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Abstract

Solid support-free liquid-liquid chromatography (LLC) uses the two phases of a
biphasic solvent system as the mobile and stationary phases, granting this preparative
separation technique advantageous characteristics of both conventional chromatography (high
selectivity) and liquid-liquid extraction (high sample loading) in addition to high process
flexibility. The ability to switch the roles of the mobile and stationary phases during a separation
run has allowed the development of a variety of operating modes unique to LLC. One such
operating mode, trapping multiple dual mode (trapping MDM), can be used as an alternative
to standard batch injections for ternary separations of intermediately-eluting target
components. Such separations are regularly encountered in the expanding natural products
sector in which LLC has found its niche. Despite its advantages, the use of a biphasic system
as the mobile and stationary phases in LLC poses several design challenges as well. Changes
to the thermodynamic or hydrodynamic equilibrium of the two phases in the column, caused
by feed introduction or alterations in the process conditions, can affect both process stability
and separation performance. Additionally, complex operating modes such as trapping MDM
require rational approaches for the selection of multiple interdependent operating parameters.

To address these challenges, this thesis establishes a model-based design approach
for trapping MDM separations under maximized-throughput conditions. Special focus is placed
on the use of simple preliminary experiments (shake flask, phase volume ratio, settling time,
and stationary phase retention measurements) to determine the limiting feed concentration
and mobile phase flow rate for stable operation, as well as on process modeling approaches
for rational selection of the set of five interdependent trapping MDM operating parameters (step
durations during the Loading and Separation stages in the two elution modes, number of
cycles). The process modeling approaches vary in complexity and involve a linear, ideal short-
cut model for initial identification of the valid operating parameter space, followed by
determination of the parameter set resulting in maximized throughput. Separation performance
predictions are made using either the short-cut model or the more detailed equilibrium stage
model, which takes non-ideal band broadening effects into account.

The model-based design approach was successfully applied to experimental trapping
MDM separations of ternary mixtures of model components as well as to a complex natural
product mixture obtained from an industrial side stream. The approach was also implemented
in a thorough comparison study of trapping MDM and batch injection performance, resulting in
helpful guidelines for operating mode selection. The investigations performed in this thesis
demonstrate the high potential of trapping MDM for difficult (¢ <1.3) high-throughput
separations of intermediately-eluting components. More broadly, the proven model-based
design approach aids in lowering the barrier to the acceptance and implementation of LLC as

a downstream processing technique in the natural products field and beyond.






Kurzzusammenfassung

In der Flussig-Flissig Chromatographie (,liquid-liquid chromatography®, LLC) werden
beide Phasen eines zweiphasigen Losungsmittelsystems als mobile und stationare Phase
verwendet. Dadurch werden die vorteilhaften Eigenschaften der konventionellen
Chromatographie (hohe Selektivitdt) und der Flussig-Flussig-Extraktion (hohes
Probenaufkommen) kombiniert. Die Méglichkeit, wahrend des Betriebs die Rollen der mobilen
und der stationdren Phase zu wechseln, hat zu der Entwicklung einer Vielfalt an LLC-
spezifischen Betriebsmodi geflihrt. Ein solches Beispiel ist der ,trapping multiple dual mode*
(,trapping MDM®), der eine Alternative zu der standardmafiigen Verwendung von ,batch
injections® (chargenweisen Probeninjektionen) fur die Auftrennung intermediar eluierender
Zielkomponenten darstellt. Trotz vieler Vorteile bringt die Verwendung zwei flissiger Phasen
in LLC auch Herausforderungen in der Prozessauslegung mit sich. Eine Anderung des
thermodynamischen oder hydrodynamischen Gleichgewichtes zwischen den zwei Phasen in
der Saule, die durch das Einspeisen der Feedlosung oder Anderungen der
Prozessbedingungen verursacht wird, kann sich auf die Stabilitdt des Prozesses und die
Trennleistung auswirken. Zudem fordern komplexe Betriebsmodi wie ,trapping MDM* rationale
Vorgehensweisen fir die Auswahl von mehreren zusammenhangenden Betriebsparametern.

Um diese Herausforderung zu bewaltigen, wurde in dieser Arbeit ein modellbasierter
Ansatz fur Trennungen mit Hilfe von ,trapping MDM* unter maximalen Durchsatzbedingungen
entwickelt. In einfachen Vorversuchen wurden die limitierende Feedkonzentration und
Durchflussrate der mobilen Phase fir einen stabilen Betrieb bestimmt. Um die finf
voneinander abhangigen ,trapping MDM“Betriebsparameter auszuwahlen, wurde ein
zweistufiger Prozessmodellierungsansatz verwendet. Hierbei wurden zuerst die mdglichen
Parametersatze mit dem ,short-cut” (Kurzverfahren) Modell, das auf den Annahmen der
linearen und idealen Chromatographie basiert, identifiziert. Danach wurde der Parametersatz,
der zum maximalen Durchsatz fuhrt, entweder mit Hilfe des ,short-cut® Modells oder des
detaillierteren Gleichgewichtsstufenmodells, welches nicht-ideale Bandverbreiterungseffekte
bericksichtigt, festgelegt.

Der modellbasierte Ansatz wurde erfolgreich auf die experimentelle Trennung ternarer
Mischungen von Modellkomponenten mittels ,trapping MDM*“ angewendet sowie auf ein
komplexes Naturstoffgemisch gewonnen aus einem industriellen Nebenstrom. Dieser Ansatz
wurde auch in einer umfassenden Vergleichsstudie Gber die Leistung von “trapping MDM* und
Lbatch injections” angewendet. Die durchgefiihrten Untersuchungen dieser Arbeit zeigen das
groRe Potential von ,trapping MDM* bei schwierigen Trennungen (a <1.3). Darlber hinaus
tragt die bewahrte modellbasierte Vorgehensweise dazu bei, die Hirde fiir die Akzeptanz und

Implementierung von LLC als Weiterverarbeitungstechnik zu senken.






1. Introduction

Solid-support free liquid-liquid chromatography (LLC), encompassing both
countercurrent chromatography (CCC) and centrifugal partition chromatography (CPC), is a
preparative separation technique combining characteristics of conventional liquid-solid
chromatography and liquid-liquid extraction [1]. The result is a versatile and highly adaptable
unit operation that can simultaneously exhibit high selectivity and high feed loadings. In LLC,
the mobile and stationary phases are the two phases of a liquid-liquid biphasic system.
Separation of a feed mixture is achieved owing to differences in feed solute partitioning
between the two phases, which affect the propagation velocities of the solutes through the
column. Either of the two phases of the biphasic system may be used as the stationary phase,
which is held in place during operation in a specially-designed column by the application of
centrifugal force. The other phase, used as the mobile phase, is pumped through the stationary
phase. The roles of the two phases and the mobile phase flow direction may be simultaneously
switched during operation, leading to a reversal of the elution order of feed solutes [2]. This
unique characteristic of LLC has allowed for the development of several operating modes
without a liquid-solid chromatography equivalent [3-6].

The use of the two phases of a liquid-liquid biphasic system as the mobile and
stationary phases imposes several design challenges concerning their hydrodynamic and
thermodynamic equilibria within the column during operation. At hydrodynamic equilibrium, the
flow patterns of the two phases and the stationary phase volume retained in the column remain
constant, leading to a constant degree of band broadening during the chromatographic
process (i.e., efficiency). The hydrodynamic conditions in the column are dependent on the
properties of the selected biphasic solvent system [7, 8], the column geometry [9, 10], and the
operating parameters (e.g., mobile phase flow rate, column rotational speed [7], temperature
[11]). Additionally, the mobile and stationary phases are subject to the thermodynamics of
liquid-liquid equilibria, with the implication that a change in composition in one phase induces
a change in the other. Compositional changes brought about by feed introduction or a change
in the process conditions may be accompanied by alterations in the physical properties (e.g.,
density, viscosity, interfacial tension) and volume ratio of the phases, leading to altered flow
patterns that impact the hydrodynamic equilibrium. This can cause operational instability,
observed as stationary phase loss, as well as deviations from predicted solute retention and
band broadening behavior, all of which can negatively impact separation performance [12-15].
Such unwanted effects are rarely reported, however, as they are generally part of the
development phase and not included with the successful final results [14]. Mitigating
disruptions of the thermodynamic and hydrodynamic equilibria is especially critical in the
design of high-throughput preparative LLC separations, which are conducted at high flow rates

and feed loadings of high volume and concentration. Since it is not yet possible to fully describe
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the complex interplay of the operating parameters, the system thermodynamics and
hydrodynamics, and their effects on stability and performance, preliminary experimental
measurements must be used to determine practical operating parameter limits.

LLC is primarily used for the isolation of natural product compounds obtained from plant
extracts [16, 17]. Given their natural origin, these crude or pre-purified extracts are often
complex mixtures containing molecules of both similar and different sizes, structures,
polarities, and degrees of hydrophobicity. The target component to be isolated commonly has
an intermediate elution velocity relative to the other solutes in the mixture. This results in the
need for a ternary separation strategy, i.e., separation of the earlier- and later-eluting
components from the intermediately-eluting target. When using the standard batch injection
operating mode with feed injection followed by isocratic elution with the mobile phase, overlap
of neighboring impurities with the target component peak is often encountered, leading to
reduced target purities and yields. An alternative LLC operating mode for difficult ternary
separations in which the target and impurities exhibit low separation factors («<1.5) is trapping
multiple dual mode (trapping MDM). Trapping MDM takes advantage of the possibility to switch
the roles of the mobile and stationary phases during operation. The intermediately-eluting
target remains “trapped” on the column while becoming increasingly separated from its
neighboring impurities during successive cycles of phase role switching and mobile phase flow
direction reversal. Although trapping MDM can offer improvements in separation performance
over batch injections, its increased complexity introduces several additional, interdependent
operating parameters, complicating separation design. Using the inefficient design approaches
based on user experience and trial-and-error that have long been the norm in LLC, it is nearly
guaranteed that separation performance will be sub-optimal, if a successful separation is
achieved at all.

Separation design in LLC is currently moving away from heuristic and trial-and-error
based approaches toward more structured, rational strategies for operating parameter
selection [17]. The development and implementation of thorough, model-based design
approaches considering the particularities of LLC processes (i.e., the effects of the
hydrodynamics and thermodynamics of the biphasic system on separation performance) are
needed. Model-based design strategies have been applied for sequential centrifugal partition
chromatography (sCPC), a continuous binary separation process, in [18, 19] and specifically
for maximized throughput in [20]. By coupling preliminary experiments for determination of
operating parameter limits with process models of varying degrees of complexity, model-based
design approaches allow for streamlined operating parameter selection, prediction and
optimization of separation performance, and the ability to perform comparison studies with
process alternatives. The required level of model complexity will depend on the

implementation. Simple short-cut models based on linear, ideal chromatography assumptions
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are useful for identification of valid combinations of interdependent operating parameters and
rudimentary predictions of process performance, whereas more detailed models taking band
broadening effects into account [21] can provide a more accurate description of the separation.
The implementation of advanced LLC operating modes with several interdependent
parameters, such as trapping MDM, can greatly benefit from these model-based design
approaches. The establishment and demonstrated effectiveness of such approaches will help
further industrial acceptance of the LLC technique, for which demands of high process stability
must be met under high-throughput conditions to ensure economic feasibility and consistent
product quality.

This thesis focuses on the rational design of trapping MDM separations for the
separation task most frequently encountered in natural product isolation: difficult ternary
separations involving an intermediately-eluting target component under requirements of high
throughput and high purity and yield. The objectives of this thesis are (1) to develop and
validate a model-based design approach for trapping MDM operating parameter selection and
(2) to further demonstrate the effectiveness and flexibility of this approach through its
implementation in varying contexts, including throughput maximization and operating mode
comparison studies. The relevant theory and background information is presented in Section 2,
followed by the thesis results in the form of four publications in Section 3. A comprehensive
discussion of the paper findings is conducted in Section 4. Overall conclusions are made in

Section 5, followed by an outlook for related future investigations in Section 6.

11



12



2. Theory and background

This section includes an introduction to the principles of liquid-liquid chromatography
(LLC) (Section 2.1) and the key characteristics of centrifugal partition chromatography (CPC)
(Section 2.2). The LLC operating modes for ternary separations, batch injections and trapping
MDM, are then described (Section 2.3). A presentation of the importance of considering the
thermodynamics and hydrodynamics of the two-phase system during separation design
follows (Section 2.4). Next, the LLC process modeling approaches relevant for this thesis are
detailed (Section 2.5). Lastly, the model-based approach for the design of high throughput
separations is described (Section 2.6).

2.1 Fundamentals of liquid-liquid chromatography

The equipment set-ups for conventional liquid-solid chromatography and LLC share
the same basic elements: a pump system, an automated or manual feed injection port, a
chromatography column, an online detection unit (e.g., UV-Vis), and a fraction collection unit.
Different from liquid-solid chromatography, in place of a solid stationary phase and a liquid
mobile phase that can be selected independently, the mobile and stationary phases in LLC are
the two phases of a liquid-liquid biphasic system and are therefore chosen simultaneously.
During an LLC separation, the total column volume, V., is occupied by the mobile and

stationary phase volumes, V™ and V5, respectively (Equation (1)).
Ve=VM"+V3 (1)

The biphasic systems used in LLC are typically composed of three to four organic
solvents. Solvent system families such as HEMWat (n-hexane/ethyl acetate/methanol/water)
[22] and ARIZONA (n-heptane/ethyl acetate/methanol/water) [23] are widely used, as they
generally provide sufficient stationary phase retention and offer a wide polarity range that can
be tuned by altering the volumetric ratios of the four solvents according to published tables.

The stationary phase is held in place by the application of centrifugal force through
column rotation while the mobile phase is pumped through it. Under conditions of
hydrodynamic equilibrium, the flow patterns and stationary phase volume in the column remain
constant. The stationary phase volume retained during operation is described by the stationary

phase retention or stationary phase fraction, Sy (Equation (2)).
S
_Y )

S¢ is dependent on the column geometry, the physical properties of the mobile and

stationary phases, and the operating parameters (e.g., mobile phase flow rate, rotational
speed). This is a key difference to liquid-solid chromatography, in which the surface area of

13



the solid stationary phase available for interaction with the feed solutes is determined at the
time of column packing and generally remains independent of the process conditions. Although
an Sy of approximately 0.5 or higher is recommended to achieve satisfactory resolution, lower
values may also be acceptable, depending on the difficulty of the separation [24].

In LLC, separation of a feed mixture is achieved due to the differing partitioning
behavior of the feed solutes between the two liquid phases, resulting in different velocities with
which they travel through the column with the mobile phase and arrive at the outlet. The affinity
of a component k to the stationary phase is quantified by the partition coefficient (distribution
constant), K, defined as the ratio of the concentrations in the stationary and mobile phases, cj
and ¢}, at thermodynamic equilibrium (Equation (3)). At thermodynamic equilibrium, the
temperature, pressure, and chemical potential of all chemical species (i.e., the solvents and
feed solutes) are uniform throughout the two-phase system, meaning that the compositions of
the two phases on a solute-free basis and the solute concentrations in the two phases remain
unchanged with respect to time [25]. Consequently, the physical properties of the two phases
(e.g., density, viscosity, interfacial tension) remain constant as well.

o
Ky = o (3)

Next to high feed mixture solubility and satisfactory stationary phase retention, the
partition coefficient serves as a key screening parameter in solvent system selection. Target
compound partition coefficients in the so-called sweet spot range between 0.4 and 2.5 [22] are
preferred when using the standard batch injection operating mode, as this provides a
compromise between high resolution and fast separation. Up to a certain concentration, known
as the linear range of the partition isotherm, a plot of c; vs. ¢ yields a linear curve. Within this
range, solute partitioning can be considered independent of concentration and constant. As
further discussed in Section 2.4.1, operation within the linear range is preferred in LLC, differing
from preparative liquid-solid chromatography separations typically conducted in the non-linear
range.

Either phase of the biphasic system, the less-dense upper phase or denser lower
phase, may be used as the stationary phase. This results in two possible elution modes. In the
ascending (As) elution mode, the lower phase is stationary and the upper phase mobile; in the
descending (Des) elution mode, the upper phase is kept stationary and the lower phase is
used as the mobile phase. When switching from one elution mode to the other, the mobile
phase flow direction must be reversed. The partition coefficient definitions with respect to the
stationary and mobile phases of the Des and As modes are given by Equation (4), with the

superscripts U and L referring to the upper and lower phases.

X B cy 1 )
Des,k — C,% - KAs,k
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Itis seen that the partition coefficient values for a component k in the two elution modes
are inversely related. Therefore, for two components A and B with Kpes 4 < Kpes 5 in Des mode,
switching to As mode results in Ky 4 > K45 5. Accordingly, A has the highest velocity and elutes
first in Des mode; in As mode, B moves fastest and elutes first from the opposite end of the
column, as the mobile phase flow direction is reversed as well.

The difficulty of a separation can be quantified by the separation factor (selectivity),
ay ., Where K;, > K; (Equation (5)). The greater the separation factor, the easier the separation,
i.e., it can be achieved at lower theoretical stage numbers (further described below). A

separation is no longer thermodynamically possible at a separation factor of unity.

— Kk 5

A1 = K, ()
In LLC, solute retention is often described using retention volumes, Vg, instead of
retention times, tr ;. Both terms are used in this thesis. Under linear (i.e., K} independent of
solute concentration), ideal chromatography conditions (i.e., neglecting band broadening due
to axial dispersion and mass transfer resistance, instantaneous partition equilibrium), and with
F as the mobile phase flow rate, Vr , and tg, can be calculated using Equation (6). A detailed

derivation of Vg . is found in Appendix A.
Ve = Ftgr = VM + K, VS (6)

The propagation velocity of solute k, vy, is given by Equation (7).

Vg = Vi (7)

The position of the band front (front of solute concentration profile inside the column)
of solute k as a fraction of the column “length”, x,, is related to the velocity, v, and elapsed

time since injection, t, according to Equation (8).
Ukt = Xk (8)

The band front positions and propagation velocities calculated for linear, ideal LLC play an
integral role in the derivation of the short-cut models described in Section 2.5.1.

The retention volume equation (Equation (6)) can be alternatively expressed in terms
of the stationary phase fraction (Equation (9)).

VR,k = Vc[l + Sf(Kk - 1)] (9)

From inspection of Equation (9), it is seen that an increase in Sy leads to an increase in Vg
when K, > 1, and a decrease when K; < 1. When K, = 1, the retention volume is equal to the
column volume, V¢, and independent of S;. Therefore, an increase in Sy cannot be generalized

as resulting in an improved separation.
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Under the non-ideal conditions of a real separation, band broadening resulting from
axial dispersion and mass transfer resistance occurs, resulting in dispersed elution profiles.
The degree of band broadening undergone by a solute k can be described by the efficiency,
N, also known as the number of theoretical plates or stages. N, is the equivalent number of
hypothetical stages at which the thermodynamic partition equilibrium of the solute between the
two phases is obtained during a separation run. High column efficiencies are preferred,
corresponding to narrow, less dispersed elution profiles and, as a result, less detrimental
overlap of target and impurities at the outlet. Whereas N, values in the thousands are common
in liquid—solid chromatography, only hundreds of theoretical plates are typically encountered
in LLC. Satisfactory separations are nevertheless possible due to the extremely high ratio of
stationary phase available for solute interaction to mobile phase compared to that of liquid-
solid chromatography [26].

N, is experimentally determined from elution profiles obtained from pulse injections
performed at low feed concentrations (i.e., in the linear range of the partition isotherm) and low
injection volumes. When N, >100 and dispersion attributed to off-column volumes is negligible,
pulse injections are expected to result in Gaussian elution profiles (peaks) [27]. N, is then
related to the variance, oy, and the retention time, tg,, which is equivalent to the peak

maximum, by Equation (10).
2

N, = (2£) (10)

Ok

2.2 Centrifugal partition chromatography

There exist two main column types in LLC: countercurrent chromatography (CCC) and
centrifugal partition chromatography (CPC) columns. All experimental trapping MDM
separations in this thesis were performed using CPC. CPC columns have a single axis of
rotation, subjecting the mobile and stationary phases to a constant, time-independent
centrifugal field. Mixing and mass transfer between the two phases takes place within small
geometrical volumes referred to as cells. The cells are connected in series by narrow channels
through which the mobile phase flows. A CPC column, also called a rotor, consists of a set of
stacked stainless-steel disks from which the cells and channels have been cut. Disks are
separated by Teflon sheets. Each disk contains an inlet and outlet aligned with corresponding
perforations in the Teflon sheets to allow flow of the mobile phase from one disk to the next. A
representative illustration of the CPC disks and sheets is found in Figure 1. Figure 2 depicts a
fully assembled CPC rotor.
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Mobile phase Mobile phase
inlet/outlet inlet/outlet

Chamber

Duct

Stainless-steel disk Teflon sheet

Figure 1. Disks and sheets of a centrifugal partition chromatography column.

Mobile phase
inlet/outlet

‘%E_,_a Rotary seal
]

Disk with chambers ——» Teflon sheet
and ducts

Mobile phase
l inlet/outlet

Figure 2. Assembled centrifugal partition chromatography column (rotor).

The CPC design was first reported in the early 1980s following the development of
reliable rotary seal joints [28], which ensure leak-proof connection of the mobile phase inlet
and outlet tubes to the column at high rotational speeds. CPC columns with volumes between
25 ml and 18 | are currently available [29, 30]. Larger CPC columns up to 25 | consisting of
cartridge-like cells with the ability to process kilograms of crude extract per day have also
recently entered the market [31].

The two LLC elution modes, ascending (As) mode and descending (Des) mode, are
depicted for CPC in Figure 3. In As mode, the mobile upper phase is pumped through the lower
stationary phase in the cells in the radial direction, toward the axis of rotation. The opposite is
the case in Des mode, in which the lower phase is used as the mobile phase and is pumped

through the less dense stationary upper phase, away from the axis of rotation.
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Descending mode (Des)

centrifugal
farce

Ascending mode (As)

centrifugal

Figure 3. Descending and ascending elution modes in centrifugal partition chromatography.
White shading: upper phase. Gray shading: lower phase.

2.3 Operating modes for ternary separations

The preparative separation of natural products from complex starting mixtures often
involves the isolation of an intermediately-eluting compound. Such a target has an intermediate
partition coefficient and may exit the column between potentially hundreds of earlier- and later-
eluting compounds. To simplify the description and design of the separation process, it is often
sufficient to represent the mixture by two or three solutes of interest: the target component and
main impurities. This reduces the complex mixture to a pseudo-ternary one (see depiction in

Figure 4).

>w

>
t

Figure 4. Representation of a complex multi-component mixture as a pseudo-ternary mixture

of target component B and neighboring impurities A and C.

The two operating modes for ternary separations in LLC, batch injections
(Section 2.3.1) and trapping MDM (Section 2.3.2) are described for simplified mixtures of three

18



components, A, B, and C, with relative partition coefficient values Kpos 4 < Kpesp < Kpes,c In

Des mode and Ky 4 > K55 > Kysc in As mode. B is the intermediately-eluting target.

2.3.1 Batch injections

Batch injections consist of a single, discontinuous injection of the feed followed by
isocratic elution with the mobile phase in As or Des mode. The feed is typically dissolved in
the corresponding mobile phase of the elution mode. The batch injection operating mode is
depicted in Figure 5.

A minimum separation factor of 1.5 between the target and nearest-eluting impurities
is recommended for successful batch injection separations [24]. Although batch injections have
the advantage of being easy to implement and typically possible on all CPC units, elution profile
overlap often occurs under the high feed volume loading conditions desired for preparative
separations. When high purities are required, low injection volumes or heart-cutting of the
target fraction becomes necessary, to the detriment of the throughput and the product yield,
respectively.

Batch injection

‘."‘":+B+"7.
As &D —
mode
or

Des A+B+C
mode &'

Figure 5. Batch injection operating mode. White shading: upper phase. Gray shading: lower

phase.

Column hardware permitting, several process options can be implemented to help
overcome the performance limitations of batch injections, such as elution extrusion mode [32-
34], narrowly-timed stacked injections [35-37], closed-loop recycling of the mobile phase
effluent [38-40], and reinjection of the heart-cut fraction with the same [41-43] or a different
solvent system [44-46]. All of these have certain limitations and drawbacks, however, and are
not particularly well-suited to the tandem goals of high feed loading and fast separation.
Trapping MDM can be a useful alternative to these batch injection variations when faced with

difficult ternary separations of complex mixtures.
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2.3.2 Trapping multiple dual mode

Trapping MDM is a discontinuous operating mode for the separation of intermediately-
eluting target compounds from (pseudo-)ternary mixtures. High throughput separations at low
selectivities are made possible by a virtual “lengthening” of the column achieved by performing
multiple cycles of alternating As and Des steps. Trapping MDM is performed on a CPC set-up
consisting of two identical columns mounted on separate rotors and connected in series. The
set-up also includes two mobile phase pumps, two feed solution pumps, two UV-Vis detectors,
and two fraction collectors. One of each pair of pumps, detectors, and fraction collectors is
active at a time, depending on the elution mode (As or Des). In trapping MDM, the feed pumps
introduce the feed between the two columns in the flow direction corresponding to the elution
mode. Additional details regarding the CPC set-up used in the investigations of this thesis are
found in Appendix B.

The trapping MDM process consists of three stages, as depicted in Figure 6: Loading,
Separation, and Recovery. During the Loading stage, pre-determined volumes of the feed
solutions dissolved in the upper and lower phases are introduced between the two columns in
the corresponding elution mode during a single cycle. The As and Des feed solutions are
prepared by allowing the starting mixture to mix with and equilibrate between the two phasesin
a single vessel, before being split into separate reservoirs. In the second stage, Separation,
multiple cycles are performed, each consisting of one As and one Des step. Pure mobile phase
(upper phase in As mode; lower phase in Des mode) is pumped from the corresponding inlet
at one end of the two-column unit. The Separation stage step durations are selected with
respect to those of the Loading stage to prevent the target B from reaching either outlet.
Meanwhile, with each cycle components A and C experience a net movement toward the Des
and As mode outlets, respectively, increasing their degree of separation from B. During
Separation, A and C may elute from the column outlets completely, partially, or not at all. Once
a satisfactory degree of separation of A and C from B is reached, the Recovery stage is started.
A single elution mode step performed in As or Des mode allows B to be collected in purified

form and any remaining portions of the A and C solute bands to leave the column completely.
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Figure 6. Trapping multiple dual mode process for the separation of an intermediately-eluting
target (B) from a ternary feed mixture (A, B, and C). White shading: upper phase. Gray
shading: lower phase.

As in other flow reversal operating modes (e.g., SCPC), a solvent system in which the
target has a partition coefficient close to unity is preferred. This allows for selection of As and
Des steps of similar duration, leading to similar solvent consumption in both elution modes [19,
47]. A pre-set 50/50 ratio of the upper and lower phases is also recommended, as this
corresponds to an Sy of 0.5 [48] and similar column efficiency in both elution modes when the
mobile phase flow rates are the same [19]. Step durations should additionally be as long as
possible to avoid excessive valve wear and to subject the feed solutes to a high number of
theoretical stages in each cycle [19]. Achievement of a successful trapping MDM separation
hinges on appropriate selection of the Loading and Separation stage step durations, as well
as the number of Separation stage cycles. Given the interdependent nature of these
parameters, it is unlikely that a trial-and-error selection approach will produce a viable

separation.
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2.4 Considerations for preparative separation design

Viewed as a preparative separation technique for use in industrial settings, the design
of LLC separations aims to maximize throughput, i.e., the amount of feed processed per unit
time, while simultaneously ensuring stable, predictable operation. These objectives lay in
opposition to each other, since high feed loading and fast separation conditions can adversely
affect performance, whereas conservative parameter selection prioritizing stable operation is
not conducive to obtaining high throughput. The goal is therefore to identify the maximum feed
concentration and flow rate at which the process stability and predictability are not
compromised by, e.g., stationary phase loss. This requires consideration of the interdependent
effects of multiple parameters on the system thermodynamics and hydrodynamics, described
in Section 2.4.1 and Section 2.4.2, respectively. These interdependencies are illustrated by

the flow diagram in Figure 7.

Solvent system parameters Feed parameters
Solvents Composition
Volumetric composition Concentration

THERMODYNAMICS
Phase compositions
Solute partitioning

Physical properties of phases
Density
Viscosity
Interfacial tension
Volume ratio

Column design parameters
Geometry
Material

Column operating parameters
Flow rate
Rotational speed

HYDRODYNAMICS
Stationary phase fraction
Flow patterns

Elution mode

Band broadening phenomena
Axial dispersion
Mass transfer resistance
Dead zones
Back-mixing

SEPARATION
PERFORMANCE

Figure 7. Interdependent effects of operating parameters, thermodynamic and hydrodynamic

conditions, and physical phenomena on separation performance.
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2.4.1 Thermodynamics

Following column preparation with the selected solvent system at the desired S, the
mobile and stationary phases in the column are assumed to be at thermodynamic and
hydrodynamic equilibria prior to feed introduction. From an LLC process standpoint, the
original thermodynamic equilibrium is maintained when the compositions of the phases on a
solute-free basis remain constant. High solute concentrations in the feed can give rise to
solute-solute and solute-solvent interactions, leading to variations in phase composition and
solute partition equilibria [49]. Above a certain solute concentration, partition equilibria and the
resulting partition coefficients can no longer be considered independent of concentration nor
constant, i.e., a departure from the linear range of the partition isotherm occurs. As changes
in phase composition are accompanied by changes in solute partitioning, it follows that partition
coefficient measurements can be used as an indirect indication of preservation of the
thermodynamic equilibrium of the system.

In addition to feed introduction, changes in temperature can also affect the phase
equilibria, their physical properties, and solute partition equilibria [11, 50-52]. Therefore,
separation conditions should be kept as close to isothermal as possible, through temperature
control of the mobile phase, feed solution, and the column unit. Temperature effects were not
investigated within the scope of this thesis.

Changes in the phase compositions resulting from presence of the feed solutes or
temperature changes can alter the physical properties of the two phases (e.g., density,
viscosity, interfacial tension) as well as the phase volume ratio [49], especially when working
with solutes that primarily partition into one phase. These changes can, in turn, affect the
hydrodynamics and the outcome of the separation, as described in Section 2.4.2. When the
physical properties of the feed solution (typically prepared in the mobile phase) substantially
differ from that of the solute-free mobile phase, the injected feed behaves as a third phase that
is not in thermodynamic equilibrium with the two phases of the solvent system. This
unequilibrated state can lead to considerable or, when feed injection leads to miscibility of the
mobile and stationary phases, even complete stationary phase loss [14].

LLC separations are therefore preferably performed in the linear partition isotherm
range [53]. In addition to improved process stability gained at lower feed concentrations, this
allows application of the linear chromatography assumption, greatly simplifying process
modeling and performance prediction. Given the volumetric nature of solute partitioning in LLC,
linear range operation is far less detrimental to process throughput than in liquid-solid
chromatography separations at similar scale, in which only the stationary phase surface is
available for solute adsorption. For comparison, the upper feed concentration limit of the linear
partition isotherm can be up to approximately 100 mg ml"' in LLC, whereas for silica-packed or

reversed phase solid stationary phase columns the upper limit is typically only a few mg ml-!
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[54]. However, the precise limits are highly dependent on the solvent system and feed. Reports
of experimental determination of the linear range appear only sporadically in the LLC literature
[65-57].

In liquid-solid chromatography, non-linear adsorption isotherm data are often fit to
standard mathematical models (e.g., Langmuir) for use in process modeling. In such
adsorption isotherm models, the mobile and stationary phase compositions are considered
independent of solute concentration, an assumption that cannot be applied in LLC. In liquid-
liquid extraction, changes in phase compositions and solute partitioning induced by solute
concentration can often be simultaneously described using a ternary diagram with the two
solvents and the target solute as the three components. In LLC, the solvent system alone often
consists of three or four solvents, and at the very minimum two feed solutes are of interest for
the description of the process. Currently, a complete representation of the liquid-liquid

equilibrium of all solvents and solutes would be highly complex and time-consuming task.

2.4.2 Hydrodynamics

Whereas the information in Section 2.4.1 is applicable to both CCC and CPC
separations, the vastly different geometries and constructions of the two column types renders
the following only applicable to CPC. In CPC, the hydrodynamic equilibrium state is defined by
the flow patterns, namely mobile phase dispersion and coalescence, as well as back-mixing
and dead zones in the stationary phase, and the resulting stationary phase retention [58].
Hydrodynamic equilibrium is reached within a cell when the mobile phase residence time and
the necessary settling time (also called coalescence time; not equivalent to off-column settling
time measurements) are equal [59]. The overall stationary phase fraction in the column
remains constant, i.e., no stationary phase loss occurs. Three parameter categories affect the
CPC hydrodynamics: the column parameters (cell geometry, cell material), the physical
properties of the biphasic solvent system (density, viscosity, interfacial tension, phase volume
ratio; including any changes caused by introduction of the feed), and the operating parameters
(rotational speed, flow rate, elution mode) [60, 61].

For high separation performance, it is desired to have a strong degree of dispersion of
the mobile phase in the stationary phase in the form of fine droplets at the cell inlet, creating a
large interfacial area for mass transfer. Since mass transport supplies the main contribution to
band broadening in CPC [61-63], changes in the interfacial area arising from changes in flow
patterns and regimes can have a marked effect on separation performance. At the cell outlet,
fast coalescence of the mobile phase should occur to prevent stationary phase loss through
carryover of entrained droplets from one cell to the next. High stationary phase fractions

(S¢ >0.5) are generally preferred, as they often result in better resolution [52].
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Undesirable flow patterns, on the other hand, can have a detrimental effect on
separation performance. Stationary phase back-mixing caused by the Coriolis force [7] and
the presence of dead zones in which little to no phase mixing takes place [52] can lead to
increased band broadening and retention time shifts [63]. Additionally, off-column (periphery)
volumes should be kept as low as possible to prevent additional band broadening as a result

of axial dispersion in the mobile phase [61, 64].

Column parameters

The size and shape (geometry) of the CPC cells and channels as well as their material
greatly contribute to the obtained hydrodynamic equilibrium. Ideally, the geometry of the cell
inlet should promote mobile phase dispersion and that of the outlet mobile phase coalescence.
Differences in wettability of the cell and channel walls, especially at the inlet, can also greatly
affect flow patterns and dispersion [9, 52]. Several investigations comparing separation
performance between different CPC column types and geometries have been performed [10,
59, 65]. Somewhat recently, computational fluid dynamics modeling has been implemented in
cell design [9, 59]. The column geometry and construction of the CPC set-up determines the
maximum allowable column pressure drop, which poses a limitation on the operable range of
flow rates and rotational speeds for a certain solvent system. The characteristics of the column
best-suited to a particular separation task will depend on the properties of the solvent system

to be used and the difficulty of the separation to be performed.

Operating parameters

Both high rotational speeds and flow rates are generally beneficial for efficiency
because they lead to high mobile phase dispersion and therefore a greater interfacial area for
mass transfer. Neither can be increased indefinitely, however, due to an accompanying
pressure drop increase across the column [66, 67]. In the case of increasing flow rate, the
associated decrease in stationary phase retention must be considered as well. Sy decreases
at higher flow rates due to the mobile phase entering the coalescence zone near the outlet
with a high velocity, which can lead to stationary phase entrainment in the mobile phase as it
flows to the next cell. The residence time also decreases with an increase in flow rate, and the
stationary phase fraction must decrease accordingly to restore the balance between residence
time and coalescence time [7]. Multiple studies have reported that there is no further increase
in Ny or Sy above a certain rotational speed, [19, 59, 61, 68, 69]. Therefore, especially for
solvent systems of medium stability, such as those of the ARIZONA and HEMWat families, it
is recommended to determine a fixed rotational speed offering a compromise between column
pressure drop, stationary phase retention, and efficiency. The flow rate is then varied as an

independent parameter in the separation design [7].
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When switching from one elution mode (Des or As) to the other, a change in flow
pattern and stationary phase retention behavior occurs due to the switch of the roles of the
mobile and stationary phases and the flow direction, leading to the establishment of a new
hydrodynamic equilibrium state [52]. When switching between elution modes, such as during
a trapping MDM separation, the flow rates should be selected to prevent any stationary phase

loss (i.e., to maintain a constant ratio of the upper and lower phases in the column).

Physical properties

As touched upon in Section 2.4.1, the phase compositions determined by the liquid-
liquid equilibria of the solvents (and feed solutes) influence the physical properties of the two
phases, including density, viscosity, interfacial tension, as well as the volume ratio of the two
phases. Since they affect the dispersion and coalescence behavior of the phases, these
physical properties will in turn affect the hydrodynamics.

Solvent system stability, that is, the ability to obtain a high stationary phase fraction at
high flow rates, has been found to be dependent on the ratio of the interfacial tension and the
density difference between the phases, y/Ap [7, 70]. Moderate values of y/Ap are preferred
for a compromise between high stationary phase retention and high column efficiency. The
viscosity ratio between the phases was also demonstrated to be a useful estimate of system
stability [7].

A disruption of the hydrodynamic equilibrium may occur following feed introduction at
high concentrations or volumes when the physical properties of the feed solution differ greatly
from those of the pure phases of the solvent system. For example, stationary phase loss may
be observed when possible surfactant properties of the feed solutes lead to large alterations
in interfacial tension, or when relative density differences between the feed and stationary
phase may not allow for normal As or Des mode operation [14]. The occurrence and magnitude
of these detrimental effects will depend on the specific characteristics of the feed solution and

the selected solvent system and cannot be easily generalized or predicted.

2.5 Process modeling

As in conventional chromatography, there exists a wide range of modeling approaches
for the description of LLC separation processes taking varying degrees of mechanistic detail
into account and representing the column in different manners. A non-exhaustive list includes
ideal models [32, 47, 71], non-equilibrium-dispersion/transport-dispersion [61-63] and
equilibrium-dispersion [72] models, and non-equilibrium stage [73] and equilibrium stage
models [18, 72, 74, 75]. All models in the LLC literature assume constant Sy and linear
conditions, the reasons for which are elaborated in Section 2.4.1. The work in this thesis is

primarily focused on the design and modeling of trapping MDM through implementation of an
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ideal short-cut model (Section 2.5.1) with or without additional, more detailed simulations using

the equilibrium stage model (Section 2.5.2).

2.5.1 Short-cut models (linear, ideal)

The ideal model, also known as the (plug flow) equilibrium model, neglects any
hydrodynamic and kinetic effects on dispersion. The separation is influenced only by
convection of the solutes with the mobile phase and the thermodynamics, described by solute
partition isotherms. The linear, ideal representation of LLC processes forms the basis of the
short-cut models and design equations collected in a review article written by the thesis author
and included in Appendix C. Short-cut models are often sufficient for initial operating parameter
selection in LLC, even for more complicated processes such as elution extrusion [32] and
continuous binary separation separations with sequential centrifugal partition chromatography
(sCPC) [71]. The ideal model-based triangle theory that has become indispensable in the
design of multi-column simulated moving bed processes in liquid-solid chromatography is
another powerful example [76-78].

The ideal chromatography assumption ignores any effects of axial dispersion, mass
transfer resistance, and non-ideal flow patterns on solute band broadening. The column is
considered to be infinitely efficient (N, — o), and all solute bands have infinitely steep
concentration boundaries, i.e., they are identical to the ideal feed injection profile and travel
unaltered through the column [79]. Local equilibrium between the mobile and stationary phases
is permanently established [27]. These simplifications allow the derivation of LLC short-cut
models based on the retention volume equation and time-dependent band front positions in
the column (see Section 2.1, Equations (6)-(8)). The resulting model equations do not require
a numerical solver, making short-cut models an easily-accessible design tool, even for those
without process modeling expertise.

The trade-off to the simplicity of short-cut models is that the ideal chromatography
assumption can lead to over-estimation of purities and yields achieved under real process
conditions. Parameter safety margins can be applied compensate for band overlap resulting
from dispersive effects. However, the magnitude of this margin necessary to ensure the
required performance will be dependent on the particularities of the separation. More detailed

models should be used when higher performance prediction accuracy is needed.

2.5.2 Equilibrium stage models (linear, non-ideal)

In the equilibrium stage model, originally developed by Martin and Synge [53], an
approximation of the column is established by its representation as a finite number of identical

equilibrium stages connected in series (the model assumptions are listed in Appendix D). Band
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broadening effects due to axial dispersion and mass transfer resistance are described by a
single parameter: the number of stages, N,,. Compared to the short-cut models, the equilibrium
stage model provides a more accurate description of the process under non-ideal conditions
and therefore better predicts separation performance, e.g., purity, yield, productivity. Despite
using a single parameter to quantify all dispersive effects contributing to band broadening,
differences in elution profiles of liquid-solid chromatography processes obtained using more
detailed models are negligible when N, >100 [27]. The use of the equilibrium stage model under
the linear chromatography assumption has been frequently reported in the LLC literature [18,
72,75, 80, 81].
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Figure 8. Equilibrium stage model representation of a liquid-liquid chromatography column.
As and Des elution modes depicted simultaneously. White shading: upper phase. Gray

shading: lower phase.

The mass balance around the i equilibrium stage (see Figure 8), independent of
elution mode, is given by Equation (11).

vWde!; vidcg;

N, dt N, dt

= FU(CIlc].i—1 - lec],i) + FL(CII€,H1 - Ci%,i) (11)

with k = 1...n, where n is the total number of solutes to be modeled and i = 1 ... N;.. For each
solute k, a set of N,, ordinary differential equations must be solved at each time t, typically with
a numerical solver. Before the start of a separation, the entire system is free of solutes. The
batch injection initial and boundary conditions in the two elution modes are listed in
Appendix D. Applying these conditions, Equation (11) can be rewritten for the As and Des
modes as Equation (12) and Equation (13), respectively. As further described in Section 2.6,
for a certain component, differing values of N, are often encountered in the two elution modes
as a result of differences in hydrodynamics and solute retention behavior. With appropriate
selection of the initial and boundary conditions, other operating modes, such as trapping MDM,

can also be modeled.
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2.6 Model-based design approach

Accurate prediction of the interdependent and cumulative effects of all LLC parameters
on separation performance (see Section 2.4) is currently not possible. Recent CPC studies
have used flow visualization experiments and dimensional analysis to describe mobile phase
dispersion [82], mobile phase coalescence [58], and stationary phase retention [8], primarily
with respect to phase physical properties and operating parameters. The resulting correlating
functions represent a promising approach for predicting hydrodynamic conditions on a solute-
free basis. However, further investigation is necessary to evaluate and improve the generality
of these findings with respect to, e.g., different solvent systems and column geometries. The
effects of feed introduction, which were not addressed, should also be explored.

Therefore, at present, a simplified design strategy for achieving the preparative
separation goal of high throughput is needed. Only a handful of reports regarding throughput
maximization are currently found in the LLC literature, studying the effects of feed volume [81,
83], concentration [14, 83], and flow rate [13]. However, all addressed batch injections only. A
comprehensive, model-based design approach for throughput maximization was first
presented in [20] and applied to continuous binary separations with sCPC. A similar approach,
adapted to trapping MDM, is developed and implemented in this thesis. The design steps are

summarized in the flow diagram in Figure 9 and described in the following.
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Figure 9. Model-based design approach for trapping multiple dual mode separations at

maximized throughput.
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To define the trapping MDM separation task, the intermediately-eluting target and main
impurities must be identified. As mentioned in Section 2.3, a complex multi-component feed
mixture can be reduced to a pseudo-ternary mixture for ease of modeling. The requirements
of the separation, namely the purity and yield of the target, must also be established.

Next, a suitable solvent system must be selected that provides high solubility of the
feed starting mixture, sufficient stationary phase retention, adequately high selectivity, and
partition coefficients in the desired range. In trapping MDM, the partition coefficient of the
intermediately-eluting target component should be close to 1 to have similar step durations
and solvent consumption in both elution modes. Several solvent system selection methods
have been developed based on structured experimental approaches and correlations [22, 84-
86] as well as thermodynamic modeling [87-89]. However, the solvent system selection step
did not play a prominent role in the investigations performed within the scope of this thesis.

Following solvent system selection, the operating parameter limits allowing for stable,
predictable operation are then identified. Considering the thermodynamic and hydrodynamic
effects discussed in Section 2.4 and assuming a fixed column set-up and geometry, isothermal
operation, and prior selection of a suitable rotational speed, the maximum feed concentration
and the corresponding maximum flow rate must be determined. As mentioned in Section 2.3.2,
the As and Des feed solutions for a trapping MDM separation are prepared simultaneously by
dissolving the model mixture solutes or natural product starting mixture in the two phases of
the solvent system in a single vessel. Following a period of mixing and equilibration, the upper
and lower phases are separated for use as the As and Des feed solutions, respectively. The
maximum feed concentration, described as the total mass of the mixture solutes or natural
product starting mixture per total volume of the two phases during feed solution preparation, is
that which both lies in the linear range of the partition isotherm(s) and at which the physical
properties of the upper and lower phase feed solutions do not exhibit substantial deviations
from those of the phases on a solute-free basis.

The feed concentration at which a departure from the linear range of the partition
isotherm occurs can be identified using the shake flask method. Known amounts of pure
solute(s) or feed starting mixture are added to equal volumes of the upper and lower phases
of the selected solvent system in a small vessel. Sufficient time and mixing energy for mass
transfer and equilibrium partitioning of the solutes between the phases is supplied under
isothermal conditions [49]. Aliquots are then taken from each phase and the solute
concentrations in each determined using an analyte-appropriate method, such as high-
performance liquid chromatography or gas chromatography-mass spectrometry. Typically,
shake flask measurements are performed for a range of feed or solute concentrations at close
measurement intervals. The linear range limit of the partition isotherm is then determined by

plotting the results in a cY vs. cj diagram and performing a linear regression analysis. An
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example plot is found in Figure 10. Each point corresponds to a different known (shake flask

sample) feed concentration.
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Figure 10. Example partition isotherm of solute k with demarcation of linear range.

The concentration-dependent influence of the feed solutes on the physical properties
of the phases, such as density, viscosity, and interfacial tension, may be identified by
measuring each property individually as in [20, 68]. In this thesis, the use of simple phase
volume ratio [20] and settling time [24, 58, 90] measurements, using the same samples
prepared for the shake flask measurements, is explored as an alternative. This approach has
the advantage of not requiring any additional laboratory equipment, making it accessible to all
LLC users.

Changes in the phase volume ratio of the two phases in the presence of the feed can
indicate the occurrence of a similar change in the column, possibly affecting the established
Sy and flow patterns. Settling time measurements, performed by vigorously mixing the sample
and then observing the time needed for reestablishment of a unified phase interface, can be
used to assess changes in mixing and coalescence without flow visualization experiments
requiring special non-commercial equipment [91]. Assuming a fixed mixing intensity and vessel
geometry, the settling time is dependent on the physical properties of the phases and the
phase ratio [92]. Generally, the shorter the settling time, the higher the stationary phase
retention obtained in the column during operation [24, 58, 90]. An increase in settling time can
therefore indicate hydrodynamic conditions in the column leading to stationary phase loss,
e.g., emulsion formation.

The maximum flow rate at fixed rotational speed at which the desired trapping MDM
stationary phase fraction of 0.5 can be maintained is identified by performing stationary phase
retention experiments. Using a solenoid valve to quickly alternate between pumping of the
upper and lower phases before the start of rotation, the column is prepared with equal volumes

of the two phases, equivalent to S¢=0.5 in both elution modes. Once the full rotational speed
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is reached, the mobile phase flow rate is increased at appropriate intervals until stationary
phase loss is observed. These experiments may be performed on a solute-free basis [20] (i.e.,
with the solute-free upper and lower phases only) or, as in this thesis, in the presence of the
feed at the selected maximum concentration. In the latter variation, the identified maximum
applicable flow rate is often lower than that obtained for the pure phases. This is the result of
hydrodynamic changes brought about by the presence of the feed, e.g., changes in mixing and
coalescence behavior.

With the operating parameter limits (maximum feed concentration, maximum flow rate)
identified, the relevant model parameters are experimentally determined. For the linear, ideal
short-cut model, the partition coefficients of the target and main impurities in the As and Des
modes are required. For the equilibrium stage model, the number of theoretical stages of the
three components in both elution modes must be determined as well. Ky i, Kpes x, and Nj can
be measured from pulse injections performed at the selected flow rate. Under the Gaussian
peak assumption, K, , and K., can be calculated from the retention time using Equation (6),
and N, can be derived using Equation (10).

It is possible that the partition coefficients obtained in the two elution modes may differ
from those measured in the absence of hydrodynamic effects using the shake flask method.
The pulse injection partition coefficients are measured under the dynamic conditions of the
column and are therefore subjected to any retention time shifts caused by non-ideal flow
patterns such as stationary phase back-mixing and dead zones (see Section 2.4.2). The use
of pulse injection partition coefficients for CPC modeling is preferred, as they better describe
the solute retention behavior during the chromatographic process. Similarly, differing
hydrodynamic conditions in the two elution modes often result in the measurement of different
Nys . @and Np,s . For implementation of the equilibrium stage model, a constant value of N, is
required for simulation of the As and Des modes. The average of Ny, and Np, . is then used
for Ni. This is generally a valid assumption for the typical trapping MDM process conditions of

5¢=0.5 and selection of the same mobile phase flow rate in both modes.

The remaining trapping MDM operating parameters to be selected are the step

e

durations in the Loading and Separation stages, t}%%¢, t534, ¢, t)F

pes» and the number of

Pt
Separation stage cycles. The short-cut model can be used to identify valid combinations of
these parameters that will result in a complete separation of the intermediately-eluting target
under linear, ideal conditions. These parameter sets can then be screened for maximized
throughput by evaluating the separation performance predicted by, in the case of this thesis,
the short-cut model or the more detailed equilibrium stage model taking non-ideal band
broadening into account (see Section 2.5). With the selected maximum feed concentration,
maximum flow rate, step durations, and number of cycles at hand, the experimental trapping

MDM separation at maximized throughput can be run.
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3. Results

This section contains the four investigations published in the framework of this thesis
and reprinted with permission from Elsevier. In Paper | (Section 3.1), the trapping MDM
operating mode and associated short-cut model for operating parameter selection were
presented and validated for the first time. Building off of Paper I, Paper |l (Section 3.2)
demonstrated the use of a model-based approach to achieve maximized trapping MDM
throughput. The approach consisted of preliminary measurements for determination of the
process limits (maximum feed concentration and mobile phase flow rate), as well as the use
of the short-cut model coupled with detailed equilibrium stage model simulations for operating
parameter selection (step durations and number of cycles). A model mixture was used for
experimental validation. In Paper Il (Section 3.3) a comparison study of the batch injection
and trapping MDM operating modes was performed, also implementing the short-cut model
coupled with equilibrium stage model simulations. Lastly, in Paper IV (Section 3.4), the model-
based design approach, this time combining preliminary measurements and an extended
version of the short-cut model, without the use of the equilibrium stage model, was successfully
applied for the separation of a target compound (nootkatone) from a complex natural product

mixture.
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Trapping multiple dual mode centrifugal partition chromatography for the separation of
intermediately-eluting components: Operating parameter selection

J. Goll, R. Morley, M. Minceva, Journal of Chromatography A, 1496 (2017) 68-79.
https://doi.org/10.1016/j.chroma.2017.03.039

Author contribution: The thesis author made the main contribution to the derivation and

development of the trapping MDM short-cut model, as well as to the interpretation of the
experimental data. She completed the majority of the writing and editing of the manuscript.
Summary: Paper | presented the trapping MDM operating mode for the first time along
with the derivation of the associated short-cut model for the selection of the key operating
parameters, namely the step durations and number of cycles. In an improvement over previous
modeling attempts of similar processes [5, 47], the newly-derived short-cut model importantly
considered the entire solute band widths within the column rather than a single-point position.
The input parameters for the short-cut model are the flow rate, F, the phase volumes, VY and
VL, and the partition coefficients, K,;and Kp.sy, of the intermediately-eluting target B and
impurities A and C. Additionally, the band positions of the trapped component B at the end of

the Loading and Separation stage steps, x¥*¢ and xgep, must be selected to fulfill the given

set of restrictions. The step durations during Loading, tj‘;‘;ges, and Separation, tjg’Des, are

determined from the solute propagation velocity (Equation (7)) and band positions x¥%? and
x5 F. The number of Separation cycles needed to fully elute impurity components A and C from
the column before starting the Recovery stage are determined in a similar manner.

Two validation experiments using the short-cut model for the design of the separation
of ternary feed mixtures (1:1:1) at low concentration were successfully performed. The model
mixtures consisted of parabens differing only in their alkyl chain lengths with a as low as 1.5.
In  Experiment 1, ethylparaben, propylparaben, and butylparaben were used, with
propylparaben as the trapped intermediately-eluting component B. The band front positions

load

were xK%4=0.3 and x;%=0.7. In Experiment2, methylparaben, ethylparaben, and

propylparaben were used as the feed mixture, this time with ethylparaben as component B.
The band front positions were x°*?=0.1 and x;*=0.5. Trapped component purities and yields
were >99.9% and >96.5% in Experiment 1, respectively, and 99.3% and >97.0% in
Experiment 2. In Experiment 1, 35% of the total column volume was loaded with the feed
solution, a vast improvement compared to the 5% limit often recommended for LLC
separations in batch injection mode [24]. These results demonstrate the beneficial use of

trapping MDM for ternary separations with high feed loading volumes.
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The preparative separation of intermediately-eluting components in liquid-liquid chromatography is
commonly performed with isocratic batch injections, a technique which often leads to low yield and/or
purity as a result of peak overlap. Two-column trapping multiple dual mode centrifugal partition chro-
matography, an alternative discontinuous method for the separation of a mixture into three product

fractions (early-, intermediately-, and late-eluting components) at full recovery, is presented in this work.
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A mathematical shortcut method based on equilibrium theory assumptions is derived for the determi-
nation of the key operating parameters (i.e., step durations and number of steps). The feasibility of the
technique and the accompanying short-cut method is demonstrated by proof-of-concept experiments
for the separation of two paraben model mixtures.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Liquid-liquid chromatography (LLC) has proven itself to be an
effective technique for the separation of natural product com-
pounds from complex mixtures [1]. The term LLC encompasses both
countercurrent chromatography (CCC) with hydrodynamic units
and centrifugal partition chromatography (CPC) with hydrostatic
ones. LLC employs the two phases of a liquid-liquid biphasic sys-
tem as the stationary and mobile phases. During a chromatographic
run, the liquid stationary phase is held in place by means of the
column geometry and the application of a centrifugal field; the
mobile phase is then pumped through it. Separationis achieved as a
result of the differing partition behavior of the mixture components
between the two phases.

Working with a liquid stationary phase presents several advan-
tages over conventional liquid chromatography techniques with
a solid stationary phase, including high loading capacity and the
absence of irreversible stationary phase adsorption. Additionally,
the presence of a liquid stationary phase allows for high operational
flexibility. Either one of the two phases of the selected biphasic sys-

7 Selected paper from the 9th International Counter-current Chromatography
Conference (CCC 2016), 1-3 August 2016, Chicago, IL, USA.
* Corresponding author.
E-mail address: mirjana.minceva@tum.de (M. Minceva).

http://dx.doi.org/10.1016/j.chroma.2017.03.039
0021-9673/© 2017 Elsevier B.V. All rights reserved.

tem may be used as the stationary phase, and the roles of the phases
may even be switched during operation. This key feature of LLC has
led to the development of several unique operating modes not oth-
erwise realizable with conventional chromatography techniques.
Examples include batch processes such as elution-extrusion [2] and
dual-mode [3], as well as continuous processes for binary separa-
tions [4,5]. It is often possible to run a variety of operating modes
on a single LLC device, allowing the operator to select the mode
best suited to the separation task at hand.

A common separation task in preparative chromatography is
the isolation of an intermediately-eluting target component from a
complex mixture. When the mixture has already undergone one or
more preliminary separation steps of lower selectivity, the remain-
ing impurity compounds often exhibit retention behavior similar
to that of the target component (i.e., possess low separation fac-
tors). When working with isocratic batch injections, peak overlap
resulting in decreased productivity and yield is often encountered,
especially at the high column loadings desired for preparative
separations. To improve target recovery, low purity cut fractions
may be reinjected as part of an offline [6] or online [7-9] multi-
dimensional (heart-cutting) separation strategy. However, these
additional chromatographic runs add time and complexity to the
process. Online selection and reinjection of cut fractions is difficult
to automate and often involves complex equipment setups.

Continuous separation techniques in LLC, such as intermittent
counter-current extraction (ICcE) [4,10-13] and sequential cen-
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trifugal partition chromatography (sCPC) [14-17], exhibit high
selectivity and can be used to process large volumes of feed. How-
ever, they yield only two product fractions. The product streams are
collected sequentially at opposite ends of a two-column setup dur-
ing continuous feed injection between the neighboring columns.
To separate a feed mixture into three fractions with ICcE/sCPC, two
consecutive process steps must be conducted, where the product
stream from the first process step containing the intermediately-
eluting target component serves as the feed mixture in the second
process step.

An alternative for ternary separations is a form of dual mode
operation in which the intermediately-eluting target component
remains “trapped” inside the column while the impurities are alter-
nately eluted from opposite column ends [ 18]. This discontinuous
LLC method for the recovery of intermediately-eluting compounds
was presented in [4] and [19]. In both studies, a two-column
CCC set-up with feed introduction between the two columns was
used. Multiple elution cycles were performed, each consisting of
two steps of alternating mobile phase and flow direction. During
these cycles, the neighboring impurity compounds eluted intermit-
tently from the two ends of the device. Meanwhile, the majority of
the intermediately-eluting target component remained “trapped”
inside the unit. After “washing away" the impurities in this manner,
the purified target component could be obtained. In [4], the target
component was a bioactive terpenoid (triptolide) from a Chinese
herbal medicine present at only 2% in the crude extract. Injection of
the crude extract was performed continuously over several cycles.
At the end of the process, triptolide was obtained at 98% purity
with a yield of 75%. This operating mode was designated as a form
of ICcE.

In [19], the target component was Coomassie Brilliant Blue G-
250, a dye used for staining in the analysis and quantification of
proteins. Multiple injections of the impure sample were made,
always at the start of a new cycle. This study referred to the tech-
nique as trapping multiple dual mode (MDM). Solubility limits in
one phase were considered during the separation design. A math-
ematical model developed in [20] based on the peak (band front)
positions of the mixture components within the column was used
to determine the step durations in the two elution modes. A highly
pure product fraction was achieved but at a low yield of 37%. The
mathematical model applied in [ 19] approximates solute position
inside of the column as the band front position under ideal con-
ditions. However, it does not take into account the wide solute
bands encountered at high volume loadings. Therefore, after the
elution mode switch, the distance traveled by the solute is cal-
culated relative to the band front position of the previous step.
This band “front”, relative to the new flow direction, is now effec-
tively the back end of the solute band. This will cause elution of the
solute band to occur earlier than predicted, a factor which likely
contributed to the separation’s low yield.

In both [4,19], it was acknowledged that separation perfor-
mance could be improved through adjustment of the operating
parameters, such as step durations and flow rates. The high target
component purities obtained in these two studies clearly demon-
strate the effectiveness of this type of “trapping” operating mode for
the isolation of intermediately-eluting components. However, an
approach for accurate prediction of the process operating param-
eters to simultaneously satisfy high purity and yield requirements
is lacking in the literature.

This work presents a modification of the operating modes
described in [4,20] for the separation of intermediately-eluting
components using a two-column hydrostatic CPC device. To the
authors’ knowledge, this is the first report of such a separation
using CPC technology. In this method, the feed mixture is intro-
duced during a single column loading cycle without simultaneous
mobile phase flow, rather than continuously or repeatedly. For
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clarity, and to distinguish it from the previous studies using hydro-
dynamic (CCC) columns, the technique investigated in this work
will be referred to as trapping multiple dual mode centrifugal parti-
tion chromatography (trapping MDM CPC). However, the presented
technique and design methodology will be applicable to separa-
tions on both CPC and CCC instruments.

The objectives of this study were to demonstrate the feasibil-
ity of the trapping MDM CPC technique and to establish a method
for determination of the key operating parameters (i.e., step dura-
tions, number of steps). A mathematical short-cut method was
derived for determination of the operating parameters allowing for
the complete separation of an intermediately-eluting component
from a multicomponent mixture under ideal conditions. Proof-of-
concept of the trapping MDM CPC technique and short-cut method
was then demonstrated experimentally. To show the flexibility of
the technique and short-cut method, two trapping MDM CPC exper-
iments with different ternary feed mixtures were performed. The
model feed mixtures contained parabens differing only in their
alkyl chain lengths. The liquid-liquid biphasic system was ARIZONA
N (n-heptane/ethyl acetate/methanol/water 1/1/1/1 v/v[v/v).

In a subsequent publication [21], the presented mathematical
short-cut method is implemented as part of a simulation-based
strategy for throughput maximization in trapping MDM CPC. This
throughput maximization strategy involves selection of the maxi-
mum feed concentration, maximum flow rate, and step durations
during column loading and separation.

2. Theory

The isolation of an intermediately-eluting target component
from a complex mixture can be viewed as a pseudo-ternary separa-
tion. When performing the same separation using an isocratic batch
injection, two product stream cuts would be required to obtain the
target component fraction: one between the early-eluting com-
ponents and the target component, followed by one between the
target component and the remaining late-eluting components.
In trapping MDM CPC, three distinct product streams analogous
to these three cut fractions are obtained. The early- and late-
eluting components elute from opposite ends of the unit while the
intermediately-eluting target component remains trapped inside.
The target component is then recovered at the end of the process.

Trapping MDM CPC is a cyclic, discontinuous, non-steady state
process. One cycle consists of two steps in two different elution
modes: descending (Des) mode and ascending (As) mode. In Des
mode, the lower phase is used as the mobile phase. The roles of the
phases and the mobile phase flow direction are reversed in As mode.
The lower phase is the stationary phase while the upper phase is
pumped through the columns as the mobile phase.

For the following explanation of the concept of trapping MDM
CPC, the simplified case of a three-component feed mixture of
compounds A, B, and C is considered. In this example, B is the
intermediately-eluting target compound to be trapped within the
columns and later recovered. Partition coefficients (KP®, K{) are
defined for the process as the concentration of a component k in the
stationary phase divided by its concentration in the mobile phase.
Since the roles of the upper and lower phases are reversed from
one mode to the other, two elution mode-specific definitions for
the partition coefficients are given in Egs. (1) and (2).
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Fig. 1. Principle of trapping MDM CPC shown for the column loading (a), separation (b), and product recovery (c) stages for the separation of a ternary mixture of A, B, and

C. (L: lower phase, U: upper phase).

where the superscripts S, M, U, and L stand for the stationary,
mobile, upper, and lower phases, respectively. The partition coef-
ficients of the three components in Des mode can be relatively
defined as K% < K[* < KE°, which corresponds to K§* > Ki* >
KE‘S in As mode as defined by Eqs. (1) and (2). A lower partition coef-
ficient indicates lower affinity of the component to the stationary
phase, leading to faster elution from the columns. Therefore, A will
travel fastest through the columns in Des mode, while C will travel
fastest in As mode.

The trapping MDM CPC technique proposed in this work consists
of three process stages: column loading, separation, and product
recovery (see Fig. 1).

The column loading stage (Fig. 1a) consists of a single cycle (one
Des step and one As step), designated as Cycle 0, during which the
feed is introduced between the two columns. There is no simul-
taneous pumping of mobile phase, and the feed solution flows in
a single direction in each step. This means that in Des mode, the
lower phase feed solution is pumped into the left-hand column,
while in As mode, the upper phase feed solution is pumped into the
right-hand column. A single column loading cycle without simul-
taneous mobile phase flow allows for minimal dilution of the feed
upon introduction to the column. This approach is of interest when
working with preconcentrated feed mixtures of similar molecules,
where multiple or continuous injections could lead to concentra-
tions outside of the stable operating range.

The separation stage (Fig. 1b) is started immediately following
the column loading stage. The separation stage consists of multiple
cycles of Des and As steps, with the first cycle designated as Cycle
1. In Des mode, A has the lowest partition coefficient and travels
fastest toward the column outlet. Before B reaches the end of the
column, a switch to As mode is made. In As mode, C moves fastest
through the column. Again, the elution mode is reversed before B
exits the column, starting a new cycle. In this manner, B remains
trapped inside the two columns. Meanwhile, A and C separate from
the B band and are alternately eluted from the left and right outlets
of the two-column setup in Des and As mode, respectively. The
separation stage is continued until A and C have fully eluted from
the columns, leaving only B behind at high purity.

In the product recovery stage (Fig. 1c), the purified trapped com-
ponent B is obtained. An extended step in a single elution mode
(shown in Fig. 1c in As mode) is performed until the trapped com-
ponent has completely eluted from the columns. Selection of the
elution mode for the product recovery stage may be based on the
mode in which the trapped component elutes fastest (i.e., has a
lower partition coefficient), in which the mobile phase is easier to
recover (i.e., evaporate), or the recovery of the target component is
less cost-intensive. The trapped component could also be obtained

with an extrusion step as in the elution-extrusion technique. How-
ever, in extrusion, the trapped component may elute in a mixture
of upper and lower phase, and the columns must be refilled and/or
re-equilibrated before performing a second separation.

The proposed trapping MDM CPC technique is not restricted
to mixtures of just three components. In a multicomponent mix-
ture, component B would still correspond to the component to
be trapped inside the columns. Component A, as described above,
would represent the mixture components eluting before B in Des
mode. Component C would then represent the fraction of compo-
nents eluting earlier than component B in As mode.

Success of a trapping MDM CPC separation is dependent on
appropriate selection of the operating parameters. In this work,
a mathematical short-cut method is derived for determination of
the Des and As step durations and number of separation stage
steps (Section 4.1). The implementation of the short-cut method
in trapping MDM CPC design is then explained in Section 4.2.
Lastly, proof-of-concept of the trapping MDM CPC technique and
the short-cut method is experimentally demonstrated for two dif-
ferent separations in Section 4.3.

3. Materials and methods
3.1. Materials

3.1.1. Chemicals

Ethyl paraben (EP), propyl paraben (PP), and butyl paraben
(BP) used in the trapping MDM CPC and pulse injection experi-
ments were obtained from Alfa Aesar GmbH & Co KG (Karlsruhe,
Germany), methyl paraben (MP) from Molekula (Gillingham, UK).
All parabens had a purity >99%.

The solvents n-heptane, ethyl acetate, and methanol for the
preparation of the liquid biphasic system were of analytical grade
and purchased from Merck KGaA (Darmstadt, Germany). For HPLC
analysis, Milli-Q water (filtrated by a Milli-Q direct 8 water
purification system) and methanol (gradient grade for liquid chro-
matography > 99.9%) from Merck KGaA (Darmstadt, Germany)
were used.

3.1.2. Equipment

An Armen TMB 250 unit (Armen Instrument, Saint Ave, France)
was used for the pulse injection and trapping MDM CPC experi-
ments. The unit is comprised of two adjacent 125 ml hydrostatic
columns with twin-cells, which are mounted on two separate
rotors and can be accelerated up to 3000 rpm (280¢g). The two
columns are connected via a small stainless steel tubing with a
volume <1 ml. A 4-port valve in the middle of the tubing enables
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feed introduction between the two columns in As and Des mode.
In addition to the two feed pumps, two mobile phase pumps are
used to deliver the corresponding mobile phase in each mode. The
pumps can operate in a flow rate range between 1 and 50 ml min—"'.
Monitoring of the effluent is done via two UV-vis detectors, one at
each end of the two-column setup. One fraction collector (Model
LS-5600, Armen Instrument, France) is placed after each UV-vis
detector. A more detailed description can be found in [5,22].

3.2. Methods

3.2.1. Biphasic solvent system preparation

The biphasic solvent system ARIZONA N (n-heptane/ethyl
acetate/methanol/water 1/1/1/1v/v/v/v) was prepared by mixing
equal volume amounts of n-heptane, ethyl acetate, methanol, and
water. The system was stirred for 3 h at room temperature and
allowed to equilibrate. The biphasic system was then transferred
to a separatory funnel and the phases were conveyed into distinct
reservoirs.

Sample solutions for the trapping MDM CPC experiments were
prepared by two different methods. In Experiment 1, particular
amounts of parabens (EP, PP, and BP) were dissolved in either upper
or lower phase. In Experiment 2, parabens (MP, EP, and PP) were
dissolved in equal volumes of upper and lower phase in a sin-
gle container. The system was allowed to equilibrate before being
separated into the two phases (feed solutions) with a separatory
funnel. The sample solutions for the pulse injection experiments
were prepared with all four parabens (MP, EP, PP, and BP) in the
same manner as for trapping MDM CPC Experiment 1.

3.2.2. Pulse injection experiments for determination of partition
coefficients

Pulse injection experiments with a mixture consisting of MP,
EP, PP, and BP were performed in As and Des mode in order
to determine the partition coefficients of the components. The
columns were filled with equal volumes of the upper and lower
phases (Vy;/V; =50/50 vol.-%) without rotation by pumping upper
and lower phase at short intervals of equal duration at a flow rate
of 40ml min—'. The rotational speed was then set to 1700 rpm.
Injections were manually performed using a 1ml sample loop
at 20 and 21 mlmin~'. The feed solutions used for the injec-
tions at 20 and 21 mlmin~! had single paraben concentrations
of 5 and 1.25 mgml~!, respectively. The resulting chromatograms
were analyzed using the moment method for partition coefficient
determination. Experiments were performed at room temperature
(22+2°C).

3.2.3. Trapping MDM CPC experiments

Prior to trapping MDM CPC experiments, the columns were pre-
pared as described in Section 3.2.2 (Vy/Vp =50/50vol.-%) and the
rotational speed was set to 1700 rpm. Experiments were performed
at room temperature (22 + 2 °C). The UV-vis detector signals were
recorded during the separation and recovery stages at wavelengths
of 280 nm and 254 nm. All cycles were begun in Des mode. Three
process stages were executed during each trapping MDM CPC
experiment:

3.2.3.1. Column loading. During the column loading stage, the feed
solution containing the ternary paraben mixture was successively
introduced with the Des and As feed pumps without simultaneous
pumping of the mobile phase for one cycle (Cycle 0). In the Des
loading step, lower phase with dissolved parabens was pumped
for a certain loading time r’[g’lfsd; in the following As loading step,
upper phase with parabens for the loading time tﬁ’s"d.
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The entire Des and As eluent streams were collected from the
two ends of the unit in graduated cylinders. Aliquots for HPLC analy-
sis were taken from each collected eluent stream for determination
of the average paraben concentrations in each step.

3.2.3.2. Separation. After completion of the column loading stage,
the feed pumps were stopped and the mobile phase pumps were
used to deliver the mobile phase. In each separation cycle, lower
and upper phase were pumped alternately in Des and As mode for
the step durations ¢ and t,7, respectively. The separation stage
was continued until the UV-vis detector signal indicated that the
early- and late-eluting parabens had fully eluted. The eluent stream
was collected during each step and aliquots taken for determination
of the average paraben concentrations using HPLC.

3.2.3.3. Product recovery. The product recovery stage consisted of
a single extended As step. During the As step, upper phase was
pumped with the corresponding As mobile phase pump until the
UV-vis signal indicated that no more components were eluting.
Fractions were collected from the product stream and analyzed via
HPLC.

3.2.4. HPLC analysis

HPLC analysis was used to determine the concentrations of the
eluting components in the upper and lower phase during trap-
ping MDM CPC experiments. The collected samples were analyzed
with a HPLC system from Gilson (Middleton, WI, USA). The HPLC
setup consisted of a 322H2 binary gradient pump, GX Direct injec-
tion module, and 151 UV/VIS Detector. The analysis was controlled
by Trilution LC software. A Nucleosil 100-5 C18 column was used
(125mmx3 mm ID; 5 pm). Analysis of all samples was completed
using awater:methanol gradient program with a mobile phase flow
rate of 0.8 mlmin~! at 23°C. The injection volume was 10 L. The
gradient program following injection was as follows: 40:60 from
0.0 min to4.5 min; 38:62 at 5.0 min; 58:42 from 7.5 min to 10.0 min.
The detection wavelength was set at 280 nm. Prior to analysis, sam-
ples collected in As and Des mode were diluted with upper and
lower phase, respectively, when needed.

4. Results and discussion

The Results and Discussion section is divided into three parts.
The first section (Section 4.1) focuses on the derivation of a mathe-
matical short-cut method for selection of the operating parameters
resulting in complete separation of a ternary mixture using trap-
ping MDM CPC. Implementation of the short-cut method in the
design of a trapping MDM CPC process is then discussed in the
second section (Section 4.2). Finally, the trapping MDM CPC tech-
nique and accompanying short-cut method are validated by two
proof-of-concept experiments (Section 4.3).

4.1. Mathematical short-cut method

Given the cyclic, multi-stage nature of the trapping MDM
CPC process, the durations of the descending (Des) and ascend-
ing (As) steps in the column loading and separation stages
(tg’;sd,tl'q"s“d,tspﬁ,tzp) must be determined, as well as the number of
separation stage steps in each elution mode (npy%, niF). In the
following, a mathematical short-cut method for selection of the
abovementioned operating parameters is derived for the com-
plete separation of a ternary mixture using trapping MDM CPC. A
related short-cut approach has been previously implemented for
the design of continuous binary separations using the sCPC tech-

nique [5,14-17].
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Fig. 2. Notation convention for trapping MDM CPC model equations. L =length of one column, X! =band front position of component B after loading in Des mode,

sep

x};’_‘;“fhand front position of component B after loading in As mode, X}

position of component B at the end of each As separation step.

Table 1

'B.Des

=band front position of component B at the end of each Des separation step, x;;‘fﬁx =band front

Trapping MDM CPC process restrictions and corresponding parameter constraints for the complete separation of a ternary mixture of A, B, and C with B as the trapped

component.

Restriction

Operating parameter constraints

1. During the column loading stage, B remains

inside the columns.

2. During the separation stage, B remains

inside the columns.

3. During the separation stage, B travels a net distance of zero
during each cycle. (Exception: Cycle 1)

4. At the end of the separation stage (completion of nf.;‘;
both A and C have completely eluted from the columns.

cycles),

0<xpu <l

0 =xPed <L

see Eqs. (35) and (36)

A significant difference between the short-cut method pre-
sented in this work and the mathematical model proposed in [20]
is the consideration of the entire solute band width. By defining the
positions of the two ends of the intermediately-eluting component
B after loading, xi¢% and xﬁf‘}&, a more accurate prediction can be
made of the solute band front locations relative to the column out-
let in both elution modes. In [20], band position was represented
by a single end of the solute band: the band front during loading.
This “front” effectively becomes the back end of the solute band
after the elution mode switch, which can lead to earlier elution of
the solute than predicted by the model.

The proposed short-cut method is applicable to the complete
separation and recovery (100% purity and yield) of intermediately-
eluting component B from the simplified ternary system of A, B,
and C described in Section 2 under ideal conditions (i.e., in the
absence of band broadening effects). A and C elute from oppo-
site ends of the two-column setup during the separation stage
in Des and As mode, respectively, as defined by their partition
coefficients (KE“ < KE“ < Ké?“; 1(25( > KQ“ > I(Z.‘“). Meanwhile,
B remains trapped inside the two columns. The notation convention
for the derivation of the short-cut method equations is graphically

depicted in Fig. 2. X;ﬁ?ﬁas is the band front position of component B

after loading in Des mode, and xg’f',g is the position of the band front

of component B after loading in As mode. In the separation stage,

R - sep sep .
component B will travel the distance Ax . and Ax,” in Des and

As mode, respectively, to reach x7 . as the band front position of

component B at the end of each Des step and x; % as the band front

position of component B at the end of each As step. The distance
traveled in a single step is always positive and in the flow direction.

The restrictions for full recovery of the three components in pure
form are listed in Table 1. L. is the length of one column of the
two-column CPC setup. The band front positions of the trapped
component B (xg’.‘ﬁ'ﬂ. x{;‘ﬂ, x‘fﬁm. and xiﬁ:) must be selected to
satisfy Restrictions 1 and 2 from Table 1. Here it should already
be noted that it is not necessary to define a value for the col-
umn length, L., for implementation of the short-cut model. By
defining xp as a fraction of the column length, L. can be cancelled
out of the model equations. Given the process flow rates (Fy, Fp),
volumes of the upper and lower phases in each column of the two-
column setup (Vy, V1), and the partition coefficients of the mixture
components (KEES, K;:‘S), it is then possible to calculate the corre-
sponding step durations and theoretical number of separation stage

steps (%, n3¥). The general forms of the equations are presented
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first, followed by those specific to each process stage. Guidelines
for selection and/or determination of the short-cut method input
parameters are given in Section 4.2.

The required step durations (t;,, t,.) for a single component k
depend on the distances to be traveled (Axk‘DE,s, Axk‘m) and the
componens’ velocities (Uk,Des' V; 4¢)- This relationship is expressed
in Egs. (8) and (9) for the Des and As elution modes, respectively.

Ax
k.Des
Lpes = ETT— (8)
k.Des
Ax,
e = 5 (9)
Vk,As

The velocity of component k can be derived from the retention
volume equation (Eq. (10)).

Vrk =V + KiVs (10)

where the subscripts M and S represent the mobile and stationary
phases, respectively. The retention volume, Vj ;, can alternatively
be expressed as:
_ FulLc
=5

Vi (1)

Combining Egs. (10) and (11), the component velocities specific to
Des and As mode are given by Eqs. (12) and (13).

FiLc
v —=—— 12
k.Des Vit KJ?[’SVU (12)
Fyle
Vg = 13
k.As Vu+ KESVL (13)

Substituting Egs. (12) and (13) into Egs. (8) and (9) yields the step
durations as a function of the operating parameters (Eqs. (14) and
(15))

(Vi+KPesvy)
tpes = ANy pes~— 1 (14)

(Vu +Kfsvi)

oL (15)

Ly = DX 4

Next, the general model equations (Eqs. (14) and (15)) are
adapted to each of the three process stages and their corresponding
restrictions.

4.1.1. Column loading
After fixing the B band front position after loading in each step

(xoud ,xl990), the distances traveled by the component B band fronts
d

during the loading step (Axiff‘m,s, Ax’é’_ﬂ) can be defined by Egs. (16)
and (17).

Axgcges = X{g%ies -0 (16)
Axlpd = xiod — 0 (17)

Substituting Eqs. (16) and (17) into Egs. (14) and (15) yields Egs.
(18) and (19), respectively.

(vi-+ Kg=vy)

load load

tDaeﬂs = x!;%és 'Fl LC (18)
Vy + K&y,

rl”.asﬂd _ xload ( B ) (19)

B,As Fylc
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4.1.2. Separation

Taking Restriction 3 from Table 1 into account, the distances
traveled by the B band fronts during the Des and As steps of the
separation stage can be expressed by Eq. (20). An exception exists
for the distance traveled during the first step of the first cycle (Cycle
1), given by Egs. (21) and (22) when cycles are begun in Des or As
mode, respectively. The distance traveled during the second step of
Cycle 1 is given by Eq. (20).

sep sep sep load Sep load

AXhes = Mgns = (X5 pes — Xies) + (Xias — X5hs) (20)
sep, Ist __ [ _sep load

AXpTes' = (XpDes — X5 bes) (21)
ep,Ist _ ep load

AXE,AS = (X;AAS - XB.AS) (22)

Substituting Egs. (20)-(22) into Eqs. (14) and (15) yields Egs.
(23)-(26).

Vi + KDesvy,

2 = () L @)
P = (- ) L 20
50 = [ (e~ A) + ()] STV,
G = (e i) + (%)) LS

In reality, it is not necessary to keep the step durations during
the separation stage the same from one cycle to the next. They could
be longer in the first cycles, becoming shorter with each successive
cycle to mitigate the additive effects of band broadening as the pro-
cess progresses. It may also occur that the three solute bands (A, B,
and C) already exhibit baseline separation inside of the unit before
A and C have fully eluted. In this case, the product recovery stage
could be started earlier, but cutting of the product stream would
then be necessary to obtain intermediately-eluting component B
separate from the remaining baseline-separated portions of the A
and C bands. These process options would add to the complexity
of the step duration selection procedure as well as the automation
and control of the process and are not considered here. The con-
centration profiles of the three components inside the columns as
a function of time would have to be known, requiring more complex
modeling approaches (e.g., using the equilibrium cell model).

4.1.3. End of the separation stage/start of product recovery

The product recovery stage is begun after Restriction 4 in Table 1
is fulfilled. The number of separation stage steps to fully recover
components A and C in Des and As mode (m};%, m?), respectively,
can be determined as follows.

The net distances to be traveled by the back ends (last-eluting
ends) of the A and C bands during the trapping MDM CPC process
to elute the entire A band in Des mode and the entire C band in As
mode are expressed by Eqs. (27) and (28). x40 and x4 can be

C.Des
calculated using Eqs. (14) and (15), respectively.

process _ _load

AXAJT!’I =Xpas T Lc (27)
process _  load

Axl:'.nei' —xC.Des+LC (28)

The net distances traveled by the A and C bands during each
cycle of the separation stage are described by Eqs. (29)-(34). Egs.
(29) and (31) are applicable when cycles are begun in Des mode,
while Egs. (30) and (32) are applicable when cycles are begun in As
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Select operating

Select operating

Experimentally

parameters: parameters: determine:
+ Solvent system + Flow rates + Partition coefficients
« Rotational speed Fy, F, KR, s
« Feed concentrations + Phase volumes
Vu, Vi
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Des, As
|
s = N
Select trapped component band front positions:
+ Column loading stage ~ x}/3%;, xload Egs. 3, 4, 7 (Table 1)
 Scparation stage X5 mess X5 as Egs. 5,6, 7 (Table 1) )
: N
(Calcu]ale step durations:
+ Column loading stage  ¢}034, t4oad Eqgs. 18, 19 (Table 2)
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Calculate number of separation stage steps:
+ Des mode i Eq. 35 (Table 2)
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(* Asmode e Eq. 36 (Table 2) J
—b[ Perform experiment ]

Fig. 3. Flow chart depicting the implementation of the short-cut method for the design of trapping MDM CPC processes.

mode. It should be noted that negative values may be obtained for
Egs. (29)-(32).

Fi L FylL,
Axsep.]sl _ tsep‘lst LLC — 5P uLtc 29
A,net Des Vi + Kg“VU As Vy + K,QSVL (29)

or (Cycle 1)

FilLc sep, 1st Fyle
Axsep.lsz — e L _t P, (30)
A.net Des Vi + KA)ESVU As Vy+ KA‘SVL

File Fulc
Axsepjsl _ sep, 1st _¢5ep (31)
C.net Des Vi + KCDesVU As Vy + KéSVL

or (Cycle 1)

Axsep.m - tsep FLLC sep, 1st FULC (32)

C.net  — "D A
e SVLHKREVy N v+ KA
File s Fulc
AXSP g - subsequent cycles 33
A.net Des VL L KE” VU As VU i K;“ Vl ( q y ) ( )
AP e fule per_ file (subsequent cycles) (34)

Coet — "As Vu+K:.“VL Des v +Kgr.rvu

For complete elution of A and C to have occurred, n;". and n§?
must satisfy the relationships expressed in Eqs.(35)and (36), where
npP and n,” are integers. A different value for n°” may be obtained
for each mode. Hence, the number of separation stage cycles to be

performed corresponds to the greater value of n*¢?.

process ep. 1st
Ax AXy

sep A net net
Mpes = Axsep +4 (35)
A.net
Jprocess sep, 1st
sep A;’(C.ne[ B AXC.HE’! 1 36)
mt > — e + (
Xe net

The implementation of the mathematical short-cut method in
the design of a trapping MDM CPC process is described in Section
4.2.

4.2. Design of trapping MDM CPC separations

In this section, the design of trapping MDM CPC processes using
the short-cut method derived in Section 4.1 is presented for the
complete recovery of an intermediately-eluting component from
a ternary mixture. The flow chart in Fig. 3 graphically depicts the
design approach.

As summarized in Table 2, the short-cut method equations are
used for determination of the following operating parameters: step

. A H load ¢load i sep, 1st
durations in the loading (t55", 2") and separation stages (fm.s/,;s-
psep ep _sep

o £3F); and number of separation stage steps (", m,”). Before
implementation of the short-cut method, the biphasic solvent sys-
tem and following unit operating parameters must be selected:
volumes of the lower and upper phases in each column of the two-
column setup (Vi V), rotational speed, mobile phase flow rates in
the Des and As modes (F, Fy), feed concentrations, and initial elu-
tion mode for the process (Des or As). Furthermore, the partition
coefficients (K,?“, Kf}s) of the feed components A, B, and C in the
selected biphasic system must be determined. Recommendations
for the selection of these parameters are briefly described in the
following paragraph.

In trapping MDM CPC and related methods, it is advantageous to
work with a biphasic solvent system in which the intermediately-
eluting component has a partition coefficient close to unity [4,19],
a phase volume ratio ViV, of 50/50, and identical flow rates in
both Des and As elution modes [14]. This results in similar col-
umn efficiency and elution speed of the trapped component in both
modes, leading to the possibility to have similar step durations and,
therefore, similar mobile phase consumption. In order to achieve
high column efficiency, the mobile phase flow rate and rotational
speed should be selected as high as possible within the limitations
imposed by the maximum pressure drop and maintenance of the
phase volume ratio. Feed concentrations should be selected with
regard to changes of the physical properties of the biphasic system
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Table 2

Summary of short-cut method equations derived in Section 4.1 for the design of trapping MDM CPC processes.

Process stage Short-cut method equations

)
Column loadin H =ylond —;*VL s Sl (18)
4 Des = “B.Des” Filc
Vy+KaS V)
load _ yload “U" g "L
s =Xgas Tyl (9
v, 7K~D¢Sv
. sep st _ f sep load L™y U
Separation tpes = ("ﬂ.ms = X&Drs) 7] (23)
ViKY
sep,Ist _ f sep _ load ki
be = (x“; XB,A:) Folc (24)
vy +KBesy
sep _ sep load sep load A Y
Lpes = {("‘E‘Des —% Des) + (xa_m ’Xs.;ts)] Filc (25)
2 Vy kY,
sep _ [ (\sep _ yload sep _ yload Uty vl
s = [(”a‘m XE‘DE‘) + (xs.As xﬁ,m” Tuls (26)
APTOCESS _ 567, 150
sep Anet A.net
Mgy 2 g I 1] (35)
_Anet 15
) AnPOcEss g sepls
"j;.;ﬁ > C‘m'_:\ - C.net +1 (35)

X
C.net

and partitioning behavior that can occur at high concentrations,
which may have negative effects on the stability and predictability
of the separation process. Lastly, the starting elution mode, Des or
As, must be selected. This parameter determines which set of equa-
tions will be used in the short-cut method. Its potential effects on
separation performance were not investigated in this work.

After selection of the abovementioned operating parameters
and determination of the partition coefficients (depicted in the first
row of Fig. 3), the short-cut method may be implemented. First,
the trapped component band front positions in the column loading
(xjoad  xlo2d) and separation stages (X7, X; ;) must be selected
to fulfill Restrictions 1 and 2 (Egs. (3)-(6)) in Table 1. It is then
possible to calculate the step durations during the column loading

(tfoad, tload; Egs. (18) and (19)) and separation stages (tﬁ;‘;‘/;s“. Br

37, Eqs. 23/24, 25, 26). After calculation of the step durations, the
number of separation stage steps to be compieted for fuii recovery
of components A and C before the start of the product recovery stage
(npn, my) can be determined using Egs. (35) and (36). The short-
cut method equations are summarized in Table 2. Several points
for consideration during selection of the component B band front
positions are discussed in the following paragraphs.

From an ideal standpoint, it would be desirable to operate the
process with xi}. =x;%. =Lc. In this scenario, the trapped com-
ponent band would just reach the end of the column at the end of
each separation stage step. This would correspond to the maximum
possible step durations for a given column loading (fixed values of
xpad , xieal). It is beneficial to select step durations to be as long as
possible to reduce wear on the valves and to allow reestablishment
of the hydrodynamic equilibrium between the maobile and station-
ary phases within the columns after the elution mode switch [15].
When switching between Des and As mode is too frequent, the
mobile and stationary phases will not have sufficient time to coa-
lesce and reestablish hydrodynamic equilibrium within the cells,
which can lead to stationary phase loss.

The short-cut method is valid for separations under ideal con-
ditions, i.e., in the absence of band broadening effects such as mass
transfer resistance and axial dispersion. In reality, the band broad-
ening effects not taken into account by the ideal assumptions of the
short-cut method would always cause the B band fronts to exceed
the end of the columns when xff’,’m_=x:ﬂs=i_f, leading to elution
with the Des (A) and As (C) product streams. This would result in a
decreased yield of the trapped target component B and decreased
purity of Aand C. Therefore, itis necessary to selectavalue ofxifp far
enough from L. to compensate for band broadening of the trapped
component during the process. Taking the remarks of the previous
paragraph into account, a compromise must be met in the selec-
tion of xand x;% in order to achieve both a stable process and
a successful separation.
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Furthermore, it should be considered that high values of x’é’_‘l’)is
and ngfq‘; are desired for high column loading and high throughput.
However, this leads to a reduction of the distances traveled during
the separation stage (AxyD,., Axy%.) as defined in Eqs. (20)-(22),
which corresponds to shorter step durations. For longer step dura-
tions, the difference between x;” and x* in each elution mode
should be sufficiently large. This necessitates either a lower col-
umn loading, resulting in lower throughput, or selection of x;7
closer to L¢, which can have a negative impact on purity and yield,
as described in the previous paragraph. x;” and /% are there-
fore interconnected parameters, whose selection involves several
compromises.

The ideal assumptions of the short-cut method may also lead to
underestimation of the number of separation stage steps required
for full recovery of the non-trapped components A and C under
experimental conditions. Due to broadening of the last-eluting ends
of the A and C bands, their complete elution from the columns
will occur later than predicted. Therefore, the minimum values of
npe and ny? satisfying Egs. (35) and (36) should be considered as
the theoretical numbers of separation stage steps corresponding to
the minimum number of steps needed during the experiment. The
detector signals should be monitored during a trapping MDM CPC
separation run to determine if additional steps are needed to fully
recover A and C.

Taking the abovementioned points into consideration, it is clear
that the selection of the trapped component band front positions
at the end of the steps of the column loading and separation stages
represents a crucial part of the trapping MDM CPC design pro-
cess. As previously discussed, the full separation and recovery of
the intermediately-eluting target component B using the parame-
ters determined by the short-cut method is only guaranteed under
ideal conditions. Separation performance under real conditions
may be evaluated experimentally or with simulations taking band
broadening effects into account. In Section 4.3, experimental proof-
of-concept of the presented short-cut method approach for the
design of trapping MDM CPC processes for the separation of two dif-
ferent ternary mixtures is demonstrated. A subsequent publication
[21] describes a simulation-based design approach for achieving
maximum process throughput using the short-cut method along
with the equilibrium cell model for selection of the best compro-
mise between x[?*! and x;”, as well as accurate determination of

sep sep
Mpes and n i

4.3. Trapping MDM CPC proof-of-concept experiments
Trapping MDM CPC experiments were designed with the pre-

sented short-cut method (Sections 4.1 and 4.2) and carried out for
the separation of two different ternary model mixtures. Different
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Table 3

Partition coefficients determined by pulse injection and shake flask methods; Experimental conditions, pulse injections: Upper/lower phase volume ratio=50/50 vol.-%,
Fy, FL.=20ml min~! and 21 ml min~!, Rotational speed = 1700 rpm, Vinj =1 ml, Ci,feed 20myjmin =5 Mg ml~"; Cifeed 21miymin = 1.25 mg ml-'. Experimental conditions, shake flask

method: V=2 ml, V; =2 ml, Concentration range: ¢, =0.01-2mg ml-'.

Component K., pulse injection method Kj., shake flask method [17]
S o pes _ S
S es es _
K7 KP =
20ml min-! 21 ml min~! 20 ml min-! 21 ml min~!
MP 1.75 1.85 0.90 0.87 0.76+0.00
EP 1.07 1.14 1.26 1.29 1.19+0.01
rp 0.63 0.68 1.90 2.05 1.90+£0.04
BP 0.38 0.39 297 321 3.00+0.11
Table 4
Trapping MDM CPC operating and design parameters, Experiments 1 and 2.
Parameter Experiment
1 2
Component A (elution in Des mode) EP MP
Component B (trapped component) PP EP
Component C (elution in As mode) BP PP
Measured column volume (single column), V¢/ml 123.5
Active cell volume (single column)/ml 90.9
Upper/lower phase volume ratio, V[V, [vol.-% 50/50
Rotational speed/rpm 1700
Flow rate, F,,, F, fml min =1 21 20
Feed concentration, C{.?‘E,‘L/,hlmg ml-! 245 6.67
Trapped component band front position, end of Des mode, x;;'lgdeijcn'l 03 L, 0.1 L
loading stage As mode, X fem 0.3 L 0.1 L
Trapped component band front position, end of Des mode, x) [em 0.7 Le 0.5 L
separation stage As mode, x;7% fem 03 1L, 05L
Loading stage step duration Des mode, tj* min 2.68 0.70
As mode, tlf‘”!”"/min 1.48 0.64
Separation stage step duration Des mode, t;," /min 3.63 5.57
Des mode (Cycle 1), (7' jmin 363 2.79
As mode, t;” /min 2.00 5.11
Separation stage steps, theoretical Des mode, nﬁfg,ﬂ 6 5
As mode, ;" /- 7 2
Separation stage steps, experiment Des mode, (r"’fsf- 11 5
As mode, n;"/- 10 4

values of x;” and x[%¢ were selected in the two experiments in

order to demonstrate the general applicability and flexibility of the
method. The separation objective was complete recovery of the
intermediately-eluting component in pure form.

In Experiment 1, the feed mixture consisted of EP, PP, and BP
with PP as the intermediately-eluting target component. In this
experiment, X was set equal to x4, that is, the trapped compo-
nent band returned to its initial position (i.e., position at the end of
the loading cycle) at the end of each separation cycle. This resulted
in the same step durations in all separation cycles (including Cycle
1) as defined in Eqs. (23), (25), and (26). The band front positions
of the trapped component during both steps of the column loading
stage (xio%d, |, xl0a0) were selected to be 30% of one column length
(0.3 L¢). In the separation stage, the band front position at the end
of each Des step (x; p,,) was 0.7 Lc. At the end of each As step in
the separation stage, the band front returned to its initial posi-

sep

tion after loading (x, ", =x{.§f’q§ =0.3 L.). The feed concentration was

2.45 mgml—! (each paraben).

In Experiment 2, the feed mixture consisted of MP, EP, and PP
with EP as the trapped component. Here, the band positions at the
ends of both steps in the column loading and separation stages

sep

sep - yload _ yload i i
were equal (Xg . =Xp acl X' = Xp 4 )- A higher feed concentration

0f 6.67 mgml~! (each paraben)was used at a lower column loading.
The band front positions at the end of the column loading stage

(xppel ., xpal) were selected to be 10% of one column length (0.1 Lc).

The band front positions at the end of each step of the separation
stage (xf;’f,es, xf;is) were 0.5 L.

The biphasic solvent system and remaining unit operating
parameters (upper/lower phase volume ratio, rotational speed,
and flow rate) were selected based on previous results. A
screening study found that the four parabens exhibit partition
coefficients in the preferred “sweet spot” range of 0.25-4 in the sol-
vent system ARIZONA N (n-heptane/ethyl acetate/methanol/water
1/1/1/1v]v/v]v)[17]. Another prior study with the ARIZONA solvent
system family found that a rotational speed of 1700 rpm provides
satisfactory column performance within the equipment’s operating
limits[5,16,17]. To obtain similar efficiencies and solvent consump-
tion in both elution modes, the columns were initially filled with an
upper/lower phase volume ratio of 50/50. Additionally, the same
flow rate was used in both modes. At 1700 rpm, the maximum
mobile phase flow rate to maintain the 50/50 phase volume ratio
in both modes is 21 mlmin~' [16,17]. To achieve high column effi-
ciency and fast separation, flow rates of 21 and 20 ml min~! were
selected for Experiments 1 and 2, respectively, for all stages of the
process.

Partition coefficients of the four parabens were determined via
pulse injection experiments at 20 and 21 mlmin~! in As and Des
mode and summarized in Table 3. Shake flask measurements from
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Fig.4. Average product stream concentrations during each Des (top) and As (bottom) step during the column loading and separation stages and concentration profile obtained
from fractions collected during the product recovery stage of trapping MDM CPC Experiment 1 (see Table 4 for operating parameters).
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Fig.5. Average product stream concentrations during each Des (top) and As (bottom) step during the column loading and separation stages and concentration profile obtained
from fractions collected during the product recovery stage of trapping MDM CPC Experiment 2 (see Table 4 for operating parameters).

a previous publication from the group [17] are presented for com-
parison.

In comparison with the shake flask data, higher partition coeffi-
cients were generally obtained by pulse injections with the greatest
deviations in As mode. It should be noted that the Des and As
pulse injection values do not fulfill the relationship KP* = 1/K{*,
indicating differences in the column hydrodynamics between the
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two modes [23]. It is likely that back-mixing of the mobile phase
is occurring [23,24], causing later elution than predicted by the
shake flask partition coefficients and therefore the higher parti-
tion coefficient values measured by the pulse injection method. In
the interest of obtaining a better description of the trapping MDM
CPC process on the device used in this study, the pulse injection
partition coefficients were used as input values in the short-cut
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method design equations. However, in systems that do not exhibit
back-mixing/short-circuiting phenomena, the simpler shake flask
method would be the preferred measurement technique, since the
resulting partition coefficients would be able to accurately describe
retention behavior.

Following selection of the operating parameters and determi-
nation of the partition coefficients as detailed in the preceding
paragraphs, the step durations during the column loading and sep-
aration stages and the theoretical number of separation stage steps
were calculated from the equations in Table 2. In both experiments,
each cycle was started in Des mode and the product recovery stage
was performed as an extended As step. The operating parameters
for Experiments 1 and 2 are summarized in Table 4.

The complete product streams in Des and As mode were col-
lected during each cycle of the column loading and separation
stages. Aliquots were taken and analyzed via HPLC to give the
average concentration of the product stream in each step. During
the product recovery stage, fractions from the As product stream
were collected every 30s (Experiment 1) or 60s (Experiment 2).
The average concentration of each component in the Des and As
product streams in each cycle of the column loading and separa-
tion stages, as well as the concentration profiles during the product
recovery stage, are found in Figs. 4 and 5 for Experiments 1 and
2, respectively. During the experiments, the separation and prod-
uct recovery stages were continued until complete elution of the
expected components was indicated by the UV-vis signals.

The HPLC results indicate that three pure product streams were
obtained in both experiments. In Experiment 1, no solutes were
detected during the column loading stage, while only EP and BP
were identified in the Des and As streams of the separation stage,
respectively (see Fig. 3). During the product recovery stage in As
mode, only the trapped component PP was found. The theoreti-
cal number of separation stage steps as predicted by the short-cut
method were seven (Des mode) and six (As mode). During the
experiment, eleven and ten steps were performed in Des and
As mode, respectively. As expected (see Section 4.2), more steps
were needed to complete the separation stage during the experi-
ment than calculated under the ideal assumptions of the short-cut
method. Analysis of the fractions collected during the product
recovery stage indicated a trapped component (PP) purity of >99.9%
and a yield >96.5%. The fact that full PP recovery was not achieved is
likely due to measurement uncertainties arising from the dilution
of the collected fractions. Since PP was not present in the Des and As
mode product streams during the column loading and separation
stages, it can be concluded that 100% of the injected PP remained
trapped in the columns during this time and was fully recovered
during the product recovery stage.

A successful ternary separation was also achieved in Experi-
ment 2. As in Experiment 1, only single components eluted during
the Des and As steps of the column loading and separation stages
(MP and PP, respectively). As a result of lower column loading and
longer step durations during the separation stage in comparison
with Experiment 1, the short-cut method predicted that only five
Des and two As separation stage steps were needed for the com-
plete elution of MP and PP. During Experiment 2, the UV-vis signal
indicated that both MP and PP had fully eluted after five Des sepa-
ration stage steps (corresponding to four As steps), at which point
the extended As step for the product recovery stage was begun. In
this case, the theoretical number of steps calculated with the short-
cut method agreed with those determined experimentally. This
could be attributed to the longer step durations and fewer cycles
in Experiment 2 in comparison with Experiment 1. Every elution
mode switch results in disruption of the hydrodynamic equilib-
rium between the upper and lower phases within the columns.
When fewer cycles are needed, fewer of these disruptions occur.
Additionally, longer step times allow more time for reestablish-

ment of hydrodynamic equilibrium before the next elution mode
switch occurs. As a result of these two factors, operation closer
to the ideal assumptions of the short-cut method is obtained, and
with it a more accurate prediction of the real process. Analysis of
the collected fractions from the product recovery stage indicated
that only pure EP, the intermediately-eluting target component,
was obtained with a purity of 99.3% and yield >97.0%. As in Exper-
iment 1, incomplete EP recovery was likely due to measurement
uncertainties, since EP was not detected in the MP and PP product
streams.

The results of Experiments 1 and 2 confirm the feasibility
of the trapping MDM CPC technique for the full recovery of an
intermediately-eluting target component in pure form, as well as
the applicability of the presented short-cut method for selection of
the operating parameters. However, it is recognized that the max-
imum throughput of the trapping MDM CPC technique was likely
not attained in the experiments comprising this work. Determina-
tion of the operating parameters for maximum throughput under
a given set of purity requirements is addressed by the group in a
subsequent publication [21].

5. Conclusion

In this study, two-column trapping MDM CPC was presented
as a technique for the recovery of intermediately-eluting compo-
nents from ternary mixtures in pure form. During this process,
the intermediately-eluting component remains “trapped” in the
columns while the other components are eluted from opposite
ends of the two columns. A trapping MDM CPC separation consists
of three process stages: column loading, separation, and product
recovery.

A short-cut method for the design of trapping MDM CPC separa-
tions was derived. The underlying mathematical model was based
on constraints on the distances traveled by the component bands
during each stage under equilibrium theory assumptions. Given
the flow rates, phase volumes within the columns, partition coef-
ficients, and band front positions of the trapped component at the
end of the Des and As steps in the column loading and separation
stages, the step durations and number of separation stage steps can
be easily calculated.

For the proof-of-concept, trapping MDM CPC experiments were
carried out for the separation of two different ternary paraben mix-
tures. The operating parameters were selected using the proposed
short-cut method. It was demonstrated that trapping MDM CPC
offers great potential as an alternative to batch pulse injections.
35% of the total column volume was loaded with feed solution,
and pure product fractions were obtained at high yield despite
low separation factors of approximately 1.5. In both experiments,
the intermediately-eluting components remained trapped in the
columns during the column loading and separation stages and were
collected in pure form in the product recovery stage as desired. As
a priori predicted with the short-cut method, the early- and late-
eluting components of the ternary mixture eluted in pure form at
opposite ends of the two-column setup during the separation stage.

The further potential of this technique is demonstrated in a sub-
sequent publication from the group [21] in which the mathematical
short-cut method is implemented as part of a simulation-based
strategy for throughput maximization in trapping MDM CPC. The
simulations, based on the equilibrium cell model, take the effects
of dispersion and mass transfer on separation performance into
account. The simulation results are then validated experimentally.
Additionally, a preliminary simulation-based comparison of the
performance of trapping MDM CPC and stacked isocratic pulse
injections is presented.
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Supplementary material

Sample calculation of entrapment CPC operating parameters using the mathematical short-cut method

Experiment 2:

- Component A=MP
- Component B=EP
- Component C=PP

(elution in Des mode)
(trapped component)
(elution in As mode)

Set/determine values for:
e Phase volumes, single column
(VUr VL)

e Flow rates
(FU' FL)

e Partition coefficients
(KR, K{S; k= A, B, C)

e Starting elution mode

Set values for:
e Trapped component band front

positions, column loading stage

load load
(x5 Des: Xg.45

e Trapped component band front

positions, separation stage
( sep sep)
Xp pesr Xp as

Calculate step durations during the
column loading stage for:
e Descending mode (t}%¢

Eq. 18
e Ascending mode (£42%¢)

Eq. 19

Calculate step durations during the
separation stage for:

Vy =V, =05V, = 0.5-123.5ml = 61.75 ml

Fy =F, =20mlmin~?!

K% = 0.90, K§** = 1.26, KZ** = 1.90
(K}l)es < Ké)es < Ké)es)

KiS = 175, K = 107, K2 = 0.63
(KAS > Kis > K25)

Descending

load _ load _
Xppes = 0.1Lc cm, xg'as = 0.1Lc cm

sep  _ sep __
X pes = 0.5L¢ em, xp 4o = 0.5Lc cm

load (VL + KEGSVU)

tf)oe[.lsd = XB,Des
' F.L,
— 01l 61.75ml+ 1.26-61.75ml
= e Tl min—1 - Lccm
= 0.70 min
A
tload — ,load Vy + KBSVL
As B,As FULC
— 01L 61.75ml+ 1.07 - 61.75ml
= e T Sl min1 - L.cm
= 0.64 min
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e Descending mode step of the
sep,1st
Des )

first cycle (t

e All subsequent descending

mode steps (tp.r)

Calculate the theoretical number of
separation stage steps for:
e Descending mode (nf')?;)

e All ascending mode steps (tj:p

sep 1st (xsep _ mad
Des - B,Des B‘Des FLLC
= (0.5L; cm
EdiAd 01, ey EL75 L 1.2661.75 mi
e L 20mlimin~t-L; cm
= 2.79min
vV, + KB esy,,
thes = [(Xppes = *56s) + (xpons — X548 )| ——F7——
= [(0.5L; cm — 0.1L; cm)
Eq. 25 + (0.5L; cm
0L N 61.75ml + 1.26- 61.75 ml
=0 W 20mlmin~! - Lc cm
=557 min
) sep sep load sep _ ,load Vy + Kéq VL
[(xB Des — XB Des) i (xB As — XBAs ] FiL
U*c
= [(0.5L; cm — 0.1L; cm)
Eq. 26 + (0.5L; cm

—0.1L; cm)]

ttoad A Aogsd FUL S A }llogsd
tload FyL,
Eq. 15 Vy + K85V
. 20mlmin~'L, cm
T 75 ml + 1.75 - 61.75 ml
= 0.08L, cm
Eq.27 Axfoe = x4 4+ L, = 0.08L, cm + L, cm = 1.08L; cm
Axsep 1st sep,1st FLLC _ .Sep FULC
Anet Des VL 4 K/{MSVU As VU + K,fSVL
_ B 20 mlmin~'L; cm
Eq. 29 o S ml + 0.90 - 61.75 ml

V, + KPesv,

61.75ml + 1.07 - 61.75 ml
20mlmin=1- L, cm

= 5.11 min

(Vy + Kf5v,)

20 ml min~'L; em

—5.11min 61.75ml + 1.75 - 61.75 ml
= —0.13Ls cm




Ascending mode (njzp)

Eq.

Eq.

Eq.

Eq.

Eq.

Eq.

Eq.

33

35

14

28

31

34

36

A sep _ ,sep FLLC sep FULC
X4 net = Epes v, + K/feSVU ~ tas Vy + K;‘SVL
20mimin~'Ly cm
61.75ml+ 0.90-61.75 ml
20 ml min~'L; em

=557 min

—5.11mi
T 175 ml + 1.75 - 61.75 ml
= 0.35L; em
N it V7
n +1
Des =— szep 2
STLe.
1.08L.cm — (—0.13L, cm
= < ( c cm) +1

0.35L,cm
= 4.46 steps — 5 steps

gt = axtogs, o 1E7V0)
- F L,
= tlgoe%d FULDC
(Vy + KZ%Vy)
P 20mimin~L. cm
= T e 75 ml + 1.90- 61.75 ml
= 0.08L.cm

load
d AxC,Des

AxT o = x{08% + L = 0.08L, cm + L, cm
=1.08L,cm

A sep,1st - t_sep,lst FLLC _ .Sep FULC —
Cnet Des VL + Ké)esVU As VU £ KC{lsVL
20ml min~Lg cm
61.75ml +1.90-61.75 ml
20mlmin~Lc cm

61.75ml + 0.63-61.75ml
= 0.70L; cm

= 2.79 min

—5.11 min

— ltsep FULC __ .Sep FLLC
A Yy + K&V, P+ kP,
20mlmin~'Lc cm
61.75ml + 0.63-61.75ml
20 mimin~Ly cm

61.75ml +1.90-61.75ml
= 0.39L; cm

sep
AxC,net

= 5.11 min

— 5.57 min

process sep,1st
nseP > Axc.net B AxC,net +1
As = Axsep
Cnet
1.08L,cm — 0.70L; cm w4

0.39L; cm
= 1.95 steps — 2 steps
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3.2 Paper I

Trapping multiple dual mode centrifugal partition chromatography for the separation of
intermediately-eluting components: Throughput maximization strategy

R. Morley, M. Minceva, Journal of Chromatography A, 15601 (2017) 26-38.
http://dx.doi.org/10.1016/j.chroma.2017.04.033

Author contribution: The thesis author held the primary role in this investigation,

including conceptualization, methodology design, development of the gPROMS model,
experiment execution, and results analysis. She both wrote and edited the manuscript.

Summary: In Paper Il, the short-cut model validated in Paper | was integrated into a
comprehensive model-based design approach for throughput maximization. The approach
takes process limitations associated with the system thermodynamics and hydrodynamics into
account as well as uses simulations to predict band broadening effects and performance.

As in Paper |, a model feed mixture of three parabens (1:1:1) was used with
ethylparaben as the intermediately-eluting target. Stringent purity and yield requirements of
299% were set. Preliminary measurements found the limit of the linear range to be a feed
concentration (i.e., all three parabens with respect to the combined volume of the two phases)
of approximately 30 mg ml"". The stationary phase retention experiments were performed in
the presence of the 30 mg ml™ feed solution, identifying a maximum flow rate of 12 ml min™’
for maintenance of S;=0.5. This flow rate was well below that obtained for the pure phases,
which was attributed to the two-fold increase in settling time at a 30 mg ml-' feed concentration.
No significant change in the phase volume ratio was observed within this concentration range.

The short-cut model was used as a preliminary operating parameter selection tool and
coupled with a time-saving iterative strategy for identification of the step durations resulting in
the highest throughput predicted by equilibrium stage model simulations. Good agreement was
found between the simulated and experimental results, and no stationary phase loss occurred.
The loaded feed volume was approximately 52% of the total column volume, over 10-fold
greater than the 5% column volume loading maximum often recommended for LLC batch
injections [24]. The target ethylparaben was obtained at 99.5% purity and 98.4% vyield.

A comparison of the simulated separation performance of the trapping MDM separation
at maximized throughput and an equivalent stacked batch injection process was made.
Trapping MDM achieved a 1.7-fold higher productivity and 40% lower solvent consumption.
The results demonstrated trapping MDM to be a viable alternative to batch injections for the
high-throughput isolation of intermediately-eluting compounds from ternary mixtures.
However, a generalized description of the range of separation tasks for which the use of
trapping MDM is advantageous remained to be determined. This topic formed the basis of

Paper III.
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Trapping multiple dual mode centrifugal partition chromatography (trapping MDM CPC) is an alternative
to isocratic pulse injections for the separation of intermediately-eluting components from complex mix-
tures using liquid-liquid chromatography. In this work, a throughput maximization strategy is developed
and validated to investigate the full potential of trapping MDM CPC as a preparative technique. In the
proposed approach, shake flask and stationary phase retention experiments are used to determine the
maximum feed concentration and flow rate, respectively. A model-based parameter selection process
combining a mathematical short-cut method and simulations based on the equilibrium cell model is
used to obtain the column loading and step durations resulting in maximized process throughput. The
proposed throughput maximization strategy is experimentally validated for the separation of a ternary
model mixture of parabens. A preliminary comparison of trapping MDM CPC separation performance to
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1. Introduction

Liquid-liquid chromatography (LLC) is a preparative separation
technique employing the two phases of a liquid-liquid biphasic sys-
tem as the mobile and stationary phases. Separation is achieved as
a result of the differing partitioning behavior of the sample solutes
between the two phases. The stationary phase is held in place dur-
ing operation by means of the column geometry and application of
a centrifugal field. LLC devices can be grouped into two main cate-
gories: hydrodynamic countercurrent chromatography (CCC) units
and hydrostatic centrifugal partition chromatography (CPC) ones.

The presence of a liquid stationary phase in LLC presents several
advantages over conventional liquid-solid chromatography tech-
niques, such as no irreversible sample adsorption on the stationary
phase, high loading capacity, and the possibility to tailor the sta-
tionary phase composition to the desired separation. Additionally,
either phase of the biphasic system (upper or lower phase) may be
employed as the stationary phase, and the roles of the two phases
may even be switched during operation. As a result, a high degree of

7 Selected paper from the 9th International Counter-current Chromatography
Conference (CCC 2016), 1-3 August 2016, Chicago, IL, USA.
* Corresponding author.
E-mail address: mirjana.minceva@tum.de (M. Minceva).

http://dx.doi.org/10.1016/j.chroma.2017.04.033
0021-9673/© 2017 Elsevier B.V. All rights reserved.

operational flexibility can be achieved in LLC, which has given rise
to a variety of operating modes not realizable with conventional
chromatography techniques [1]. One such operating mode, trap-
ping multiple dual mode CPC (trapping MDM CPC), was presented
in a previous publication from the group [2].

Trapping MDM CPC allows the preparative recovery of an
intermediately-eluting component from a multicomponent mix-
ture, offering an alternative to isocratic pulse injections. Pulse
injections often result in overlapping peaks, and, therefore, reduced
yield of the intermediately-eluting target component in pure form.
In trapping MDM CPC, the feed mixture is loaded between the
columns of a two-column set-up. The early- and late-eluting com-
ponents are obtained at opposite ends of the column during
multiple cycles, with each cycle consisting of two steps. These two
steps correspond to the two elution modes in LLC: descending (Des)
and ascending mode (As). In Des mode, the upper phase is the sta-
tionary phase and the lower phase is pumped through the column
as the mobile phase. The roles of the phases are reversed in As
mode (the upper phase becomes the mobile phase), as are the flow
direction and elution order of the feed components. Meanwhile,
the intermediately-eluting target component remains “trapped”
within the columns. After the early- and late-eluting components
have fully eluted, the trapped target compound is recovered in pure
form.
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The MDM technique was first introduced in [3] for the separa-
tion of a feed mixture into two product streams on a single column
and has since been implemented for a wide range of (pseudo-
)binary separation applications. The MDM technique was further
developed for ternary separations using two-column CCC devices
asdescribed in [4,5]. In [4], the feed was injected continuously over
several cycles, while in [5] injections were made repeatedly and
always at the start of a new cycle. In the trapping MDM CPC tech-
nique presented in this work, column loading is performed at the
start of the process and takes place during a single cycle. A short-cut
method for selection of the trapping MDM CPC operating param-
eters (i.e., step durations) under the requirement of full recovery
of the pure target was derived and experimentally validated in a
previous publication from the group [2]. In order to explore the
full potential of trapping MDM CPC as a preparative separation
technique, the focus of this study is maximization of the process
throughput. Although several recent publications have addressed
throughput maximization in LLC [6-9], none of these have focused
on the isolation of an intermediately-eluting component by “trap-
ping” it on the column.

Throughput may be improved by increasing the loaded volume
and/or the feed concentration. The loaded volume may be increased
by performing repeated injections at certain intervals or by increas-
ing the volume introduced during a single injection or loading
step. Inbinary MDM separations without an intermediately-eluting
“trapped” component, it has been shown that repeated loading of
the feed may be used to increase the process throughput [3,10,11].
In trapping MDM CPC, repeated injections could be useful in cases
where the trapped target component is present at low concentra-
tions in the feed and the separation factors between the target
and impurities are high. In this case, the majority if not all of
the impurities would elute during a single cycle before the next
feed introduction, avoiding the destabilizing effects of high solute
concentrations on the column. However, the model mixture imple-
mented in this work is meant to represent the situation often
encountered at the end of a multistep downstream processing
chain: a concentrated feed solution consisting of the target compo-
nent and remaining impurities with low separation factors. In this
case, repeated injections would lead to high solute concentrations
within the column, especially near the site of injection.

The feed concentration is limited by the sample solubility as
well as the effects of the presence of the solutes on both the ther-
modynamic equilibrium of the solvent system and the column
hydrodynamics. High solute concentrations can result in changes
of the partition coefficients and the volumes of the phases. In more
extreme cases, a single or third phase (liquid or solid) may be
formed. These effects, coupled with the accompanying changes
in the phases’ physical properties (e.g., density, viscosity, interfa-
cial tension), affect the hydrodynamics within the column and can
lead to stationary phase loss [8,12,13]. Prediction of the cumulative
effects of the abovementioned changes would require full charac-
terization of the system thermodynamics and hydrodynamics as a
function of solute concentration. This task would require extensive
experimental effort and/or the development of complex mathe-
matical models. Therefore, in this work, a simplified approach for
the selection of the column loading parameters was developed.

In addition to the column loading parameters, the flow rates
and step durations during the trapping MDM CPC separation must
also be selected. In the interest of processing the largest feed solute
quantity in the shortest amount of time, flow rates should be as
high as possible while still maintaining stable operating conditions
(e.g.. no stationary phase loss, not exceeding pressure drop limita-
tions). The short-cut method derived in [2] can be used to facilitate
selection of the step durations. Although a helpful starting point
in trapping MDM CPC design, the short-cut method is fully valid
only under ideal conditions (i.e., in the absence of band broaden-
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ing effects). Separation performance under real conditions must be
determined experimentally or predicted with the use of models
taking band broadening effects into account.

Various models have been used for the description of LLC pro-
cesses in the presence of band broadening, such as the equilibrium
cell model of Martin and Synge [14-16], the countercurrent distri-
bution model [17], the non-equilibrium (longitudinal mixing) cell
model [18], and the plug flow with axial dispersion model [19,20].
In this work, simulations based on the equilibrium cell model were
employed to evaluate separation performance with the parameters
determined by the short-cut method.

The objective of this work is to provide a structured approach
to selection of the operating parameters leading to maximized
throughput in trapping MDM CPC. Completion of this objective
comprised the following tasks:

Experimental determination of the maximum applicable feed
concentration and corresponding maximum applicable flow rate.
Development of a model-based throughput maximization strat-
egy incorporating the short-cut method for operating parameter
selection introduced in [2] and simulations based on the equilib-
rium cell model.

Experimental validation of the proposed model-based design
approach.

Comparison of trapping MDM CPC performance to that of iso-
cratic pulse injections.

.

A model feed mixture consisting of three parabens (methyl
paraben, ethyl paraben, and propyl paraben) was used to facili-
tate the theoretical development of the throughput maximization
strategy. The parabens differ only in their alkyl chain lengths and
represent a “difficult” separation (low separation factors). Ethyl
paraben was the intermediately-eluting target component to be
trapped and later recovered.

2. Theory
2.1. Principle of trapping MDM CPC

The principle of the trapping MDM CPC operating mode is
described in detail in [2] and is revisited here for convenience.

The separation objective in trapping MDM CPC is the recov-
ery of an intermediately-eluting target component from a complex
mixture in pure form. This separation can be viewed as a pseudo-
ternary separation represented by the components A, B, and C, with
B as the intermediately-eluting target. The partition coefficients of
the three components can be relatively defined as KP* < KJ* <
K2 in Des mode or K45 > Kf¢ > K2 in As mode. B will remain
trapped inside the CPC unit while A and C elute from the two col-
umn ends in Des and As mode, respectively, allowing the recovery
of pure B at the end of the process.

Due to the cyclic nature of the trapping MDM CPC process, a unit
consisting of two hydrostatic CPC columns and four pumps (two for
mobile phase and two for feed; one of each running in each mode) is
used. Trapping MDM CPC consists of three process stages: column
loading, separation, and product recovery. A schematic represen-
tation of the process (first appearing in [2] and re-printed here for
clarity) is found in Fig. 1.

In the loading stage (Fig. 1a), the feed is introduced between
the two columns during a single cycle, designated as Cycle 0. In
Des mode, the lower phase feed solution is fed into the left-hand
column, while in As mode, the upper phase feed solution is pumped
into the right-hand column. There is no accompanying flow of pure
mobile phase during feed introduction.
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(a) Loading
Descending Step:

(b) Separation

(c) Product recovery
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Fig. 1. Schematic representation of the three trapping MDM CPC process stages ((a) column loading, (b) separation, and (c) product recovery) for the separation of a ternary

mixture of components A, B, and C. (L: lower phase, U: upper phase).

Le Le

sep load

load sep
Xgpes  XBDes 5

XB,As X as

1
1
1
Fig. 2. Notation convention for the trapping MDM CPC short-cut method equations.

The separation stage (Fig. 1b) is begun immediately following
completion of the column loading cycle. It consists of multiple
cycles of Des and As steps, with the first cycle designated as Cycle
1. In Des mode, A travels fastest toward the outlet (left-hand side
of the two-column set-up). Before B reaches the end of the column,
a switch to As mode is made, reversing the flow direction and elu-
tion order. C now moves fastest through the column, and will elute
from the right-hand side of the two-column set-up. Again, the elu-
tion mode is switched at some point before B begins to elute from
column. B remains trapped inside the columns during the entire
separation stage. The separation stage is complete when A and C
have fully eluted, leaving only B behind at high purity.

The purified intermediately-eluting target component B is col-
lected during the product recovery stage (Fig. 1c). This stage
consists of one extended Des or As step. The recovery stage ends
when B has fully eluted from the column.

2.2. Short-cut method for operating parameter selection

A mathematical short-cut method was derived in a previous
publication from the group for determination of the durations of
the Des and As steps in the column loading and separation stages
(tjoad, rload 7*P 3} [2]. The short-cut method is applicable to
the complete separation and recovery (100% purity and yield) of
intermediately-eluting component B from the simplified ternary
system of A, B, and C described in Section 2.1 under ideal conditions
(i.e., in the absence of band broadening effects).

The following parameters are required as input for the short-
cut method: volumes of upper and lower phases in a single column
of the two-column set-up (Vy, V), flow rates in As and Des mode
(Fu, Fr), length of a single column (L;), and partition coefficients of
the mixture components (K{j‘. KPes). Additionally, the positions of
the trapped component (B) band fronts at the end of the column
loading (x990, x[°4?) and separation stage steps (X e Xp 4,) MUSt
be assigned. It is assumed that all operating parameters (Fy, F, Vu.
Vy) as well as the partition coefficients for all compounds (K,’()E‘S,
KkAS) remain constant during all process stages. For the sake of clar-
ity, the notation convention for the short-cut method equations is
graphically depicted in Fig. 2.

Table 1
Trapping MDM CPC short-cut method equations for calculation of the process step

durations.

Process stage Step duration equation

load (\, K Desy )
Column loadin fond _ B0 A T8 )
1 Des = filc

load As
alood. (vu K4 VL)

foad _
L = Tole
S t pepdst _ (sep load Vit “,',J”Vu
eparation pes = \Xg.pes ~Xppes ) T TR
As
pentst _ (e o) | WV
4s s~ Xpas Tte
. . Vi +KDEs vy
sep _ sep . load sep _ load)] . B
Ipes = [(xs.ucs X Urs) + (xB./Ls "n.n,—” il
ViKY,

sep _ sep_ load sep _ yload\ T .
by = [(xﬂ.Dcs xB.DEs) + (xa.m "B‘m)] Fule

The short-cut method equations for caicuiation of the step
durations are summarized in Table 1. The full derivation of these
equations, as presented in [2], can be found in the Supplementary
data (Appendix A). By defining the band front positions as a fraction
of the column length, the term L. can be canceled out of the model
equations.

The short-cut method presents a quick, simplified method for
the initial selection of the step durations. However, selection of the
trapped component band front positions x99 and x3” is not nec-
essarily straightforward. Maximization of the process throughput
requires consideration of and compromise between the following
factors:

. H[igil column loading should be attained (improved by increasing
xloa )

® Long step durations are desired during the separation stage to
take full advantage of the virtual column-lengthening effect of the
process as well as to reduce the frequency of switching between
the Des and As modes and the total number of separation cycles
(improved by decreasing x°¢ or increasing x;").

e Short step durations are desired during the separation stage
to compensate for broadening of the trapped component band
(improved by decreasing x,,” for a fixed x[?*?).

A more in-depth discussion of the interdependence of these
factors is found in [2]. Separation performance under non-ideal
conditions may be evaluated with simulations based on mod-
els accounting for band broadening effects. In Section 4.1.4, an
approach combining the short-cut method with simulations based
on the equilibrium cell model is described for determination of the

best compromise between x® and x3”.
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OH

Fig. 3. Paraben molecular structure (Ryp=-CHi, Rgp=-CH;-CH3, and
Rpp =-CHz-CHz-CHs).

2.3. Modeling and simulation of trapping MDM CPC

The trapping MDM CPC process was modeled with Martin and
Synge’s equilibrium cell model [21], also known as the stage or
plate model. The analytical solution has been implemented for the
modeling of MDM separations in [10,11,22]. In this work, instead
of the analytical solution, a numerical solver is used for simulta-
neous solution of the model equations at each simulated time step
to obtain temporal resolution of the concentration profiles of the
mixture solutes inside the column (i.e., concentration in each equi-
librium cell) as well as at the column outlets. The same approach
has been successfully implemented for the prediction of separation
performance in sequential centrifugal partition chromatography
(sCPC) [ 15,16]. The equilibrium cell model assumptions and equa-
tions for the two-column CPC set-up used in this work are found in
[23]. The boundary conditions necessary for modeling and simula-
tion of the trapping MDM CPC process were defined for this work
and are presented in Table 2.

3. Materials and methods
3.1. Materials

3.1.1. Chemicals

Methyl paraben (MP; 99%), ethyl paraben (EP; 99%), and propyl
paraben (PP; 99+%) were purchased from Alfa Aesar GmbH & Co KG
(Karlsruhe, Germany). The paraben molecular structure is found in
Fig. 3.

The ARIZONA solvents n-heptane (>=99.9%) and ethyl acetate
(>99.5%) were purchased from Merck KGaA (Darmstadt, Germany),
while methanol (>99.3%) was obtained from VWR Chemicals
(France). De-ionized water was supplied by the in-house network.
HPLC analysis was performed using Millipore 18-MOhm water and
methanol (gradient grade for liquid chromatography, >99.9%) from
Merck KGaA (Darmstadt, Germany).

3.1.2. Biphasic system preparation

All shake flask and CPC experiments were conducted using
the biphasic solvent system ARIZONA N (n-heptane/ethyl
acetate/methanol/water 1/1/1/1 v/v/v/v). This system was selected
for the separation of the model components as a result of a
previous screening study [9]. After combining the four solvents,
the system was left to equilibrate for at least 2 h with stirring at
room temperature (22 +2°C). After equilibration, the upper and
lower phases were split into two containers using a separatory
funnel. Phases were degassed in an ultrasonic bath before use.
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Table 2

Equilibrium cell model boundary conditions for the three trapping MDM CPC stages. Subscript F designates feed.

As mode

Des mode

Process stage(s)

U
=k

k1.2

U

=FyrF1=0c

Fua

Feed introduced between columns in As direction

BT
1 =6

KN

=F rF 2 =0ct

Fia

Feed introduced between columns in Des direction

Column loading

=Fy CHI,I =0

Mobile phase introduced at end of Column 1 Fui=Fuya

Fia
L _p o
Fiatn,a = Fraci s

Fra

Mobile phase introduced at end of Column 2

Separation and Product

recovery

L —_
F ‘u‘rk,z =il

oo u
Fuagly 1 = ozt s

Mass balance at junction of Column 1 and Column 2

Mass balance at junction of Column 1 and Column 2
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3.1.3. CPCunit

CPC experiments (pulse injections, trapping MDM CPC) were
performed on a TMB-250 unit from Armen Instrument (Saint-Avé,
France). The unit consists of two 125ml columns mounted on
separate rotors in series, four HPLC gradient pumps, two UV-Vis
detectors, and two fraction collectors. The maximum rotational
speed of the columns is 3000 rpm and the maximum pressure drop
is 100 bar. A detailed description of the unit is found in [24]. All
experiments were performed at a rotational speed of 1700 rpm,
as this speed was previously found to provide satisfactory station-
ary phase retention and separation efficiency for ARIZONA systems
while remaining below the maximum pressure drop [24].

3.2. Experimental methods

3.2.1. Shake flask experiments

Shake flask experiments were performed using the paraben
model mixture in the biphasic solvent system ARIZONA N with total
global concentrations of the samples ranging from 0 to 80 mgml~—'.
MP, EP, and PP were always present in equal global concentrations.
In this work, “total concentration” refers to the overall concentra-
tion of the three parabens in one phase (upper or lower phase).
“Total global concentration” refers to the overall paraben concen-
tration of the biphasic system viewed as a single volume.

All samples were prepared in 15ml centrifuge tubes and had
a measured volume of 10 ml (5 ml each, upper and lower phases).
Samples with a total global concentration of 5 mgml~! or less were
prepared by dilution of a stock solution (ARIZONA N lower phase,
total concentration 10 mg ml—!). All remaining samples were pre-
pared by weighing the corresponding paraben amounts directly
into the centrifuge tubes and then adding the two phases. Samples
were left to equilibrate for 2 h at room temperature (22 4 2 °C) with

automatic miyine Thea gattling time (gee Saction 2.2 2) and nhage
automalic MiXing. 1 0€ sething Ume (5ee >eclion 5.2.2) anG pnase

volume ratio (see Section 3.2.3) of each sample were then recorded.
Lastly, aliquots for HPLC analysis were taken from both phases of
the samples and diluted with the same phase when necessary.

3.2.2. Settling time measurements

Settling time with respect to solute concentration was measured
using the same samples prepared for the shake flask experiments
(see Section 3.2.1). Samples were quickly inverted ten times by
hand and then placed in a tube rack. The time needed for full
reestablishment of the meniscus between the two phases was mea-
sured with a stopwatch. This procedure was repeated three times
for each sample.

3.2.3. Phase volume ratio measurements

Phase volume ratios of the samples prepared for the shake flask
experiments (see Section 3.2.1) were recorded. The lower phase
and total sample volumes were read from the graduation of the
centrifuge tubes. The upper phase volume was calculated as (total
volume) - (lower phase volume). The phase volume ratio was cal-
culated as (upper phase volume)/(lower phase volume).

3.2.4. Stationary phase retention experiments

Stationary phase retention as a function of flow rate is generally
determined in the absence of feed solutes using the upper and lower
phases of the solvent system of interest in pure form. However, in
this study, it was desired to observe the effect of the loaded feed
solution on stationary phase retention.

Feed solutions were prepared from an ARIZONA N biphasic sys-
tem with a total global concentration of 30mgml~! (10mgml !
each paraben). The biphasic feed solution was formed by weighing
the corresponding paraben amounts and then adding equal vol-
ume portions of pure upper and lower phase, previously prepared

as described in Section 3.1.2. The biphasic feed solution was equili-
brated for atleast 2 h under mixing at room temperature (22 +2°C).
The phases were then split into two feed reservoirs using a separa-
tory funnel and degassed in an ultrasonic bath before use.

The CPC unit was prepared by filling the columns with the ARI-
ZONAN biphasic system at a50/50 upper/lower phase ratio without
rotation in order to obtain an initial stationary phase retention, Sf,
0f 0.5 (Sy=Vs/V¢, where Vs and V¢ are the stationary phase and total
column volumes, respectively). Rotation was then set at 1700 rpm.
After the set rotational speed was reached, the feed solution was
introduced between the two columns. A feed solution volume of
62.5 ml, corresponding to the mobile phase volume in a single col-
umn, was introduced at the start of each experiment. Two series of
experiments were performed at room temperature (22 £2°C), one
in Des mode and one in As mode. In Des mode, the lower phase feed
solution was pumped into the left-hand column, and in As mode,
the upper phase feed solution was pumped into the right-hand
column, similar to the column loading stage of the trapping MDM
CPC process (see Fig. 1a). Immediately following completion of feed
loading, pumping of pure mobile phase (lower phase in Des mode;
upper phase in As mode) was begun at the same flow rate as dur-
ing feed introduction and continued until all three components had
left the column, as indicated by the signal from the UV-Vis detec-
tor. The eluent stream was collected in graduated cylinders during
both feed loading and pumping of pure mobile phase. Any loss of
the stationary phase was recorded. If no stationary phase loss was
observed, a new experiment (i.e., feed loading followed by mobile
phase elution) was started at the next highest flow rate. Otherwise,
the column was first newly prepared with the 50/50 upper/lower
phase volume ratio (5;=0.5) before loading the feed. Experiments
were performed at flow rates of 10, 12, 14, and 16 ml min~!, with
each series of experiments started at a flow rate of 10mlmin~1.

3.2.5. Pulse injection experiments for determination of madel
parameters

Pulse injection experiments were performed at a mobile phase
flow rate of 12 mlmin~! and rotational speed of 1700 rpm for deter-
mination of the equilibrium cell model parameters Ny (number of
theoretical stages) and K,?E‘S. K,ﬁ“ (partition coefficients). The CPC
unit was initially filled with the ARIZONA N biphasic system with
a 50/50 upper/lower phase volume ratio (S=0.5) without rotation.
The feed solutions (dissolved in lower phase in Des mode and upper
phase in As mode) had concentrations of 2 mg ml~! of each paraben.
Injections were completed with a manual injection valve using a
1 ml sample loop. Two injections were made in each elution mode
(Des and As).

3.2.6. Trapping MDM CPC experiment

The CPC unit was initially filled with the ARIZONA N biphasic
system with a50/50 upper/lower phase volume ratio (S§y=0.5) with-
out rotation. The rotational speed was then set at 1700 rpm. The
experiment was performed at room temperature (22 +2°C). Feed
solutions containing the equilibrium phase concentrations at a total
global concentration of 30 mg ml-! were used. Preparation of the
feed was as described for the stationary phase retention experi-
ments in Section 3.2.4. The UV-Vis detector signal was recorded at
wavelengths of 280 nm and 254 nm. The three process stages were
executed as follows:

Column loading: The single loading stage cycle (Cycle 0) con-
sisted of two steps: one in Des mode (5.56 min) followed by one in
As mode (5.21 min). The lower and upper phase feed solutions were
introduced between the two columns during the Des and As steps,
respectively, at a flow rate of 12mlmin—!. There was no accompa-
nying flow of pure mobile phase. The Des and As eluent streams
were continuously collected from the two ends of the unit in sep-
arate reservoirs. Aliquots for HPLC analysis were taken from each
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collected eluent stream for determination of the average paraben
concentrations.

Separation: After completion of the loading stage, the separation
stage consisting of eight elution cycles (Cycles 1-8) was started.
Each cycle began with a Des step followed by an As step. The flow
rate in both elution modes was 12 mlmin~!. The Des and As step
durations were 4.45 min and 4.17 min, respectively, with the excep-
tion of the shorter Des step in Cycle 1(2.22 min). With the exception
of Cycle 6, the Des and As eluent streams were collected during each
cycle in separate reservoirs. During Cycle 6, fractions were collected
every 30s. Aliquots for HPLC analysis were taken from the collected
eluent streams and fractions.

Product recovery: Following completion of Cycle 8 (ending with
an As mode step), the recovery cycle (Cycle 9) was started with a
Des step (duration of 4.45min) followed by an extended As step.
The flow rate in both elution modes was again 12 mlmin~'. The
entire eluted volume was collected during the Des step. During the
extended As step, product stream fractions were collected every
60s. Aliquots for HPLC analysis were taken from the Des step stream
and the As step fractions. Elution in As mode was continued until
the UV-Vis detector signal indicated that all parabens had fully
eluted from the column.

3.2.7. HPLC analysis

HPLC analysis was used to determine the concentrations of the
three parabens (MP, EP, and PP) in the shake flask experiments as
well asinthe product stream samples and fractions collected during
the trapping MDM CPC experiment.

The Gilson (Middleton, WI, USA) HPLC set-up consisted of
a 322H2 binary gradient pump, GX Direct injection module,
and 151 UV/VIS Detector. The analysis was controlled by Tri-
lution LC software. A Nucleosil 100-5 C18 column was used
(125mm x 3 mm ID; 5 wm). Analysis of all samples was completed
using a water:methanol gradient program with a mobile phase flow
rate of 0.8 mImin~! at 23 °C. The injection volume was 10 pl. The
gradient program following injection was as follows: 40:60 from
0.0 min to 4.5 min; 38:62 at 5.0 min; 58:42 from 7.5 min to 10.0 min.
The detection wavelength was set at 280 nm.

3.2.8. Simulations

Simulation of the trapping MDM CPC process was completed by
numerical solution of the equilibrium cell model equations using
gPROMS Model Builder v4.2 software from Process Systems Enter-
prise (London, UK).

4. Results and discussion

The objective of this work was to develop, apply, and validate
a model-based design strategy for throughput maximization in
trapping MDM CPC. This strategy is described in Section 4.1 and
applied for the design of a trapping MDM CPC validation exper-
iment (Section 4.2). A preliminary comparison of trapping MDM
CPC performance to that of pulse injections by simulations is then
made in Section 4.3.

4.1. Model-based design strategy for throughput maximization in
trapping MDM CPC

Trapping MDM CPC is a batch process. Therefore, for maximum
throughput, it is desired to load the highest possible amount of the
feed components during the loading stage. The loaded amount can
be increased by adjusting the feed volume and/or the feed concen-
tration. As mentioned in Section 1, there exist limitations on the
maximum applicable feed concentration and volume imposed by
the performance requirements, column hydrodynamics, and parti-
tion equilibria.
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The following subsections detail the design strategy for through-
put maximization of trapping MDM CPC applied in this work. The
first step is determination of the maximum feed concentration (Sec-
tion 4.1.1). Next, the maximum applicable flow rate in the presence
of this feed concentration is determined (Section 4.1.2). Pulse injec-
tions at the maximum flow rate are then performed to obtain the
partition coefficients and number of equilibrium cells (theoreti-
cal stages) corresponding to the feed components (Section 4.1.3).
The short-cut method can then be used to determine the possi-
ble sets of step durations resulting in complete separation under
ideal conditions. Separation performance under non-ideal condi-
tions is evaluated by simulations taking band broadening effects
into account (Section 4.1.4). An iterative approach is used to arrive
at the set of step durations resulting in the maximum throughput
at which the performance requirements are still met.

4.1.1. Determination of the maximum feed concentration

To achieve maximum process throughput, the feed concentra-
tion should be as high as possible without exceeding the solubility
limits and while still allowing for stable operation (i.e., no station-
ary phase loss). Stationary phase loss indicates disruption of the
hydrodynamic equilibrium of the two phases within the column.
This disruption can occur when the presence of the feed solutes
in the biphasic system leads to changes in the physical proper-
ties of the phases (e.g., viscosity, density, interfacial tension). These
changes can affect, in turn, the settling time and volume ratio
of the two phases. Additionally, the partitioning behavior (parti-
tion coefficient) of the feed solutes is also a function of the solute
concentration. The concentration dependency and interrelatedness
of these various factors can make prediction of the process per-
formance difficult. Therefore, for simplified process design, it is
desired to find a limiting feed concentration below which stable,
predictable operation is achieved.

Constant partition coefficients and phase volume ratios are
generally observed within the linear range of the solutes’ par-
tition isotherms. For the model ternary mixture of MP, EP, and
PP in ARIZONA N, the limiting concentration of this linear range
was determined by performing shake flask experiments and phase
volume ratio measurements at increasing total global paraben con-
centrations. Settling times of the samples were also measured.
Samples were prepared using the ternary paraben mixture rather
than the single parabens as the mixture better reflects the process
conditions and takes possible interactions between the different
paraben molecules into account.

In comparison to liquid-solid chromatography techniques, the
linear range of the partition equilibria in LLC is extended to higher
concentrations as a result of the accessibility of the entire liquid sta-
tionary phase volume to the feed solutes as opposed to only a solid
surface. In this study, the limit of the linear range of the partition
coefficients was defined as the maximum total global concentra-
tion at which the coefficient of determination (R?) remains above
0.99 for all three components. This was found to occur at a total
global concentration of 30 mgml~!, as seen in Fig. 4. The partition
coefficients obtained from the slopes of the linear regression lines
of the linear region were K% =0.81, KB5* =1.27, and KJ¢* =2.23.
These values agree well with those reported for single parabens
in ARIZONA N at low concentration ranges (0.01-2mgml-!) in a
previous study [9].

At the start of a trapping MDM CPC process, the column is filled
with the pure, equilibrated phases of the biphasic system. Since
trapping MDM CPC is a batch process and loading is performed
during a single cycle, the highest feed solute concentrations will be
obtained near the feed inlet (between the columns) during the load-
ing stage. During loading, the mobile phase concentration near the
inlet approaches that of the feed, with the corresponding station-
ary phase concentrations taking on the equilibrium values defined
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Fig. 4. Partition isotherms for a mixture of MP, EP, and PP in ARIZONA N for
total global concentrations ranging from 0 to 80 mgml~' (equal concentrations of
each paraben). Dashed lines: linear regression up to a total global concentration of
30mgml-.

by the partition coefficients. At all later points in the process, the
solute concentrations inside the columns will decrease as a result of
band broadening. Therefore, to achieve maximum throughput, the
feed concentration should be selected at or near the total global
concentration limit of the linear range of the partition isotherms
determined by the shake flask experiments. Preparation of the cor-
responding upper phase and lower phase feed solutions containing
the equilibrium concentrations is then simply a matter of equili-
brating the biphasic system with the necessary paraben amounts
and then separating the phases. The 30 mgml~! total global con-
centration limit of the linear range of the partition isotherms
was selected for preparation of the feed solutions. The upper
and lower phase concentrations at this total global concentration
(chhp=9.50mgml~1, ¢k, =11.27mgml~", ¢, =11.38 mgml !, ¢k,
=8.86mgml~!, cj, =13.57 mgml~!, cf, =6.06 mgml~") can be read
from Fig. 4.

Results of the settling time and phase volume ratio (Vy/Vy)
measurements are found in Fig. 5a and b. The settling time
increases above a total global concentration of 10mgml~!, with an
approximately two-fold increase observed between the blank and
30mgml-! samples. Practically all variations in the phase volume
ratio were within the range of measurement uncertainty. There-
fore, it cannot be concluded that there is a significant change in the
phase volume ratio within the measured paraben concentration
range.

4.1.2. Determination of the maximum applicable flow rate

For fast separation and high column efficiency, it is desired to
operate the trapping MDM CPC process at the highest flow rate
allowing for maintenance of the initial upper to lower phase ratio.
An initial 50/50 upper/lower phase volume ratio of the ARIZONA N
system was used in this study, corresponding to a stationary phase
retention (Sy) of 0.5 in both elution modes.

Stationary phase retention studies in the absence of feed solutes
using ARIZONA N were previously performed on the same CPC unit
in[9].In this study, it was desired to determine the maximum appli-
cable flow rates in the presence of the feed solutes at the maximum
concentration determined from the linear range of the partition
equilibrium (30 mg ml~" total global concentration).

The decrease in stationary phase retention from the pre-set Sgof
0.5 with increasing flow rate is shown in Fig. 6 for the two elution
modes. The reported Sy values correspond to the indicated elution
mode (Sypes =Vu/Vc: Spas =Vi[Vc). The decrease in Sy with increas-

ing flow rate is most pronounced in As mode. This trend was also
observed in the absence of feed solutes [9]. A slight loss of sta-
tionary phase in both modes is first observed at 12mlmin—'. This
is significantly lower than the values reported for the pure ARI-
ZONA N system in the absence of the feed solutes (24 ml min—! and
22mlmin~! in Des and As mode, respectively). It is evident that
introduction of the feed solution to the system has a destabilizing
influence on the hydrodynamics of the system.

It is most probable that the increase in settling time observed
with increasing concentration (see Fig. 5a) is responsible for the
stationary phase loss occurring at 12 mImin~'. The settling time at
a total global concentration of 30 mgml~! is over twice as long as
that of the blank sample. As the flow rate is increased, the residence
time of the mobile phase within the cells of the column decreases.
Due to the longer settling time, the two phases may not have time
to fully coalesce within the cells, leading to droplets of stationary
phase being carried over from one cell to the next with the mobile
phase [25].

In the interest of performing the separation as fast as possible
and with higher efficiency, a flow rate of 12ml min~—! was selected
for design of the maximum throughput trapping MDM CPC process
in lieu of the lower 10 mI min—! where no stationary phase loss was
observed. For simplification of the process design, this flow rate was
selected for use in all process stages (column loading, separation,
and product recovery).

4.1.3. Determination of model parameters by pulse injections

Pulse injections at the selected maximum flow rate of
12mlImin~! were used to determine the model parameters K,‘\?"‘.
K,'?S (partition coefficients), and N, (number of theoretical stages)
used in the short-cut method and equilibrium cell model sim-
ulations. The pulse injection partition coefficients slightly differ
from those corresponding to the slope of the partition equilibria
obtained from the shake flask experiments. Deviations from the
static shake flask measurements are due to effects of the column
hydrodynamics on the retention behavior, including back-mixing
and short-circuiting phenomena [26]. The values obtained for Ny,
KEES, and K;:‘S were averaged for the two pulse injections in each
mode and are summarized in Table 3.

4.1.4. Simulation study for the selection of step durations

Following determination of the total global feed concentra-
tion (30mgml-!) and the flow rate (12mlmin~!) to be used for
throughput maximization, it was necessary to determine the step
durations for the three stages that would result in fulfillment of
the separation performance requirements. For this study, require-
ments of >99% purity and yield were defined. However, it would
be possible to apply the strategy described in this section for other
separation performance requirements as well.

The following parameter simplifications were made:

® The flow rate remains constant in Des and As mode in all three
process stages (Fy =Fp).

* The set position of the trapped component band (EP) at the end
of the loading stage is the same in Des and As mode (xg:"""":'es =
X’;ﬂd-AS - x!oad).

» The set position of the trapped component band (EP) at the end

of each separation stage step is the same in Des and As mode
ep.Des _ _sep,As _ _sep
T s

Since trapping MDM CPC is a batch process with a single loading
stage, the highest column loading possible (xg”“d) is desired for the
highest throughput. However, the extent of column loading stands
in direct competition with the maximum possible duration of the

separation stage steps (t;7, £3F). It is beneficial to have step dura-
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Table 3

Partition coefficients and number of theoretical stages determined by pulse injections experiments at 12 mlmin~' (average values from two pulse injections in each mode).
Comparison to partition coefficients obtained from shake flask measurements (slope of the linear range of the partition equilibria up to a total global concentration of
30 mgml~!). Additional experimental parameters: Feed concentration: 2 mgml~! each paraben; Injection volume: 1 ml; Sp: 0.5,

Elution mode Component

Number of theoretical
stages,N, [-]

Partition
coefficient, Kj. [-]

Pulse injection Shake flask

Des MP 618
EP 505
PP 426

As MP 474

PP 691

0.79 0.81
1.16 1.27
1.83 223

1.72 1.23
1.03 0.79
0.59 0.45

0.55 |
0.50 t---- m--- N SO
0.45
0.40
0.35

0.30

Stationary phase retention [-]

0.25 A

8 10 12 14 16 18
Flow rate [ml min-]

Fig. 6. Influence of flow rate on stationary phase retention in the presence of
feed solution in As and Des mode. Solvent system: ARIZONA N (n-heptane/ethyl
acetate/methanol/water 1/1/1/1 v/v/v/v). Feed solutions: Prepared from total global
concentration of 30 mgml~' (MP, EP, and PP in equal amounts) in ARIZONA N. Feed
volume: 62.5ml. Rotational speed: 1700rpm. Initial upper/lower phase volume
ratio: 50/50.

tions as long as possible to reduce wear on the valves and allow
reestablishment of the hydrodynamic equilibrium of the mobile
and stationary phases within the column after switching from one
elution mode to the other. When switching from Des to As mode
is too frequent, the mobile and stationary phases will not have suf-
ficient time to reestablish hydrodynamic equilibrium, which can
lead to stationary phase loss. Therefore, a compromise must be met
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between long step durations during the separation stage and high
column loading.

To obtain the longest possible step durations during the sep-
aration stage for a set value of x¥%, x37 should be set equal to
Le. This would correspond to the EP band just reaching the end of
the column at the end of each step. In reality, the band broaden-
ing effects not taken into account by the short-cut model would
always cause the EP band fronts to exceed the end of the column
at the end of each step. This would lead to decreased yield of the
trapped target component EP and decreased purity of MP and PP
due to elution of EP with the Des (MP) and As (PP) product streams.
Therefore, it is necessary to select a value of ;¥ less than L to com-
pensate for band broadening of the trapped component, although
this simultaneously shortens the separation stage step durations.

Taking these points into consideration, a time-saving strategy
for the selection of the set of step durations resulting in maximum
throughput was developed. This iterative strategy is graphically
depicted in Fig. 7. It is first necessary to specify the performance
requirements, the initial values for x[%¢ and x;, and the minimum
step durations allowing for stable operation (i.e., no stationary
phase loss) (¢!, rR;i“) After defining the necessary values, step
durations are determined using the short-cut method equations in
Table 1 as described in Section 2.2. If the minimum step duration
requirement is not fulfilled, a decrease of xf% is made, x;;* is reas-
signed its initial value, and the short-cut method is again applied
for step duration determination. When the minimum step duration
requirement has been satisfied, a simulation is run and the separa-
tion performance evaluated. If the performance requirements are
not met, a decrease ofxff'” is made, and a new set of step durations
is calculated. When tg‘EiS“ and t}";"” are satisfied, a new simulation
is run. When the desired separation performance is achieved, the
maximum separation step durations at the maximum loading have
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Fig. 7. Model-based strategy for the selection of the set of step durations resulting in maximum throughput in trapping MDM CPC.
Table 4
Model parameters used for trapping MDM CPC simulations with gPROMS.
Parameter Unit Value
Flow rate (F24d, Flosd | [0 FP, frec) mlmin-! 12
Total column volume (one column) (V¢) ml 123.5
Total upper phase volume (one column) (Vi) ml 61.75
Total lower phase volume (one column) (V;) ml 61.75
: ced i x .
Feed concentrations MP(c{‘”Z,Im, C’;%;AS) mg ml-! 11.27;9.50
Feed concentrations EP (cfr, .. i ) mgml-’ 8.86: 11.38
Feed concentrations PP [cﬁf_‘jw, Cﬁfju) mg ml-! 6.06; 13.57
Number of thearetical stages (one column)*(Nup, Ngp, Npp,) - 272; 259; 262
Partition coefficients, Des mode (K, KEv<, KDes) - 0.79; 1.16; 1.83
Partition coefficients, As mode (K,’(‘;P, KE‘;, Kﬁ;) = 1.72; 1.03; 0.59

*Nj values for each component taken as the average of the two elution modes (As and Des).

been identified. With this approach, the number of necessary simu-
lations is reduced, since conditions leading to unrealistic operating
parameters (step durations below the defined minimum) are ruled
out from the start.

The loading optimization strategy described in the preceding
paragraph was applied to the separation of the intermediately-
eluting target component EP from MP and PP. A minimum step
duration of 2 min was selected based on previous experience. The
purity and yield requirements for all three product streams (MP, EP,
and PP) were set at > 99%. The EP band positions in the loading and
separation stages (xi®, x;) were assigned an initial value of 0.95
Le. x99 and x,® were decreased by increments of 0.05 L; and 0.1
Lc, respectively. The model and operating parameters used for the
simulations are listed in Table 4. The simulation results (purities
and yields of the three parabens) are summarized in Table 5.

The performance requirements were first satisfied atxg’”d =0.50
Lc and ,\;BE'P =0.70 L¢. The simulated concentration profiles of the
product streams in the (a) Des and (b) As operating modes for xg"‘d
=0.50 L and x3¥ = 0.70 L¢ are presented in Fig. 8. The portions of the

MP and PP bands eluted during the Des and As steps of the loading

and separation stages, respectively, are seen as multiple peaks. The
concentration profile of EP eluted during the recovery stage in an
extended As step is represented by the large single peak in Fig. 8b.
As mode was selected for intermediately-eluting component recov-
ery, since EP has a lower partition coefficient in As mode and will
elute faster. Furthermore, the ARIZONA N upper phase, consisting
primarily of n-heptane and ethyl acetate, is more volatile than the
lower phase, which would make it easier to obtain EP in solid form
by evaporation.

4.2. Trapping MDM CPC experiment and comparison to
simulation

The separation performance under the operating parameters
selected using the throughput maximization strategy described
in Section 4.1 (total global feed concentration=30mgml~';
F=12mlmin'; xg“'d =0.50 L.; xf;p =0.70 Lg; step durations given
in Table 6) was evaluated experimentally. A comparison of the
experimental and simulated results is given in Fig. 9. The average

concentration of the product streams collected during the loading
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Table 5

(a)Product purity (mass-%)and (b) yield (mass-%) of (from top to bottom in each cell)
MP(Des product), EP (trapped product), and PP (As product). Gray shaded parameter
combinations did not fulfill the minimum step duration of 2 min.

(a) Purity [%)]

5 1
0.90L. | 0.80L. | 0.70L,
0.75L,
96.5
070L, |> 99.9
95.6
95.9
_ | ossL, |> 999
3 94.9
S 96.3 98.4
" | oeoL, |> 999 |> 999
95.6 98.1
97.0 98.2
055L, [> 999 |> 999
96.4 97.9
95.9 97.9 99.6
0.50L, > 999 |> 999 |> 999
95.3 97.6 99.6
(b) Yield [%]
571
0.90L, | 0.80L, | 0.70L,
0.75L,
> 999
0.70L, 91.8
99.9
99.9
_ | ossL, 89.8
5 99.9
Ss 999 | > 99.9
0.60L, 89.4 96.4
99.9 |> 999
999 |> 99.9
0.55L, 91.8 95.5
99.9 |> 99.9
999 |> 999 |> 999
0.50L, 86.1 94.0 99.2
> 999 [> 999 |> 999
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and separation cycles are shown for the (a) Des (MP) and (b) As
(PP) elution modes. Fig. 9¢ depicts the concentration profile of the
trapped intermediately-eluting component (EP) obtained during
the recovery stage with fraction collection every 60 s. During Cycle
6, fractions were collected from the Des and As streams every 30s
to obtain the elution profiles. The experimental elution profiles are
plotted with those obtained by simulation in Fig. 10.

Generally, good agreement between the simulation and
experimental results is found, especially for the average cycle
concentrations of the As (PP) product stream (see Fig. 9b). The
development of the average Des (MP) product stream concentra-
tion is similar in both the simulation and experiment (see Fig. 9a).
However, MP elution begins one cycle later than predicted by the
simulations. Due to this late start of elution, MP has not fully
eluted by the start of the recovery stage. The portion of the MP
band remaining in the column at the end of the separation stage is
observed as a small peak after full elution of the trapped product
EP (see Fig. 9c).

A comparison of the experimental and simulated purities and
yields of the three product streams is found in Table 7. High purities
and yields (>99.0%) were obtained for MP and PP. Due to the elution
of the residual MP in the column after the end of the separation
stage, the average EP purity of the entire product stream collected
during the recovery stage was only 95.0%. However, pooling of the
EP peak fractions collected between 4 and 22 min of elution (the
limiting fractions where the EP concentration is still >1% of the
peak maximum) would result in an increase of the experimental
EP purity to 99.5%. Calculated product stream yields of the three
parabens were lower than predicted, but still quite high (EP and PP
above 98.4%; MP at 96.7%). The comparably lower yield of MP in the
Des product stream can be attributed to the small amount eluted
after EP in the recovery stage. The feed loading was 129.2 ml, or
approximately 52% of the entire unit volume. This far exceeds the
5% loading often cited as typical for LLC separations [27].

The late start of MP elution may be attributed to the fact that
the first Des step (Cycle 1) is significantly shorter than the remain-
ing separation stage steps (2.22 min as compared to 4.45 min). The
simulation model assumes instantaneous equilibrium after switch-
ing of the elution mode. However, in reality, the time needed for
re-establishment of hydrodynamic equilibrium may impact the
predicted movement of the mixture components within the col-
umn. Additionally, the mobile phase pumps need a few seconds to
reach the set flow rate, which would also contribute to a later start
of elution than predicted. This effect is observed in the single-cycle
elution profiles in Fig. 10. Given its short duration, these delays
make up a more significant part of the first Des step in comparison
to the longer remaining separation steps. Due to the cyclic nature
of the process, the delay of MP elution starting in the first cycle
is propagated through all following cycles, resulting in the shift of
the average product concentration profile. Better predictability of
the process may be achieved by increasing the 2 min step duration
minimum set for the throughput maximization approach. A future
study of the effects of step duration on system stability for more
accurate determination of the minimum step time would also be
useful.

4.3. Comparison to stacked pulse injections

Simulations were used to compare trapping MDM CPC perfor-
mance at maximized throughput to that of stacked pulse injections
on the same CPC device. The comparison was made on the basis
of equivalent throughput of the intermediately-eluting component
EP. When possible, operating parameters for the stacked pulse
injection simulations were the same as those selected for the trap-
ping MDM CPC separation (F=12ml min~!; Sy=0.5). The purity and
yield requirements for the separation were again >99.0% for all
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Table 6

Step durations during the trapping MDM CPC experiment.
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Stage Cycle(s) Des step duration, tpes [min] As step duration, tas [min]
Column loading 0 5.56 5.21
Separation i 2.22 417
2-8 445 417
Product recovery 9 445 Manually stopped after 40 min

Table 7
Experimental and simulated trapping MDM CPC separation performance under maximum throughput conditions.
Product stream Purity [mass-%] Yield [mass-%]
Experiment Simulation Experiment Simulation
MP (Des) 99.4 99.6 96.7 >99.9
EP (trapped component) 95.0 3899 98.4 99.2
PP (As) 99.2 99.6 98.7 >99.9
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Fig. 8. Simulated concentration profiles in (a) Des and (b) As modes for the selected loading and separation positions of x#* =0.50 L. and x;” =0.70 L. The simulation input

parameters are listed in Table 4.

three components (MP, EP, and PP). Initial simulations showed that
the purity and yield requirements could not be met in Des mode
due to overlapping of the MP and EP peaks, even at very low injec-
tion volumes (<1 ml). Therefore, the stacked pulse injection process
was evaluated in As mode only.

Since the pulse injections were to be simulated in As mode
only, the upper phase equilibrium concentrations of the three
parabens at the limit of the linear range of the partition isotherms
(at a total global concentration of 30 mg ml—') were taken as their
maximum possible feed concentrations (x% =9.50 mgml~', cJ,
=1138mgml-!, CHP =13.57mgml~!). This ensures that the linear
range of the partition isotherms is not exceeded at any point in the
process. To have a feed composition of equal concentrations of all
components, the limiting concentration (c}v’w =9.50mg ml~') was
assigned to all three parabens.

Before evaluating stacked pulse injection performance, the
maximum single injection volume (Vﬁ;’") satisfying the >99.0%
purity and yield requirement was determined by simulations to be
14.6 ml. This is the largest injection volume at which baseline sepa-
ration of the three components is still obtained. To inject an amount
of EP equivalent to that in the simulated trapping MDM CPC sep-
aration, 9.4 stacked injections of 14.6 ml of feed are required. The
simulated concentration profiles under these conditions are found
in Fig. 11. The duration of the stacked pulse injection process was
194.4 min, nearly twice as long as the 104.0 min needed for comple-
tion of the experimental trapping MDM CPC separation. The process
performance parameters of productivity, solvent consumption, and
average EP concentration are summarized in Table 8 for the simu-

lated stacked pulse injection and trapping MDM CPC processes, as
well as for the trapping MDM CPC experiment.

As seen in Table 8, in addition to the shorter process time, the
experimental trapping MDM CPC separation demonstrates a 1.7-
fold higher productivity, 40% lower solvent consumption, and a
2.8-fold increase in average concentration of the intermediately-
eluting target component EP as compared to the simulated stacked
pulse injection process. This indicates that the trapping MDM CPC
process, when operated at maximum throughput, is a viable and,
possibly, higher-performance alternative to conventional pulse
injection processes in liquid-liquid chromatography. However, for
a fully “fair” comparison, it would be necessary to first optimize
each process individually. For example, it may be advantageous to
operate at a Sy other than 0.5, a parameter that can play an impor-
tant role in peak resolution (currently the subject of an ongoing
work in the group).

5. Conclusion

A model-based design approach for throughput maximization
in trapping MDM CPC was developed, applied, and experimentally
validated for a model ternary mixture of MP, EP, and PP in ARIZONA
N. Preliminary shake flask and stationary phase retention experi-
ments were used to determine the maximum feed concentration
(30mg ml! total global concentration) and the corresponding
maximum applicable flow rate (12 ml min—!), respectively. A math-
ematical short-cut method developed in [2]| was applied for the
selection of step durations in the column loading and separation
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Table 8
Comparison of experimental and simulated trapping MDM CPC performance at maximum throughput with that of stacked pulse injections.
Operating mode Process duration Productivity Solvent consumption Average EP concentration
[min] lgep h'] (lger'] [mgml~']
Trapping MDM CPC (exp) 104.0 0.78 0.92 533
Trapping MDM CPC (sim) 103.6 0.84 0.86 6.06
Stacked batch injections, As mode (sim) 194.4 0.47 1.54 1.88
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Fig. 11. Simulated chromatogram of the stacked pulse injection process with equiv-
alent EP throughput in As mode. Simulation input parameters: VJ‘:; *=14.6ml; ;:,,d
= c'gfd c{,’;” =9.50mgml-!; number of injections=9.4; see Table 4 for remaining
parameter values.

stages of the trapping MDM CPC process. With the help of simula-
tions based on the equilibrium cell model, the set of step durations
resulting in maximum throughput under the purity and yield
requirements of >=99.0% was determined. The model-based design
approach was then experimentally validated, obtaining generally
good agreement with the predictive simulations. High purities and
yields of all three components were obtained at a column loading
of over 50% of the total column volume.

Simulations were used to make a preliminary comparison
between trapping MDM CPC and stacked pulse injection per-
formance. It was found that the trapping MDM CPC process
demonstrates a 1.7-fold higher productivity, 40% lower solvent
consumption, and a 2.8-fold increase in the average concentra-
tion of the intermediately-eluting target component EP under
comparable operating conditions. Trapping MDM CPC can be con-
sidered a viable alternative to pulse injections for the recovery of
intermediately-eluting components from mixtures of compounds
possessing similar retention behavior. With the help of the model-
based design approach for throughput maximization developed
in this work, maximum trapping MDM CPC throughput can be
achieved with reduced experimental effort. The application of the
throughput maximization strategy to real mixtures of natural prod-
uct compounds will be the topic of a future publication.

Acknowledgement

The centrifugal partition chromatography unit (TMB-250) used
in this work was financed by the Deutsche Forschungsgemeinschaft
(Forschungsgerate Projekt Inst 90/9551 FUGG).
Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.chroma.2017.04.
033.

References

[1] ].B. Friesen, ].B. McAlpine, S.-N. Chen, G.F. Pauli, Countercurrent Separation of
Natural Products: An Update, J. Nat. Prod. 78 (2015) 1765-1796.

(2] J. Goll, R. Morley, M. Minceva, Trapping multiple dual mode centrifugal
partition chromatography for the separation of intermediately-eluting
components: operating parameter selection, |. Chromatogr, A 1496 (2017)
68-79.

[3] E. Delannay, A. Toribio, L. Boudesocque, J.-M. Nuzillard, M. Zeches-Hanrot, E.
Dardennes, G. Le Dour, J. Sapi, J.-H. Renault, Multiple dual-mode centrifugal
partition chromatography, a semi-continuous development mode for routine
laboratory-scale purifications, J. Chromatogr. A 1127 (2006) 45-51.

[4] P. Hewitson, S. Ignatova, H. Ye, L. Chen, L. Sutherland, Intermittent
counter-current extraction as an alternative approach to purification of
Chinese herbal medicine, |. Chromatogr. A 1216 (2009) 4187-4192.

[5] N.Mekaoui, J. Chamieh, V. Duga, C. Demesmay, A. Berthod, Purification of
Coomassie Brilliant Blue G-250 by multiple dual mode countercurrent
chromatography, |. Chromatogr. A 1232 (2012) 134-141.

[6] A.E.Kostanyan, On influence of sample loading conditions on peak shape and
separation efficiency in preparative isocratic counter-current
chromatography, J. Chromatogr. A 1254 (2012) 71-77.

[7] E.Bouju, A. Berthod, K. Faure, Scale-up in centrifugal partition
chromatography: the “free-space between peaks” method, J. Chromatogr. A
1409 (2015) 70-78.

[8] A. Peng, P. Hewitson, H. Ye, L. Zu, I. Garrard, L. Sutherland, L. Chen, S. Ignatova,
Sample injection strategy to increase throughput in counter-current
chromatography: Case study of Honokiol purification, ]. Chromatogr. A 1476
(2016) 19-24.

[9] J. Goll, M. Minceva, Continuous fractionation of multicomponent
mixtureswith sequential centrifugal partition chromatography, AIChE |.
10.1002/aic.15529.

[10] A.E. Kostanyan, Multiple dual mode counter-current chromatography with
periodic sample injection: steady-state and non-steady-state operation, J.
Chromatogr. A 1373 (2014) 81-89.

[11] A.E. Kostanyan, A.A. Erastov, Steady state preparative multiple dual mode
counter-current chromatography: productivity and selectivity. Theory and
experimental verification, ]. Chromatogr. A 1406 (2015) 118-128.

[12] A. Berthod, B. Billardello, S. Geoffroy, Polyphenols in countercurrent
chromatography. An example of large scale separation, Analusis 27 (1999)
750-757.

[13] L. Marchal, O. Intes, A. Foucault, ]. Legrand, J.-M. Nuzillard, ].-H. Renault,
Rational improvement of centrifugal partition chromatographic settings for
the production of 5-n-alkylresorcinols from wheat bran lipid extract. I.
Flooding conditions—optimizing the injection step, |. Chromatogr. A 1005
(2003) 51-62.

[14] AE. Kostanian, Modelling counter-current chromatography: a chemical
engineering perspective, ]. Chromatogr. A 973 (2002) 39-46.

[15] E. Hopmann, M. Minceva, Separation of a binary mixture by sequential
centrifugal partition chromatography, J. Chromatogr. A 1229 (2012) 140-147.

[16] J. Goll, A. Frey, M. Minceva, Study of the separation limits of continuous solid
support free liquid-liquid chromatography: separation of capsaicin and
dihydrocapsaicin by centrifugal partition chromatography, ]. Chromatogr. A
1284 (2013) 59-68.

[17] LA. Sutherland, J. de Folter, P. Wood, Modelling CCC using an eluting
countercurrent distribution model, J. Lig. Chromatogr. Relat. Technol. 26
(9-10) (2003) 1449-1474.

[18] A.E. Kostanyan, V.V. Belova, A.l. Kholkin, Modelling counter-current and dual
counter-current chromategraphy using longitudinal mixing cell and eluting
counter-current distribution models, J. Chromatogr. A 1151 (2007) 142-147.

[19] M.J. van Buel, AM. van der Wielen, K.Ch.A.M. Luyben, Effluent concentration
profiles in centrifugal partition chromatography, AIChE J. 43 (1997) 693-702.

[20] L. Marchal, J. Legrand, A. Foucault, Mass transport and flow regimes in
centrifugal partition chromatography, AIChE J. 48 (2002) 1692-1704.

|21] A.J). Martin, R.L. Synge, A new form of chromatogram employing two liquid
phases: a theory of chromatography 2. Application to the
micro-determination of the higher monoamino-acids in proteins, Biochem. J.
35(1941) 1358.

|22] A.E. Kostanyan, A.A. Erastov, O.N. Shishilov, Multiple dual mode
counter-current chromatography with variable duration of alternating phase
elution steps, ]. Chromatogr. A 1347 (2014) 87-95.

[23] 1. Volkl, W. Arlt, M. Minceva, Theoretical Study of Sequential Partition
Chromatography, AIChE ]. 9 (2013) 241.

[24] E. Hopmann, . Goll, M. Minceva, Sequential centrifugal partition
chromatography: a new continuous chromatographic technology, Chem. Eng.
Technol. 35 (2012) 72-82.

[25] C.Schwienheer, ]. Merz, G. Schembecker, Investigation, comparison and
design of chambers used in centrifugal partition chromatography on the basis
of flow pattern and separation experiments, J. Chromatogr. A 1390 (2015)
39-49.

[26] S. Adelmann, G. Schembecker, Influence of physical properties and operating
parameters on hydrodynamics in Centrifugal Partition Chromatography, J.
Chromatogr. A 1218 (2011) 5401-5413.

[27] Y. Ito, Golden rules and pitfalls in selecting optimum conditions for
high-speed counter-current chromatography, |. Chromatogr. A 1065 (2005)
145-168.

67



68

Supplementary material

A. Derivation of the trapping MDM CPC short-cut method equations

The derivation of the trapping MDM CPC short-cut method equations for determination of the
step durations in the column loading (¢/2%4, t4299) and separation stages (tjo-, t,oF) first

presented in [2] is reprinted here for convenience.

The restrictions for full recovery of the three components A, B, and C (with B as the
intermediately-eluting target component) in pure form are listed in Table A1.
Table A1: Trapping MDM CPC process restrictions and corresponding parameter constraints

for the complete separation of a ternary mixture of A, B, and C with B as the entrapped
component.

Operating parameter
constraints

Restriction

. . - 0 < xi8ds < Le
1. During the column loading stage, B remains inside the ’
columns.
Qedpliad = 7,

load sep
xB,Des s xB,Des S I"C

2. During the separation stage, B remains inside the

columns.

load sep
XB,As = xB,As = LC

3. During the separation stage, B travels a net distance of
X . Axsep _Axsep -
zero during each cycle. (Exception: Cycle 1) B.Des B.As

The required step durations (tp.s. tas) for a single component k depend on the distance to be
traveled (Axy pes, Axias) and the components’ velocities (vy pes, Vias)- This relationship is

expressed in Egs. A1 and A2 for the Des and As elution modes, respectively.

¢ _ Axk,)!)es
bes = Uk,Des (A1)
Ax
tAs = k,As (A2)
I7!{,.45

The velocity of component k can be derived from the retention volume equation (Eq. A3)

VR,k - VM + KkVS (AS)
where the subscripts M and S represent the mobile and stationary phases, respectively. The

retention volume, Vg, can alternatively be expressed as:



FyLc
Uk

Rk —

Combining Egs. A3 and A4, the component velocities specific to Des and As mode are given
by Egs. A5 and A6.

FyLc
Vk,pes = VL + KkDesVU (As)
FyL¢
v, =
s = T (n6)

Substituting Egs. A5 and A6 into Eqgs. A1 and A2 yields the step durations as a function of the
operating parameters (Eqgs. A7 and A8).

ton. = Az, o, - Vet KE%VY) (A7)
Des — k,Des
' FLLC
. (vy + K5V, (A8)
tas = DXy 45 —F,,L
!

Next, the general forms of the model equations (Eqgs. A7 and A8) are adapted to each of the
three process stages and their corresponding restrictions.

Column loading: After fixing the B band front position after loading in each step (x8%, x}°44),

the distances traveled by the component B band fronts during the loading step (Axi8%,, Ax[54)
can be defined by Egs. A9 and A10.

Axé’e,’ggs = x;i(,)ggs -0 (Ag)
Axlgad = xload — 0 (A10)

Substituting Egs. A9 and A10 into Egs. A7 and A8 yields Egs. A11 and A12, respectively.

D
pload _ yioaa Vit Kg®Vy) (A11)
Des B,Des FLLc
jtoad _ toaa . (Vu + KE*V1) (A12)
As B,As FULC

Separation: Taking Restriction 3 from Table A1 into account, the distances traveled by the B
band fronts during the Des and As steps of the separation stage can be expressed by Eq. A13.

An exception exists for the distance traveled during the first step of the first cycle (Cycle 1),
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given by Eqgs. A14 and A15 when cycles are begun in Des or As mode, respectively. The
distance traveled during the second step of Cycle 1 is given by Eq. A13.

sep  _ a.Sep _ (.Sep _ _load sep _ _load
Axp pes = DX 45 = (xs Des — XB Des) + (xB As — XB,As (A13)
sep,1st _ Se;p __ load
BxpTes = (X5 bes — Xi5es) (A14)
sep1st _ (. sep _ _load (A15)
Axpae = \¥pas — XB.As

Substituting Egs. A13, A14, and A15 into Egs. A7 and A8 yields Egs. A16-A19.

vV, + KPesvy,

sep,ist _ (, .sep load
tDes xB,Des xBoges FLLC (A1 6)
sep 1st _ sep load VU + KéqSVL
ta = (pas = ¥pds ) (A17)
U
Vv, + KB SVy
toes = [(¥ppes = X55es) + (¥poas — X548)| ——F 17— (A18)
Vy + K&V,
sep __ sep load sep g d U B YL A19
tas = [(Xppes — XE50s) + (g.45 — xiras)] - i)
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Operating mode selection for the separation of intermediately-eluting components with
countercurrent and centrifugal partition chromatography

R. Morley, M. Minceva, Journal of Chromatography A, 1594 (2019) 140-148.
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Author contribution: The study performed in this paper was led by the thesis author,

from conceptualization, to coding and model development in MATLAB, as well as execution of
the simulations and analysis of the results. She wrote the manuscript and completed the
necessary edits.

Summary: The objective of Paper Il was to explore the question opened at the end of
Paper II: Which ternary separation operating mode, trapping MDM or batch injections, is best-
suited for which separation tasks? The 64 separation tasks evaluated in this study were defined
by three parameters representing a difficulty range from preliminary feed fractionation to final
product polishing: separation factors from easy («=2.0) to very difficult (a#=1.1) and purity and
yield requirements between 75% and 99%. For a fair comparison of performance, all
simulations were based on the same CPC column, and productivities were maximized with
respect to the corresponding independent parameters of the two operating modes. These were
the flow rate, F, and the injection volume, V;,;, for batch injections and the short-cut model
band positions, x°%¢ and x5, for trapping MDM.

Simulations based on the equilibrium stage model were run using realistic column
parameters and empirical correlations Sy = f(F) and Ny = f(F,K;). Several improvements
were made to the model used in Paper Il. For trapping MDM simulations, the number of cycles
was determined on-the-fly by running a test Recovery stage at the end of each cycle until a
productivity maximum was obtained. The requirement of complete elution of impurities A and
C from the column before the start of the Recovery stage was also lifted. Chromatogram
evaluation was automated using an algorithm [93] to determine the product collection interval
for maximum vyield at a set purity requirement.

The results showed that, unlike batch injections, trapping MDM could fulfill nearly all
studied separation tasks except for the two most difficult (a=1.1, Yld,,=99%, Pur;..,=95% and
99%). The advantage of trapping MDM was most pronounced for a=1.3, at which only low
purity and yield requirements could be met with batch injections. At @=1.5 or higher, batch
injections generally outperformed trapping MDM. This study is the only known example of a
detailed operating mode comparison in the LLC literature and provides helpful heuristics for

operating mode selection for ternary separations.
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Two operating modes that can be used for the separation of intermediately-eluting target components
from complex mixtures using solid support-free liquid-liquid chromatography (LLC) include batch injec-
tions and trapping multiple dual mode (trapping MDM). Batch injections offer the advantage of simpler
equipment and process design, while the trapping MDM process, although more complex, can provide
improved resolution at low separation factors. In this study, a thorough comparison of batch injection
and trapping MDM performance with respect to productivity is made using simulations for a wide range
of separation tasks (target component/impurity separation factors; minimum purity and yield require-
ments). For each separation task, the maximum productivities obtained by the two operating modes were
separately determined with respect to their independent parameters. The results indicate that trapping
MDM can be used to extend the application of LLC down to separation factors as low as 1.1, with its
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use being most advantageous for separation factors of approximately 1.3. However, the simpler batch

ost advantageous
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injection process remains preferable for separation factors around or greater than 1.5.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Solid support-free liquid-liquid chromatography (LLC), also
known as centrifugal partition chromatography (CPC) or counter-
current chromatography (CCC), has established itself as a highly
effective technique for the preparative separation of target com-
ponents from complex starting matrices. Separation is achieved
in LLC as the result of differing partitioning behavior of sample
solutes between the two phases of a liquid-liquid biphasic system,
i.e., the stationary and mobile phases. The use of a liquid station-
ary phase offers the advantages of high sample loading capacity,
an extended linear partition range, and the absence of sample loss
through irreversible adsorption. Additionally, either phase of the
selected biphasic system can be used as the mobile or stationary
phase, and the roles of the two phases may be switched during
operation. This grants LLC a high degree of flexibility and has led
to the development of several unique operating modes that cannot
be performed using conventional chromatography techniques with
solid stationary phases [1].

= Selected paper from the 10th International Conference on Countercurrent Chro-
matography, 1-3 Aug, 2018, Braunschweig, Germany.
* Corresponding author.
E-mail address: mirjana.minceva@tum.de (M. Minceva).

https://doi.org/10.1016/j.chroma.2019.02.020
0021-9673/© 2019 Elsevier B.V. All rights reserved.

LLC has found its niche in the separation of target components
from natural product extracts, such as bioactive molecules, fla-
vors, fragrances, and pigments [2]. Numerous LLC separations have
also been reported for proteins and peptides, nanoparticles, metal
ions, and rare earth elements [3]. Regardless of the application, a
commonly encountered task is the separation of an intermediately-
eluting target component from earlier- and later-eluting impurities
possessing similar partitioning behavior, i.e., low separation fac-
tors. Two LLC operating modes suited to such separations include
isocratic batch injections and trapping multiple dual mode (trap-
ping MDM).

When working with batch injections, peak overlap often occurs
under the high column loading conditions desired for high pro-
ductivity, resulting in the need for heart-cutting of the target
fraction. This subsequently leads to low target component yields
when purity requirements are high. Batch injection yields can
be improved through an increase in peak resolution achieved by
reinjection of the heart-cut fraction [4-7], recycling of the entire
effluent [8,9], or with 2-D orthogonal separations employing two
solvent systems of differing selectivity [10-12]. However, use of
these techniques can considerably add to the separation run time
and complicate the design of the process.

Trapping MDM, an operating mode unique to LLC, is specifically
tailored to the preparative ternary separation of intermediately-
eluting target components and offers an alternative to batch
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injections. Trapping MDM makes use of the ability to switch the
roles of the mobile and stationary phases during LLC operation,
creating a virtual “lengthening” of the column and allowing for
increased resolution at low separation factors. Despite these advan-
tages, compared to batch injections, trapping MDM requires a more
complex equipment set-up as well as the selection of several addi-
tional operating parameters.

The multiple dual mode (MDM) process for binary separations
was first introduced in [13] and theoretically treated in [14]. This
theoretical study concluded that MDM could be used to obtain
higher peak resolution than with batch injections, and that the
MDM operating mode was especially advantageous for the separa-
tion of components with low partition coefficient values. A variant
of the MDM process, trapping MDM enables the isolation of an
intermediately-eluting target component and was first explored in
[15] (referred to as intermittent countercurrent extraction (ICcE))
and [16]. A structured model-based design approach for selection of
the trapping MDM operating parameters was previously developed
by the group [17] and applied as part of a throughput maximization
strategy with purity and yield requirements of > 99% [18].

Although trapping MDM has been demonstrated to outperform
batch injections with respect to throughput in both [15] and [18],
these assessments were made for single applications only. A thor-
ough evaluation and comparison of the separation performance of
these two operating modes for a wide range of separation tasks
involving intermediately-eluting target components has yet to be
completed. The results of such an investigation would assist LLC
users in quickly selecting the most appropriate operating mode for
their application and render this underutilized yet effective prepar-
ative chromatography technique more accessible to industry.

The objective of this simulation study was therefore to establish
simple design heuristics to answer the question, “Which operat-
ing mode, batch injections or trapping MDM, is best-suited to my
separation task?” A separation task was defined by the following
parameters: the partition coefficient of the intermediately-eluting
target component, the separation factors between the target com-
ponent and its nearest-neighbor impurities, and the minimum
purity and yield requirements set on the product fraction. To
achieve a fair comparison between the performance of the batch
injection and trapping MDM operating modes, the maximum pro-
ductivity obtained by each mode was separately determined with
respect to the corresponding independent parameters.

2. LLC operating modes for ternary separations

This section describes the batch injection and trapping MDM
operating modes with focus on the process parameters most
relevant to this study. As for all preparative chromatography sep-
arations, the design goal for both operating modes was to obtain
high productivity by isolating as much product at the set purity
and yield requirements as possible, as quickly and with the least
amount of mobile phase possible.

The term “ternary separation” will be used throughout this work
to denote the separation of an intermediately-eluting target com-
ponent B, possessing an intermediate partition coefficient value,
from neighboring impurities A and C. The partition coefficient of a
component k, K, is defined as the ratio of the concentration of k
in the stationary (SP) and mobile (MP) phases at thermodynamic
equilibrium (Eq. (1)).

i
Ky = i (1)
k
In the descending (Des) elution mode, in which the lower phase of
the biphasic solvent system is used as the mobile phase while the
upper phase is kept stationary, the following relationship between
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the partition coefficients is defined: K§* < KP* < KP*. Compo-
nent A will elute first, followed by B and then C. It follows from Eq.
(1) that the inverse is true for the ascending (As) elution mode. The
upper phase is used as the mobile phase, the lower phase is the sta-
tionary phase, and the elution order is reversed: K45 > Kfi¥ > K45,

2.1. Batch injections

The simplest LLC operating mode, batch injections consist of
feed introduction via injection loop or pump at the start of the
chromatographic run followed by isocratic elution with the mobile
phase. A schematic diagram of the process on the two-column set-
up also used for trapping MDM separations is found in Fig. 1a.

The amount of stationary phase retained on the column at a
certainrotational speed and flow rate is quantified by the stationary
phase fraction, Sy, defined as the ratio between the stationary phase
volume, V**, and the total volume of the column, V¢ (Eq. (2)).

VvSP
S¢ Ve (2)
To obtain a high productivity, it is desired to load as much feed on
the column during the injection as possible, quantified by the feed
concentration, ¢y req, and the injection volume, Vjy;.

High feed concentrations can result in physical properties of the
sample, e.g., density, viscosity, and interfacial tension, that vary
significantly from those of the mobile and stationary phases. This
may lead to stationary phase loss that negatively affects the per-
formance and robustness of the separation. Therefore, the feed
concentration should be kept below a certain maximum at which
stable operation is achievable.

When process instabilities due to the feed concentration can
be neglected, the maximum Vj;; under a specific set of product
requirements, i.e., purity and yield, will depend on the column effi-
ciency specific for each component k, Ny, and the differences in
the retention volumes, Vj y, of the target component B and impu-
rities A and C. The differences in retention volumes, i.e., how “far
apart” two components are located in the chromatogram, can also
be described by the separation factor, ay | = K;,/K;, with K > K;
and «y; > 1. For a fixed column geometry, biphasic solvent sys-
tem serving as the mobile and stationary phases, and feed mixture,
the efficiency will be dependent on the column hydrodynamics,
governed by the column rotational speed, @, and the mobile phase
flow rate, F. Meanwhile, the difference in retention volumes is sub-
ject to the partition coefficients, K., and stationary phase fraction,
Sf, the latter of which also depends on @ and F. A more detailed
discussion follows.

Retention volume, Vg, , depends on Sy and the partition compo-
nent, K, as given in Eq. (3).

Ve = Ve [(1 —5¢)+ Kksf} (3)

For partition coefficients less than 1, a decrease in S¢ will result in
higher retention volumes, while the opposite is observed for com-
ponents with partition coefficients greater than 1. Therefore, the
preferred value of S; for a certain separation with respect to the
difference in retention volumes depends on the partition coeffi-
cients of the feed components. During process development, it is
therefore advisable to fix @ at a value providing sufficient retention
of the stationary phase while varying only F.

The differences in retention volumes that can be predicted with
Eq. (3) are alone not sufficient for determination of the maximum
Vinj for a sample, as column efficiency is not taken into account.
A high column efficiency, N, also referred to as the number of
theoretical plates, stages, or cells, indicates less dispersed, nar-
rower peaks and, as a result, less detrimental peak overlap at high
loadings. An increase in F and/or @ generally results in higher
efficiencies due to an increase in the interfacial area available for



142 R. Morley and M. Minceva /J. Chromatogr. A 1594 (2019) 140-148

a. Batch injection mode

Feed injection; isocratic elution in a single elution mode

A B,C

As
mode
A B C

OR

Des
mode

b. Trapping multiple dual mode (trapping MDM)

(1) Loading
Feed introduced during a single cycle

A B,C

As
mode
Des
mode
A B C

(3) Recovery
Collection of target B in a single step
(As or Des; shown for As mode)

(2) Separation

Multiple cycles of As and Des steps
A elutes in Des mode, C in As mode
B remains trapped in columns

IO s —

T

Fig. 1. Schematic depiction of the a) batch injection and b) trapping MDM operating modes. White shading: upper phase; gray shading: lower phase.

mass transfer resulting from an enhancement of flow turbulence
[19]. However, LLC separations cannot be perpetually improved by

___________ % Cams ey e s s sy

increasing « and F, as pressire drop limitations, and, in the case
of F, the reduction of S, place restrictions on both of these param-
eters. Commercial CPC rotors possessing larger duct boring have
been recently developed to address the pressure drop issue. It has
often been reported that no further increase in neither efficiency
nor Sy is seen above a certain rotational speed [20-24]. Therefore,
for the design of a LLC separation it is again advisable to fix w at a
constant value obtaining satisfactory efficiency while varying F. In
addition to the operating parameters « and F, the column efficiency
for a certain component also depends its partition coefficient. Com-
ponents with higher partition coefficients exhibit higher degrees of
peak dispersion, i.e., lower values of Ny, as they are retained longer
on the column.

To summarize, in the design of LLC separations, it is useful to
have expressions for the stationary phase fraction as a function of
the flow rate, Sy = f(F), and for efficiency as a function of both the
flow rate and the partition coefficient, N, = f (F, K} ), at a fixed rota-
tional speed. The advantages of increased efficiency associated with
increased flow rate may be offset by the accompanying changes in
retention time differences brought about by a reduction of 5;. This
then directly influences the maximum Vj,; for a set feed concen-
tration, making it necessary to consider these interdependencies
in the design of LLC processes. As S can be directly correlated with
the flow rate at a set rotational speed, it is then advisable to select
F and Vy; as the batch injection independent parameters.

2.2. Trapping MDM

The operating parameter relationships described in Sec. 2.1 for
the batch injection operating mode also apply to trapping MDM.
As the trapping MDM process is more complex, several additional
parameters must be considered as well. The process and these
parameters are described below.

Trapping MDM is a discontinuous, cyclic process consisting of
three stages: (1) loading, (2) separation, and (3) recovery. The pro-

s s T

cess is thoroughly described in [17] and depicted in Fig. 1b. During
the loading stage, the feed is introduced by an injection pump
between the two columns connected in series without accompa-
nying flow of pure mobile phase. Loading consists of one cycle of
Des and As steps. During the Des step, the feed mixture is dissolved
in the lower phase, while during the As step it is dissolved in the
upper phase. Dissolving and injecting a sample in both phases can
allow for higher feed solubility and therefore injection of a greater
amount of the target component, especially when working with
complex mixtures of components with widely varying polarities.

Immediately following the loading stage, the separation stage is
begun. The separation stage consists of multiple cycles of Des and
As steps during which the neighboring impurities may be alter-
nately eluted from opposite ends of the column. A is collected in
Des mode and C in As mode. The Des and As step durations are
selected to allow the target component to remain “trapped” on the
column during the separation stage. After sufficient resolution of
the target component is achieved, the recovery stage is begun. The
target component B and remaining impurities are eluted in a sin-
gle extended step in Des or As mode, and the product fraction is
collected.

In contrast to the design of batch injection separations, flow rate
must not be treated as an independent variable in the design of
trapping MDM processes. It is recommended to perform trapping
MDM separations at a fixed stationary phase fraction of 0.5 in both
elution modes. In this case, the column is filled with equal volumes
of upper and lower phase for the duration of the process. Similar
mobile phase flow rates can then be selected for the Des and As
mode steps, providing similar step durations throughout the entire
process when the “trapped” intermediately-eluting target compo-
nent has a partition coefficient around 1. At a pre-determined, fixed
rotational speed, the maximum flow rate allowing for maintenance
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of Sy of 0.5 should be selected for a short process duration and high
column efficiency, as discussed in Sec. 2.1.

Several additional operating parameters unique to the trapping
MDM process must also be selected: the step durations during the
loading and separation stages, /9%, t1o%, % t°°F, and the num-
ber of separation stage cycles, n1cyc. As the loading and separation
stage step durations are intrinsically coupled and the number of
possible combinations nearly limitless, a short-cut method was
developed by the group to facilitate their selection [17]. Under the
constraints defined in [ 17], use of the short-cut method will return
loading and separation step durations and the number of cycles
resulting in complete isolation, i.e., “100%" purity and yield, of an
intermediately-eluting target component in the absence of band-
broadening effects. Separation performance under real conditions
must then be evaluated experimentally or with models accounting
for non-idealities.

Possible step duration combinations and their associated num-
bers of cycles are calculated using the short-cut method by setting
values for the trapped component B band front positions as a frac-
tion of the dimensionless column “length” at the end of the loading
stage, xl00d  xload 3n4 at the end of each step of each separation

B,Des* “'B,As"
cycle, x; 7 . xy .. that satisfy the given set of restrictions. The only
additional parameters needed for use of the short-cut method are
the volumes of the upper and lower phases in the column, the par-
tition coefficient of component B, and the mobile phase flow rate.
In the interest of achieving high productivity, xi/% and 4!, anal-
ogous to V;,; for batch injections, should be high, yet low enough
to allow for selection of x’p, and ;% values that will allow the
product requirements to be met at a low number of cycles. As F and
Sy are kept constant in the design of trapping MDM processes, the

independent parameters are then the short-cut method parameters

load  yload sep sep
XB Des' *B As and XB Des XB.As'

3. Modeling and simulations

This section describes the general framework of the batch injec-
tion and trapping MDM models, the model input parameters, and
the approach and equations utilized in evaluating the separation
performance.

3.1. Column model

Models for both operating modes, batch injections and trapping
MDM, were based on the equilibrium cell model of Martin and
Synge [25]. The column is represented as a number of perfectly
mixed chambers connected in series, in which equilibrium par-
titioning between the two phases is instantaneously achieved by
all solutes. The theoretical cell number, Ny, is the only parameter
describing all band broadening effects arising from axial disper-
sion and mass transfer resistance and can differ for each solute.
The equilibrium cell model has been successfully employed in pre-
vious works from several groups for the simulation of various LLC
processes [26-29]. All simulated separations were considered to
take place under linear chromatography conditions, i.e., constant
partition coefficient values. An arbitrary feed solute concentration,
Ci feed» Of 10 mgml~! was selected for all simulations. Part A of
the Supplementary material details the cell model equations and
assumptions used in this work.

The cell model equations were solved numerically with MAT-
LAB R2015b software using the ode45 solver, returning a spatial
and temporal resolution of the solute concentration profiles within
the column and at the outlet(s). The numerical solution of the equi-
librium cell model equations was found to match the analytical
solution derived for non-impulse loadings in [30] and later pre-
sented in a more convenient form in [31]. However, as the large
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Table 1

Separation task parameters.
Parameter Unit Value(s)
Partition coefficient, target component Kg [-1] 1.0
Separation factor o [-] 11,1.3,1.7,2.0
Minimum purity requirement Pureq [%] 75, 85, 95, 99
Minimum yield requirement Yldreq [%] 75, 85, 95, 99

factorial terms of the analytical solution pose computational diffi-
culties starting at values of N around 100 [32], its use throughout
the entirety of the study was not possible.

3.2. Model parameters

This section describes the input parameters necessary for com-
pletion of the batch injection and trapping MDM simulations,
beginning with the separation task parameters (Sec. 3.2.1). Further
descriptions of parameters derived from experimental correlations
(S; and Ny) and the independent parameters for the productivity
maximization are given in Secs. 3.2.2 and 3.2.3, respectively.

3.2.1. Separation task parameters
64 separation tasks were evaluated in this study. Each separa-
tion task was defined by the following parameters:

 Partition coefficient of the intermediately-eluting target compo-
nent B, Kp

¢ Separation factor between B and impurities A and C, «, with o =
dpA=Ucp

* Minimum required purity of product fraction, Pureq

* Minimum required yield of product fraction, Yld,q

The value ranges of these parameters are listed in Table 1. A
single value of the partition coefficient of the target component B
was selected as 1.0, as this is the main criterion for solvent system
selection in LLC [33,34]. It follows that there is no need to define
different partition coefficients of B for the Des and As modes, since
in this case Kg pes = Kp a5 = 1.0. Furthermore, the target component B
will have similar retention volumes in both elution modes when Sy
is kept constant at 0.5 and the flow rate is the same. This is advan-
tageous for the design of trapping MDM processes, as similar step
durations can then be selected for the two elution modes.

For a certain separation task, the partition coefficients of the
impurities A and C were defined relative to that of B by the sepa-
ration factor. The selected range of separation factors represented
separations varying from “very difficult” (o =1.1) to “easy” (@ =2.0).
These separation factors result in partition coefficients of impuri-
ties A and C residing in the preferred LLC “sweet spot” range of 0.4
to 2.5, which provides a compromise between resolution and run
time [34].

Values lying in the range from 75% through 99% were selected
for the minimum purity and yield requirements of the collected
target component B fraction, representing a wide range of prepar-
ative separations for which LLC may be used. This may be as a
preliminary separation step in which yield rather than purity is
the priority or as a final polishing step in which the product purity
is of utmost importance. Applications falling between these two
extremes will exist as well. Depending on the final product’s value,
application, and associated regulations, the minimum purity and
yield requirements can vary widely.

3.2.2. Parameter correlations based on experimental data

In order to have realistic values typical of commonly used LLC
solvent systems for the stationary phase fraction, Sy, and theo-
retical cell numbers, Nj, correlations for these parameters were
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Table 2
Parameter correlations based on experimental data.

Parameter Unit Batch injection Trapping MDM

mode mode
Theoretical cell number N, [-] f(F.K.) f(F.K); F=17 mlmin~!
Stationary phase fraction S, [-] f(F) 05

Table 3
Independent parameters for productivity maximization.

Parameter Unit Batch injection Trapping MDM
mode mode
Flow rate F  [mimin'] 4<F<30 17
AF=2
Injected volume Vg [ml] 5=V, =100 -
AVig=5
Band position, loading ~ xio® [~ - 0.05 < xl*d < 1.00
Axlowd =005
Band position, separation x;7 [~] - xy7 = (x19d +0.05)
AXFP=0.05

derived from experimental data presented in [35]. Stationary phase
fraction measurements and pulse injections were performed in
Des mode using the Arizona N solvent system (n-heptane/ethyl
acetate/methanol/water 1/1/1/1 v/v/v/v) and a model mixture of
four different parabens. All experiments were performed at a rota-
tional speed of 1700 rpm, as it was previously found that this speed
allows for satisfactory stationary phase retention and column effi-
ciency within the operating limits of the equipment, i.e., flow rate
and the associated pressure drop, and that further increase of the
rotational speed has a negligible effect on the column efficiency
[22]. A total column volume of 182.1 ml, equal to that of the experi-
mental set-up, was used for all simulations. The fitted experimental
data and resulting correlations S; = f(F) and Ny = f(F. Ky) are pro-
vided in Part B of the Supplementary material.

The batch injection simulations were performed in one “elution
mode” only, namely Des mode. With B having a partition coefficient
of 1.0 and the separation factors for A and C relative to B always
being equal, the same elution profiles would be obtained in both
modes under the assumption that the correlations Sy = f (F) and
N, = f(F, K;,) do not differ in the two modes.

For all trapping MDM simulations, the stationary phase fraction
was fixed at 0.5 for the reasons described in Sec. 2.2. The maxi-
mum flow rate for maintenance of this stationary phase fraction
was taken from the abovementioned experimental data and set as
17mlmin~! for all process stages. The same Sy and N, correlations
were used for simulation of both the Des and As elution modes,
with the N; values being the average of those obtained from the
correlations for the different partition coefficients of the Des and As
modes. It is well-known that Sy and Ny can vary differently depend-
ing on the elution mode due to differences in viscosity and phase
mixing. However, the magnitude of this difference will be highly
dependent on the biphasic system used. For the objective of this
generalized simulation study, which was to provide a separation
task-based guideline for operating mode selection, the assumption
of identical Sy and Ny correlations for the Des and As modes was
deemed acceptable. For the design of a specific real-world applica-
tion, it would of course be beneficial for the model accuracy to take
these differences into account. Values and correlations for Sy and
Ny, for the two operating modes are summarized in Table 2.

3.2.3. Independent parameters

The independent parameters selected for this study differed for
the two operating modes and are listed in Table 3. For the batch
injection simulations, mobile phase flow rate, F, and injected sam-
ple volume, V;;;, were selected. The flow rate range from 4 to 30 ml
min~! corresponded to that of the experimental CPC set-up under

Table 4

Trapping MDM process restrictions and corresponding short-cut method constraints
on the band front positions of intermediately-eluting target component B at reduced
purity and yield requirements.

Restriction Parameter constraint

1. During the loading stage, B does not
elute from the columns.

2. During the separation stage, the B
band front positions exceed those of
corresponding loading stage step

0<xb <1

Sep Joad
XB > XB

5 ot Sep Sep __

3. During the sepa ation stage, B. AXhe — AfMS =0

travels a net distance of zero during with sz"[’,ﬂ =3 Ax;"is =

each cycle. (Exception: Cycle 1) sep o load [ sepload
Kaoes ~Xtes) + (X5 —¥5%)

pressure drop limitations at a rotational speed of 1700 rpm (see
Sec. 3.2.2). The range of injection volumes from 5 to 100 ml was
selected so as to permit the emergence of a productivity maximum
in the Vjy;, F parameter space for all investigated separation tasks.

For the trapping MDM simulations, the independent parame-
ters were the trapped component B band front positions during
the loading, x?"b‘zi, xg'_fs, and separation stages, xﬁ)es‘ xf;is, used
in conjunction with the short-cut method [17] to determine the
corresponding step durations. Since the current study involved the
evaluation of separation performance at reduced purity and yield
requirements, modification of the original constraints set on the
selection of the component B band front positions in [17] for “100%"
purity and yield of the target component was necessary. The modi-
fied constraints are listed in Table 4 and permit the use of separation
stage step durations during which elution of the target component
B can occur. This was considered to be possibly advantageous for
obtaining a high productivity at reduced yield requirements. Addi-
tionally, the restriction “At the end of the separation stage, both A
and C have completely eluted from the columns” found in [17] is
no longer included, since at reduced purity and yield requirements,
higher productivities can be achieved by allowing peak overlap
during the collection of the target component in the recovery stage.

To reduce the number of possible step duration combinations,
the component B band front positions were always the same for the
Des and As steps, i.e., xffod = xload — xload and x? = XD = xz7.
Given the “symmetry” of the separation, that is, a target compo-
nent B partition coefficient of 1.0 and identical separation factors
between B and impurities A and C, this would likely be a reasonable
relationship between the Des and As step durations. Two additional
trapping MDM process restrictions were made to simplify the pro-
ductivity maximization: the first step of each cycle is a Des step and
the second step an As step; the recovery stage is always in As mode.

3.3. Evaluation of separation performance

This section describes the analysis of the simulated batch injec-
tion and trapping MDM recovery stage chromatograms for the
determination of the mass recovery of the target component B, as
well as the equations used for determination of the purity and yield
ofthe collected product fraction and the productivity of the process.

3.3.1. Chromatogram analysis

The simulated chromatograms in both operating modes often
contained overlapping peaks. It was therefore necessary to deter-
mine the collection interval for the product fraction that would
allow for maximum recovery of the intermediately-eluting tar-
get component B while satisfying the minimum purity and yield
requirements set by the separation task, Purreq and Yidreq. This was
done using the iterative algorithm described in [36] with expan-
sion of the initial collection interval in two directions. The algorithm
identifies the minimum and maximum start and end times, respec-

+ : : 3 start end
tively, of the product fraction collection interval, L and ¢ .
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Fig. 2. Batch injection simulations, maximum productivity vs. F and V;,;. Separation factor = 1.7; minimum purity requirement = 99%; varying vield requirement.

The threshold concentration for all peak start and end times was
0.001 mg ml~! and the reported time interval, At, was 0.01 min.
The mass recoveries of the three components, my,, were calcu-
lated by numerical integration of the concentration elution profiles
using the trapezoidal rule over the interval defined by tgf‘:_:’u and

rg"fo”,The my, can then be used to calculate the corresponding purity
and yield of the product fraction, as well as the productivity of the

overall process, as described below.

3.3.2. Purity
The purity of the product fraction with respect to the target
component B was calculated as given in Eq. (4).

Pur— — 8, 100% (4)

kaAﬁ,fmk

3.3.3. Yield
The yield of target component B with respect to the amount
loaded at the start of the run, mg ;,j, was defined by Eq. (5).

Yid — 8

% 100% (5)

B.inj

mg iy Was calculated according to Eq. (G)
Mg jnj = ijcﬂ,feed (6)

where Vi, = F(11994 4 t%2) for trapping MDM.
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3.3.4. Productivity

Productivity, Pr, was defined for this study by Eq. (7) as the
amount of target component B collected in the product fraction
per volume mobile phase per time

mg

pr (7)

VP, processtprocess

where Vip, process is the total amount of mobile phase eluted dur-
ing the separation neglecting the column loading time and tpyocess
is the total process time, beginning with the start of loading
(t=0min) and ending with the time point at which the concentra-
tion of the last eluting component drops below the peak threshold
concentration. In trapping MDM mode, only the recovery stage
chromatograms were evaluated. Viyp, process Was calculated with Eq.

(8).
VP process = F (fpracess - fnu) (8)

For batch injection mode, t;y; = Viy,j/F, while i = £999 - tload for
trapping MDM. As this definition of productivity indirectly takes
solvent consumption into account, solvent consumption trends
were not investigated separately.

The number of trapping MDM separation stage cycles, ngyc,
resulting in the maximum productivity for each separation task
and combination of x9%¢ and x;7 was determined by sequentially
increasing the number of cycles and running a hypothetical “test”
recovery stage after each. The “test” recovery stage chromatograms
were evaluated as described above and the productivities cal-
culated. Once the number of cycles resulting in a productivity
maximum was identified, the simulation run was ended.
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Fig. 3. Trapping MDM simulations, maximum productivity vs. x’é’”" and x}"‘”. Minimum purity requirement = 85%; minimum yield requirement = 85%.

4. Results and discussion

For each operating mode and each of the 64 separation task
parameter combinations described in Sec. 3.2.1, a series of simu-
lations covering all independent parameter combinations was run
and the resulting productivities determined. For each separation
task, it was then possible to identify the maximum productivity
that can be achieved by each operating mode and the corresponding
values of the independent parameters. Tables containing the maxi-
mum productivities and associated independent parameter values
for all separation tasks are found in Part C of the Supplementary
material.

This section describes the trends observed for the batch injection
and trapping MDM operating modes in the investigated inde-
pendent parameter spaces. A final overall comparison of the two
operating modes is then made to conclude the range of separation
tasks for which each mode is best-suited.

As would be expected, both the flow rate and the injection
volume at which maximum productivity is achieved for batchinjec-
tions increase with increasing separation factor and decreasing
purity and yield requirements, since in both cases reduced peak
resolution is required. However, it is observed that it is often not
advantageous to work at the highest allowable flow rate, despite
the gain in efficiency. This is especially true at higher purity and
yield requirements. The accompanying decrease in Sy with increas-
ing F can lead to a decrease in resolution as described in Sec.
2.1. A moderate flow rate will allow for a compromise between
a fast separation and high resolution. The separation task of o =1.7,
Purpeq =99% can be taken as an example (see Fig. 2). With increasing
minimum yield requirements of 75%, 85%, 95%, and 99%, the flow
rates at maximum productivity were 24, 22, 20, and 16 mImin—!,
respectively, with corresponding injection volumes of 25, 25, 20,
and 15ml. Since the injected volume influences peak width and
consequently resolution, lower injection volumes are required at
higher purity and yield requirements.

The highest injected volume at maximum productivity for the
range of separation tasks studied was 45 ml, corresponding to
approximately 25% of the total column volume. This was for the
“easiest” separation task of «=2.0 and Puryeq = Yld,eq =75%. Injec-
tion volumes at maximum productivity for separation tasks with
o=1.5 and w=1.7 were in the range from 10 to 35 ml, correspond-
ing to approximately 5 to 20% of the total column volume. The
maximum productivity trends indicate that further improvement
of performance could in some cases be achieved at higher flow rates
beyond the upper limit of the set parameter range, especially for
“easier” separations at high separation factors and decreased Puryeq

and Yldreq. However, this would be dependent on mitigation of the
maximum allowed pressure drop for the equipment, a limitation
inherent to the column geometry and construction.

For the trapping MDM simulations, productivity as a function
of the target component band front positions, x99, x;?, resulted
in irregular surface plots. Focusing on separation tasks for which
a=1.1 and 1.3, it is seen that a single, well-defined productiv-
ity maximum does not exist (see exemplary plots in Fig. 3). For
o =1.1,aninitial sharp increase in productivity with inq:naasingxf‘s?’;“j
is observed, followed by a plateau-like surface for which multi-
ple combinations of x® and x; can result in similar productivity
values. For o= 1.3, a jagged productivity surface is seen with deep
“valleys” at lower loadings resulting from the discrete nature of
the cyclic process. Each productivity “valley” represents the x;}""‘d.
x;"p combination at which an extra separation stage cycle becomes
necessary to satisfy the product requirements set by the separation
task. This feature is more apparent for o = 1.3, since far fewer cycles
are performed compared to &= 1.1, resulting in each cycle having a
greater overall contribution to the productivity.

Fig. 4 presents a graphical summary of the maximum produc-
tivities for all separation tasks, arranged by separation factor. For
the investigated range of Vj;, F, none of the separation tasks with a
separation factor of 1.1 could be achieved with batch injections. For
o =1.3, only separation at tasks at lower purity and yield require-
ments could be met, i.e., maximum Yld.q=95% for Pure,=75%;
maximum Yldyeq =85% for Purye; =85%. Batch injections become a
viable option beginning with a separation factor of 1.5, at which
only the most difficult separation task, i.e., Puryeq = Yldyeq=99%,
cannot be achieved.

With trapping MDM, fulfillment of nearly all separation tasks
was theoretically possible, with the exception of the most diffi-
cult, i.e,, a=1.1, Yldeq =99% at purity requirements of Pury.q =95%,
99%. However, at this separation factor the process becomes likely
impractical at purity and yield requirements above 95%, as the
number of required separation stage cycles quickly jumps to over
100. This results in extremely low productivities, which would ren-
der the process uneconomical unless the target component was of
extremely high value.

For separation tasks with «=1.3, the advantage of trapping
MDM clearly manifests itself. Separation is achieved at all purity
and yield requirements with less than 10 separation cycles, with
the exception of Puryeq = Yldyeq =99% with 16 cycles. The number
of cycles increases with increasing purity and yield requirements.
Typical loadings at maximum productivity correspond to loading
band front positions, xj;’“‘f, between 0.10 and 0.30 (approximately
18-55% of the total column volume), often exceeding the maxi-
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Fig. 4. Maximum batch injection and trapping MDM productivities for all separation tasks, grouped by separation factor.

mum column loading of approximately 25% achieved with batch
injections.

Starting with a separation factor of 1.3, maximum trapping
MDM productivity is achieved with only one separation stage cycle
when purity and yield requirements are low. At separation factors
of 1.5 and greater, nearly all separation tasks can be achieved with
a single separation stage cycle. In these cases, there is no advantage
in the use of trapping MDM over batch injections with respect to
productivity.

5. Conclusions

From this investigation of 64 separation tasks covering a wide
range of product requirements and separation factors relevant for
the preparative LLC separation of an intermediately-eluting target
component, it can be concluded that the use of trapping MDM
mode is generally advantageous for separation factors around 1.3
or lower, with separations possible but at very low productivities
when «=1.1. At separation factors of 1.5 or higher, the simpler
batch injection process is generally preferred, except at very high
purity and yield requirements. These findings agree with the “rule
of thumb” given in [33] stating that the separation factor should be
greater than 1.5 in the design of batch injection separations with
LLC.

It should be noted that this study was based on a model system
comprising a typical LLC solvent system, model solutes, and a par-
ticular CPC unit. Although the observed trends may slightly vary
depending upon the system, solutes, and unit used, it is likely that
the final conclusions will be similar. Additionally, the model ternary
mixture of components A, B, and C used in this study can be applied
to complex multicomponent mixtures containing more than three
components. For these “pseudo-ternary” separations, B remains the
intermediately-eluting target component, while components A and
Crepresent the nearest neighbor impurities located directly before
and after the target component in the chromatogram. The condi-
tion ag 4 = tc g, selected as a simplification, is seldom encountered
in the laboratory. Nevertheless, the operating mode comparison
approach presented in this study and the underlying short-cut and
process models are compatible with any combination of target and
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impurity partition coefficients, i.e., separation factors, and could be
applied to specific real-world applications as well.

The findings of this investigation serve as a useful starting
point in the decision of which operating mode to choose in
the separation of intermediately-eluting target components from
(pseudo-)ternary mixtures using LLC. An extension of this com-
parative investigation to the performance of continuous ternary
separations using a sequential centrifugal partition chromatogra-
phy (sCPC) [37] cascade is currently being conducted.
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Supplementary material

A. Equilibrium cell model

Cell model assumptions

e Off-column volumes are negligible

¢ The volumes of the upper and lower phases are equal in all cells (constant stationary
phase fraction S)

¢ Solute partition coefficients for each elution mode are constant and independent of
the concentration (linear chromatography assumption)

e Ascending (As) mode partition coefficients are the inverse of their descending (Des)
mode values, and vice versa (K2 = 1/KP%)

e Intrapping multiple dual mode, the number of cells N, is the same in the As and
descending Des elution modes; N, is equal to the average number of cells for
component k in the As and Des modes

Generic cell model mass balance equation

Representation of a LLC column as a series of equilibrium cells N, depicted simultaneously
for ascending (As) and descending (Des) elution modes

1 2 i Ng—1 Ny
Up L UP — .UP UP up up up UP UP UP LUP _ .UP
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V¥ der: VT dcey;

_ pUP(.UP UpP LP(.LP LP
Ne dr + N, dr = FU" iy — iy ) + FP(cihen — cikt)

VUP/LP total volume of upper (UP) or lower (LP) phase in column
Ny, number of theoretical cells associated with component k (k = A, B, C)

FUP/LP flow rate in ascending (As) or descending (LP) mode
UP/LP

;' concentration of component k in UP/LP in cell i
In Des mode: FUP =9
In As mode: FP =0



Initial and boundary conditions, batch injections

Simplified cell model representation; As and Des modes depicted simultaneously; single LLC
column

Cells 1 through N,
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Initial conditions
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Boundary conditions

Process stage As mode Des mode
A" FLP =0 FUP =0
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Sample injection FUP = F FLP = F
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Initial and boundary conditions, trapping multiple dual mode

Simplified cell model representation; As and Des modes depicted simultaneously; two LLC
columns of equal volume connected in series; total volume of two trapping MDM columns
equivalent to total volume of single batch injection column
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B. Correlations for S, and N, derived from experimental data

Experiment parameters

Solvent system Arizona N (n-heptane/ethyl acetate/methanol/water 1/1/1/1 v/viv/v)

Solutes methyl paraben, ethyl paraben, propyl paraben, butyl paraben
Feed concentration 2 mg ml”

Injection volume 1mi

CPC column SCPC-250 (Armen Instrument); 182.1 ml total volume
Rotational speed 1700 rpm

Elution mode Descending

Stationary phase fraction vs. flow rate (S; = f(F))
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Slope and y-intercept of N, = f(F) plots vs. solute partition coefficient
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C. Summary of maximum productivity and corresponding independent parameters values for each separation task

Batch injection mode

a=1.1 a=1.3 a=1.5
Parameter Unit Yldreq  Yldreq  Yldreq  Yldreq Yldreq  Yldreq  Yldreq  Yldreq Yldreq  Yldreq  Yldreq  Yldreq
75% 85% 95% 99% 75% 85% 95% 99% 75% 85% 95% 99%

s2  Maximum productivity [g " h 2.90 2.52 1.01 5.54 5.48 4.48 3.23
ﬁg Flow rate [ml min-] 20 20 12 26 28 20 20
05: Injection volume [mi] 20 15 10 30 25 30 20
2 Maximum productivity [g ' hT] 1.74 1.29 4.54 4.41 3.55 2.15
% Flow rate [ml min"] 16 16 26 24 22 18
05: Injection volume [mI] 15 10 25 25 20 15
se  Maximum productivity [g " h 3.26 2.90 2.08 0.87
% Flow rate [ml min"] 24 20 18 12
DS_L Injection volume [mi] 20 20 15 10
° Maximum productivity [g ' h] 2.01 1.64 0.84
83; Flow rate [mI min] 20 16 12
DS_L Injection volume [mI] 15 15 10




Batch injection mode (cont'd)

a=17 a=2.0
Parameter Unit Yldreq  Yldreq  Yldreq  Yldreq Yldreq  Yldreq  Yldreq  Yldreq
75% 85% 95% 99% 75% 85% 95% 99%

2 Maximum productivity [g1'hT] 5.54 5.48 4.48 3.23 8.02 8.02 7.15 6.34
ﬁg Flow rate [mI min-1] 26 28 20 20 30 30 30 30
05: Injection volume [mI] 30 25 30 20 45 45 35 30
e Maximum productivity [g " h " 4.54 441 3.55 2.15 6.80 6.63 6.12 4.99
% Flow rate [ml min"] 26 24 22 18 30 30 30 26
DE_: Injection volume [mI] 25 25 20 15 40 35 30 30
2 Maximum productivity [g ' hT] 3.26 2.90 2.08 0.87 5.55 5.48 4.78 3.71
% Flow rate [ml min-"] 24 20 18 12 30 30 26 24
05: Injection volume [ml] 20 20 15 10 35 30 30 25
se  Maximum productivity [g 1" hT] 2.01 1.64 0.84 4.46 4.32 3.60 2.64
8?3 Flow rate [mI min-"] 20 16 12 28 26 24 22
DS_L Injection volume [mI] 15 15 10 30 30 25 20
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Trapping MDM mode

a=1.1 a=1.3 a=1.5
Parameter Unit Yldreq  Yldreq  Yldreq  Yldreq Yldreq  Yldreq  Yldreq  Yldreq Yldreq  Yldreq  Yldreq  Yldreq
75% 85% 95% 99% 75% 85% 95% 99% 75% 85% 95% 99%
Maximum productivity [g1'hT] 0.22 0.19 0.14 0.07 2.40 2.24 1.66 1.14 5.05 5.05 3.81 2.60
§ xload [] 0.25 0.30 0.35 0.25 0.10 0.15 0.25 0.25 0.10 0.10 0.10 0.10
g XSep [] 0.70 0.60 0.40 0.30 0.50 0.90 0.80 0.70 0.15 0.15 0.30 0.50
~ Separation stage cycles [-] 7 13 103 126 1 1 2 3 1 1 1 1
Maximum productivity [gF" b 0.15 0.13 0.10 0.04 1.68 1.58 1.26 0.92 4.07 3.85 3.03 2.09
§ xload [] 0.30 0.30 0.40 0.15 0.10 0.10 0.25 0.20 0.10 0.10 0.10 0.25
%g xsep [] 0.60 0.60 0.45 0.20 0.70 0.85 0.65 0.65 0.20 0.25 0.20 0.65
- Separation stage cycles [-] 14 16 134 134 1 1 3 3 1 1 2 2
Maximum productivity [g" h] 0.09 0.08 0.06 1.19 1.13 0.89 0.66 2.73 2.59 2.20 1.73
§ xload [] 0.40 0.45 0.35 0.25 0.20 0.20 0.25 0.10 0.20 0.15 0.25
;3 xsep [] 0.55 0.55 0.40 0.90 0.80 0.65 0.50 0.15 0.95 0.90 0.75
- Separation stage cycles [ 42 75 164 2 2 3 7 3 1 1 2
Maximum productivity [g1'hT] 0.06 0.05 0.03 0.86 0.80 0.67 0.50 1.95 1.94 1.67 1.30
§ xload [] 0.50 0.45 0.25 0.20 0.25 0.30 0.30 0.15 0.15 0.25 0.20
55 XSep [] 0.55 0.50 0.30 0.90 0.80 0.70 0.45 0.90 0.95 0.75 0.75
o Separation stage cycles [-] 180 190 193 2 3 5 15 1 1 2 2
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Trapping MDM mode (cont’d)

a=1.7 a=2.0
Parameter Unit Yldreq  Yldreq  Yldreq  Yldreq Yldreq  Yldreq  Yldreq  Yldreq
75% 85% 95% 99% 75% 85% 95% 99%
Maximum productivity [g1'hT] 5.94 5.94 5.41 4.30 5.89 5.89 5.89 5.19
§ xload [] 0.15 0.15 0.15 0.10 0.20 0.20 0.20 0.15
g XSep [] 0.20 0.20 0.25 0.20 0.25 0.25 0.25 0.20
~ Separation stage cycles [-] 1 1 1 1 1 1 1 1
Maximum productivity [g ' h] 5.30 5.03 4.74 3.36 5.53 5.53 5.10 4.07
§ xload [] 0.15 0.15 0.10 0.10 0.20 0.20 0.15 0.15
Sg xsep [] 0.20 0.25 0.15 0.30 0.25 0.25 0.20 0.30
. Separation stage cycles [-1 1 1 1 1 1 1 1 1
Maximum productivity [g 1" hT] 4.20 3.90 3.25 2.37 4.78 4.78 3.97 3.47
§ xload [] 0.10 0.10 0.10 0.15 0.15 0.15 0.15 0.10
55 xsep [] 0.15 0.20 0.30 0.70 0.20 0.20 0.30 0.20
- Separation stage cycles [ 1 1 1 1 1 1 1 1
Maximum productivity [g1'hT] 3.02 2.90 2.35 2.06 4.11 3.94 3.36 2.56
g;: xload [] 0.10 0.10 0.10 0.30 0.15 0.15 0.10 0.40
55 XSep [] 0.25 0.30 0.45 0.75 0.20 0.25 0.20 0.80
. Separation stage cycles [-] 1 1 1 2 1 1 1 2
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3.4 Paper IV

Trapping multiple dual mode liquid-liquid chromatography: Preparative separation of
nootkatone from a natural product extract

R. Morley, M. Minceva, Journal of Chromatography A, 1625 (2020) 461272.
https://doi.org/10.1016/j.chroma.2020.461272

Author contribution: The thesis author had the leading role in completion of this paper,

from conceptualization to experiment execution and data analysis. She completed the
manuscript and performed the necessary edits.

Summary: Paper IV concerned the implementation of the trapping MDM model-based
design strategy for the high-throughput separation of nootkatone from a real natural product
mixture of over 90 compounds. The starting mixture was obtained from an industrial orange
juice processing side stream in which the target, nootkatone (NK), was present at 17%, and
only three of the remaining compounds were found at greater than 2%: valencene (13%),
eudesmenol (ED, 9%), and intermedeol (IM, 6%).

In this demonstrative study, NK was found to co-elute with ED, leading to the two
components to be treated as a single pseudo-component for the process design: NK+ED. The
remaining major impurity considered was IM, with a separation factor of approximately 1.2 with
respect to NK+ED. According to the findings of Paper lll, this separation factor rendered the
use of trapping MDM advantageous.

The maximum feed concentration and flow rate were determined in the same manner
as in Paper Il. The linear range limit of the partition isotherm of NK as well as increases in
settling time and phase volume ratio all coincided at approximately 100 mg ml-'. A maximum
flow rate of 14 ml min"' was measured in the presence of the feed solution. Safety margins
were applied to these parameters for the remaining design steps and final separation, which
were performed with a feed concentration of 75 mg mI"* and 12 ml min™' flow rate.

For selection of the step durations and number of cycles, the short-cut model was
extended for calculation of the process throughput. The trapped component B band position
during the Separation stage, x;°, was fixed at 0.8 while varying x[***. An x}% of 0.42 was
identified for the maximized-throughput experiment, corresponding to a feed loading of 46% of
the total column volume. No stationary phase loss occurred during the experiment. The
Recovery stage NK+ED vyield was 85%, with a purity of 97% with respect to IM only and 78%
with respect to all impurities. These purities far exceeded those obtained with the low volume
pulse injections. The results of this study demonstrate the effectiveness of trapping MDM and
the model-based design approach for separations of complex mixtures, even when using only
the mathematically simple short-cut model.
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Trapping multiple dual mode (trapping MDM) is a preparative liquid-liquid chromatography (LLC) tech-
nique well-suited to difficult separations of intermediately-eluting components from similarly structured
impurities. In this demonstrative study, a design approach for high process throughput is applied for the
trapping MDM separation of a target component, nootkatone (NK), initially comprising 16.7% of an in-
dustrial side stream mixture with over 90 impurities. This design approach, previously developed and
validated using ternary mixtures of model solutes, is applied to a complex real mixture for the first time,
The approach consists of five steps: (1) determination of the maximum starting mixture concentration
for feed preparation; (2) determination of the maximum flow rate for maintenance of the pre-set sta-
tionary phase fraction; (3) determination of the partition coefficients of the target and main impurities;
(4) selection of step durations and number of cycles using an established short-cut method; (5) execu-
tion of the trapping MDM separation. The target, NK, was obtained along with a co-eluting component
at 78.7% purity and 84.6% yield, demonstrating the effectiveness of trapping MDM for the separation of

intermediately-eiuting natural product target components from compiex starting mixtures.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

The preparative separation of natural products from complex
starting mixtures with chromatography often poses the chal-
lenge of isolating an intermediately-eluting target component from
similarly-structured impurities possessing very low separation fac-
tors. Extensive peak overlap is frequently observed when batch in-
jections are used, negatively affecting the yield and/or purity of the
collected target component fraction. Peak overlap becomes espe-
cially critical at the high volume and high concentration feed load-
ings preferred for preparative separations at high throughput. Trap-
ping multiple dual mode (trapping MDM) [1-3], a solid support-
free liquid-liquid chromatography (LLC) technique, can be used as
an effective alternative to batch injections for such ternary separa-
tions.

LLC comprises a wide array of techniques including Martin and
Synge columns, countercurrent distribution (CCD), droplet coun-
tercurrent chromatography (DCCC), pulsed Kostanyan columns, as
well as the more common and better-known countercurrent chro-
matography (CCC) and centrifugal partition chromatography (CPC)
[4]. These diverse techniques are united by their use of the two
phases of liquid-liquid biphasic system as the mobile and station-

* Corresponding author.
E-mail address: mirjana.minceva@tum.de (M. Minceva).

https://doi.org/10.1016/j.chroma.2020.461272
0021-9673/@ 2020 Elsevier B.V. All rights reserved.

ary phases. The stationary phase is retained during operation with-
out the use of a solid support. In CCC and CPC, stationary phase
retention is achieved through the application of a centrifugal force.
Compared with conventional chromatography techniques utilizing
solid stationary phases, the use of a liquid stationary phase in LLC
offers several advantages, such as high sample loading, the absence
of adverse adsorption effects, and a high degree of operational
flexibility [5]. LLC has emerged as a technique well-suited to the
preparative separation of target components from natural product
starting mixtures [6,7]. As a result of the ability to switch the roles
of the mobile and stationary phases and, with this switch, to re-
verse the flow direction and elution order of the sample solutes, a
wide variety of operating modes can be performed in LLC that have
no direct counterpart in conventional chromatography [8], such as
the aforementioned trapping MDM technique.

In this work, the trapping MDM separation of an
intermediately-eluting target component from a real complex
mixture and the application of the corresponding design ap-
proach for operating parameter selection under high throughput
conditions are reported for the first time. The target compo-
nent to be “trapped” in this exemplary study was nootkatone
(NK), a sesquiterpene found primarily in grapefruit as well as
in other citrus fruits and natural sources. The starting mixture
was a NK-enriched extract obtained from an industrial orange
juice processing side stream. In addition to being used as an
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aroma compound in the food, beverage, and cosmetic industries,
studies have shown nootkatone to possess a range of bioactive
properties, such as pest-repellant and anti-obesity effects [14].
In the last decade, commercial-scale nootkatone production has
been implemented using microbial fermentation [15,16], rendering
naturally-sourced nootkatone less favorable for the large-scale
production of this compound. Nevertheless, this study serves
as a useful demonstration of the trapping MDM technique for
difficult separations of natural product target components with
intermediately-eluting behavior.

The utilized trapping MDM design approach has been previ-
ously developed and validated with model mixtures of three com-
ponents only [1,2]. The five-step design approach consisted of pre-
liminary measurements and experiments for the determination of
the maximum starting mixture concentration for feed preparation
(Step 1), the maximum flow rate (Step 2), and the partition coeffi-
cients of the components of interest (Step 3). A short-cut method
for selection of step durations and number of cycles (Step 4) was
then implemented, followed by execution of the high throughput
trapping MDM separation run (Step 5).

2. Theory
2.1. Trapping MDM process description

Trapping multiple dual mode (trapping MDM) is a discontin-
uous LLC operating mode for the separation of intermediately-
eluting components, i.e, target components with an intermedi-
ate partition coefficient with respect to the other starting mix-
ture components, from impurities possessing low separation fac-
tors. In a previous study, it was found that the use of trapping
MDM is especially advantageous in comparison with batch injec-

tions for the isplation of intermediatelv-elutine tareets at hich nu-
fiens ior the isciation of mntermedaiatey-ejuling targets at nigh pu

rity and yield from impurities with separation factors of approxi-
mately 1.3 or lower [3]. The trapping MDM process and an associ-
ated short-cut method for selection of the key operating parame-
ters (step durations and number of cycles) were first presented in
[1]. A throughput maximization strategy implementing this short-
cut method was developed and validated using a model mixture in
[2]. Separation techniques similar to trapping MDM have been pre-
viously reported as variants of the intermittent countercurrent ex-
traction (ICcE) [9] and multiple dual mode (MDM) processes [10].
The trapping MDM technique is based on the ability to switch
the roles of the two phases during a separation, resulting in
two possible elution modes: ascending mode (As) and descending
mode (Des). In As mode, the less dense upper phase (U) is used as
the mobile phase while the denser lower phase (L) is kept station-
ary. In Des mode, the upper phase is the stationary phase, while
the lower phase is pumped through it as the mobile phase. Switch-
ing the elution mode necessitates a reversal of the flow direction
while at the same time reversing the elution order of the mixture
components. The fastest eluting components become the slowest,
and vice versa, as seen from the relationship between the As and
Des partition coefficients of a component i given in Eq. (1). The
partition coefficient is defined as the ratio of the equilibrium con-
centrations of a component in the stationary and mobile phases.

(1)

Ciu 1
HKipas Gr  Kias

The trapping MDM process is most simply described for
a ternary mixture of three components (A, B, C) with rela-
tive partition coefficient values Kj pes < Kp pes < Kc pes and
Ka s = Kp as > Kc as- B is the intermediately-eluting component
that will remain “trapped” on the two-column LLC unit during the
separation. A trapping MDM separation consists of three process
stages, depicted in Fig. 1. Loading, Separation, and Recovery. In
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Stage 1: Loading
Feed introduced during a single cycle

A+B+C

As mode

Des mode

(== c:”
A+B+C

Stage 2: Separation

Multiple cycles of As and Des steps

Net movement of A in Des direction, C in As direction
B trapped in columns

— — =C

As mode

£\
A\ 4
—

A

Des mode

Stage 3: Recovery
Collection of target B in a single step (As or Des)

= = —>B

As mode

Fig. 1. Trapping MDM separation of three components (A, B, C) with B as the
intermediately-eluting target. Relative partition coefficients: Ky pes < Kp, pes < K¢ pes
and Ky 4 > Kp as > Kc ae. White shading: upper phase. Gray shading: lower phase.

the first stage (Loading), the feed solutions dissolved in the up-
per and lower phases are introduced at the inlets between the two
columns during the corresponding elution mode step (lower phase
feed solution in Des mode; upper phase feed solution in As mode).
There is no accompanying flow of pure mobile phase. The second
stage (Separation) consists of multiple cycles, each consisting of
two steps (one in each elution mode), during which only pure mo-
bile phase (lower phase in Des mode; upper phase in As mode)
is introduced from the corresponding end of the two-column unit.
The step durations of the two elution modes are chosen to pre-
vent component B from eluting at either outlet. With each cycle,
A and C, on the other hand, travel a net distance toward opposite
ends of the unit. During Separation, A and C may be partially or
completely eluted from the unit. When satisfactory separation of
B from A and C has been achieved, the third stage (Recovery) is
begun. To collect B in purified form, an extended elution step in a
single mode is performed (As or Des). A more detailed description
of the trapping MDM process can be found in [8].

2.2. Trapping MDM short-cut method

The success of a trapping MDM separation is dependent on ap-
propriate selection of the step durations during the Loading and
Separation stages, as well as the number of Separation stage cy-
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cles to be performed. The step durations and number of cycles
are interdependent and cannot be selected individually. To avoid
step duration selection by trial and error, a rational parameter se-
lection short-cut method was developed and validated in [1] and
applied in two subsequent studies [2,3]. The short-cut method is
based on solute band front propagation velocities under linear and
ideal chromatography assumptions, i.e., constant partition coeffi-
cients and no dispersive effects. These propagation velocities are
defined for the As and Des elution modes in Eqs. (2) and (3), re-
spectively,

Vias= 7 — (2)
VRias
# B
I
vLD?S = VR.!'.DES (3)

where Fj; and F; are the upper and lower phase (As and Des mode)
flow rates and Vj ; 4; and Vg ; pes are the elution mode-specific
retention volumes defined in Eqs. (4) and (5). Vi and V| are the
volumes of the upper and lower phases in the CPC unit.

Vrins = Vu + KiasVi
VRipes = Vi + KipesVus

(4)
(5)

The short-cut method equations for selection of the step du-
rations (Eqs. (6)-(11)) and number of cycles (Eqgs. (12)-(15)) are
listed in Table 1. The retention volumes (Vg;) used for calcula-
tion of the propagation velocities (v;) must be based on the vol-
umes of the upper and lower phases (Vy, V) in a single column of
the two-column trapping MDM unit. F, and F; are the As and Des
mode flow rates of feed introduction in the Loading stage and of
the mobile phase in the Separation and Recovery stages. The elu-
tion mode of the first step in each cycle and the of Recovery stage
must be specified. Additionally, the dimensionless position of the
trapped solute band front at the end of each Des and As step in

E : SE Se.
the Loading (x40, xlo%1) and Separation stages (x; ... xB_ﬂs) must
be selected.

For all band position combinations satisfying the restrictions
named in [1], the short-cut method equations return the step du-

rations during the Loading (¢2, t{2%) and Separation stages (t;7,

6P, P10 or (321 depending on the elution mode of the first
step in each cycle) and the number of cycles (with respect to com-
ponents A and C; m,”, n”) that will result in complete separa-
tion and recovery of B from A and C under ideal conditions. The
reader is directed to [1] for more details regarding the derivation
and implementation of the short-cut method equations. A strategy
for identifying the band position combination providing the high-
est process throughput is described in Section 4.2.4.

Despite being defined for a ternary mixture of components A, B,
and C, the trapping MDM process and short-cut method are easily
adapted to a complex multi-component starting mixture by repre-
senting it as a simplified pseudo-ternary mixture. B represents the
intermediately-eluting target component(s) while A and C are the
nearest-neighbor impurities, i.e., possessing the lowest separation
factors with respect to B, to be considered in the process design.
All remaining impurities with partition coefficients lower than A
in Des mode and lower than C in As mode will leave the column
before A and C, respectively. Their separation from B is therefore
intrinsically accounted for with that of A and C.

3. Materials and methods
3.1. Materials

3.1.1. Starting mixture

The starting mixture, a nootkatone-enriched extract from an in-
dustrial orange juice processing side stream, was obtained from
Erich Ziegler GmbH.

3.1.2. Solvent system

The biphasic solvent system used throughout this study was
n-hexane/ethyl acetate/methanol/water 9/1/9/1 v/v[v/v, a relatively
non-polar solvent system commonly known as “HEMWat -7” [11].

Table 1
Trapping MDM short-cut method equations.
Parameter Equation
Step durations, Stage 1. Loading
xlood
Des tload _ ZB.Des (6)
VB, pes
s
As tload _ 7
= &

Step durations, Stage 2: Separation

sep.1
Des, 1st cycle (first mode Des) R =

sep.Tst
As, 1st cycle (first mode As) t
Dis 2=
As r;\ip -
Number of cycles, Stage 2: Separation
Compenent A (first mode Des) nyt =
Component A (first mode As) nyF =
Component C (first mode Des) g i
Component C (first mode As) gt

sep load
(¥p pes = ¥g'Des)

= 8
Vg pes ®
e d
(Xghs = X5
=== 9
sep Vg sep _ yload
(X Des — Xi'hes) + (X e — Xirs)] (10)
VB Des
sep load sep load
[ Bes — X5'pes) + (X — X (11
Up.As
(109 1 1P Yapy e — £5P T b+ 1
e e Waas = Lnee  VADes +1 (12)

S 5
P U pes — fﬂ? VA, As
(2 4 P15 g — 5P UA pes + 1 .

1 (13)
S e
fu,ﬂ’ VA pes — fﬂxp VA As

load _, psep.1st sep
(tpgs +pes  Jcpes — by Veas + 1

+1 (14)
P Ve as — UV Des

5€] sep.1st
b — P e + 1

ta Ve as — Lyl U pes

kel - 5P Y0c pes

+1 (15)
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The HEMWat (n-hexane/ethyl acetate/methanol/water) solvent sys-
temn family is often used for natural product separations with LLC
[12] and consists of 16 volumetric compositions covering a wide
polarity range numbered from -7 to +8. HEMWat -7 was se-
lected following a screening of several compositions with prelim-
inary measurements of partition coefficients, starting mixture sol-
ubility, and settling time. In comparison with the other screened
systems, HEMWat -7 provided the highest solubility and lowest
settling time when combined with the starting mixture, indicating
the possibility of high feed loading and stability within the col-
umn. Additionally, it provided a partition coefficient of the target
component nootkatone (NK) close to 1, lying within the recom-
mended “sweet spot” partition coefficient range of 0.4 to 2.5. This
range affords a compromise between peak resolution, band broad-
ening, and separation run time [11]. A target partition coefficient
near unity is especially desirable in trapping MDM, as similar step
durations can then be selected in both elution modes [9,10].

The following solvents were used for preparation of the
HEMWat -7 solvent system: n-hexane (>95%, DHC Solvent Chemie,
Muelheim, Germany), ethyl acetate (>99.8% CSC Jaeklechemie,
Nuremberg, Germany), methanol (>99.85% CSC Jaeklechemie,
Nuremberg, Germany), and de-ionized water (in-house network).

The HEMWat -7 solvent system used throughout this study was
prepared by mixing n-hexane, ethyl acetate, methanol, and water
in the volume proportion 9/1/9/1. The solvents were left to mix
for at least 2 h at room temperature (22+2 °C) on a magnetic stir
plate. A separatory funnel was then used to split the upper and
lower phases between two reservoirs. Phases were degassed in an
ultrasonic bath before use in the CPC. The necessary solvent sys-
tem volume was newly prepared before each experiment or set of
measurements.

3.1.3. Analytical solvents

The mobile phase used for HPLC analysis consisted of acetoni-
trile (>99.95%, VWR Chemicals, Ismaning, Germany) and Millipore
18-MOhm water. When necessary, samples were diluted with the
corresponding phase (HEMWat -7 upper or lower phase).

The starting mixture was diluted with n-hexane (>98.0%, Merck
KGaA, Darmstadt, Germany) preceding analysis with GC-MS. All
other samples were diluted with the corresponding HEMWat -7
phase (upper or lower) when necessary.

3.2. Analytics

3.2.1. HPLC analysis

Quantitative analysis of nootkatone only was performed with
HPLC using a NUCLEODUR 100-5 C18 ec column (125 mm length,
4 mm ID; Machery-Nagel, Dueren, Germany) fitted with a guard
column. The HPLC set-up (Gilson, Middleton, WI, USA) consisted
of a 322H2 binary gradient pump, a GX Direct injection module,
and a 151 UV-Vis Detector. Sample analysis was automated with
Trilution LC software.

The analysis method for all samples was performed at ambient
temperature (2242 °C) and consisted of a water:acetonitrile (A:B)
gradient program with a mobile phase flow rate of 0.8 ml min~!
and 10 wl injection volume. The detection wavelength was set at
280 nm. The gradient program was as follows: 50%:50% for 5 min;
ramp to 0%:100% in 12 min; ramp down to 50%:50% in 4 min;
50%:50% for 4 min. A calibration curve was produced with a 90%
pure nootkatone sample obtained from Erich Ziegler GmbH.

3.2.2. GC-MS analysis

Qualitative GC-MS analysis was performed on a Zebron ZB-
5 ms Guardian Capillary column (30 m with 5 m Guardian length,
0.25 mm ID, 0.25 pm film thickness; Phenomenex, Aschaffenburg,
Germany). The set-up consisted of a 6890 N Network GC System,
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5973Network Mass Selective Detector, and 7683 Series Injector.
Instrument control and analysis were automated using Enhanced
ChemStation software (G1701DA Version D.00.00.38). The carrier
gas was helium.

The oven temperature program (total duration 50.17 min) was
started at 50 °C, increased to 105 °C at a rate of 5 °C min~!, then
increased to 220 °C at a rate of 6 °C min~!, after which the tem-
perature was held for 20 min. The mass spectrometer was operated
in EI mode with a scan range of 50 to 350 amu, 4.72 scans s~ !, and
an electron energy of 70 eV. The temperatures of the injector inlet,
MS source, and MS quad were set at 220 °C, 230 °C, and 150 °C, re-
spectively. Injections (1.0 1 volume) were performed in split mode
with a split ratio of 10 in constant pressure mode (91 kPa). Com-
pounds were identified using the Enhanced ChemStation software
by comparison with the NIST98 library.

3.3. CPC experiments

The following subsections describe the two-column CPC set-up
and feed solution preparation method used in Steps 2, 3, and 5 of
the trapping MDM design approach.

3.3.1. CPC unit

CPC experiments were performed on a TMB-250 unit manufac-
tured by Armen Instrument (Saint-Avé, France). The unit consisted
of two CPC columns mounted on separate rotors and connected in
series with a total measured volume of 182.1 ml. The set-up addi-
tionally included four HPLC gradient pumps (two for mobile phase
introduction and two for the feed solutions), two UV-Vis detectors,
and two automated fraction collectors. The mobile phase (upper
phase in As mode; lower phase in Des mode) is introduced from
one of the ends of the unit, while feed is introduced between the
two columns in either the As or Des flow direction. Feed introduc-
tion by pump can be performed independently or with simulta-
neous mobile phase flow. The column can be operated at a pres-
sure drop of up to 100 bar and a maximum rotational speed of
3000 rpm. More details regarding the TMB-250 unit are found in
[13]. Mobile phase and feed solution reservoirs were kept in a wa-
ter bath set at 20 °C.

The column was prepared in the same manner prior to the start
of all CPC experiments. The two-column unit was first filled with
a 1:1 ratio of HEMWat -7 upper and lower phases, equivalent to a
stationary phase fraction (S;) of 0.5 in both elution modes. Column
filling was completed without rotation and at a flow rate of 30 ml
min~!. Rotation at a set speed of 1700 rpm was then started. Af-
ter reaching the set rotational speed, feed introduction (stationary
phase fraction measurements in Step 2; trapping MDM separation
in Step 5) or mobile phase flow before sample injection (pulse in-
jections in Step 3) could be started.

3.3.2. Feed solution preparation

For the stationary phase fraction measurements for maximum
flow rate determination (Step 2), pulse injections for partition co-
efficient determination (Step 3), and trapping MDM experiment
(Step 5) described below, feed solutions were prepared by adding
the starting mixture to equal volumes of HEMWat -7 upper and
lower phases in a single vessel corresponding to the required start-
ing mixture concentration (with respect to the total volume of the
upper and lower phases) and feed solution volumes. The system
was then left to mix on a magnetic stir plate at room temperature
(2242 °C) for 2 h before being transferred to a separatory funnel.
The upper and lower phase feed solutions (used as feed in the As
and Des elution modes, respectively) were then split into separate
reservoirs and degassed in an ultrasonic bath before use.
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3.4. Trapping MDM design approach

For clarity and consistency with the structure of Section 4, the
procedures associated with each of the design approach steps are
detailed in the following subsections.

3.4.1. Step 1: Determination of maximum starting mixture
concentration for feed solution preparation

Sample preparation: Samples were prepared in duplicate by dis-
solving the starting mixture over a concentration range (starting
mixture concentration with respect to the total volume of the up-
per and lower phases) from 0 (blank sample) to 300 mg ml-!
in 5 ml upper phase and 5 ml lower phase (10 ml total volume)
of the biphasic solvent system HEMWat -7 in 15 ml centrifuge
tubes. Samples were then subjected to automated mixing for 2 h at
room temperature (2242 °C). For each sample, settling time, phase
volume ratio, and partition equilibrium measurements were per-
formed as described below.

Settling time measurements: Each sample was quickly inverted
10 times, then immediately placed in a tube rack. The elapsed time
between placement in the rack and the reestablishment of a stable
interface between the two phases was recorded. The settling time
was measured for each sample in triplicate.

Phase volume ratio measurements: The volumes of the upper and
lower phases were read from the graduation marks on the cen-
trifuge tubes (0.5 ml, with a tolerance of = 0.1 ml). The phase
volume ratio was subsequently calculated as (upper phase vol-
ume)/(lower phase volume).

Partition equilibrium measurements: Aliquots were taken from
the upper and lower phases and analyzed with HPLC to determine
the nootkatone concentration in each.

3.4.2. Step 2: Determination of maximum flow rate
Stationary phase fraction, S, is defined by Eq. (16)

_%
-7

where Vs is the volume of the stationary phase retained on the
column and V¢ is the total column volume. 5 is typically measured
with pure phases only, i.e., in the absence of the feed solution.

As in [2], in this study, Sy with respect to flow rate was mea-
sured in the presence of the upper and lower phase feed solutions
(used for As and Des mode measurements, respectively). The feed
solutions were prepared using the maximum starting mixture con-
centration of 100 mg ml~! determined in Step 1.

Following preparation of the CPC unit as described in
Section 3.3.1, 45 ml of feed solution, approximately equivalent to
the mobile phase volume of one column of the two-column unit,
was introduced at the feed inlet between the columns over the
corresponding feed pump (As or Des). The feed solution entered
the unit in the flow direction corresponding to the elution mode;
at the end of feed loading, only one of the two columns contained
the feed solution. Elution with the corresponding mobile phase
(upper phase in As mode; lower phase in Des mode) was then
begun and the effluent collected in a 250 ml graduated cylinder.
After elution of 180 ml of mobile phase (approximately equiva-
lent to two single column volumes), pumping was stopped and the
amount of stationary phase loss, if any, recorded. The resulting Sf
was then calculated. This procedure was performed for flow rates
of 12, 14, 16, 20, and 28 ml min~! in both elution modes, with
new preparation of the column each time.

S¢ (16)

3.4.3. Step 3: Determination of partition coefficients
Pulse injections were performed on the CPC unit in both elution
modes for determination of the partition coefficients (Kj pes, K;as)

of the target component and major impurities: NK, VC, IM, and ED
(see Section 4.1.).

Before injection, the CPC unit was prepared with Sy = 0.5 as de-
scribed in Section 3.3.1. Feed solution injections (75 mg ml~! start-
ing matrix concentration) were made over a 5 ml manual sample
loop 1 min after the start of mobile phase flow (12 ml min—'). The
effluent was monitored with UV-Vis detection (240 and 254 nm).
Online UV-Vis monitoring did not play a role in component iden-
tification but served as a indication of completion of NK elution
during the Recovery stage. Fractions were collected every 20 s be-
ginning after elution of the non-retained solute retention volume.
Aliquots taken from the fractions were analyzed with GC-MS with-
out dilution for chromategram reconstruction of the components
of interest. Partition coefficients were calculated for the As and
Des elution modes from the reconstructed chromatograms using
the corresponding LLC retention volume equation Eq. (4) or ((5)).

3.4.4. Step 4: Selection of step durations and number of cycles

The short-cut method for parameter selection described in
Section 2.2. was used in conjunction with process throughput cal-
culations (introduced in Section 4.2.4.) to determine the step dura-
tions and number of cycles for the trapping MDM separation per-
formed in Step 5. The input parameters and a detailed description
are found in Section 4.2.4,

3.4.5. Step 5: Trapping MDM separation

Before the start of the trapping MDM separation, the two-
column CPC unit (S = 0.5) and feed solutions (75 mg ml-
! starting matrix concentration) were prepared as described in
Secs. 3.3.1 and 3.3.2., respectively. The feed and mobile phase flow
rate was 12 ml min-! throughout the process. The step durations
are listed in Table 4.

Loading: The Des and As feed solutions were intraduced for step
durations £/ and {9, corresponding to a total loaded volume of
84.1 ml (33.2 ml in Des mode; 50.9 ml in As mode). In both elu-
tion modes, the entire effluent was collected in a 50 ml graduated
cylinder and aliquots taken for GC-MS analysis (10x dilution).

Separation: 10 Separation stage cycles were completed; each

starting in Des mode. All cycles had step durations t3" and .7,

with the exception of the Des step of the first cycle with rg‘;‘;"“
This shorter step duration compensates for the position of the
component B band fronts directly following the end of the Load-
ing stage. During each step, the entire mobile phase effluent was
collected in a 50 ml graduated cylinder and aliquots taken for GC-
MS analysis (10x dilution).

Recovery: Following the end of the As mode step of the 10th
Separation stage cycle, elution with pure As mode mobile phase
was continued for 22 min. 60 s fractions were collected with
the As mode fraction collector during the entire Recovery stage.
Aliquots were taken from all fractions and analyzed by GC-MS (10x
dilution).

4. Results and discussion

The objective of this study was to apply the previously devel-
oped trapping MDM design approach for the high throughput sep-
aration of intermediately-eluting components [2] to a complex nat-
ural product starting mixture. To obtain high throughput in prepar-
ative chromatography separations, the largest amount of feed so-
lution (high concentration, high injection volume) should be pro-
cessed in the least amount of time possible (high flow rate, short
process duration). The five-step design strategy as presented in this
work is graphically depicted in Fig. 2.

Following preliminary analysis and evaluation of the starting
mixture (Section 4.1.), the maximum starting mixture concentra-

tion for preparation of the feed solutions (c'f"e‘;’;) is determined
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Fig. 2. Trapping MDM design approach.
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with the help of phase volume ratio, settling time, and partition
equilibrium measurements in Step 1 (Section 4.2.1.). In Step 2
(Section 4.2.2.), the maximum applicable flow rate (F"™) in the
presence of rfﬁ,”e’é is ascertained through stationary phase loss ex-
periments. Pulse injection experiments are then performed in Step
3 (Section 4.2.3.) to obtain the partition coefficients of the com-
ponents of interest (K; pes, K;4s) under the column-specific hydro-
dynamic conditions resulting from operation at cji;";; and F™, The
short-cut method is then applied with the parameters F"™, K; pes,
and Kjus in Step 4 (Section 4.2.4.) for the selection of the trap-
ping MDM Loading and Separation stage step durations (tloed, (se?)
and number of cycles (n*”), The combination of short-cut method
band front positions (xj"¢, x;’P) leading to the highest throughput
under the set process restrictions is identified. The selected oper-
ating parameters are then implemented for the execution of the
trapping MDM separation at high throughput conditions in Step 5
(Section 4.2.5.).

4.1. Preliminary analysis of the starting mixture

The starting mixture was qualitatively analyzed with GC-MS to
determine the key impurities to be considered in the design of
the separation with the short-cut method. The normalized total
ion count (TIC) chromatogram is found in Fig. 3. The starting mix-
ture was found to contain at least 90 different compounds, many
of them sesquiterpene alcohols and oxides. In addition to nootka-
tone (NK, 16.7 area%), only 3 of these compounds were present
at greater than 2 area%: valencene (VC, 13.0%), eudesm-7(11)-en-
4a-ol (ED, 9.0%), and intermedeol (IM, 6.0%). All remaining compo-
nents were regarded as minor impurities and were not taken into
consideration in the design approach steps concerning componentv
specific data, i.e., partition coefficients (Steps 3 and 4). The peaks
corresponding to these compounds are indicated in Fig. 3 and their
molecular structures provided in Fig. 4.

Preliminary shake flask measurements using the HEMWat -7
solvent system and GC-MS area% analysis indicated similar Des
partition coefficients of Kgp, Ky, and Ky ranging from 0.74 to 0.87.
As a non-oxygenated hydrocarbon, VC strongly partitions into the
less polar upper phase, resulting in a much higher Ky of approx-
imately 20. Therefore, VC elutes quickly in As mode and can be
easily separated from NK, while the separation of NK from ED and
IM is expected to be much more difficult.

o o "
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o
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Intermedecl
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Fig. 3. GC-MS analysis of starting mixture.
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4.2, Trapping MDM design approach

4.2.1. Step 1: Determination of the maximum starting mixture
concentration for feed solution preparation

Step 1 of the design approach focuses on determination of
the maximum starting mixture concentration that can be used
for preparation of the feed solutions without significant deviation
from the properties of the pure mobile and stationary phases, e.g.,
phase volume ratio, density, viscosity, interfacial tension. Changes
in these properties can lead to undesirable hydrodynamic condi-
tions resulting in stationary phase loss, negatively affecting the
performance and repeatability of a separation [17-19].

Solute partition equilibria also play an important role in the se-
lection of the maximum starting mixture concentration. Partition
equilibria increasingly deviate from linear with increasing solute
(starting mixture) concentration as a result of intermolecular inter-
actions between the solute molecules. Outside of the linear range
of the partition equilibrium, the partition coefficient can no longer
be considered independent of concentration (constant) and short-
cut methods based on linear, ideal chromatography assumptions,
such as the one used in this study, become more likely to fail.

In packed-bed chromatography, concentration-dependent par-
tition equilibria can be described by adsorption isotherms deter-
mined experimentally using, e.g., frontal analysis measurements.
Such techniques are however not suitable for partition equilib-
ria determination in LLC, as changes in solute partitioning due
to increased starting mixture concentration are often coupled to
changes in phase properties and composition, which can in turn
affect the column hydrodynamics and the achievable stationary
phase fraction [20]. As these secondary effects depend strongly on
the solvent system, feed solution, and LLC unit, they cannot yet be
reliably predicted. It is therefore preferred to perform LLC separa-
tions at feed solution concentrations within the linear range of the
partition coefficients of the components of interest and at which
significant deviations from the properties of the pure phases are
not observed.

The identification of this working concentration range is rarely
reported in the LLC literature, and it is acknowledged that the time
and effort required may not be justifiable for a one-off separation.
However, it is highly useful for the design and establishment of
high throughput, robust processes for routine separations in labo-
ratory and industrial settings.

To quickly identify the maximum applicable starting mixture
concentration for feed solution preparation without the need for
physical property measurements, phase volume ratio and settling
time were determined over a wide starting mixture concentration
range. An increase in settling time can be indicative of an increase
in the residence time needed for phase coalescence in the cells
of the CPC column [21], while a change in the phase volume ra-
tio may signify the occurrence of local changes in the stationary
phase fraction. Both effects can lead to hydrodynamic instabilities
resulting in stationary phase loss that is detrimental to both sepa-
ration performance and repeatability. The partition equilibrium of
the target component, NK, was measured over the same starting
mixture concentration range as for the settling time and phase vol-
ume ratio measurements. This approach has been previously used
in [2,20] with model feed mixtures of three components.

The phase volume ratio measurements show that an increase
in the upper phase volume occurs with an increase in the con-
centration of the starting mixture in the HEMWat -7 solvent sys-
tem (see Fig. 5). This deviation from the blank sample (pure phases
only) begins to become prominent above concentrations of approx-
imately 100 mg ml~".

A slight initial decrease in the settling time is observed at low
concentrations (up to approximately 50 mg mi~!), followed by a
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Fig. 5. Phase volume ratio vs. starting mixture concentration. Dashed line: blank sample.
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continuous increase in settling time as the starting mixture con-
centration is further increased above 100 mg ml~! (see Fig. 6).
Fig. 7 depicts the results of the nootkatone partition equilib-
rium measurements. The partition equilibrium can be considered
linear up to a starting mixture concentration of approximately
100 mg ml~'. At higher concentrations, nootkatone increasingly
partitions into the upper phase, producing a deviation from linear
behavior. This departure from linearity at 100 mg ml~' coincides
with the increase in phase volume ratio as well as the steady in-
crease in settling time. Therefore, 100 mg ml-! was selected as the
maximum starting mixture concentration, i.e., the concentration at

100

which the partition coefficient can be considered constant (maxi-
mum of the linear range of the partition isotherm) and the phase
volume ratio and settling time do not substantially differ from the
pure phases.

4.2.2. Step 2: Determination of the maximum flow rate

Following determination of the maximum starting mixture con-
centration for feed solution preparation in Step 1, stationary phase
loss experiments were performed on the CPC unit in the pres-
ence of these feed solutions. These experiments are complemen-
tary to the preliminary measurements for the maximum feed con-
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centration performed under static conditions, as they account for
the effects of feed solution introduction in the presence of the
system-specific column hydrodynamics. For example, the feed so-
lution may have a higher density or viscosity than the pure phases
in the column, leading to a partial displacement of the mobile
and/or stationary phase. Feed introduction may also lead to in-
terfacial mixing effects that destabilize coalescence regions in the
cells, or the feed solution may be perceived as a third, immiscible
phase until sufficiently diluted by the mobile phase. All of these
phenomena can disrupt the process stability and lead to stationary
phase loss [18,22].

In trapping MDM, the column is initially prepared with the se-
lected solvent system at an upper phase:lower phase volume ratio
of 1:1, corresponding to Sf = 0.5 in both elution modes (Des and
As). This allows for the selection of similar Des and As flow rates
and step durations, resulting in similar column efficiency and sol-
vent consumption in both modes as well [1]. For a fast separation
and high column efficiency, the feed and mobile phase flow rates
should be selected as high as possible while maintaining the initial
Sf of 0.5 in both modes, i.e., in the absence of stationary phase loss
(bleeding).

The results of the stationary phase loss experiments are shown
in Fig. 8. Each measurement was conducted at a set initial S; of 0.5.
In Des mode, a decrease in Sy is already observed starting at a flow
rate of 14 ml min~'. In As mode, the deviation from S; = 0.5 first
begins at a higher flow rate of 18 ml min~!. Therefore, a maximum
flow rate of 14 ml min~! was designated for both elution modes
in order to simplify the process design and allow the selection of
similar Des and As step durations.

4.2.3. Step 3: Determination of partition coefficients

Pulse injections were performed in Step 3 to determine the par-
tition coefficients of the target component NK and the main im-
purities identified in Section 4.1. (VC, ED, IM). Accurate partition
coefficient values are needed for successful implementation of the
short-cut method in Step 4. As defined in Eq. (1), the partition co-
efficient is the ratio between the equilibrium concentrations of a
component i in the stationary and mobile phases. However, it has
been previously observed that partition coefficients measured un-
der the static conditions of shake flask measurements can slightly
differ from those derived from the retention volumes obtained by
pulse injections experiments [2]. LLC retention volumes can devi-

Table 2

Partition coefficients and separation factors
with respect to NK obtained from pulse in-
jection experiments.

Component Mode IG[-] al]

Des 0.74 -
NK As 1.66 -

Des 0.74 1.00
=0 As 1.66 1.00

Des 0.88 119
™ As 1.41 1.18

ate from those predicted by shake flask partition coefficients due
to hydrodynamic patterns such as back-mixing and short-circuiting
as well as the mass transfer kinetics of the solute components [23].
As these effects are difficult to accurately characterize and highly
dependent on the column, solvent system, and operating param-
eters, working with partition coefficients derived from retention
volumes measured under the operating conditions of the planned
separation is advisable.

In Steps 1 and 2, a maximum starting mixture concentra-
tion of 100 mg ml~' and a maximum flow rate of 14 ml min~!
were determined, respectively. After applying a margin of safety
to these two parameter limits to help ensure stable, robust op-
eration, it was decided to proceed with a starting mixture con-
centration for feed preparation of 75 ml min~' and flow rate
of 12 ml min~! in both elution modes for the remaining steps
of the design approach and the final trapping MDM separa-
tion. The pulse injections were therefore performed under these
conditions.

The reconstructed pulse injection chromatograms are found in
Fig. 9. The chromatograms confirm the trends of the preliminary
shake flask measurements performed with the starting mixture
(Section 4.1). VC is observed eluting very quickly in As mode, while
IM elutes close to the co-eluting NK and ED. All remaining compo-
nents of the starting mixture, present at <2%, were regarded as
minor impurities and not considered in the chromatogram recon-
struction.

The pulse injection partition coefficients and separation fac-
tors of NK, IM, and ED are found in Table 2. As can be deduced
from the chromatograms, NK and ED possess a separation factor
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Fig. 9. Pulse injection experiments. Top: Des mode. Bottom: As mode. Parameters: Vi,

GC-MS area of collected fractions. Gray lines: UV-Vis trace.

of unity, leading to their co-elution. Therefore, it is not possible
to separate NK and ED with the selected solvent system. For this
primarily demonstrative study of a complex mixture separation
with trapping MDM, they will be considered together as a pseudo-
component (NK+ED) represented by a single partition coefficient
in each elution mode for the remainder of the separation design.

IM elutes faster than NK+ED in As mode and, accordingly, more
slowly in Des mode. A separation factor of approximately 1.2 is ob-
tained for NK+ED and IM in both elution modes, making a sepa-
ration with trapping MDM advantageous in comparison with batch
mode, according to the findings of a previous study [3]. VC, elut-
ing long before NK+ED and IM in As mode, will no longer be
considered in the design of the trapping MDM separation. A sep-
aration designed for the isolation of IM from NK+ED using the
short-cut method will automatically include all components with
Kias < Ky s, including VC.

4.2.4. Step 4: Selection of step durations and number of cycles

In Step 4, the step durations in the Loading and Separation
stages as well as the number of Separation stage cycles to be
completed were chosen based on the short-cut method (see de-
tailed description in Section 2.2.) and process throughput calcu-
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lations. As a result of the partition coefficients obtained in Step 3
(Section 4.2.3.), only the target pseudo-component NK+ED and im-
purity IM were considered in the short-cut method design equa-
tions, designated as short-cut method components B (target) and
C (impurity eluting fastest in As mode), respectively. The short-cut
method component A (impurity eluting fastest in Des mode) was
not explicitly defined.

Despite the inclusion of only B and C in the implementation of
the short-cut method equations, the separation remains a pseudo-
ternary one. In designing the separation of NK+ED from IM, the
separation of all additional impurities eluting before NK in Des
mode and possessing separation factors similar to or higher than
that of NK+ED and IM is intrinsically considered. As can be seen
in Egs. (6)-(11), only the component B propagation velocity is re-
quired for the calculation of viable step durations. The impurities
A and C and their propagation velocities appear only in the cal-
culation of the number of cycles to be performed (Eqgs. (12)-(15)).
When designing a separation with all three short-cut method com-
ponents (A, B, and C), only the highest calculated number of cycles
(my” or n’P) is selected, often corresponding to the most “difficult”
separation, i.e., lowest separation factor, with respect to B. In this
case, only nz*? will be considered.
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As explained in Section 2.2, all trapped component band posi-
tion combinations satisfying the restrictions named in [1] will re-
sult in step durations and a number of cycles resulting in com-
plete recovery and separation of B from A and C under ideal condi-
tions. However, the separation performance associated with these
different combinations will vary. In this study, it was desired to
perform a high throughput trapping MDM separation. Therefore,
different combinations of the trapped component band positions
were screened based on the process throughput.

Process throughput was defined in this study as the volume of
feed processed per unit time under the linear and ideal chromatog-
raphy assumptions of the short-cut method. The total volume of
the As and Des feed solutions introduced during the Loading stage,
V}ggg, is given by Eq. (17).

Vo = Ryt + Fitied (17)

Des

The total process duration, t”’°, includes all Loading and Separa-
tion stage cycles as well as the Recovery stage. The Recovery stage
is considered complete when the back end of the band of the last
eluting component, relative to the elution mode, has reached the
outlet.

To calculate the duration of the Recovery stage, the dimen-
sionless distance between the back end of the last-eluting com-
ponent and the column outlet at the completion of the last Sep-
aration stage cycle must first be determined. In the case studied
in this work, the trapped target component B (NK+ED) was the
last-eluting component in the As mode Recovery stage, since de-
sign component A was not explicitly included. The trapped com-
ponent experiences no net displacement toward either end of the
two-column unit during the Separation stage cycles. Therefore, the
dimensionless distance to be traveled by component B, Ang, can
be calculated with Eq. (18).

A = Xt + e+ (1 - x50 ) (18)
The Recovery stage duration is given by Eq. (19).
§ AXI'EC
trec — B (19]
Ug As

The total process duration specific to the trapping MDM sepa-
ration described in this work, P, is calculated with Eq. (20).

£P10 = o0 - gjeed 4 e P14 (P — )6+ nEPOP 0 (20)

The process throughput can then be determined using Eq. (21).

\/load

feed
Th= 1= (21)

For simplification, band positions in the Loading and Separa-

i z : load __ yload _ yload
tion stages were defined as equivalent, i.e., M D =00 — ] and

ch.‘ges =X h=Xg'- Xz' was fixed at 0.8 to compensate for band
broadening caused by dispersive effects not accounted for in the
short-cut method while still allowing for high loadings. ;(L””d was
varied from 0.02 to 0.78 with a step interval of 0.02. The short-
cut method equations specific to the trapping MDM variation used
in this study (Eqgs. (6)-(8), (10}, (11), (14)) were used to calculate
the step durations and number of cycles for each band position
combination (see Tables 2 and 3 for input parameters). To preserve
valve life and avoid high cycle numbers, all band position combina-
tions not resulting in fulfillment of the restrictions t;7>2.00 min
and 13" <10 cycles were eliminated. The corresponding process
throughput for each remaining combination was then calculated
using Eqgs. (17)=(21).

The band position combination resulting in the highest
throughput was x = 042, x;? = 0.80, corresponding to a
throughput of 0.72 ml feed min—! and a total loaded feed volume
of 84.1 ml (approximately 47% of the total column volume). The

Table 3

Trapping MDM short-cut method input parameters.
Parameter Symbol Unit Value
Flow rate (feed and mobile phase) F ml min~! 12
First elution mode each cycle - - Des
Recovery stage elution mode - - As
Lower phase volume (one column) A ml 455
Upper phase volume (one column) Vu ml 455

Table 4

Selected band positions and corresponding trapping
MDM process parameters obtained with the short-
cut method.

Parameter Symbol  Unit  Value

Stage 1: Loading

Band position xloed - 0.42

Step durations thaed min 277
oo min 424

Stage 2: Separation

Band position xP - 0.80

Step durations i min 251
e min  5.01
g min  7.67

Number of cycles ng? - 8 (4+2)

step durations and number of cycles obtained with the short-cut
method are summarized in Table 4. For the experimental separa-
tion, 2 additional cycles were added to the 8 calculated with the
short-cut method in order to compensate for broadening of the
component C band under real, non-ideal conditions.

4.2.5. Step 5: Trapping MDM separation
Having obtained all necessary operating parameters (Cpeq. F.

£joas, plood, t;‘;‘;'m‘ th, 6P, ngP) with completion of design Steps
1 through 4, the trapping MDM separation at high throughput was
performed. The results are presented in Fig. 10. For the Loading
and Separation stages, the plotted points correspond to the en-
tire mobile phase effluent collected during each step. The plotted
points for the Recovery stage in As mode represent fractions col-
lected every 60 s. Aliquots were taken from the collected volumes
and fractions and subjected to GC-MS to qualitatively determine
the sample content of the target pseudo-component (NK+ED, solid
circles) and the main impurity (IM, empty circles) based on area%
analysis. All reported purities and yields are based on these results.
NK+ED and IM were designated as components B and C in the
short-cut method, respectively. Elution of the remaining impurities
is indicated by the online UV-Vis trace plotted in gray. However,
not all compounds were UV-Vis active.

It can be seen in Fig. 10 that, as expected, neither NK+ED (B)
nor IM (C) eluted from the column in Des mode. IM nearly com-
pletely left the column in As mode during the Separation stage
(89.9% yield). During the Recovery stage, the intermediately-eluting
target NK+ED was obtained, accompanied by a small amount of
IM. A plot of the Recovery stage fractions and several fraction pool-
ing scenarios are found in Fig. 11. Pooling of Recovery fractions 1-
16 resulted in a cumulative NK+ED purity of 96.9% with respect to
IM only (GC-MS area%), corresponding to an overall NK+ED purity
of 78.7% with respect to all (minor) impurities of the >90 compo-
nent starting mixture. The Recovery stage NK+ED yield for pooled
fractions 1-16 was 84.6%. To the detriment of the yield, selective
pooling could increase the overall NK+ED purity with respect to
all impurities to, for example, to 90.0% when pooling fractions 1-
8 (71% yield) or 95.3% for fractions 1-4 (35.3% yield). A maximum
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Fig. 10. Trapping MDM experiment. Top: Des mode. Bottom: As mode. Parameters: Creq = 75 mg ml~', F = 12 ml min~', 1700 rpm, S; = 0.5, first mode Des, Recovery
mode As, step durations and cycle number in Table 4. Circles: GC-MS area, full cycle effluent volume (Loading and Separation) and fractions (Recovery). Gray lines: UV-Vis

trace.
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Fig. 11. Recovery stage fractions, trapping MDM experiment in Fig. 10. Fraction pooling scenarios: 1-4 (dot), 1-8 (dash), 1-16 (dash dot).
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Fig. 12. GC-MS analysis of Recovery stage fraction 4 with 81.8% NK, 13.1% ED (GC-MS area%).

overall NK purity of 81.8% (not including ED), or 94.9% NK+ED, was
obtained in Recovery fraction 4. However, this would correspond
to a NK yield (not including ED) of only 12.3%. The GC-MS chro-
matogram of this fraction is found in Fig. 12.

The loss of NK+ED in As mode during the Separation stage in-
dicates a deviation from the ideal condition assumption associated
with the short-cut method. The loss likely could have been mit-
igated by setting a lower band position at the end of the separa-
tion stage steps, X°*?, when calculating and selecting the step dura-
tions. Target purity could have been improved by, e.g., performing
more cycles to allow for further separation of the numerous mi-
nor impurities. However, this would likely come at the cost of a
lower target yield. A more detailed understanding of the effects on
retention behavior brought about by hydrodynamic non-idealities
caused by feed introduction and possible solute-solute interactions
could also allow for improved purity and recovery of the target.
However, such an evaluation was outside the scope of this study.

An impression of the NK purity and yield obtainable with batch
injections can be gleaned from the results of the pulse injections
performed in Step 3 (Section 4.2.3). The highest single-fraction NK
purity (not including ED) was 65.8% and achieved in As mode, cor-
responding to 15.5% yield. Pooling of all fractions containing NK
resulted in an overall purity of only 38.3%. At injection volumes
higher than the 5 ml used in the pulse injections and comparable
to that used in the trapping MDM separation (84.1 ml total feed
volume), even lower purities and yields would be obtained. How-
ever, for a full, “fair” comparison of the two operating modes, the
operating parameters in each case would have to be optimized for
a specified purity and yield of the target.

These results demonstrate the effectiveness of the trapping
MDM technique, design approach, and short-cut method for appli-
cation to complex natural product starting mixtures. Further im-
provement of the separation investigated in this study could be
achieved by fine-tuning of the operating parameters, e.g., with the
help of detailed simulations taking dispersive band-broadening ef-
fects into account [2,3]. However, depending on the final applica-
tion of the natural product target, reduced purities may also be ac-
ceptable. For example, high purities become less critical when the
remaining (trace) impurities have no negative effect on the bioac-
tive efficacy or desired organoleptic properties of the target. Should
the technique and design approach be used for commercial or in-
dustrial application, of course more accurate quantitation of the
product purity would be necessary to ensure compound efficacy
and consumer safety.

5. Conclusion

For the first time, this study demonstrated the successful ap-
plication of a design approach and associated short-cut parame-
ter selection method for the high throughput trapping MDM sep-
aration of an intermediately-eluting target from a complex natural
product starting mixture. Following preliminary measurements and
experiments for determination of the maximum applicable start-
ing mixture concentration for feed preparation (Step 1), maximum
flow rate (Step 2), and the partition coefficients of the components
of interest (Step 3), the short-cut method was used for selection
of step durations and the number of cycles (Step 4). The target
pseudo-component NK+ED was obtained in the Recovery stage of
the trapping MDM separation (Step 5) at a maximum overall purity
of up to 94.9%.

It has been shown that trapping MDM has the potential for fur-
ther application in the valorization of food industry waste and side
streams, such as the starting mixture used in this study. Given the
extensive number of and broad polarity range covered by the avail-
able LLC solvent systems, the trapping MDM technique and corre-
sponding design approach for high throughput can be utilized for a
wide variety of difficult separations of intermediately-eluting nat-
ural product target compounds.
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4. Overall discussion

As stated in the Introduction, this thesis aims to fulfill two objectives: (1) to develop and
validate a model-based design approach for trapping MDM operating parameter selection and
(2) to demonstrate the effectiveness and flexibility of this approach through its implementation
in varying contexts. Section 4.1 discusses the preliminary measurements for determination of
the process limits (feed concentration and flow rate) with respect to the thermodynamics and
hydrodynamics of the two-phase solvent system making up the mobile and stationary phases.
Section 4.2 reviews the application of model-based approaches of varying detail to selection
of the trapping MDM step durations and cycle numbers. In Section 4.3, the use of the model-
based approach for operating mode comparison is addressed.

4.1 Determination of process limits

As LLC is a preparative separation technique, it is desired to process large amounts of
feed in a short amount of time to obtain a high throughput. However, the high feed
concentrations, feed volumes, and flow rates associated with high-throughput conditions can
adversely affect process stability (e.g., observed as stationary phase loss) and predictability
(e.g., expected solute retention times and band broadening). As discussed in Section 2.4, the
complex interplay of changes in the thermodynamic and hydrodynamic conditions in the
column brought about by the introduction of high feed loadings cannot be fully predicted yet.
Preliminary experiments to determine the operating parameter limits are therefore necessary.

A simple method for determination of the operating parameter limits (maximum feed
concentration and associated maximum mobile phase flow rates) available to all LLC users
was investigated in Papers Il and IV. The maximum feed concentrations were identified
through phase volume ratio and settling time measurements, as well as linear range
determination of the partition isotherms of the components of interest using the shake flask
method. For method simplicity, direct measurements of the physical properties of the phases,
such as density, viscosity, and interfacial tension, were not made. Stationary phase retention
experiments were then carried out in presence of the maximum concentration feed solutions
to determine the highest mobile phase flow rate at which the desired trapping MDM stationary
phase fraction of 0.5 could be maintained in both elution modes. The loaded feed volume in
the stationary phase retention experiments, equivalent to 50% of the mobile phase volume in
the column, corresponded to the upper volume loading range typically encountered in trapping
MDM. By monitoring stationary phase loss with respect to flow rate, an indirect assessment of
the hydrodynamic stability of the two-phase system in the presence of the feed solution was
obtained, bypassing the need for, e.g., flow visualization techniques requiring specialized, non-
commercial equipment [7, 94].
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The two feed mixtures and selected solvent systems evaluated in Papers Il and IV
exhibited different behavior with respect to the linear range, settling time, and phase volume
ratio as a function of feed concentration. The settling time of the model paraben mixture
(Paper Il) already started increasing above a feed concentration (defined with respect to the
total mass of all solutes dissolved in the total volume of the sample, i.e., the upper and lower
phases) of 10 mg ml", whereas the complex nootkatone starting mixture (Paper 1V) first
exhibited a settling time increase at a concentration approximately 10-fold higher. For the
nootkatone starting mixture, a maximum feed concentration of 100 mg ml' was selected,
corresponding to the onset of increases in settling time and phase volume ratio, as well as with
the linear range limit of the partition coefficient of the target nootkatone. A safety margin was
applied to this value for the experimental run, in which a feed concentration of 75 mg ml"' was
used. For the paraben mixture, the linear range limit (30 mg ml') was selected as the
concentration maximum in the interest of higher throughput, despite the earlier increase in
settling time.

In the stationary phase retention experiments performed in presence of the feed
solutions, considerably lower maximum flow rates were identified for both the paraben and
nootkatone mixtures (up to approximately 50% and 30% lower, respectively) compared to
previous measurements with solute-free mobile and stationary phases. The lower maximum
flow rates for maintenance of Sy= 0.5 identified by the stationary phase retention experiments
agree with the recommendation to decrease the mobile phase flow rate when working with
high-concentration feed solutions to reduce stationary phase loss found in [13, 15, 52]. It is
claimed that lower flow rates allow additional time for the high-concentration feed solution to
be diluted by the mobile phase following introduction to the column. As the properties of the
diluted feed solution approach those of the solute-free mobile phase, its disruptive effects on
stationary phase retention become less pronounced [13, 15, 52]. The longer residence time in
the cells obtained with a lower flow rate may also compensate for prolonged coalescence time
of the mobile phase in the presence of the feed, preventing stationary phase carry-over from
one cell to the next that can be observed as stationary phase loss at the outlet.

The successful experimental trapping MDM separations achieved in Papers Il and IV
in the absence of stationary phase loss demonstrate the effectiveness of the simple operating
parameter limit determination method described above. In the case of the nootkatone mixture,
it is observed that the hydrodynamics of the column can be strongly negatively affected even
when substantial increases in settling time and phase volume ratio are not observed.
Therefore, in selecting the maximum feed concentration, it may suffice to only perform shake
flask measurements to determine the linear range limit. The subsequent determination of the
maximum flow rate (i.e., stationary phase retention measurements performed in presence of

the high-concentration feed solutions) account for hydrodynamic changes brought about by
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alterations of the physical properties of the phases, without the need for direct (e.g., density,
viscosity, interfacial tension) or indirect evaluation (e.g., settling time) of physical property
changes. This hypothesis should be applied to other feed mixtures and solvent system types
to evaluate and verify its generality of application.

A key advantage of the simple operating parameter limit determination method is that
no additional equipment is required other than an analytical method for concentration
measurement of the aliquots taken in the shake flask experiments. With this experiment-based
method, however, the identified operating parameter limits are only applicable for a certain
feed mixture, solvent system, column, and rotational speed. Ideally, it would be possible to
predict these limits using general correlations or models and with few or no experimental
measurements. Before such options are available, there remains much research to be done
to better understand and predict the combined effects of feed and solvent system properties,
column parameters, and operating parameters on process stability. Several relevant CPC
studies reported in the literature are discussed below.

Recent investigations into the effects of physical properties and operating parameters
on stationary phase retention using flow visualization have indicated that correlations based
on the dimensionless Capillary number, which quantifies the mobile phase dispersion process
at the cell inlet expressed as the ratio of the product of the mobile phase viscosity and its
velocity at the cell inlet and the interfacial tension (Ca = (n,,v,,)/Y), can be used to predict
stationary phase retention [8, 58]. This approach requires measurements of viscosity and
interfacial tension and calculation of the mobile phase velocity from the volumetric flow rate
and the cell inlet geometry. The presented correlation was found to predict trends in Sy for the
studied ARIZONA systems in both As and Des modes and under different operating conditions.
Trends for other aqueous-organic systems as well as ARIZONA systems modified with
additives could also be described. Although a useful approach for preliminary evaluation of
different solvent systems, Sy could not be predicted to a high degree of accuracy, making the
correlation unsuitable for rigorous process design in its current form. The applicability of the
correlation to other CPC devices and geometries, as well as to other classes of solvent
systems (e.g., aqueous two-phase systems) remains to be evaluated. With the development
of a generalized, accurate correlation, it could also be possible to predict the effects of feed
solution introduction by comparing predicted Sy values of the solvent system and the feed. It
should be noted, however, that the development of the correlation was based on experiments
performed with equilibrated mobile and stationary phases, and the effects of the sudden
introduction of a feed solution not in equilibrium with the two-phase system in the column were
not explored.

The destabilizing effects of high-concentration feed solutions, namely complete loss of
the stationary phase (flooding), have been studied using flow visualization in [14]. To avoid
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flooding conditions, the authors recommended the construction of a pseudo-ternary phase
diagram describing the miscibility of the mobile phase, stationary phase, and feed solution.
This phase diagram is then used to determine the maximum feed concentration at which two
distinct phases exist, i.e., remain immiscible. This approach differs from the criteria used to
determine the maximum feed concentration in this thesis. All feed concentrations studied in
Papers Il and IV were within the immiscible two-phase composition region. Although the study
in [14] provided valuable insights into the effects of high feed loading on hydrodynamic stability,
only one natural product feed mixture was studied, and the influence of the operating
parameters was not considered. Despite successfully avoiding the extreme case of flooding,
the preliminary experiments (e.g., pseudo-ternary diagram construction) were not able to
predict the conditions at which stationary phase loss was completely prevented [14, 15].

In addition to the development of correlations or models for accurate prediction of S¢
under high-concentration feed loadings, studies of the trade-off between feed concentration
and applicable mobile phase flow rate for maintenance of the desired stationary phase fraction
would also be of interest. As the feed concentration is lowered, the composition and physical
properties approach those of the mobile phase, leading to improved hydrodynamic stability
and rendering operation at higher flow rates possible. Although this decreases the feed amount
processed per run, working at a higher flow rate can have a positive effect on the throughput
by both decreasing the separation time and increasing the column efficiency, i.e., by increasing
mass transfer through increase of the interfacial area between the mobile and stationary
phases. Given the current state of research and understanding of the complex thermodynamic
and hydrodynamic effects affecting CPC separation performance, the approach for operating
parameter limit determination demonstrated in this thesis (i.e., identification of maximum feed
concentration through evaluation of the linear range limit using the shake flask method,
selection of the maximum mobile phase flow rate with stationary phase retention experiments
performed in presence of the high-concentration feed solutions) can be recommended as a

simple, effective, and accurate method.

4.2 Model-based operating parameter selection

After choosing the feed concentration and flow rate, there remain five interdependent
parameters to be selected in the design of a trapping MDM separation: the step durations in

the Loading, t}234, tioad

, and Separation stages t,.7, t,:

P as well as the number of Separation
stage cycles. The trapping MDM short-cut model was twice demonstrated in Paper | to allow
selection of a set of step durations and cycles resulting in complete separation of the
intermediately-eluting target component. However, although the short-cut model allows access

to the operating parameter space (combinations of step durations and number of cycles)
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resulting in a complete separation under ideal chromatography assumptions, its original form
derived in Paper | does not provide any information regarding the selection of the optimal set
of parameters fulfilling the separation objective (e.g., throughput maximization).

Several approaches for selection of the best set of operating parameters were explored
in this thesis. In Papers Il and lll, the short-cut model was used for identification of valid
operating parameter sets under linear, ideal conditions, followed by process simulations based
on the equilibrium stage model to evaluate the separation performance (i.e., throughput and
productivity, respectively). In Paper IV, evaluation of the process throughput for different
operating parameter sets was performed using an extended form of the short-cut model,
without detailed equilibrium stage model simulations.

In the throughput maximization study using a paraben ternary model mixture in
Paper Il, an iterative approach was used for screening of the parameter sets defined by the
short-cut model, with the use of process simulations taking non-ideal band broadening into
account for evaluation of the separation performance. The time-saving iterative approach was
begun with parameter sets defined by the short-cut model at the highest values of x}°%¢ and
x5P. The band positions were incrementally decreased in a rational manner until the purity
and yield restrictions of 99% were satisfied according to the simulated separation performance.
This allowed determination of the maximum process throughput with a minimal number of
simulations, and a successful experimental validation was completed. The slight discrepancy
between the predicted and experimental elution profiles was likely due to hydrodynamic
changes brought about by the high-concentration feed, which was selected at the identified
maximum of the linear range without the application of a safety margin. However, as the study
did not screen the entire parameter space and only focused on a single separation task, a
more thorough investigation of trapping MDM separation performance was conducted in
Paper lll.

A comparison study of batch injection and trapping MDM performance was made in
Paper Ill. Productivity calculations based on the results of equilibrium stage model simulations
were used to thoroughly screen the trapping MDM operating parameter space defined by the

short-cut model (i.e., all x%, x;?

pairs) for 64 different separation tasks. An analogous
procedure was performed for the batch injection operating mode. This time, the equilibrium
stage model was used to simulate a variation of the trapping MDM process that allowed for
shorter run times. The number of Separation stage cycles was determined on-the-fly rather
than defined with the input variables. When the test Recovery stage chromatogram performed
after each cycle indicated a productivity maximum under fulfillment of the purity and yield
requirements, the simulation was ended. It was not necessary to fully elute impurity
components A and C from the column before the start of Recovery. The obtained plots of
productivity vs. the trapped component band positions in the Loading, x°*¢, and Separation
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stages, x5°7, gave insight into typical trapping MDM performance trends. These results could

be used to inform future studies using numerical optimization procedures.

A simplified approach for operating parameter selection was explored in Paper IV. As
simulation tools for process design are often unavailable to the LLC operator, the effectiveness
of using the short-cut model alone for high-throughput process design was investigated. The
short-cut model from Paper | was extended to allow for throughput evaluation for screening of
valid operating parameter sets under linear, ideal conditions. This approach was applied to the
separation of nootkatone (NK) from a complex natural product starting mixture. The results of
the successful experimental separation run demonstrated the applicability of this simplified
design approach using only the short-cut model to even complex mixtures. Higher purities
could have perhaps been obtained, however, by accounting for the numerous trace impurities
and increasing the number of cycles. Nevertheless, the short-cut model was again proven to
be a simple and accessible, yet powerful, design tool.

Papers Il, lll, and IV all used the short-cut model to determine the valid operating
parameter space followed by separation performance evaluation using modeling approaches
of varying detail. The results of these investigations demonstrate the flexibility of the model-
based design approach, allowing it to be tailored to the available software and simulation
expertise of the operator, as well as the final design goal, e.g., a single separation run of a
complex natural product sample or a detailed optimization for the isolation of a product from a

well-defined starting mixture.

4.3 Operating mode comparison

Paper Il demonstrated the use of the model-based design approach for the thorough
comparison of trapping MDM performance with that of batch injections, the standard ternary
separation operating mode. A fair comparison between the two operating modes was made by
optimizing each for maximum productivity with respect to the independent operating parameter
variables. These variables were the flow rate and injection volume in batch injection mode and
the trapped component band positions at the end of the Loading and Separation steps in
trapping MDM.

The results of Paper Il positioned trapping MDM as especially advantageous when
a=1.3 and moderate to high purities and yields are required (approximately >80%). The results
highlight the separation tasks for which the improvement in separation performance may be
worth the additional hardware and design complexity associated with trapping MDM.
Additionally, trapping MDM expands the applicability of LLC from the recommended a=1.5 with
batch injections [24] to separation factors as low as a=1.1. However, the high cycle numbers

encountered at very low separation factors, leading to long run times and high solvent
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consumption, indicate that trapping MDM is a viable option in these cases only when the
product has an economic value high enough to offset the production cost.

Batch injections were found to be advantageous over trapping MDM at a«=1.5 and
higher, coinciding with one of the experimentally established heuristics of LLC separation
design [24]. These results demonstrate that the same conclusions and helpful design
guidelines can be obtained from simulation studies such as those performed in Paper Ill in
place of time- and material-consuming experiments and the need to collect years of practical
experience through trial-and-error lab work. This operating mode comparison strategy based
on the model-based design approach could in the future be applied to any separation task and
any LLC operating modes, pending that an appropriate process model and necessary

experimental data, e.g., Sy = f(F), are available. To the best knowledge of the author, Paper IlI

contains the only LLC study of this type to date.

113



114



5. Conclusions

The investigations constituting this thesis and published in Papers | through IV explored
the development and implementation of the model-based design approach for trapping MDM
separations of intermediately-eluting target components. In Paper |, the trapping MDM
operating mode was presented for the first time along with an ideal chromatography short-cut
model and proof-of-concept experimental validation using two ternary model mixtures. The
short-cut model was used for rational selection of five interdependent trapping MDM operating
parameters: As and Des step durations during the Loading and Separation stages, and the
number of cycles.

In Paper I, a trapping MDM throughput maximization strategy using the LLC model-
based design approach was developed and validated, again using a model ternary mixture.
The maximum feed concentration was selected based on settling time and phase volume ratio
measurements, as well as shake flask measurements to determine the linear ranges of the
partition isotherms. Stationary phase retention experiments were then used to select the
maximum flow rate at which the set stationary phase fraction of 0.5 could be maintained in the
presence of the high-concentration feed. The short-cut model was used to identify
combinations of Loading and Separation step durations resulting in complete separation under
ideal conditions (i.e., in the absence of dispersive effects). The set of step durations resulting
in the highest throughput was selected using an iterative evaluation procedure based on
equilibrium stage model simulations and taking non-idealities into account. The successful
experimental run exhibited good agreement with the simulations.

The comparison study in Paper Il identified the range of separation tasks (i.e.,
separation factors, purity and yield requirements) for which trapping MDM outperformed
standard batch injections with respect to productivity. Again, the short-cut model was used in
conjunction with equilibrium stage model simulations. Trapping MDM was found to be
especially advantageous for difficult separations with a of approximately 1.3 or lower,
extending the application of LLC beyond the minimum separation factor of 1.5 recommended
for batch injections. The results provide LLC users with clear guidelines for selection of the
best-suited operating mode for their ternary separation, eliminating the need for time-
consuming experimental studies of performance comparison.

Paper IV applied the model-based design strategy for throughput maximization to a
complex natural product mixture. A successful trapping MDM separation was achieved using
only the mathematically simple short-cut model, which was extended for evaluation of the
process throughput. Despite the lower performance prediction accuracy of the short-cut model
compared to modeling approaches taking non-ideal band broadening effects into account, its
effectiveness was nevertheless demonstrated. Such a design tool is especially useful for the

fast design of one-off separations or when a more detailed model is not available.
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With the results of the two throughput maximization studies in Papers Il and IV, it was
shown that selection of the feed concentration maximum within the linear range of the partition
isotherm and determination of the corresponding maximum applicable flow rate are sufficient
for identification of the LLC process limits. Despite its straightforward nature and lack of
detailed description of the physical properties of the two-phase solvent system altered by the
presence of the feed, this method nevertheless addresses the highly variable and
unpredictable interplay of the feed solution, solvent system, column and operating parameters,
and their cumulative effects on the system thermodynamics and hydrodynamics.

In conclusion, with the model-based design approach and the operating mode selection
guidelines presented in this thesis, the threshold to the implementation of trapping MDM and
other LLC operating modes in research and industry has been drastically lowered. It is hoped
that this will contribute to a wider acceptance of LLC, allowing the technique to fulfill its potential
as a flexible and adaptable downstream processing option for natural products as well as other

diverse groups of target molecules.
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6. Outlook

The investigations conducted in the scope of this thesis invite the further study and
exploration of trapping MDM and ternary separations with LLC, as well as improvements in
process modeling and control, and future areas of application. The development of a
comprehensive process model considering the coupled effects of thermodynamics and
hydrodynamics on process performance is an especially interesting challenge.

Although a wide range of trapping MDM separation tasks were evaluated in the
comparison study in Paper lll, several simplifications were made which could be lifted in
subsequent investigations. Separation tasks in which Ky is not equal to unity, the separation
factors between B and impurities A and C are different, and the three components are present
at unequal concentrations in the feed could be evaluated, as these conditions better represent
those encountered when working with real mixtures. The operating parameter simplifications
used in Papers | through IV could also be removed. For example, the use of different short-cut
model band positions x}°** and x;* in the As and Des elution modes could be assessed, as
could the possible advantages of working with an Sy other than 0.5.

An interesting trapping MDM process variation to explore would be the use of variable
step durations. Elution mode switches in the Separation stage could be made as late as
possible and step durations would become shorter with subsequent cycles as the degree of
band broadening of the target component increases. These variable step durations could be
predicted with simulations or, with the integration of online detection with process control, the
elution mode switches could be triggered during operation whenever the detection of the target
at the outlet reached a certain threshold value.

A further step in improving the throughput of ternary separations would be to move from
a discontinuous process, such as batch injections or trapping MDM, to a continuous one.
Continuous ternary separations could in theory be achieved with a cascade of two continuous
binary separations, for example, through the connection of two sCPC units in series with a
feed concentration unit between them (e.g., organic solvent nanofiltration [95, 96]). This would
however first require a thorough investigation of the operating parameter space of the single-
stage sCPC process, as joining two stages together in a cascade results in a high level of
process complexity and multiple interdependent operating parameters that must be selected.

Following establishment of a continuous ternary cascade separation, it would be of
interest to compare its performance with that of the discontinuous batch and trapping MDM
operating modes, in a similar manner to the study in Paper Ill. Apart from the evaluation of
ternary separation processes, additional comparison studies could be performed between
batch injections and other alternative LLC operating modes, such as elution extrusion for the

improved resolution of highly retained components or continuous binary separations with

117



sCPC. The results of such studies are useful when deciding which operating mode to apply for
a certain separation task, as well as in the decision to invest in a more complex process and
its corresponding equipment. Comparison studies of LLC performance to conventional
downstream separation techniques (e.g., liquid-solid chromatography, liquid-liquid extraction)
would also be beneficial for the adoption of the technology in industrial settings.

The ideal (short-cut) and equilibrium stage models implemented in the model-based
design approach presented in this thesis have been demonstrated to be suitable for the design
and performance prediction of CPC separations under high-throughput conditions. However,
it was necessary to experimentally determine the limiting feed concentration and flow rate for
which the model assumptions could be considered valid. These assumptions included
operation in the linear range of the partition isotherm (i.e., constant partition coefficients), a
constant stationary phase fraction, and, in the case of the equilibrium stage model, constant
and equivalent band broadening effects (i.e., number of theoretical stages) in both elution
modes for each component. From a process throughput standpoint, it may be desirable to use
feed concentrations beyond the limit of the linear range, but this can introduce the added
complexity of changes in mobile and stationary phase compositions and physical properties,
phase volume ratio, and the hydrodynamics (e.g., mixing and coalescence behavior) that
determine column efficiency and stationary phase retention. In conventional liquid-solid
chromatography, such effects generally do not occur under conditions of non-linear
partitioning. A mathematical description of the non-linear isotherm (e.g., Langmuir model) can
be simply introduced into an existing model.

To predict the complex interplay of solvent system and solute partition equilibria and
column hydrodynamics in LLC fully and accurately will require a complex, comprehensive
modeling approach. It will be necessary to describe the liquid-liquid equilibria of the multi-
component system of feed and solvent system, in the simplest case consisting of three to four
solvents and two or more solutes, either through time-consuming laboratory measurements or
thermodynamic modeling. The phase volume ratio and relevant physical properties
corresponding to the mobile and stationary phase compositions defined by the liquid-liquid
equilibria must also be measured or predicted, and their effects on the flow patterns and
stationary phase retention described with, e.g., fluid dynamic models. Only then can an
accurate prediction of solute elution profiles and separation performance be made.

Visualization studies have played a key role in the understanding of the effects of
operating parameters and solvent system properties on hydrodynamic patterns and stationary
phase retention in CPC columns on a solute-free basis [59, 94]. CPC studies involving
computational fluid dynamics are rare [9], but they show promise in the design of optimal
column geometries as well as solvent system and operating parameter selection. There is

likely much knowledge to be borrowed and adapted from the established field of multiphase
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modeling in liquid-liquid extraction [97, 98] and chemical reactors [99]. The establishment of a
comprehensive CPC modeling paradigm will require multi-disciplinary expertise from the fields
of thermodynamics of liquid-liquid equilibria, fluid dynamics, and the practical and mechanical
aspects of CPC.

The industrial adoption of LLC, and especially more complex LLC process options such
as trapping MDM, will eventually also require a high degree of process control and automation
currently underdeveloped in the field. Ideally, the user should be able to set the operating
parameters in the process control software, start the separation, and at the end obtain the
purified product without the need for manual intervention. This would require maintenance of,
e.g., the process temperature and the stationary phase fraction through online detection and
feedback control. Such stationary phase fraction monitoring has been demonstrated using
online permittivity measurements [100]. Automated fraction evaluation and collection can be
enabled through online detection with hyphenated analytical techniques [101]. Predictive
control would also allow to compensate for slight variations with respect to composition and
physical properties from one run to the next, an especially important aspect in the processing
of variable feedstocks obtained from natural sources. It would also be convenient for LLC users
to have access to process modeling software allowing immediate implementation of both short-
cut and detailed models without the need for expertise in simulation. Several open-source and
commercially available software options exist for conventional chromatography, such as
ChromWorks (Ypso-Facto), ChromX (GoSilico), CADET (Forschungszentrum Jdlich), Aspen
Chromatography, and gPROMS, but not yet for LLC.

With the nootkatone separation in Paper 1V, it has again been demonstrated that LLC
can play a role in the valorization of industrial waste streams through the targeted separation
of natural product compounds. The notion of a circular bioeconomy with more efficient use of
nutrients and resources is gaining popularity as environmental consciousness grows, demand
for naturally-sourced compounds increases, and stricter regulations make waste stream
processing more expensive. Waste and side stream valorization extends beyond biomass
processing and is also becoming important in the recovery of rare-earth elements from
industrial wastewater as well as from end-of-life products [102]. LLC has already been
demonstrated to be a promising technique for rare earth separations [103-106]. Of course, the
solvents used for the separation of high value-added compounds and their possible negative
environmental and economic impact must be considered [107]. Environmentally friendly
solvent options such as ionic liquids, deep eutectic solvents, and naturally-sourced alcohols
and terpenes can be used in the place of toxic conventional solvents [108]. In all cases, solvent
regeneration and reuse should be considered in industrial LLC process design.

The model-based design approach for high-throughput ternary separations with

trapping MDM presented in this thesis serves as a practical starting point for the
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implementation of the technique for difficult separations of intermediately-eluting components.
Nevertheless, further research remains to investigate trapping MDM process variations,
compare the technology with existing downstream processing techniques, obtain a deeper
understanding of LLC process phenomena, improve the accuracy of modeling under non-linear
partitioning conditions, and develop robust process automation, all of which will allow LLC a

wider range of acceptance and application in the future.
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Abbreviations

ARIZONA
As

CCC

CPC

Des

ED
HEMWat
IM

LLC

NK
NK+ED
sCPC
trapping MDM

solvent system family, n-heptane/ethyl acetate/methanol/water
ascending elution mode

countercurrent chromatography

centrifugal partition chromatography

descending elution mode

eudesmenol

solvent system family, n-hexane/ethyl acetate/methanol/water
intermedeol

solid support-free liquid-liquid chromatography

nootkatone

pseudo-component, nootkatone+eudesmenol

sequential centrifugal partition chromatography

trapping multiple dual mode
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Appendix A. Derivation of retention volume equation

Under linear, ideal chromatography conditions, and assuming a column that is initially
solute-free (c! = c; = 0), the retention volume, Vg, is derived as follows (adapted from

description in [54] for liquid-solid chromatography).

mobile phase e =0 Bt =l
stationary phase [Jc¢i =0 B = Kpelt
a b c d
) = 27/RS,
t=0 0 < 0L Ty

Figure A1. Feed loading of a liquid-liquid chromatography column under linear, ideal

conditions.

Starting at time t = 0, a feed solution containing a single solute k dissolved in the

mobile phase with concentration cj! = c,’:eed is fed to the column at a constant flow rate F

(Figure A1a). The feed is continually introduced at the inlet (Figure A1b), with the mobile phase

volume behind the solute k concentration front having a concentration c;! =c,feed. As

instantaneous partition equilibrium of solute k takes place between the two phases, the
corresponding stationary phase volume has a concentration determined by the partition
coefficient, c; = K,c} (see Equation (3)). At the point in time when the solute k band front just

reaches the column outlet, equivalent to the retention time tz, (Figure A1c), the entire mobile

phase volume in the column has the concentration c,{eed. At all t > tgy, the mobile phase

concentration at the outlet is also equivalent to that of the feed (Figure A1d). At time tz, the
amount of solute that has been fed to the column is equal to the amount of solute currently

contained in the column. A mass balance around the column at t = tz yields Equation A1.

A1
Ftgecl® = VM 4 c§VS (A1)
By substituting ¢/ = ¢} and dividing by c, the retention volume equation is obtained
(Equation A2).
(A2)

VR,k = FtR,k = VM + KkVS
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Appendix B. Two-column TMB-250 centrifugal partition chromatography set-up

Table B1. Specifications of two-column TMB-250 CPC set-up (Armen Instrument).

Parameter Value
Total volume 247 ml; 182 ml
Disks per rotor 10

Cells per disk 93

Cell geometry twin-cells
Maximum flow rate 50 ml min™
Maximum rotational speed 3000 rpm
Maximum pressure drop 100 bar

UV-Vis detector
Fraction collector

Thermostatic water bath

DAD600 2WL 200-600nm (ECOM)
LS 5600 (Armen Instrument)
Ecoline Staredition E 140 (Lauda)

‘ Fraction. .. |
Collector _
As

Collector
. Des

Figure B1. Two-column TMB-250 CPC set-up (Armen Instrument).

129



130

—
 m—

< " . .
()ijectlon valve

(As)
/'/ \K
product ()

L

reservoir (Des) ™

(As)
flow direction
(Des)

7N 7N
O O

mobile phase
reservoir (As)

_(As) | [(Des)

feed reservoirs

s . ,'(-. \
injection valve \){

(Des%
\ product

Nt reservoir (As)

mobile phase
reservoir (Des)

Figure B2. Schematic diagram of two-column TMB-250 CPC set-up (Armen Instrument).
White shading: upper phase. Gray shading: Lower phase



Appendix C. Review article, liquid-liquid chromatography short-cut models
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The presence of a liquid stationary phase in liquid-liquid chromatography (LLC) allows for high versatil-
ity of operation as well as adaptability to different sample types and separation tasks. LLC, also known
as countercurrent chromatography (CCC) or centrifugal partition chromatography (CPC), offers the user a
variety of operating modes, many of which have no direct equivalent in conventional preparative liquid-
solid chromatography. These operating modes have the potential to greatly improve LLC separation per-
formance compared to the standard “classical” isocratic batch injection mode, and they often require
minimal to no addition of equipment to the standard set-up. However, reports of the use of alternative
LLC operating modes make up only a fraction of the literature. This is likely due, at least in part, to the
lack of clear guidelines and methods for operating mode and parameter selection, leaving alternative pro-
cess options to be avoided and underutilized. This review seeks to remedy this by providing a thorough
overview of the available LLC operating modes, identifying the key characteristics, advantages and dis-
advantages, and areas of application of each. Additionally, the equations and short-cut models aiding in
operating mode and parameter selection are presented and critiqued, and their notation is unified for
clarity. By rendering LLC and its alternative operating modes more accessible to current and prospective
users, it is hoped to help expand the application of this technology and support the achievement of its

full potential.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Solid support-free liquid-liquid chromatography (LLC) is a ver-
satile and highly adaptable preparative separation technique com-
bining the selectivity of liquid-solid chromatography with the
sample loading capacity of liquid-liquid extraction. The “column”
in LLC can have a coiled tube structure (hydrodynamic countercur-
rent chromatography, CCC), or it may consist of a large number of
small chambers connected in series by ducts (hydrostatic centrifu-
gal partition chromatography, CPC). The LLC column is mounted on
a rotor and subjected to a centrifugal field by rotation, allowing the
stationary phase to be kept immobile while the mobile phase is
pumped through it. The mobile and stationary phases are the two
pre-equilibrated phases of a biphasic solvent system, often consist-
ing of 3 or 4 solvents. Either phase of the solvent system may be
used as the stationary phase, and the roles of the phases can be
switched during a separation run. This unique characteristic of LLC
has led to the development of numerous operating modes beyond
standard isocratic batch injections, many of which cannot be real-

* Corresponding author.
E-mail address: mirjana.minceva@tum.de (M. Minceva).

https://doi.org/10.1016/j.chroma.2019.460479
0021-9673/© 2019 Elsevier B.V. All rights reserved.

ized using conventional chromatography techniques with solid sta-
tionary phases.

The variety of available operating modes makes LLC highly
adaptable to different sample types and separation tasks. The tech-
nique can be applied, for example, to the separation of mixtures
possessing narrow or wide polarity ranges, be used for targeted
separation or sample screening, and be implemented as a batch or
continuous process. Nevertheless, the selection of the best-suited
operating mode and its accompanying operating parameters for a
certain separation task can pose a time-consuming challenge when
using an experimental trial-and-error approach. The equations and
short-cut models available in the LLC literature offer a time-saving
alternative approach. However, as numerous research groups have
contributed to this valuable information over a span of multiple
decades, its accessibility and comprehension are impaired by dis-
persion throughout the literature, diverse derivation paths, and in-
consistent notation. Therefore, this review aims to present a com-
prehensive and critical overview of the LLC operating modes and
their corresponding design equations and short-cut models, thus
facilitating operating mode comparison, selection, and preliminary
process design.

This publication is reprinted with permission from Elsevier.
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The scope of this review is limited to LLC operating modes
employing a truly immobile stationary phase. Therefore, cocurrent
and dual flow methods with simultaneous pumping of both phases
are not considered. Techniques involving solvent system modifica-
tion such as pH-zone refining and elution strength gradients are
not included, nor are orthogonal separations involving multiple
solvent systems and hyphenated techniques. Process modeling ap-
proaches requiring numerical solvers are not discussed, as the fo-
cus is on lowering the threshold to quick preliminary process de-
sign without the need for additional computational tools or exper-
tise.

2. LLC fundamentals

In this section, the general concepts, equations, and definitions
used throughout this work are presented for the reader unfamil-
iar with LLC. The information in this section is relevant for all LLC
separations and forms the basis for the discussion of the different
operating modes in Section 3. Section 2.1 describes the particular-
ities of working with a liquid stationary phase, while Sections 2.2—-
2.6 introduce the important general LLC parameters and equations.
For additional information and a more detailed explanation of the
fundamentals of CCC and CPC operation, several review articles are
recommended: [1-4].

2.1. Particularities of a liquid stationary phase

The presence of a liquid stationary phase presents several ad-
vantages over conventional chromatography techniques with solid
stationary phases. High loadings can generally be achieved in LLC,
since the sample molecules have access to the entire volume of the

licuid stationary nhase as onnosed to only the surface of 2 solid
aquid stationary phase, as opposed o only the suriace of a sold

stationary phase. Since LLC separations are often performed at am-
bient temperature and the sample molecules are not subjected to
any physical sorption processes, the original physicochemical prop-
erties of the sample constituents, such as bioactivity, are most of-
ten preserved. By emptying the column, complete recovery of the
injected sample is always possible, even for components partition-
ing exclusively in the stationary phase, and precludes the risk of
contamination from one separation run to the next. Moreover, the
operator can freely select the composition of the biphasic solvent
system, tailoring it to the sample and separation task. The solvent
system used as the mobile and stationary phases can be easily ex-
changed from run to run, allowing widely different sample types
to be separated on the same LLC set-up.

For these reasons, LLC has found its niche in the separation of
natural products obtained from, e.g., plants, marine organisms, and
microbial fermentation media [4]. These samples may be injected
as pre-purified fractions or crude extracts and are often complex
mixtures of molecules varying in size, structure, hydrophobicity,
and polarity [5]. Although most publications report LLC separations
at the lab-scale, relatively simple scale-up and the possibility of
continuous operation has made the technique an interesting op-
tion for industrial-scale downstream processing applications [6-9].

Selection of a suitable biphasic solvent system is the first step
in the design of a LLC separation. The solvent system should pro-
vide satisfactory sample solubility as well as sufficient retention of
the stationary phase in the column during separation. Addition-
ally, the solutes of interest, i.e., the target(s) and main impurity
or impurities, should exhibit adequate partitioning behavior be-
tween the phases. Solvent system screening and selection can be
facilitated by the use of solvent system families [10-13] and ther-
modynamic models [14-17]. Although organic-aqueous solvent sys-
tems are most often encountered in the LLC literature, aqueous
two phase systems and water-free systems have been successfully
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used as well [13]. Working within realistic time and material re-
strictions, it is unlikely that the optimal solvent system for a cer-
tain separation will be found. Strategic selection of the operating
mode and operating parameters can often be used to compensate
for shortcomings in the characteristics of the solvent system.

Despite its many advantages, working with a liquid stationary
phase can pose several challenges as well. The success and re-
producibility of a LLC separation often depends on the ability to
maintain a constant stationary phase volume in the column during
operation. Whereas the surface area of the solid stationary phase
available to the sample solutes is generally independent of the op-
erating conditions in liquid-solid chromatography, the retained sta-
tionary phase volume in LLC will vary with the operating parame-
ters (mobile phase flow rate, F; rotational speed, w; temperature;
choice of mobile and stationary phases), the physicochemical prop-
erties of the solvent system (density, viscosity, interfacial tension),
and the geometry and characteristics of the LLC column (column
volume; CCC: tubing bore, coil winding and number; CPC: cham-
ber and duct size and shape).

To maintain a constant stationary phase volume during a LLC
separation, hydrodynamic and thermodynamic equilibria must be
preserved. The compositions and resulting properties of the two
phases of the biphasic solvent system used as the mobile and sta-
tionary phases are subject to the thermodynamics of liquid-liquid
equilibria, meaning that a change in composition occurring in one
phase due to a change in temperature or the introduction of the
sample induces a change in the other. Changes in composition
may be accompanied by changes in the volume ratio between the
phases as well as in their physicochemical properties, which can
affect the hydrodynamic equilibrium. Stationary phase loss and/or
changes in the partitioning behavior of the sample solutes may
consequently occur [18-20], negatively affecting the separation and
impairing the effectiveness of predictive models. These undesired
effects can be avoided through appropriate selection of F and w,
temperature control of the LLC unit, and by performing sample in-
jection at volumes and concentrations not affecting the phase equi-
libria.

2.2. Stationary phase fraction

During a LLC separation, the total column volume, V, is com-
pletely occupied by the mabile, Vy;, and stationary, Vs, phases as
expressed by Eq. (1).

Ve=Vu+Vs (1

As the mobile and stationary phases are the two phases of a
biphasic solvent system, the column volume can alternatively be
expressed by Eq. (2)

Ve=W+W (2)

where the subscripts U and L denote the upper (less dense) and
lower (denser) phases. Throughout this review, Vy;, Vs, Vy, and V;
are used to indicate the phase volumes present in the column at
the start of the separation run, i.e., immediately following column
preparation as described below.

The stationary phase volume is described in relation to the total
column volume by the stationary phase retention volume ratio, S
(Eq. (3)).

Vs
=% (3)

Sy can be considered analogous to the complement of the void
fraction in liquid-solid chromatography, 1 —€. As Sy is governed
by complex hydrodynamic and thermodynamic phenomena and is
highly dependent on the solvent system and LLC column geometry,
its purely theoretical prediction for a certain set of operating pa-
rameters is quite challenging. In general, Sy is higher when the less

Sy
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dense upper phase is the mobile phase, decreases with increasing
F, and increases with increasing w. Sy above 0.50 is recommended
to achieve satisfactory separation, although lower Sy can in some
cases also be used [1]. The effect of Sy on a separation is depen-
dent on the partition coefficients of the solutes of interest. Prelim-
inary experiments are recommended to obtain Sy as a function of
F, as well as to determine the working ranges of F and « providing
sufficient Sy within the pressure drop limitations of the set-up.

Before sample introduction, the LLC column must be prepared
with the pre-equilibrated mobile and stationary phases to be used
for the separation. There are two methods of column preparation:
by mobile phase equilibration or with a pre-set phase ratio. In
equilibration, the most commonly used method, the column is first
completely filled with the stationary phase and rotation started at
the speed to be used throughout the separation run. Pumping of
the mobile phase is then begun at the flow rate to be applied dur-
ing the separation. A portion of the stationary phase is displaced
and elutes from the column outlet until hydrodynamic equilibrium
is reached. The volume of stationary phase remaining in the col-
umn is the maximum that can be retained for the column and
solvent system under the current set of operating conditions. This
column preparation method can also be used in preliminary exper-
iments to determine S; with respect to F by incrementally increas-
ing F and observing the accompanying displacement of stationary
phase.

The column is prepared with a pre-set phase ratio when the
desired volume of retained stationary phase is equivalent to or
less than that which would be obtained through the equilibration
method. This can, for example, be advantageous for the flow rever-
sal modes treated in Section 3.3, when §; of 0.5 is preferred regard-
less of which phase of the solvent system is used as the stationary
phase, corresponding to a pre-set phase ratio of 50/50. A pre-set
phase ratio can be obtained in two ways. In the first, applicable
for use in both CCC and CPC columns, equilibration is performed
at the flow rate resulting in the desired stationary phase retention.
To preserve the pre-set phase ratio, the maximum flow rate that
can be used during the separation run is equivalent to that used
for the equilibration. When working with CPC columns, a second
option is available. To fill the non-rotating column, the mobile and
stationary phases are alternately pumped at quick succession, with
the ratio of their pumping durations corresponding to the desired
phase ratio. Once the column has been completely filled, rotation
is started. Pumping of the mobile phase can be begun after the set
rotational speed has been reached. The maximum applicable flow
rate during the separation is equivalent to that which would result
in the pre-set phase ratio when using the mobile phase equilibra-
tion method. Following column preparation, the mobile and sta-
tionary phases exist at thermodynamic and hydrodynamic equilib-
rium, regardless of the method used.

2.3. Solute partitioning

Separation in LLC occurs as a result of the differing partition-
ing behavior of the sample solutes, quantified for a component i
by the dimensionless partition coefficient,K;, defined as the ratio
of its equilibrium concentrations in the stationary, cs;, and mobile
phases, cy;, of a particular solvent system (Eq. (4)).

Ky 234 4
Cm.i

K; describes the affinity of a component to the stationary phase.
A higher value of K; indicates a higher retention volume and a
longer retention time. K; can be determined for a particular sol-
vent system by shake flask experiments or pulse injections (see
Section 3.1.1). The separation factor, «, can be used to quantify the
difficulty of a separation and is defined as the ratio of the partition

coefficients of two solutes of interest (Eq. (5))

1= (5)
where K; > K; and therefore o > 1.

In the linear range of the partition isotherm (analogous to the
linear range of the adsorption isotherm in liquid-solid chromatog-
raphy), K; is considered constant. In general, the upper concentra-
tion limits of the linear partition region in LLC are higher than
those typically found for adsorption on solid stationary phases.
The limit of the linear region of the partition coefficient isotherm
for the solutes of interest can be determined by performing pre-
liminary shake flask experiments over a range of concentrations.
The feed concentration, Cgeq;, should then be selected below this
limit to allow the partition coefficient to be considered constant
throughout the separation run. In doing so, linear chromatography
conditions can be assumed, which considerably simplify model-
ing of the process. Additionally, the overall feed concentration as
well as the sample volume should be selected so as to not disturb
the hydrodynamic or thermodynamic equilibrium existing follow-
ing column preparation, both of which can negatively affect the
process as previously described in Section 2.1.

2.4. Elution modes

Either of the two phases of the selected biphasic solvent sys-
tem may be assigned the role of the stationary phase, resulting
in two elution modes: “tail-to-head” or “ascending” (As) mode
when the lower phase is stationary and the upper phase is mo-
bile; “head-to-tail” or “descending” (Des) mode when the upper
phase is stationary and the lower phase is mobile. Since the up-
per phase is generally the less polar of the two phases in many
commonly-used organic-aqueous solvent systems, As/tail-to-head
mode can be considered analogous to normal-phase liquid-solid
chromatography, while Des/head-to-tail mode can be considered
comparable to reverse-phase operation with polar mobile phases.
However, it should be noted that this analogy does not necessarily
hold for organic-aqueous solvent systems containing organic sol-
vents with a density greater than that of water, e.g.,, chloroform.
In these cases, a non-polar, organic-rich lower phase may be ob-
tained. The terms tail-to-head/head-to-tail are most often used in
association with CCC separations, with the “head” and “tail” of the
column being the ends to which the upper and lower phases move,
respectively, in the absence of a centrifugal field. As/Des are most
often encountered in the description of CPC processes and refer
to the direction of the mobile phase flow in the chambers. The
As/Des notation is used throughout this review to designate the
elution mode. The definition of the partition coefficient Eq. (4) can
be expressed for the Des and As elution modes as Eqs. (6) and (7),
respectively.

Gt
Kpes.i = % (6)
Li
_ G
KAs.r = i (7)

To maintain retention of the stationary phase in the presence
of the centrifugal field, a change in elution mode necessitates a
change in the mobile phase flow direction. Changing the elution
mode without a change in mobile phase flow direction (or vice
versa) results in displacement of the stationary phase from the col-
umn, often called extrusion in LLC. Additionally, as it can be seen
from the inverse relation between Kp.; and Kyg; (Eq. (8)), chang-
ing the elution mode also changes the elution order of the feed
solutes, i.e., the most retained become the least retained, and vice
versa. The separation factor, &, however, remains unaffected by a
change in elution mode. When the elution mode is not specified
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by the subscript in equations, K; represents the partition coefficient
value corresponding to the elution mode being implemented.

1

KDEs.f = m (8)

The ability to switch the elution mode during a LLC separation
run and, when desired, to extrude one of the phases by switch-
ing the mobile phase flow direction or the pumped phase, forms
the basis of the majority of the operating modes described in this
review.

2.5. Column efficiency

The solute-specific column efficiency, N;, also referred to as the
number of theoretical plates or stages, describes the degree of
band broadening arising during the separation process as a result
of axial dispersion and mass transfer resistance. Hundreds of the-
oretical plates are typically encountered in LLC, while N; values in
the thousands are common in liquid-solid chromatography. Satis-
factory separations are nevertheless possible in LLC as a result of
the extremely high ratio of stationary phase available for solute in-
teraction to mobile phase compared to that found in liquid-solid
chromatography [21]. Higher values of N; are preferred and indi-
cate nmarrower, less dispersed peaks resulting from high rates of
mass transfer. Mass transfer is enhanced by increasing the contact
area between the mobile and stationary phases. For a particular
LLC column and solvent system, F and w determine Sy and flow
regime and, consequently, the phase contact area and the resulting
mass transfer rate. Column efficiency trends reported in the litera-
ture with respect to F and @ are varied. More detailed information
regarding the hydrodynamics affecting LLC column efficiency can
be found in, for example, [22-30]. In the scope of this review, N; is
necessary for determination of the resolution, Rg, which indicates
the degree of separation achieved between two component peaks.

N; can be experimentally determined for a certain column, sol-
vent system, and set of operating parameters by evaluating the
chromatograms obtained from pulse injections performed at low
sample concentrations and volumes (see Section 3.1.1). Assuming
linear partition isotherms and sample volume underload, Gaussian
peak forms can be expected. N; is then related to the retention
time, tg;, equivalent to the location of the peak maximum, and the
variance, o, by the well-known Eq. (9)

tri\*
n= () i
where o; has units of time. The peak width is commonly defined
as that measured at the baseline by drawing tangent lines through
the inflection points. In this case, the measured width, wy;, is

equivalent to 40; and also has units of time. Eq. (9) then becomes
Eq. (10) [31].

2
_ 16 i
N; _16(%?‘) (10)

Accordingly, the peak start and end times, tl.““r‘ and rlF”d, can be
expressed by Egs. (11) and (12), respectively.

[,l_stan =tgi— 20; (11

ted = tpi+ 203 (12)

In LLC, retention volumes, Vg;, are often used in place of reten-
tion times, tz;. Assuming a constant flow rate with accurate me-
tering, eluted volume and elapsed process time are related by the
mobile phase flow rate, F, as shown in Eq. (13) for the specific case

of R and VR,['
Vo
tri= % (13)
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Eqgs. (9)-(12) can thus be alternatively expressed in terms of
eluted volume. Eluted volume and elapsed process time are used
interchangeably throughout this review.

2.6. Performance indicators

A variety of performance indicators can be used to evaluate
a preparative chromatographic separation, such as resolution, sol-
vent consumption, and productivity. The resolution between two
peaks, R, can be applied for quick prediction of the improvement
of a separation through the use of a different operating mode or
a change of operating parameters. The resolution equations found
in this review are valid for Gaussian peaks and solutes exhibiting
the same column efficiency, N;. However, the resolution equations
can vary between operating modes, and in some cases the stan-
dard concept of resolution, which is better-suited to the evaluation
of analytical separations, is not applicable at all. The elution pro-
files obtained in preparative separations are often non-Gaussian in
form as the result of sample volume overloading for high through-
put. For these reasons, other performance indicators applicable for
all operating modes and types of elution profiles are preferable.

The objective of preparative chromatography separations is to
obtain the highest amount of the target component(s) at the spec-
ified purity and yield with respect to the process economics (time,
equipment, and/or material costs). Therefore, solvent consumption,
SC, production rate, m, and productivity, Pr, are extensively used in
the evaluation, comparison, and optimization of preparative chro-
matography separations [32]. Although these performance indica-
tors are seldom reported in the LLC literature, they would be a
welcome alternative to the frequently encountered yet vaguely de-
fined parameter “throughput” (amount of sample treated per unit
time, often without regard for the amount of product meeting the
purity and vield requirements finally obtained). Additionally, their
adoption by the LLC community would facilitate comparison be-
tween different operating modes on a practical (economic) basis,
as well as provide an objective function for operating parameter
optimization using numerical methods.

The target solute-specific solvent consumption, SC;, can be de-
fined by Eq. (14)

tor
SG = Yore (14)
m

where V% is the total volume of solvents used during the sepa-
ration run (column preparation and separation; both the station-
ary and mobile phases) and m; is the mass of the target solute
obtained at the required purity. m; can be determined experimen-
tally by collecting fractions, performing offline composition analy-
sis, and pooling those that meet the product specifications when
combined. Alternatively, when complete chromatograms are avail-
able for the solutes of interest, the cut fraction meeting the prod-
uct specifications can be determined by integration of the peak ar-
eas. The corresponding collected product mass can then be calcu-
lated.

In preparative liquid-solid chromatography, productivity is of-
ten defined as the production rate per unit mass of stationary
phase packing or per column cross-sectional area. The former
takes into consideration the costs incurred by the packing mate-
rial, while the latter accounts for those associated with the col-
umn size. The target solute-specific production rate, ih;, expresses
the amount of target component i meeting the required purity ob-
tained per unit time (see Eq. (15)), with t;,ﬂ,c as the total process
run time.
m;
e

With modifications, analogous definitions for productivity can
be established for LLC. In comparison to liquid-solid chromatog-

i = (15)
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raphy, the cost of the liquid stationary phase in LLC is generally
relatively low compared to that of the required volume of the mo-
bile phase. Therefore, V5, is used in the definition of the solvent
volume-specific productivity, Pryp; (Eq. (16)), instead of a term re-
lated to the stationary phase alone.

Pryp;i = (16)

!
Viroc

Alternatively, productivity can be expressed with respect to the
column size (volume) in place of a cross-sectional area (which can-
not be defined for CPC columns) by the column volume-specific
productivity, Pryc; (Eq. (17)).

Pryci= (17)

m;
Ve

In improving a preparative separation, it is desired to decrease
SC and increase m; and Pr. From Eqs. (15)-(17), it can be seen that
this can be achieved by increasing m; and decreasing V%, and ti2%, .
A higher m; can be obtained by increasing the feed concentration
and/or the injection volume, but, as previously described, neither
can be increased indefinitely. High solute concentrations can lead
to operation outside of the linear range of the partition isotherm.
Yet more critical for process stability, unwanted disruptions of the
thermodynamic and hydrodynamic equilibria of the two phases in
the column may occur as well, leading to possible changes in the
compositions of the mobile and stationary phases, their phase ra-
tio within the column, and stationary phase loss. Such detrimen-
tal effects are less common in liquid-solid chromatography, as the
compositions of the solid stationary phase and the mobile phase
are generally independent of the solute concentration. High injec-
tion volumes result in wider peaks, increasing the chances of peak
overlap and consequently negatively affecting product purity and
yield.

Theoreticaily, a reduction of V5% couid be achieved by decreas-
ing either the mobile phase flow rate, F, or the run duration, ..
Contradictorily, a decrease in %, can in turn be achieved by in-
creasing F. As mentioned before, changes in F can have a positive
or negative effect on the separation, depending on the accompa-
nying changes in S; and N; and their implications for the sepa-
ration at hand. Both Vi%, and ¢, can be potentially reduced by
changing the elution mode in order to elute all sample components
from the column faster. The use of alternative operating modes in
LLC offers the opportunity to further improve resolution, solvent
consumption, and productivity beyond that which can be achieved
with standard isocratic batch injections.

3. LLC operating modes

Given the wide variety of LLC operating modes available, it may
be difficult to choose the one best-suited for the sample type and
separation task at hand. Ito's “golden rules” [1] and Friesen and
Pauli's binary choices [33] both present a structured approach to
basic operating parameter selection, but they stop short when it
comes to the selection of an operating mode other than standard
isocratic batch injections. The following subsections address the
advantages, disadvantages, and applicable separation scenarios at-
tributed to the various LLC operating modes. The design equations
and short-cut models available in the literature are also be pre-
sented.

As LLC samples are often complex natural product extracts
sometimes consisting of dozens or hundreds of different compo-
nents, a certain degree of simplification is necessary for the pre-
liminary design of a separation. Unless the separation task is to
evaluate a sample’s overall polarity range, generally only two or
three (groups of) solutes of interest need to be considered. There-
fore, the majority of design equations and short-cut models pre-
sented in this review can be applied to complex multi-component

mixtures by simplifying them to pseudo-binary or pseudo-ternary
mixtures. The term “solutes of interest” will be used throughout
this review to refer to the target solute(s) and main impurity or
impurities that are taken into account during separation design.

Implementation of the short-cut models presented in this re-
view assume that a suitable solvent system has been found and
that the following are known from preliminary experiments (not
all listed parameter values are needed in all equations):

Total column volume, V¢

Partition coefficients of solutes of interest, K;

Stationary phase retention volume ratio, Sy, obtained by col-
umn preparation with mobile phase equilibration (and there-
fore phase volumes Vy, Vs, Vyy, and V,), for the flow rate, F, and
rotational speed, w, ranges of interest

Column efficiencies, N;, for the ranges of S F, and w of interest

Additionally, the following simplifying assumptions are made:

« Linear chromatography conditions: all sample components ex-
hibit linear partition isotherms, i.e., their partition coefficients
are constant and independent of concentration and the pres-
ence of other solutes.

Constant operating conditions: unless their change is character-
istic of the operating mode itself, all operating parameters, e.g.,
E Sf, , remain constant during operation.

Ideal chromatography conditions (applicable to those equations
not containing a term for the column efficiency, N;): band
broadening effects arising from mass transfer resistance and
axial dispersion are not considered, i.e. all solute bands ex-
hibit rectangular elution profiles. Peak shift resulting from non-
ideal flow patterns such as back-mixing and short-cutting is not
taken into account, nor are extra-column volumes.

An important comment should be made regarding all short-cut
models solely employing the retention time, tg;, or retention vol-
ume, Vg;, of a certain solute in the determination of, e.g., step du-
rations or the switch from one process stage to the next. Basing
such parameters on tg; or Vg; alone does not take into account
the entire solute band width, as both retention time and volume
correspond to the midpoint of the width of a Gaussian peak. For
higher precision when the band width is not already considered
by the model, the peak end or start time, tf"d or £ as defined
by Egs. (11) and (12), can be used instead.

The operating modes described in this review are discussed
in order of increasing complexity from a process design stand-
point. Those employing a single elution mode are addressed first
in Section 3.1. Section 3.2 focuses on the extrusion modes, which
incorporate the complete displacement of one phase by the other.
The batch operating modes consisting of one or more elution mode
switches are covered in Section 3.3, and the continuous operating
modes based on the same concept are presented in Section 3.4.

3.1. Classical mode and variations

This section begins with classical mode, the simplest LLC
operating mode (Section 3.1.1). Its variations, stacked injections
(Section 3.1.2) and closed-loop recycling (Section 3.1.3), follow. All
operating modes addressed in this section are performed using
a single elution mode and have analogous implementations in
liquid-solid chromatography.

3.1.1. Isocratic batch injections (classical mode)

Isocratic batch injection mode, also referred to as classical mode
in the literature, is the simplest and most often reported LLC oper-
ating mode. It can be performed on all LLC set-ups and consists of
sample injection from one end of the column followed by isocratic
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Classical mode

Single feed injection; isocratic elution in a single elution mode

A+B
As mode; %

B then A
UP mobile
OR
Des mode: A+B
LP mobile A then B <

Fig. 1. Classical mode, depicted for As and Des elution modes. Kx 4 > Kas p and
Kpes, o < Kpes, 5- White shading: upper phase. Gray shading: lower phase.

elution with the mobile phase in a single elution mode (see Fig. 1).
The classical mode retention volume, Vﬂ”, can be calculated using
Eq. (18) [34].

VEM = Vy + KVs (18)

For successful separations in classical mode, it is often recom-
mended that sample components exhibit partition coefficients in
the range of 0.5<K;<1 [1] or in the wider “sweet spot” range
of 0.25 <K; <4, with a preferred target component partition coef-
ficient close to 1 [10]. These ranges represent a compromise be-
tween short run time and sufficient peak resolution and serve as
a main criterion in solvent system selection. It is additionally rec-
ommended that a minimum separation factor, &, of 1.5 be met for
the solutes of interest [1].

As mentioned in Sections 2.3 and 2.5, preliminary pulse injec-
tion experiments can be used to determine retention behavior (tg;
and/or Vg;) as well as N; and Kj. Such experiments are performed
using small injection volumes and solute concentrations to ensure
volume underload conditions and operation in the linear range.
When these pulse injections are performed in classical mode, K;
can be determined from chromatograms by simple rearrangement
of the retention volume equation (Eq. (18)), resulting in Eq. (19).
VM —Vy

Vs

Pulse injection experiments in classical mode may also be used
to screen the sample polarity range, i.e., K; range, to determine sol-
vent system suitability and/or as an initial characterization step.
However, classical mode becomes impractical when solutes pos-
sessing high K; are present in the sample, resulting in long run
times.

The classical mode resolution, RSM, is given by Eq. (20)

VN K —K
4 v%, + Kzgm

K = (19)

RM = (20)
where K; > K; and a single value of N is assumed for the two com-
ponents [35]. Baseline separation of two peaks, each with a width
of 40, is achieved at Rg=1.5.

When a resolution greater than 1.5 is obtained in prelimi-
nary experiments, the injected sample volume can be increased
to obtain a higher recovered target mass, m;, using, for exam-
ple, the approach described in [36]. To further increase productiv-
ity by introducing more sample to the column, stacked injections
(Section 3.1.2) may be used. In the case that the desired resolution
cannot be achieved with classical mode, closed-loop recycling may
be implemented (Section 3.1.3).

3.1.2. Stacked injections
When sample solubility in the mobile phase andfor the target
component concentration is low, or when limited to small injection
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volumes in order to obtain baseline resolution [37], one approach
for increasing the total injected sample amount is by performing
stacked injections. In this technique, also referred to as repeated,
consecutive, or successive injections in the literature, sample injec-
tions are made at regular intervals without new preparation of the
column. The completion of 5 or less stacked injections is generally
reported in the literature [38-42], although separations consisting
of 12 [43] and 20 injections [44] have also been successfully per-
formed.

A critical operating parameter for stacked injections is the se-
lection of the time interval between injections. Ideally, this inter-
val should be as short as possible while preventing overlap of the
target and impurity peaks from one injection to the next [45]. A
simple way to determine the time interval between injections is
to perform a preliminary classical mode injection and determine
the elapsed time between the start and end of elution of all so-
lute peaks [46]. The time interval between stacked injections, tﬂ[,
is defined by Eq. (21)
tisr{r — I‘g"d _ timr-‘ (21)
where £ and " are the start and end of elution of the peak of
component i, and i=1,..., n, with 1 and n as the first- and last-
eluting peaks of the sample mixture. When partition coefficients
and the column efficiency are known, t&™ and £5t can be pre-
dicted using Eqs. (11) and (12) in Section 2.5. In the common case
that the target component has an intermediate elution speed, sep-
aration duration and mobile phase consumption may be further re-
duced by allowing overlap of the late-eluting impurities from one
injection and the early-eluting impurities from the next injection.

The use of stacked injections is best-suited to samples possess-
ing a narrow range of partition coefficients, resulting in short time
intervals between injections. When working with complex sam-
ples covering a wide range of partition coefficients, the time inter-
val between injections may become quite long due to late-eluting
components.

3.1.3. Closed-loop recycling

When satisfactory resolution cannot be achieved with a single
chromatographic run in classical mode, the portion of the mobile
phase eluent containing the unresolved peaks of the solutes of in-
terest may be directly recycled back to the column inlet. Multi-
ple passes through the column result in a virtual lengthening of
the column, subjecting the components to a higher number of
theoretical stages and allowing for an increase in resolution. This
method offers an alternative to physical lengthening of the column
or the connection of multiple columns in series, both of which can
require increased equipment costs and lead to increased column
pressure drop [47]. The closed-loop recycling operating mode is
depicted in Fig. 2.

Closed-loop recycling, with direct re-introduction of the effluent
to the column inlet, was first reported on a LLC column in [48]. The
technique requires connection of the outlet of the column or of the
post-column detector to the column inlet. The change from normal
elution to recycling mode (from (1) Classical mode elution to (2)
Recycling in Fig. 2) is made using a switching valve. The switch to
recycling mode may occur immediately following sample injection
or at a later point in time. Starting the recycling mode immedi-
ately before elution of the target solute(s) has been recommended
to prevent the carryover of any hydrodynamic disturbances result-
ing from the injection to the next cycle and to allow earlier-eluting
impurities to leave the column, preventing their possible overlap
with peaks of subsequent cycles [49]. The switching valve is re-
turned to its original position after satisfactory resolution has been
achieved in order to allow collection of the target(s) (switch from
(2) Recycling to (3) Product collection in Fig. 2). Multiple switches
between closed-loop recycling and classical mode elution can be
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Closed-loop recycling mode

(1) Classical mode elution

As mode; ——/ —

UP mobile

(2) Recycling
Effluent reintroduced at inlet

As mode; E ]

UP mobile

(3) Product collection
Recycling stopped; solutes allowed to elute

As mode; — —

UP mobile

Fig. 2. Closed-loop recycling mode, depicted for As elution mode. White shading:
upper phase. Gray shading: lower phase.

made throughout a run, allowing purified peak fractions to be col-
lected while unresolved solutes are subjected to additional cycles
|50]. Although all reports of recycling LLC have been performed on
CCC columns, implementation of the technique would also be pos-
sible on CPC columns, as it is only dependent on modification of
the peripheral equipment.

The closed-loop recycling operating mode has been studied in-
depth in a series of primarily theoretical studies [50-56]. A key op-
erating parameter in closed-loop recycling LLC is the number of cy-
cles to be performed before solute peak collection. Two competing
types of resolution must be considered: resolution between peaks
of a single cycle and the resolution between peaks of neighbor-
ing cycles, namely the slowest-eluting peak of the preceding cycle
and the fastest-eluting of the current cycle. Equations for these two
types of resolution were derived for impulse injections and a zero
extra-column volume recycling line in [50]. For two peaks of the
same cycle, the resolution at cycle k is given by Eq. (22)

a; —daz

CIR () —
Rs™ (k) = ICN2(01+a2)

(22)
where the subscripts 1 and 2 denote two solutes satisfying K; > K,
and a; = ﬁ% = \;;T(IJW' with VE¥ determined using Eq. (18). This
equation is essentially identical to that derived from experimental
observations and reported in [57]. The resolution between peaks of
consecutive cycles possessing the lowest and highest partition co-
efficients, denoted by subscripts 1 and n, respectively, can be cal-
culated using Eq. (23)

nk—ag(k—1)
REE (ky = vR Ok =@k D)
() = VN @+ =)

where the fastest-moving peak is located in cycle k while the
slowest-moving peak is still undergoing the previous cycle k — 1.
Since Rgm(k) increases with increasing k while Rg‘Lc’;c(k) decreases,
Eqs. (22) and (23) can be used together to select an intermedi-
ate number of cycles in which satisfactory resolution of the target
component(s) is achieved before the start of overlap of peaks from
neighboring cycles.

The introduction of the recycling line to the LLC set-up may
introduce a significant extra-column volume to the system. It
was concluded in [50] that an extra-column volume equivalent to
less than 1% of V- has a negligible influence on the resolution.

(23)

However, in practice, the effect of the addition of the recycling
line depends on the additional dispersion introduced to the sys-
tem. This dispersion is dependent on the line dimension as well
as the periphery, i.e., connectors and recycling pump. A further
theoretical and experimental study concluded that in closed-loop
recycling it can actually be beneficial to have a longer recycling
line [53]. Although this contradicts the general recommendation in
chromatography that the extra-column volume should be kept to a
minimum in order to reduce the negative effects of additional dis-
persion on the separation [58], the same conclusion was previously
reached for liquid-solid chromatography in [59,60]. Up to a certain
recycling line volume, the separation may be improved due to a
reduction in the decrease in resolution between the slowest- and
fastest-moving peaks of neighboring cycles, Rgﬂjc(k). This allows
more cycles to be run, increasing the resolution between peaks
of the same cycle, RER(k), before detrimental peak overlap occurs.
Above a certain recycling extra-column volume, negative effects on
the separation are again observed, due to worsening resolution be-
tween peaks of the same cycle as a result of increased band broad-
ening effects.

Due to the detrimental effect of peak overlap from neighboring
cycles, closed-loop recycling is best-suited for mixtures of a few
solutes of interest in a narrow partition coefficient range, i.e., with
low separation factors. It has been recommended to select a sol-
vent system in which the target components have relatively low
partition coefficients, as they undergo less band broadening per cy-
cle, allowing more cycles to be performed before overlap of peaks
from neighboring cycles occurs [48]. Compared to other operating
modes resulting in a virtual column lengthening, such as the flow
reversal modes described in Section 3.3, closed-loop recycling LLC
can potentially require less solvent consumption, since the mobile
phase is recirculated through the column while the system is in

rarurhine mnda 501 Ear linuid_cnlid chromatoeranhy it wac ron
reCydimng moGe [sujp rOf nquiG-561G nrémawograpny, it was Con-

cluded that recycling always increases target recovery, but in many
cases reduces the overall productivity compared to the single-pass
classical mode process [61]. Therefore, closed-loop recycling may
be preferred for separation tasks in which the target yield is of
primary importance.

Closed-loop recycling is often reported as a second separation
step following an initial fractionation of a crude sample by, e.g.,
classical mode, when improved resolution of the target is required
[62-65]. The operating mode has also been implemented on cus-
tom LLC set-ups allowing for the cut and storage of fractions to
be recycled during the same run [66] as well as flexible opera-
tion of multiple columns in classical or closed-loop recycling mode
in parallel or in series [47]. Both custom set-ups allow for the
separation of solutes with low separation factors from complex
multi-component mixtures. An additional variation to the closed-
loop recycling method includes multiple injections timed to allow
for the concentration of a single target component present in low
amounts in the sample mixture [54,55,67]. However, only one ex-
perimental demonstration of this technique, performed on a re-
lated controlled-cycle pulsed liquid-liquid chromatography (CPLC)
column, has been reported [55].

3.2. Extrusion modes

In LLC, complete displacement of one phase by the other occurs
when, with respect to the elution mode definitions (Section 2.4),
either the mobile phase is pumped in the “wrong” direction, or the
“wrong” phase is used as the mobile phase. This corresponds to
the mobile upper phase being pumped in the Des mode direction
or the maobile lower phase being pumped in the As mode direc-
tion. This extrusion effect can be used to shorten the run duration
as well as preserve high-concentration, well-resolved peak pro-
files within the column belonging to highly-retained components.
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Elution extrusion mode

(1) Classical mode elution

As mode; —
UP mobile

(2) Sweep elution

Following start of pumping of stationary phase; mobile phase continues to elute from outlet
Normal isocratic elution experienced by solutes until overtaken by stationary phase front

As mode; =) | — =
LP mobile

—> — IT:>

(3) Extrusion

Begins when solute overtaken by stationary phase front
Solute “extruded” from column with stationary phase; partitioning between phases no longer occurs

As mode; =+ =
LP mobile

Fig. 3. Elution extrusion mode, depicted for As elution mode and extrusion with lower phase. White shading: upper phase. Gray shading: lower phase.

There exist two extrusion operating modes: elution extrusion
(Section 3.2.1) and back extrusion (Section 3.2.2).

3.2.1. Elution extrusion

The elution extrusion technique was first theoretically treated
in a series of publications [68-70]. The last, [70], provides the most
accurate description of the elution extrusion process, breaking it
down into three stages based on the process conditions currently
being “experienced” by a certain solute (see Fig. 3):

» Stage 1: Classical mode elution, during which the separation is
run in As or Des mode.

» Stage 2: Sweep elution, the period beginning with the mobile
phase switch during which a solute band continues to be sub-
jected to classical mode conditions until overcome by the Stage
1 “stationary” phase front.

» Stage 3: Extrusion, beginning with the point at which the so-
lute band has been overtaken by the Stage 1 “stationary” phase
front, and chromatographic separation no longer occurs.

Following sample injection, separation with the “right” mobile
phase is performed as in classical mode (Stage 1). This stage ends
after pumping a volume Vsﬁgl. At this point, the pumped phase
is switched from the mobile phase to what was the stationary
phase during Stage 1 without changing the flow direction or the
column rotation. This begins the sweep elution stage (Stage 2)
during which the pumped Stage 1 “stationary” phase, moving in
the “wrong” flow direction, gradually displaces the Stage 1 mo-
bile phase. Solute bands located ahead of the pumped “station-
ary” phase front continue to undergo chromatographic elution un-
der classical mode conditions until overtaken by it. The Stage 2
duration experienced by each solute is solute-specific and depen-
dent on K;. The Stage 1 mobile phase continues to elute from the
column outlet until a volume V), of “stationary” phase has been
pumped. At this point, the pumped stationary phase front has
reached the outlet, and the entire column is filled with the Stage
1 “stationary” phase. All solutes remaining in the column are now
undergoing extrusion (Stage 3). Extrusion begins for a solute when
it has been surpassed by the Stage 1 “stationary” phase front. Due
to the absence of the Stage 1 mobile phase, chromatographic par-
titioning no longer occurs, and the remaining solute bands move
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toward the column outlet at the same rate as the pumped “sta-
tionary” phase. All remaining solutes elute from the column af-
ter pumping a maximum additional stationary phase volume of
Vs, meaning that the complete possible partition coefficient range
from zero to infinity can be eluted with a total pumped volume of
VSEE‘[ +Ve.

The elution extrusion operating mode is simple to implement
and does not require any equipment in addition to that needed
for classical mode separations. With a single mobile phase pump
and the mobile and stationary phases kept in the same reservoir,
it is only necessary to move the mobile phase inlet tubing from
one phase to the other to begin the extrusion step. At the end of
an elution extrusion run, the sample and phase volumes present
in the column at the start of the run have been completely eluted
or displaced by the pumped stationary phase. This “clean” column,
free of all highly retained solutes, is then ready for preparation by
equilibration with the “right” mobile phase for the next injection.
This is a preferable characteristic for, e.g., separations in which
avoidance of cross-contamination between runs is important. Stud-
ies comparing the use of elution extrusion to classical mode have
shown that elution extrusion can significantly reduce the run du-
ration and therefore solvent consumption for a given separation
[6,71,72].

Several applications of elution extrusion and their correspond-
ing short-cut design approaches have been reported in the litera-
ture. These include the 2V method [69] for sample screening as
well as selecting the Stage 1 elution volume, Vsﬁgl, based on ei-
ther a required resolution or the desired process stage during elu-
tion [70,73]. These short-cut models assume ideal extrusion con-
ditions, i.e., the pumped stationary phase front exhibits a rectan-
gular profile and the Stage 1 mobile phase is completely displaced
from the column. It should however be pointed out that in prac-
tice a portion of the Stage 1 mobile phase may remain in the col-
umn (CCC or CPC) following the extrusion stage [68], negatively
affecting short-cut model accuracy. A systematic study establish-
ing guidelines for operating parameter selection that would ensure
complete extrusion would be of interest to the field.

The 2V method was first suggested for rapid sample polarity
range, ie., K; range, screening [69]. The name 2V refers to the
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ability to use elution extrusion to elute an entire complex sam-
ple, i.e., solutes possessing partition coefficients from zero to infin-
ity, using only two column volumes of pumped phases. It offers a
quick approach for solvent system screening [11,72,74,75] as well
as for sample fractionation prior to further separation [76,77] or
high-throughput screening analysis for, e.g., drug discovery pro-
grams [69,78].

As previously mentioned, the maximum elution extrusion re-
tention volume, corresponding to a solute partitioning exclusively
in the stationary phase with K; = cc, is equivalent to VSIE] +Ve. In
the 2V method, one column volume of mobile phase is pumped
during Stage 1 (VS’§§1 = V¢), resulting in the elution of all compo-
nents with a K; <1. A second column volume of the Stage 1 “sta-
tionary” phase is then pumped during Stages 2 and 3 to elute
the remaining components with K;>1. When using the 2V elu-
tion extrusion as a screening method, the classical mode partition
coefficient equation (Eq. (19)) can be used to determine K; of so-
lutes eluting with the mobile phase during Stages 1 and 2 while
Eq. (24) [70] can be used to determine K; for solutes eluting from
the column with the pumped stationary phase while undergoing
Stage 3

K= L (24)
EE EE
Vg, ste1 + Ve = Vi

where VEE is the retention volume of i with respect to the cumula-
tive volume eluted from the column during all 3 elution extrusion
stages. Of course, Eq. (24) is also valid for elution extrusion sepa-
rations where stf L= Ve

The 2V¢ method offers a quick design approach when the en-
tire chromatographic spectrum is of interest. However, for the tar-
geted separation of a specific component, the optimal value of the
Stage 1 elution voiume, VSL;;], is not necessarily the coiumn voiume.
Two different approaches for rational selection of the Stage 1 elu-
tion volume have been developed. In [73], st§1 was chosen based
on a required resolution. In elution extrusion, it is possible to take
advantage of the fact that two solute bands may already be suffi-
ciently resolved inside the column long before they reach the out-
let. Under ideal conditions, the resolution between solute bands is
not altered during the extrusion stage, although the widths of the
bands as well as the volume distance between them are propor-
tionally reduced by a factor of S¢ [69]. Re-working the expression
for resolution of two solutes inside the column first presented in
[68], Eq. (25) was derived in [73] to determine tsEva the time at
which a certain resolution is met inside the column under classi-
cal elution conditions

2
(/2 - )
185, = 5 (25)

where REE is the required resolution inside the column, tgM is
the classical mode retention time Eqs. (13) and (18), and N is the
theoretical stage number, here considered identical for both com-

ponents 1 and 2, with K; > K. Multiplying [Srgl by the flow rate
(Eqg. (13)), gives the corresponding Stage 1 elution volume, Vsﬁgr
The slight increase in resolution occurring during the sweep elu-
tion stage is not accounted for by Eq. (25), but as this further im-
proves the separation, it is not critical for meeting the required
resolution. After determination of Vsﬁgl, the retention volumes can
be calculated for components eluting during Stage 1 or 2 using the
classical mode equation (Eq. (18)) or for those eluting during Stage
3 using Eq. (26), obtained by reworking Eq. (24).

LE

v,
VEE = VEE + Ve - % (26)

Eq. (26) does take the small distance travelled by the solute
band during the sweep elution stage into consideration. The last
solute to elute from the column with the mobile phase during
sweep elution (Stage 2) has the partition coefficient value K; =
ngl/Vs |7O|

In the second approach, VEE1 is selected for the shortest run du-
ration at the maximum resolutlon. Two solutes exhibit the highest
resolution when eluting during the sweep elution stage (Stage 2)
with the Stage 1 mobile phase, i.e., when they have undergone the
chromatographic process for as long as possible and elute just be-
fore being subjected to the start of extrusion [70,79]. The resulting
resolution is the same as that obtained during a simple classical
mode separation under the same operating conditions, but the ad-
dition of the extrusion stage shortens the process duration. There-
fore, for a target component possessing a known partition coeffi-
cient, the Stage 1 elution volume can be obtained using Eq. (27),
adapted from [70]. In Eq. (27), i is the last-eluting solute of inter-
est.

Vig = Kivs (27)

It was found experimentally that sufficient resolution can gen-
erally be obtained with the elution extrusion operating mode for
0.25 < K; < 16, representing a marked improvement over the clas-
sical mode “sweet spot” range of 0.25 < K; < 4. However, these
findings were specific to a single solvent system family [12]. In a
single application study, elution extrusion was found to perform as
well as dual mode (introduced in Section 3.3.1) for the quick elu-
tion of highly-retained solutes of interest [80]. For sample polarity
range screening, dual mode is preferred over elution extrusion for
accuracy [81]. One report of “overlapping elution extrusion” was
made, in which a switch back to the Stage 1 mobile phase and
injection of a new sample is made before all solutes from the pre-
ceding separation have been eluted from the column [79]. How-
ever, this method should be further evaluated for robustness and
practicality, as only two consecutive injections were made.

3.2.2. Back extrusion

Similar to elution extrusion, the back extrusion operating mode
can also be used to shorten the time needed for the complete
elution of an injected sample containing components possessing
a wide range of partition coefficients. However, in back extrusion,
first thoroughly described in [82], it is not the change of the phase
being pumped that leads to extrusion but rather the mobile phase
flow direction. Hence, the same phase is used as the mobile phase
throughout the run.

The following description of the back extrusion process is appli-
cable for hydrodynamic CCC columns [82] and depicted in Fig. 4.
Expected deviations when using hydrostatic CPC columns are ad-
dressed below. The back extrusion process can be split into three
stages. Unlike in elution extrusion, all solutes are subjected to ex-
trusion conditions at the same time, i.e., there is no analogous
sweep elution stage.

e Stage 1: Classical mode elution, during which the separation is
run in As or Des mode. Mobile phase elutes from the column
outlet.

Stage 2: Stationary phase extrusion, experienced by all solutes
at the same time following the switch in mobile phase pump-
ing direction. The Stage 1 stationary phase elutes from the col-
umn outlet.

Stage 3: Echo peak elution, during which the solute band por-
tions partitioned in the mobile phase at the start of Stage 2
elute from the column. The Stage 1 mobile phase again elutes
from the column outlet.

In Stage 1, the separation is run in classical mode following
sample injection with pumping of the mobile phase in the “right”
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Back extrusion mode*

(1) Classical mode elution

As mode;
UP mobile

=

(2) Stationary phase extrusion

Reversal of mobile phase flow direction; interruption of chromatographic process
Stationary phase moves to column outlet and is extruded

Des mode;
UP mobile

=] k— =

(3) Echo peak elution

After complete extrusion of stationary phase, column completely filled with mobile phase

Possible “echo peak” elution

Des mode; —

UP mobile

*depicted for hydrodynamic CCC columns

Fig. 4. Back extrusion mode, depicted for As elution mode and extrusion with upper phase. White shading: upper phase. Gray shading: lower phase.

direction for a volume Vs‘g]. During this time, solutes with VRC’IV‘ <

Vs’g] elute. At the end of Stage 1, the direction of the mobile phase
flow is switched via the 4-port valve present on all standard LLC
set-ups while keeping the rotational speed constant. This begins
Stage 2, during which the stationary phase is extruded. The sud-
den change of flow in the “wrong” direction interrupts the hy-
drodynamic equilibrium between the phases and, therefore, the
chromatographic process as well. Stationary phase retention is no
longer possible and a complete splitting of the phases occurs, i.e.,
the lower phase moves to the column “tail” and the upper phase
moves to the “head.” The entire stationary phase volume is now
located at the outlet end of the column. The portions of the so-
lute bands located in the stationary phase at the time of the flow
direction switch consequently move a factor S closer to the col-
umn outlet and become narrower by an equivalent proportion. The
mobile phase then acts as a piston, extruding the stationary phase
and the contained solute band portions. The solutes with the high-
est partition coefficients are closest to the outlet at the time of the
flow direction switch and begin to elute first, i.e., the solute elu-
tion order is reversed with respect to Stage 1. Stage 2 ends when
the stationary phase is completely extruded from the column after
pumping a mobile phase volume equivalent to Vs, the stationary
phase volume in the column at the start of the run.

Stage 3 begins when the column is completely filled with mo-
bile phase. Mobile phase is again observed eluting from the col-
umn outlet. During Stage 3, the portions of the solute bands lo-
cated in the mobile phase at the point of the flow direction switch,
so-called echo peaks, leave the column. These solute band portions
do not undergo the extrusion piston effect experienced by the sta-
tionary phase and are therefore subjected to a high degree of dis-
persion before eluting from the column as broad, diluted peaks. Af-
ter pumping a maximal additional volume V), of the mobile phase,
all solutes have eluted from the column. Therefore, the maximum
mobile phase volume required to ensure that all sample solutes
have been eluted at the end of a back extrusion run is equiva-
lent to Vs‘ig] +V¢. As in elution extrusion, the separation run ends
with a “clean” column. If it is desired to run the process semi-
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continuously, the mobile phase in the column must first be ex-
changed with the stationary phase and then equilibrated with the
mobile phase before a new injection can be made.

When a significant portion of a sample solute leaves the col-
uinin in the form of an echo peak, its recovery can be reduced. For
solutes with high partition coefficients, i.e., a high affinity for the
stationary phase, the echo peak effect is less pronounced. To re-
duce the severity of the echo peak effect, it has been suggested
to increase the duration of the classical mode stage (Stage 1) to
the equivalent of the elution of two column volumes [82,83] rather
than the single column volume often used in the 2V, variation of
the elution extrusion mode (see Section 3.2.1).

In the design of a back extrusion separation, the eluted mo-
bile phase volume at which the flow direction switch occurs, VsBrgl'
must be selected. If this switch is to be made following the Stage 1
elution of a certain solute of known classical mode retention vol-
ume, VM (Eq. (18)), \f’s‘ig1 can be set to V. The cumulative reten-
tion volume (Stage 1 and Stage 2) for a solute eluting during the
stationary phase extrusion is given by Eq. (28) [82].

Vs
veE — v, (1 ¥ W)
R.i

If back extrusion is used as a screening method, Eq. (29) can
be used to determine the partition coefficients of solutes eluting
during stationary phase extrusion in Stage 2 [82]. For solutes elut-
ing during the classical elution stage (Stage 1), the classical mode
retention volume equation (Eq. (18)) applies.

(28)

VRV W

A detailed description of the mechanism of the back extru-
sion process on hydrostatic CPC columns has yet to be reported in
the literature. Due to the CPC column geometry, stationary phase
retention within the individual chambers remains possible after
the mobile phase flow direction switch. There would be no sud-
den movement of the stationary phase to one end of the column.
Rather, it is expected that the mobile phase would sequentially
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displace the stationary phase in each chamber, possibly with a
sweep elution stage analogous to that observed in elution extru-
sion. The implications of this mechanism for the existence of the
echo peak effect reported for CCC columns and for band broad-
ening in general should be investigated. It should be noted that
the existence of differences between predicted and experimental
peak positions on hydrostatic CPC columns was briefly mentioned
in [82] and postulated to be a result of incomplete extrusion of the
stationary phase, as previously reported for CPC columns in [84].

Elution extrusion and back extrusion were experimentally com-
pared for the screening [82] and separation [83] of complex nat-
ural product samples containing solutes spanning a wide range of
polarities. In each comparative study, the same operating condi-
tions and Stage 1 durations were used for both operating modes.
Both elution extrusion and back extrusion were found to attain
similar peak resolution, considerably shorten the process run time,
and produce narrow, highly concentrated peaks for highly-retained
solutes compared to classical mode. However, back extrusion was
seen as less favorable due to the echo peak effect and the necessity
of refilling the column with stationary phase before equilibration
and a new injection can be performed.

3.2.3. Extractive back extrusion

Though it may not outperform elution extrusion, back extrusion
can alternatively be used for the concentration and/or extraction
of highly-retained target components often present at dilute con-
centrations in large volumes of feed. Such an approach, referred
to here as extractive back extrusion and occasionally in the lit-
erature as centrifugal partition extraction, has been used on hy-
drostatic CPC columns for the recovery of non-polar target com-
ponents from wastewater [85], algae cultivation broths containing

viable cells [86-88], and pre-processed yeast fermentation biomass
1891

L= ge

Contrary to typical LLC separations, in such extraction-type sep-
arations the solvent system, or, in the case of direct introduction
of an aqueous feedstock as the mobile phase, the stationary phase
solvent alone, is chosen for which the target component has a very
high affinity, e.g., K; ~ 50 [85]. The feed solution is continuously
fed to the column, ideally until the stationary phase volume is sat-
urated with the target component and the extraction has become
inefficient [89]. The mobile phase flow direction is then switched
to extrude the stationary phase, often using pure water instead in
the place of the aqueous feed solution.

High throughput is given preference over chromatographic effi-
ciency for such extractive back extrusion separations. CPC columns
with larger cells and wider ducts tailored to this purpose have
been developed, often referred to as centrifugal partition extraction
(CPE) columns. Compared to conventional extraction techniques,
target recovery using CPE columns can offer increased mass trans-
fer and therefore higher yields as a result of the high interfacial
area obtained between the two phases in the column cells [86,87].

A thorough theoretical study of extractive back extrusion ad-
dressing the determination of the optimal time point for the mo-
bile phase flow reversal switch has yet to be reported in the lit-
erature. The classical mode retention volume equation (Eq. (18))
could be used to predict when the target component would elute
during the initial classical mode stage. However, as a result of
the low separation efficiency in CPE, significant band broadening
would likely lead to a large deviation from the ideal predictions of
Eq. (18), i.e., the dispersed solute band front would reach the col-
umn outlet earlier than predicted. The possible negative effects of
high target component concentrations obtained in the stationary
phase on the separation stability should also be further explored.
Determination of the ideal target component partition coefficient
range for such extractive back extrusion separations would also be
of interest and could be used to guide solvent system selection.

3.3. Flow reversal modes

As described in Section 2.4, changing the elution mode results
in a reversal of the mobile phase flow direction as well as of the
elution order of the sample solutes. Proper selection of the num-
ber and duration of elution mode switches can shorten process
run time and/or increase resolution when compared to classical
mode. Flow reversal separations in LLC are similar to the backflush
method in liquid-solid chromatography, in which the mobile phase
flow direction is changed in order to elute highly retained compo-
nents remaining near the column inlet at the time of elution of the
target. However, a key difference in liquid-solid chromatography is
that the adsorption behavior of the sample solutes is not affected
by the mobile phase flow direction switch. In LLC, the partition co-
efficient is inversed (see Eq. (8)), since the roles of the mobile and
stationary phases are also switched.

The simplest flow reversal mode, (single cycle) dual mode
is presented first in Section 3.3.1. Further flow reversal mode
developments for increased resolution (multiple dual mode,
Section 3.3.2) and extension to ternary separations (trapping mul-
tiple dual mode, Section 3.3.3) are also discussed. A remark per-
taining to all flow reversal modes described in this section as
well as the continuous separation operating modes described in
Section 3.4 should be made at this point. As the stationary phase
fraction is a function of the operating parameters, including the
elution mode, stationary phase loss may occur when switching
from one elution mode to the other. By determining Sy as a func-
tion of flow rate in both elution modes through preliminary exper-
iments, the mobile phase flow rate in each mode can be selected to
ensure that no stationary phase loss occurs after the elution mode
switch [90].

3.3.1. Dual mode

A dual mode separation consists of a single cycle of two steps
in different elution modes (see Fig. 5). In the first step, the sam-
ple is injected and elution in As or Des mode is performed analog
to a classical mode separation. At a certain point during the run,
the second step is begun by switching the elution mode, i.e., As to
Des or Des to As. The slowest-moving components during the first
step now move the fastest to the opposite end of the column. In
this second step, all remaining sample solutes not eluted from the
column in the first step leave the column.

Dual mode lends itself to several different separation tasks.
When target components possess very different partition coeffi-
cients, dual mode can be used as an alternative to classical mode
to reduce run time and solvent consumption. Similar to closed-
loop recycling, dual mode can also be used to improve resolution
beyond that achieved in classical mode. As in elution extrusion and

Dual mode

(1) Classical mode elution

As mode; — =
UP mobile

(2) Elution mode reversal
Switch of mobile phase and flow direction
Reversal of solute elution order

Des mode;
LP mobile < K—

Fig. 5. Dual mode, depicted for As elution mode in first step and Des elution mode
in second step. White shading: upper phase. Gray shading: lower phase.
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back extrusion, dual mode can also be used to elute the entire par-
tition coefficient spectrum from zero to infinity, making it a suit-
able screening technique. These three applications are discussed
below.

The use of dual mode to shorten the run time of a separation
in which the target components possess both low and high par-
tition coefficients is its most often reported application [91-97].
At least one target component is collected in the first step, while
the remaining target(s) leave(s) the column in the second step as
narrow, highly concentrated peaks. Assuming two target compo-
nents of known partition coefficients and K; <K, in the elution
mode of the first step, the elution mode switch should be made
immediately following the elution of the ear]ier—eluting component
1. The eluted mobile phase volume in the first step, V. Snﬂ' is there-
fore equivalent to VRC.';” (see Eq. (18)). To determine the additional
mobile phase volume needed to elute target component 2 in the
second step, VEM, _ Eq. (30) can be used.

Stp2.2*
vbMm
Vi =K (30)

The cumulative retention volume in dual mode, Vg‘". is there-
fore given by Eq. (31).
Vi = Vaipt + Vedpa.i €1D

It should be noted that Eqs. (30) and (31) give no indication of
the degree of resolution between any additional solutes of interest.

When used as a method for increasing resolution, the two so-
lutes of interest are both collected during the second step. In this
way, they are subjected to a higher number of theoretical stages
than if the separation had been run in classical mode in a single
elution mode. A theoretical study determined which operating pa-

rameter relationships should be fulfilled in order for dual mode
resolution to surpass that of classical mode [98]. However, the de-
rived equations are based on equivalent separation durations in
both operating modes, a restriction that does not allow for a thor-
ough comparison. In a later theoretical study, the simpler and more
general Eq. (32) was derived for determining dual mode resolution,
REM [99].

N G2)

Eq. (32) applies for two components of interest, 1 and 2, with
Ky <K; in the elution mode of the first step. V(M is the classical
mode retention volume (Eq. (18)), also with respect to the elution
mode of the first step. N is assumed to be the same for both com-
ponents and in both elution modes. R?M reaches its highest value
when the elution mode switch is made just before the elution of
component 1 at the outlet during the first step, i.e., Vgﬁ =V As
mentioned in Section 3, in reality the peak width must be tal(en
into account, meaning Vs‘?m should be slightly less than VY. A
comparison with the resolution obtained in classical mode, R§M ,
can be made using Eq. (20). Alternatively, by rearranging Eq. (32),

the eluted mobile phase volume in the first step, VS‘?p]. can be de-

termined for a required RZM,

Dual mode can also be used as a screening technique [100,101].
As in the extrusion modes described in Section 3.2, the entire so-
lute partition coefficient range from zero to infinity can be eluted
from the column in a single run and with only 2 column volumes,
2Ve. When one column volume of mobile phase is pumped in the
first step (Vs?;'\;ﬂl =Vg), all solutes with K; <1 with respect to the
first step elution mode will leave the column. All remaining solutes
possessing K; =1 (or, with respect to the current elution mode af-
ter the switch, K; <1) will elute from the column during the sec-
ond step after pumping an additional column volume of the corre-

sponding mobile phase. In theory, any value of VS‘?% may be used.
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The corresponding dual mode retention volume needed to ensure
elution of the entire partition coefficient spectrum, V .+ equivalent
to the cumulative mobile phase pumped during both steps is given
by Eq. (33) [98].

DM
VoM _ st'm (33)
VStp] V

As can be seen by setting VS‘EN‘] = V¢ in Eq. (33), VM becomes
2V¢, in accordance with the statement above. A minimum value of
VPM (Eq. (34)) is obtained when Eq. (35) is fulfilled [98].

Vit = Vs + Vi + 24/ VsViy (34)
VS?% =Vs+/ VsV (35)

To determine partition coefficients from the resulting dual
mode chromatograms, the classical mode equation (Eq. (19)) can
be applied for all solutes eluting from the column during the first
step. For those solutes leaving the column during the second step,
Eq. (36) can be used [102,103]

vauM
stpl

Ki = oo (36)
Stp2.i

where Vs‘?"’éi is the retention volume of component i with respect

to the second step only. The cumulative retention volume for the
entire process is therefore given by Eq. (37).

Vl?:w V.Srjﬂ & VSLt)pZ i (37)

As previously mentioned, dual mode is preferred to elution ex-
trusion for partition coefficient determination [81]. Dual mode also
has the added benefit that, a “clean,” equilibrated column is ob-
tained at the end of a separation run when eluting the entire par-
tition coefficent spectrum. There is then no need for new prepara-
tion of the column before beginning the next separation; only the
elution mode must be switched.

3.3.2. Multiple dual mode

The improvement in resolution achieved in dual mode can be
further extended by performing multiple cycles of elution mode
switches (see Fig. 6) in multiple dual mode, first reported in [104].
Higher sample loadings can also be obtained. However, similar to
closed-loop recycling mode (Section 3.1.3), the increase in resolu-
tion gained with additional cycles is limited by the competing in-
crease in band broadening [104].

A variety of multiple dual mode process variations have been
described in the literature. They differ in the location, duration,
and frequency of sample injection, as well as in the manner of
fraction collection. The sample is generally prepared in the mo-
bile phase corresponding to the elution mode(s) it will be injected
in. The site of injection may be at one end of the column (as de-
picted in Fig. 6) [99,104-111] or at an intermediate point along the

Muitiple dual mode

Multiple consecutive dual mode cycles

As mode; =4
UP mobile

Des mode; C )

LP mobile k=

Fig. 6. Multiple dual mode, depicted for a single-column set-up. White shading:
upper phase. Gray shading: lower phase.
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set-up [112,113], located along the column itself or between two
columns connected in series. When the injection is made from one
end of the column, the sample can only be introduced in one elu-
tion mode. By performing the injection at an intermediate point
along the set-up, the sample can be introduced in one or both
elution modes. A single injection may be made at the start of the
run [99,104-108,110,112,113], or injections can be repeated periodi-
cally during the process [104,109,111], generally at the start of each
new cycle. The choice of injection type depends on the amount of
feed to be processed and the solubility of the sample in the mo-
bile phase(s). When only a small sample volume is to be treated,
the simplest option is a single sample injection. On the other hand,
when a large volume of feed should be processed or the feed com-
ponents have low solubility in the mobile phase, periodically re-
peated injections may be preferred.

Different fraction collection schemes can also be implemented.
When a single injection is performed, the solutes of interest may
be subjected to multiple cycles without allowing their elution from
the column to improve their resolution. They may then be col-
lected in their entirety in a single step [99,106-108,110], or elute
from the column split between the two steps of a cycle [109], re-
sulting in recovery in two different mobile phases. This process
variation is best combined with low injection volumes, leaving
enough target solute-free volume inside the column to allow for
sufficiently long step durations while avoiding target elution be-
fore the collection cycle. Alternatively, fractions of the solutes of
interest may be collected alternately in one or both elution mode
steps over multiple cycles [104,105,109-113]. The elution mode is
switched before either stream becomes impure. This product col-
lection strategy may be preferred at high column loadings, where
attempting to prevent the solutes from eluting from the column as
described above would result in very short step durations.

When injections are periodically repeated, the sample solutes
from a single injection may be completely eluted in a single cy-
cle, or fractions may be collected in both elution modes during
in each cycle. In both cases, a cyclic steady-state (CSS) can be
achieved. However, in the latter, several cycles are needed until CSS
is reached.

Depending on the multiple dual mode variation selected, LLC
set-ups of varying complexity are required. As previously men-
tioned, a single column or two columns connected in series may
be used. The feed may be introduced over an injection valve or
by pump at the corresponding inlet location. As in dual mode,
the switch between the two elution modes is performed with a
switching valve.

Several general guidelines for operating parameter selection in
flow reversal modes have been given in the literature. These rec-
ommendations are also applicable for the continuous separation
modes discussed in Section 3.4, In general, it is preferable to find
a solvent system in which the solutes of interest have partition co-
efficients close to 1. This way, the duration of the As and Des steps
will be similar, leading to similar solvent consumption in both elu-
tion modes [90,114]. When possible, preparing the column with a
pre-set upper phase/lower phase ratio of 50/50 is also desirable,
as this leads to the same S¢ [115] and similar column efficiency in
both modes when the flow rate is kept constant [90]. Additionally,
step durations in both elution modes should be selected to be as
long as possible to prevent excessive wear on the valves and to
subject the solutes of interest to the maximum number of theoret-
ical stages per cycle [90].

The step durations in multiple dual mode must be chosen to
ensure that only the desired products elute from the column in
each step. In [104,106-108] preliminary classical mode and/or sin-
gle dual mode runs were performed to determine the elution step
durations. Alternatively, step durations can be selected with the
help of short-cut models, such as that appearing in [99]. This mul-

tiple dual mode short-cut model is an extension of that developed
for single cycle dual mode operation in the same publication. The
derived model is applicable to the full peak elution collection tech-
nique, where the solutes of interest are subjected to multiple cy-
cles and do not elute from the column until satisfactory resolution
is achieved. The solute bands leave the column in their entirety
during a single step. The model is valid for the following specific
case: two solutes, 1 and 2, with 1 having a lower partition coeffi-
cient in the first step elution mode; single injection at one end of
the column; the second step of a cycle always returns component
2 to the initial injection site; both solutes eventually elute from
the column during the second step of a cycle.

The eluted volume during the first step of any cycle, VS’:"}ﬂM, is
determined with Eq. (38) by defining a value f > 1, so that Vs’\(A;?IM
corresponds to a fraction 1/f of the classical mode retention vol-
ume of solute 1, VEY (see Eq. (18)). This ensures that neither solute
elutes during the first step of the first cycle.

yMDM _ ﬂ
Stpl f

The selection of f represents a compromise between step dura-
tions and number of cycles. The higher the value of f, the shorter
the step durations and the greater the number of cycles needed to
reach a certain resolution.

To fulfill the requirement that solute 2 is returned to the site of
injection at the end of the second step of each cycle, the eluted
volume in the second step of every cycle is determined from
Eq. (39)

(38)

vem
VM = &L (39)
Stp2
P K,
where K corresponds to the partition coefficient of solute 2 in the
elution mode of the first step.

The total number of steps, m, needed to have solute 1 located
at the column outlet at the end of the first step of a cycle can be
calculated using Eq. (40).

2(f -1
m= K +1 (40)

Having determined the total number of steps, m, the resolution
of the two solutes at the time of their elution can be calculated
by determining the peak variances as a function of the absolute
cumulative distance traveled by each solute during the process, X;
and X, Eqs. (41) and (42). The column length, L, appearing in the
original equations has been eliminated by defining a dimensionless
column length of 1.

71 m-—1 m—'le
X]_T(T+]+TE) (41)
1 Vi1
Xo =m—— 42
2 7 Via (42)

The variance corresponding to Gaussian-shaped peaks with a
width at base of 40 can be expressed as Eq. (43 ).
Xi
g = = 43
=& (43)
The resolution for this variation of multiple dual mode, RYPY,
can then be predicted using Eq. (44).
= Jl’;il
R2
=t 44
2(gy +03) (44)
A different set of short-cut model equations would be necessary
for each possible multiple dual mode variation. Equations were de-
rived for a second variation, namely sample injection at an inter-
mediate point along the set-up, splitting it into two equal volumes

MDM __
Rs
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with the same phase ratio in each [107]. The model predicts in
which elution mode a solute will elute under the given operating
parameters using the net velocity in both modes, vy;, calculated
with Eq. (45)
_ (1 + B) (Fpestpes — FastasKpes.i)
Vnet i = (45)
(1 + Kpes.iB) (tpes + tas)

where tpeg/as is the step duration and § = Vy;/V;. The column cross-
sectional area appearing in the original equations, Ac, has been
eliminated by assigning it the dimensionless value of 1. The result-
ing sign of v, ; determines in which elution mode solute i will
elute. When vy, ; <0, i elutes in As mode, while v, ; > 0 indicates
elution in Des mode. A value of v,,,; ; = 0 signifies that i travels the
same distance in each elution mode, resulting in a net movement
of zero toward either end of the column and an infinite multiple
dual mode retention time. When v, ;# 0 the multiple dual mode
retention time can be calculated using Eq. (46)

\%
(DM — 46
zlvnet ll ( )

where V¢ is the total volume of the two columns in series. By di-
viding t}'PM by the cycle time, equivalent to tp + f;, the number
of cycles untll elution of i from the column can be estimated.

A generalized short-cut model approach that can be easily
adapted to the different multiple dual mode variations is lacking in
the literature, Ideally, this short-cut model would be able to pre-
dict step durations allowing for elution of the solutes in a desired
elution mode and point during the run for a given set of operat-
ing parameters. Adaptable resolution equations would be helpful
as well.

Several investigations further explored modeling of the multiple
dual mode process [109-111,113], prov1d1ng analytical solutions to
the :qumuuui‘ﬁ cell model desciibing the peak concentration pro-
files for a wide range of process variations. Although the derived
equations present a simple approach to modeling of multiple dual
mode processes, they generally must be implemented in a coding
environment. In [111], the possibility to use varying step durations
from cycle to cycle to compensate for increasing band broadening
during the process was demonstrated by simulations.

3.3.3. Trapping multiple dual mode

A variation of the multiple dual mode process, trapping multi-
ple dual mode allows the separation of a sample mixture into three
product streams and facilitates the isolation of intermediately-
eluting target components, i.e., components possessing intermedi-
ate partition coefficients with respect to the rest of the sample so-
lutes. Such a sample mixture can be most simply represented by
three solutes of interest A, B, and C with Kpes 4 <Kpes, g < Kpes, ¢
in Des mode and Ky 4 > Kas, > Kas, ¢ in As mode, with B as the
intermediately-eluting target component. The alphabetical solute-
naming convention is used here instead of the numerical one used
previously in order to have an elution-mode specific description of
the partition coefficients. By proper selection of the As and Des
step durations, the intermediately-eluting component B remains
“trapped” on the column while A and C are eluted from oppo-
site column ends over multiple cycles. This strategy was first re-
ported in [112] as a variation of intermittent countercurrent extrac-
tion (ICcE), described in Section 3.4.1. The trapping multiple dual
mode process can be broken down into three stages:

« Stage 1: Column loading, during which the sample mixture is
fed onto the column.

» Stage 2: Separation, consisting of multiple cycles of As and Des
steps, during which components A and C are eluted from oppo-
site ends of the column while the intermediately-eluting target
remains “trapped” on the column.
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« Stage 3: Recovery, during which the intermediately-eluting tar-
get B is collected. Stage 3 is started after sufficient elution of A
and C from the column.

As in the multiple dual mode separations described in
Section 3.3.2, feed introduction in trapping multiple dual mode
can take place at the beginning of the process during a single
dual mode cycle [116-118], periodically at the start of each cycle
[114], or continuously over several cycles [112]. During the recov-
ery stage, the target component may be obtained during an ex-
tended step in one elution mode [114,116-118] or, when working
with CCC columns, by extruding the column contents using com-
pressed air [112]. Extrusion by pumping the “wrong” mobile phase
as in elution extrusion would also be an option. Although all re-
ports of trapping multiple dual mode report the use of a set-up
consisting of two columns connected in series with sample injec-
tion between them [112,114,116-118], use of a single column with
sample injection from one end would also be possible. A schematic
diagram for the two-column trapping multiple dual mode process
with injection during a single dual mode cycle and target collec-
tion during a single extended elution step is found in Fig. 7. The
general flow reversal mode process recommendations described in
Section 3.3.2 are applicable to trapping multiple dual mode as well.

The selection of the As and Des step durations during the load-
ing and separation stages is not trivial, as they are intrinsically
linked to each other and determine the ability to effectively “trap”
the intermediately-eluting target component B. In [116], short-cut
model equations were derived for selection of the step durations
as well as the number of cycles. The short-cut model is valid for
the following set-up and process: single loading cycle with feed
introduction between two-columns connected in series; during the
loading cycle, only the feed solution is introduced without accom-
panying elution of pure mobile phase. The term Lq appearing in
the equations in the original publication has been eliminated by
defining a dimensionless column length of 1.

For use of the short-cut model equations, the position of the
intermediately-eluting component B band front at the end of the
loading, %29, and x/2%¢, and separation steps, fes g and x;7, must
be specified. The dlmensnonless position xg is a fraction of the
“length” of each column, with the inlet as the reference position

=0 and all positions between the inlet and either outlet pos-
sessing a positive sign, with each of the outlets defined as position

=1. Complete separation of components A and C from the tar-
get B is achieved when the following constraints on xg Eqs. (47)-
(49) are fulfilled in both elution modes. To simplify the initial pro-
cess design, identical values for the band positions in the load-
ing and separation stages may be selected, i.e., x|, = xloed — yload;

Des.B —
Ml g =aat =, .

Des.B = *As.B =
« During the column loading stage, B remains inside the columns.

0 <X <1 (47)
« During the separation stage, B remains inside the columns.
e (48)

« During the separation stage, B travels a net distance of zero
during each cycle. (Exception: Cycle 1)

AXyhes = Ay =0 (49)

Having defined values for xi?® and x;’” in both elution modes,
the step durations in the loading stage, t%% and t/%¢ (Eqs. (50)
and (51)), and separation stage, t)* and t,’ (Eqs. (54)-(55)), can
be calculated. For the duration of the first step of the first separa-
tion stage cycle, £ st or rj‘?-'“. depending on the elution mode,
Eq. (52) or (53) should be used, respectively. This first step is
shorter in duration than all subsequent steps in the same elution
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Trapping multiple dual mode

(1) Loading
Feed introduced during a single cycle

A+B+C
Column 1 Column 2
As mode; —>
UP mobile
Des mode;
LP mobile  ¢—
A+B+C

(3) Recovery
Collection of target B in a single step (As or Des)

(2) Separation

Multiple cycles of As and Des steps
A elutes in Des mode, C in As mode
B remains trapped in columns

— — — C
A K— K—
—) | — —B

Fig. 7. Trapping multiple dual mode, depicted for a two-column set-up with loading between the columns during one cycle and recovery of the intermediately-eluting target
B in As elution mode. Ka; 4 > Kz, 5 > Kas, ¢ and Kpes, 4 < Kpes, 5 < Kpes, c. White shading: upper phase. Gray shading: lower phase.

mode as a result of the injection of the sample in the middle of
the two column set-up.

pload _ ylond Vi + Kpes sVy

Des =XDess ™ F (50)
Des
=X A e R
oot — o Y0 + Kt (51)
| Fas
Vi + Kpes.sVi
1 load \ YL Des.BYU
tee ™ = (Xpesn — Xoess) =~ (52)
Vi + Kas 8V
sep]s[ ep f d\ YU As. BVL
As (X‘ m ) FAs (53)
V1 + Kpes sVt
load toad\ 7 VL T Kpes 8Vu
thes = [(xgnis Xpes. B) + (xjffa x/fsﬂﬂ)] 753: (54)
Vi + Kas. sV
load load\ 1 YU + Kas.BVL
G = [ (Xbees — Xoeen) + (Kl — X5) |5~ (55)

Fas

The short-cut model presented in [116] also provides equations
for prediction of the number of Stage 2 (separation) cycles needed
to completely elute components A and C from the column to ob-
tain pure B in the recovery stage, ;" and nZ”. The equations vary
slightly depending on the first elutmn mode in each cycle. When
the first elution mode is Des, Eqs. (56) and (58) are valid for com-
ponents A and C, respectively. Eqs. (57) and (59) are valid when
the first elution mode is As. ;" and ni” should be rounded up to

the nearest integer. Vpes; = is the velocity of component

#
Vi+Kpes, iV
.. i FU . i a ‘

i in Des mode and vy, ; = e its corresponding velocity in As

mode.

load sep. 1st sep
sep (rDes - tDe: )UDES‘A + tAs Vasa + 1

+1 (56)
4 o Upes.s — B3 Vasa
I d P sep. 1st
nseP — ( DG:s tDes)uDE’S-A & rAs Vpsa + 1 +1 (57)
A P Upes 4 — PV,
Des ¥ Des A As VAs.A
load sep sep, 1st
i-‘?p (t .+ t )VASC - rpes Vpes.c + 1 +1 (58)
taPVas ¢ — by Vpes ¢

sep,1st se

o (£l + 3P P Yuas e — By P Vpes.c + 1

l’ic- - tsep tsep +1
As Vasc — DESUDES.C

(59)

In [114], the trapping multiple dual mode step durations were
selected by adaptation of the short-cut equations presented in
[99] for multiple dual mode (addressed in Section 3.3.2). However,
unlike Egs. (50)-(59), those derived in [99] do not take into ac-
count the wide solute bands often encountered at high volume
loadings, a condition under which the description of a solute band
only by its retention volume and without regard for its width can
in practice lead to incorrect estimates of step durations and impure
product streams. Therefore, use of the short-cut equations from
[116] is recommended, as the entire solute bands are considered.

Trapping multiple dual mode was found in [117] and [80,112] to
outperform classical mode with respect to throughput for specific
applications. A more thorough comparison of trapping multiple
dual mode and classical mode was made with respect to produc-
tivity and for a wide range of separation factors and purity and
yield requirements of B [118]. It was found that trapping multiple
dual mode can extend the use of LLC methods down to separa-
tion factors as low as 1.1, with its use being most advantageous
for separation factors between the target B and the components A
and C around 1.3. At separation factors of 1.5, classical mode re-
sulted in higher productivities with the exception of the highest
purity and yield requirements (>95%). For separation factors above
1.5, the simpler classical mode is preferred.

3.4. Continuous modes

Although batch mode separations are often the norm in indus-
trial settings, continuous processes are preferred in the treatment
of large feed volumes for their higher productivity and lower sol-
vent consumption. As in the multi-column simulated moving bed
(SMB) mode of liquid-solid chromatography, continuous separa-
tions can be achieved with LLC techniques as well. The contin-
uous LLC separations are a further extension of the flow rever-
sal modes described in Section 3.3. The concept for the LLC sep-
aration of a continuous feed stream into two or three (or more)
product streams first appeared in a patent [119]. These binary
and ternary (and higher) continuous separations are described in
Sections 3.4.1 and 3.4.2, respectively.

3.4.1. Continuous binary separations

Continuous binary separation processes can be used to split a
large feed volume into two product streams, foregoing the need
for multiple batch separations. The separation is performed on a
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Continuous binary separation (ICcE/sCPC)

Continuous cyclic process
Simultaneous introduction of feed and mobile phase
Collection of A in Des mode, B in As mode

A+B

Column 1

Column 2
As mode;
UP mobile

Des mode;
LP mobile B

A+B

Fig. 8. Continuous binary separation (ICcEfsCPC), depicted for two-column set-up
with loading between the columns. Kag 4 > Ka, g and Kpes, 4 < Kpes, 5. White shading:
upper phase. Gray shading: lower phase.

LLC set-up consisting of two columns connected in series with feed
introduction between them. Two mobile phase pumps as well as
two feed pumps are generally required. As in multiple dual mode
(Section 3.3.2), multiple cycles each consisting of two steps in dif-
ferent elution modes are performed, one in As mode and the other
in Des mode. The feed mixture is continuously introduced dis-
solved in the mobile phase corresponding to the current elution
mode. Meanwhile, the corresponding pure mobile phase is intro-
duced at the column inlet appropriate for the flow direction. The
net flow rate in the column downstream of the feed introduc-
tion point is therefore the combined flow rates of the pure mo-
bile phase and the feed stream. The target component should pos-
sess the highest or lowest partition coefficient relative to the other

solutes of the feed mixture allowine it to elute fastest from the

solutes of the feed mixture, allowing it to elute fastest from the
column in one of the two elution modes and be collected in pure
form. The As and Des step durations must therefore be selected so
that the elution mode switches are made before the target prod-
uct stream becomes impure. A schematic diagram of the process
is found in Fig. 8 for the simplest case of a binary feed mixture
of components A and B with Kpes, 4 < Kpes, p and Ky, 4 > Kas, . A is
collected in Des mode, and B is collected from the opposite end of
the set-up in As mode.

As is characteristic of such cyclic continuous processes, a cyclic
steady-state (CSS) is eventually reached following an initial start-
up phase. Under CSS conditions, the elution profiles obtained dur-
ing the As and Des steps are identical from one cycle to the next.
Continuous binary LLC separations have been reported for CCC
columns, first mentioned in [112] and referred to as intermittent
countercurrent extraction (ICcE), as well as for CPC columns, first
described in a patent [119] and later referred to in a publication as
sequential centrifugal partition chromatography (sCPC) [90]. How-
ever, only in the sCPC publications were CSS conditions achieved
[20,90,120,121]. Those reports utilizing ICcE columns did not con-
tinuously introduce the feed for the entirety of the separation run
[107,112,115,122-125]. With the exception of possibly [125], CSS
was not reached, rendering these separations to be closer to re-
sembling quasi-continuous multiple dual mode batch processes.
Nonetheless, it was recognized by that prolonged introduction of
the feed would eventually lead to CSS conditions [125].

To maintain operation at CSS conditions for the prolonged pro-
cess durations demanded by continuous separations, the ICcE/sCPC
operating parameters must be selected to ensure process stability,
namely maintenance of a constant phase ratio. The general flow re-
versal mode design guidelines presented in Section 3.3.2 for mul-
tiple dual mode should be followed, i.e., solvent system providing
target partition coefficients close to 1, pre-set phase ratio of 50/50,
and long step durations. Additionally, it is recommended to operate
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at the maximum net flow rate allowing maintenance of the pre-set
phase ratio in order to have a high column efficiency as well as to
allow the use of a higher feed flow rate [116].

For selection of the step durations, tpes and ty,, and the flow
rates of the mobile phase, Fp,s and Fy, and feed, Fpes, peq and
Fas, feea» that satisfy the limits of the maximum allowable net flow
rate in the As and Des elution modes, two short-cut model ap-
proaches have been presented in the literature. In the first [107],
equation Eq. (45) was derived to determine from which end of the
column, i.e., in which elution mode, a given component will elute
according to the sign of its net velocity in the two elution modes.
This equation was previously presented in the discussion of multi-
ple dual mode (Section 3.3.2) but is also applicable to continuous
binary separations. When two components have velocities with op-
posite signs, they will be completely separated and elute from op-
posite ends of the column. A drawback of this approach is that it
requires the As and Des step durations as input values. From a de-
sign perspective, it would be preferable to first fix the flow rates
instead, as they are subject to the physical limitations of the sys-
tem, and then afterward determine the step duration combinations
resulting in a complete binary separation. This was the approach
taken in [126].

The second short-cut model presented in [126] provides a sys-
tematic approach to the selection of the ICcE/sCPC operating pa-
rameters and can be considered analogous to triangle theory used
for the design of continuous binary liquid-solid chromatography
separations with SMB technology. To obtain complete separation
of components A and B, the following process restrictions repre-
sented by Egs. (60)-(63) must be fulfilled:

» At the end of each Des step, B has not eluted from Column
1
" Vi + Kpes. sV (60)
Des < 57—/
e Fpes + F; Des. feed
» At the end of each As step, B is completely eluted from Col-
umn 1

{Des EAS
— < — K| 61
Cas Fhes + FDes.feed pes® ( )

At the end of the As step, A has not eluted from Column 2

by < W+ Kasalh (62)
FAS o+ Eﬂs.fec'd
» At the end of the Des step, A is completely eluted from Col-
umn 2

Ipes FAs + E‘ls.feed
— < ————"Kpesa
rAs FDFS “

For certain parameter combinations (K, V, F), plotting the con-
straining equations Eqs. (60)-(63) in a tas VS. tpes diagram results
in a region of complete separation (see example in Fig. 9). Under
the ideal assumptions applicable for all short-cut models described
in Section 3, all tpes, tas pairs found within this region will re-
sult in two pure product streams and complete recovery of A and
B. The existence of a region of complete separation for a certain
set of flow rates and partition coefﬁcients can be confirmed us-
ing Eq. (64), obtained from Egs. (61) and (63) [126]. The effects
of values of the mobile phase and feed ﬂow rates on the size and
shape of the region of complete separation are demonstrated and
discussed in [121].

(FAS + FAs.feed)(FDes + FDes,Ieed)
FpesFas

(63)

K
< Des B
Kpes.a

(64)

After the existence of a region of complete separation has been
established, a tpes, tas pair is selected. It is recommended that the
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Eq. (62)

Eq. (60)

tpes

Fig. 9. Plot of constraining equations, continuous binary separation (ICcE/sCPC)
short-cut model. Region of tp.s, fxs pairs resulting in complete separation of compo-
nents A and B under ideal conditions.

point be located far from the origin and not too close to the re-
gion borders, accounting for the fact that band broadening effects
shrink the effective area of the region of complete separation un-
der non-ideal conditions and that fluctuations in the operating pa-
rameters, e.g., flow rates, phase ratio, as well as inaccuracies in
measured partition coefficients shift the region borders [121].
Successful implementation of the short-cut model presented in
[126] (Egs. (60)-(63)) has been demonstrated experimentally in
[90,120,121] for binary mixtures of model solutes with separation
factors as low as 1.3 [121]. A further study demonstrated the abil-
ity to use the short-cut model for the fractionation of a mixture of
four model solutes (A, B, C, and D) in three different ways: A and
B,C, D; A Band C, D; and A, B, C and D [116]. Each was viewed as

a pseudo-binary separation, demonstrating the applicability of the
short-cut method for the separation of complex multi-component
mixtures into two product streams at a desired split point. This
same study addressed throughput maximization and presented a
detailed approach for identification of the maximum feed concen-
tration.

A thorough comparison of ICcE/sCPC continuous binary sep-
arations with alternative semi-continuous operating modes, e.g.,
stacked batch injections or multiple dual mode, is currently lack-
ing in the literature, but would be helpful in assisting the user in
which operating mode to select with respect to the properties of
the feed mixture and the amount of feed to be processed. Such
a study would also assist in determining if the investment in the
more complex equipment needed for ICcE/sCPC separations is eco-
nomically sound. Additionally, it has been acknowledged that pre-
set phase ratios other than 50/50 may be used, corresponding to
different stationary phase fractions in the two elution modes, pro-
vided that the flow rates for maintaining this constant phase ratio
are selected in both modes [126]. However, the cases for which this
would provide an advantage for the process have yet to be identi-
fied.

3.4.2. Cascades for multi-component separations

As previously mentioned, target components are often present
in complex multi-component mixtures and possess intermediate
partition coefficient values. For such targets, continuous separa-
tion with a single binary separation step is not possible without
pre-treatment of the feed. For the continuous production of three
product streams, it has been suggested to connect two continuous

Continuous cascade for ternary separation

(1) First unit

Collection of A in Des mode, B and C in As mode
Preparation of As mode product stream for introduction as feed in second stage

A+B+C
Column 1 ﬂ Column 2
As mode; —) —B, C
UP mobile
Des mode;
LP mobile A ¢ AT K—
A+B+C

(2) Second unit

Collection of B in Des mode, C in As mode

B+C
Column 1 ﬂ Column 2
As mode; —) —C
UP mobile
Des mode;
LP mobile B ¢=== cﬂ—_ K—
B+C

Fig. 10. Continuous cascade for ternary separation, depicted for separation of A from B and C in first stage and B from C in second stage. Kas 4> Kas, 5> Kas, ¢ and

Kpes 4 < Kpes, 8 < Kpes, . White shading: upper phase. Gray shading: lower phase.
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Fig. 11. Flow diagram for LLC operating mode selection.

binary ICcE/sCPC separations in series. One product stream from
the first unit is used as the feed for the second, further fraction-
ating it into two more product streams [119]. A schematic diagram
of the process is depicted in Fig. 10. This cascade approach can
be applied to higher separations of k components by using k — 1
continuous binary separation units. Continuous multi-component
separations using LLC technology have yet to be reported in the
literature.

The inclusion of additional binary separation units quickly in-
creases the complexity of the design of the overall process. In
addition to the interdependent operating parameters described in
Section 3.4.1 that must be chosen for each stage of the cascade,
a number of other design challenges must also be addressed. For
example, as one product stream from the first stage becomes the
feed stream for the second separation stage, it would be necessary
to take into account the step durations in both stages to ensure a
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steady flow of feed to the second stage. The use of a buffer tank
between the stages should be considered. Additionally, the product
concentration should be taken into account, as the unavoidable di-
lution of the feed solution by the mobile phase at the point of feed
introduction would become further pronounced during the second
separation stage. This may necessitate the use of a concentration
step before the second separation stage with, e.g,, an organic sol-
vent nanofiltration membrane process. The development of such
separations would be especially interesting for industrial applica-
tions

4. Conclusion
As the result of the presence of a liquid stationary phase,

LLC exhibits very high process flexibility. In addition to several
operating modes with analogous implementations in liquid-solid
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chromatography (Section 3.1 Classical mode and variations), LLC
also possesses a wide variety of additional operating modes unique
to the technology. These are based on the ability to extrude one
phase from the column with the other (Section 3.2 Extrusion
modes) or the possibility of switching the roles of the mobile
and stationary phases during operating (Section 3.3 Flow reversal
modes, Section 3.4 Continuous separation modes).

Simple classical mode separations are best-suited to mixtures
with solutes possessing partition coefficients in the “sweet spot”
range and separation factors greater than 1.5. The classical mode
variations of stacked injections and closed-loop recycling can be
used to increase feed throughput and increase resolution, respec-
tively. Both are most effective for mixtures consisting of a few so-
lutes with similar partition coefficients.

Extrusion modes are useful when working with sample mix-
tures possessing a wide range of partition coefficients. Both elu-
tion extrusion and back extrusion can be used to elute the entire
partition coefficient spectrum from zero to infinity, making them
useful as both a screening method and a means of reducing sep-
aration run duration. Elution extrusion is generally preferable, due
to the absence of the echo peak effect encountered in back extru-
sion and the fact that the column is completely filled with station-
ary phase at the end of the run, ready for the next equilibration
and injection. Extractive back extrusion can alternatively be used
for the separation of highly retained components from large feed
volumes. The target solute partitions nearly exclusively in the sta-
tionary phase, which is then extruded from the column for recov-
ery.

The flow reversal modes create a virtual lengthening of the
column. Single cycle dual mode separations can be used to im-
prove resolution as well as perform sample screening. Similar to
the extrusion modes, the entire partition coefficient spectrum can
be quickly eluted from the column. Compared to single cycle dual
mode, multiple dual mode makes it possible to further improve
resolution and/or treat larger sample volumes. An intermediately-
eluting component can be isolated using trapping multiple dual
mode. Continuous separations based on flow reversal can be ap-
plied for the separation of large volumes of binary feed mixtures.
By connecting two (or more) binary separation units in series,
ternary (or higher) continuous separations also become possible.
Multi-component continuous separations have yet to be explored
in the literature.

The available short-cut models and simple equations for pre-
liminary operating parameter selection have been presented and
critiqued. A flow diagram for LLC operating mode selection sum-
marizing key characteristics and areas of application is found in
Fig. 11. The information contained in this review will hopefully
help serve as a preliminary guide to operating mode and op-
erating parameter selection in LLC. Various gaps in the avail-
able LLC literature have been identified and show that there is a
clear need for thorough operating mode comparison studies per-
formed for a wide range of different separation tasks and oper-
ating parameter ranges. Detailed simulation studies and numeri-
cal optimization methods will likely play a key role in achieving
this.
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Appendix D. Assumptions, boundary and initial conditions, equilibrium stage model

Model assumptions [71]:

e The two columns are identical

e The off-column volume is negligible

e The volumes of the two liquid phases is equal in all stages in both columns (same Sy)

e The phase volumes of the upper and lower phases remain independent of the current
elution mode and constant (no stationary phase loss); the phase roles are
instantaneously reversed when switching from one elution mode to the next

e The partition coefficients are independent of the solute concentration (linear
chromatography assumption)

¢ The theoretical stage numbers are equivalent in the As and Des elution modes
(Nask = Npesx = Ni)

Table D1. Initial and boundary conditions for the equilibrium stage model (batch injection).

Process stage Ascending mode (As) Descending mode (Des)
All Fl =0 FV =0

Before injection

f=0 J Cri =0 Cri =0

During injection FV=F Fl=F

t € [0, tiny] cHin =7 Chin = ¢
During elution FV=F Fl=F

te [tinj: tend] Cllc],in =0 Cllc‘,in =0
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