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A continuous process for isolating pure enantiomers from nonracemic mixtures by achiral multicolumn chro-
matography has been developed. The mechanism of the separation was based on self-disproportionation of
enantiomers (SDE). This phenomenon relies on the formation of homochiral and heterochiral associates that
differ in adsorption behavior. A standard four-zone simulated moving bed (SMB) unit was exploited for process
realization, in which the target enantiomer was collected in the raffinate outlet, and the unresolved fraction of
both enantiomers was collected in the extract outlet. Separation was performed in silica gel columns for a model
mixture of methyl p-tolyl sulfoxide enantiomers, in which S-methyl p-tolyl sulfoxide was the target enantiomer.
Systematic experiments were performed to assess the influence of the operating conditions on the process per-
formance, including the flowrates in the SMB zones, the switching time, the feed concentration, and the enan-
tiomeric excess of the feed mixture. The product yield obtained in the experimental runs varied from 14 to 73%,
the purity from 81% to 100%, and the productivity from 15 to 99 g per liter of the total column volume per day.
The process design was supported by a mathematical model that accounted for the specificity of the SDE-driven
separation. The process was found to be feasible, reproducible, and predictable. It can be applied in industrial
production to isolate the target enantiomer from nonracemic mixtures obtained from asymmetric synthesis and is
seen as an attractive alternative to enantioselective chromatography using expensive chiral stationary phases.

for chiral compounds in the near future. To meet this challenge, new
cost-effective manufacturing techniques are required.

1. Introduction

Currently, chiral drugs represent more than 70 % of the drug market
[1]. The chirality of a drug determines the biological activity, safety, and
efficacy. In 1992, the Food & Drug Administration (FDA) published a
series of guidelines for the pharmaceutical development of chiral drugs
imposed the obligation to pharmacologically profile both racemate and
individual enantiomers, as well as a regulatory preference to bring a
single enantiomer to the market [2]. Since then, in addition to the
development of new pure enantiomers into a therapy, the ’chiral switch’
strategy, which consists of switching from the existing racemate to one
of its optical isomers, has emerged to improve the safety and efficacy of
existing agents [3-7].

The interest in the production of pure enantiomers is not only
restricted to the pharmaceutical industry, but also impacts the produc-
tion of food and agrochemicals [8,9]. Chiral pesticide production is
expected to grow significantly [9], which can drive the global demand

* Corresponding authors.

To produce a single enantiomer, two main approaches are available
that involve asymmetric or symmetric synthesis [10-13]. The former is
the most straightforward; however, it requires efficient catalysts to
allow for enantioselective reactions. Asymmetric synthesis rarely pro-
vides a target enantiomer with desired purity, but instead a nonracemic
mixture with a certain enantiomeric excess (ee) that has to be further
separated in the presence of a chiral selector. Symmetric synthesis
provides a racemic mixture of two enantiomers. As it does not require a
chiral environment, it is usually economically more attractive than
asymmetric synthesis [14]. Nevertheless, in the next step, the racemic
mixture is resolved in a chiral environment.

Several techniques can be used for the chiral separation of enantio-
mers from postsynthesis mixtures, among which chiral chromatography
(CCh) and diastereoisomeric crystallization are considered straightfor-
ward and easy to perform on a large scale [15,16,17]. Diastereoisomeric
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crystallization is economically attractive; however, its realization re-
quires the use of suitable chiral resolving agents. The identification of
efficient resolving agents that allow the formation of pure crystals of the
target enantiomer is often very problematic due to the diversity and
complexity of the solid phase behavior of enantiomeric mixtures [18].
Furthermore, diastereoisomeric crystallization is not feasible for chiral
compounds that do not occur in crystalline form. Considering the above
aspects, CCh is seen as easier to realize because there is a large arsenal of
chiral stationary phases (CSPs) commercially available, which enables
the separation of a wide variety of chiral compounds. However, because
of the high prizes of CSPs, CCh is a cost driver in the manufacturing of
enantiomers. Furthermore, there are often processing limitations
regarding mechanical stability of CSP. Finally, the chromatographic
throughput is limited by the binding capacity of the CSPs, making CCh a
bottleneck in the production process on a large scale.

To mitigate this issue, the continuous simulated moving bed tech-
nique (SMB) can be applied. It offers improvement compared to batch-
wise separations. The classical SMB process is well understood and
criteria to design this technique have already been developed in the
1990s [19-21]. A standard SMB unit consists of two separation zones
and two regeneration zones, which contain several chromatographic
columns connected in series. A mixture of two compounds to be sepa-
rated is continuously delivered into the feed inlet, whereas the regen-
erating agent (desorbent) is continuously delivered into the desorbent
inlet. Strongly and weakly retained compounds are transported in
opposite directions by the simulated countercurrent movement of the
solid phase and the mobile phase and can be individually collected at
specific extract and raffinate outlets, respectively. Such a configuration
is, in particular, suitable for the separation of binary mixtures. There-
fore, it suits very well for separating mixtures of enantiomers. The
possibility of chiral separation of enantiomeric mixtures by the use of
the SMB technique or its modifications has been demonstrated in a
number of studies [22-31]. In each of these studies, the SMB separation
performed better than the batch-wise separation with respect to yield,
purity, and productivity. Despite these advantages, the issue of high
costs for CSPs persisted. Partial or complete replacement of CCh by
achiral chromatography (ACh), which is significantly cheaper to realize,
could potentially improve the process economy and reduce the number
of process development stages, and thus the time to deliver the product
to the market.

Despite the identical physicochemical properties of enantiomers,
their chromatographic separation in an achiral environment is possible.
The phenomenon that can be exploited was introduced as the self-
disproportionation of enantiomers (SDE) [32]. SDE results from asym-
metric interactions of enantiomers, which induce formation of homo-
and hetero-chiral associates with different adsorption properties. This
allows isolation of the enantiomer having a higher ee in the nonracemic
mixture using an achiral adsorbent, such as plane silica.

SDE was shown to occur for different classes of chiral compounds
that possess the so-called SDE-phoric groups, including sulfoxides, CF3-
derived substances, amides, carboxylic acids, amino acids, dipeptide
derivatives, alcohols, phenols, esters, heterocycles [32-41].

In our previous study, we have developed a mechanistic model to
quantitatively describe SDE-driven chromatographic separation. The
model was used to assess the efficiency of the separation of various
enantiomeric mixtures in a plane silica column in isocratic and gradient
elution modes [42,43].

In this study, to improve the economics of the process and make it
applicable on an industrial scale, we have developed a novel approach
for continuous separation of enantiomers by achiral SMB (ACh-SMB). In
this process, the enantiomer with a higher ee in the feed stream is
collected as a pure compound at the raffinate outlet, whereas the un-
resolved fraction of both enantiomers is collected at the extract outlet.

The general goal of the study was to verify the feasibility, repeat-
ability, and predictability of the ACh-SMB concept. For this purpose, a
series of ACh-SMB runs were performed for a chiral model system,
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namely methyl p-tolyl sulfoxide (MTSO) enantiomers, exploiting stan-
dard silica gel columns. The influence of important operating parame-
ters on the separation performance of a target enantiomer (S-MTSO)
was examined theoretically and experimentally, focusing on SMB zone
flowrates, the concentration and ee of the feed mixtures. To prove pre-
dictability of separation performance, a dynamic model was formulated
and calibrated on the basis of experimental data.

2. Theory
2.1. Principles of SDE-driven separation

As mentioned above, separation of nonracemic mixtures of enan-
tiomers in ACh-SMB is driven by the SDE-phenomenon, i.e., by the
formation of homochiral associates between molecules of the same en-
antiomers and heterochiral associates between molecules of the opposite
enantiomers. It is assumed that the formation of associates occurs in the
adsorbed phase according to the following reaction paths [42,43]:

- interaction of enantiomer i with an active site S* on the bare
adsorbent surface in layer I:

E+S oES 1)

- interaction with an active site provided by the molecule of the same
enantiomer (i = j) to form a homochiral associate or the opposite
enantiomer (i # j) to form a heterochiral associate in layer II:

E+ES ©EES 2
At adsorption equilibrium, the total adsorption of the enantiomer i, g; ,,,,

can be expressed as follows [42,43]:

N S
Qo =4 T

__d'KG 6" KionGi 9 KiuGi ®)

The first term on the right-hand side corresponds to adsorption on bare
silica, the second and third terms correspond to adsorption of homo-
chiral and heterochiral associates, respectively, q™ is the binding ca-
pacity on bare silica, and K is the corresponding equilibrium constant,
which both are the same for both enantiomers on an achiral bare silica
surface: K] = K] = K and /' = q" = ¢™, K},,,., Kpr,, are the equilibrium
constants of binding of the enantiomer on the adsorption sites provided
by the molecules of the same enantiomer and the opposite enantiomer,
respectively. The energy of the formation of heterochiral and homo-
chiral associates is different KiL # KL, which is a cause of their
different retention behavior in nonracemic mixtures.

For low concentrations, g; tends to zero, and Eq. (3) converts to the
linear isotherm:

q;' = HC; )
where H is the Henry constant equivalent to the initial isotherm slope:
H=q"K (5)

Under linear isotherm conditions, the Henry constant determines the
migration velocity of band profiles along the column. Since the isotherm
slopes of both enantiomers are identical on achiral stationary phase,
their separation is not possible in the linear isotherm range.

For racemic mixtures, the concentrations of enantiomers in the liquid
phase are the same (C; = C;), hence their concentrations in the adsorbed
phase are also the same (q;,,, = q}im). Therefore, for racemic mixtures,
separation of the two enantiomers is also not possible, regardless of the



W.K. Marek et al.

feed concentration and the isotherm range covered.

The separation of enantiomers is feasible only for nonracemic mix-
tures under nonlinear isotherm conditions, for which the fronts of their
band profiles move with different velocities. These velocities are
determined by the isotherm chord, which connects the feed concentra-
tion and the origin. The slope of the isotherm chord of the target
enantiomer, which is in excess in the nonracemic mixture, is lower than
that for the enantiomer in depletion; therefore, its concentration front
migrates through the column faster. The distance between the fronts of
the enantiomers allows collecting a fraction of the pure product. The
idea behind the SDE-driven separation of enantiomers, which is the basis
of the ACh-SMB process developed in this study, is illustrated in Fig. 1.

2.2. ACh-SMB concept

The concept of the ACh-SMB is illustrated in Fig. 2. The arrangement
of the ACh—-SMB unit is similar to that of a standard SMB unit (Fig. 2A). A
binary mixture with an excess of the target enantiomer (E1) compared to
the undesired enantiomer (E2) is delivered to the feed inlet (F) between
zones 2 and 3. The desorbent is delivered to zone 1 at the desorbent inlet
(D) to regenerate the stationary phase. The fraction of the pure enan-
tiomer E1, whose concentration front migrates with higher velocity
compared to the enantiomer E2, is collected at the raffinate outlet
(Fig. 2B). The unresolved fraction of both enantiomers is collected at the
extract outlet (Ex). In the open-loop arrangement used in this study, the
liquid phase that leaves zone 4 (Z) is discarded. Therefore, the cross-
contamination of zone 1 by the undesired enantiomer E2 that leaks
out of zone 4 is avoided. This makes the open-loop arrangement easier to
perform compared to the closed-loop arrangement, in which effluent
from zone 4 is recycled to zone 1, so cross-contamination can occur.
Therefore, realization of the separation in an open-loop arrangement
may be preferable in the process design stage. The rules for the design of
the standard SMB process are based on the so-called triangle theory
[21]. However, the design of an ACh-SMB separation requires the
development of a new procedure, which accounts for the specificity of
the SDE phenomena. As mentioned above, SDE-driven separation is not
possible in the linear isotherm range, for which the Henry constants of
both opposite enantiomers are the same. Hence, the process design
cannot be based on triangle theory, in which Henry constants are used to
define the location of the operating space [21].

2.3. Design of the ACh-SMB process

The process design can be based on the determination of the space of
the operating variables, which are defined using dimensionless flowrates

q* * *
de1 ez
—_— ¢ —_—
Ce1 Cg
B
E2/ | |
0 Cgz Cey C

95
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in each of the four zones (m™) [21]:

_ Q"o — Vool

Vcol(]- - gt) (6)

m" 1,..,4
where V,; is the column volume, Q" is the liquid phase flowrate in n-th
zone, ty, is the switching time defined as:

_ Vcol(l - Sr)
tXW - A~

7
Q )

where Qs is the simulated flowrate of the solid phase, ¢, is the packed bed
total porosity.

The values of m" determine the dimensionless flowrates in the feed,
F, raffinate, Ra, and extract, Ex streams, according to the overall mass
balances:

Mpeeg = mM*> —m* > 0 (8)
Mpe =m° —m* >0 9
Mg =m'—m?> >0 (10)

2.4. Dynamic model

The design of ACh-SMB can be aided by mathematical modelling.
For this purpose, we used the equilibrium-dispersive model [44]:

uds_, G

aci aq;wt
+F & ox P ox?

ot ot

i= El, E2 an

where ¢, is the equilibrium concentration in the adsorbed phase in
grams of the species i per liter of the solid matrix (g/Lmatrix) given by the
isotherm equation (Eq. 3), C; (g/L) is the concentration of the liquid
phase, t (s), x (m) are the time and spatial coordinates, respectively, u
(m/s) is the superficial velocity, F = (1 —¢;) /e, is the phase ratio, Dg,
(m?/s) is the apparent dispersion coefficient correlated with the number
of theoretical plates, N, according to:

ul N
D¢, T2 12
The model is coupled with the following initial condition:
Clx,t=0)=0,n=1,..,4,i= E1, E2 (13)

which corresponds to the columns that are initially not preloaded
with the enantiomers. The boundary conditions at the column inlets (x
= 0) and outlets (x = L) are defined for each column and each zone (n =

C
Vg1 >V
Cr E1 E2
E1
CEZ
E2
Le G time

Fig. 1. Illustration of the principles of SDE-driven separations, & is the isotherm chord, v; is the migration velocity of the concentration front, v; =

C

ﬁ/ (1 +(1—&) /sé—é), where u is the superficial velocity and ¢, is the total adsorbent porosity.

3
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Fig. 2. Illustration of the separation concept of enantiomers in the ACh-SMB unit. (A) Configuration of the SMB unit and (B) illustration of the internal profiles of
enantiomers in an SDE-driven SMB separation for feed enriched with E1 (eeg; > 0).

1,...,4) as follows: To solve Eq. (11), along with the corresponding initial and boundary

a1 conditions, a fast finite difference algorithm based on the method
Gl (x=0,6) =0 a4 developed by Rouchon was used [45]. Both the model and the solution
method are sufficiently accurate in the simulation of chromatography
=3/, _ _ Cloux = L,0)Q"* + CirQr in HPLC columns, which are typically used for such separation

sz (x =0, t) — — (15) processes 1in s yp y P
Q types. The method provides concentration profiles for the steady-state
. i solution of the SMB process in a very short calculation time [46]. This
Cln(x=0,8) = Clou(x =L,t) n=24 (16) is advantageous when the model needs to be calibrated by adjusting
several parameters required for screening the operating space and used

% -0 n=1,..,4 17) for process optimization.
The model was preliminarily calibrated using a batch column 2.5. Determination of the performance indicators

(section 4.1). In this case, the following boundary condition was used at

the column inlet: To quantify the performance of the ACh-SMB separation, different

C 0 Coo 0 0 18 indicators were determined, including: productivity, yield, product pu-
(0= 0.t <tiy) = Cir, Gix = 0,6 > t)) = as) rity and its average concentration, and eluent consumption.

. T The productivity of the target enantiomer, which is in excess in the
where t;;; is the injection time.

enantiomeric mixture, Prgi, is expressed as:
For the boundary condition at the outlet of the batch column Eq. (17) » TTEL P

was applied.
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CEl .Ra QRa

PrEl,Ra = 4V, .
col

(19)

where Cp g, is the average concentration of E1 collected at the raf-
finate outlet during the switching time in steady state. It is calculated by
integrating the local concentration profile, Cg; rq(t), over the switching
time:

-t
" Cpira(t)dt
Crira = i Cara(t)de (20

tow

The separation yield is defined as the ratio of the mass of the purified
product, i.e. the target enantiomer, E1, in the raffinate stream, to its
mass delivered with the feed stream:

CElARaQRa
Y, =———7-100% 21
E1Ra CrrrQr 0 21
The purity of the target enantiomer in the product stream is defined as
follows:

CE 1,Ra

Pupipe = =————
Cr1ra + C2.Ra

100% (22)

where Cpyg, is the average concentration of the undesired enan-
tiomer E2, determined analogously to Eq. (20).

The eluent consumption (EC), which is another cost-generating fac-
tor, is defined as a ratio of the volumetric flow of the feed and desorbent
inlet streams to the mass flow of the product:

Qo + Qr

EC = —
QRLI CE] ;Ra

(23)

3. Experimental
3.1. Equipment

The ACh-SMB system consisted of four Smartline Pumps 100
V.5010, two UV-detectors (K-2501), SMB-Control unit and multifunc-
tional valve (CSEP C9 Series Simulated Moving Bed and Chromatog-
raphy Systems V0499, 12/2000), from Knauer (Berlin, Germany).

Chromatographic batch experiments were performed using an HPLC
system (JASCO, Tokyo, Japan) with the PDA detector MD-4010 and the
multicolumn thermostat CO-4065.

The Dionex Ultimate 3000 HPLC system with the PDA detector and
Chromeleon software (Thermo Scientific, Germering, Germany) was
used for the offline concentration analysis of the enantiomers.

3.2. Materials

HPLC gradient grade solvents: propan-2-ol (i-PrOH) and methyl tert-
butyl ether (MTBE), were purchased from VWR Chemicals, Germany.

The model enantiomeric mixture consisted of S-(—)methyl p—tolyl
sulfoxide (S-MTSO) CAS 5056-07-5, which was the target enantiomer
(E1), and R—(+)methyl p-tolyl sulfoxide (R-MTSO), CAS: 1519-39-7.
S-MTSO (Pu > 98 %) was provided by AmBeed (Arlington Heights,
USA), the racemic mixture R,S-MTSO (Pu > 99 %) was provided by
Apollo Scientific (Bredbury, UK). R,S-MTSO and S-MTSO were pre-
purified by flash silica gel chromatography and recrystallization to
remove an undefined strongly adsorbing impurity, whose presence in
the provided material caused contamination of the columns in a long
term use.

Achiral separations of the MTSO enantiomers in the batch column
and the ACh-SMB unit were performed using conventional silica col-
umns. In the study, four ReproSil 70 Silica columns 250x4 mm with a
particle size of 15 pm (Dr. Meisch, Ammerbuch, Germany) were used.
The total column volume of all columns connected in the SMB unit
added up to 12.6 mL.
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The concentration analysis of the enantiomeric mixtures was per-
formed using the CHIRALPAK® IC column 250 x 4.6 mm, with a par-
ticle size of 5 pm (Daicel Corporation, Osaka, Japan).

3.3. Procedures

3.3.1. Preliminary batch separation

The condition for batchwise achiral separation of the MTSO enan-
tiomers was optimized in a previous study [43]. Samples of the enan-
tiomeric mixtures were prepared by mixing S-MTSO and R,S-MTSO in
adequate proportions and dissolving the obtained mixture in the mobile
phase, to obtain the total concentration of the enantiomers 60 g/L with
ees = 50 % (i.e. Cs = 45 g/L and Cg = 15 g/L). Separation was per-
formed in a normal phase system with a mobile phase composed of a 3 %
v/v solution of i-PrOH in nonpolar MTBE. A 30 uL volume sample was
injected into the ReproSil 70 Silica columns and isocratically eluted with
the mobile phase. The mobile phase flowrate was 1 mL/min. Individual
profiles of the enantiomers in the mixtures were determined by frac-
tionation of column effluent and subsequent offline analysis of the
fractions by chiral chromatography (section 3.3.3). The volume of
fraction was changed from 0.2 to 1 mL; the sampling rate was adjusted to
the pace of changes in the detector signal.

3.3.2. ACh-SMB separations

As mentioned above, the ACh-SMB experiments were performed in
the open-loop arrangement in a typical four-zone SMB system illus-
trated in Fig. 2. Simulated movement of the stationary phase was real-
ized by switching the position of the columns in the 16-port multi-way
valve in countercurrent direction to the mobile phase flow. The fre-
quency of shifts was specified by the switching time (t;,). At the outlet of
the raffinate and extract pumps, back pressure regulators (~1 MPa)
were installed to enable stable and accurate pump work. The total extra-
column volume of the SMB unit, i.e., volume of connection capillaries
and valves, was 0.4 mL as determined on the basis of the geometry of the
system elements.

Different total concentrations of the MTSO enantiomers and different
enantiomeric compositions in the feed stream were used for the exper-
imental runs: Cr =3, 5 or 7 g/L and eeg = 30, 50 or 70 %. The flowrates
in the four zones (Q', Q% Q% Q*) were varied between 1 and 3 mL/min.
A maximum flowrate 3 mL/min was assigned to zone 1 in which the
desorbent was delivered Q' = Qp. This maximum flowrate was set due to
the allowable pressure drop in the SMB unit (max. 9 MPa). The zone
flowrates determined the flowrates of the feed, extract and raffinate
streams (Qr, Qgx, Qra). The profiles at the raffinate and extract outlets
were controlled by two online UV detectors.

The effluent fractions were collected at the extract (Ex) and raffinate
(Ra) outlets during a single switch and during whole cycles consisting of
4 switches and subjected to concentration analysis of both enantiomers
(section 3.3.3).

Cyclic steady states of the process were achieved after approx. 11
cycles when the columns were not initially preloaded with the enan-
tiomers or after approx. 5 cycles when the columns already preloaded
with enantiomers were used from run to run (Supplementary materials,
Figs. S1 and S2).

3.3.3. Fraction analysis by chiral HPLC

The analysis of fractions acquired from the batch column and the
SMB unit was performed using the CHIRALPAK® IC column assembled
in the Dionex chromatographic system. The mobile phase was composed
of 15 % v/v i-PrOH in MTBE, the mobile phase flowrate was 1.5 mL/min.
The profiles were recorded at wavelengths of 244 nm (higher sensitivity
to UV signal) for low sample concentrations and 270 nm (lower sensi-
tivity to UV signal) for high sample concentrations. The concentration of
the individual enantiomers in the fractions was calculated on the basis of
the calibration curve of the standard samples. The calibration curves
were linear in the concentration ranges used.
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3.3.4. Determination of the column porosity and the apparent dispersion
coefficient

To determine the porosity of the columns, a 5 pL pulse of hexane (a
tracer) was eluted from the column under nonadsorbing conditions (100
% i-PrOH as the mobile phase). The retention time of the pulse (t,) was
reduced by the retention time in extra-column volumes, i.e., the volume
of the injection line without the column, and used to calculate the total
column porosity & from the following formula:

_ Vet
)

The apparent dispersion coefficient was determined from the num-
ber of theoretical plates, N (Eq. (12)) calculated from the second central
moment of a small pulse of MTSO racemate at the flowrates changed in
the range 1-3 mL/min with 3 % v/v i-PrOH in MTBE as the mobile
phase. These measurements were repeated for all four columns to
evaluate their similarity. The deviations from the mean N value between
the columns did not exceed 5 %.

(24)

4. Results and discussion
4.1. Development of ACh-SMB process

4.1.1. Design concept

As mentioned above, triangle theory as the classical design tool
([21]) does not apply to SDE-driven separation, since the Henry con-
stants of the enantiomers are the same. Therefore, the realization of the
ACh-SMB process required the development of a new design procedure.
It consisted of three steps as follows:

- batch-column separation of enantiomers for preliminary calibration
of the dynamic model to estimate isotherm parameters,

- model-aided selection of the operation variables for identifying
conditions for a first scouting ACh-SMB experiment,

- adjusting experimentally relevant ACh-SMB operating conditions to
evaluate process performance.

4.1.2. Model calibration
Only very few elution experiments were sufficient for the evaluation
of the model parameters (Egs. 3, 11): total column porosity, &, apparent

dispersion coefficient, Dy, and the isotherm coefficients g™, K?, Kgom, ngt-

The value of ¢ was determined for all four columns from the reten-
tion time of the tracer pulse (section 3.3.4). The average value of ¢; was
equal 0.70; the deviation from that value between the columns did not
exceed 1 %.

The number of theoretical plates was measured as described in sec-
tion 3.3.4. For the flowrate range 1-3 mL/min and for all columns, the
mean value of approximately N = 1000 was determined and used to
determine D, (Eq. (17). Since the process was carried out under condi-
tions of strong isotherm nonlinearity, for which thermodynamic effects
dominated retention behavior, the accuracy of the ACh-SMB simulations
was not sensitive to the plate number greater than 1000.

The isotherm coefficients were estimated on the basis of the con-
centration profiles of the enantiomeric mixture measured in the batch
column separation (section 3.3.1). Column loading was selected to
ensure that the SDE phenomenon was active, which was demonstrated
by the presence of dual maxima on the UV chromatograms recorded for
nonracemic mixtures (Fig. 3). To determine the individual profiles of the
enantiomers, the column effluent was fractionated and subjected to
concentration analysis using the chiral column (section 3.3.3). In the
next step, the peak fitting method ([44]) was used to estimate the
isotherm coefficients. The dynamic model coupled with the isotherm
equation was implemented in a random search optimization procedure,
which minimized the squared differences between the model simula-
tions and the individual concentration profiles of the enantiomers by
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Fig. 3. Individual concentration profiles of S and R-MTSO enantiomers: sym-
bols — experimental data, lines — results of peak fitting (separation condition
provided in section 3.3.1). The parameters obtained from Eq. (3) are given in
Table 1 (first row).

adjusting the isotherm parameters. The estimation results and the cor-
responding experimental concentration profiles are depicted in Fig. 3,
and the isotherm coefficients obtained are presented in Table 1. These
estimated model parameters were then adjusted to match the experi-
mental results obtained in the ACh-SMB experiments, as described in
section 4.3.

4.1.3. Selection and tuning of the operating variables

The model parameters determined in the batch column experiment
were used for the simulation of ACh-SMB dynamics. To mimic the
extension of the residence time of the mobile phase in the extra-column
volume, the Henry constant was slightly increased by a proper change in
the ¢™ value. That correction made only 0.5 % of the Henry constant
value (Table 1, second row), since the contribution of the extra-column
volume to the volume of the columns in the system was very small
(section 3.3.2). The model was implemented in the random search
optimization routine, which was used to select the operating variables
for the ACh-SMB scouting run. The optimization was performed in two
steps using two subsequent algorithms. In the first step, the set of
dimensionless flowrates m" (n = 1,...,4) was optimized to maximize the
purity of the target S-MTSO enantiomer at the raffinate outlet. Once the
product purity, Pusrq, reached 99 % for the optimized set of m", the
objective function Pug g, Was replaced by the productivity, Prg g, and
the second algorithm was subsequently activated, in which Prgg,, was
maximized subject to the purity constraints, Pug rq > 99 %. The set of the
optimized m" values obtained was used to perform the scouting run
(Table 2, run 1). The flowrates Q2, Q%, Q* and the switching time, tg,,
were calculated from the set of the optimized m" values (Eq. 6) at the
defined value of Q!, which corresponded to the maximum flowrate
allowed in the unit (section 3.3.2). These operating variables were
subsequently changed in seven consecutive runs (Table 2, runs 2-8).

Separation of the enantiomers in the scouting run 1 was unsuccess-
ful, as the total mass of the enantiomers delivered with the feed stream

Table 1

Isotherm coefficients estimated on the basis of the batch column experiments,
used for the scouting run (run 1, Table 2) and adjusted on the basis of the
reference run, REF (run 4, Table 2).

KI qm Kgom K;IIEf
estimated for batch experiments 0.193 99.9 0.0213 0.0849
including extra-column volumes for run 1 0.193 100.4 0.0213 0.0849
adjusted based on run 4 0.193 100.4 0.0213 0.0891
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Table 2

Operating variables used in different ACh-SMB runs. The value of m' = 20.0
determined for run 1 was kept for all consecutive runs.

Run tsyw, Min m? m® m* ees, % Cp g/L
1 (scouting) 7.0 4.5 12.6 9.8 50 5
2 7.0 5.9 14.0 9.8 50 5
3 10.5 11.4 14.0 10.9 50 5
4 (REF) 10.5 12,5 15.1 12.0 50 5
5 10.5 125 15.1 12.0 30 5
6 10.5 12.5 15.1 12.0 70 5
7 10.5 125 15.1 12.0 50 3
8 10.5 125 15.1 12.0 50 7

was collected at the extract outlet. This indicated that the concentration
front of the target enantiomer migrated through the SMB unit slower
than predicted by the ACh-SMB model; therefore, it did not reach the
raffinate port (see Fig. 4, run 1). As described above, the model was
calibrated based on the elution profiles recorded in a single experiment
in the batch column at much lower loading volume compared to that
used in the ACh-SMB process, therefore the accuracy of the prediction
could not be expected to be perfect. However, since the entire mass of
feed delivered was recovered at the extract outlet, the regeneration of
the adsorbent in zone 1 was efficient. This implied that the isotherm
slope, which determines the migration velocity of the rear part of the
concentration profiles in zone 1, thus, in consequence the m! value, was
correctly selected. In the subsequent trials that value was kept un-
changed, whereas some of the remaining operating variables were tuned
in runs 2, 3 and 4 to improve the process performance. The performance
indicators obtained in these runs are reported in Table 3. Adjustments
made and their purpose are visualized in Fig. 4, where the internal
concentration profiles in the SMB unit are depicted using the model
simulations. The unusual shape of the band profiles stems from the
complexity of the SDE mechanism, which involves competition of en-
antiomers in multilayer adsorption.
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Table 3
Performance indicators of the ACh—-SMB runs 2-4 (Egs. 19-22, S = E;). REF - the

reference run (Table 2, run 4). Prg g, is expressed in grams of S-MTSO, per liter
of total column volume in the SMB unit (L.,) and per day.

Run Goal of change Ys Prg ra Pugpq Csra> 8/
8s/ L
(Lol day)
2 Productivity improvement 14 66 90 % 1.0
%
3 Yield and purity 26 28 100 0.9
improvement % %
4 REF 63 62 84 % 2.0

%

To move the profiles of both enantiomers toward the raffinate outlet,
the values of m? and m® were increased by the same value. After this
adjustment was executed with adequate pumps, the experiment initiated
by run 1 was continued in run 2 (Table 2) until a new steady state was
established, which was verified by offline analysis of the concentration
and purity of the outlet streams. The separation in run 2 turned out to be
successful with respect to purity of the target enantiomer S-MTSO, but
the productivity and yield of the separation were rather low (Table 3),
since only a small volume of the pure S-MTSO fraction was collected at
the raffinate outlet. To further improve the process performance, the
values of m* and m? were increased. The latter caused the profiles of the
enantiomers to move away from the extract outlet toward the raffinate
outlet, whereas the former caused the volume of S-MTSO in the raffinate
stream to increase. Additionally, to reduce the pressure drop in the SMB
unit, the switching time was increased with an adequate decrease in
flowrates in the SMB zones. The experiment was continued in run 3
(Table 2), in which an improvement in both yield and productivity was
achieved with a very high purity ~ 100 % (Table 3). In the subsequent
run 4, the values of m?, m3, m* were slightly increased to generate a
reference run (Table 2, REF). It was intended that REF did not represent
the best and optimized conditions with respect to productivity, yield,

5
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Fig. 4. Visualization of the predicted effect of tuning the operating variables in the ACh-SMB runs 1-4 on the course of the internal steady state profiles, which
correspond to the end of the switch, t = t;,. The model parameters used are given in Table 1 (third row).
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and purity, but rather moderate ones. This allowed further analysis of
positive and negative changes in process performance due to changes in
other process parameters that were not considered before, though
crucial for the separation performance, i.e., the total concentration of
enantiomers and ee of the feed stream.

4.2. Influence of the total feed concentration and the ee of the feed

To investigate the influence of the concentration and eeg of the feed
stream, the last four runs (Table 2, runs 5-8) were performed, i.e., with
increased and reduced concentrations or eeg of the feed stream, keeping
all remaining process variables the same as in run REF (Table 2, run 4).
The effect of changes in the concentration and eeg of the feed stream on
the process performance is presented in Table 4. It is evident that
increasing eeg results in an improvement in purity; increasing the dif-
ference in the concentration of individual enantiomers causes an in-
crease in the difference in the migration velocity of their fronts, which
facilitates isolation of the pure enantiomer from the mixture. This is also
visualized in Fig. 5, where a relatively narrow fraction of the pure
product can be seen for the smallest ees = 30 % and much wider for eeg
= 70 %. Furthermore, increasing ee increases the mass ratio of the pure
product to the unresolved waste fraction in the extract outlet, which
improves the profitability of the method.

The effect of ee on yield depends on the isotherm range that corre-
sponds to the concentration profiles of the enantiomers. In the range of
strong isotherm nonlinearity, i.e., in the vicinity of the binding capacity,
the front of the concentration profiles is very sharp, with almost vertical
shape, whereas in the linear range it widens because of the enhanced
contribution of kinetic effects to the retention mechanism, which
particularly concerns the enantiomer that is depleted in the mixture.
This makes the isolation of the target enantiomer fraction from the
concentration fronts of unresolved fraction more challenging. This effect
is most pronounced for run 6 (ees = 70 %), which is visualized in Fig. 5,
where the changes in the shape of the concentration fronts of the en-
antiomers with the changes in eeg are illustrated.

In general, increasing the concentration in the feed stream of the
same ee enhances the SDE-effect, since it accelerates associate forma-
tion. Therefore, it is beneficial for the separation performance. However,
the increased concentration triggers sharpening of the fronts of the
profiles, for the same reason as discussed above. The high sensitivity of
the position of the front of the band profile due to small changes in the
process conditions renders the correct adjustment of process variables
difficult, which may lead to purity reduction. The effect is visualized in
Fig. 6. However, that issue can be mitigated by an online analysis of the
band profiles and applying a control system to make sure that the front
of the undesired enantiomer does not reach the raffinate port. It is
evident that the concentration in the feed stream can be optimized for
each specific case study to maximize the corresponding separation
performance.

Table 4
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4.3. Verification of reproducibility and predictability of ACh—-SMB

The separation results obtained in the REF run (run 4, Table 2) were
used as a basis for the adjustment of the isotherm coefficients. The
values of ¢™ and K, which characterize the adsorption on bare silica,
were kept the same as determined from the batch experiment and used
to design the scouting run (Table 1, second row). The difference between
K and KIL , which determine the separation selectivity, and thus the
difference between the migration velocity of the concentration fronts of
enantiomers along the column, was adjusted by fitting the predicted and
experimental performance indicators, including the purity, yield and
average concentrations of S-MTSO and R-MTSO at the raffinate outlet
obtained in the REF run. The values of the isotherm coefficients obtained
after the adjustment are reported in Table 1 (third row). The obtained
KL value was 5 % higher compared to that estimated from the batch
experiment, whereas K = remained unchanged.

The corrected model was then used to predict the performance of the
remaining runs 5-8 (Table 4). The agreement between the performance
indicators predicted and experimentally obtained was satisfactory,
which proved that the ACh-SMB process is predictable; hence, the
mathematical model after proper calibration can be used for its design
and optimization of the process conditions and the SMB configuration.
The corresponding simulations of the internal SMB profiles are illus-
trated in Figs. 5 and 6.

The separation performance obtained for runs 4, 6 and 8 is compa-
rable to the results reported in the literature for the separation of en-
antiomers by chiral chromatography, where the process productivity
varied between 40 and 100 gs/(Lco; day), and the eluent consumption
between 8 and 10 L/gg [22,47,48]. Finally, to verify the reproducibility
of the measurements, some of the ACh-SMB runs were restarted. The
results obtained in terms of performance indicators were very similar
(maximum 2 % difference in product purity and maximum 10 % in
product concentration), which confirmed the repeatability of the pro-
cess (Supplementary materials, Table S1). The results reported above
confirm the effectiveness of the ACh-SMB process and its applicability
for industrial separation of enantiomers.

4.4. Application perspectives

The separation method developed in this study offers a cost-effective
option for the separation of nonracemic mixtures with a high ee. Such
mixtures are often an outcome of asymmetric synthesis. In this case,
ACh-SMB can provide the target pure enantiomer with high produc-
tivity, as the amount of the target enantiomer in the extract stream
containing the unresolved mixture, which is a process waste, is small
compared to that received in the raffinate stream. In this case, complete
elimination of expensive chiral chromatography may be economically
very attractive. Furthermore, silica gel is not only significantly cheaper,
but is also mechanically much more stable compared to CSPs. Therefore,

Performance indicators (Egs. (19-23)) of runs 4-8 (Table 2). Eluent consumption, EC, expressed in liters of solvent per gram of the product, Csr,, average concen-
tration of the target enantiomer in the product stream (Ra), exp. — experimental data and sim. — model simulations.

Run Cr/eeg Ys Prs,ra Pug,ra Csrag/L EC
gs/(Leor day) L/gs

exp. sim. exp. sim. exp. sim. exp. sim. exp. sim.
Cr =5 g/L, ees changed
5 30 % 45 % 44 % 39 39 73 % 72 % 1.2 1.7 6.6 4.8
*4 50 % 63 % 63 % 62 62 84 % 84 % 2.0 2.0 4.1 4.1
6 70 % 54 % 53 % 61 60 96 % 94 % 1.9 2.3 4.2 3.4
Cr changed, ees = 50 %
7 3g/L 31 % 30 % 19 19 100 % 98 % 0.6 0.7 13.7 11.1
*4 5g/L 63 % 63 % 62 62 84 % 84 % 2.0 2.0 4.1 4.1
8 7 g/L 71 % 71 % 99 100 81 % 81 % 3.1 3.3 2.6 2.4

* Reference run was repeated in the table to better visualize the trends in changes in the performance indicators.
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Fig. 5. Predicted effect of ee on the shape of the internal ACh-SMB profiles (steady state profiles at the end of the switch, t = t;,). Runs 4 (REF), 5 and 6 (Table 2).
Simulations with the isotherm parameters presented in Table 1 (third row).
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Fig. 6. Predicted effect of Cr on the shape and position of the internal ACh-SMB profiles. Runs 4 (REF), 7 and 8 (Table 2). Simulation conditions as in Fig. 5.

silica-packed beds can be operated under much higher column back
pressure than CSP-packed beds. This allows the use of higher mobile

For nonracemic mixtures with a low ee, the amount of waste stream
phase flowrates to improve separation productivity.

at the extract outlet is high compared to the product stream, which can
impair the process economy. However, the waste fraction can be further
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processed by chiral chromatography to restore the initial ee and then
recycled to ACh-SMB. Such a tandem configuration would allow for
substantial reduction in the amounts of CSP required.

5. Conclusions

In this study, a concept of the achiral SMB process (ACh-SMB) was
developed for the isolation of the target enantiomer from nonracemic
mixtures. The concept was verified for a model mixture of methyl p-tolyl
sulfoxide (MTSO) enantiomers that was separated in a normal phase
system using a bare silica gel adsorbent. The separation was driven by
the SDE phenomenon, which allowed isolation of the target enantiomer
(S-MTSO) present in excess of nonracemic mixtures.

The preliminary stage of the process design consisted of the formu-
lation of a mass balance based model of the process dynamics, which
accounted for the specificity of the SDE-driven separation, and its cali-
bration on the basis of individual profiles of enantiomers measured in
the batch column experiment. The model simulations were used to select
operating variables, i.e., the zone flowrates and the switching time, to
perform a first ACh-SMB scouting run. To improve process performance,
these variables were subsequently adjusted in the next three SMB runs.
In the most successful run, the product with approximately 100 % purity
and productivity of 28 gs per column volume per day was obtained.
Furthermore, a reference run was evaluated to investigate the effects
exerted by changes in other relevant process variables, including the
concentration and enantiomeric excess (ees) of the feed stream.

In general, the increase in the feed ee enhanced the process pro-
ductivity as a result of increasing the difference in the migration velocity
of the enantiomers along the columns. An increase in the feed concen-
tration enhanced the SDE effect, which was beneficial for the process
performance, but on the other hand, it made maintaining the product
purity at the appropriate level more difficult. The effects observed could
be reproduced by the dynamic model developed.

The results achieved reveal that the developed process is feasible,
predictable, and reproducible. Furthermore, productivity and eluent
consumption were in a range similar to those reported in the literature
for chiral separations. However, the material costs for achiral chro-
matographic separations are significantly lower. Therefore, the
ACh-SMB technique has the potential to be applied in large-scale in-
dustrial separation as a stand-alone operation or in combination with a
chiral separation method. The process can be particularly efficient in the
separation of nonracemic mixtures with a high enantiomeric excess, for
which a great amount of pure target enantiomer can be isolated from the
feed mixture. Obviously, the technique is exclusively feasible for chiral
compounds that contain SDE-phoric groups or can be functionalized
with those groups.

A more detailed study is underway for better characterization and
optimization of the process and the system configuration. The concept of
coupling ACh-SMB with a chiral separation technique will also be
investigated.
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