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Stellingen

Omdat dimensieloze parameters correlaties aantonen tussen procesparameters,
zijn ze een krachtig instrument bij de opschaling van een proces {dit proefschrift).

Aangezien een moleculaire scheiding nooit volledig is, is het onduidelijk wat
Storti et al. bedoelen mel complete separation regions.

Storti, G.; Mazzotti, M.; Morbidelli, M.; Carra, S. AIChE J, 1993, 39, 471.

Hoewel de tegenwoordige optimalisatietechnicken het gebruik wvan
exiractiefactoren overbodig maken, geven deze factoren wel de noodzakelijke
inzichten waarom bepaalde ontwerpen wel of niet succesvol zijn.

Experimental design ter minimalisering van betrouwbaarheidsintervailen van
parameters is onbruikbaar voor niet-lincaire modellen.

In tegenstelling tot wat Alper ef al. schrijven, leiden Monte Carlo simulaties niet
altijd tot goede schattingen van betrouwbaarheidsintervallen van afhankelijke
parameters; in die gevallen kan reparameterisatie van het model wel leiden tot
goede schattingen van betrouwbaarheidsintervallen,

Alper, 1.8.; Gelb, R.1..J Phys. Chem. 1990, 94, 4747.

Het bestaan van een vervolg van een speelfilm pleit meer voor de kwaliteit van de
eerste speelfilm dan voor die van de vervolgfilm(s).

De ontwikkelingen in de biotechnologie beleven een revolutie. Echter, de
maatschappelijke acceptatie van biotechnologie volgt een evolutionair pad.

De Nederlandse hyacintenkweek wordt serieus bedreigd door opoffering van,
voor Nederland unieke, geestgronden aan verstedelijking en natuurontwikkeling.

Aangezien de zuurgraad toeneemt met afnemende getalswaarde (pH), is het beter
om van alkaligraad te spreken.

10. Soms lijkt het zo te zijn dat netwerken maar net werken.

Stellingen behorende bij het proefschrift:

Enantiomer separation by ultrafiltration of enantioselective micelles in multistage
systems

Pieter E.M, Overdevest Wageningen, 4 september 2000
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INTRODUCTION

Multidisciplinary research in separation technology development

An increasing demand for optically pure products has intensified the search for new
separation processes. At Wageningen University a new separation system is under
development that is based on the uitrafiltration of nonionic micelles containing chiral Cu™
amino acid derivative selector molecules. This research focuses on the separation of amino
acid enantiomers both at a molecular level and on a process scale. At the Laboratory of
Organic Chemistry, molecular interactions taking place in the diastereomeric complex
formation are investigated by minor modifications in either the chiral selector or the racemic
substrate. Quantum mechanical calculations have been performed on model compounds to
study this diastercomeric complex in more detail. At the Food and Bioprocess Engineering
Group, the separation performance has been studied as a function of pH which shows that
Langmuir isotherms describe the competitive complexation of phenylalanine (FPhe)
enantiomers by the chiral selector. The validated model has been used to design a cascaded
counter-current separation system capable of 99%% resolution of racemic mixtures. This
cascaded ultrafiltration (UF) system cnables enantiomer separation in systems that are
essentially agueous, which may prove to be advantageous for the development of new
separation processes preserving the environment. Besides the separation of enantiomers this
cascaded system provides a straightforward technology to a 99°% separation or removal of
aqueous solutes, which are difficult to separate based on size exclusion.

A part of this chapter has been published as part of P.E.M. Overdevest and A. van der Padt, ‘Optically
pure compounds from ultrafiltration’ CHEMTECH 1999, 29, no. 12, 17.
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An increasing demand for optically pure products

The desired biological activity of chiral compounds is often caused by only one enantiomer
of a pair of enantiomers (figure 1). Consequently, use of only the active enantiomer is
preferred, since the other one can have no effect, undesired effects, or can even be harmful. In
May 1992 the current move to single enantiomer drugs received a push when the FDA issued
a policy statement [J], which stimulated pharmaceutical-, food-, and agrochemical industries
to develop methods for the production of optically pure compounds.

Figure 1. Just like our hands, enantiomers are each others mirror image.

The most obvious source for these compounds is the chiral pool, relatively inexpensive,
optically pure natural compounds [2]. However, the limited number of compounds in this
pool requires moedification or the total synthesis by either an enantioselective chemical or
enzymatic route to obtain the desired product. An appropriate route must to be developed for
each compound because of substrate specificity, which leads to considerable costs and
increased development time [3]. As an alternative, the usually less expensive synthesis of
racemic mixtures, followed by a separation step, would isolate both optically pure isomers.
Nonchiral (symmetric) synthesis followed by a separation step becomes a more attractive
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route if a multistep chiral (asymmetric) synthesis results in very low yields or when there is a
market for both isomers.

Various ways to separate racemic mixtures

Although symmetric synthesis is usually less demanding then asymmetric synthesis,
scparation of cnantiomers is frequently not trivial, because their physical properties only
differ in chiral media. Conventionally, large scale production of optically pure compounds is
based on diastereomeric salt formation [4]. This technigue involves many processing steps
that result in high energy consumption and significant product losses. An alternative process
uses membranes to resolve enantiomers, can be operated continuously at ambient
temperatures, and is easily scaled up, making it attractive and cost-efficient. Several kinds of
enantioselective membranes can be used to separate enantiomers: membranes containing
proteins [5,6] or chiral polymers [7,8], molecular imprinted membranes [9,10], and supported
[£1.12] or emulsion [!3,14] liquid membranes. Non-enantioselective membranes can be used

to retain two (im)miscible phases of which at least one is enantioselective [15,16].

bulk phase

chiral selector
g

bulk phase ————————f
viscous flow

L B
| | L
B

UF membrane

hydrophobic care /
hydrophilic shell

micelle

Figure 2. Enantiomer separation by ultrafiltration of enantioselective micelles.
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Enantiomer separation by UF of enantioselective micelles

In our research we focus on the second type of membrane application. At Wageningen
University the concept of Micelle-Enhanced UltraFiltration (MEUF) is used to separate
enantiomers {/7]. MEUF combines high permeate flows with the possibility to separate low
molecular weight components depending on their affinity for the micelle. MEUF has already
been used for the removal of small organic compounds and for the separation and removal of
heavy metals from aqueous streams [18,19]. The pore size of the ulirafiltration membrane is
small enough to reject the micelles, however, large enough to pass all other unbound aqueous
solutes (figure 2).

In our studies, the surfactants forming the microheterogeneous medium (in our case micelles)
have been nonionic and achiral; therefore a chiral co-surfactant (chiral selector) is required.
The studied chiral selector is cholesteryl-L-glutamate (figure 3). The selector can form
ternary chelate complexes with a Cu" ion and a D- or L-amino azcid (racemic test
compounds). The enantioselectivity of the chiral selector molecules is related to the
difference in stability of the two diastereomeric complexes. During filtration the unbound
enantiomers pass the membrane, whereas the micelles — including chiral selectors and bound
enantiomers — are retained.

hydrofobic

Figure 3. Chiral selector: cholesteryl-L-glutamate.
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The separation can be quantified by the enantiomeric excess of the micelles, eecs = |gp — q1| /
(gp + qL) - 100% and of the aqueous bulk phase, ees = lcp — €1 / (ep + 1) © 100%, where ¢
and ¢ are the unbound and bound concentrations, respectively. Two aspects of this system
should be distinguished: the affinity of the selector for the enantiomers Xy and K}, and the
enantioselectivity of the selector for the enantiomers. The operational enantioselectivity
api,ep 15 defined as follows:

ap /cp
CpLep = (ONEEN¢Y
qy [eL
According to Langmuir isotherms, the operational enantioselectivity can be rewritten into the
intrinsic enantioselectivity, oprim = Kp / Ki. Thus, an enantioselectivity larger than one
defines a preference of the selector for the D-enantiomer.

enantiomeric excess in bulk (-) enhantiomeric excess in micelles (-)
11 1 r
(a {b
) Crac ! Cos = 0.1 ) 10
1
1
05 05|

Crac ! €cs = 0.1

10
0 i 1 i 0 1 1 1
1 10 20 30 1 10 20 30
selectivity (-) salectivity (-}

Figured. Calculated enantiomer separation in bulk (a) and micelles (b) in a single stage at various
racemic mixture and selector concenirations, cpac and ccs, respectively. The enantiomer
complexation can be described by multicomponent Langmuir isotherms.
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A cascaded system to fulfill the separation of a racemic mixture

Single stage calculations have shown that a high enantioselectivity alone is not sufficient to
acquire both enantiomers in optically pure form (figure 4). Both eecg and eeg depend on the
ratio of the racemic mixture conceniration and the chiral selector concentration. An excess
amount of selectors results in an enriched bulk phase. However, the micelles are not
enantiomerically enriched due to the surplus of sites {low eecs). Evidently, a deficiency of
selector molecules resulis in a low eeg and a high eecs, due to the competitive nature of the
Langmuir complexation.

In order to reach 99% separation of the racemic mixture a multistage separation process is
required (figure 5). This system is operated in a counter-current mode, analogous to
conventional extraction and distillation processes. Here, the enantioselective micellar phase
flows in opposite direction of the bulk phase. In each stage an UF membrane separates the
micellar phase from its coexisting aqueous bulk phase.

racemate

micellar phase

Figure 5. Cascaded system applying the counter-current principle for the 99%%, separation of
racemic mixtuares.
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Outline of this thesis

In order to design a cascaded system capable of a complete (99'%) separation of racemic
mixtures into two optically pure compounds, an adequate model is required that describes the
separation in this system. The isotherms describing the chelate complexation of D,L-Phe by
Cu"-cholesteryl-L-glutamate in nonionic micelles are discussed in chapter 2. Since the
interactions between enantiomers, Cu” and enantioselective micelles are pH dependent, this
dependency has been studied to optimize both separation and regeneration processes (chapter
3). Kinetic data of these interactions are essential for the process design, e.g. to optimize the
residence time of the micelles in each stage. This is discussed in chapter 4. Subsequently, the
developed separation model is tested for validity using a cascaded system at lab-scale,
Moreover, the separation concept and this model are tested at bench-scale using an industrial
membrane module {chapter 5). Finally, in chapter 6 the cascaded process is further studied
through sensitivity analyses of its separation performance using the dimensionless numbers
of the validated model.
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COMPLEXATION MODELING

Summary

An increased demand for enantiopure compounds has induced a significant effort in the
development of enantiomer separation technologies. The conventional path to obtain
homochiral products at a preparative scale is diastereoisomer crystallization. Disadvantages
of this separation process are costly scale-up and a high energy requirement. An alternative
can be ultrafiltration (UF) of enantioselective micelles, which is an easily scalable process
with a low energy requirement. The micelles preferentially form a complex with one of the
enantiomers. Only unbound enantiomers can pass the membrane during the UF process.

The work described in this chapter aims at the description of the complexation of
phenylalanine {Phe) enantiomers by cholesteryl-L-glutamate anchored in nonionic micelles
of nonyl-phenyl polyoxyethylene [E10] ether (NNP10). The description of this model system
is used to develop a separation process capable of complete (997%) enantiomer resolution
from their racemic mixtures. The influence of membrane rejection and of nonselective
complexation on the operational enantioselectivity is investigated. Both statistical analyses of
complexation models and UF experiments in absence of chiral selector show that membrane
rejection and nonselective complexation are not significant compared to enantioselective
complexation. It is concluded that the complexation can be described by straightforward
competitive multicomponent Langmuir isotherms, The operational enantioselectivity appears
to be constant over a wide concentration range and equals 1.4. Only at extremely low total
enantiomer concentrations the enantioselectivity increases to a value of 4.5.

A multistage separation process is required in order to separate a racemic mixture for 997 %.
Preliminary calculations using the Langmuir model have shown that 60 stages are sufficient
to reach a 99"% separation of both enantiomers.

This chapter has been published as P.E.M. Overdevest, A. van der Padt, J.T.F. Keurentjes and K. van
't Riet, ‘Langmuir isotherms for enantioselective complexation of (/1.)-phenylalanine by cholesteryl-
L-glutamate in nonionic micelles’ Colloids and Surfaces A 2000, 163, 209,
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Introduction

Chirotechnology, the applied science of the production of enantiopure compounds, is a fast
developing research field and is increasingly applied in pharmaceutical, agrochemical and
food industries due to a rise in the demand for enantiomerically pure compounds. The main
reasons for an increasing demand are [/]: (i) enantiomers can have different biological
activities, e.g. (§,5)-ethambutol which is tuberculostatic and the (&, R)-enantiomer can cause
blindness; (i1) enantiomers can counteract one another's effect, so-called antagonism, as
shown by the inhibition of the Japanese beetle pheromone, the (R, Z)-isomer, by 1% of the
(8.Z)-isomer; (iii) the unwanted enantiomer is seen as an impurity as a consequence of
registration constraints in certain countries; and (iv) production costs decrease significantly

as a result of an increased production capacity.

The most obvious approach to produce optically active components is to use the chiral pool
[2]- Since not all optically pure products are available from this pool, enantiomers have to be
synthesized from (a)chiral substrates or have to be separated from their equimolar mixture
(racemic mixture). The conventional production method, diastereoisomer crystallization, is
often a batchwise operation [3] and requires relatively inflexible multistep processing [/],
thus inducing low product yields.

Application of membranes for the resolution of racemic mixtures can result in continuous,
energy efficient, preparative separation processes. Enantiomer separation using membranes
can basically be divided into two types of processes. This classification is based on the
location of the chiral selector molecules responsible for chiral discrimination between
enantiomets [4], i.e. inside or outside the membrane, respectively. Membranes can be applied
as an enantioselective barrier retaining one enantiomer more than the other. Examples thereof
are membranes made of chiral polymers [5-7], molecular imprinted membranes [3,8,9],
supported liquid membranes [/0-12], emulsion liquid membranes [73,/4] and membranes
containing proteins [/5,16]. Alternatively, nonselective membranes can be used to separate
two (im)miscible phases of which at least one is chiral. Immiscible phases, like in
liquid/liquid extraction, can be used to separate enantiomers [/7-19]. However, the
performance of conventional extraction equipment is often limited by backmixing and
flooding [20]. These limitations are eliminated in hollow-fiber membrane extraction, where
nonselective membranes are used to separate both phases [2/,22]. If both enantiomers are
required the partition of the enantiomers over both phases should not be too far from unity,
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since at a high distribution coefficient one of the enantiomers will become extremely diluted
which results in loss of valuable product [23]. Alternatively, membranes can be used to
scparate a miscible enantioselective microheterogeneous phase from an aqueous bulk. An
efficient separation process is guaranteed by using melecules or colloidal particles larger than
the pore size of the membrane, e.g. BSA [24,25] or enantioselective micelles as demonstrated
by our group [26]. Micelles have proven their ability to preconcentrate heavy metals and
organic compounds from aqueous streams in micelle-enhanced ultrafiltration (MEUF) [27-
29]. Ismael and Tondre have successfully applied a metal ion selector in micelles to separate
Cu", Ni", and Co" ions [30]. Furthermore, micelles arc used in micellar electrokinetic
capillary chromatography (MEKC) to separate enantiomers on an analytical scale [37-33].

Figure 1 shows our enantioselective micellar system, Anchoring chiral selector molecules in
micelles of the nonionic surfactant, nonyl-phenyl polyoxyethylene [E10] ether (NNP10),
makes the enantioselective micelles. Chiral selector molecules (cholesteryl-L-glutamate,
CLG) can each bind a Cu" ion (not shown) and form chelate complexes, preferentially with
one of the two enantiomers (D,L-Phe). Since ionic surfactants are known to inleract with
amino acids [34] and/or Cu" ions [35] we have used nonionic surfactants. Ultrafiltration (UF)
of a solution of enantioselective micelles, Cu” and D,L-Phe results in enantiomer separation

as a consequence of’

¢ enantioselective one-to-one complexation of enantiomers by chiral selectors;
+ rejection of micelles by the membrane, and accordingly of the bound enantiomers; and
o permeation of the unbound enantiomers.

The objective of our research is the development of an enantiomer separation process based
on micellar UF at a preparative scale. The process design requires a model that describes the
complexation of enantiomers by enantioselective micelles. This chapter aims at the
elucidation of the mechanism of D,L-Phe complexation by CLG anchored in NNP10
micelles. For this reason, the enantioselective and nonselective complexation and membrane
rejection of bulk enantiomers have been studied. Additionally, statistics have been applied to
discriminate between different complexation models,
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Figure 1. Experimental set-up of the Amicon cell and an impression of the enantiomer separation at
the membrane.

water jacket —»

Theory

Single and multicomponent complexation isotherm models. Assuming reversible one-to-
one complexations of chiral selectors and enantiomers, complexation can be described
analogously to Langmuir adsorption isotherms. Considering adsorption equilibrium at equal
adsorption and desorption rates, Langmuir has derived the classical equilibrium isotherm for
localized nonlinear monolayer adsorption [36]. Originally proposed for single gas adsorption,
the isotherm has been adapted for describing solute adsorption by simple replacement of the
adsorbate pressure by the solute concentration [37]. The Langmuir isotherm is based on the
following assumptions [38]:

adsorbate molecules are held at a fixed number of localized sites;
each site can accommodate one single adsorbate molecule;

adsorption energy is equal for all sites; and
neighboring adsorbate-adsorbate interactions are absent,
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Accordingly, single enantiomer complexation can be described as:

gsKpcp

dp=—"T— (mM) (1)
1+KDCD
gsKpep

=" — (mM)
1+K1cp

where K (mM™) is the Langmuir affinity constant, ¢ and ¢ (mM) are the equilibrium
congcentrations of bulk and bound enantiomers, respectively. The indices D and L refer to the
D- and L-enantiomers, respectively. The Langmuir saturation constant g, (mM) is the
maximum attainable concentration of bound enantiomer,

In case both enantiomers strive for complexation with the same binding site, the competitive
complexation can be described using multicomponent Langmuir isotherms. Several authors
have used these isotherms to describe enantiomer complexation [25,39,40]. For the D-
ehantiomer:

q4,Kpcn
qp = - mM)  (2)
1+KDCD+KLCL

Besides an isotherm for the D-enantiomer, all isotherm models include an analogous isotherm
for the L-enantiomer, as summarized in table 1.

Enantioselectivity. The enantioselectivity apy of the micelles containing the selector is
defined as the ratio of the bound D and L. enantiomer concentrations {¢n / ¢r) over the ratio of
the bulk concentrations (cp / 1) [38]:

qp /49
Gy = O 6

¢p /ey,
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Table 1.  An overview of the studied single and multicomponent isotherm models.

Isotherm: Meodel
g.Kpcp
9p =—— (1)
1+KDCD
g, Kpep
4p = 2)

1+K cp +K ¢,

K ¢

qs,ns us D
4p = (8}
1+K (C’D +c, )

quDCD qs,nsKnscD
= +

qp ¢)]

I+Kpep 1+K ¢

quDcD qs,naKnscD
ap = + (10)
1+Kjep +K ¢ 1+K (cD +e

According to multicomponent Langmuir complexation the intrinsic enantioselectivity opi jnt
is written as [38]:

apLint =Kp /KL ) @

The bound concentrations can be calculated from the measured bulk concentrations ¢p and
CL-

9D =Cpot " D (mM) 5

4L =€ ~CL (mM) (6
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where the index ‘tot’ refers to the total enantiomer concentrations at the beginning of an

experiment.

The operational enantioselectivity (ctps.cp) can be calculated using eqs 3, 5 and 6:

cr (¢pjet —=¢pn )
Aprep =————— o (7)
cp (Crgr —CL )

By definition, an enantioselectivity larger than one indicates a preference of the
enantioselective micelles for the D-enantiomer.

Nonselective enantiomer complexation. In addition to enantioselective complexation,
nonselective (ns) complexation of both enantiomers can occur, which leads to a decrease in
the operational enantioselectivity. Nonselective complexation can be described as [40]:

qsnsKnscD
: (mM)  (8)

p =

1+K (CD +cp )
Assuming nonselective complexation in presence of chiral selector molecules, the single en
multicomponent isotherms become, respectively [40}:

quDCD + qs,nsKnscD

ap = (M) (9)

1+KD::'D 1+KnscD

quDCD qs,nsKnscD
ap = ¥ (mM)  (10)
1+K e, +K,¢; 14K (ep +¢, )

where gy4s (MM) is the maximum enantiomer concentration nomnselectively bound by the
surfactants and K, is the affinity constant for nonselective complexation.

Membrane rejection. Besides nonselective complexation, membrane rejection can result in
misinterpretation of the measured operational enantioselectivity. In cases where membrane
rejection (R) is considered, bulk concentrations in the retentate (c;) are calculated using eq
11:
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R=I—Cp /Cf (') (11)

where ¢;, is the measured enantiomer concentration in the permeate. When referred to a model
where membrane rejection is assumed, the reference includes ‘R’, e.g. model 1R.

Materials and Methods

Materials. D- L-, and DL-Phe, analytical grade CuCl,-2H,0, KCl, and KOH were obtained
from Merck (Darmstadt, Germany) and were used without further purification. The
surfactant, Serdox NNP10 (nonyl-phenyl polyoxyethylene [E10] ether), was a gift by Servo
Delden b.v. (Delden, The Netherlands). Although the surfactant was most probably a mixture
of different NNPs, an average molecular weight of 644 g/mol was assumed (CMC equals
0.047 mM). The chiral selector, cholesteryl-L-glutamate (CLG), was synthesized by the
Laboratory of Organic Chemistry of Wageningen University (optical rotation, [a]p™ was
—27 © at 10.5 g/L chloroform, 3% trifluoracetic acid). Throughout this study distilled and RO
filtered water was used.

Preparing micellar solutions. Batches of 50 mL of solution for ultrafiltration experiments
were prepared as follows. CLG, insoluble in water, was dispersed in a concentrated surfactant
solution to yield a stable and transparent solution in which the selector was completely
dissolved. The selector solubility in the nonionic micelles and the enantioselectivity were
found to be optimal using this method. The final solutions were obtained by mixing stock
solutions: 5.0 mL 1.0 M KCI, 5.0 mL 3.0 mM CuCl;, 2.5 mL 0 - 20 mM D-Phe, 2.5 mL 0 -
20 mM L-Phe and 35 mL of the concentrated CLG/NNP solution. These mixtures were set at
pH 11 and stirred ovemight. The experimental concentrations and conditions are summarized
in table 2. Cu" was added as the chelating agent, being a prerequisite for the enantioselective
complexation of Phe by cholesteryl-L-glutamate [26]. KC] was added to ensure a constant
ionic strength. To determine the adsorption isotherms of D- and L-Phe the total
concentrations of both enantiomers were varicd whereas all other solute concentrations

remained the same,
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Table 2, Solute concentrations and conditions in UF experiments.

Component Concentration (mM)
NNP10 7.8

LCG 0.3

D-Phe 0-1.0

L-Phe 0-1.0

CuCl 03

KCl 100

Condition

T 25°C

pH 11

Analytical methods. Phe enantiomers were analyzed by HPLC using a 4 mm [LD. x 150 mm
Crownpak CR(+) chiral crown ether column (Daicel) operated at 5°C. Concentrations were
measured by UV absorbance detection at 254 nm (Applied Biosystems). A solution of
perchloric acid in water (pH 1.5) was used as the mobile phase (0.8 mL/min). Before use, the
mobile phase was filtered through a 0.2 ym membrane filter (Sartopore 300). Between each
series of analyses a five-point calibration was used, enabling the estimation of the Phe
enantiomer concentration based upon the measured peak area.

Enantioselective complexation experiments. Ultrafiltration experiments were performed in
a thermostated Amicon 300-mL cell at 25 °C in at least triplicate (figure 1). The cell was
placed on a magnetic stirrer adjusted to 400 rpm to minimize foam production and
concentration polarization of micelles. A regenerated cellulose membrane (YM3) with a
molecular weight cut off of 3 kDa was used (Amicon Inc., USA). Part of the bulk liquid (7
mL) was forced to permeate through the membrane by applying 3 bar Nz. The first 4 mL
were discarded and the following three fractions of 1 mL were collected and analyzed by
HPLC.

Measurement of bulk and bound concentrations. Since the permeate concentration
remained constant during an ultrafiliration experiment, it could be assumed that the
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complexation equilibrium did not shift during the ultrafiltration process. Subsequently, the
average permeate concentration is calculated from the three measurements per ultrafiltration
experiment. Both the selector and bound concentrations increased proportionally with the
decrease in retentate volume (¥):

4D, ini /qD = 9L ini /qL = 495,ini /qs =V/Vini G 42

where the index ‘ini’ refers to the concentration at the beginning of an ultrafiltration
experiment. Since g, gp and g had to be multiplied by ¥/Viu, complexation could still be
described using straightforward single and multicomponent isotherms. However, to keep
notation simple ¢s, gn and g;. refer to the concentrations at the beginning of an ultrafiltration
experiment and not to the actual concentrations during the UF experiment. The bound
concentrations were calculated using eqs 5 and 6.

Nonselective complexation and membrane rejection experiments. Nonselective
complexation experiments were performed in absence of CLG and took place in an Amicon
cell containing 7.8 mM NNP10, 0.3 mM CuCl; and 0.1 M KCI (pH 11, 25 °C). To investigate
membrane rejection of bulk Phe, an ultrafiltration experiment was carried out in an adapted
Amicon cell with a continuous feed. This feed flow was equal to the permeate flow of 0.025
ml/s, guaranteeing a constant cell volume of 200 mL. The feed and initial cell solution
contained 0.15 mM D,L-Phe and 0.1 M KCl] (pH 11, 25 °C). In addition, the Amicon cell
contained 7.8 mM NNP10. Using eq 11 and a mass balance over the set-up, it can be easily
shown that:

cp ={1-Re™00-R) ) o, @) (13)

where 0 is defined as the ratio of time and the residence time of the bulk in the cell and index
‘f* refers to the feed concentration.

Statistics

Fitting the isotherm models. To fit model 1 the isotherm was rewritten into an
explicit expression of the predicted bulk enantiomer concentration using eq 5:
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—B+,{Bz +4¢p Kp
CDpred = (mM) (14)
2Kp

where B = Kp{(gs — ¢pgo) + 1. The same procedure was followed for the L-enantiomer and for
modet 8. For the models 2, 9 and 10 it was not possible to derive simple explicit expressions
for the bulk enantiomer concentrations, Therefore, an iterative procedure was developed to
estimate the bulk concentrations ¢ppreq and cLpreq from a dependent set of equations. Using
eqs 5 and 6 the following equations could be derived for model 2:

7sKDCppred
€Dtot —~CDpred = (mM) (15}
1+KDC'D,pred +KL CL,pred

QSKLCL,prcd
CLjtot —CLpred = {mM) (16)

1"'KDCD,pred +KLCL,pred

where the total concentrations cp ot and ¢y Were assumed to be the independent variables.
The RSS was calculated using the difference between the measured and predicted enantiomer
concentrations in the bulk. An algorithm based on the Levenberg-Marquardt method was

used to minimize the RSS.

Confidence intervals of Langmuir constants. Confidence intervals of predicted
Langmuir constants (Bpreq) Were calculated using the estimated (asymptotic) standard error of
the parameters (sp):

B=P pred £5p Fas2.v {17)

where t2, is the upper o/2 percent point of the #-distribution with v = n — p degrees of
freedom, # is the number of data, and p is the number of parameters. The diagonal element of
the pxp variance-covariance matrix of the parameters is equal to the square of the
corresponding standard error [41):

variance - covariance matrix = [ RSS ] (s Jy’ -y (18
n-p
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where J is the nxp Jacobian matrix which represents the derivative of the nonlinear functions
with respect to the parameters. Note that in case of linear regression (y = XP) the Jacobian
matrix equals X, thus making the estimation of confidence intervals straightforward.

Confidence intervals of enantioselectivity. The intrinsic enantioselectivity was
calculated from the estimated Langmuir affinity constants Kp and K; using eq 4. This
equation was expanded as a Taylor series to obtain the standard error of /L jnt Sayyy 3, [42):

2 2 2
§ 5
©D/L,int Kp Ky
~ + =CL +C} () (19
o’ KX K} Pt
D/L,int D L

where szrn and .s'zxL are elements of the variance-covariance matrix (18) and Cxp and Cx are
the relative variances of Kp and Kj, respectively. This Taylor approximation is valid for a
relative variance of less than 0.15 [42). 1t was obvious that the calculated confidence interval
of opriw was symmetric using this approximation. However, error distributions of
parameters in nonlinear models are not necessarily symmetric [43-45]. The customary
assumptions that the effects of covariance between pairs of parameters can be ignored and
that the distributions of parameters are normal can lead to a significant error, up to 2- and 3-
fold in the calculated uncertainties [46]. Therefore, a Monte Carlo method was also used to
calculate the confidence interval of apg jw. This procedure contained the calculation of [46]:

() QDL int, USInE eq 4 and the estimated Kp and K ;
(ii) a new set of Kp and K], using sgp, and sg; and the normal distribution; and of
(i)  apum, using eq 4 and the simulated Kp and K ;

After repeating step (ii) and (iii) many times (> 2000), the confidence interval was obtained
from the ordered list by eliminating the upper and lower 2.5% of the simulations. The
confidence interval of the operational enantioselectivity (cinaop) Was obtained by a similar
procedure as described above. However, upiqy was calculated using the measured bulk
enantiomer concentrations and eq 7. New sets of ¢p and ¢;, were simulated using sp, 51 and
the normal distribution,

Criteria for choice of best model. To select the best model, lower (low) models were
compared to an extended (ext} model with the use of t-tests on estimated parameters and F-
statistics to test the lack of fit [47]. The t-test confidence intervals of the estimated parameters



complexation modeling 21

were calculated using eq 17. The variance of the lack of fit and the variance of the extended
model were compared as follows:

RSS,  —RSS -
f - ( low ext )/(Vlow vext ) (_) (20)
R‘SSext /V ext

If f was smaller than Fvv::’t“’ ~Vext (1—q), the lower model was adequate and the additional
term was not statistically significant, where 1-¢t is the confidence level. For nonlincar models
the statistical analysis is at best only an approximate, since f and bpreq / 55 do not have an
exact - and t-distribution, respectively [47].

Results and Discussion

Single component isotherm models. Single component complexation of D- and L-Phe by
enantioselective micelles have been measured (figure 2). The measurements indicate a higher
affinity of the micelles for D-Phe than for L-Phe. The bound enantiomer concentrations g are
calculated by eqs 5 and 6 and approach the CLG concentration (0.3 mM) at high enantiomer
concentrations. The measured permeate concentrations appear to have a heterogeneoﬁs error
variance (figure 3). Therefore, a weighted least-squares method is used to minimize the
residual sum of squares (RSS), since information availability for parameter estimation
decreases at larger variances [47]. For D-Phe:

(CD ~CD,pred )2
RSS=)—— — ) @b
Sp 2

where s°p and 5°p are the estimated variances of the measured D-Phe and L-Phe
concentrations, respectively. Estimation of the Langmuir constants by fitting the isotherms of
model 1 on the measurements, confirm the expectations (figure 2). The saturation constants
are 0.30 £ 0.013 and 0.38 + 0.078 and the Langmuir affinity constants are 28 = 0.067 and 3.7
+ 1.5 mM" for D- and L-Phe, respectively (table 3). The 95% confidence intervals are
calculated using the variance-covariance matrix and eq 17. The affinity constants suggest an
intrinsic enantioselectivity of 7.7 + 3.1 (table 4). Although, it seems that the two saturation
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constants are different, a s-test analysis has shown that the overlap is just over 5%. This is in
agreement with our expectations that the number of attainable sites is equal for both
enantiomers.

gp (MM) g, (mM)
0.3 0.3r
n
LI % %
0.2 0.2¢ ) .
0.1 0.1k
0 1 I 1 ] 0 1 1 1 I
0 0.2 04 0.6 0.8 0 0.2 0.4 0.6 0.8
¢y {(mM) ¢, (mM)

Figure 2. Single companent complexation isatherm of D-Phe (®, lefi) and L-Phe (M, right). The
single component data have been used o separately fit the isotherms of model 1 (—).

Nonselective complexation and membrane rejection of unbound enantiomers have been
investigated, since these effects increase the apparent affinity and can therefore influence the
intrinsic enantioselectivity. Model 9, which adds nonselective complexation to model 1, is
fitted on the single component data. In addition, the same is done with models 1R and 9R,
where membrane rejection is assumed (eq 11}. The four models describing single component
complexation of D- and L-Phe will be discussed separately.

Firstly, D-Phe complexation is discussed. In this case, model 9R is the extended model (table
3). Of the estimated parameters of the extended mode! only g, and K3, are significant, whereas
membrane rejection and nonselective complexation can be neglected. It has to be noted that
the nonselective Langmuir samration constant gs5s of model 9 is nearly zero but significantly
negative. However, a negative binding saturation concentration is not realistic. The 95%
confidence interval of R in model 1R demonstrates that membrane rejection does not make it
a better model than model 1. In addition, testing the lack of fit shows that all lower models
are just as good as the extended model (f<F).
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References for tables 3, 4 and 5: © D-Phe extended model, ® L-Phe extended model, ©
Fllow=vet (095), @ using 55, sy and thc Monte-Carlo method, © using eq 19, © D,L-Phe

Vext

extended model.

s(-)
0.04r1
o [
|
|
n [
0.02} . *
e " “
¢ .
| - .
® - ™ *n
e s ¢ " ¢ ue *
. a® '. p oo ?® a o8 . )
0 I LI o o " -
0 0.25 0.50 0.75 1.00
c (mM)

Figure 3. Calculated standard deviation (s) of all measured D-Phe (@) and L-Phe (8} concentrations
as a function of the measured permeate concentration (c).

To support the irrelevance of a negative value of g, 5, nonselective complexation of Phe by
micelles has been studied in presence Cu". Since Cu" ions are capable of binding to the
hydrophilic head groups of NNP10 [29], it can be hypothesized that Cu'": Phe accumnlates in
the hydrophilic shell of the micelles. Figure 4 shows the data and the fit of model 8 on these
data (gons=0.16 + 0.069 mM, Ky = 1.6 £ 3.4 mM). From these data it can be concluded that
nonselective complexation is significant, which can be attributed to a limited availability of
Cu" ions. Hence, the estimated megative g, of model 9 is irrelevant. The value of g,
estimated by fitting model 1 equals the CLG and Cu" concentration. Hence, all Cu" ions form
chelates with CLG and Phe. Therefore, it can be assumed that the presence of CLG
eliminates the nonselective complexation.
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gp + g (mM)
0151
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Figure 4. Nonselective enantiomer complexation data (¢) in presence of Cu” ions and absence of
CLG molecules. The data have been used to fit model 8 {(—).

Secondly, when the single component models are fitted on the L-Phe data, models 9 and 9R
turn out to be irrelevant, since both Langmuir satyration constants ¢ and g.n. are equal to
zero. Therefore, model IR is chosen as the extended model. The membrane rejection
parameter in this model equals zero, thus model 1 is just as adequate as model 1R.
Nonetheless, lack of fit testing shows a significant difference between both models. This is
probably caused by the fact that these models are nonlinear. For linear models these tests
would never lead to contrary conclusions.

Statistics and independent nonselective complexation experiments point out that model 1 can
be applied to describe single component complexation of both D- and L-enantiomers by
enantioselective micelles (figure 2).

Multicomponent complexation isotherms of D, L-Phe. As a consequence of the third and
fourth assumption of the Langmuir isotherm, the affinity constants of single component
isotherms can be used for multicomponent isotherms. Therefore, the multicomponent
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isotherms have been measured to check these assumptions (figures 5 and 6). Again, the
measurements indicate a higher affinity of the micelles for D-Phe than for L-Phe, At the same
total enantiomer concentration, the micelles have bound more D-Phe than L-Phe. A similar
weighted least-squares method as eq 21 has been used to minimize RSS:

(CD —CD,pred )2 (CL —CLpred )2

RSS:Z - + - -y
5D SL

The multicomponent models 2, 2R, 10 and 10R have been fitted on all single and
multicomponent complexation measurements. To complete the comparison, nonselective
complexation is taken into account again, although it has been shown that this effect is
insignificant (table 5). Moreover, the 95% confidence intervals of the estimated parameters

have been calculated using the variance-covariance matrix and eq 17.

qp (MM)
[

0.2 o.
0.1

0 0mM 0.075 mM
0.3
0.2
0.1 L ] ®

0 0.40 mM 0.60 mM 0.80 mM 1.0mM

0 0.5 1 0 0.5 1 0 0.5 1 0 0.5 1

p (MM)

Figure 5. Multicomponent D-Phe complexation isotherms at different ¢, given in each figure. The
data (@) have been used to fit model 2 (—).
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0.075 mM
0.3 r r
0.40 mM 0.60 mM 0.80 mM 1.0 mM
0.2 . - - :
m
0.1 - .

0 0.5 1 0 0.5 1 0 0.5 1 0 0.5 1
¢, (mM)

Figure 6. Multicomponent L-Phe complexation isotherms at different ¢p . given in each figure. The
data (W) have been used to fit model 2 (—).

The estimated membrane rejection of model 2R and the extended model 10R are significantly
smaller than zero. A significant rejection is also demonstrated by the lack of fit of model 2
and 10. Nevertheless, a negative R is not expected with our membrane system at these low
concentrations and pressures. The confidence intervals of g.,s and K, include zero when
fitting model 10 and the extended model. In addition, the lack of fit of model 10 shows that
nonselective complexation can be neglected.

To test whether membrane rejection has occurred, a set of independent experiments has been
performed in an Amicon cell with a continuous feed. Accordingly, eq 13 has been fitted on
the measured permeate concentrations (figure 7). In presence of surfactant the membrane
rejection of Phe (R) equals 0.078 £ 0.0064 (-). Hence, negative membrane rejection constants
are irrelevant in our system.

Since nonselective complexation is negligible and the Langmuir saturation concentrations of
the single and multicomponent complexation isotherms approach the selector and Cu"
concentrations (0.3 mM), it can be concluded that over 93% of CLG and Cu® jons participate
in enantioselective enantiomer complexation. This supports the assumption that the CLG:

Cu" complex can be seen as a localized complexation site. The formation of Cu(Phe); in the
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aqueous phase can probably explain the fact that not all Cu” ions participate in the
enanticselective complexation by CLG.

cp* e (mM)

0.156

k: | | | |

0 0.25 0.50 0.75 10
6()

Figure 7. Membrane rejection (R) estimation of Phe in an Amicon cell with a continucus feed. The
measured permeate concentrations (4) have been used to fit eq 13 (—).

Parity-plots have been made by plotting the measured permeate concentrations against the
corresponding predicted concentrations using model 2 and the corresponding parameters of
table 5 (figure 8). From these figures it can be concluded that a straightforward
multicomponent Langmuir isotherm is capable of predicting the bulk enantiomer
concentrations. Only at extremely low L-enantiomer concentrations (¢ < 0.035 mM)
predictions are underestimated. However, these low L-Phe concentrations can be regarded
not to be part of the relevant concentrations. Comparing the single and multicomponent
models, it is remarkable that K, is the same in both cases and K is significantly higher in the
multicomponent case. Apparently, some neighbour-neighbour interactions occur in the
system. Taking statistics and the parity-plots into consideration the multicomponent
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Langmuir model 2 is able to describe the multicomponent complexation data (figures 5
and 6).

, oares (M) o (M)
a b
03 08

0.6

1

0.4
0.1
02 0.01
0.01 0.1 1
- 0 1] Il 1 1 1
0 02 04 06 08 1 0 02 04 0868 038 1
CD,exp (mM) CL'exp (mM)

Figure 8. Parity-plots of all measurements (Cezp) and predictions (cpreq) for D-Phe (a, left) and L-Phe
(b, right). At cxtremely low L-Phe concentrations predictions are underestimated (see
insert with logarithmic scale).

Intrinsic and operational enantioselectivity. Based on the single component model 1 and
eq 4, a substantial intrinsic enantioselectivity of the enantioselective micelles for D-Phe over
L-Phe is calculated, 5.5 < aprm = 7.7 < 13 (table 4). The asymmetry of the confidence
interval is caused by the nonlinearity of eq 4 and a value of Cy; greater than 0.15.
Subsequently, the use of the Monte-Carlo method is compulsory. However, by fitting the
multicomponent model 2 the calculated enantioselectivity equals 1.3 < dpjine = 1.4 < 1.5, In
order to study the difference in opy i based on the single and multicomponent models, the
operational enantioselectivity (ciprqp) is calculated for each ultrafiltration experiment using
eq 7 (figure 9). The confidence intervals of oo are calculated using the Monte Carlo
method. For simplicity the error bars are replaced by a grey rectangle at higher enantiomer
concentrations. At epgot + CLe > 0.5 mM the operational enantioselectivities equal the
intrinsic enantioselectivity as predicted by model 2. However, the measured operational
enantioselectivity increase significantly to 4.5 at decreasing c¢p g + cr 1, Which cannot be
predicted by multicomponent Langmuir isotherms. It appears that apg op Will even increase to
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7.7, which equals apa.in: based on single component isotherms. Contrary to the operational
enantioselectivity, the complexation of D-Phe and L-Phe are well fitted by model 2 using
concentration independent X values, which implies a constant enantioselectivity, Deviations
of predicted bulk L-Phe concentrations (¢, < 0.035 mM) from the measured ones are
responsible for the increase in operational enantioselectivity at decreasing cn ot + ¢r0t. These
minor deviations have been negligible when fitting the isotherm models. Based on the
intrinsic and operational enantioselectivities it is concluded that an enantioselectivity of 1.4
should be used to develop an enantiomer separation process at pH 11,

0.0 ?LorL,op ¢)
8.0
7.0
6.0
5.0
4.0
3.0
20
1.0

0 1 1 [ J
o 0.5 1.0 1.5 2.0

Cpot+ CLyt (MM)

Figure 9. Operational enantioselectivities for all multicomponent UF experiments (#). The
confidence intervals of the data indicated by an arrow include zero.
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Concluding Remarks

D,L-Phe enantiomers can be separated using a separation process based on ultrafilration of
nonionic enantioselective micelles containing cholesteryl-L-gluotamate. Operational
enantioselectivities of 1.4 to 4.5 have been measured. Straightforward multicomponent
Langmuir isotherms can be used to describe Phe enantiomer complexation by
enantioselective micelles, where Kp = 28 mM™” and X7 = 20 mM'.. The estimated Langmuir
saturation concentration ¢ is 0.28 mM and equals 93% of CLG and Cu" ion concentrations
and guarantees a high efficiency of these molecules. By two independent routes it is shown
that extension of the complexation model by membrane rejection and/or nonselective
complexation of enantiomers will not lead to a better model. Statistical analysis of the
investigated models results in the classical Langmuir isotherms. Secondly, independent
experiments show that both effects can be neglected if compared to enantioselective
commplexation.

In order to separate a racemic mixture for 99% a multistage separation process will be
required, since the differences between D- and L-Phe complexation are relatively subtle. The
multicomponent isotherm model is a key clement in the development of this multistage
system. Preliminary calculations have shown that 60 stages are sufficient to reach a 99'%
separation. In addition, an increase in enantiomer and selector concentration is still needed to

obtain a cost effective separation system.
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