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Teicoplanin aglycone-based chromatography columns (Chirobiotic TAG) enable amino acid enantiosep-
aration with aqueous mobile phases, which perfectly accommodates the distinct hydrophilicity of most
amino acids. Therefore, this stationary phase constitutes a promising option in particular for preparative-
scale separations that require high feed concentrations for economic operation. However, detailed studies
revealed a solute-related memory effect when this column is subjected to high loadings of amino acids,
conditions that prevail in SMB operation. High loadings yield an activation of the column as indicated
by increased retention times when comparing finite injection chromatograms obtained before and after
the column had been subjected to a concentrated amino acid feed. This effect can be slowly reversed by
flushing the column with solvent devoid of amino acid. Obviously, the activation of the stationary phase
needs to be accounted for in the determination of adsorption isotherms that are used for SMB design.
In this work we introduce a perturbation method adapted specifically to capture the stationary phase
behaviour at SMB-like conditions. The adsorption isotherms obtained from this method indeed allowed
for accurate SMB design of a methionine enantioseparation as judged by the very good agreement of
experimentally obtained and model-predicted purities. Furthermore, SMB operation over 3 days with
constant purities (besides deviations originating from a dip in temperature) was accomplished indicat-
ing that the adsorption behaviour in the activated state is indeed time invariant and stable long-term
SMB operation with these columns is principally feasible.
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1. Introduction

Over the last decades simulated moving bed (SMB) chromatog-
raphy has evolved into a widely applied tool for the separation
of enantiomers in the fine chemical and pharmaceutical industry
[1,2]. An increasing selection of chiral stationary phases becomes
commercially available and a large number of racemic mixtures
have been separated successfully using SMB chromatography [3].
Due to the development of efficient design tools such as triangle
theory [4,5] and the advances in process modelling fuelled by the
revolution in computer processing power in the 1990s [6], SMB
design can be conducted in a straightforward manner based on
well-parameterized adsorption isotherms.

The SMB separation of racemic amino acids, arguably the most
important class of chemicals in fine chemistry [7], poses some
challenges to the selection of a suitable chiral stationary phase
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material since underivatized amino acids are poorly soluble in nor-
mal phase eluents [8-10] and therefore mobile phases with high
water content need to be applied. In this context, macrocyclic gly-
copeptide stationary phases, in particular those using teicoplanin or
teicoplanin aglycone as chiral selector, constitute attractive options
since various amino acid enantioseparations with sufficient selec-
tivity using a highly aqueous mobile phases were reported [11].
Previously we investigated in detail the suitability of a commer-
cially available teicoplanin aglycone stationary phase (Chirobiotic
TAG, Sigma-Aldrich) for application in SMB enantioseparation [12].
We observed that the TAG column shows a solute-related mem-
ory effect, meaning that the adsorption behaviour depends on the
loading of the column in the recent past [13]. Briefly, the retention
times observed in finite injections chromatograms were different
when comparing experiments made before and after overloading
the column with a high concentration of racemic amino acid (Fig. 1).
Such behaviour was observed for all tested amino acids and all
relevant mobile phases (those with high water content) [12,13]. In
the specific case of methionine the retention time shift (RTS) can be
up to 25% for the later eluting enantiomer (D-methionine). Interest-
ingly, the selectivity after overload conditions increases compared
to the regenerated state indicating an activation of the column.
When flushing the column with high amounts of pure mobile phase,
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Fig. 1. (a) Concentration-time profile used for finite injections. The markers on the
x-axis indicate the time points at which the finite injections were performed. (b)
Elution profile of finite injection HPLC runs of 40 pg racemic methionine before
(solid line) and after (dashed) loaded feed treatment.

the adsorption behaviour slowly reverts to its original state, hence
the effect is reversible [13]. Next, application of cyclic adsorption
and desorption of large amounts of amino acid characteristic for
SMB operation indicated that the adsorption behaviour assumes a
steady state under such conditions and SMB operation is in princi-
ple feasible [13].

However, when designing an amino acid SMB-separation
employing TAG columns, the memory effect must be taken into
account since the difference between the regenerated state and the
activated state is certainly not negligible (Fig. 1). Memory effect-
constrained stationary phases have been occasionally reported, in
particular for polysaccharide based stationary phases. In this case
the change in adsorption behaviour is mediated by a component of
the mobile phase and not the solute [14-16], which at least for iso-
cratic operation allows for a straightforward SMB design. The aim of
this study is (i) to identify a suitable method for isotherm parame-
ter estimation that facilitates reliable SMB design under conditions
of solute-induced memory effect and (ii) to demonstrate that sta-
ble SMB operation is feasible with such memory effect-constrained
columns.

2. Theory
2.1. Perturbation method

The perturbation method constitutes a well established method
for the determination of competitive isotherms, in particular for
enantioseparations [6,17,18]. Briefly, it is based on the stepwise
equilibration of the column with defined racemate compositions.
By injection of a small pulse with concentrations that differ from
the bulk concentration perturbations in the elution profile are
introduced resulting in positive or negative peaks depending on the
difference in concentrations of injection sample and mobile phase.
In the case of a racemate, this leads to two distinct perturbation
peaks in the elution profile. The retention times of the perturba-
tion peaks can be used to derive the parameters of the underlying
adsorption isotherm by obtaining the roots of Eq. (1), where C; and
C, are the mobile phase concentrations of the enantiomers, and g4
and g, are the concentrations of the respective enantiomers in the
stationary phase.

(dg)z dCy (3g2/9C2) — (391 /3C1) _ (391/9C2) _
ac, dc, (9q2/9Cy) (0gq2/9Cy)

The two roots of Eq. (1) are then inserted into expressions for the
total derivative (Eq. (2)).
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The retention times of the perturbations tg, of the respective com-
ponent i can be expressed by the column hold-up time tg, the total
porosity € and the total derivative (Eq. (3)).
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Thus, with knowledge of the isotherm type the corresponding
isotherm parameters can be fitted to the experimentally obtained
retention times using Eqs. (1)-(3).

In this case we assumed a bi-Langmuir isotherm (Eq. (4)) with
equal saturation capacities gs for adsorption sites I and II:

b;iGi . byiGi
1+ bncl +b12C2 11 +b111C] + b[[zCz

qi = qs i=(1,2) (4)

2.2. SMB

Operating points for SMB experiments were chosen using
heuristics of the triangle theory, which indicates the region of com-
plete separation as a function of the respective flow rate ratios m
of zone II and III. The flow rate Q; in zone j can then be calculated
from my, the selected switch time t*, the bed porosity ¢, the volume
of the column V and the extra column volume Vp; (Eq. (5)).

m;V(1 —¢e) 4 Ve + Vp;
Q= =
For details on the my-my; diagram and the triangle theory
please refer to the works of Mazzotti, Morbidelli and Storti [4,19].
In order to rapidly generate the region of complete separation, a
short cut method [20] was used. Single SMB runs were simulated
using a more detailed SMB model described in [21]. The detailed
SMB model allowed (i) the simulation of the dynamic development
of concentration profiles with time, (ii) the inclusion of detailed
kinetic data for each enantiomer, and (iii) the detailed column con-
figuration in the SMB device.

G=1,...,4) (5)

3. Experimental
3.1. Chemicals

Methionine, ammonium acetate (NH4Ac) and all other chem-
icals were either purchased from Roth (Reinach, Switzerland)
or Sigma-Aldrich (Buchs, Switzerland) unless stated otherwise.
Acetonitrile was purchased from Chemie Brunschwig (Basel,
Switzerland). All organic solvents were HPLC grade. Deionized
water was obtained from a TKA-Genpure machine.

3.2. Columns

For analytical measurements we used a stainless steel Chirobi-
otic TAG column (100 mm x 4.6 mm ID) with a particle diameter
of 5 m. The applied five preparative columns (100 mm x 10 mm
ID) were equipped with 16 wm beads. All were obtained from
Sigma-Aldrich (St. Louis, USA). The preparative columns had been
used to different extents before this study.

3.3. Analytics

All analytical measurements as well as adsorption isotherm
measurements were performed at 22 °C on an Agilent 1100 HPLC
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system with a diode array detector. A refractive index detector was
employed for the detection of deuterated water for the determina-
tion of column dead volume. Analytical measurements to quantify
L- and D-methionine concentrations were performed using 90/10%
(v/v) 50 mM NH4Ac pH 6.0/methanol mobile phase at a flow rate of
1.5mLmin~1.

3.4. Perturbation measurements

The principle of adsorption isotherm determination using
the perturbation method relies on the stepwise saturation of
the column with known concentrations of solute. Perturbations
were introduced by injecting samples of 10 wL with concen-
trations that slightly differed from the applied equilibrium
plateau. Perturbation retention times of L- and b-methionine were
recorded at 15 different concentration levels ranging from 0 to
12gL-1 racemic methionine. Different collocations of concentra-
tion levels were used in this study. “intermediate”: Collocation
with intermediate plateau (given in gL' racemic methio-
nine): 0/8/2/8/1.6/8/1.2/8/0.8/8/0.4/8/0.2/8/0.16/8/0.12/8/0.08/8/-
0.04/8/0.02/8/0/8/8/8/4/8/12/8/0; “no-intermediate”: 0/2/1.6/1.2/-
0.8/0.4/0.2/0.16/0.12/0.08/0.04/0.02/0/8/4/12/0; “bottom-up”: 0/-
0.02/0.04/0.08/0.12/0.16/0.2/0.4/0.8/1.2/1.6/2/4/8/12; “top-
down”: 12/8/4/2/1.6/1.2/0.8/0.4/0.2/0.16/0.12/0.08/0.04/0.02/0. A
graphical illustration and a detailed table of the applied concen-
tration plateaus is provided as supplementary material (Fig. S1,
Tables S1-S4).

Prior to each perturbation experiment the preparative column
was regenerated for at least 30 min at 4 mL min~! with 50/50% (v/v)
50 mM NHgAc/acetonitrile and then flushed with 90/10% 50 mM
NH4Ac/methanol for 15 min.

3.5. SMB setup and experiments

The SMB-device is based on a modified AKTA basic system (GE
Healthcare, Freiburg, Germany) and consists of two P-900 pump
modules (GE Healthcare), five multiposition valves, and a UV/VIS
detector. One pump module was assigned to provide the feed and
eluent flow streams, the other module was used to control extract
and raffinate flow rates. Each of the (in total) four pumps was
connected to a multiposition valve PV-908 (GE Healthcare), while
the fifth multiposition valve was employed to direct the eluent
outlet from zone IV (open loop arrangement). Check valves (Ercat-
ech, Switzerland) were placed between each pair of columns to
ensure the correct direction of the flow. The column loop of the
SMB was built from identical subunits, one of which is depicted
in Fig. 2.

The extra-column dead volumes per section were measured and
divided by the number of columns per section, resulting in a Vp;
of 0.1 mL [22]. The concentration of methionine in the raffinate
was monitored with the UV-detector at 235 nm. Extract and raffi-
nate purities were evaluated once steady-state conditions had been
reached as judged by invariant raffinate outlet profiles. The time till
steady state was further confirmed by detailed SMB simulations.
The respective samples were collected for a period of two cycles
and quantified by HPLC analysis. All outlet flow rates were addi-
tionally checked by collecting the streams for a timed period and
weighing them in small flasks. The eluent and feed reservoir were
degassed using a suction pump prior to the SMB experiments. Addi-
tionally, before entering the SMB system the feed and the eluent
stream passed through an online degasser (Phenomenex, Torrance,
USA). We applied a modified version of the standard UNICORN™
software (GE Healthcare) [23] for the control of pumps, valves,
and the UV/VIS detector. Prior to each SMB run, the system was
regenerated for at least 30 min at 4mLmin~! with 50/50% (v/v)
50 mM NHyAc/acetonitrile. SMB runs were performed under two
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manifold outlet
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extract

multi-
position valve
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Fig. 2. SMB set-up: single column building.

distinct isocratic mobile phase regimes: 90/10% (v/v) or 75/25%
(v/v) 50 mM NH4Ac pH 6.0/methanol. In each case the feed con-
sisted of 10gL~! racemic methionine dissolved in the respective
mobile phase. All SMB runs were performed in 1-2-1-1 open loop
configuration.

3.6. Simulation and fitting procedures

A model-based experimental analysis approach was applied
in order to obtain adsorption isotherm parameters from per-
turbation method chromatography experiments (see Section 2).
The parameterization was derived by minimizing the difference
between model prediction and experimental data using an opti-
mization algorithm. The fitting procedure was implemented in
MATLAB (Mathworks, Natick, USA) and used the optimization
function “fminsearch” for identifying the parameterization with
the smallest residuals. The SMB models were implemented in
MATLAB.

4. Results and discussion

The application of memory effect-constrained columns in an
SMB setting, in particular when the memory effect is related to the
loading of the solutes, rests on two premises: (i) the development
of the adsorption behaviour assumes a steady state after a cer-
tain operation time and remains invariant for the remainder of the
SMB operation and (ii) it is possible to obtain a suitable adsorption
isotherm that describes this time-invariant state for SMB design.
We addressed the latter point first, as this would allow us address-
ing the first point with a long-term SMB experiment at a meaningful
operating point (such as complete separation of enantiomers).
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4.1. Method development

The reliable design of a SMB process is widely dependent on
an accurate description of the chromatographic process in terms
of thermodynamics (adsorption isotherms) and kinetics (mass
transfer kinetics). Slow mass transfer yields a broadening of the
concentration profile migrating through the column whose basic
form is governed by the adsorption isotherm and hence can
significantly influence the separation. In principle, the memory
effect-induced shift in adsorption behaviour can be a result of
changes in both the adsorption isotherms and mass transfer kinet-
ics. However, there are several indications that the latter does not
change by much. First of all the observed shift in retention times
cannot be explained on a mechanistic level with a change of mass
transfer kinetics, suggesting a change in adsorption isotherms as
the main source of the memory effect. Next, the obtained finite
injection profiles (Fig. 1) for the enantioseparation of methionine
using memory effect-constrained Chirobiotic TAG columns after
loaded feed treatment yielded very similar band broadening com-
pared to the profiles obtained in the regenerated state indicating
that mass transfer has not significantly changed. A van Deemter
curve obtained from finite injections in the regenerated state of the
column further indicated very efficient operation characterized by
high plate numbers (NTP > 100) for the projected flow regime (data
not shown). At such high plate numbers the influence of mass trans-
fer resistance on SMB performance is moderate and in turn SMB
performance is not very sensitive to slight changes in the mass
transfer characteristics [24]. Therefore, it is safe to assume that
mass transfer kinetics obtained for the regenerated state provides
an adequate description for the activated state of the column.

4.1.1. Choice of adsorption isotherm method

A number of different methods for isotherm parameter esti-
mation are available [17], each with distinct advantages and
disadvantages. In the specific case of memory effect-constrained
columns the stationary phase need to be characterized in the state
that is relevant to SMB operation, hence conditions similar to SMB
operation should prevail in the adsorption isotherm determina-
tion method. This effectively limits the selection to those methods
based on concentration plateaus, such as the perturbation method
[18,25], the inverse method on plateaus [26] and frontal analysis
[6,27]. Frontal analysis typically becomes experimentally expen-
sive when multi-component mixtures are applied as the obtained
elution profiles need to be broken down into the contribution of the
respective compounds, which in the case of enantiomers requires
additional HPLC analysis of samples from the frontal analysis elu-
tion profile [27]. The inverse method on plateaus constitutes a
hybrid method with elements from the perturbation method and
the inverse method on elution profiles from simple HPLC injections
[26].Since the shape of the introduced perturbations is analyzed the
information content of the experiment is improved compared to
the perturbation method, hence fewer experiments are required.
On the other hand the analysis of such profiles is numerically
expensive. In this study, we chose to employ the perturbation
method, which does not require additional HPLC analysis, allows
the rapid calculation of isotherm parameters from the experimen-
tal data and was successfully applied for chiral SMB design in earlier
instances [25]. Furthermore, no detector calibration is necessary
and consumption of pure enantiomers is low while the increased
consumption of racemate for the concentration plateaus seems
acceptable due to the low cost of the racemate.

4.1.2. Accounting for a memory effect in the perturbation method

In chromatographic systems that are not affected by a memory
effect, the collocation of plateaus, i.e. the sequence of concentration
levels in the column at which perturbations are introduced, is not

expected to have an effect on the retention times of the perturba-
tions. In contrast, the retention times of single injections in memory
effect-constrained systems were shown to be heavily dependent on
the column history, i.e. on the concentration levels that preceded
each respective run [13]. An SMB process is characterized by cyclic
adsorption and desorption of large amounts of solute. As the load-
ing of solute triggers the activation of columns this situation should
be imitated in the adsorption determination method. Arguably,
the accuracy of the estimation procedure should improve with the
extent to which the conditions in the SMB can be mimicked. How-
ever, the exact SMB concentration profile inside the columns can
only be estimated when operating points and conditions as well as
adsorption isotherms are known, which are obviously not available
at this stage of the process development. Therefore, we introduced
an additional plateau of a higher concentration prior to establishing
the concentration regime for the introduction of the perturbations
as a rough approximation of SMB conditions. In detail, we selected
an exposure of a concentration of 8 gL~! of racemic methionine for
10 min for the additional plateau, which appeared reasonable in the
face of potential racemic feed concentrations of 25 gL~ (solubility
limit) for the projected mobile phase of 90/10% (v/v) 50 mM NH4Ac
pH 6.0/methanol.

4.2. Reproducibility and column heterogeneity

Before evaluating the usefulness of the proposed adsorption
isotherm determination method on the basis of experimental SMB
runs, the run-to-run reproducibility and column-to-column het-
erogeneity of the proposed method need to be investigated. The
inaccuracies originating from the experimental procedure and het-
erogeneity of the applied columns are propagated to the SMB
design and hence are sources of errors besides the potential
inability of the method to adequately characterize the memory
effect-constrained adsorption behaviour.

4.2.1. Reproducibility

In order to investigate the robustness and run-to-run repro-
ducibility of the presented method, triple runs were conducted
under identical conditions with the same column. The relative
standard deviations (RSDs) of the first eluting perturbation had
an average value of 0.2% at an average retention time of 5.2 min
and had a value of 0.38% for the later eluting perturbation at an
average retention time of 7.0 min. The observed variability in reten-
tion times of the perturbations was much smaller compared to the
shift in retention times induced by the memory effect [13]. This
indicated that the adsorption behaviour under overload condition
could be reproduced under controlled conditions. In addition, the
experimental error of the presented method was rather low.

4.2.2. Column heterogeneity

The homogeneity of the column set constitutes an important
aspect for the accurate prediction of an SMB separation. Usually
the thermodynamic parameters of only one column are applied
for the simulation of SMB performance. Mihlbachler et al. showed
that the area of complete separation decreases when column vari-
ability is increased [28,29]. This effect is especially pronounced for
feed concentration regimes in which the adsorption behaviour is
in the non-linear range. Because the preparative columns applied
in this study had been used to different extents before the exper-
iments reported here, we wanted to assess the variability of the
thermodynamic properties of the columns. A second purpose of this
comprehensive analysis was to identify a specific column that could
adequately represent the behaviour of the whole multi-column
system. Thus, when assessing SMB performance for other condi-
tions the design could be based on the isotherm obtained from
this representative column without the need to assess all applied



M. Fuereder et al. / J. Chromatogr. A 1236 (2012) 123-131 127

10== : : : : :
1 1ng
|
9 4 : 9L, O column 1 1
c I g & % <] column2
‘E ghi&! / ) ggﬁ X column 3 a
'; : 7 { column 4
E 6 ¥V column5
= i P aa g, 1
S Q 5
= @
3
g

(%]

i P |
; @ @ 0 005 041
i @

%@@@ e . %
3 I ‘ I ; l 6

0 1 2 3 4 5

enantiomer concentration [g e |

Fig. 3. Retention times of perturbations as a function of the methionine enan-
tiomer concentrations for all columns 1-5 obtained from the intermediate plateau
sequence. The inlay shows the perturbation retention times at a concentration range
from 0 to 0.1 gL' enantiomer concentration.

columns. Therefore, we performed perturbation measurements for
all columns (Fig. 3).

The average RSD of pulse retention times in between the five
columns was 1.0% for the first eluting perturbation and 1.3% for
the second eluting perturbation. The column-to-column variability
was particularly high at low concentrations. At a concentration of
0gL-! racemate in the mobile phase (essentially finite injection
HPLC conditions) the RSD for the second peak was 3.4%, while at
the highest concentration of 12gL~! racemate, corresponding to
6gL-1 of the respective single enantiomers, the RSD was only 0.8%
for both perturbations.

The average total hold up time, measured by injection of non-
retained deuterated water, was 3.42 min with an RSD of 1.0%, thus
giving an averaged porosity of 0.65. Very often variability in reten-
tion times is solely attributed to differences of stationary phase
porosities due to column packing effects [28]. However, the results
presented here show that the variability of retention times in the
low concentration range cannot be explained by differences in the
density of column packing. Further, we did not observe a correla-
tion between retention times of the non-retained compound and
retention times of pulse injections of methionine. This indicates
that the column-to-column fluctuations arise from differences in
the stationary phase itself. As mentioned the columns had been
used to different extents prior to this study with some columns
already heavily in use for years, which manifested itself in a slight
decrease in retention times.

4.3. SMB design based on the perturbation method and SMB
operation

4.3.1. Parameter estimation

Next, the retention times obtained by the perturbation method
were used to provide a parameterized adsorption isotherm for
subsequent SMB design. The first step was to examine which
type of isotherm should be applied in the fitting procedure.
Previous investigations on the adsorption mechanism of the
methionine-teicoplanine aglycone separation system indicated at
least two enantioselective adsorption sites [13]. Further, a ther-
modynamically (td.) non-consistent bi-Langmuir isotherm (with
different saturation capacities of adsorption sites for the two enan-
tiomers) had been successfully applied for description of HPLC
elution profiles [12]. Similar isotherms were reported for various
separations conducted with the closely related Chirobiotic T col-
umn [30-32], in some instances using the td. consistent form of

35

0 1 2 3 4 5 6
enantiomer concentration [g L’ ]

Fig.4. Comparison between best-fit simulation (line) and experimental data (mark-
ers) obtained for column 5. Best-fit overlays of all other columns can be found in
supplementary material.

the bi-Langmuir isotherm with fewer parameters [30,33] (see Eq.
(1))

Consequently, we tested different Langmuir isotherm types, the
td. consistent (6 parameters) and td. non-consistent bi-Langmuir
isotherm (8 parameters) and additionally a td. consistent tri-
Langmuir isotherm with two enantioselective sites (8 parameters).
No significant reduction in the residual between best-fit simulation
and experimental data was obtained with the higher parameter-
ized isotherms, therefore we applied the td. consistent bi-Langmuir
isotherm for analysis of the perturbation retention times obtained
from the five investigated columns (Fig. 4, column 5, the remaining
fitting results can be found in supplementary section).

Further, an “averaged” parameterization was calculated from
the averaged retention times for all 5 columns (Table 1).

The obtained parameterizations suggested a fundamentally dif-
ferent character of the two adsorption sites considered in the
bi-Langmuir model, one with a high saturation capacity and
low Langmuir constants and one with a very low saturation
capacity and high Langmuir constants. The relative deviation in
parameters obtained for the latter site was much higher com-
pared to the high-saturation site, which perfectly accommodated
for the larger deviations in retention times observed for small
concentrations—the concentration where the second site is not
overloaded and has a significant effect on the isotherm. It is worth
noting that the obtained parameterizations indicate that both type
of adsorption sites are enantioselective. Therefore, the applied
isotherm should be treated as an empirical description because
contributions of non-enantioselective interactions to the overall
retention are prevalent in chiral chromatography [34].

4.3.2. Comparison of experimental and simulated purities

4.3.2.1. Methanol content of 10%. In order to evaluate the general
feasibility of the applied design strategy and to identify the most
representative column for SMB design, the operation regimes
indicated by the obtained isotherms were compared to the results
of experimental SMB runs. Estimation of the area of complete
separation in the my—my; plane was conducted using the short-cut
method of Migliorini and Mazzotti [20] and applied to the isotherm
sets of all columns. This method relies on the equilibrium theory
of chromatography and thus neglects non-ideal influences such
as mass transfer resistance. However, it was demonstrated that
for not overly constrained systems (NTP>100) the deviations are
small and the short-cut method provides a sufficiently accurate
initial estimation of the process performance [24]. In order to
determine a suitable feed concentration regions of complete sepa-
ration were calculated using the equilibrium theory approach [20]
for different feed concentration regimes. At high concentration the
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Table 1
Parameters of bi-Langmuir isotherm for each column used in SMB operation.
Column gsi [gL71] bimet [Lg™'] bipmet [Lg™'] s [gL7'] biis et [Lg™] biip-ver [Lg™']
1 325 0.03 0.05 0.19 1.06 7.67
2 36.4 0.03 0.04 0.34 0.56 4.14
3 35 0.03 0.04 0.21 1.1 7.29
4 326 0.03 0.05 0.16 1.21 9.46
5 353 0.03 0.05 0.23 1.01 7.18
Average 1-5 34.6 0.03 0.05 0.22 0.97 6.75

area of complete separation became so small that it was beyond
the technical limits of the SMB unit to perform a robust operation.
As a compromise between sufficient robustness and productivity
we decided for a feed concentration of 10gL~1.

Overlaying the position of the complete separation regions
(Fig. 5) obtained from the isotherms of the different columns
showed as expected some differences due to the column hetero-
geneity, however, no drastic outliers were observed.

This implies that the differences in parameterizations were
at least not exclusively an effect of overparameterization (differ-
ent sets of parameters can theoretically yield virtually the same
isotherm form) but indeed are areflection of column heterogeneity.
On the basis of the regions of complete separation we chose differ-
ent operating points for experimental SMB runs that supposedly
covered the range from pure raffinate to complete separation and
to pure extract. Of the 12 experimental runs that were performed,
the 4 runs that were within each of the 5 complete separation
regions (assigned to each of the 5 columns used in the experi-
ments) showed no detectable impurities at the respective outlet
ports. In general, all the experimental data indicated good agree-
ment between experiments and short-cut simulations. However,
the information that can be extracted from this short cut model is
limited, e.g. no purity values at the extract and raffinate outlet ports
can be obtained. With a detailed SMB model that takes into account
kinetic effects, the actual column configuration, and the size and
dimension of the chromatographic columns, much more profound
information can be obtained. However, for the sake of simplicity
we assigned the same isotherm to all columns. More precisely, we
chose the parameter set that was obtained from averaged pertur-
bation retention times of all columns used in the SMB. Next, we

included the parameters related to non-ideal conditions (solid LDF
model, mass transfer coefficients k,_pet =1.26 571, kp-pec = 1.01 571,
axial dispersion was calculated with the factor for axial dispersion
A=4.5 x 10~*m, with D,x = 0.5Au;,, with u;, the interstitial veloc-
ity in ms~1) that were extracted from the van Deemter plot (for
details on the procedure please refer to [35]). The outlet purities
obtained from the detailed SMB simulations (Table 2) showed a
good agreement with the experimentally obtained values. This also
supports our initial assumption that mass transfer kinetics does not
significantly change under overload conditions.

4.3.2.2. Methanol content of 25%. One of the goals of this study
was to develop a fast and reliable isotherm determination method
for a number of conditions employing only one column. In order
to find the most representative column we (i) compared the
perturbation retention times of all columns with the averaged
perturbation retention times and (ii) compared the actual thermo-
dynamic parameters of all columns with the parameter set from
averaged perturbation retention times. Both approaches yielded
column 5 as the column that represented all columns to the largest
extent. A comparison of the respective complete separation regions
using the short-cut model is depicted in Fig. 6.

Preliminary experiments indicated that the retention times
and the selectivity of the enantioseparation of racemic methio-
nine increased with increased methanol content. In order to verify
these results and to further test the validity of the presented
isotherm parameter estimation method, we employed the per-
turbation method for eluent containing 25% methanol using the
previously identified representative column (Table 3).
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Fig. 5. my—-my; diagram showing simulated complete separation regions using
parameter sets for columns 1-5 compared to experimentally obtained SMB outlet
purities for raffinate and extract. Details on the experimental SMB runs (markers)
are provided in Table 2.
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Fig. 6. Comparison of complete separation regions. Solid line: averaged perturba-
tionretention times. Dashed line: perturbation retention times of column 5. Markers
denote the experimental SMB runs A-L listed in Table 2.
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Table 2

129

Comparison of experimentally obtained and simulated extract and raffinate purities. The detailed SMB-model was fed with isotherm parameters obtained from averaged
perturbation retention times of all columns. Eexp: experimental extract purity [%]; Rexp: experimental raffinate purity [%]; Esim: simulated extract purity [%]; Rsim: simulated

raffinate purity [%].

Run Flow rate ratios Purity [%]
m my my my Experimental Simulated
Eexp Rexp Esim Rsirn

A 3.22 0.81 1.19 0.57 92 >99 98 >99
B 3.66 0.98 1.23 0.42 >99 >99 >99 >99
C 3.66 0.99 1.4 0.41 >99 76 >99 78
D 3.66 0.8 139 0.39 95 76 98 78
E 3.66 1.15 1.2 0.39 >99 >99 >99 99
F 3.66 1.16 1.4 0.41 >99 75 >99 82
G 3.66 1.18 133 0.4 >99 >99 >99 >99
H 3.66 1.07 1.31 0.41 >99 93 >99 >99
[ 3.66 1.07 1.22 0.4 >99 >99 >99 99
] 3.66 1.03 1.17 0.45 95 >99 >99 >99
K 3.66 0.88 1.06 0.43 93 >99 96 99
L 3.66 1.25 1.49 0.39 >99 68 >99 68

Column configuration in the SMB: 1-2-1-1; switch time: 195s.

Table 3

Parameters of bi-Langmuir isotherm of column 5 with 75/25% (v/v) 50 mM NH4Ac pH 6.0/methanol.
Column qs [gL7'] brimet [Lg™'] bromet [Lg™'] qsu [gL71] biimet [Lg™'] biip-met [LE7]
5 34.9 0.03 0.06 0.39 0.69 5.51

Indeed, when comparing the area of complete separation in the
my—myy diagram obtained from isotherms recorded at 10% and 25%
methanol (Fig. 7), the much larger area for 25% methanol clearly
indicated the potential for higher productivity and robust opera-
tion. Next, we performed two experimental SMB runs with 25%
methanol content: one that was safely in the complete separation
region and one that was presumably in the pure extract region.

The obtained experimental purities (Table 4) show excellent
agreement with predicted purities from detailed SMB simulation
supporting further the validity of the presented isotherm determi-
nation method.
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Fig. 7. Comparison of complete separation regions of chromatographic sys-
tems with different MeOH-contents. Full line: 90/10% (v/v) 50 mM NH4Ac pH
6.0/methanol. Dashed line: 75/25% (v/v) 50 mM NH4Ac pH 6.0/methanol. Markers
denote the experimental SMB runs M and N listed in Table 4.

4.4. Comparison of different collocation of plateaus

As discussed earlier, the collocation of concentration plateaus
was selected as a rough approximation of SMB conditions. With the
knowledge obtained on the adsorption isotherms and the resulting
ability to estimate SMB concentration profiles in the now much bet-
ter defined potential operating region, the isotherm determination
method can in principle be refined to better represent SMB condi-
tions, which then would potentially yield improved SMB operation
predictions. However, at least for our purposes the observed pre-
diction accuracy was satisfactory.

On the other hand simpler methods without intermediate
plateau might yield an equally good adsorption isotherm descrip-
tion. In order to check whether the method can be significantly
simplified three methods with simpler recording schemes were
assessed: (i) a recording scheme that had the same collocation
of plateaus but without intermediate plateau (“no-intermediate”);
(ii) a staircase scheme from low to high concentrations (“bottom-
up”); (iii) a staircase from high to low concentrations (“top-down”).
We performed parameter estimations with identical starting val-
ues and subsequently compared the complete separation regions
as well as the purities obtained from detailed simulations.

Very similar results were obtained for the “no-intermediate”
and the “bottom-up” scheme (Fig. 8). In both cases the area of
complete separation was lower compared to the area of complete
separation obtained with the isotherms derived from the previ-
ously validated plateau sequence with intermediate plateaus (see
Section 4.3, referred to as “intermediate” in the following) mea-
surement. Interestingly the residual between experimental purities
and purities calculated with detailed simulations are comparable
to those obtained for the “intermediate” case (Table 5).

However, while the “intermediate” case provides too optimistic
results for both raffinate and extract purities (with respect to the
graphical treatment, the area of complete separation is slightly
too large) parameters obtained using the “bottom-up” and “no-
intermediate” approach generally yielded too optimistic purities
for the extract and too pessimistic purities for the raffinate (visu-
ally speaking the triangle is shifted in direction of the lower left
side). The differences in the obtained results are also reflected
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Table 4
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Comparison of experimental and simulated purities at 25% methanol content. Exp: experimental extract purity [%]; Rexp: experimental raffinate purity [%]; Esim: simulated

extract purity [%]; Rsim: simulated raffinate purity [%].

Run Flow rate ratios Purity (%)
my my my my Experimental Simulated
Eexp Rexp Esim Rsim
M 4.42 1.23 1.51 0.5 > 99 >99 > 99 >99
N 4.47 1.28 1.65 0.65 > 99 93 > 99 90
Table 5

Comparison of experimental purities and simulated purities obtained from different plateau recording schemes—*“intermediate”: perturbation method scheme with inter-
mediate plateau; “no-intermediate”: perturbation method scheme without intermediate plateau. Eex,: experimental extract purity [%]; Rexp: experimental raffinate purity
[%]; Esim: simulated extract purity [%]; Rsim: simulated raffinate purity [%]; AE=Egm — Eexp, AR=Rsjm — Rexp.

Run Purity [%]

Experimental Simulated “intermediate” Simulated “no-intermediate”

Eexp Rexp Esim Rsim AE AR Esim Rsim AE AR
A 92 100 97 99 5 -1 97 98 5 -2
B 99 100 100 100 1 0 100 99 1 -1
C 100 76 100 80 0 4 100 73 0 -3
D 95 76 98 79 3 3 97 75 2 -1
E 100 100 100 100 0 0 100 100 0 0
F 100 75 100 86 0 11 100 72 0 -3
G 100 100 100 100 0 0 100 97 0 -3
H 100 93 100 100 0 7 100 89 0 -4
1 100 100 100 100 0 0 100 100 0 0
] 95 100 100 100 5 0 100 100 5 0
K 93 100 94 100 1 0 96 100 3 0
L 100 68 100 71 0 3 100 62 0 -6
Sum of AE or AR: 15 26 16 -25

in the deviations in perturbation retention times. In particular,
the retention times at smaller concentrations of the “intermedi-
ate” approach are significantly higher than the retention times
obtained with the “bottom-up” or “no-intermediate” approach,
which indicates that the memory effect is less pronounced by
these schemes (for a complete list of retention times please refer
to Table S5 in the supplementary material). The shifted position
of the triangle can mechanistically only be explained by inac-
curate isotherm parameterization while the overestimation of
the complete separation region is often associated with column
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Fig. 8. Comparison of complete separation regions obtained from different per-
turbation method collocation schemes. Solid line: “intermediate”; light dots:
“no-intermediate”; dashed: “top-down”; dot dashed: “bottom-up”.

heterogeneity [28,29]. Consequently, the “intermediate” method
should be preferred.

When applying the “top-down” scheme very similar results to
the “intermediate” case were obtained (Fig. 8) indicating that this
method can potentially substitute the experimentally more expen-
sive intermediate plateau approach. In this approach the column is
subjected to high concentrations of solute right at the beginning of
the procedure for a rather long time leading to an activation of the
column. The subsequent plateaus are all approached by desorption
from a higher concentration plateau although the difference to the
preceding plateau is much reduced compared to the “intermediate”
case. Nevertheless the memory-effect seems to be similarly pro-
nounced judging by the retention times at smaller concentrations
(Table S5)indicating that the memory effect is captured sufficiently.
Consequently, similar good results are obtained in the SMB design.

4.5. Robustness of SMB operation

Long term stability is a crucial property in any continuous pro-
cess such as an SMB separation. We investigated the robustness of
the separation of racemic methionine over a time range of 68 h and
chose the operating conditions of experimental point B of Table 2
(10% methanol). After 24 h of stable operation (as judged by con-
stant raffinate and extract purities) the temperature was increased
by 1.5°C and samples were taken to determine the extract and
raffinate purities. While the extract purity remained constant at
>99% p-methionine, raffinate purity decreased to 98% L-methionine
(Fig. 9).

This is in agreement with the general feature of chromato-
graphic separations that adsorption strength and thus retention
times decrease with increasing temperature. Decreased adsorp-
tion strength leads to lower positions of a putative triangle in the
my—-myy plane. Thus, an experimental point that was in the region
of complete separation will be in the pure extract (and impure
raffinate) region at higher temperature. Preliminary experiments
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Fig.9. Long term stability of SMB operation. The raffinate purity is strongly depend-
ent on the temperature.

with finite injections at different temperatures already indi-
cated the strong dependence of this chromatographic system on
temperature. When operation was returned to the standard 22 °C,
raffinate purity again increased to >99% and complete separation,
as predicted by simulation, was achieved again. The long term SMB-
experiment confirms that the presented chromatographic system
is very sensitive towards changes in temperature and therefore
requires an adequate temperature control. More importantly, we
could demonstrate that stable SMB operation is possible using such
memory effect constrained columns supporting our initial assump-
tion that the adsorption behaviour assumes a steady state under
SMB conditions.

5. Concluding remarks

Stable SMB operation over 3 days clearly suggests that SMB
enantioseparation of amino acids employing Chirobiotic TAG
columns in aqueous/organic medium constitutes a viable process
option despite the well-documented memory effect that severely
influences the adsorption behaviour under such conditions. As
expected, the key to reliable process design was to ensure an
activation of the stationary phase prior to adsorption isotherm
determination. To this end, a perturbation method was applied
in which the sequence of concentration plateaus was adapted
to mimic SMB-like conditions. The obtained parameterizations
indeed enabled accurate SMB design as demonstrated by the good
agreement between model prediction and experimental SMB runs.
This is - to our knowledge - the first report of an SMB enan-
tioseparation of racemic amino acids using commercially available
macrocyclic glycopeptide columns. Having demonstrated the use-
fulness of the design procedure, the true potential of this type
of column for amino acid enantioseparation can now be system-
atically assessed. As we could show in this work the isotherms
become more favourable with increasing organic solvent concen-
tration. On the other hand, the solubility of amino acid decreases
with increasing methanol-content, thus limiting the feed concen-
tration. Consequently, a true productivity optimum with respect to
the organic solvent concentration exists. Obviously identification of

this optimum requires the determination of adsorption isotherms
as function of solvent composition, which is well within the scope
of the here introduced method.
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