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Equilibrium Studies on Enantioselective Liquid—Liquid Amino Acid Extraction

Using a Cinchona Alkaloid Extractant

Boelo Schuur, Jozef G. M. Winkelman, and Hero J. Heeres*

University of Groningen, Department of Chemical Engineering, Nijenborgh 4, 9747 AG Groningen, Netherlands

The enantioselective extraction of aqueous 3,5-dinitrobenzoyl-R,S-leucine (Ars) by a cinchona alkaloid
extractant (C) in 1,2-dichloroethane was studied at room temperature (294 K) in a batch system for a range
of intake concentrations (10~*—107> mol/L) and pH values (3.8—6.6). The experimental data were described
by a reactive extraction model with a homogeneous organic phase reaction of Ag s with C. Important parameters
of this model were determined experimentally. The acid dissociation constant, K,, of Ags was (1.92 4+ 0.07)
x 10~* mol/L. The physical distribution coefficient of Ag s between the organic and aqueous phase was 8.04
+ 0.39. The equilibrium constants of the organic phase complexation reaction were (9.31 + 0.76) x 10*
L/mol and (2.71 % 0.76) x 10* L/mol for the S- and R-enantiomers, respectively. With these parameters an
optimum performance factor, PF, of 0.19 was predicted. The PF was independent of the pH provided that
pH > pK,. The model was verified experimentally with excellent results (£7.9%).

1. Introduction

The demand for enantiopure compounds is growing rapidly.'
Especially in the fragrance, pharmaceutical, and food industries
a clear tendency toward the production of enantiopure com-
pounds exists as both enantiomers often show different bioac-
tivity in the human body.? The most common technique for
obtaining enantiopure compounds on a commercial scale is
classical resolution by crystallization.® This technique is not
always applicable, and interest in other methods such as
enantioselective synthesis or racemic synthesis followed by
enantioseparation is growing. Among other techniques, such as
racemic synthesis followed by separation using liquid mem-
branes* or chromatographic techniques,” racemic synthesis and
subsequent separation of enantiomers by liquid—liquid extraction
is considered a very promising technique.®”'® However, to the
best of our knowledge, processes making use of this technique
have not been commercialized. Compared to other methods,
such as chiral liquid chromatography'' and chiral capillary
electrophoresis,'? liquid—liquid extraction is expected to be
cheaper and easier to scale up to commercial scale. The process
requires an enantioselective extractant dissolved in the extract
phase which reacts with the solute in the feed. Although ample
literature is available for enantioselective extraction, only a few
studies provide fundamental insights in the reaction engineering
mechanisms.'*~ '8

Chiral cinchona alkaloid extractants, patented by Lindner and
Liammerhofer,'® are considered ideal extractants for enantiopu-
rification of amino acids and amino acid derivatives. Research
on the molecular aspects of the enantioselective extractions by
cinchona alkaloids has been reported by Kellner et al.>° This
has provided valuable information on the complexation mech-
anism between cinchona alkaloids and 3,5-dinitrobenzoyl-R,S-
leucine (Ags, Figure 1, left) on a molecular level.”' However,
process studies combining experimental studies and mathemati-
cal modeling to predict and optimize the extraction performance
of this system have not been reported.

The aims of this study are to determine the effects of process
conditions, such as the concentrations, volume ratio, and aqueous
pH, on the enantioselective extraction of Ars and to optimize
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Figure 1. Chemical structures of the racemic mixture of solute Ag and Ag
abbreviated as Agrs (left) and of the chiral extractant C (right).

the extraction process by equilibrium modeling. This information
is essential input for further development of this system,
especially for the design of a continuous extraction process in
dedicated equipment such as integrated mixer—settler devices.
A cinchona alkaloid extractant was chosen as this family of
compounds is known to be very versatile for (substituted) amino
acids.”® O-(1-tert-Butylcarbamoyl)-11-octadecylsulfinyl-10,11-
dihydroquinine (further referred to as C, Figure 1, right) was
selected as the model extractant for its favorable selectivity
compared to other cinchona alkaloids.?? 1,2-Dichloroethane was
selected as the solvent of choice as it gives high enantioselec-
tivity compared to other solvents.

2. Experimental Section

2.1. Chemicals. Purified water was obtained by reverse
osmosis followed by distillation. 1,2-Dichloroethane (99.8%)
was obtained from Sigma-Aldrich; potassium dihydrogen phos-
phate (p.a.), disodium hydrogen phosphate dodecahydrate (p.a.),
and triethylamine (99%) were obtained from Merck; glacial
acetic acid was obtained from Acros; methanol (AR) and
acetonitrile were obtained from Labscan. O-(1-fert-Butylcar-
bamoyl)-11-octadecylsulfinyl-10,11-dihydroquinine (C), 3,5-
dinitrobenzoyl-R,S-leucine (Ag ), 3,5-dinitrobenzoyl-R-leucine
(ARr), and 3,5-dinitrobenzoyl-L-leucine (As) were kindly pro-
vided by DSM Research.

2.2. Procedures. All experiments in this study were per-
formed in batch at a temperature of 294 K.

2.2.1. Acid Dissociation Constant of Agrs. The acid
dissociation constant of Agr s was determined by measuring the
pH of aqueous solutions with Ar s concentrations in the range
(0.1-3.0) x 10~* mol/L. The solutions were obtained by
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dilution of a stock solution with water in 100 mL flasks. The
pH of each solution was measured after stirring several minutes
to ensure homogeneity.

2.2.2. Distribution Coefficient of Agrgs. Experiments to
determine the distribution coefficient of Ar s over the aqueous
and 1,2-dichloroethane phases were carried out in 150 mL flasks.
To 100 mL of aqueous Ag s solutions with a concentrations in
the range (1.0—3.4) x 10~* mol/L, typically 10—15 mL 1,2-
dichloroethane was added. The biphasic systems were stirred
vigorously for 12 h, after which the phases were allowed to
settle. The pH of the aqueous phase was measured and its
composition was analyzed by HPLC. The organic phase
concentration of Agr s was determined from a mass balance for
Agrs over both phases. A similar series of experiments with
buffered solutions was performed to investigate the influence
of the pH on the distribution.

2.2.3. Reactive Liquid—Liquid Extraction of Ag, As,
and Aggs. Reactive extraction experiments were carried out with
the pure enantiomers, Ar and As, to obtain the equilibrium
constants of the organic phase complexation reactions. A
subsequent series with racemic mixtures, Ar s, was performed
to verify the extraction mechanism and the proposed model with
its parameters. In all experiments, phosphate buffers were used
to set the desired pH.

In a typical reactive extraction experiment for parameter
estimation, about 5 mL of a pH-buffered 4 x 10™* mol/L Ag
or Ag solution was mixed in a 20 mL flask for 2 h with 1—10
mL of a (1.0-4.0) x 10™* mol/L solution of C in 1,2-
dichloroethane. After 2 h the phases were allowed to settle, after
which the pH of the aqueous phase was measured and its
composition was analyzed by HPLC.

In experiments with the racemate, Ars, the aqueous phase
pH was buffered at 6.58 and an aqueous racemate concentration
of 1 x 107 mol/L was applied. To 5 mL of the aqueous
solution, 10 mL of a (0.2—1.0) x 10~ mol/L solution of C in
1,2-dichloroethane was added. The composition of the aqueous
phase was determined as described above.

2.3. Analytical Procedures. The concentrations of the enan-
tiomers, Ar and Asg, in the aqueous phase were determined by
HPLC using an Agilent LC 1100 series apparatus, equipped
with an Astec Chirobiotic T column (now Supelco, Sigma-
Aldrich). An UV detector operated at 270 nm was applied. The
eluent was a 3:1 (v/v) mixture of acetonitrile and methanol, to
which 0.25% (vol) triethylamine and 0.25% (vol) acetic acid
were added. The flow rate was set at 1 mL/min. Before injecting
the aqueous phase samples into the column, 0.10 mL of the
samples was diluted with 1.0 mL of eluent and filtered over a
syringe filter with pore size 0.45 um (Waters Chrom). Quantita-
tive analysis (£3%) was enabled by using calibration curves.
The pH of the aqueous phase was measured using an Inolab
pH 730 pH meter equipped with a SenTix 81 probe (both probe
and meter from WTW, Germany).

2.4. Modeling Software and Optimization. Parameter fitting
for all parameters was done using a nonlinear-least-squares
method (Isqnonlin) provided by the software package Matlab
(Mathworks). The reported confidence intervals of the parameter
values are 95% confidence limits.

3. Theory and Reactive Extraction Modeling

3.1. Theory of Enantioselective Extraction. For optimiza-
tion of a reactive extraction process, knowledge of the extraction
mechanism is required. In aqueous—organic biphasic extraction
systems, the reaction may take place in either the organic phase,
the aqueous phase or at the interface. For metal extractions®***
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Figure 2. Homogeneous organic phase ligand addition extraction mechanism
of AR,S-
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Figure 3. [H'] vs [Arslo. Symbols: experimental data. Line: calculated
with K, = 1.92 x 10™* mol/L.
the locus of the reaction is usually assumed to be the interface.
This is rationalized by the often poor solubility of the polar
solutes in the organic phase and the poor solubility of the
extractant in the aqueous phase. This extraction mechanism, also
known as interfacial complexation, was also reported for the
enantioselective solvent extraction of the ligand exchange
type.13’14

The extraction of Ags by C is of the ligand addition type,*
where C reacts with the neutral forms of Ag or Ag. In general,
such reactions occur either at the interface or in one of the
phases. However, in this case the extractant, C, is highly
hydrophobic, which excludes the possibility that the reaction
takes place in the aqueous phase. Depending on the solubility
of Aggs in the organic phase, the complexation reaction will
either be limited to the interface or may take place in the organic
phase. The more hydrophobic amino acids and derivatives are
known to distribute over the aqueous and organic phases.'”*>
Therefore we have applied the homogeneous organic phase
ligand addition mechanism here. Further in this paper we will
validate this mechanism for the system under study. The model
is analogous to the one developed by Steensma et al.,”> and is
also commonly used in organic acid extractions.’*”® The
homogeneous organic phase ligand addition mechanism is
depicted in Figure 2.

3.2. Model Equations. The extraction system displayed in
Figure 2 may be modeled by a series of coupled equilibrium
relations and component balances, as follows.

aqueous phase acid dissociation equilibria:

((VH+)(VAR-) [H+][AR‘])
aq

a

Ta A (o
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distribution equilibria between the aqueous and organic phases:
[AR]org
m= 2a
™8 (2a)
[AS]org
m=-—— 2b
™0 (2b)
organic phase complexation equilibria:
K. =[] 3)
4R\ [ARIIC] o
[AsC]
K = 4
cas ([AS][C] o @

component balances for the enantiomers, Ar and Ag, and the
extractant, C: component balances for the enantiomers, Ar and
As, and the extractant, C

Vaq[AR]aq,O = Vaq([AR]aq + [ARi]aq) + Vorg([AR]org + [ARC]org)

&)
Vaq[AS]aq,O = Vaq([AS]aq + [Asi]aq) + Vorg([AS]org + [ASC]org)

(6)
Vorg[c]org,() = Vorg([c]org + [ARC]org + [ASC]org) (7)

The concentration of the undissociated Ars enantiomers is
very low in our studies, and therefore their activity coefficients
in eqs la and 1b are assumed to be 1. For the ionic species,
nonideality was taken into account because buffered solutions
are used to control the pH. The ionic activities were obtained

from the Debye—Hiickel law.?*
_AZ-211/2
ST ®

The values of the constants A and B for aqueous sodium chloride
solutions at 25 °C>° have been used as an approximation: A =
0.5115 and B = 1.316. The ionic strength in eq 8 is calculated
according to™

_1 2
I—ZZz,«c,- ©))

4. Results and Discussion

To model the extraction process with homogeneous organic
phase complexation, the values of important physical parameters
are needed. These were determined experimentally, and the
results are provided in the following subsections. Next, we will
discuss the validation of the model presented above, and the
optimization of the extraction process.

4.1. Acid Dissociation Constant K,. Due to the low solubil-
ity of Ags the calculation of K, from titration curves gave large
errors Therefore, the K, of Ags was determined by measuring
the pH of dilute unbuffered solutions. The Ars concentration
was always small, (0.1-3.0) x 10™* mol/L; therefore, ion
activity corrections could be neglected. The acid dissociation
constant was calculated as (1.92 £+ 0.07) x 10~* mol/L by
minimizing the differences between the experimental and
calculated [H] data; see Figure 3. The estimated K, of Agr is
in good agreement with the reported acidities of organic acids
with comparable chemical structures.”'
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Figure 4. Equilibrium concentrations [Arslog VS [Arslag. Symbols:
experimental data. Line: linear correlation with m = 8.04.

4.2. Distribution Coefficient m. The distribution coefficient
m was determined using physical extraction experiments as
described in section 2.2.2. In the absence of a pH buffer, and
for pH <5, [Ars ] = [H"] = 107", The total aqueous phase
amino acid concentration was obtained from the HPLC mea-
surements. These data, together with the Ar s intake concentra-
tion, allowed the determination of the undissociated amounts
of amino acid in both phases, [Ag slaq and [Ar slorg. The results
are shown in Figure 4. Apparently, within the concentration
range applied here, [Ag slorg is proportional to [Agslaq With a
constant distribution coefficient. From linear regression, the
distribution coefficient m, according to eqs 2a and 2b, was
obtained as 8.04 £ 0.39. The amino acid is considerably better
soluble in the organic phase than the aqueous phase, which is
not surprising considering the presence of the highly hydro-
phobic aromatic ring and the C,4 carbon group in the compound;
see Figure 1.

4.3. Complexation Equilibrium Constants K¢ r and
Keqs. Several methods, i.e., '"H NMR, UV—vis spectrometry,
and IR spectrometry, were investigated for direct, independent
measurement of the organic phase complexation equilibria.
However, in all measurements the extractant—enantiomer
complexes, Agr sC, could not be distinguished clearly from the
uncomplexed compound, C. The equilibrium constants were
therefore determined using reactive extraction experiments with
the pure enantiomers, Ag and As, as described in section 2.2.3.

For Ag, an optimum value of K.r was obtained by
minimizing the differences between the experimental and
calculated values of the total aqueous phase Ar concentration,
[ARlag + [AR ™ lag, over all experiments. The experimental values
of [Arlag T [AR ™ Jaq Were obtained from HPLC analysis, while
the calculated values were obtained from simultaneously solving
the model equations 1a—9. In this way, an optimum value for
Keqr was found of (2.71 £ 0.76) x 10* L/mol. A parity plot of
the total aqueous phase Ar concentration, [Ar]aq + [AR lag, 18
shown in Figure 5.

A similar procedure using the experiments with the pure
S-enantiomer resulted in a K.qs value of (9.31 & 0.76) x 10*
L/mol. For this case, the calculated and experimental values of
the total aqueous concentration of As, [Aslyq + [As lag, are
shown in Figure 6.

For a number of reactive extractions known to proceed
according to the homogeneous complexation model, Steensma
et al.'” reported equilibrium complexation constants ranging
from a few hundred to 1.5 x 10° L/mol. The equilibrium
constants obtained here for the Ar s extraction by C are at the
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Figure 5. Parity plot for reactive extraction with enantiopure Ag.
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Figure 6. Parity plot for reactive extraction with enantiopure As.

high end of this range. The intrinsic selectivity of the system,
defined as the ratio of the equilibrium complexation constants,
is obtained here as Keqs/Keqr = 3.43. This value is well in line
with those reported by Maximini et al.* for a comparable system
(DNB-R,S-leu with a related cinchona alkaloid extractant) and
at the high end of the values reported in the literature for other
systems.'>!>1832 Based on predictions using the Fenske equation
for total reflux conditions,>® with this selectivity about nine
theoretical equilibrium stages are sufficient to fully separate the
two enantiomers with enantiomeric excess of at least 99% in
both phases. Here, the Fenske equation for a countercurrent
separation of DNB-R,S-leu is defined as

. xs’e/(l — xs’e)
N = xs, /(1 —xg,)
min ]n((l)

where x. is the fraction of the feed that ends up in the extract,
X; is the fraction that ends up in the raffinate, and o is the
selectivity (Keq,s/Keqr)- With this equation, an indication of the
minimum number of stages required for any given separation
may be predicted, provided that the selectivity and desired purity
are known.

4.4. Model Validation. In cases where the extractant is
insoluble in the aqueous phase, two important reactive extraction
models have been reported in the literature: the interfacial
reaction model and the homogeneous organic phase reaction
model.!” The main difference between both models is the locus
of the chemical reaction between substrate and extractant and

(10)

8 -
6
L
W
r o 44
M
24
0 T T T T T
2 3 4 5 6 1
pH

Figure 7. Overall distribution Dg vs pH. Symbols: experimental data. Line:
model prediction.

is among other factors determined by the charge of the substrate.
In the current system, either the undissociated Ag s or its anion
may be involved in the reaction. In case the anion is the reacting
species, the complexation reaction is expected to take place
solely at the interface, because ion transfer from the aqueous
phase into the organic phase is not facile. If the undissociated
forms of Ag s are the reactive species, the location of the reaction
is either the organic or the aqueous phase, depending on the
partitioning of Ars between both phases.

To discriminate between both models, experimental studies
on the effect of the pH on the distribution of Agrgs over the
aqueous and organic phases in the presence and absence of the
extractant were performed. First, a number of physical extraction
experiments with Ar were performed at different pH values.
The overall distribution, Dgr, was determined for each experi-
ment. Here Dy is defined as the ratio of the total amounts of
Ag in the organic and aqueous phases:

_ [Arlory + [ArCloy (1)

o [AR]aq + [ARi]aq

A comparison of the experimental values with the model
predictions of Dr is shown in Figure 7. Evidently, D is a
function of the pH, with low pH values leading to higher values
for Dg. To understand the results, the Henderson—Hasselbalch
equation®* is illustrative:

I:ARi]aq
pH=pK, +log Al (12)
This equation predicts that for pH < pK, the predominant
compound in solution is the undissociated form Ag. This species
is expected to be better soluble in the organic phase than the
aqueous phase (vide infra), leading to higher values of Dg.

A second series of reactive experiments was carried out with
A using extractant C. The effect of the [Clorg,0 on Dg is shown
in Figure 8. The slope of the plot of the Dr versus the [Clorgo
is a clear function of the aqueous phase pH. At higher pH values,
the slope is considerably reduced. Thus, the effect of the
extractant concentration on the Dg is reduced at higher pH
values. This clearly indicates that the undissociated form of Agr
is the reactive species and not the anion. If the latter were
involved, larger effects of the extractant concentration on the
distribution of Agr would be expected at high pH values. Similar
observations were also observed for experiments with the pure
S-enantiomer. All experimental observations are in line with
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the homogeneous organic phase ligand addition mechanism as
depicted in Figure 2.

4.5. Experimental Validation of the Homogeneous Ex-
traction Model. The extraction model for the reactive extraction
of Ars with C was tested experimentally by performing eight
reactive extraction experiments with racemic Ag s mixtures and
various extractant concentrations as described in section 2.2.3.
The results of these experiments are compared graphically with
the model predictions in Figure 9, where the yields are shown.
Here, the yield of an enantiomer is defined as the fraction of
the aqueous feed that ends up in the organic extract phase:

[A ]or +[A C] T, Vorv
Y= T Rlorg "R org “org (13a)

[AR]aq,O Vaq

[Aslorg T [AsClorg Vore
Yy=—"of — 5 o o (13b)

[AS]aq,O Vaq

The agreement between the modeled and experimental data is
good, as shown by a mean absolute relative error of 7.9%. Thus,
it may be concluded that the extraction model developed in this
paper is applicable to predict the performance of the reactive
extractions of racemic Agg with C.

4.6. Optimization of the Reactive Extraction of Agrg
with C Using the Performance Factor. In chiral chemistry
and engineering, the enantiomeric excess (ee) is used as a

Figure 10. Calculated PF values vs [Clorg0. Conditions: [Agslago = 1 X
103 mol/L, Vorg/ Vag = 1, and y4+ = y— = 0.757. Lines: —, pH 5.5; ---, pH
6.0; *++, pH 6.5; — + —, pH 7.0.

measure of the enantioselectivity of a process. For the system
described here, the reaction takes place in the organic phase
and the extractant C is selective toward the S-enantiomer.
Therefore, the ee in the organic phase is defined as the excess
of Ag in that phase. Similarly, an ee in the aqueous phase was
defined:

_ [AS]org,all forms [AR]org,all forms

€C

org

= (14a)
[AS]org,all forms + [AR] org,all forms

eeaq — [AR]aq,all forms [AS]aq,all forms (14b)
[AR] aq,all forms + [AS]aq,all forms

Requirements for a good enantioselective extraction process
are not only a high ee of the desired enantiomer but also a high
yield. Koska and Haynes'? combined the yield and ee in the
performance factor PF. The PF is a very useful tool to optimize
an enantioselective extraction process and is defined as
PF=ee .Y (15)

org

The model described in section 3 with the parameters obtained
in section 4 is used to optimize the enantioselective reactive
extraction process in terms of the PF. In Figure 10, the PF is
plotted as function of the extractant intake concentration for
several pH values. The volumetric phase ratio, the ion activity,
and the amino acid intake concentration are equal for all cases.

The PF for each pH exhibits a clear maximum. Both the
maximum value of the PF and the position of the maximum
are dependent on the pH. The observation of a maximum PF is
the result of two opposing effects, i.e., the yield and the ee. At
very low extractant concentrations, the yield is very low,
resulting in a low PF. An increase in the extractant concentration
will increase the yield and PF. However, at some point, the
extractant is present in excess with respect to the desired
enantiomer and the undesired enantiomer will also be extracted
in considerable amounts. This will lead to a significant drop in
the ee and a reduction of the PF. An illustration of the effects
of ee and yield as a function of the intake concentration of the
extractant is depicted in Figure 11 for an aqueous phase pH
6.5.

Figure 10 furthermore illustrates that, at pH >6, the maximum
PF becomes nearly independent of the pH. Thus, under
conditions where pH > pK, the maximum value of PF is
independent of the pH and has a value of 0.19.

Figure 12 shows the PF as function of [Clogo (mol/L) for
different values of [Ag slaq0. The figure illustrates that, at least
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Figure 12. Calculated PF values vs [Clorg0. Conditions: pH 6.5, Vorg/Vig =
1, and y4+ = y- = 0.757. Lines: —, [Arslago = 5 X 10~* mol/L; ---,
[Arslago= 1.0 x 107> mol/L; **+, [Arslago = 1.5 x 107 mol/L.

for pH 6.5 (>pK,), the optimum value of the PF is independent
of the concentration of Agrs. This is due to the low concentration
of undissociated Ags species at these high pH values, almost
completely excluding physical phase transfer of Ars. At the
observed maxima, the ratio of species present in the organic
phase is constant; thus for higher intakes of Aggs, the required
amount of extractant at the maximum PF is also higher.

5. Conclusions

The enantioselective reactive extraction of Ag s by a cinchona
alkaloid extractant, C, has been investigated. Experimental data
indicate that the reactive extraction process proceeds according
to a homogeneous complexation model and involves reaction
of the undissociated form of the amino acid derivative and the
extractant in the organic phase. The experimental data were
modeled according to this extraction model, and excellent
agreement between the model and experimental data (£7.9%)
was observed.

The performance of the extraction process was evaluated
using the performance factor, PF. The model predicts a
maximum value for PF of 0.19, in line with experimental values
(0.20). This indicates that a high ee in combination with a high
yield is not possible in a single equilibrium step and that

multistage extraction will be required for full separation of the
racemate Agg.
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Nomenclature

a = activity (mol L)

A = constant in Debye—Hiickel law (L'* mol™'/?)

Agrs = 3.,5-dinitrobenzoyl-R,S-leucine (solute)

B = constant in Debye—Hiickel law (L'? mol~"/?)

C = cinchona alkaloid extractant

D = overall distribution

DNB-R,S-leu = 3,5-dinitrobenzoyl-R,S-leucine (solute)

ee = enantiomeric excess

I = ionic strength (mol L™ ")

K, = acid dissociation constant of Ags (mol/L)

K.q = equilibrium constant of the organic phase reaction between
AR,S and C (L/mOl)

m = distribution coefficient of undissociated Ag s

N = number of equilibrium stages

PF = performance factor

T = temperature (K)

V = volume (L)

Y = yield

z = ion valence

[ ] = concentration (mol/L)

Greek Symbols

a = (enantio)selectivity
y = activity coefficient

Subscripts

0 = initial or feed
a = acidity

aq = aqueous

eq = equilibrium
min = minimum
org = organic

R = R-enantiomer
S = S-enantiomer
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