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Abstract

Enantioselective chromatography is nowadays a reliable tool for single enantiomer production from a racemate. The recov-
ery of the distomer by racemization and recycling is a promising method to tackle the 50% yield constraint and to increase
the productivity. In this paper three process configurations are compared. The production of enantiopure mandelic acid and
methionine enantiomers exploiting different enzymes for racemization are evaluated as part of different chromatographic
process configurations. First, the benefits of conventional simulated moving bed (SMB) chromatography in contrast to a
single column batch separation unit are assessed in integrated configurations. Then, a concept of coupling the racemization
with a simpler three-zone SMB unit, where one regeneration zone is removed, is evaluated.

Keywords Chiral separation - Batch chromatography - SMB processes - Enzymatic racemization - Distomer recovery -

Process integration

1 Introduction

For the provision of pharmaceutical ingredients or in the
food and agrochemical industries, the production of pure
enantiomers is crucial. Even though chiral synthesis by
fermentation is well established, e.g. for production of the
essential amino acids, this pathway is not always available
or requires a long reaction chain. In these cases, the race-
mic approach of an unselective synthesis with a subsequent
separation and recycling of the distomer is becoming an
attractive alternative (Francotte 2001). The separation can
be done e.g. by enantioselective chromatography or prefer-
ential crystallization (Lorenz and Seidel-Morgenstern 2014).
For enantioselective chromatography there are versatile and
highly selective but costly chiral stationary phases available
(Franco et al. 2001).

A desirable exploitation of the distomer after separation
can be done in connection with racemization. Such reactions
can be realized under extreme pH or temperature conditions
and/or catalyzed chemically or enzymatically (Martin-
Matute and Béckvall 2007). Besides enhancing the reaction

< Isabel Harriehausen
harriehausen @mpi-magdeburg.mpg.de

Max-Planck-Institut fur Dynamik komplexer technischer
Systeme, Sandtorstr. 1, 39106 Magdeburg, Germany

rate, enzymatic racemization allows the operation under
mild process conditions. Despite their large potential, the
amount of available racemases is still limited (Wiirges et al.
2009; Radkov and Moe 2013; Femmer et al. 2016). When
immobilized on a resin and packed in a fixed bed reactor,
enzymes can show high stability and no extra enzyme recov-
ery step is needed (Wrzosek et al. 2018). Since the driving
force for racemization is the enantiomeric excess and con-
centration of the distomer, for optimal process performance
the enzymatic reactor can be positioned in the recycling
stream between the distomer outlet of a suitable separation
unit and the feed tank to recover the target enantiomer. This
way, the yield could be increased from 50 up to 100%. In
order to further improve the productivity, other processes
can be integrated to increase solution concentrations. Dis-
advantages of e.g. filtration are possible compound loss and
therefore yield reductions, and/or high energy demands in
case of applying evaporation.

The main objective of this work is the introduction of a
new process configuration in which a continuously oper-
ated simulated moving bed (SMB) chromatography unit,
which consists conventionally of four characteristic separa-
tion zones, is simplified into a three zone (3Z) SMB unit
and connected to a recycling loop with a chemical or enzy-
matic fixed bed racemization reactor. These setups will be
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compared theoretically based on standard key performance
indicators.

Below, we will firstly provide a short summary of simi-
lar coupled system. Then, three analyzed chromatography
configurations are introduced. Next, the mass balances of
chromatographic columns and assumptions regarding the
jointly quantified racemization and recycling steps are pre-
sented. The hypothetical limiting case of a true moving bed
process (TMB) and the established corresponding triangle
theory is applied to explain the possible transition from the
conventional four-zone to the promising simpler three-zone
SMB process. In Sect. 6, the two model systems considered
are introduced. Section 7 presents simulation results for the
comparison of alternative coupled processes with the stand-
ard 4Z-SMB unit. Here they are also used to evaluate the
influence of the case specific characteristics of the processed
enantiomers. Finally, the strength of three zone SMB process
is highlighted.

2 Background

Integration of chromatographic separation with reaction
steps was discussed by e.g. Hashimoto et al. (1983) and
used to increase yield and productivity for producing a tar-
geted sugar. Based on this idea, a number of approaches
involving combinations of separation and reaction types
for enrichment of high and low value products of different
purities were studied by Bechtold et al. (2006) and Palacios
et al. (2011). The process configurations investigated had
different degrees of integration and complexity. Coupled
systems were studied theoretically (von Langermann et al.
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Fig.1 Coupling of a SMB unit integrated with an enzymatic fixed
bed racemization reactor (EFBR) and a solvent removal (SR) unit.
The SMB unit is shown both as a 4Z closed-loop and a 3Z open-loop
process. After separation in setup (a) the raffinate and in setup (b) the
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2012; Nimmig and Kaspereit 2013; Swernath et al. 2014)
and were implemented experimentally for the production of
D-Psicose (Wagner et al. 2011). Additionally, a combination
of chromatographic SMB separation and enzymatic racemi-
zation was used by Fuereder et al. (2016) for the production
of pure methionine enantiomers. Results of a reevaluation
of this study will be given in Sect. 7.

In classical four zone close-loop (4Z) SMB chromatog-
raphy each zone has a specific task (Broughton and Gerhold
1961). The zones II and III perform the separation of the
binary system by carrying the less retained enantiomer to
the raffinate port and the more retained enantiomer to the
extract port. The first zone regenerates the stationary phase
and the fourth zone regenerates the eluent. An alternative
SMB process is the three zone (3Z) SMB, in which the
fourth zone is omitted. When operating it in an open-loop
configuration, the column number can be reduced without
compromising throughput or product purity in exchange
for an increased solvent consumption. This is an attractive
approach for systems with an expensive stationary phase
and a relatively cheap mobile phase (Paredes et al. 2004;
Sreedhar and Kawajiri 2014).

3 System configurations

In this study, three chromatographic separation unit types
were investigated each combined with racemization. The
simplest concept considers a single separation column oper-
ated in the conventional batch mode as analyzed in Wrzosek
et al. (2018). The two other setups are based on the SMB
principle and presented schematically in Fig. 1.

b
( ) Component recycling Solvent Eluent recycling
Qrets Ciget removal Qperms Ciperm
- Qe = Qe
Racemization i
FBR
Options:
- 4Z closed loop
- 3Z open loop
Feed tank Desorbent
CLF~ CoF tank
?
Fresh
desorbent
QD.O
Fresh mixture
Qro: Ciro Extract Qg . ¢ig Product
tank (E2)

extract contain the target enantiomer. The distomer is racemized in
the EFBR and concentrated in the SR unit before recycling it back to
the feed tank



Adsorption (2020) 26:1199-1213

Depending of the specific target molecule, either the
less retained enantiomer El is collected at the raffinate
port (Fig. 1a) or the more retained enantiomer E2 at the
extract port (Fig. 1b). The other outlet stream, enriched
in the distomer, is recycled. This recovery is performed
using two additional process units. First, the distomer is
racemized in a fixed bed reactor filled e.g. with an immo-
bilized racemase ( Wrzosek et al. 2016).

For the sake of simplicity and to focus on the central
chromatographic separation unit, this reactor was modeled
with an infinite residence time and therefore assuming a
complete racemization (¢ ,,. = ¢y,,,.)- This desired situa-
tion can be reached by installing a sufficiently large race-
mization reactor. A recycling step using a solvent removal
unit was included to increase the concentration of the
generated racemate. Depending on the specific molecular
weights of solvents and solutes this could either e.g. be a
nanofiltration or an evaporation unit.

4 Process model

The coupled chromatography-racemization process was
studied theoretically. In this chapter, the mass balances of
the process units, the essential adsorption isotherms and
the performance criteria considered are introduced.

4.1 Mass balance of a separation column

The equations to describe the separation unit are based on
the mass balances for a chromatographic column (Schmidt-
Traub et al. 2012):

9g,(c; . N) ac;) 9%¢;
| i =P

dc;
— +F

1
ot ¢ ot M

with ¢; being the concentration and g; = f(c, ... cy) being the
loading of the componenti = 1, ..., N where N is the number
of components. Furthermore, the time and space variables
are noted as ¢ and x, respectively, and u, is the interstitial
linear velocity. The phase ratio F, of the column is defined
in Eq. (2) by the porosity ¢, . of the stationary phase as a ratio
of the solid and void phase.

l—¢,

F.= -
o= @)

The apparent dispersion D,,, lumps contributions of e.g.
axial dispersion and mass transfer resistances. It can be mod-
eled by numerical dispersion with the corresponding height
of an equivalent theoretical plate (HETP).
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Here, L, is the length and N, is the plate number of a chro-
matographic column.
The initial conditions of fully regenerated columns are

c;(t=0,x)=0 (5)
The boundary condition
ci(t’x = 0) = cin,system(t) (6)

depends on the chosen chromatographic system. For a single
batch column setup with rectangular pulse injections of a

concentration ¢; g, the inlet stream ¢y, e, (?) i8 defined as

¢ip 0+ Ati,cyc(k -1<t
Cin, bateh() = 1< Aty + At oy (k= 1) @)
0, else

with the feed concentration ¢;r and a cycle time Az; ., i.e.
the time difference between two consecutive injections
(k—1)and k with k = 1, ..., N;,.. The batch chromatogra-
phy process was evaluated based on averaged inlet stream

concentrations

_ cip Vi
GiF = 0, A, (®

icyc

,inj

with the injection volume V..

In SMB chromatography the feed is introduced continu-
ously onto the first column between the second and third
zone and all other columns are fed with the outlets of the

prior column

cmtx=0)=¢p

9
ci,(zaélll)(l’x =0)= Ci,(z;aul)-l(t»x =L, ©)

Cinsmp(1) = {

4.2 Adsorptionisotherms

In order to describe the specific, and for the separation
essential adsorption equilibria g;(c, ... , cy), three adsorp-
tion isotherm (AI) models are introduced. The easiest form

is the linear adsorption isotherm:
;=K ¢ i=1[1,2] (10)

A quadratic isotherm model
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i (bip+2-b5-¢) . =0 -
i = 4 5 =121 qp =0 a7
] + bi,l ‘Ci + bi,2 'Cl.
o ey . =0n+ 1
can be used for describing the equilibria of compounds with Om = On + Or (18)
a fronting behaviour, also referred to as anti-Langmuir. Here,
Ow = Om + Ok (19)

q, is the saturation capacity, K;, b;; and b;, are quantifying
adsorption isotherm coefficients. The thermodynamically
consistent explicit solution of the competitive isotherm for
single component Al according to Eq. (11) has been devel-
oped by Ili¢ et al. (2010).

A very common model, capable to describe adsorption
behaviour, is the dual site competitive bi-Langmuir model:

by;- ¢

i _q&l 1 + bl,l * Cl + bl’z * C2
by; - ¢

+
qs,2 1 +b2’1 M Cl +b2’2 * C2

q
12)

i=11,2]

The selectivity of the stationary phase for enantioseparation
@, can be estimated as the ratio of the initial slopes of the two
enantiomer isotherms (% K;)

K2
a4 = X, 13)

4.3 Counter current chromatography (TMB
and SMB)

A well established approach to estimate the SMB performance
is the true moving bed (TMB) model (Broughton and Gerhold
1961). Here, the standard chromatography mass balance equa-
tion (Eq. (1)) is expanded by a term quantifying countercurrent
movement of the stationary phase.
) dgi(cy . N) dc;

dc;
+F +u.— —F-u

oc; 9g;(¢cy . )
ot ot € ox

™ =0 (14)

Of particular interest is the steady state solution of the
TMB process which forms, after spacial discretization, a
large system of nonlinear algebraic equations. It is a well
established procedure to solve the dynamic equations until
the final steady state, which is the operating state of interest,
is reached. This approach was also used for all other units
considered in the overall process schemes.

In a TMB unit the volumetric flow rates Q_ in each zone

(z=1,...,1IV) are connected with the external flow rates for
desorbent, extract, feed and raffinate, respectively

Ocxt = [=0Op, Op, —0OF, Or| (15)
It holds that

O =0p + 0 (16)
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To generate enantiopure solutions at the raffinate and extract
port, the flow rates in each zone need to be properly set.
They can be described in a normalized form as dimension-
less flow rate ratios m,

m; = & (20
z QS

with O, being the volumetric flow rate of the solid phase.
By exploiting the equilibrium theory of chromatography,
regions for the flow rates can be derived, which allow a suc-
cessful binary separation and a regeneration of the stationary
and mobile phases (Rodrigues 2015). For linear isotherms
it holds that:

K, <mp <mp <K, 201
m; > K, (22)
my < K (23)

The region for linear isotherms in which both enantiomers
elute with 100% purity is triangular and plotted in the my
-my-plane. Its shape and magnitude are visualized in Fig. 2.

When only one enantiomer is targeted, the constraint on
the distomer becomes obsolete, which reduces Egs. (21) to
(24) or (25) if the purity constraint regarding the raffinate or
extract, respectively, is removed.

my < my < K, 24)

Ky <my <myy 25)

With the constraint in Eq. (23) the solvent can be regener-
ated in the last zone to reduce its consumption. In a closed-
loop SMB operation, a removal of this zone would cause
a contamination of the extract. In a 3Z open-loop opera-
tion, the zone is omitted in trade-off for a higher dilution of
the raffinate stream and higher solvent consumption. The
3Z-SMB system can then be described by Eqs. (22) and
(24) or (25).

4.4 Incorporation of the racemization reactor

The degree of conversion of the recycled stream into a
racemate of the chromatographic unit is directly related to
the reaction rate and the scale of the reaction unit. Hence,
with sufficient amount of enzyme a full racemization can be
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Fig.2 Triangle theory according to equilibrium theory of TMB chro-
matography for linear adsorption behaviour in accordance to Egs.
(21)—(23) (Mazzotti et al. 1997). The optimal separation condition for
my; and myy is in the upper left corner of the separation region (black
circle), the optimal regeneration condition for m; and myy in the cor-
responding corner of the regeneration region (grey circle)

performed. In order to analyze the maximum of this effect,
in the scope of this paper the achievement of a complete
conversion of any effluent mixture into a 50:50 mixture was
assumed. This simplifies the dynamic mass balance equation
of the reaction unit

ach + uzi—j + Frae Vil reactor = 0 (26)
with

Ciot = €1+ € 27)
to

Cimar = 28)
Here Q... is the volumetric flow rate of the recycled extract

O, or raffinate Oy stream and v, is the stoichiometric coef-
ficient with v; = — 1 for E1 and v, = + 1 for E2.

4.5 Modeling of the solvent removal unit

To capture essential features of the entire flowsheet, two
additional balances must be respected (Fig. 1). The solvent
removal unit is positioned behind the racemization unit and
treated as a simple splitter unit. It divides the stream into the

permeate flow rate Q... that can be recycled to the eluent

tank, and the retenate volumetric flow rate Q,,, which has a
racemic composition and is recycled to the feed tank.

Qrec = Qperm + Qret 29)

Depending on the capabilities of the concentration unit and
the application specific requirements, the separation factor

Qperm

Agr =
Qret

needs to be adjusted. The recovery rate of the solvent
removal unit is defined as the ratio of the recovered total
mass flux 7y o (With sz = rir) +si1,) and the mass flux
from the racemization reactor into the solvent removal unit

(30)

My reactor

My ret Qrel * Ciot ret

RECgy = -

My reactor

€29
Qrec * Ctot,reactor
and depends on the chosen process.

The following mass balances hold for the solvent removal
unit:

dc;

i,ret

ot

1
= V_(RECSR : Qrec * Cj reactor — Qret : Ci,ret) (32)
SR

0

Ci,perm

1
=—((1 — RECg) - Qrec * Cjreactor
ot Ver SR react (33)

- Qperm : Ci,perm)

In this work, the separation factor agz was linked to the total
mass flux at the reactor outlet to maintain a constant con-
centration ¢, g = ¢| g + ¢, and a racemic composition in
the feed tank. A full recovery (RECgg = 1) was assumed.

4.6 Modeling of the feed and desorbent tanks

To capture essential features of the whole flowsheet, two
additional balances must be respected (see Fig. 1). The
amount of fresh feed is regulated by the feed flow rate Oy
out of the feed tank and the recycled retenate flow Q,:

QFO = QF - Qret (34’)

The following mass balance equation is applied for the feed
tank

oc; g

=L (0 o = ur0) — Qo (0 = €6)) (35)

Vtank,F

Due to the solvent removal unit, only the difference of the
inlet desorbent stream Qp, and the recovered solvent QO
required as fresh solvent Qp

perm 18

@ Springer
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Opo=0p — Qperm (36)
The fresh solvent contains obviously no solute
C,',Do(t) =0 37

which reduces the mass balance equation of the solvent tank
to

oc;p

1
7 = —(Qperm * Ciperm — QD : ci,D) (38)

Vlank,D

4.7 Model implementation

The solutions of the described dynamic model of the setup,
including a TMB model for the SMB unit, were imple-
mented with Python (Python 3.6, Rossum, CWI, Nether-
lands). Below we will analyze just the steady state solutions
obtained after integrating the dynamic equations sufficiently
long. An automatic detection of the steady state situation at
the product outlet terminated the integration.

5 Process evaluation

The evaluation and performance of the process options
depend on the elution order of the two enantiomers, which is
given by the selectivity of the used chromatographic system.
When targeting the first eluting enantiomer E1 (farget = 1),
the product stream of a SMB unit is collected at the raffinate
port

my = Qg - Cir (39)

and when targeting the more retained E2, the extract elutes
into the product tank (farget = 2)

my = Qg Cp (40)

5.1 Productivity, solvent consumption and yield

For process evaluation of the coupled process, the purity of
the target enantiomer (Eq. (41)) needs to be fixed.

ctarget

PUR - 100% 41)

target — ¢ + c,
In this work a target purity of 99.5% was considered. The
distomer purity was no criterion for optimization, as it was
recycled in the enzymatic fixed bed reactor and therefore
only affected the productivity by indirectly reducing the
intrinsic feed (Eqgs. (39), (40)).

As representative parameters for economic efficiency, pro-
ductivity (Eq. (43)) and solvent consumption (Eq. (44)) were
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chosen. The productivity is given in terms of collected mass
stream per volume of stationary phase of the chromatographic
system, as the latter is a decisive factor in the process economy.
Here, N, is the number of columns applied

R* _ mtarget “2)
arget Ncol : Vc -(I- €t,c)

Alternatively a mass related productivity is often used,
where the solvent density is estimated from the typical den-
sity of silica gels (6, = 2.6 g/cm?)

mtarget

PRy =
rarset Ncol : Vc : (1 - €l,c) : 50

43)

The solvent consumption (SC;) is the ratio of the required
fresh desorbent and the mass flux at the target outlet.

Ono

)

5€C (44)

target =
target

Main benefit of the process integration investigated here is
the enhanced overall yield, which is defined in Eq. (45).
While yield can theoretically reach 100%, a possible incom-
plete recovery (Eq. (31)) of the substance in the solvent
removal unit leads to lower values. In this case yield can be
determined with Eq. (46).

mtarget
Yiireer = 45
T Oro - (C1po F Coro) (45)

(1 — RECSR) ° Qrec : c[ol,rec

OFro * CotFo

Y

target —1 T

(46)

5.2 Identifying favorable operating SMB conditions

In preliminary experiments the adsorption behaviour of man-
delic acid (case study 1) in an SMB unit was analyzed. This
was done with a simple algorithm which found the trajectory
of the operating conditions for 99.5% enantiopure E1 and E2.
Based on the results the coupled process was designed. Now,
for a broader overview of the separation in the SMB unit, the
my; — myp-area was scanned with a small grid size. The flow
rates m; and myy, were fixed based on information from the
preliminary trajectory. In each point the process performance
of the steady state was evaluated based on Egs. (43)—(45). As
a results the most productive flow rate conditions could be
identified.
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6 Two case studies

The success of a process not only depends on its setup, but
also on the specific characteristics of the chiral substances
and the chromatographic system used for resolution. In this
paper, the production of pure enantiomers for mandelic acid
and methionine are analyzed and compared. With this study
of two different model systems, specific influences can be
illustrated.

6.1 Case study 1: Mandelic acid enantiomers

The first set of simulations in this paper is based on pre-
liminary work published in Wrzosek et al. (2018). Both the
47- and 3Z-SMB concepts, as well as the single column
batch chromatography are evaluated based on the published
adsorption parameters for the two mandelic acid enantiom-
ers. When being separated in a Chirobiotic T column (250
mm X 4.6 mm ID, 5um) with an aqueous mobile phase (with
20% MeOH, 20 mM HEPES, 3.3 mM MgCl, at pH 6.8), the
less retained (S)-form shows a rare anti-Langmuir behaviour,
while the isotherm of the more retained (R)-form is almost
linear. Thus, the two species were modelled with Egs. (11)
and (10), respectively. Essential parameters of this system

Table 1 Case study 1 specific data of the batch separation process
(Wrzosek et al. 2018) and assumptions for the other process units

Parameter Symbol  Value Unit
Fresh feed conc. CiFo 2,75,20 (g/L)
Chromatographic separation
Quadratic Al qs 4.7 (g/L)
(Eq. (11)) b, 0.060 (g/L)
b, 0.0137 (g/L)
H, 0.282 (g/L)
Linear (Eq. (10)) H; 0.6938 -)
Column length L, 150 (mm)
Column porosity €c 0.65/0.61 =)
C. plate number N, 100 -)
Selectivity a, 2.44 -)
Batch chromatography
Flow rate Ohaich 0.5 (mL/min)
Cycle time E1 Aty oy 3.55 (min)
Cycle time E2 Aty oy 4.62 (min)
TMB chromatography
Solid phase flow rate 0, 1 (mL/min)
Racemization reactor
Reaction rate Freactor;  inf (Bq. (28))  (g/min/m?)
Solvent removal unit
Split ratio agr Adj. =)
Recovery rate RECy: 1 -)

are summarized in Table 1. Subsequently, the simulation
results based on the mandelic acid enantiomers will be
referred to as case study 1 (CS1).

6.2 Case study 2: Methionine enantiomers

The processing of methionine enantiomers, in order to
obtain pure D- or L-methionine, serves as a second case
study (CS2). Parameters and process evaluation data were
published by Fuereder et al. (2016). Their setup consisted of
a 1-2-1-1 SMB unit and the racemization was carried out in
an enzymatic membrane reactor with soluble racemase. A
nanofiltration unit increased the concentration of the recy-
cled stream. The adsorption isotherms of the methionine
enantiomers on a Chirobiotic TAG column (250 nm X 4.6
nm ID, 5 pm) revealed a dual Langmuir behaviour with two
binding sides on the chiral phase (Eq. (12)). Despite having
a similar selectivity of a, 5, = 2.58 as the mandelic acid
enantiomers (CS1), the adsorption equilibrium behaviour is
characterized by different trends.

Figure 3 displays the single component adsorption iso-
therms of the mandelic acid enantiomers (CS1, sold line)
in contrast to the methionine enantiomers (CS2, dashed
line). The less retained enantiomer E1 is marked in red, the
stronger retained enantiomer E2 in blue.

7 Results and discussion

As a reference, the separation regions and the performance
of closed-loop four zone (4Z) simulated moving bed (SMB)
chromatography were analysed for the classical process,
considering the mandelic acid enantiomers (CS1) charac-
terized by the quadratic isotherm model for enantiomer E1.
Then, the process variant integrated with racemization was
evaluated. Subsequently, a comparative assessment with

25

20 -

15 -

loading q; [g/L]

0 5 10 15 20
concentration c; [g/L]

Fig. 3 Single component adsorption isotherms. Mandelic acid enanti-
omers (CS1, solid lines, Wrzosek et al. 2018) and methionine enanti-
omers (CS2, dashed lines, Fuereder et al. 2014)
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single column batch chromatography was made, followed
by integrated 4Z-SMB separation of methionine as sec-
ond chiral system (CS2). The latter comparison evaluates
the process performance as a function of selectivity of the
chromatographic separation and solubility limits. Finally,
the integrated open-loop three zone (3Z) SMB coupled with
racemization, which to the best of our knowledge has not yet
been reported, was investigated and compared to the more
complex conventional 4Z-SMB configuration.

7.1 Operational region for stand-alone 4Z-SMB

Initially, an analysis and simulation of the conventional
47-SMB process was performed for producing pure enan-
tiomers of CS1, exploiting the described TMB model and
the parameters listed in Table 1. In applying the described
scanning procedure to identify the size and shape of the sep-
aration region, the single component isotherms of the two
enantiomers were used instead of the implicit multi-compo-
nent adsorption isotherm models, which would have caused
large computation times. This was considered to be justified
because preliminary equilibrium calculations revealed rather
low competition effects for this system.

Figure 4 shows the resulting separation regions of the
conventional SMB unit in the my-m-separation region
for three different racemic feed concentrations ¢;p = 1, 2,
7.5 g/L for i =[1,2] (i.e. a total feed concentrations of ¢
= 2,4, 15 g/L). This region was calculated, fulfilling the
requirements of complete regeneration, by choosing suffi-
ciently safe m; and myy-values. In comparison to the corre-
sponding separation regions for linear adsorption behaviour
(Fig. 2), the anti-Langmuiran behaviour, characterizing the
less retained enantiomer E1 in CS1, leads to a characteristic
transformation of the shape of the region. This deformation
strength is concentration dependent and the resulting shape
of the separation region is oppositely curved to the well-
known distortion of Langmurian systems (Mazzotti et al.
(1997)).

7.2 4Z-SMB chromatography with integrated
racemization (CS1)

A process configuration with racemization and recycling of
the distomer stream brings two advantages. The distomer
racemization increases the overall yield, because the target
compound eluting at the wrong port is recycled. Therefore,
the purity constraint of this outlet is of less importance. This
results in new degrees of freedom for the operation of the
SMB unit and expands the operating windows for the pro-
duction of E1 (or E2), i.e. the area A1 (or A2) as shown in
Fig. 4. Hence, depending on the target compound, the flow
rate in zone II can be lowered for the collection of E1 at the
raffinate port or the flow in zone III can be increased for the
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Fig.4 Operating windows for a single 4Z-SMB unit with a 99.5%
purity constraint at the raffinate and extract port for CS1 and the feed
concentrations ¢ gy = ¢, = 1, 2, 7.5 g/L. The deviation in compari-
son to the results given for linear isotherms in Fig. 2 are due to the
anti-Langmuir behaviour (Eq. (11))

collection of E2 at the extract port. In any case, the feed
flow rate Qp = Qy;; — Oy can be increased to obtain a higher
throughput (Eq. (43)) compared to conventional operation.
These trends are illustrated in Fig. 5 for the two different
outlets and three chosen feed concentrations. The calcula-
tions revealed in the colour code for each operating point the
corresponding achievable productivities.

For these simulations the my-my; plane was scanned using
fixed flow rate ratios with m; = 0.8 close to the theoreti-
cal limit of complete regeneration of the solid phase. The
choice of the fixed phase ratio my, = 0.3 violates the purity
constraint of Eq. (23), by slightly exceeding the low Henry
coefficient of E1 (H, = 0.282). This leads to a decrease in
purity of E2 under diluted conditions (PUR, =99.5% for c; &
=2 g/L). For higher feed concentrations this contamination
effect decreases due to the anti-Langmurian behaviour.

The productivities in region Al for raffinate (E1) puri-
fication and A2 for extract (E2) purification vary signifi-
cantly (Fig. 5). For each process, the operational point with
the highest productivity of and lowest solvent consumption
(within a safety margin of the boarders of the separation
region) is marked with an asterisk and listed in Table 2. For
a racemic feed concentration of ¢;r = 7.5 g/L the produc-
tivity of E2 reaches a maximum of 75 g/kg/day, exceeding
the productivity of E1 (58 g/kg/day). In particular, for the
highest feed concentration of ¢;z = 20 g/L, the operating
point offering the highest productivity for the production of
El (indicated in Fig. 5c) shifts towards smaller my; values,
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Fig.5 Color-coded productivity in g/kg/day of the coupled process
for E1 and E2 of CS1 within the separation zones Al and A2, respec-
= 99.5%, Fig. 4). The separation unit was operated
in a closed-loop 4Z-TMB with fresh feed concentrations of ¢;r = 2,

tively (PUR,

Table2 Overview of optimal csS

my; (¢, 5 =2 /L, 4Z-SMB)

target

my; (¢;p = 7.5 g/L, 4Z-SMB)

my; (¢ =20 g/L, 4Z-SMB)

7.5 and 20 g/L for a conventional closed-loop 4Z-TMB with flow
rates of the regeneration zone of m; = 0.8 and myy, = 0.3. a—c: regions
of pure raffinate, d—f regions of pure extract. Asterisked points are
marked in Figs. 6, 7,9 and 10

process configurations at 99.5%

target purity

Process mode Cip my My Target PR, SC,; PUR;
Raff. Extr. ( g ) ( L ) (%)
kg-day kg
1 Batch Chrom.* 20 - - X 208.7 887.5 99.50
20 - - X 161.1 1150.0 99.50
1 47-SMB 7.5 0.45 0.65 X 57.5 464.7 > 99.95
7.5 0.58 0.80 X 74.5 195.5 > 99.90
20 0.10 0.65 X 485.5 38.0 > 99.95
20 0.58 0.77 X 198.6 72.3 > 99.95
1 3Z-SMB 7.5 0.45 0.65 X 76.8 918.5 > 99.90
7.5 0.58 0.80 X 99.3 195.6 100
20 0.10 0.65 X 647.4 91.9 > 99.95
20 0.58 0.77 X 264.8 72.3 100
2 4Z-SMB 75 0.2 12 X 515 450 > 99.50
7.5 1.0 1.6 X 395 560 > 99.50

For case study 1 (CS1) the regeneration flow rate ratios of the SMB unit were fixed to ny= 0.8 and my =
0.3 for the 4Z configurations. The batch version was operated with a flow rate of Qp,, = 0.5 mL/min. The
flow rate ratios for CS2 are estimated to be m; = 1.5 and myy ~ 1

#The values for the batch chromatography process of CS1 were taken from Wrzosek et al. (2018).

"The values required for the CS2 are estimated from Figs. 5 and 6 in Fuereder et al. (2016)
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far left from the separation area of a non-integrated SMB
process. This results in an overall productivity for the first
eluting E1 of 486 g/kg/day, which significantly exceeds the
productivity for E2 of 199 g/kg/day (Fig. 5f).

7.3 Batch and 4Z-SMB chromatography (CS1)

In Wrzosek et al. (2018) the coupling of single column
enantioselective batch chromatography and racemization
is analysed in detail. One main advantage of simple batch
elution using repetitive injections is the reduced operational
complexity. However, in batch chromatography the mixture
is only injected in pulses and therefore a rather low aver-
age feed concentration is applied, compared to SMB opera-
tion. For both enantiomers of CS1, only low average feed
concentrations (Eq. (8)) of ¢;r = 1.1 g/L and ¢;r = 0.9 g/L
could be reached after optimizing the cycle times and injec-
tion dosages (c;r =20 g/L, V;;,; = 100 pL). The resulting
productivities (Eq. (43)) were PR, =209 g/kg/d for E1 and
PR, = 161 g/kg/d for E2 and solvent consumptions (Eq.
(44)) of SC, = 888 kg/L and SC, = 1150 kg/L for E1 and
E2, respectively.

In Fig. 6, a comparison between integrating a single
batch column and a 4Z-SMB unit with racemization is
shown. For the same high feed concentrations especially
the production of E1 is more productive in the multi col-
umn configuration, as more throughput can be generated.
Moreover, the solvent consumption is significantly higher
for batch chromatography.

1200 * CS1: Mandelic acid
= Batch Chrom
& 1000 * EI,20¢g/L (av. 1.13 g/L)
= * *  E2,20 g/L (av. 0.87 g/L)
g 800+ 47-, 3Z-TMB
2 B E1,20gL
g 600+ & E(2,20gL
g
S 400+
Q
o
§ 200
A . n

O T T T T
0 100 200 300 400 500
Productivity [g/kg/day]

Fig.6 Comparison of coupled systems for CS1 with a single batch
chromatographic unit (Wrzosek et al. 2018) and a 4Z-SMB unit with
the same racemic feed tank concentration of ¢;p = 20 g/L in terms
of productivity and solvent consumption for the options either of the
enantiomers is targeted
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7.4 Comparison of CS1 and CS2

It is well known that the selectivity of chromatographic
separation of the enantiomers, as well as the course of the
adsorption isotherms, are of large importance. When com-
paring the selectivities (Eq. (13)) of separating the man-
delic acid enantiomers (CS1) of a, g = 2.44 and methionine
enantiomers (CS2) of a, g, = 2.58, they appear to have a
similar ratio. However, due to the different shapes of the
isotherms, for higher concentrations the adsorption strength
of the two enantiomers from CS2 differs more than those of
the enantiomers of CS1 (Fig. 3). Consequently, the separa-
tion of CS2 can be performed with a larger difference of
my; — my and thus with a higher feed stream, which has a
direct impact on productivity.

In Fig. 7, the productivities and solvent consumptions of
both case studies are compared using the integrated closed-
loop 4Z-SMB setup. The process performance data for
CS2 was taken from Fuereder et al. (2016) and is listed in
Table 2. For the maximum processable feed concentration
of ;g =7.5 g/L (c,or = 15 g/L) the productions of both
methionine enantiomers (CS2) exceed, the productivities
of mandelic acid enantiomers (CS1) at the same feed con-
centration. However, when exploiting the potential of using
a higher feed concentration of ¢; p = 20 g/L in CS1 (close
to the solubility limit), a productivity for E1 of 486 g/kg/
day can be achieved, which is similar to that of CS2. Fur-
thermore, the increased feed concentration in CS1 results in
a significantly decrease in solvent consumption, offering a
higher product concentration.

600 -
X
gﬂ
= ¢ X
= 400 -
g CS1: Mandelic acid
a, ® El, 75¢L
g B EBl, 20gL
2 A 2, 75¢L
S 2001 A @ 52, 20gL
- CS2: Methionine
5 X El, 7.5¢L
2 L 2 X E2, 75¢L
o |
Y0 : . : .
0 200 400 600 800

Productivity [g/kg/day]

Fig.7 Comparison of solvent consumption and productivity of CS1
and CS2 for a process with an integrated closed-loop 4Z-SMB unit in
terms of productivity and solvent consumption for the options either
of the enantiomers is targeted
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7.5 Applying an integrated open-loop 3Z-SMB unit

As discussed in Sect. 2, the closed-loop 4Z-SMB unit
can easily be simplified and run in an open-loop 3Z-SMB
configuration by removing the fourth zone. The effect on
the process performance for the enantiomers of CS1 is
depicted in Fig. 8. Analog to Fig. 5, the results of scanning
the my-my-area for a fixed flow rate ratio in the first zone
of m; = 0.8 is displayed. The operating points correspond-
ing to the highest productivity and lowest solvent con-
sumption are depicted by asterisks and plotted in Fig. 9,
along with the respective less favourable 4Z-SMB results.

Figure 8, in comparison to Fig. 5, also shows that the
available operation window for pure target enantiomer pro-
duction remains unaffected by the removal of the fourth
regeneration zone. By sparing one zone, or 25% of the sta-
tionary phase, the process productivity increases by 33%
for both enantiomers and all concentrations. This affects
in particular the already effective raffinate production
(Fig. 1a) for ¢;p = 20 g/L, increasing its value from 486 to
647 g/kg/day. On the other hand, the 3Z open-loop con-
figuration increases the solvent consumption and causes
a more diluted product. It should be noted that, for the

1000 - CS1: Mandelic acid
_ o 47-, 3Z-TMB
g’ 8001 ® ., O El,75¢gL
=, B, O E|,20gL
= A A E275gL
% 600 ® ., O E2,20gL
g o
2 400
2
8 >
2 2004 AA
1) e
= * o a—""
1% 04

0 100 200 300 400 500 600 700

Productivity [g/kg/day]

Fig.9 Comparison of solvent consumption and productivity for 4Z-,
3Z-SMB for CS1 with ¢; = 7.5 and 20 g/L, batch chromatography
for 20 g/L in terms of productivity and solvent consumption for the
option either of the enantiomers is targeted

closed-loop 4Z-SMB separation, the fronting behaviour of
El requires a small flow rate ratio myy regardless. Thus,

(a) 1.0 (b) (0)
60 100 500
0.8 50 T 80 1 400
40
= 0.6 . 60 1300
g 30 ]
| _ 40 | 1200
0.4 20
0.2 10 4 20 i 100
0 0 0
0.0 : : : : : : : : L : : : : L
00 02 04 06 08 1.0 00 02 04 06 08 1.0 00 02 04 06 08 1.0
1.0
(d) 60 © 150 @ 400
0.8' 750 - i
" 120 300
_ 067 1 90 T
g 30 200
0.4 | 60 |
20 100
0.2- 0 - 30 1
0 0 0
0.0

00 02 04 06 08 1.0

my (¢, =2 /L, 3Z-SMB)

Fig.8 Color-coded productivity in g/kg/day of the coupled process
for E1 and E2 of CS1 within the separation zones Al and A2, respec-
tively (PUR g0 = 99.5%, compare with Fig. 4). The separation unit
was operated in a closed-loop 4Z-TMB with fresh feed concentrations

00 02 04 06 08 1.0

my (¢, =7.5 g/L, 3Z-SMB)

00 02 04 06 08 1.0

my; (c; =20 g/L, 3Z-SMB)
of ¢;r =2, 7.5 and 20 g/L for a conventional open-loop 3Z-TMB
with flow rates of the regeneration zone of m; = 0.8 and m;, = 0.3.

a—c regions of pure raffinate, d—f regions of pure extract. Asterisked
points are marked in Figs. 9 and 10
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the mentioned disadvantage of the 3Z-SMB configuration
is rather small for CS1.

The process performance of 3Z-SMB intended to pro-
vide E2 (Fig. 1b) is affected differently by the removal of
zone IV. The productivity of E2 is also higher than the
performance including the 4Z-SMB configuration but, the
absolute gain is lower compared to E1. In contrast to the
diluted raffinate flow rate for the production of El, the
extract flow rate, Qg, is unaffected by the new configu-
ration. Therefore, the target E2 is not diluted. In terms
of solvent consumption, this means no negative effect
of the removed recovery zone. The extra solvent eluting
with the distomer in the recycling stream can be recov-
ered by adapting the solvent removal unit, which is already
integrated in the process. Thus, the solvent consumption
required to produce E2 with an 3Z-SMB remains the same
as for the 4Z-SMB configuration. No negative effect is
caused by the removal of the recovery zone. A significant
advantage of this configuration for producing highly pure
E2 is the beneficial effect that E1 can no longer contami-
nate the product extract stream via zone .

7.6 High process performance for production of E1

Figure 10 provides a summary of the essential results
achieved. It presents a comparison of the productivities
and solvent consumptions for the three chromatographic
configurations and two case studies considered. Independ-
ent of the adsorption behaviour and the process configura-
tions, the highest productivities were always achieved for
the less retained enantiomer E1, which is eluting at the
raffinate port (Fig. 1a). This confirms common knowledge

1200

in preparative chromatography (Guiochon et al. 2006).
Thus, this should be considered for the design of new SMB
processes, e.g. by changing the eluent for a reversal of the
enantiomeric elution order as proposed by Okamoto and
Nakazawa (1991).

8 Conclusions

An effective process concept for the provision of pure
enantiomers with high yield is investigated in this work.
The key idea is the combination of enantioselective chro-
matography with racemization to efficiently exploit the
unwanted enantiomer of a feed with racemic composition.
Recycling this enantiomer, after performing racemization
and solvent removal steps, alters and expands the operating
region of the chromatographic separation process. Con-
ventional single column batch chromatography and two
simulated moving bed (SMB) multi-column configurations
were investigated theoretically, assuming complete race-
mization of the distomer. The considered SMB units are
(a) a classical closed-loop four zone (4Z) and (b) an open-
loop three zone (3Z) SMB separation process without a
solvent regeneration zone.

The SMB configurations provide higher total productiv-
ities and lower solvent consumptions compared to single
column batch chromatography. In a direct comparison, the
3Z-SMB outperformed the conventional 47 setup. Besides
being simpler, this configuration can save 25% of the sta-
tionary phase without reducing throughput and yield, lead-
ing to a productivity enhancement of 33%. When focusing
on the stronger retained enantiomer as the target and recy-
cling the raffinate, unlike in a non-integrated SMB unit,

| * CS1: Mandelic acid
i Batch Chrom  ¢;¢
i 1000 ] o % * El, 20g/L(av. 1.13 g/L)
= 300 % E2, 20 g/L (av.0.87 g/L)
é | 47-, 3Z-TMB
" 9 Soon
2 , , 20g/L
§ 400_' P X A A E2, 75gL
2 ® . O E2 20¢gL
4 ) CS2: Methionine
° 200 AA X El, 75¢gL

7 ® O - a X E2, 7.5 ¢/L

0 ! I ! | ! | ! I I ! I ! |
0 100 200 300 400 500 600 700

Productivity [g/kg/day]

Fig. 10 Comparison of the solvent consumptions and productivities
for 4Z-, 3Z-SMB with a feed concentration of ¢;r = 7.5 and 20 g/L
(CS1), batch chromatography for c;r = 20 g/L (CS2) and 4Z-SMB
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with a feed concentration of ¢;p = 7.5 g/L for CS2 in terms of pro-
ductivity and solvent consumption for the options either of the enan-
tiomers is targeted
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Table 3 Nomenclature

Symbol Variables Units
¢ Conc. of component i in liquid phase g/L

q; Loading of component i onto stationary phase g/L
Symbol Parameters Units
a, Chromatographic separation factor -

asr Split factor of solvent removal unit -

€c Porosity of chromatographic column -

v; Stoichiometric coefficient -

b;; Adsorption isotherm coefficient L/g
b;y Adsorption isotherm coefficient L¥g?
Dypp Apparent dispersion m/s?
F, Phase ratio -
HETP Height of an equivalent theor. plate -

K; Henry constant of component i -

L. Column length m

m, Dimensionless flow rate of zone z -

m; Through put g/d

N Number of components -

N Number of columns -

N, Number of theoretical plates -

PR} Productivity of component i g/L/d
PR, Productivity of component i g/kg/d
PUR, Purity of component i %

Oext Inlet and outlet of liquid phase L/day
(0N Flow rate of solid phase mL/min
0, Flow rate of liquid phase in zone z L/day
qs Saturation capacity g/L
RECg Recovered ratio %

SC; Solvent consumption kg/LL

t Time variable min
AL oy, Cycle time of component i min
u, Interstitial velocity of liquid phase m/min
ug Velocity of solid phase m/min
V. Column volume mL
Veenl Single cell volume mL
Viinj Injection volume mL
Vsr Volume of solvent removal unit mL
Viank.D Desorbent tank volume mL
Viank Feed tank volume mL

X Space variable m

Y; Process yield %
Symbol Indices Range
z Cone number L...,IV
i Number of component 1,2

D Desorbent inlet

D,0 Fresh desorbent

E Extract port

F Feed inlet

F,0 Fresh feed inlet
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Table 3 (continued)

Symbol Indices Range
R Raffinate port

rac Racemate port

rec Recycled stream

tot Component 1 + 2

perm Permeate stream

the 3Z-SMB unit with racemization requires no additional
solvent compared to the classical 4Z configuration.

A comparison between two chiral systems revealed that
the most important aspects to achieve high productivities
are (i) highly selective stationary phases, and (ii) exploit-
able high feed concentrations, which are limited by solu-
bilities in the mobile phase. Also, the chromatographic
separation system should preferably be designed for less
retention of the target enantiomer in order to elute it at the
raffinate outlet (Table 3).

Further work is required to perform an optimization of the
entire flowsheet, which is difficult due to the large number of
degrees of freedom, including the racemization and solvent
removal steps, and must be accomplished target compound
specific.
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