Figure 7(a 4
Amberlite LA2 20 9 (a)
¢ v 12 wt¥
—
S e : 5 wtX
= 05 m 8 wi% >*
\. ~—— : best curve :_
Kl fitting 15 4
I
ed
0.0 1 1 1.08— L L L L
0 5 10 15 20 0 5 10 15 20

Mixing time (min)

(a)

Mixing time (min)

(&)

FIG. 7 Effect of carrier concentration on HLa transport (a) and emulsion swelling (b).
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ence. This suggests that swelling can be mediated by another scheme. As
presented in Table 2, the water transfer coefficient was greatly affected
by the carrier concentration, which shows that the carrier molecule is
responsible for water transport. A secondary amine, Amberlite LA2 (N-
lauryl-N-trialkyl methyl amine), used as a carrier in this study, does not
have any hydrophilic group, so the carrier itself cannot transport water.

Amberlite LLA2: C12H25_NH—CR1 R2R3

However, since the lactates of secondary amines have the possibility of
exhibiting surface-active properties, the lactic acid/Amberlite LA2 com-
plex may enable water to be transported by forming reversed micelle. As
can be seen in literature on the liquid extraction of carboxylic acids, the
acid—amine complex can form micellar aggregates and transport a lot of
water (18-21). Analogously, in the LEM system, the water may be trans-
ported as reversed micelles made of lactic acid and Amberlite LA2, and
the amount of water transported at higher carrier concentrations appears
to be greater than anticipated. Therefore, the carrier concentration which
allows a sufficiently fast separation of solute but does not enhance the
water transport should be found. At 2 wt% of Amberlite A2 in the mem-
brane phase, the transport rate is too low. On the other hand, the extent
of swelling at 8 wt% is too great. In this context, 5 wt% is proper if the
LEM system is to both separate and concentrate.

Figure 8(a) shows the effect of the initial feed concentration on lactic
acid transport. It can be seen that when the initial feed concentration is
high, lactic acid transport is slow. A higher initial feed concentration,
however, results in a greater water transport rate, as shown in Fig. 8(b).
This is similar in results to the phenylalanine separation of Itoh et al. (22).
Since the internal phase volume is much smaller than the external phase
volume, the separated solute concentration in the internal phase when
using a higher initial feed concentration is higher than with a lower initial
feed concentration. Therefore, while at time zero the osmotic pressure
gradient across a membrane decreases with an increase in initial feed
concentration, this is inverted during separation due to enrichment of
lactic acid in the internal phase. This is the reason why the separation of
feed having a higher initial concentration gives a larger extent of swelling.
Besides, as shown in Table 3, a higher feed concentration results in a
smaller emulsion globule size, i.e., alarger surface area because lactic acid
decreases the surface tension of the aqueous feed phase. This decrease of
emulsion globule size increases emulsion swelling.

When the water transfer coefficient was investigated, it increased with
the initial feed concentration. Since the other conditions were unchanged,
this increase in the water transfer coefficient is obviously the influence
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FIG. 8 Effect of initial HLa concentration on transport rate (a) and emulsion swelling (b).

of lactic acid concentration. As mentioned previously, since the aggre-
gated lactic acid/Amberlite LA2 complex is able to transport water, the
amount of swelling will be much more due to the formation of more re-
versed micelles when a higher concentration feed is used.

Figure 9(a) and 9(b) show the effect of sodium carbonate concentration
on lactic acid transport and emulsion swelling, respectively. When the
sodium carbonate concentration is increased, the lactic acid transport rate
increases because the driving force for lactic acid transport increases.
However, as the sodium carbonate concentration is increased, water
transport (swelling) also increases, which means that the increase in
Na,CO; concentration increases the osmotic pressure difference between
the external and internal phases. The solid lines in Fig. 9(b) are results
calculated with the aid of the best curve fitting of Fig. 9(a). Since sodium
carbonate just increased the osmotic pressure difference, the water trans-
fer coefficient will be insensitive to the stripping reagent concentration.
Thus, the water transfer coefficient obtained from the typical conditions
could be used in this calculation, and good agreement was achieved. One
of the crucial variables in lactic acid separation by LEMs is the stripping
reagent concentration as the driving force for lactic acid transport. Simi-
larly to other variables, the stripping reagent concentration should be cho-
sen to give a sufficiently fast separation rate but also low emulsion swelling
as long as possible. In this respect, 0.6 M of Na,COs is suitable; this
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FIG. 9 Effect of Na;CO; concentration on HLa transport (a) and emulsion swelling (b).

corresponds to a 1.5 times excess of the Na,CO; required to neutralize
all the lactic acid initially present.

Figure 10 shows the variation of lactic acid concentration in the external
and internal phases at an appropriate LEM formulation. The maximum
solute concentration in the internal phase was attained at about 5 minutes;
however, at longer times it was lowered due to swelling. From this result
we can see that the optimal operation time is 5 minutes for then lactic
acid could be concentrated more than 6 times.

Mean Internal Droplet Size

An experiment was made to find out whether emulsion swelling leads
to a growth of internal droplets or forms new internal droplets. If the
internal droplets grow with water transport in the absence of new internal
droplet formation, the amount of swelling can be quantitatively measured
by means of the droplet size as follows:

Vi — Vig = %(dgz — dh0) X N; (22)
where Nj; is the number of internal droplets.

Table 4 shows that after emulsion swelling, the Sauter mean diameter
of internal droplets changed even though the four runs had different fea-
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FIG. 10 Separation and concentration at appropriate operating conditions.

tures. In the case of an extremely low surfactant concentration, the emul-
sion is unstable and tends to break. When emulsion breakage occurs,
unstable larger internal droplets break down sooner than smaller internal
droplets. Thus, the mean internal droplet size decreases with time. When
the surfactant concentration was increased to 2 wt%, no noticeable change
in the average size was found. It seems that the growth and coalescence
of internal droplets offsets the formation of new internal droplets. When
the surfactant concentration was further increased to 5 wt%, the mean

TABLE 4
Change in Sauter Mean Diameter of Internal Droplet (um)

Surfactant Mixing time (min)

concentration

(Wt%) 0.0 2 5 8 11
0.5 6.1 5.27 4.69 4.64 4.64
2 4.58 4.55 4.66 4.67 4.67
5 4.29 4.5 4.52 4.76 4.86

8 3.34 3.65 3.57 344 3.33
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droplet size increased with time because of the growth of internal droplets
by large emulsion swelling (see Fig. 6b) overcame the formation of new
internal droplets. On the other hand, in the case of 8 wt% surfactant, it
was observed that the mean internal droplet size increased in the early
stages but then gradually diminished because the excess surfactant formed
a lot of new droplets.

In conclusion, we can say the surfactant concentration determines that
the mean droplet size will change in some manner with water transport.
In addition, it was proved that the amount of transported water could not
be determined from a change of mean droplet diameter.

CONCLUSIONS

The LEM process has been applied to the separation of lactic acid from
an aqueous feed phase. Experimental results showed that the lactic acid
transport rate was increased by an increase in Amberlite LA2 concentra-
tion or Na,COs; concentration, and the emulsion swelling was affected
by Paranox 100 concentration, Amberlite .LA2 concentration, or Na,CO;
concentration.

Increases in carrier concentration were shown to result in higher initial
solute fluxes and higher swelling rates. With respect to the water transfer
coefficient k., it is suggested that the increase in emulsion swelling with
carrier concentration results from the aggregated solute—carrier com-
plexes as well as from the increase in the osmotic pressure difference in
the early stages. Lactic acid concentration in the external phase also has
a great influence on emulsion swelling. Since lactic acid in the external
phase decreases the surface tension of the external aqueous phase, emul-
sion globule size decreases with feed concentration, i.e., surface area of
emulsion globules increases, and the increase in feed concentration also
increases the formation of micellar aggregates which are able to transport
water. Therefore, the initial feed concentration is of great importance to
emulsion swelling.

A simple model (Eq. 8) originally used to estimate the water transfer
coefficient successfully predicted the volume change of internal phase
with time when the stripping reagent concentration (initial osmotic pres-
sure difference) was varied, and thus the extent of swelling can be pre-
dicted by this equation if carrier and surfactant concentrations capable of
transporting water are fixed.

Since the final product concentration in the internal phase and the lactic
acid transport rate are also important, both of them should be taken into
account. Water transport (emulsion swelling) indicates that the appropri-
ate operating conditions for separation and concentration can be obtained.
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The appropriate LEM formulation drawn with respect to the separation
and concentration was 2 wt% of surfactant, 5 wt% of carrier, and 0.6 M
of Na,COs; for 0.1 M feed, and the optimal operation time was found to
be close to 5 minutes. Despite emulsion swelling, lactic acid could be
concentrated in the internal phase more than 6 times at the specific LEM
formulation.

It was observed that when the surfactant concentration was different,
the change in the Sauter mean diameter of internal droplets differed.
Therefore, the amount of swelling cannot be quantitatively measured by
the mean droplet size.

NOMENCLATURE

A interfacial area between external and membrane phases
(dm?)

A; interfacial area between membrane and internal phases
(dm?)

Ce total concentration in the external phase (M)

C; total concentration of all species (ion and molecule) in the
internal phase (M)

ds Sauter mean diameter of internal droplets (um)

D, Sauter mean diameter of emulsion globules (dm)

[H*] hydrogen ion concentration

[HLa]. lactic acid concentration in the external phase (M)

[HLale,0 initial lactic acid concentration in the external phase (M)

K1 primary basic dissociation constant (mol/dm?)

K> secondary basic dissociation constant (mol/dm3)

kow water transfer coefficient in Eq. (8) (dm*/mol-min)

[La~] lactate concentration (M)

M total mass of internal droplets (g)

n degree of hydration

[Na*] sodium ion concentration {(mol/dm?)

Nem number of emulsion globules

Ni number of internal droplets

[OH"] hydroxyl ion concentration (mol/dm?)

R gas constant

R, emulsion globule radius (dm)

Ro initial emulsion globule radius (D3,/2) (dm)

T absolute temperature (K)

Ve external phase volume (dm?)

Vem emulsion volume (dm?3)
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Vao molar volume of water (dm3/mol)
Vi internal phase volume (dm?)

Ven membrane phase volume (dm?)
Subscripts

e external phase

em emulsion

i internal phase

m membrane phase

0 initial

Greek Letters

8
€
Tiret

P
All

o S

L

parameter in Eq. (8)

leakage of internal phase volume

relative viscosity, emulsion/membrane viscosity (Nem/Mm)
density of internal droplets

osmotic pressure difference between the external and inter-
nal phases
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