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Enantioselectieve membranen kunnen verdeeld worden in 2 subgroepen;
Sorptie-selectieve membranen en diffusie-selectieve membranen. Het erkennen
van deze verdefing is van groot belang voor het fundamentele onderzoek naar
deze membranen,

Hoofdstuk 2, dit proefschrift,

Anders dan men zou vermoeden zijn enkelfasige concentratiegedreven
processen energetisch ongunstig, waarmee dit soort processen van
ondergeschikt belang zijn voor industriéle toepassingen.

Een economisch model waarin ethische aspecten verweven zijn is per definitie

waardeloos en zou derhalve niet gebruikt moeten worden voor besluitvoriming.
MKZ-crisis 2001,

Ondanks het feit dat niet reproduceerbare data tot nieuwe ideeén kunnen leiden,
zou het voor de beeldvorming van de wetenschap beter zijn wanneer slechts

reproduceerbare data gepubliceerd zouden worden.

T. Masawaki, T. Harada, and S, Tone, The effect of charge density on the permeation flux of aminio acid through positively
charged membranes under pressure gradient, J. Chem. Eng. Jon. 27 (1994) 182.

5. Tone, T. Masawaki, and K. Eguchi, The oplical resolution of aming acids by plasma polymerized tarpene membranes, J.
Membrane Sci. 118 {1996} 31.

Het feit dat een luchtaanjager in een auto 250 Watt verbruikt en dat met dat
zelfde vermogen in een gestroomlijnde ligfiets 40 km/fuur kan worden gereden,

zou op zijn minst de automobielindustrie tot nadenken moeten zetten.
hitp:/iwww.m5-lighietsen. cormvsnelheid. hirm

Het begrip ochtendmens/avondmens bestaat niet, dit schiinbegrip is slechts
gerelateerd aan het tijdstip van naar bed gaan.
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Het geloof nu is de zekerheid van wat men hoopt,
de overtuiging van wat men niet ziet.

Wanrt in dit geloof hebben de ouden getuigenis
verkregen.

Door het geloof begrijpen wij dat de werelden
door Gods woord bereid zijn, zodat wat men ziet,
niet ontstaan is uit wat zichtbhaar is.

Hebreeén 11:1-3



Dankwoord

Het is een vreemd gevoel om het dankwoord van mijn proefschrift hier vanuit
Amerika te schrijven. In essentie geeft het aan dat het moment is gekomen om
een geweldige periode bij proceskunde af te sluiten en daarnaast een nieuwe
periode te starten, Deze nieuwe periode zie ik met vesl vertrouwen tegemoet,
omdat ik kan steunen op een solide basis van kennis en ervaring welke
gevormd is bij proceskunde. Maar voordat die basis er was zijn er vijf jaren met
hoogtepunten en natuurlijk cok dieptepunten voorbij gegaan. Echter, altijd met
veel plezier heb ik mijn werk mogen doen. En dat plezier is mij voornamelijk
gegeven door de mensen waarmee ik mocht samenwerken. Allereerst, als
voornaamste persoon hierin, wil ik Albert noemen. Twee maanden nadat ik in
juni 1996 was begonnen bleek dat Klaas niet meer fulltime aan de vakgroep
verbonden zou zijn. Dit heeft er voor gezorgd dat de samenwerking tussen
Albert en mij zeer intensief is geweest en ik durf zelfs te beweren dat dit
proetschrift er niet had gelegen zonder zijn motivering, inspiratie en
gedrevenheid. Hiervoor wil ik hem bedanken. Dat neemt niet weg dat meerdere
mensen een gnmisbare bijdrage hebben geleverd. Daar horen als eerste de
personen bij die onze gedachtekronkels hebben beoordeeld op hun
haalbaarheid: Martien, Klaas en Jos. Martien wil ik bedanken voor zijn inzet als
fysisch- en kolloidkundige in een procestechnologisch onderwerp. Ock in dit
onderzoek hebben we kunnen en moeten ervaren dat deze twee vakgebieden
niet zonder elkaar kunnen. Ook wil ik de andere mensen van de vakgroep
Fysische en kollgidchemie die een steentje hebben bijgedragen aan de
totstandkoming van dit proefschrift bedanken. In het bijzonder wil ik Arie de
Keizer noemen. Voor de tweede maal heb ik anze samenwerking als zeer
positief ervaren en je Kritisch wetenschappelijke opstelling als motiverand.
Klaas, ook jou wil ik bedanken. Ondanks dat je na twee maanden niet meer
volledig bij de vakgroep betrokken was, is jou invloed in dit onderzoek naar mijn
mening niet minder geweest. |k stond er iedere keer weer versteld van hoe je op
de kritieke momenten aanwezig was, het geheel overzag en telkens weer voor
de goede oplossingen kon zorgen. Jos, van jou heb ik toch wel het meeste
geleerd. in proceskundig opzicht, maar zeker ook in persoonlijk en
wetenschappelijk opzicht. Ook moet ik je bedanken omdat je mij de laatste zet
hebt gegeven die nodig was om te willen promoveren op dit onderwerp.

Naast de vakinhoudelijke mensen ben ik ook veel dank verschuldigd aan de
mensen die aan het sociale aspect van mijn werk inhoud hebben gegeven. Dat
is begonnen met mijn oud kamergenaoten Pieter en Floor. 1k heb er altijd van
genoten dat, ondanks dat we alle drie zo verschillend van karakter waren, we




een gezellige en motiverende tijd hebben gehad. Na deze tijd begon er een
nieuwe periode met Anneke, René en Mark. Ock deze drie mensen wil ik
bedanken. We zijn met z'n vieren letterlijk en figuurlijk tot grote hoogten
geklommen, maar ook met de zekerheid dat er altijd iemand was die je op kon
vangen. René, ik denk dat ik de rommel om jou heen in positieve zin zal gaan
missen. Mark, we hebben samen een hoop lal beleefd en veel van elkaar
mogen leren. Anneke, ik zal het uitzicht zeker gaan missen, maar ook de
gesprekken over van alles en nog wat die we hadden als we van dat uitzicht
zaten te genieten.

De uitvoerende werkzaamheden voor dit cnderzoek heb ik niet alleen
gedaan, daar hebben een aantal studenten mij bij geholpen. Daniél {Goede
methode uitgevonden om bijna alles tot poeder te vermalen. ...}, Joost (Al weer
een beetje bijgekomen van de geéxplodeerde Scottfles? Toen ik laatst aan het
opruimen was kwam ik de glassplinters nog tegen}, Tom (De enige achte bikkel
van het tweede bordes en omgeving), Pim {In jou heb ik altijd veel van mezelf
herkend, lekker fanatiek bezig zijn) en Bart {Cp de valreep nog een mooi stukje
werk kunnen toevoegen aan het geheel). Ik wil ze allemaal bedanken voor hun
inzet en hun kritische vraagstelling, welke mij steeds weer scherp hielden.

Dan zijn daar nog de mensen die mij hebben bijgestaan in de tijd die ik
overhield als ik niet aan het werk was. Allereerst wil ik mijn ouders bedanken. Zij
hebben mij mentaal gesteund door steeds te proberen begrijpen waar ik mee
bezig was. Ook wil ik ze bedanken vcor de vele zaterdagen waarin “er altijd wel
wat te doen was". Daarnaast wil ik ook mijn schoonfamilie bedanken waarmee
ik veel samen heb mogen delen, maar Beursplein 5 bleef toch altijd wel de
“Klapper” waar we in op konden gaan. Ook jullie bedankt voor alle goede
zorgen.

Dan als laatste, maar zeker toch ook als belangrijkste persoon in mijn leven
wil ik Marie-Anne noemen. We hebben samen veel meegemaakt in de
afgelopen tijd van mijn promotiewerk, rijkelijk zijn we gezegend met drie
gezonde kinderen en ik hoop dat we ook in de nieuwe periode die voor ons ligt
elkaar altijd mogen blijven steunen in liefde en dankbaarheid zoals we dat de
afgelopen jaren hebben mogen doen.

Ed
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1 Membrane technology for the separation of

enantiomers

1.1 Chirality

Chirality is an important character of
biclogical systems, since it represents an
intrinsic property of the building blocks of
life, such as amino acids and sugars.
Peptides, proteins and polysaccharides
contain many chiral centers and as a
consequence, metabolic and regulatory
processes in biological systems are
sensitive to stereochemistry. Comparing
the activities of two enantiomers, different
responses can often be observed, e.g.
one of the two enantiomers has the
required biological activity, whereas the
other enantiomer is responsible for severe
side effects or is at least a 50% impurity.
Therefore, these effacts have to be taken

Chirality: concerning chiral molecules.
Chiral molecule: a molecule that is not
superimpasable on its mirror image.

The word ‘chiral comes from the
ancient Greek ‘cheir’, which means
hand. The two mirror images are
comparable to the left and right
hand.

Enantiomers: the two mirror images of
a chiral molecule.

Enantiorneric excess: A measure for
the purity of an enantiomer mixture.
This is defined as the difference of
both enantiomer concentrations
divided by the sum of both
enantiomer concentrations.

Racemic mixture: A mixture of the two
enantiomers in equal proportions.

into account for the application of chiral molecules in e.g. drugs, agrochemicals,

food additives, flavours or fragrances [1].

The interest in chirality and its consequences is not a new phenomenon.

However, during the last decade the research efforts have increased drastically,
for which the pharmaceutical industry is the main contributor and driving force.
The increasing need for single enantiomers as key intermediates in the chemical
and pharmaceutical industry has stimulated a significant demand for efficient
processes to resolve racemic mixtures [1]. Approacheas which may be applied to
obtain optically pure compounds are the utilization of chiral pool materials,
asymmetric synthesis and separation of a racemic mixture [2]. Crystallization
and enzymatic resolution have been the two classical methods for the
separation of a racemic mixture [4]. However, crystallization usually requires
many process steps, thus making the process complicated and inducing
considerable losses of product. For enzymatic resolution an appropriate route
has to be developed for each individual compound, leading to considerable
costs and increased development time [3]. On the other hand, the focus on
alternative technologies performing enantioseparation in a continucus fashion
has drastically increased during the last decade. Apart from the promising




Chapter 1

concept of SMB chromatography with chiral stationary phases [5], considerable
efforts have been concentrated on the development of enantioseparation
procedures based on membrane processes [4].

1.2 Mermbrane technology in chiral separations

Technically, membrane separation processes are particularly suited for large-
scale applications as they combine a number of attractive features. They allow
for a continuous mode of operation, easy adaptation to different production-
relevant process configurations, convenient scaling up and, in most cases,
ambient-temperature processing [6]. There are two categories of membrane
processes for enantiomer separation: direct separation using an "intrinsically"
enantioselective membrane (appiying enantioselective polymers) and
separation in which a non-selective membrane assists an enantioselective
process.

intrinsically selective membranes

The group of intrinsically selective membranes can be divided into two
groups: liquid membranes [7-11] and dense polymer membranes [12-20]. A
liquid membrane for chiral separation contains an enantiospecific carrier, which
selectively forms a complex with one of the enantiomers at the feed side and
transports it across the membrane, where it is released into the receptor phase
[21} (Figure 1). One of the critical parameters for this process is that the carrier
should not dissolve in the feed liquid or receptor phase to avoid leakage from
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Figure 1: Schematic representation of a liquid membrane for enantiomer separation.
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Figure 2: The preparation procedure and use of molecular imprinted polymers. Polymetization of
a template-monomer complex with cross-linking agent (a) yields a gecmetry in which
the self-assembled template monomer is captured in a polymer matrix (). After
removai of the templates, the cavities of the molecular imprinted polymer possess a
shape and arrangement corresponding to the functional groups of the template (c).
This polymer matrix can be used in chiral separation techniques (d).

the liquid membrane. For optimal selectivity of these membranes, a-selective
diffusion through the liquid phase in these membranes has to minimal. Also, the
carrier liquid has to provide a stable boundary over a longer period of time
between the feed phase and the acceptor phase. However, in practice this is
often not observed. Therefore, alternative approaches are used, i.e. the
application of dense polymer membranes.

Enantioselective polymer membranes consist of a nonselective porous
suppert coated with a thin layer of an enantioselective polymer. The separation
mechanisrn involves enantiospecific interaction (solution and diffusion) between
the isomers to be separated and the top layer polymer matrix. Both the
permeability (normalized flux) and the enantioselectivity (ratio of the permeability
coefficients of the two enantiomers) determine the performance of an
enantioselective membrane, Another approach for dense enantioselective
membranes is the molecular imprinting technique [22], which involves the
introduction of molecular recognition sites into polymeric materials (Figure 2).

Membrane assisted enantiomer separations

The membrane assisted separation processes described in literature can be
divided into two groups: 1} liquid-liquid extraction, based on hollow fiber

Phase 1 Product 1
- “E'H Feed P

! % g

Product 2 o ! Phase 2

Figure 3: Fractional extraction, using liguid-liquid membrane extraction
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fractionation (Figure 3) [3,23-28] and Il) micellar-enhanced ultrafiltration [29-32].
For liquid-liquid extraction, the same chiral selectors can be used as are applied
in liquid membranes. Frequently, the selector is solubilized in cne of the two
extraction phases, requiring the selector design to be optimized for selectivity as
well as solubility, which can be a disadvantage. To prevent flooding of the
extraction phases and to allow choosing the flow ratio freely, membranes are
used to immehbilize the liquid-liquid interface in the pores of the membrane.
Additionally, these membrane modules have a high surface area per unit of
volume, thus providing compact process equipment,

Micellar-enhanced ultrafiltration (MEUF) is a technigue that uses nonionic
micelles containing chiral selector molecules in combination with the membrane
process ultrafiltration, During ultrafiltration, the micelles are retained, including
the preferentially bound enantiormer, while the unbound enantiomers will pass
the membrane. Since a single separation step often is not capable of producing
single enantiomers at high purity, multi-staging is necessary (Figure 4). The
enantioselective micellar phase flows in opposite direction to the water phase.
Depending on the flow velocities through the system and the system
dimensions, this counter-current micellar enhanced ultrafiltration process can
accomplish any desired degree of separation.

1.3 Qutline of this thesis

As stated above, enantiomer separation using membrane systems can be
divided into two groups, intrinsically enantioselective membranes and a-
selective membranes assisting an enantioselective process. Both separation
mechanisms have been the subject of the research described in this thesis. In
Chapter 2 the development of an intrinsically enantioselective membrane is
described, resulting in the design criteria for this type of membrane. In Chapters
3-6 a separation process is described in which a non-selective membrane

Micelles +
Product 1 Product 2
A
————— ======== kil
! I el R 1
! 1 | 1 1 1 1
| | 1
] 1 |
1 1 I
’1-) Y, —T—) >
|
|
Water Feed Micelles

Figure 4: Counter-current cascade micellar enhanced ultrafifration system
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assists an enantioselective process. The separation concept is shown in Figure
5. A chiral selector, solubilized in an aqueous soluticn, preferentially forms a
complex with one of the two enantiomers, resulting in an enrichment of the free
gnantiomers. Since the free enantiomer and the complex differ in size, a
separation can be obtained by using size-selective synthetic membranes.
However, since the compilexation often is only partially selective, a complete
separation cannot be obtained using one single separation step. Therefore,
several subsequent separation steps are required for a complete separation. To
perfarm these steps in a single apparatus, we developed a multi-stage counter-
current electrodialysis process.

Electrodialysis is a widely applied technique and has the advantage of
incorporating hundreds of stages in one single module. The electrical potential
is used to transport the free enantiomer phase counter-currently compared to
the complexant phase. In principle, this process configuration is a scaled up
version of the analytical capillary electropharesis method. The possibility to use
available chiral stationary phases (CSP) from analytical methods will reduce the
development time and costs substantially.

in Chapter 3 an experimental set-up is suggested to evaluate the separation
principle as is shown in Figure 5. As a model system D, L-tryptophan has been
used as the enantiomer and a-cyclodextrin as the chiral selector. For the batch
system described in Chapter 3 the mathematical model equations for the
enantiomer concentrations as a function of time have been derived as well as
the resulting enantiomeric excess profiles. Using this system, the influence of
the pH and various process parameters on the operational selectivity and the

Figure 5: Separation concept of an membrane assisted enantioselective process.
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transport efficiency have been examined. It has been found that the operational
selectivity is a function of pH. In order to compare this pH dependency with the
pH dependency of the intrinsic selectivity, measurements have been performed
using isothermal titration calorimetry (Chapter 4). Using ITC the thermodynamic
complexation parameters (affinity, enthalpy and entropy) for both enanticmers
are determined as a function of pH.

In Chapter 5 a model is developed for the continuous muiti-stage
electrodialysis process. This model is validated using experiments with a 20-
compartment electredialysis system. Using extensive model calculations, the
viability of the process for large-scale enantiomer separations is discussed.
Additionally, in Chapter 6 the two separation processes described in this thesis
are critically analyzed. The limits in operating conditions as well as potential
improvements are discussed, resulting in an overview of the application
potential of the two processes.
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2 Design criteria for dense permeation-selective
membranes for enantiomer separations

Abstract

Dense enantioselective membranes can distinguish between two
enantiomers by different mechanisms. At this moment it is not clear which
mechanism provides the best membranes for large-scale enantiomer
separations. Therefore, we studied the design criteria for permeation-selective
membranes combining literature data, experiments and model calculations.
Literature data on dense permeation-selective membranes for enantiomer
separation show that these membranes could be divided into two different
classes: diffusion selective and sorption selective. Reviewing the literature on
diffusion-selective membranes shows that these membranes have one main
disadvantage: the inverse proportionality relation between the permeability and
selectivity. This disadvantage is absent for sorption-selective membranes. As a
model system, the diffusion of phenylalanine through a packed bed of
polypropylene beads coated with N-dodecyl-L-hydroxyproline:Cu(il) was
studied. The experiments showed that the material could selectively adsorb
phenylalanine (Phe) with a selectivity (D/L) of 1.25. However, no permeation
selectivity could be detected. With a dual sorption model these results could be
interpreted. These model calculations showed that the permeation selectivity
only approaches the intrinsic selectivity of the selector if the selectively adsorbed
population is mobile and the non-selective permeation is minimized. Therefore,
in our opinion more emphasis should be put on the development of sarption
selective membranes.

This chapter has been published as: E.M. van der Ent, K. van 't Riet, J.T.F. Keurentjes, A. van
der Padt, "Dasign criteria for dense permeation-selective membranes for enantiormer
separations”, Journal of Membrane Science, 185 {2001) 207-221.
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Chapter 2

2.1 Intraduction

Many compounds applied in the agrochemical, food and pharmaceutical
industry contain one or more chiral centers. The enantiomers of one pair often
have different effects on their targsts. Therefore, they have to be applied in their
optically pure form to prevent unwanted side effects or environmental burden
[1]. There are several ways lo arrive at optically pure enantiomers such as
chemical synthesis using a chiral substrate or using a chiral (bio)catalyst.
Another routine is chemical synthesis of a racemate in combination with a
resolution step [2]. Unfortunately, separation of enantiomers is difficult because
of their equal physical properties. The only way to tackie this problem is to apply
the separation of enantiomers in a chiral environment.

In the past decades many research groups have focussed their research on
ehantiomer separations in a chiral environment [3-8]. Most of this work has been
performed for the separation of enantiomers on an analytical scale. As a result,
for almost every enantiomer pair an analytical method exists for the complete
separation via e.g. gas chromatography, liquid chromatography or capillary
electrophoresis. However, for large-scale production of optically pure products
no generally applicable method exists in spite of the effort that has been made
to arrive at large-scale enantiomer separation processes [9-11].

One of the potential areas for large-scale separations of enantiomers is the
application of chiral membranes, because of the advantages of membrane
systems in general. Of course, research challenges still exist for membrane
system design e.g. their low number of transfer units per apparatus in
comparison with chromatographic systems. Membrane systems tend to be
inherently low-energy consuming and operate by a different mechanism than do
other separation methods, thus providing a unique profile of strengths [12].

Three classes of membrane systems can be distinguished for the separation
of enantiomers. One system makes use of enantiospecific catalysis, which has
large-scale potential [13]. The other two systems are based on diastereomeric
interactions, which are still in their research phase, i.e. liquid membranes and
dense chiral membranes. In the case of liquid membranes, an enantioselective
carrier dissolved in a liquid transports the enantiomer via selective binding from
the donating phase tc the receptor phase [14]. A common problem of liquid
membranes is their lack of tong-term stability, Dense membranes do not have
this stability problem. These membranes consist of a dense matrix of a chiral
polymer that can invoke enantiospecific interactions during sorption and/or
diffusion. This so-called solution/diffusion mechanism causes a selective
permeation through the membrane. For the development of these membranes,
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several design criteria must be taken into account to arrive at membranes that
show selective permeation.

In this paper we present a study on the properties required by dense
permeation-selective membranes for enantiomer separation.

2.2 Theory

For a given productivity, the two most important membrane properties that
determine the dimensions of the process are the permeability and the
permeation selectivity [15].

The permeability of a membrane is defined as the normalized flux with
respect to the concentration difference and the thickness of the membrane. This
parameter is therefore an intrinsic membrane property. The permeation through
a homogeneous filrm is determined by the solubility and the diffusivity of the
rmolecules in the polymer matrix. This so-called solution-diffusion mechanism
can be described analogous to the gas separation theory [16] for enantiomers:

k=350, (1}
where Pis the permeability, Sis the sorption coefficient and Dis the diffusion
coefficient. The subscript e indicates the D or L enantiomer.

The sorption ceefficient () is a thermodynamically determined parameter; it
is defined as the ratio of the equilibrium membrane concentration (€,,ompmame @and
the concentration in the bulk liquid (€,

S = Soomtrans @)

Cbuﬂt

in the ideal case, the refation between these two concentrations is a linear
relation i.e. §is constant. When the number of binding sites is limited, the
solubitity cannot be described by a linear partitioning relation but can e.g. be
described by a Langmuir relation. Contrary to the sorption coefficient, the
diffusion coefficient is a kinetically determined parameter. To what extent the
diffusion interactions are dissimilar far the two enantiomers depends on the
properties of the polymer matrix, e.q. the mutual attractive forces between the
polymer segments and secondary structures like helixes, crystalline structures
and pores. As a result, enlargement of the space between the polymer
segments could cause an increase of the permeability, however, this will also
strongly effect the chiral discrimination during diffusion, i.e. it will lower the
membrane selectivity.

Permeation selectivity

The permeation selectivity of a membrane is defined as the permeability ratio
of the penetrants, in our case the two enantiomers. Analogous to Equation (1),
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the permeation selectivity (o, ) is the product of the “sorption selectivity” (a3, )
and the “diffusion selectivity” (a, ):
B S D
ap; = T,LD‘ = ?f‘?f= B o
Although many enantioselective membranes have been describad in
literature, the distinction between these two selectivities is only made implicitly.

in the following paragraphs we will denote the differences between these two
selection mechanisms.

(3)

Diffusion-selective membranes

in this thesis, the definition of a diffusion-selective membrane is a membrane
consisting of a chiral polymer, which do not have any specific chiral seiector
sites, These chiral polymers can either be coated on a non-chirat support [ayer
or can be self supporting [17-25]. Diffusion selectivity is caused by chiral
discrimination during diffusion, i.e. the summation of chiral interactions causing
one enantiomer to diffuse more readily than the other. Examples of polymers
that can yietd such a difference in diffusion velocity are cellulose, chitosan,
polythydroxyethyl methacrylate), poly{amino acids). Most of the diffusion-
selective membranes also exhibit some sorption selectivity, however, these
membranes still are denoted diffusion-selective because their sorption selectivity
is not caused by a one-to-one molecular interaction.

Literature data show that the main disadvantage of diffusion selective

20
-~ 16
o ref. 17
:'i'\ 12 o rof. 18
> a ref. 19
- * ref. 20
"6 = ref. 21
o 8 « ref. 22
- = ref. 23
3 o
+ ref.
4
0 L] n L]
107 1013 109 105

Permeability (m */s)

Figure 1: The relation between the permeability and the selectivity of diffusion-selective
membranes. Presented data are derived from literature data [17-25].
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membranes is the refation between the permeability and the selectivity. When
the selectivity of these membranes is high the permeability usually is very iow
and vice versa. This is shown in Figure 1 in which the permeability versus the
selectivity is plotted for a number of diffusion-selective membranes described in
literature [17-25].

Figure 1 shows a well-defined area in which all points are located. The best
membranes would have a high permeability and high selectivity; this is the right
upper part of the figure. However, the membranes cited in Iiterature are in the
lower [eft part of the figure. In order to evaluate these membranes for large-scale
separation processes, we calculated the required membrane area for the
production of 1 kg of 99% pure enantiomer per day.

The calculations are carried out with the relations for a counter-current
cascade of single dialyzers (Figure 2) as described by Noda and Gryte [26].
This system appears most appropriate due to its ability to separate binary
mixtures in high purity products by means of a dialysis process. Additionally, the
dilution of the end products is minimal due to concentrating steps in the
cascade. High product concentrations are desirable for a feasible process. The
mathematical relations describing this system are analogous to the design
relations for a distillation column. For an optimization of the system, the minimal
number of stages is calculated with the Fenske relation, and the minimal reflux
ratio can be calculated with the Underwood relations as given in [27]. With the

[ . PRODUCT A
—___*
t 3

FEED

-
-

K

LUX, PRODUCT B

+

Figure 2: Counter-current cascade. Each stage corresponds with a concentrator-dialyzer pair.
From Noda and Gryte [26].
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minimat nurber of stages and the minimal refiux ratio, the actual refiux ratio can
be calculated with the Molokanov equation [27]. The number of stages is set to
2 times the minimal number of stages. The number 2 is a rule of thumb as is
described in [27]. The reflux ratio and the number of stages can then be used
for the overall input-output response equations [26] to calculate the dialysis
coefficient (8. This dialysis coefficient is a function of the membrane surface
area (A) as described by Noda and Gryte [26]:

K, A

o="o " @

where K, is the overall mass transfer coefficient and Q is the volumetric flow
rate.

Rewriting Equation (4} yields the total membrane surface area. By neglecting
the mass transfer resistance in the liquid —which is in most cases optimistic— the
overall mass transfer coefficient is approximated by the membrane permeability
divided by the membrane thickness (=10 um; arbitrarily chosen). The
permeability is calculated as a function of the selectivity using the right
borderline of the shaded area in Figure 1. This borderline describes the best
membrane parameters currently available. The resuits of the calculations for the
production of 1 kg enantiomer per day, with a 29% purity and a feed
concentration of 1 wi-% are shown in Figure 3.

This figure shows that at least a total membrane area of about 4600 m? and
15 equilibrium stages are needed. The internal reflux ratio for this case equals

E 30,000 :

© : L 200

o i o
® 200001 - 2
e : g
E - . 7]
L0 ' B 100 [T
£ 10,0004 "
® ; i w*
= 1

0 : T T T T 0
0 2 4 6 ) 10

Selectivity {-)

Figure 3: Total membrane surface area and total number of stages versus membrane selectivity
for a counter-current cascade of single dialyzers as described by Noda and Gryte [26].
The permeability used for the calculations is a function of the selectivity, i.e. the right
border of the shaded area in Figure 1. Production = 1 kg/day, feed concentration = 1
wit-% and purity = 99%,
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0.5. Whether these parameters are suitable for a feasible separation process will
depend on the enantiomer and its economical profits. Of coursea, also the
demanded purity of the end product determines the total memibrane area. It has
to be noted, however, that these calculations assume that the fluid stream has
the same average concentration throughout the stages. Hence, for each
membrane separation stage also ong reverse osmosis or evaporator unit has to
be instafted. According to Noda and Gryte [26] this will be the cost determining
aspect.

Figure 3 alsc shows that the number of stages decreases with increasing
selectivity. If the permeability is taken to be constant, the total membrane area
will be proportional to the number of stages. In that case, a selectivity in excess
of 3 hardly decreases the total membrane surface area. This is also shown for
pressure driven membrane processes by Keurentjos et al [15]. However, the
permeation decreases upon increasing selectivity, resulting in an increase of the
total membrane area. Therefore, it might be obvious to lock for membranes
using a different separation principle.

Sorption-selective membranes

Sorption-selective membranes mainly make use of a chiral selector
embedded in a polymer matrix. In maost cases, these selectors are known from
analytical separation methods and form a one-to-one complex with the
enanticmer by means of a specific molecular interaction. Examples are amino
acid copper complexes [28,29], cyclodextring [30], crown ether derivativas [31]
and Pirkle type selectors [32]. Also molecular imprinted polymers can be
regarded as sorption-selective membranes, because during the imprinting
procedure cavities are formed that can form one-to-one molecular complexes.

For sorption-selective membranes the inverse proportionality between the
permeability and the permeation selectivity is not expected. By loosening the
polymer matrix the diffusivity increases, but the chiral recognition remains the
same. Of course this still gives an optimization problem since an increasing
diffusivity is generally not an increase of selective diffusion only. To find the
optimization criteria, we have set up a model for permeation through sorption-
selective membranes.

2.3 Modeling

For the modeling of sorption-selective membranes, we assumed two
populations of each enantiomer in a homogeneous membrane: one population
is selectively adsorbed by the chiral selectors while the other population is non-
selectively absorbed in the polymer matrix (see also Figure 4). In total, two
populations of both enantiomers are present and, therefore, four mass balances
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are required. The selectively adsorbed population and non-selectively absorbed
population are assumed to be in equilibrium, i.e. no reaction limitation but only
diffusion limitation is assumed.

Fick's second law can describe the diffusion through a plane sheet. During
the diffusion process adsorption and desorption take place with the chiral
selectors. This adsorption/diffusion process can be described with the following
dimensionless mass balance equations (Appendix A):

dCDL dzCDL . + K ¢ V4 S—QD —Q[
_ = 2‘ _Da ( QD‘L DL e '( ) )) ( )
d DL dZQDf- + 8§~ -
—-—Q == H_,z‘ +Da (_ QD,L Ko CD.L '(Z' On-0, )) ( )

with the boundary conditions:

atX=0:
K, -C, ZS
C.=C,-S$ Q=22 " ¢ _| {7
el (:10] Qeo 1+ Z Kf' Cjo el
=Dt

Figure 4: Schematic representation of transport through a sorption-selective membrane,
including an indication of the concentration profiles and accompanying symbols
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at X=1:
K,-Cb,-2.5
1+ K,-Cb’

i=0L

dc, _ dq,
dCbg_( L F O,,]_,1

C;=Cbe'5; Q;0=

dfo | dXx dx

where C, (=c¢/c,) is the dimensionless free concentration of D or L enantiomer,
c,is the retentate concentration which is a constant, Fo (=Dt} is the Fourier
number, tis time, fthe membrane thickness and D the diffusion coeflicient of the
non-selectively absorbed population, X (=x/) is the dimensionless distance, Da
(=k,-f/D) is the Damkdhler number, in which &, is the adsorption rate canstant,
Q. (=q,/c,} is the dimensionless complexed concentration of the D or L
enantiomer, K, (=k, ¢, is the dimensionless affinity constant for the D or L
enantiomer of the chiral selector, Z {=Q/35) is the ratio of the dimensioniess
capacity of the chiral selector in membrane {Q; = g4, and the non-selective
sorption coefficient (8}, Cb, (=c,/c, is the dimensionless permeate
concentration, and A {=A/Wis the ratio of membrane thickness (§ and vessel
‘thickness’( WA = volume-area ratio). The index * stands for the membrane
surface concentration, 0for the retentate concentration att = 0, efor the D or L-
enantiomer and s for the saturation concentration (maximum capacity).

This model is analogous to the dual sorption theory for gas separation
modeling. The differences are in the boundary conditions and the split of the
calculation into two populations: the selectively adsorbed population (G and the
non-selectively absorbed population {C). This is in contrast to what is usually
done in gas separation modeling: usually only one single mass balance for the
total concentration is used (=Q + ©). Consequently, an additional boundary
condition must be defined: the selectively adsorbed population at the
membrane surface is in equilibrium with the bulk concentration and not via the
non-selectively adsorbed population. This split up of the concentrations has the
benefit that if no non-selective adsorption takes place still a permeation flux can
be present.

Most of the dimensionless model parameters are rather straightforward. The
Damk&hler (Da) number is the ratio of the diffusion rate and reaction rate for
complexation. For diffusion limitation Da > 1 and for reaction limitation Da
approaches 0. In this study only diffusion limitation was modeled. The ratio of
the membrane volume and the vessel volume (4} is an important paramster in
the determination of the overall permeability. This determines whether the
concentration in the permeate vessel remains mare or less at the starting
condition, i.e. a constant cancentration difference between the retentate and
permeate side while the membrane concentration profile is at pseudo steady
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state. At pseudo steady state the intrinsic permeability is found while at
changing concentration gradients the apparent permeability is found as a
function of the concentration gradient. The parameter F is the ratio of the
mobilities of the selectively adsorbed population and the non-selectively
adsorbed population. This parameter is important for sorption-selective
membranes since it determines whether or not the membrane is permeation
selective. This will be shown with the calculation results.

The sorption coefficient for the non-selective poputation can be interpreted in
two different ways. The first one is to interpret the polymer matrix as a dense
homogeneous matrix in which the molecules can dissolve with a certain
concentration. The second interpretation is that the membrane is considered as
a porous matrix; in the polymer part, the molecules cannot dissolve {(solubility
equals 0) and in the pores the solubility equals 1. In the latter model the non-
selective sorption coefficient is proportional to the membrane porosity.

2.4 Experimental

To study the effects of adsorption and permeation in sorpticn-selective
membranes, diffusion through a packed bed was studied. This packed bed
consisted of material coated with a chiral selector. We c¢hose for a packed bed
instead of a coated membrane to mimic a porous membrane with a large pore
length {3 cm} to increase the adsorption capacity, thus allowing for a larger
distinction between selective adsorption and selective permeation.

Chemicals

Amino acids D,L-phenylalanine and 4-hydroxy-L-proline were purchased from
Sigma and were used without any further purification. Dodecylhydroxyproline
was synthesized according to the method described by Takeuchi et al [33]. The
yield was about 30% and the [a] was -44.6°. All other chemicals were of
analytical grade or better and were used as received.

Packed bed

The packed bed consisted of macre porous polypropylene (PP} beads
(Accurel EP100; dyarige = 250-600 pm; d, = 0.1-1 pm; Ao = 50 m¥/g; void
volume = 75 % v/v) coated with dodecylhydroxyproline {DHP) and Cu(ll). For
the coating, ten grams of the PP-beads were first wetted with 50 mL 100%
methanol solution. After ten minutes of sonification 200 mL of coating solution
was added under continuous stirring. The coating solution consisted of 2:102 M
NaOH (pH was about 11.8), 1 M NaCl and 0.02 M DHP. The suspension was
stirred overnight. The beads were filtered and washed with 0.1 M acetate buffer
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solution {pH =6) and were subsequently washed with double distilled water. The
material was packed in a column (height x diameter = 3 x 3 cm). The column
was rinsed with 200 mL CuCl, (5 mM) solution and was subsequently rinsed with
250 mL doubie distilled water. The column was placed in a batch set-up (Figure
5} and the retentate side, column void and permeate side were filled with 200
mL double distilled water. The experiment started by addition of 20 mL D,L-
phenylalanine (50 mM) to the retentate side resulting in a starting concentration
{c,) of about 2.3 mM for both enantiomers. Samples of 1 mL were taken twice a
day from both retentate and permeate.

Analysis

For the analysis of enantiomer ratios the samples were analyzed by HPLC.
The system consisted of a Spectra Physics SP8810 pump, a Thermo
Separation® Products AS1000 autosampler and a Separations UV detector. The
column used for the separation was a 150 mm x 4 mm i.d. Daicel Crownpak
CR{+) {5 um). Mobile phase elution {0.8 mL/min) was performed isocratically
using a filtered (0.45 pm) and degassed aqueous solution of perchloric acid (pH
=2.0). The column temperature during analysis was maintained at 5°C. The
injected sample volume was 20 plL and the samples were injected without any
pre-treatment. The wavelength setting of the UV detection was fixed at 254 nm.
The calibration curves showed a linear relation up to a total {D-Phe plus L-Phe}
concentration of 5 mM.,

»

V,=200 cm}

v
Vretentate ¢ Vpermeate

Vretentate = Vc = VPermeate =20 CIl’13

Figure 5: Schematic drawing of the experimentat set-up. Vgmege = 20-10° m®; bed length =
3-10° m; bed diameter = 3102 M; V,gonae = 220108 M2,
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Transport-model simulations

With Equations (5) and (6} and the boundary conditions (7) and (8), the
concentration as a function of time was calculated. The equations were
approximated by a finite difference method (appendix A) and were implemented
in the software package Matlab 5.3 of Mathworks inc. The number of spatial
steps for the finite difference method was 20 and the number of time steps was
variable, determined by the Matlab differential equation solver. The permeability
for the D and L enantiomer was calculated from this concentration versus time
curve in the usual way [34]. With these permeabilities the selectivity could be
calculated according to Equation (3). The parameters K, Zand Fwere varied
over the ranges indicated in Table 1, which have been divided in 25
logarithmically scaled points.

Table 1: Simulation parameters

Parameter Value
Dimensionless affinity constant {K,) 10210
Sarption coefficient (S) 102107
Dimensionless mobility of adsorbed population (F) 10107
Number of place steps 20
Capacity of chiral selectors (Q) 1
Intrinsic selectivity 10
Damkéhler number (Da) 10°
Volurme ratio of membrane and retentate phase {1) 10°¢

2.5 Results and discussion

Diftusion through a packed bed

The results of phenylalanine (Phe) diffusion through a packed bed are shown
in Figure 6. This figure shows that the breakthrough curve of D-Phe differs from
the breakthrough curve of L-Phe. This is caused by selective adsorption of D-
Phe onto the column material. The affinity of the selector for D-Phe is higher than
for L-Phe, which is in agreement with the resulis of Davankav and co-workers
[35] and Takeuchi and co-workers [11]. The selectivity that could be calculated
from this experiment was 1.25 by assuming a diffusion coefficient for
phenylalanine of 1-10"° m’/s and by assuming that 25% of the
dodecylhydroxyproline in the coaling solution was adsorbed on the
polypropylene beads. This value of 1.25 is lower than described by Davankov
and co-workers. They found for hexadecylhydroxyproline coated on a
LiChroserbr RP-18 column a value for the selectivity for phenylalanine of around
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2. Thisg is probably due to the difference in coating technique, The
dodecylhydroxyproline (DHP) is coated at pH = 12 because it is insoluble at pH
= 6. To prevent desorption from the polypropylene beads, the pH is lowered
during the coating procedure from 12 to 6, thus precipitation of DHP will occur.
This will probably resuit in an unfavorable configuration. On the other hand the
material can still selectively adsorb phenylalanine. Unfortunately, from these
results we could not calculate a reasonable value for the affinity pararmeters.
This is probably due to the high affinity of these types of complexes [36]. When
the affinity is high, the equilibrium concentration is in the plateau region of the
Langmuir isotherm and therefore the affinity cannot be calculated. Below, it will
be shown that we are able to calculate the appropriate affinity constants by
using the permeation model we developed.

Figure 6 also shows that although the adsorption onto the material is
selective, the permeation of phenylalanine through the packed bed is not
selective. The slopes for D-Phe and L-Phe are the same in the linear part of the
curve. If the slopes are equal, the fluxes and consequently the permeabilities will
be the same. According to Equation (3) the permeation selectivity then equals
unity. The only effect observed is a start up effect: first the column material is
‘loaded’, and once the adsorbed concentration is in equilibrium with the free
concentration only non-selective permeation takes place.

-
o

Tw [L-Phe] in permeate

¢ [D-Phe] in permeate

Concentration (mM)
o
[4)]

0 100 200 300 400
Time (ks)

Figure 6: The permeate concentration of B-Phe and L-Phe versus time for the diffusion through a
packed bed of polypropylene ceated with N-dodecyi-L-hydroxyproline: Cu(ll}.;

Vismeate=20 &M, Vgponiars—220 cMP, C,?amm 5= 2.3 mol/im?; C?Emml = 2.3 moifmd.

The solid lines are the best fit of the model described in paragraph 2.2; k,=23.9mM";
kp'k,=1.25.
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Near the end of the curve it seems as if the two curves come together. This is
due to the driving force over the column for the two enantiomers. The retentate
contains approximately the sarme concentration D-Phe as L-Phe because of the
large volume of the retentate phase compared to the permeate phase.
Therefore, after an infinitely long period of time the retentate concentration
should equal the permeate concentration.

This type of experiments has also been done with dodecylhydroxyproline
adsorbed on a polypropylene microfiltration membrane. There we found that
even the start up effect could not be detected, probably because of the low
capacity of the membrane.

The main conclusion from the above-mentioned results is that, although
sorptian selectivity can be observed with this type of selectors {amino
acid:Cu(ll)), the operational selectivity will equal unity. The explanation for this
will be shown by the madel calculation results.

Model calctdations

The permeation selectivity is calculated as function of three parameters: the
dimensionless mability of the selectively adsorbed population {F}, the ratio of the
chiral selector maximum capacity and the non-selective solubility (2) for various
dimensionless affinity constants (K;). Figure 7 shows the operational permeation
selectivity as a function of Zand F, for K, = 10 {left graph) and K, = 107 (right
graph), respectively.

Figure 7 shows a large area where the permeation selectivity equals unity.
This is the case where both Fis low (low diffusion coefficient of the selective
population) and Z is low (high non-selective sorption). The boundary between
the selective area and the non-selective area (& >1.1) appears to be a linear
relation between log(F) and log(2):

Opperational alpha

Figure 7: Operational selactivities as function of the ratio of the chiral selector capacity and the
nen-selective solubility (Z) and the dimensionless mobility of the selective adsorbed
population {F).
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log(F),_, ,=—alog(2)+ b ©

Here a is the slope and b is the intercept with 1og(£)=0 (Z=1).
Hence, in case of selective membranes the following equation must hold:

|og(F)|a>1_1+a-log(Z)>b {10)

The slope (&) is for all cases of K, equal to one. In contrast, the intercept (b)
dependents on K, The relation between K, and b is shown in Figure 8, where
the line is a one parameter fit using the equation:

_ 1
b= c-(1-e7*) )

Here cis the fit parameter; for Figure 8, cequals 10.

The left part of the curve (range 1} shows a linear relation between the log{K,)
and log{b) and the right part of the curve (range 3) shows a plateau value. The
linear part of the curve (range 1) is explained by the fact that for this range of
dimensionless affinities the selectively adsorbed membrane concentration is
linearly dependent on the bulk concentration, i.e. the linear part of the Langmuir
isotherm. The plateau value is explained by the fact that for a high affinity —or
high feed concentration- the membrane concentration will be constant, i.e.
equal to the maximum adsorption capacity (Q). The range between the ranges
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Figure 8: Relation between intercept b and the dimensionless affinity constant K. The points are
the intercepts of the fitted borders from the calculations with 25 different K, values.
The line is a one parameter fit (Equation (11)). The discrete values of K, at the bend of

the curve (107" < K, < 10") show that the number of grid points of £ and Z is rather
low.

25






