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Abstract

In order to find optimal surfactant compositions of a membrane phase for volume ratios of internal aqueous phase to membrane pha
(w/o ratios) suitable for continuous extraction of penicillin G, batch extraction by an emulsion liquid membrane (ELM) was studied by
varying the volume percentages of Span 80 in a binary surfactant mixture in the membrane phase. The optimal volume percent of Sp
80 for eachw/o ratio was 5 or 10% (v/v) of total volume of the binary surfactant mixture. The continuous extraction was investigated
using a column of the Oldshue—Rushton type. Total flow rateratio and flow rate of a dispersed emulsion phase were considered as the
operational variables for the continuous extraction. In most of the runs, actual degrees of extraction at the bottom of the column were high
than 95%. However, the highest concentration of penicillin G in the internal phase of the emulsion effluent from the column was about 2.
times higher than that in the influent continuous phase. The low concentration of penicillin G resulted from dilution of the internal phase
due to swelling of the emulsion phase. In addition, strategies for reduction of the swelling were investigated. © 2000 Elsevier Science S./
All rights reserved.
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1. Introduction external phase (feed phase) and an internal phase (receiv-
ing phase). However, pH control of the external and in-
Since Reschke and Schiigerl [1,2] first proposed reactiveternal phases is required because penicillin G is stable in
extraction of penicillin G with amines, reactive extraction the pH range 5-8 [1,3]. For the pH control of the internal
has been applied to liquid membrane processes [3-11] agphase, NgCO3 was selected as the most suitable internal
well as solvent extraction processes [12,13] for the separa-reagent. With a suitable &0z concentration, its extrac-
tion and concentration of penicillin G. In particular, we have tion rate was maintained high until pH of the internal phase
extracted penicillin G from model media by emulsion liquid decreased to the pH value where penicillin G was stable,
membranes (ELMs), which can accomplish both extraction and the pH of the internal phase was within the range af-
and stripping in one step. Since a combination of the extrac-ter termination of extraction [3]. When the same,;N&s;
tion and stripping processes can remove equilibrium limita- concentration is used in systems with differevio ratios,
tions, solute concentrations in the feed phase can be reducethe reaction capacity of the internal phase for capturing
to very low levels. Simultaneously, the solute can be con- penicillin G increases with the ratio. Thus, the use of the
centrated in a receiving phase due to a high volume ratio of same NaCO3; mass in the internal phase is more meaning-
the feed phase to the receiving phase. Even though the twdul for a comparison between extraction efficiencies of these
substantial problems of the ELMs, membrane breakage andsystems.
emulsion swelling, still need a solution, we have continued Lee et al. [5] showed that the degree of extraction of peni-
to investigate the commercial applicability of penicillin G  cillin G with the use of a surfactant mixture of a polyamine
extraction by the ELMs. surfactant (ECA 4360J) and Span 80 as an emulsifier could
Amberlite LA-2 was proved to be the best extractant of be higher than that with the use of a single polyamine surfac-
penicillin G in our previous ELM study [3]. The driving tant. This investigation was limited to illuminate the effect of
force of the ELM system is the pH gradient between an a surfactant composition on extraction only at a spewific
ratio. Later, however, an optimal composition of the binary
* Tel.: +82-654-469-4775; fax:+82-654-469-4779. surfactant mixture for eachv/o ratio was obtained keep-
E-mail addressiee40f@ks.kunsan.ac.kr (S.C. Lee) ing the NaCO3 mass constant in a batch system [7]. More
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detailed explanations about the batch system are also treated 9@
in this paper.

The objective of this study is to present experimental Dispersed e
results on the extraction of penicillin G in a continuous phase |
extractor of the Oldshue—Rushton type with an optimal
surfactant composition in a batch system. The effects of
various operational conditions on the degree of extraction ET
and emulsion swelling are investigated. In addition, the 82°—

practical applicability of the continuous ELM process to
the extraction of penicillin G is discussed.
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2.1. Reagents preparation

Continuous
phase

Citrate buffer solution of 0.408 mol/dhwas prepared by
dissolving a mixture of citric acid and trisodium citrate (EP
grade, Junsei Chemical) in deionized water so as to reduceFig. 1. Schematic diagram of experimental apparatus. ET: emulsion tank;
emulsion swelling and minimize pH changes of the solution M: DC motor; P1, P2:_ pumps for dispersed emulsion an_d continuous
throughout the experiments. Two buffer solutions of pH 5.0 phases; S1-S4: sampling ports; ST1-3: storage tanks .for internal, mgm-

T o brane and external phases; R1, R2: flowmeters for dispersed emulsion
and 4.8 containing 20 mmol/dhof penicillin G were used and continuous phases.

as an external aqueous phase in a batch reactor and a contin-
uous extraction column, respectively. A surfactant mixture acrylic tube of 6.0 cm inner diameter and 85.5 cm length. It

of PARABAR 9551 (nonionic polyamine, Exxon Chemi-  cqngisted of 14 compartments each 4.6 cm high formed by
cal, Singapore) and Span 80 (sorbitan monooleate, Slgmastator-ring baffles, each fitted with four vertical baffles and

Chemical) was used as an emulsifier. An organic membraneg, -, giameter of stator openings was 3.25 cm. Working vol-
phase consisted of the surfactant mixture at 8% by yolume ume of the column was 1670.5 énstirring was carried out

of the membrane phase and 20 mmolfdof Amberlite ;' 335 rpm using four-flat blade turbine impellers located
LA-2 (secondary amine, Sigma Chemical) as an extrac- cenyraly in each stage. A continuous aqueous phase (feed
tant dissolved in kerosene (commercial GR grade, Junselsolution) was fed to the top of the extraction column and

Chemical). An internal aqueous solution was prepared by , gispersed emulsion phase was countercurrently injected
dissolving sodium carbonate (commercial EP grade, ‘]unse'through a nozzle attached to the bottom of the column.

Chemical) in deionized water. Emulsions of the water-in-oil Samples were taken from the bottom of the column and
(W/O) type were prepared by adding the internal aqueous ¢, sampling ports installed on the side wall of the column
phase to the organic phase and then emulsifying with a4 gteady state. Dispersed emulsion phase holdup was de-
homogenizer (T25, IKA Lab) for 10 min at 12000 rpm. termined by measuring volume of the W/O emulsion phase
in the column after the inlet and outlet valves of the contin-
uous and the dispersed phases were simultaneously closed.
In addition, water content in the emulsion phase effluent
BatCh experiments fOI‘ eXtI’aCtion Of peniCi”in G were car- from the top Of the Column was measured by a Kar' Fisher
ried out in the same stirred glass reactor that we used intjtrator (AF7, Orion) so as to obtain the extent of emulsion
the previous works [3-7]. W/O emulsion of 70&mas dis-  swelling. The extent of membrane breakage was measured
persed in a batch reactor containing 42Gcofi the feed  ysing lithium ion as a tracer. Since the portion of lithium
solution having pH 5.0 and the mixed solution was stirred jon in the emulsion phase leaked to the continuous phase
at 330rpm to give a double emulsion. As soon as samplesyas |ess than 1% in the batch and the continuous systems,

were taken from the reactor at given intervals, the external the effect of the leakage on the degree of extraction in each
phase was separated from the emulsion phase by filtration.system was not considered any more.

The concentration of penicillin G in the external phase was
analyzed by a UV-Vis spectrophotometer (UV2-100, ATI
Unicam) calibrated at 258 nm. The batch extraction was in- 3. Results and discussion
vestigated at varying/o ratios of the emulsion and compo-
sitions of the surfactant mixture in the membrane phase. 3.1. Permeation mechanism through ELM
The extractor of the Oldshue—Rushton type shown
schematically in Fig. 1 was used for continuous extraction  Actually, two carriers including Amberlite LA-2 exist in
of penicillin G. A column of the extractor was made of an the present ELM system because PARABAR 9551 functions

2.2. Experimental apparatus and procedure
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Fig. 2. Schematic diagram for co-transport mechanism of hydrogen ion and penicillin acid anion through membrane phase.

as a carrier of penicillin G as well as an emulsifier [3,4,6].  As shown in Fig. 3, the highest apparent degrees of ex-
The mechanism of facilitated transport of penicillin G using traction at most of the sampling intervals for eagfo ratio
the amines is shown in Fig. 2. A general reaction of an were obtained with the use of a surfactant mixture with a
amine with hydrogen ion and penicillin acid anion occurs specific composition as an emulsifier rather than with the
at the external and internal interfaces between the agueousole use of PARABAR 9551. The specific surfactant com-
q p
and membrane phases as follows: position is called as an optimal surfactant composition. The
N B binary surfactant mixture had the optimal surfactant compo-
mA(org) +nH"(aq) +nP~(ag) & Au(HP),(0rg) (1) sition for eachw/o ratio due to the following reason: when
surfactants such as PARABAR 9551 and Span 80 are used
P t with | ¢ amine (A Amberlite LA-2 to stabilize emulsion, they form surfactant layers at the in-
g’AI%Ar\eBiCR V;'SST m? tehs 0 etlmlnel ( t’ fm e:| e} i 1or | terface between aqueous and organic phases. The surfactant
f | 2”3 _Ie_zhex ernal n fr: acz_ﬁo orm 1mo layers become barriers to mass transfer in an ELM system
o1 complex [An ! ] © complex then difluses 8CT0SS  14]. PARABAR 9551 is a kind of polyamine surfactant hav-
the membrane phase untit it reaches an mte.rn.a. rop et. ting physicochemical properties similar to ECA 4360J which
Fhe internal interface, hydrogen ion and pen|C|II|_n gmd an- < used in the previous works [3,8]. Since the polyamine
lon are released to the mternallphase by the. Stripping T€aC-g, 4 ctants form more condensed adsorption films at the in-
tion because of an 'extre.mely high pH of the internal phase. terface than Span 80, their interfacial mass transfer resistance
The uncharged amine diffuses baCk across the membrane s larger than that of Span 80. On the other hand, the more
_retpeat Ithi sep?ratt;]on CB{CIe‘ ISlnr?e th? volume ral'?o of the condensed film by the polyamine surfactant increases emul-
Intérnal phase to the external phase IS very small, separa;,, , stability [15]. From these concepts, we deduced the fact
tloq anq concentration of penicillin G occur smultangously that the combined use of the two surfactants as an emulsifier
during its transport from the external phase to the internal would have a positive effect on the extraction of penicillin G,

n moles of hydrogen ion (H) and penicillin acid anion

phase. which was also proved by the present and the previous ex-
perimental results [7]. As a volume percent of Span 80 of the
3.2. Batch extraction of penicillin G binary surfactant mixture increased over its optimal value,

the apparent degree of extraction for eacb ratio in Fig. 3

Batch extraction experiments were performed by varying decreased. From the result, it could be assumed that the
the volume percent of Span 80 of the binary surfactant mix- amounts of Span 80 occupied by adsorption at the interface
ture in order to obtain optimal surfactant compositions of the between aqueous and organic phases would be almost con-
membrane phase for theo ratios which would be used for  stant at the range over the optimal volume percent of Span
continuous extraction of penicillin G by the ELM. For the 80. Since the surfactant mixture was fixed as 8% by volume
sake of convenience, the terminology “apparent degree ofof the membrane phase, the concentration of PARABAR
extraction” on the ordinates of Figs. 3 and 4 was used instead9551 as a carrier of penicillin G decreased with an increase
of the terminology “actual degree of extraction”, because its in Span 80 concentration. Finally, it was considered that the
use does not make a serious difference to an analysis of thedecrease in PARABAR 9551 concentration brought about
present batch system in which emulsion swelling does not the decrease in the apparent degree of extraction.
seem to be high. The apparent degree of extraction means In our previous work [3], the degree of extraction of
a degree of extraction of penicillin G in the external phase penicillin G increased with the increase in the ;N&3
observed without taking into consideration any breakage or concentration which was in between 0.05 and 0.5 mol/dm
swelling. However, penicillin G in the internal phase was highly
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Fig. 3. Effect of volume percent of Span 80 of a binary surfactant mixture on apparent degrees of extraction for differatios in a batch reactor

(citrate buffer solutior-0.408 M; pH 5.0; mass of N&03=3.5x 103 mol).

decomposed at the highest X&03; concentration because

NaxCOs; mass in the internal phase was excessive for neu-

tralization of all penicillin G transported to the internal

a higherw/o ratio, keeping NgCOs concentration in the
internal phase constant independentid ratios [4]. Thus,
the NaCOs3 concentration at a higl/o ratio should be

phase. Likewise, losses of more penicillin G occurred at lowered so that penicillin G in the internal phase might be
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Fig. 4. Comparison between apparent degrees of extraction at diff@i@nt
ratios with their optimal surfactant compositions in a batch reactor (citrate
buffer solutior=0.408 M; pH 5.0; mass of N&€03=3.5x 1073 mol).

stable after termination of extraction. Besides, the reaction
capacity of the internal phase for capturing penicillin G in-
creased with thev/o ratio. Actually, comparisons between
the experimental results (such as degree of extraction and
emulsion swelling) obtained in the systems with different
reaction capacities make no sense at all. Finally, the masses
of NapCO; in the internal phase for all runs in Fig. 3 were
fixed as 3.5 10~°mol so as to investigate the effect of the
w/o ratio on the extraction under the same trapping mass of
NaCOs for penicillin G.

The optimal volume percent of Span 80 for ea¢h ratio
was 5 or 10% (v/v) of total volume of the binary surfactant
mixture as shown in Fig. 4. The apparent degree of extrac-
tion was higher at the lowes/o ratio. We did not consider
continuous extraction with ths/o ratio ofg because the ap-
parent degree of extraction at thigo ratio was much lower
than those at the othev/o ratios.

3.3. Continuous extraction of penicillin G

In order to increase the degree of extraction, we could
consider the use of the internal phase with the highest pos-
sible N@COs; mass with which penicillin G in the emul-
sion phase effluent from the continuous extraction column
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Table 1
Dispersed phase holdup, % swelling and concentration of penicillin G in the internal phase of the effluent emulsion, and degree of extraction at th
bottom of the column for each run

Run No. w/o ratio & NaCO;3 conc. Flow rates of Dispersed phase % swelling Es) Conc. of penicillin Actual degree of
vol.% of Span in the internal continuous & holdup @) of the effluent G in the internal extraction at the
80 of binary  phase (mol/d®)  dispersed phases emulsion phase of the effluent bottom of the
surfactants (cm®/min) emulsion (mmol/drf) column (%)

1 1/1 & 10 0.1750 60 & 10 0.233 120.0 48.11 94.6

2 1/3 & 10 0.3500 60 & 10 0.351 228.0 30.52 95.2

3 1/4 & 5 0.4375 60 & 10 0.365 246.4 25.92 95.0

4 1/1 & 10 0.1167 60 & 15 0.342 198.5 31.48 96.6

5 1/1 & 10 0.1167 90 & 225 0.280 142.9 35.42 88.4

remains stable. The suitable §&03 concentration at a par-  a practical application of the continuous extraction difficult.
ticular w/o ratio was theoretically estimated by obtaining In addition, the dispersed phase holdup in the present system
a pH value of the internal aqueous solution as a function was much higher than that obtained in the previous work [8]
of mass of penicillin G transported to the internal phase in under the condition of the same continuous and dispersed
the same way as that reported in earlier work [3,7]. For the flow rates. This can be explained by the following argu-
calculation, the ratio of the volumetric flow rate of the dis- ments: first, Span 80, used only in the present continuous
persed emulsion phase to that of the continuous phase in theextraction as an auxiliary surfactant, rather than PARABAR
continuous system was assumed to be the same as the rati®551 facilitated water transport into the internal phase [16];
of the volume of the emulsion phase to that of the external secondly, the working volume of the column in the present

phase in the batch system. The mass flow rates g€Rg in system was larger than that in the previous system while the
the internal phase as used for the continuous operation werdactors such as stirring speed, diameter of the stator open-
8.75x10~*mol/min for runs 1-4 and 1.32102 mol/min ings and height of the compartments affecting the dispersed
for run 5. phase holdup were almost the same in the two systems. A

In order to understand the behavior of the continuous longer residence time of the emulsion phase within the col-
system, dispersed phase holdup, swelling percentage of thaumn due to the larger working volume resulted in greater
emulsion phase and concentration of penicillin G in the in- swelling and thus a higher holdup of the emulsion phase.
ternal phase of the emulsion effluent from the top of the Fig. 6 shows the effect of the flow rate of the dispersed
column were measured at the steady state and the values arghase on the apparent degree of extraction at a constant flow
given in Table 1. The dispersed emulsion phase holdup israte of the continuous phase. Although the flow rate ratios of
defined as
¢ = Vem (2) 100 T T T T T

Vem + Vex
whereVem andVey are volumes of the continuous and dis- 8 @
persed phases in the column, respectively. The swelling per- 90 |- 8 2
centage ;) of the emulsion phase is defined as the ratio of
the volume increment of the effluent emulsion to the volume
of the influent emulsion phase and is expressed by

£ — (w/0)e — (w/0)j
s = —f0e — W0
(w/o)i +1

Fig. 5 shows the effect of the/o ratio with the opti-
mal surfactant composition on the apparent degree of ex- A 11 &10% (Run 1)
traction during the continuous operation. There were little 0 :13&10% (Run2)
differences among the degrees of extraction fomad ra- © :1/4& 5% (Run3)
tios. If swelling would not occur in the three runs, the high-
est concentration of penicillin G in the internal phase would T
be obtgined at thev/o ratio gf ‘—11. However, the higher con- 00.0 02 0!4 0'.6 0'_8 1!0
centration extent was obtained at the highé ratio as de-
scribed in Table 1 because the swelling was much lower at Normalized column length
the hlgherW/O ratio. Despite the.hlgh actual degrees O_f ex- Fig. 5. Effect of w/o ratio with its optimal surfactant composition
traction around 95% for ail/o ratios, the low concentration o, apparent degree of extraction in a continuous columEVGem=6:
extents of penicillin G described in Table 1 seemed to make ge,=10 cni/min; mass flow rate of N&CO3=8.75x 104 mol/min).

80 - .

100(%) (3)

>0

70 - .
i me% (vIv

Apparent degree of extraction (%)
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Fig. 6. Effect of flow rate ratio of continuous to dispersed Fig. 7. Effect of total flow rate on apparent degree of extraction in a con-
phase on apparent degree of extraction in a continuous column tinuous columndeyx/gem=4; W/o ratio=1/1; 10% Span 80 (v/v); mass flow
(gex=60 cn?/min; w/o ratio=1/1; 10% Span 80 (v/v); mass flow rate of  rates of NaCO3=8.75x10~* mol/min for run 4 and 1.3%10-3 mol/min
NapCO3=8.75x 10~ mol/min). for run 5).

the dispersed phase to the continuous phase were different One of the most serious problems associated with ELM
between two runs, mass flow rates ofl8#s in the internal processes is emulsion stability due to membrane breakage.
aqueous phase were the same. It is known that dispersedCurrent remedies in use for this problem are to increase
phase holdup increased with the increase in flow rate of thethe concentration of surfactant in the membrane phase and
dispersed phase in the continuous extraction column with the viscosity of the membrane phase. The remedies tend to
very low swelling [7,17]. Hence, we could assume that the reduce the rate of solute transfer by inhibiting any inter-
larger interfacial area between the continuous and dispersedal motion within emulsion drops, by increasing interfacial
phases due to the higher dispersed phase holdup could bringnass transfer resistance, or by decreasing molecular diffu-
about the higher apparent degree of extraction, even thoughsivity of a solute in the membrane phase. Moreover, the use
the initial NgCOs concentration in the internal phase was of more surfactant can result in higher emulsion swelling.
somewhat lower at the higher flow rate of the dispersed Skelland and Meng [18] converted the membrane phase to
phase. In addition, a larger amount of surfactant existed in appropriate non-Newtonian form, by adding a few percent
the column at the higher flow rate of the dispersed emulsion of polymers, which increased membrane stability without
phase, which seemed to result in the higher swelling and theloss in permeability and with marked reduction in swelling.
dispersed phase holdup as described in Table 1. Mok et al. [19] also suggested the possibility of reducing the
Fig. 7 shows the effect of the total flow rate at a constant emulsion swelling by the surfactant mixture of Span 80 and
ratio of the flow rate of the dispersed phase to that of the Span 85. Span 85 was more hydrophobic than Span 80. In
continuous phase. Since contact time between the continu-the future, the above results of these works [18,19] will be
ous and dispersed phases is reduced with an increase in thgsed to apply the continuous ELM process to the industrial
total flow rate, the apparent (or actual) degree of extraction process for the extraction of penicillin G.
along the column length was lower at the higher total flow
rate. While a higher dispersed phase holdup was obtained at
a higher total flow rate in the previous system with very low 4. Conclusions
swelling [8], the dispersed phase holdup in the present sys-
tem were higher at the lower total flow rate as described in  Continuous extraction of penicillin G was carried out in
Table 1. This implies that a much lower degree of extraction an extractor of the Oldshue—Rushton type. The experimental
due to a shorter residence time of the dispersed phase coulatonditions for the continuous operation were obtained from
bring about lower swelling. Finally, the emulsion swelling the present batch extraction and our previous works. Espe-
accompanying the high degree of extraction made the con-cially, an optimal surfactant composition for easto ratio
centration of penicillin G difficult. was obtained in a batch system and it was used to exam-
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ine the possibility of a practical use of the continuous ELM Acknowledgements
process.

In the continuous operation, most of the actual degrees The author wishes to acknowledge the financial support
of extraction were higher than 95%, but the concentration of the Korea Research Foundation for the program year of
of penicillin G obtained in the internal phase was lower 1997. He is also grateful to Exxon Chemical, Singapore for
than 2.5 times the initial penicillin G concentration in the the supply of PARABAR 9551.
external phase. This resulted from swelling of emulsion. It
seemed that Span 80 had an important effect on the swelling,
which brought about high dispersed phase holdup. Finally, References
the commercial applicability of penicillin G extraction by
the ELMs depended on how much the swelling could be [l M. Reschke, K. Schiigerl, Chem. Eng. J. 28 (1984) B1.
reduced. Further study of the reduction of the swelling is % “sﬂ.teefng(e\}vﬁ.sfgsgiﬁ" g;‘;r: ?235#&288(;?685231.1'56 (1992)
required prior to the commercial application. 251

[4] S.C. Lee, Ph.D. Thesis, Korea Advanced Institute of Science and
Technology, Korea, 1993.

5. Nomenclature [5] K.H. Lee, S.C. Lee, WK. Lee, J. Chem. Technol. Biotechnol. 59
(1994) 371.
. . [6] S.C. Lee, J.H. Chang, B.S. Ahn, WK. Lee, J. Membr. Sci. 149
A amine, Amberlite LA-2 or PARABAR 9551 (1998) 39.
A, (HP), amine—penicillin G complex [7] S.C. Lee, J. Membr. Sci. 163 (1999) 193.
aqg. aqueous phase [8] S.C. Lee, KH. Lee, G.H. Hyun, WK. Lee, J. Membr. Sci. 124
Es swelling percentage 9 (cngmL) 43.HJ Yeh, W.J. Yang, C.R. Kan, Biotechnol. Bi 42
org. organic phase [9] (1.9.93)e§,27. . Yeh, WJ. Yang, C.R. Kan, Biotechnol. Bioeng.
P penicillin acid anion _ [10] R.S. Juang, S.H. Lee, R.C. Shiau, J. Membr. Sci. 146 (1998) 95.
Oex flow rate of continuous phase (éfmin) [11] T. Barenschee, T. Scheper, K. Schiigerl, J. Biotechnol. 26 (1992)
Oem flow rate of dispersed phase (8min) 143. ) ,
v total volume of dispersed phase at stead [12] z. Likidis, K. Schugerl, Biotechnol. Lett. 9 (1987) 229.
em 3 P P y [13] Z. Likidis, K. Schiigerl, Chem. Eng. Sci. 43 (1988) 27.
state ( ) . [14] J. Strzelbicki, S. Schlosser, Hydrometallurgy 23 (1989) 67.
Vex total volume of continuous phase at steady [15] T. Kakoi, M. Goto, F. Nakashio, Sep. Sci. Technol. 32 (1997)
state (nd) 1415.

(W/0)e volume ratio of internal to membrane phase for [16] C.D. Cerro, D. Boey, Chem. Ind. 7 (1988) 681. _
effluent emulsion [17] A.N. Goswami, S.K. Sharma, A. Sharma, T.C.S.M. Gupta, Indian J.

HISTY Chem. 31 (1992) 361.
(W/o)i volume ratio of internal to membrane phase [18] A.H.P. Skelland, X.M. Meng, J. Membr. Sci. 158 (1999) 1.

for influent emulsion [19] Y.S. Mok, K.H. Lee, W.K. Lee, J. Chem. Technol. Biotechnol. 65
¢ dispersed phase holdup (1996) 309.



