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Abstract

The extraction equilibrium and stripping of certain (-lactam antibiotics such as 7-aminocephalosporanic acid (7-ACA), 7-aminodeacetoxy
cephalosporanic acid (7-ADCA), 6-aminopenicillanic acid (6-APA), cephalosporin-C (CPC) and cephalexin from aqueous solution of phosphate
and carbonate buffers were studied with Aliquat-336 (tricaprylylmethylammonium chloride) dissolved in n-butylacetate as the solvent over an
aqueous phase pH range of 5-10. The extraction equilibrium constant K, was found to increase with aqueous phase pH, which is attributed to the
increase in ionisation of the B-lactam. A systematic study on kinetic of stripping or re-extraction of 7-ADCA and cephalexin from the extracted
phase was carried out using an aqueous solution of citrate buffer at different pH values and was found to be pH dependent which is also attributable
to ionisation behaviour of the 3-lactams. Such observation is considered important, as re-extraction at an appropriate pH value is possible. The rate
of stripping was found to be weakly dependent on Cl~ concentration of the aqueous phase and the same was analysed with a simple mass transfer

model based on film theory.
© 2007 Published by Elsevier B.V.
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1. Introduction

Reactive extraction in liquid membrane can provide an attrac-
tive method for separation and purification of cephalosporin
antibiotics from dilute solution and the principle can be effec-
tively exploited to develop liquid membrane system, which can
provide enhanced separation potential [3,8,9,16]. We had ear-
lier reported studies on reactive extraction of 6-APA and 7-ACA
with secondary, tertiary and quaternary amines and found that
Aliquat-336, a quaternary amine salt is the best choice of carrier
for cephalosporin antibiotics [3,4,11].

For design of extractors using the principle of reactive extrac-
tion, the knowledge on kinetics and mechanism of stripping of
the B-lactam from the loaded organic phase is as important as that
of extraction equilibrium and kinetics. Reschke and Schugerl
[15] were perhaps the first workers who reported stripping kinet-
ics of penicillin-G, which was extracted to an organic phase with
a secondary amine. Subsequently, Lee et al. reported [14] useful
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data on optimisation of the various parameters on extraction and
re-extraction process using the same extractant.

There is practically no report in stripping kinetics of
cephalosporin antibiotics except [11] who, however, demon-
strated that cephalosporin-C extracted from an aqueous
carbonate buffer solution to an organic phase of butyl acetate
containing Aliquat-336 as the extractant could be stripped or
re-extracted by around 70% to another aqueous solution of
acetate buffer. However, a systematic kinetic investigation was
not reported by these authors.

In this paper, the extraction equilibrium of certain 3-lactams
and a comprehensive study on stripping of 7-ADCA and
cephalexin including the kinetics have been reported.

1.1. Theoretical considerations

7-ADCA and cephalexin are zwitterionic molecules and the
pKa1 and pK,» values are 2.95 and 4.78 for 7-ADCA and 2.56
and 5.88 for cephalexin. In the pH range between 2.95 and 4.78
for 7-ADCA, the zwitterion as a whole is predominant as is
evident from the dissociation behaviour.
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The pH at which the amine group ionises keeps the carboxyl
group in the COO™ form. The anionic forms of 7-ADCA and
cephalexin at pH > pKj» are amenable for ion-exchange with
an anionic exchanger such as Aliquat-336 (a carrier hereafter
termed as QCl). B-Lactam anion (P™) complexes with carrier,
QCl, dissolved in the organic solvent according to the following
reaction:

P~ +QCl = QP +CI™ (1

The extraction efficiency depends on the type of B-lactam
molecule (dissociation constant) and the solvent used. For the
ion-exchange extraction to be efficient, it is necessary that the
[B-lactam molecule to be present in the anionic form, i.e. at pH
above the pKj, value.

The equilibrium constant, K, of this reaction is given by

CopCe-
Kp = QPLql

= )
Cp — Cqci

The following material balance equations hold for Aliquat-
336/C1~ and for the B-lactam:

VorgCQCIOrg.e = VOTgCQCIOrg,i - VanCI_ 3)
and for 7-ADCA and cephalexin (B-lactam anion):
vorgCQPOrg,e = Vaq(CHPi - CHPe)

where i and e stand for the initial and equilibrium values, respec-
tively, and the V,q and Ve represent the volumes of the aqueous
and organic phases, respectively.

The extraction equilibrium constant can be arranged as

K — Vag(Cup,q; — Cup.)Cqyy
P (VorgCQClyg; — VagCaly, )Cp

Eq. (4) follows from Eq. (2) and thus by plotting CqpCcy ver-
sus CqciCp, the equilibrium constant K}, can be determined. In
absence of the measurement of C1~ concentration in the aqueous
phase, C- may be determined from V,qCc1= VorgCop. Thus
Ccy- can be eliminated from the K}, expression, which can be
simplified to the following forms:

_ CopVorg/ Vag
L= —Qploe/ Fag

“

(5)
CqciCp

The co-extraction of buffer anion, A~ by QCl at the interface
may take place according to

Aaq_ + QClorg = QAorg + Claq_ (6)

The equilibrium constant, K4, of co-extraction is given by
CoAy. Coy. .-

Kp = e Gl %)
CQCIOrg CAaq -

The co-extraction effect can be considered implicitly by the
excess chloride moles present in the aqueous phase after equi-
librium:

Vorg CQAorg = Vaq CAaq,i - Vaq CC]aq7 (8)

1.2. Stripping kinetics

The reactive extraction system conforms to liquid-liquid ion
exchange mechanism involving dissociated form of the 3-lactam
anion. The nature of the ion-exchange reaction and observed
high extraction at high pH and re-extraction into an aqueous
phase of lower pH at substantial chloride ion concentration
determines the re-extraction efficiency of the system.

According to the extractive reaction, the extent of stripping
should increase by an increase in Cl~ concentration in the
stripping phase, but it was found [11] that the stripping was
almost independent of C1™ concentration. Though it is difficult
to explain this observation, the same may be attributed to the
effect of another anion exchange reaction between Aliquat-336
(carrier) and acetate of the buffer as represented by

QCl+ Ac™ = QAc+CI™ 9

This is more likely to be the case particularly when the loaded
organic phase contains the carrier in sufficient excess of that
present as solute—carrier complex. Such an additional reaction
would also further cause increased Cl~ concentration in the
stripping phase thereby providing driving force for the stripping
of B3-lactam anion.

1.3. Kinetic model

The reaction diffusion phenomena involved in stripping are
essentially the same with those encountered in the forward
extraction process. Stripping rate may be controlled either by
the reaction rate or by diffusion. Accordingly, either the simple
mass transfer model based on two film theory or the interfacial
reaction model considering reaction of the adsorbed carrier and
solute at the interface may describe the stripping kinetics. Simple
mass transfer model was found applicable to analyse stripping
kinetics for penicillin-G [14,13] and carboxylic acid [13] using
Amberlite LA-2 as the carrier, while interfacial reaction model
has been applied for analyzing the stripping kinetics of metal
ions such as copper ion involving acidic extractants [20].

In the present work, only the mass transfer model proposed
for extraction of DL-phenylanine with Aliquat-336 as the car-
rier [10] has been considered to analyse stripping kinetics of
cephalosporin antibiotics. The concentration of C1™ at the inter-
face may be considered to be equal to that in the bulk due to
stabilizing effect of the buffer present in the aqueous stripping
phase. The kinetic model can be represented as

_ VadCpy

0.25B2 — R (10)
Sdt

—Js = Kp(Cp; +0.5B £

swhere

B kQClképKPCQCl + Zk%stClCPs
szképr - k%stC]
2kp kg1 KqopCop — kpskéPKpCps
szkéPKp - k}%SkQCI
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and

R— —kqci(kopCaop + kp,Cp,)*
kp kp Kp — ki kqc

2. Experimental
2.1. Chemicals and reagents

7-ADCA, cephalexin, 6-APA, cephalosporin-C (CPC) and 7-
ACA B-lactams were procured from Sigma Chemical Co. (St.
Louis, Missouri, USA) and are of 99.9% purity. Aliquat-336
(Aldrich, Milwakee, USA) were used as received, butyl acetate
and other analytical grade buffer reagents were procured from
BDH (Mumbai, India) and were used as received.

2.2. Procedure

2.2.1. Procedure of equilibrium experiments

The equilibrium experiments were carried out at 25 °C by
mixing 10 ml each of buffered aqueous -lactam solution and
the organic solution of Aliquat-336 dissolved in butyl acetate in
a stopper glass flask of 50 ml capacity round-bottom flask placed
over a magnetic plate with magnetic capsule. The aqueous phase
pH was maintained at a value of 8—10 by using phosphate and
carbonate buffer. In case of extraction with the quaternary amine
salt, the aqueous phase pH values were maintained at 8-10, i.e.
above the upper pK, value at which the B-lactam exists in the
anionic form. In case of CPC, the pH was maintained at 10.0
(above the pK,, value of 9.3) by using carbonate-bicarbonate
buffer. The method for preparation of the buffer solution is the
same as reported in our previous papers [3-5]. A set of prelimi-
nary experiments were carried out to ensure that equilibrium was
attained. The data collection was concentration of solute in aque-
ous phase versus time and upon attainment of equilibrium the
concentration remained constant, the time of equilibration for the
extraction was 2-3 h. After attainment of equilibrium, the aque-
ous and organic phases were separated and the aqueous phase
concentrations were determined by UV—vis spectrophotometer
(Shimadzu, Model 160 A) calibrated at the wave lengths of 264,
265, 262, 260, 240, 204 nm for 7-ACA, 7-ADCA, cephalexin,
cephalosporin-C, cephaloridine and 6-APA, respectively. The
CI™ concentration was estimated by the well-known Volhardt
method involving precipitation with silver nitrite and those of the
buffer ions, that is, phosphate and carbonate, were estimated by
a standard gravimetric method using molybdate blue and BaCl,,
respectively [17]. The extraction equilibrium experiments were
carried out in triplicate and the reproducibility was found to be
+5%.

2.2.2. Procedure of kinetic experiments

The experiments on stripping kinetics were carried out in a
Lewis type all glass stirred cell of standard design reported in lit-
erature [6,21] and used in our previous paper [2]. The schematic
diagram of the cell is shown in Fig. 1. The cell was a glass cylin-
der with inside diameter of 5 cm and a height of 10 cm which
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Fig. 1. Schematic diagram of all glass stirred cell: (1) glass cell; (2) water jacket;
(3) water outlet; (4) water inlet; (5) sample collector; (6) rubber septum for
sample collector; (7) magnetic stirrer; (8) teflon stirrer; (9) glass rod; (10) motor
with speed regulator; (11) Circular disc; (12) aqueous phase; (13) organic phase;
(14) interface of two liquid; (15) stainless steel rod; (16) glass lid; (17) O’ baffle.

was divided by acrylic circular disc placed right at the interface
in order to reduce the disturbance of the interface.

For stripping, the aqueous solution taken was an acetate buffer
of pH 4 made by using 100 mM acetate ion. In the organic phase,
the initial concentration of solute—carrier complex (QP) and free
carrier (QCI) was varied from 0.7 to 0.9 mM and 0.52 t0 9.8 mM,
respectively. The organic phase was loaded with 3-lactam ion
by equilibrating equal volumes of the aqueous 3-lactam solution
at appropriate pH and n-butyl acetate solution of Aliquat-336
(organic phase) under intense stirring in a glass vessel for 1h.
The concentration, of the complex (QP) was varied by taking
different concentrations of QCl during loading experiment and
determine from a material balance.

The stripping aqueous solution of the lower part as well as the
upper phase loaded organic solutions in equal volumes (25 ml
each solution) was then poured carefully into the stirred glass
cell. Thereafter, stirring of the phases was started immediately.
The stirring speed was maintained at 120 rpm, however, without
causing phase dispersion at the interface. It may be noted that
this stirring speed was fixed on the basis of the observation of
separately conducted experiment that above this stirring speed
the mass transfer effect was negligible. The temperature was
maintained at 25 0.5 °C by circulating water from a constant
temperature bath through a jacket provided in the cell. Samples
of the aqueous phase were collected at equal interval of time
and the concentration of the solute was determined by a UV-vis
spectrophotometer calibrated at appropriate wave length [5]. The
stripping phase pH was varied between 3 and 5 in order to assess
the pH effect on stripping rate.

The initial stripping rate Js (mol/cm? s) was calculated from
experimental data by using the following equation:

Va (dCp -
Jo=—2( = (11)
S /-
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where S is the interfacial contact area taken as the geomet-
ric cross-sectional area of the stirred cell (12.56cm?) and
(dCp - /d1),_,, 1s the initial slope of the curve representing con-
centration in the aqueous stripping phase (Cp,) versus time (f).
The values of Jg were determined under various experimental
conditions so as to assess the probable effect of the pertinent
variables and draw inference on the appropriate kinetic model.

3. Results and discussion
3.1. Extraction equilibrium

The equilibrium experiments were conducted at different
Aliquat-336 and -lactam concentration and at a pH above the
pKa2 such that only the anionic from of the 3-lactam exists in the
aqueous medium. Determination of the value of K, for various
B-lactams when n-butyl acetate was used as the solvent and also
assessing the co-extraction effect through of K values [4] was
the primary emphasis.

The K}, values determined from linear regression of the data
have been listed in Table 1. The agreement between experimental
and predicted K}, values seems to be fairly well and the corre-
lation coefficient for linear regression of data for determination
of experimental K, value is appreciable. However, the observed
deviation over the range pH value which may be attributed to the
co-extraction of the buffer anion used to maintain the pH. It is
apparent that the K, obtained without considering co-extraction
are higher than those obtained by considering co-extraction. The
difference in the values is assigned to the co-extraction constant
KA, which is also shown in Table 1. At high pH, co-extraction
becomes significant whereas at lower pH, co-extraction is neg-
ligible an observation identical to that reported for extraction of
6-APA [4] and DL-phenylanine [10] with Aliquat-336. Indeed,
analysis of the C1™ concentration in the aqueous phase indicated
appreciable degree of co-extraction particularly at a high pH.
It is also apparent that the Kp values for Aliquat-336 increase
with an increase of pH for both 7-ADCA and cephalexin. As
expected, Kp increases with an increase of pH within the range

Table 1
Equilibrium constant for extraction (Kp) and co-extraction (Ka) for various
B-lactams Aliquat-336-butylacetate system Cqcy = 1-10mM, Cp =0.5-1.5mM

B-Lactam pH  Kp (x10%) Ka (x10%) R*2
Experimental ~ Predicated

6-APA 8 23.0 21.84 11.8 0.89

7-ACA 8 20.0 21.7 9.0 0.91

Cephalosporin-C =~ 9.8 89.0 94.0 38.2 0.99

7-ADCA 8 30.0 29.0 12.5 0.98
7 16.11 15.8 0.92
6 341 2.7 0.89
5 0.88 0.8 0.92

Cephalexin 8 75.0 73.0 38.2 0.94
7 15.0 13.8 0.85
6 3.07 3.0 0.94
5 0.937 0.88 0.90

2 Correlation coefficient.

of pH studied apparently due to larger fraction 7-ADCA and
cephalexin anion that exist at high pH conditions.

This may be considered reasonable as the anionic form of the
B-lactam that exists predominantly at pH higher than pK,, value
is amenable for liquid anion exchange extraction with the carrier.
Such an observation is akin to that reported in our previous work
[5].

It appears that the equilibrium is weakly dependent on the
concentration of the species in the two liquid phases and there-
fore, the equilibrium behaviour can be explained by considering
the ideality of both the phases [7]. Any probability of the non-
identity of the organic phase can be ruled out because of the
negligibly small aggregation of the lipophilic carrier in polar
butyl acetate as the solvent [1].

3.2. Extraction efficiency

The extraction efficiency (E) obtained for the B-lactam stud-
ied at different pH and at constant concentrations of Aliquat-336
and B-lactam are shown in Fig. 2. It is observed that the degree
of extraction increases with an increase in pH due to dissociation
behaviours at high pH values and increase in ionisation ability
of the (-lactams. In order to support this observation, addi-
tional data were also generated for extraction of cephaloridine in
the same carrier—solvent system. For instance, Aliquat-336 pro-
vides finite extraction at both low and high pH values unlike the
behaviour exhibited by any of the secondary and tertiary amine
carriers. Using any of the amines, longer pH shift will be required
for extraction and re-extraction of the (3-lactams [4]. Further-
more, Aliquat-336 may be considered to extract both dissociated
and undissociated forms of the 3-lactam while the amine carrier
better extracts the undissociated molecule as reported for car-
boxylic acid extraction by similar carriers [18]. Aliquat-336 was
however found to extract olivanic and clavulanic acids solely by
liquid-liquid ion exchange mechanism [12] and provides higher
extraction efficiency than Amberlite LA-2.

The degree of extraction of the 3-lactams with any of these
carriers is found to be considerably lower than that reported

100
]
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80 o CPC s
© Cephalexin W
A 7-ADCA S
S o
60 v B-APA )
a'-'é © 7-ACA ///.’"////
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40
20 ~
O T T T T T T
5 6 7 8 9 10

pH

Fig. 2. Effect of degree of extraction on pH for extraction of different solutes
with Aliquat-336, Cp =1.0 mM; Cqcy = 1-10.0 mM.
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Table 2
Maximum percentage stripping of various -lactams and the corresponding pH
values

B-Lactam pH % of stripping Js (mol/(cm? s))
6-APA 4 67.4 3.74 x 10710
Cephalosporin -C 4 72.9 4.0x 10710
Cephalexin 4 74.1 3.4x 10710
7-ACA 4 75.5 3.22x 10710
7-ADCA 3 83.3 5.15 x 10710
Co- =0.

for penicillin-G (%E =30 at pH 8) [15,14] and phenyl acetic
acid (%E =13 at pH 8) and phenoxy acetic acid (%E =10 at pH
8) [15] under comparable experimental conditions probably as a
result of lower pK, (dissociation constant) values of 6-APA and
7-ACA [3,4]. It may however be expected that higher extraction
(E) value can be obtained using large excess of carrier.

3.3. Stripping kinetics

Considering the nature of the extractive reaction, the perti-
nent variables affecting the stripping could be the aqueous phase
pH and chloride ion concentration as well as the solute—carrier
complex and free carrier concentration in the organic phase.
Accordingly, the discussion of results is restricted to these fac-
tors only followed by an analysis of the kinetics model.

3.3.1. Effect of stripping phase pH and chloride ion
concentration

Due to zwitterionic character of the (3-lactams studied in this
work, the pH dependence of stripping rate may be considered
reasonable. However, the extent of stripping and pH dependence
seem to be different for different B-lactams as shown in Table 2
and Fig. 3. The data presented in Table 2 and Fig. 3 pertain
to stripping from an organic phase of n-butyl acetate contain-
ing 10mM QCI1 which was equilibrated with 1 mM aqueous
B-lactam solution whose pH was maintained at 8 in all cases
(pH 9.8 for cephalosporin-C). Thus, although the equilibrium
complex concentrations (Cqp) for various 3-lactams are essen-
tially the same with but marginal difference, the amount of free
QCl present in the organic phase is almost equal. Thus, a com-
parison of the extent of stripping and pH dependence of the
stripping rate (Js) based on Table 2 and Fig. 3 may be consid-

Symbol Solute (;Tmm
g = GAEA 0.895

- 7.ADCA  0.774
o Cephalexin 0.836
- 7_ACA 0.715

Jsx1019 (mol/cm2.sec)
(N w E-N [6,] )] ~
T

Fig. 3. Effect of aqueous phase pH on initial stripping rate of B-lactams. C¢- =
0 (aqueous phase).

ered reasonable. The pH values at which maximum extents of
stripping are obtained also correspond to maximum initial rate
of stripping of various (3-lactams as shown in Fig. 3. This obser-
vation perhaps indicates the role of the molecular structure of
the B-lactam whose pK, values are different from each other.
However, the observed decrease of J with an increase of pH of
the stripping phase appears to be consistent with the zwitterionic
character of the (3-lactams studied in this work.

The effect of chloride (NaCl) ion concentration (Cqj-) in
the stripping phase is shown identical experimental conditions
of Fig. 3. It may be noted that the data in Fig. 3, the driving
force for stripping is provided by an additional anion exchange
reaction between free QCl in organic phase and buffer anion of
the stripping phase. Therefore, it may be believed that additional
chloride ion in the stripping phase may have insignificant effect
on the initial stripping rate which is further substantiated by
rather weak dependence of J; on Ccy as given by the following
relation:

JsaCly, Js = ke Cy (12)

where k. and n are empirical constants, the values of ‘k¢’
and ‘n’ estimated by linear regression of experimental data.
The values of k. are 0.6557, 0.8757, 0.7107, 0.7119, 0.7727
for 6-APA, 7-ACA, 7-ADCA, cephalexin and cephalosporin-
C, respectively, and the standard deviation was found to be
within 10%. The values of n are 0.032, 0.02, 0.036, 0.026, 0.03
for 6-APA, 7-ACA, 7-ADCA, cephalexin and cephalosporin-C,
respectively, and the standard deviation was found to be within
4+10%. The observed weak dependence of J; on Cc| appears
to substantiate the inference of Hano et al. [11] that an addi-
tional anion exchange reaction of QCl with buffer anion which
augments the stripping process.

3.3.2. Effect of carrier/solute—carrier complex
concentration in organic phase

The relative concentrations of solute—carrier complex (QP)
and free carrier (QCl) in the organic phase is a measure of the
loading of the solute which is expected to be a dominant factor
in determining the initial stripping rate (Js). The effect of both
Cqp and loading can be assessed simultaneously from a relation
of Cqp and J;. It may be noted that Cop was varied by varying
Cqq at constant Cp in equilibration experiments and therefore,
free Cqcy in loading organic solution would also vary.

The effect of concentration of the complex is shown in Fig. 4
which is a log—log plot of J; versus Cqp at various loading. The
effect of free QCI (not bound to B-lactams) on Jg seems to be
appreciable since the rate obtained at low loading (high free QCl
concentration) is much higher than that obtained at high loading
(low free QCl concentration). Fig. 5 shows the relationship of Jg
with free Cqc in the organic phase which seems to be reasonable
in as-much as the higher free Coc) may be considered to enhance
the rate of the additional ion exchange reaction with buffer ion
thereby providing the C¢ driving force for the stripping process.

In spite of this limiting factor of the stripping process, a
quantitative estimate of the data of Fig. 4 revealed that J; is
directly proportional to Cgp implying that the rate is first order
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Fig. 4. Effect of the complex concentration in organic phase on initial stripping
rate of B-lactams, C- = 0 (aqueous phase):
Symbol Ratio of Cqci/Cop
7-ADCA CPC 7-ACA Cephalexin 6-APA
O 1.5:1 1.13:1 1.85:1 1.08:1 1.5:1
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Fig. 5. Effect of free QCI concentration on initial stripping rate.

with respect to the complex concentration for all the $-lactams
studied in this work. This relationship of Js versus Cqp was
deduced from a linear regression of the experimental data with
an estimated standard deviation of +8%.

(a)10
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Table 3

Estimated mass transfer coefficient of the stripping kinetic model

B-Lactam kp, (cm/s) kqci (cm/s) kqp (cm/s)
6-APA 1.29 x 1074 1.215x 1074 1.02x 1074
CPC 1.91x 1074 1.386 x 10~* 1.189 x 10~4
7-ACA 224 %1074 1.216 x 1074 1.04 x 1074
Cephalexin 1.59 x 1074 115 x 1074 0.98 x 1074
7-ADCA 2.18x 1074 1.127 x 1074 0.951 x 10~*

3.3.3. Validation of kinetic model

The mass transfer model given by Eq. (10) was used to gen-
erate theoretical profile of Cp, versus time (7). The theoretical
curves were fitted to the experimentally measured Cp, values by
identification of the three mass transfer coefficients kp,, kgp and
kqci where the ratio of kgci/kgp was kept constant at 1.18/1.
This ratio was evaluated from the diffusion coefficient calcu-
lated following the procedure reported elsewhere [19,20]. The
estimated values of the mass transfer coefficient for various
B-lactam are shown in Table 3 The experimental and theoret-
ical Cp, versus time (#) profiles (calculated with kp, values of
Table 3) for various -lactams are shown in Fig. 6(a) and (b).
It appears that the agreement between theoretical and experi-
mental Cp, versus time (¢) profile is fairly well for 7-ADCA
and cephalexin. The estimated deviation of the experimental
data from theoretical profiles lies between 10 and 12% which
may be considered reasonable. However, substantial deviation
occurs in case of 7-ADCA, CPC and 6-APA which is, how-
ever, difficult to explain from the molecular properties of the
B-lactam under study. The observed deviation perhaps implies
that the stripping rate may be controlled by another probable
mechanism. The loaded organic phase contains appreciable pro-
portion of free QCl which has certain surface active properties
and is likely to take part in another anion exchange reaction
with buffer anion of the stripping aqueous solution [13]. It
may, therefore, be expected that the model based on interfa-
cial reaction may provide better representation of the stripping
kinetics. However, due to the probable additional ion exchange
reaction occurring in the stripping process, the model may be
quite complicated and extensive theoretical and experimental
exercise will be required to provide a better model for the
stripping kinetics. This is beyond the purview of the present
study.

(b) 105 _
ymbol Curve - lactam 1
5y e 5
2 @
08Ff 5| 3 6-APA R 2
o = AT A
a a @ o (]
QT“ 0.6 =N
S
0.4F
02 9
0 1 1

1 1 1 I
0 20 40 60 80 100 120 140

t (minute)

Fig. 6. Comparison of experimental results on stripping kinetics with model calculation: (a) Cop =0.715 and 0.836 mM for 7-ACA and cephalexin, respectively; (b)

Cqp=0.77, 0.895 and 0.742 mM for 7-ADCA, CPC, and 6-APA, respectively.
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4. Conclusion

A systematic investigation on equilibrium of reactive extrac-
tion of certain B-lactam antibiotics such as 6-APA, 7-ACA,
7-ADCA, cephalexin, cephalosporin-C has been made using
quaternary ammonium salt (Aliquat-336) as the carriers and
butyl acetate as organic solvent, with an emphasis on a com-
plimentary stripping kinetic study.

The extraction efficiency increases with increase of pH for
liquid ion exchange extraction with Aliquat-336. The pH depen-
dence is important as re-extraction at appropriate pH (3—4) value
is possible. Increase of solute concentration in aqueous phase
decreases the equilibrium extraction while increase of carrier
concentration exhibits positive effect. Furthermore, increase in
ionisation ability of the [3-lactams appears to increase the extrac-
tion efficiency of Aliquat-336 in butyl acetate as the solvent.

B-Lactams extracted from an aqueous carbonate and phos-
phate buffer solution into an organic phase of Aliquat-336 in
n-butyl acetate was stripped to an aqueous phase of acetate
buffer. An additional ion-exchange reaction between free QCl
and buffer anion is expected to facilitate the stripping process
and the role of additional C1~ concentration seems to be insignif-
icant.

The initial rate of stripping is dependent on CI™ concentra-
tion of the aqueous phase but is the first order with respect to
the complex concentration in the organic phase. The rate is also
affected by free QCI present in the organic phase. A simple mass
transfer model based on two-film theory provides an approxi-
mate description of the stripping kinetics. However, a model
based an interfacial reaction controlled mechanism will be nec-
essary to provide a more accurate description of the stripping
kinetics.

Appendix A. Nomenclature

Ac acetate ion

7-ACA 7-aminocephalosporinc acid

7-ADCA 7-aminodeacetoxy cephalosporinic acid
6-APA  6-aminopenicillanic acid

B constant (Eq. 10)

C molar concentration species (mM)

Cl~ chloride ion (counter-ion of anion carrier)

CPC  cephalosporin-C

E degree of extraction

H* proton

HP B-lactam molecule

Js stripping rate (mol/(cm? s))

kp mass transfer coefficient of B-lactam ion (cms™!)

kqci mass transfer coefficient of carrier (cms™!)

kqp mass transfer coefficient of loaded -lactam-carrier
complex (mol cm™ b

K, dissociation constant

Ka equilibrium co-extraction constant

Ky distribution equilibrium constant

Kp equilibrium constant

P B-lactam

P~ [-lactam anion (at equilibrium)
QAc  Aliquat-336-acetate complex

QCl Aliquat-336

QP Aliquat-336-3-lactam complex

QA Aliquat-336-buffer anion complex
constant (Eq. (10))

specific interfacial area (cm?)

time of stripping (s)

volume of organic/aqueous phase (1)

<T X

Subscripts/superscripts

aq aqueous phase

i initial

org organic phase

S aqueous strip phase
* interface
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