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Abstract

Centrifugal partition chromatography (CPC) is a versatile technology that is most commonly
applied for the separation of natural compounds and active pharmaceutical ingredients. The
method uses the two liquid phases of a biphasic solvent system as stationary and mobile
phases for a chromatographic separation. Biphasic systems for the separation of medium polar
target compounds are well characterized in literature. For very hydrophilic or hydrophobic
substances the number of reported solvent systems is limited. Thus, the objective of this thesis
is to explore alternative solvent systems for the separation of hydrophilic and hydrophobic
compounds with CPC. The work focuses on biphasic systems containing ionic liquids (ILs)
and deep eutectic solvents (DES). In the first part, aqueous two-phase systems (ATPSs)
containing ILs are applied for protein separation. In the second part, DES-based biphasic
systems are investigated.

ATPSs are applied for protein separation since organic solvents may cause them to denature.
ILs can selectively tune the partition coefficients of certain proteins in ATPSs. At the same
time, the effect of small amounts of ILs on other process properties of the biphasic system,
such as stationary phase retention, is marginal. A mixture of two model proteins, myoglobin
and lysozyme, was separated with CPC using ATPSs. It was shown that the ability of
hydrophilic ILs to modify protein partition coefficients can be employed in CPC separations.

The second part of the thesis concentrates on the application of DES-based biphasic systems
as stationary and mobile phases in CPC. DES can be formed by non-toxic natural compounds
and have gained attention due to their beneficial properties. They can be used to form water-
free biphasic systems for the separation of hydrophobic compounds, which are still sparse in
CPC. Up to now, there is not much guidance on how to select suitable DES-based biphasic
systems. Hence, the application of a computational solvent system screening method applying
the Conductor-like Screening Model for Realistic Solvation (COSMO-RS) was evaluated.
Different modelling approaches were compared and the prediction accuracy was found
sufficient for screening purposes for systems with DES-constituents mainly present in one of
the phases. The procedure was successfully applied to select a DES-based biphasic system for
the separation of tocopherols.

Most literature data on liquid-liquid equilibria (LLE) of systems composed of organic
solvents and DES originate from extraction applications. In liquid-liquid extraction, it is a
prerequisite to retain the DES-constituents in one of the phases. Hence, data was only
available for pseudo-ternary biphasic systems. Quaternary systems with DES-constituents
distributed between both liquid phases could help understand their molecular interactions in
liquid solution. Also, in CPC it is not necessary to keep the DES-constituents in only one of
the phases. Thus, LLE data of three novel quaternary biphasic systems containing n-heptane,
methanol, and DES composed of hydrophobic monocyclic terpenes and a carboxylic acid
were measured. It was found that the ratio of the DES-constituents in the phases is different
from the initially prepared DES. Their distribution is concentration dependent and changes
with the system composition. One of the biphasic systems was tested in CPC: High stationary
phase retention was obtained and pulse injections of model compounds with different
octanol/water-partition coefficients proved that the biphasic system was suitable for the
separation of hydrophobic substances.
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1. Introduction and motivation

Liquid-liquid chromatography (LLC) is a versatile preparative technology that combines
features of liquid-liquid extraction and chromatography [1]. It is a valued technique in natural
product separation, fractionation and purification of plant extracts, and in the discovery of
new active ingredients from natural resources [2]. The term LLC refers to two different
column types that share the same separation principle: countercurrent chromatography (CCC)
and centrifugal partition chromatography (CPC). LLC is used in this work whenever it is
referred to both column types, the terms CPC or CCC are used when only one of the column
types is addressed. In both column types, a biphasic solvent system is applied for the
separation of target compounds. The biphasic system is prepared by the user prior to the
separation by mixing and equilibration of the respective solvents. The two liquid phases are
then split into separate reservoirs, one is used as stationary and the other as mobile phase. The
stationary phase is kept inside a specially designed column by a centrifugal field while the
mobile phase is pumped through [3]. The feed solution is introduced via an injection loop or a
feed pump. The technology has several advantages compared to other chromatography types.
LLC has a high column capacity since the whole volume of the liquid stationary phase is
accessible for solutes compared to classic chromatography where the solutes can only interact
with the surface of the solid stationary phase [3]. No irreversible adsorption of target
compounds can occur. The stationary phase can easily be removed from the column and
replaced with a fresh or different one due to the liquid nature of the stationary phase [4]. LLC
is also non-sensitive to particles in the feed solution making it possible to inject crude plant
extracts. Furthermore, the scale-up of LLC separations is fast and easy. Since the users
prepare the biphasic systems themselves by mixing two to four solvents, the technology is
very versatile and a nearly countless number of different solvent systems is available for use.
However, this advantage comes with a drawback: Solvent system selection can be very time
consuming due to the large number of possible solvent combinations. The solvent system
needs to be chosen and prepared by the user depending on the properties of target compounds
and impurities that have to be separated. It can easily result in a disappointing and long search
when the selection is done by trial and error methods [5].

Solvent systems for the separation of medium polar compounds that are neither very
hydrophobic nor very hydrophilic are well characterized. The most abundantly used solvent
systems for LLC are mixtures of two to three organic solvents and water [2]. For very polar
and non-polar compounds, however, the number of solvent systems suitable for LLC that can
be found in literature is limited. Looking at the properties of the desired natural products or
active ingredients, a disparity becomes obvious: A large number of active ingredients and
natural substances are rather hydrophobic and cannot be separated with the above-mentioned
characterized solvent systems [6, 7]. A similar problem exists for the separation of another
class of target molecules: Biomolecules, such as proteins, are often not chemically stable in
mixtures containing organic solvents and thus, biphasic solvent systems with organic solvents
are not applicable for separations of such molecules [8, 9].

The aim of this thesis is to extend the existing pool of solvent systems for LLC and to explore
potential novel biphasic solvent systems for the separation of hydrophobic compounds and



proteins. The thesis focuses on alternative biphasic solvent systems with so-called designer
solvents, namely ionic liquids (ILs) and deep eutectic solvents (DESs). ILs can be used to
form aqueous two-phase systems (ATPSs), also known as aqueous biphasic systems (ABSs),
when mixed with water and a kosmotropic salt [10]. In particular, ILs have gained a lot of
attention due to their favourable properties, such as their high solvation capacity, their low
vapour pressure and the fact that they are non-flammable and non-explosive. Besides, the
cation and anion combination that forms the IL can be selected specifically for a separation
task. This fact offers the possibility to create tailor-made ILs, and thus tailor-made biphasic
solvent systems when mixed with water, and kosmotropic salts [10-16]. However, ATPSs
formed by ILs and salts also have certain drawbacks. In many cases relatively large amounts
of IL and salt are needed to form the biphasic solvent system: Usually at least 15-20 wt% are
required for hydrophilic ILs and the salts [11, 12, 17, 18]. Since ILs can be quite expensive,
such biphasic solvent systems require high investment and thus are often avoided on industrial
scale. In this thesis, ATPSs with only small amounts of ILs are investigated and their potential
use in LLC is evaluated. The aim is to combine the beneficial properties of ILs while keeping
the costs of the biphasic solvent systems lower than in previously mentioned ATPSs with high
IL-content. Such ATPSs with low IL-content have been applied in liquid-liquid extraction and
have been proposed for a use in LLC in previous work [17, 19]. In this work, they are applied
in LLC for the first time (chapter 3.1, Paper I). Protein partition coefficients and stationary
phase retention inside a CPC column are investigated. Further options to increase the
productivity of the protein separation with CPC are presented.

The second part of the thesis focuses on the use of biphasic systems containing DESs in LLC.
DESs are mixtures of hydrogen bond donors and hydrogen bond acceptors that show a strong
melting point depression compared to the pure constituents when combined in a certain molar
ratio [20]. DESs have similar properties as ILs: They are non-flammable, have low vapour
pressure and show a high solvation capacity for a large number of compounds [21].
Additionally to the properties they share with ILs, they have several other advantages. For
example, relatively inexpensive compounds from natural sources, such as sugars, alcohols and
polyols, or quaternary ammonium salts, can form DESs. DESs formed from such natural
ingredients, so-called natural deep eutectic solvents (NADES), are considered non-toxic, often
referred to as green solvents, and can be produced from food grade bulk chemicals [22, 23].
The main difference between ILs and DESs is that ILs are chemical compounds made up by
cations and anions connected by ionic bonds while DESs are mixtures of two or more
different compounds that may be ionic or neutral. The mixed DES-constituents form a
hydrogen bond network that is considered to be the reason for the melting point
depression [24].

It is possible to select DESs that are liquid at room temperature and to form non-aqueous
biphasic solvent systems by combining them with organic solvents. DES-based biphasic
systems can be used in LLC-separations and they are particularly suitable for the separation of
hydrophobic target compounds [25]. Unfortunately, use of DES-based biphasic systems is not
yet common in LLC. The main reason for this is probably the high number of degrees of
freedom for the selection of DES-based biphasic systems. The ratio between the constituents
can be varied within a certain range in which a liquid mixture is obtained. Furthermore, the
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user has to select two or more organic solvents to combine with the DES. Finally, the
composition of the biphasic system, that means the ratio of the solvents and the DES in the
mixture, has to be selected. The high number of degrees of freedom easily results in a
combinatorial explosion and experimental solvent system search without a rational systematic
approach is highly laborious. As a part of this thesis, it was evaluated whether computational
solvent system screening using a thermodynamic model, namely the Conductor-like
Screening Model for Realistic Solvation (COSMO-RS), can be applied to DES-based biphasic
systems (chapter 3.2, Paper II). For this matter, different modelling strategies for DESs were
compared. In order to evaluate the applicability of the screening approach, activity
coefficients, liquid-liquid equilibria and solute partition coefficients were predicted and
compared to literature data. Other reasons why DES-based biphasic systems are not yet
widely used in LLC are the lack of applications in literature that show the benefits of the
systems and the lack of liquid-liquid equilibrium data of DES-based biphasic systems that are
known to be applicable in LLC. The tested solvent system screening approach has thus been
applied to select DES-based biphasic systems for the separation of poorly water-soluble
tocopherols (chapter 3.3, Paper III). This was on the one hand done to show the potential of
model-based solvent screening for DES-based biphasic systems in LLC and on the other hand
to promote the use of the biphasic systems by showing an example application. Additionally,
the limited liquid-liquid equilibrium data impedes the use of DES-based biphasic systems in
LLC. So far, only biphasic systems designed for liquid-liquid extraction were available in
literature. Therefore, novel DES-based biphasic systems were designed (chapter 3.4,
Paper 1V) and their applicability in LLC was tested (chapter 3.5, Paper V).

Objective and structure of this thesis

The objective of this thesis is to explore alternative biphasic solvent systems for the
separation of either very hydrophilic or hydrophobic target compounds with CPC. The work
focuses on biphasic systems with so-called designer solvents, namely ILs and DESs, to
enlarge the existing established pool of solvent systems.

The thesis is divided into theoretical background (Chapter 2), results (Chapter 3), a general
discussion (Chapter 4) and conclusions and outlook (Chapter 5 and 6). In Chapter 2 general
relevant theory and methods are summarized. Additional subject specific literature, state of
the art, and detailed method descriptions are covered in each paper.

Sections 3.1 to 3.5 contain a short summary for each paper and the published manuscripts.
The connections between the published manuscripts are highlighted. Chapter 4 contains a
general discussion of the results of Papers I-V. In Chapter 5, a conclusion is drawn and
Chapter 6 contains an outlook for future work.

11
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2. Theoretical background

This chapter contains the principle of operation of liquid-liquid chromatography and describes
biphasic solvent systems that can be used as stationary and mobile phases, with focus on
biphasic systems that contain DESs or ILs. Further, the basic thermodynamic principles are
explained and a short introduction to the thermodynamic model used in this work is given.

2.1. Liquid-liquid chromatography

Liquid-liquid chromatography is a separation technology which uses the two liquid phases of
a biphasic solvent system as stationary and mobile phases for a chromatographic separation
[1, 26]. The column has a special geometrical design and a centrifugal field is applied to keep
one of the liquid phases stationary. The peripheral setup is usually the same as in other
chromatography methods and samples are introduced via an injection loop or a feed pump.
The biphasic system is prepared by the user by mixing the appropriate amounts of the
solvents. The two phases are equilibrated before use. Next, the phases are split and one of
them is used as stationary and the other one as mobile phase for the separation. At the
beginning, the column is completely filled with the stationary phase and rotation is started.
After full rotational speed is reached, the mobile phase is pumped through the column with
the desired volumetric flow rate. The mobile phase replaces parts of the stationary phase
inside that column until hydrodynamic equilibrium is reached. After that point the ratio of
mobile to stationary phase inside the column is supposed to stay constant and the feed mixture
may be injected. The underlying separation principle is the different distribution of solutes
between the liquid mobile and stationary phases. The retention volume or elution volume of
compound i is determined by the volume of stationary (Vsp) and mobile phase (Vyp) inside
the column and the partition coefficient P;, as described in Equation 1 [3, 5].

VR,i = VMP + PiVSP (Equation 1)

The partition coefficient of a target compound i can be determined in shake flask experiments
(Equation 2) or can be calculated from the chromatogram (Equation 3).

c;t
P; = P (Equation 2)
i
p — Vri — Vup )
i —Vsp (Equation 3)

To determine partition coefficients in shake flask experiments, a small amount of solute,
approximately 1-5 mmol I}, is dissolved in the biphasic solvent system (with equal volume of
upper and lower phase) and the concentration of the solute in each phase is measured. For
such low solute concentrations, it is expected that the partition coefficient is constant and
independent of concentration. In LLC, each of the two phases of a biphasic system, upper or
lower phase, may be used as stationary phase. In case the upper phase is used as stationary
phase and the lower phase as mobile phase the operation mode is called descending mode
(dsc). In ascending mode (asc) the lower phase is used as stationary phase and the upper phase
as mobile phase. The user may decide which of the phases is used as stationary phase.
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According to the definition of P; introduced in Equation 3, two different solute partition
coefficient values are obtained for the same biphasic system in the two operation modes. The
inverse relationship between the partition coefficients from descending mode and ascending

mode is described in Equation 4.

pasc = ( Pidsc)_l (Equation 4)

The best operating range for partition coefficients is within 0.4 to 2.5. This range is called the
sweet spot in analogy to a baseball bat, as illustrated in Figure 1. For larger partition
coefficients the productivity of the separation process decreases, since runtime and eluent
consumption become higher. For smaller partition coefficients, usually the resolution is not
sufficient. In order to evaluate whether two compounds can be separated, the separation factor
@;; can be used.
_ i (Equation 5)
aj; = P,

The minimum aj; with which baseline separated peaks can be achieved depends on the axial
dispersion and mass transfer in the column and, is thus connected to the number of theoretical

stages of the column (see Equation 7).
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Figure 1: Schematic illustration of the sweet spot; partition coefficients below the chromatogram
correspond to the plotted elution volume. Partition coefficients values between 0.4 and 2.5 result in the
best separation performance for countercurrent and centrifugal partition chromatography[27]

Other than by the partition coefficient, the separation is also strongly influenced by the
stationary phase retention S¢. Sy refers to the volume fraction of the total column volume V;
that is occupied by the stationary phase. There are two ways to determine Sy: It can either be

derived from eluted phase volumes or via injection of a tracer. The first method employs the
following procedure: First, the column is completely filled with stationary phase and the
column rotation is started. Then, mobile phase is pumped through the column with the
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selected flow rate. A part of the stationary phase inside the column is replaced by mobile
phase and collected at the outlet of the column. When hydrodynamic equilibrium is reached,
no more stationary phase elutes from the column. The volume of the eluted stationary phase is
determined and the system dead volume, i.e. the volume of the tubing before and after the
column, is subtracted. The resulting volume corresponds to the volume of the mobile phase in
the column. After the separation, the remaining stationary phase is pushed out of the column
and its volume is determined. Sy can then be calculated according to Equation 6.

Vsp Ve —Vup
Ve Ve

A tracer is a substance that is not retained by the stationary phase and passes the column with
the mobile phase. The partition coefficient of a tracer is zero. S¢ can also be determined from

Sy = (Equation 6)

a tracer injection: The retention volume of the tracer is determined from the chromatogram.
According to Equation 1, if Py.4.0r 1S equal to zero, the retention volume is equal to the
volume of the mobile phase inside the column. Sf can then be calculated with the mobile
phase volume and the column volume using Equation 6.

Stationary phase retention depends on the mobile phase flow rate, the physical properties of
the biphasic system, the rotational speed and the column geometry. There are two basic ways
to construct the column in liquid-liquid chromatography: hydrodynamic and hydrostatic
columns. The hydrodynamic column is also called countercurrent chromatography (CCC)
while the hydrostatic column is referred to as centrifugal partition chromatography (CPC).

Most hydrodynamic devices were developed by Prof. Ito [3] and have two axes of rotation.
They are composed of tubing wound around a cylindrical drum that is mounted in a planetary
gear [1]. Along the column tubing, there are alternating settling and mixing zones due to
changes in the direction of the centrifugal field in the planetary motion, as illustrated in
Figure 2. An advantage of this column type is the fact that the two phases are in contact with
each other within the whole column volume. This enables mass transfer between the
stationary and mobile phases along the whole column. Due to the simple geometry of the
tubing, reasonable stationary phase retention can only be achieved with low flow rates,
usually in the range of a few millilitres per minute for laboratory scale devices. The largest
reported CCC column has a column volume of 18 1 and was operated with up to 850 ml min™!
with a stationary phase retention of 66% prior to injection. It has to be mentioned though, that
stationary phase loss occurred during separation and Sy decreased to 31% at the end of the
separation [28]. Different column designs based on Ito’s original hydrodynamic CCC have
been developed to improve stationary phase retention. Among these further developed devices
are toroidal coils [29], conical colums [30], and spiral CCC [31, 32], or tubing
modifications [33, 34].
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Figure 2: Formation of mixing and settling zones along a hydrodynamic CCC column [35].

Hydrostatic columns, within this work referred to as CPC columns, have a single axis of
rotation that can either be mounted vertically or horizontally. They consist of a number of
disks with connected cells that are alternatingly stacked with annular plates as shown in
Figure 3. The annular plates are usually made from Teflon and act as a seal between the
annular disks. The plates have an inlet and outlet opening that connects the last cell of a
previous disk with the first cell of the following disk in the stack. The geometry of the cells in
CPC columns has been subject to optimization and several designs have been introduced to
the market, such as Z-cells [36] or twin cells with different cell volume [37]. Three examples
of different cell geometries can be seen in Figure 4. In hydrostatic CPC columns higher
mobile phase flow rates can be used compared to the hydrodynamic CCC columns at
reasonable stationary phase retention. The mobile and stationary phases are only in contact
with each other in the cells, the connecting ducts between the cells are exclusively filled with
mobile phase. This means, mass transfer between the stationary and mobile phases is possible
in the cells, but not in the connecting ducts. In this work, a hydrostatic CPC column was used
to perform the separations shown in Papers I, III, and V in Chapter 3.
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a) "' Mobile phase inlet/outlet

%%?/ Rotary seal

Anmnular disk «_= —» Annular plate
Centrifgal Centrifugal
field field
| ]
Tubing \LHJ
'l' Mobile phase outlet/inlet

b) Inlet/Outlet C) Inlet/Outlet

Figure 3: (a) Hydrostatic CPC column; (b) annular plate; (c¢) annular disk with cells and connecting
channels [36]

a) . b) % o M

Figure 4: Different designs of cells and channels on annular disks of CPC: (a) Z-cell from Kromaton
[36], (b) twin cell of an SCPC250 from Gilson with a twin cell volume of 0.101 ml [37], (c) twin cell
geometry of an SCPC 250 BIO with larger cell volume of 0.961 ml from Gilson [37]

Both LLC column designs combine the advantages of liquid-liquid extraction and
chromatography. The technology is located between the two unit operations in terms of
theoretical separation stages N; (Equation 7).

tri\2 ,

N; = (ﬂ) (Equation 7)
0i

The retention time tp; and the variance o of the peak can be determined from the

chromatogram. Usually, the number of theoretical stages of CCC and CPC columns is in the
range of a few hundreds to a few thousands.
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The liquid nature of the stationary phase enables several unique operational modes that are
not possible with solid stationary phases. Elution extrusion, for example, combines a
chromatographic elution with a subsequent extrusion step where additional stationary phase is
pumped to elute compounds remaining in the column [38]. A similar approach is back
extrusion where the stationary phase is also eluted after a regular separation, but in contrast to
elution extrusion the mobile phase is used to push the stationary phase out of the column.
Both methods are suited to elute highly retained solutes. One of the main differences is that in
elution extrusion the direction of the flow is maintained while in back extrusion the flow
direction is changed [39].

When assigned with a separation task, the LLC user needs to select a stationary and mobile
phase that gives partition coefficients preferably in the sweet spot, high enough separation
factors and sufficiently high stationary phase retention [40, 41]. The mobile and stationary
phase cannot be chosen independently, since they are in equilibrium and a change in
composition of one of the phases will also change the other liquid phase. Hence, the user
needs to select a biphasic solvent system.

2.2. Biphasic solvent systems for liquid-liquid chromatography

Biphasic solvent systems that are used as stationary and mobile phases for CCC and CPC
separations are usually composed of three or more solvents. The requirements to the solvent
system differ quite a lot from liquid-liquid extraction looking at the solute partition coefficient
values. In liquid-liquid extraction, target compounds have either very large or very small
partition coefficients, while in CCC and CPC moderate partition coefficients between 0.4 and
2.5 within the sweet spot are favourable. It depends on the molecular structure of the
substances in a mixture that needs to be separated what kind of biphasic solvent system can
be used.

Usually, the selection of the biphasic solvent system is the most time consuming task in the
design of a LLC separation. Selection of an appropriate solvent system can require a lot of
time and effort if it is done with experimental trial and error methods. In most cases the
solvent system selection is done by researching literature for structurally similar target
compounds and selecting the same or similar solvent systems. If this does not lead to an
appropriate biphasic solvent system, solvent system families are consulted most of the times.
The term “solvent system family” refers to a group of solvent systems composed of the same
constituents with different mixing ratios. These systems are organized according to their
polarity. The most commonly used solvent system families in LLC are the Arizona system
family composed of n-heptane, ethyl acetate, methanol and water and the HEMWat family
containing n-hexane, ethyl acetate, methanol, and water.

For the separation of a range of target compounds with medium polarity, biphasic systems
composed of water and organic solvents are commonly used. In fact, HEMWat and Arizona
systems are the overall most abundantly used biphasic systems in CCC and CPC. HEMWat
systems make up more than one third (35 %) and Arizona systems account for 16 % of all
biphasic systems used in literature [2].

18



Even though they cover a certain polarity range, these solvent system families are not
applicable for very hydrophobic molecules, i.e. molecules with large octanol/water partition
coefficients (log P°Y), or very hydrophilic molecules, i.e. molecules with very small
octanol/water partition coefficients. For the separation of hydrophobic molecules, water-free
biphasic solvent systems are applied. Examples for such non-aqueous solvent systems are
n-hexane/chloroform/acetonitrile, n-hexane/ethyl acetate/acetonitrile, n-hexane/aceto-
nitrile/ethanol, and n-hexane/benzotrifluoride/acetonitrile [2, 42]. The number of reported
non-aqueous solvent systems is limited and they make up only 3 % of the solvent systems
used in literature [2]. Recently, non-aqueous biphasic solvent systems composed of organic
solvents and DESs have been introduced as potential candidates for the separation of
hydrophobic species in CCC and CPC [25]. For the separation of very hydrophilic molecules,
either biphasic systems composed of polar organic solvents and water, such as n-
butanol/methanol/water, or solvent systems completely without organic solvents, namely
ATPSs are used [43, 44]. Small molecules are mostly stable in organic solvents.
Biomacromolecules, such as proteins, may undergo denaturation and contact with organic
solvents has to be avoided. A scheme of possible classification and solvent system selection
according to octanol/water partition coefficients of the target compounds is shown in
Figure 5. Solvent systems for medium polar target compounds make up the majority of the
reported biphasic systems for CCC and CPC. However, many active ingredients are
hydrophobic compounds and they cannot be separated with such systems. And on the side of
hydrophilic molecules, separation of native therapeutic proteins is still a challenging task and
growing field. There is a need to expand the number of potential biphasic systems for the
separation of very hydrophobic and hydrophilic compounds.

Solutes to be separated

v

Classification by log POV

v * v

Hydrophilic substances Medium polarity substances Hydrophobic substances

- Polar organic - Organic/water-based - Water-free organic
solvent/water-based biphasic systems solvent-based biphasic
biphasic systems systems

- Aqueous two-phase - Examples: - DES/organic solvent-
systems HEMWat (n-hexane/ethyl based biphasic systems

acetate/ methanol/water),

- Examples: Arizona - Examples:
n-butanol/methanol/water, (n-heptane/ethyl n-hexane/methanol/
PEG1000/K,HPO,/water acetate/methanol/water) acetonitrile

Figure 5: Selection of a solvent system class according to target compound octanol-water partition
coefficients
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2.2.1. Aqueous two-phase systems

ATPSs are created when phase forming compounds are mixed with water, for example a
combination of polymers and salts, two or more different kinds of polymers, ILs and salts,
and even DESs and salts [8-10, 45]. In an ATPS, both liquid phases are mainly composed of
water. They are especially suitable for the separation of biomolecules due to the absence of
organic solvents that may cause proteins to denature.

ILs are salts with melting points below 373 K and are exclusively composed of ions [46].
They can be tailored for different applications by variation of their cation and anion-
combination [47]. ILs have gained attention due to their properties, including excellent
solvation capacity, non-flammability, and low vapour pressure [48]. Still, their high price
impedes large scale industrial application [23].

ATPSs are formed due to the salting out effect of the phase forming compounds. The salting
out capacity of ions is ranked in the Hofmeister series for anions and cations and, for example
derived for ATPSs with ILs and salts, follows the order [16]:

PO+ > CsHs073 > HPO42 = CO3% > SO4% = SO3% > C4H406% >> H,PO4 > OH > CH3COO"
~HSO4 = HCO3 > CI-

Mg?" = Ni**= Sr?" > Ca?" >>Na' > K" > Cs*

The series above are exemplary lists. Other studies have derived series with varying cations
and anions for different purposes [11, 12, 49-51]. The ions on the left sides of the two series
cause a stronger salting out effect and are referred to as kosmotropes. The ions on the other
side of the series are causing salting-in and are called chaotropes.

The preparation of an ATPS is illustrated in Figure 6 for an example system containing water,
polyethylene glycol 1000 (PEG 1000), and dipotassium hydrogen phosphate (Ko HPO4). When
sufficient amounts of PEG 1000 and K>;HPOy are dissolved in water and the mixture forms
two phases. When solutes that are added to the biphasic system they are distributed according
to their affinity to the phases [47].

PEG 1000 Solute A

K,HPO, Solute B

\_/l

—— PEG 1000-rich

top phase
H,0

K,HPO,-rich
bottom phase

O

Figure 6: Schematic illustration of the distribution of phase forming compounds in an ATPS.
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2.2.2. Deep eutectic solvent-based biphasic systems

DESs are a new class of designer solvents. They are composed of hydrogen bond donors
(HBD) and hydrogen bond acceptors (HBA) and when combined in certain molar ratio, the
mixture shows a substantial melting point depression compared to the pure compounds [20,
24]. In Figure 7, a schematic diagram of a solid-liquid phase equilibrium of a binary mixture
is presented.

L: liquid S: solid

Tm.l

< L

-]

1=

=

~—

]

5 \

=9 L+S

g Tm_.2
— L+S

S
Xeutectic

Mole fractionx, /-

Figure 7: Schematic solid-liquid equilibrium phase diagram for a binary simple eutectic.

DESs can be prepared from non-toxic species, or often food-grade bulk chemicals, such as
sugars, carboxylic acids, organic salts, and alcohols [22, 52-54]. Natural deep eutectic
solvents (NADES) are a subclass of DESs and prepared from natural compounds. An
exemplary list of molecules that have been used as HBA and HBD to form DESs and
NADES:s is presented in Figure 8. DESs and NADESs share many favourable properties with
ILs while they can be produced at a lower price. They are considered non-flammable, have
low vapour pressure, and show high solvation capacity for a large variety of target
compounds. Their physical properties can be adjusted by choosing suitable HBD and HBA
combinations. DESs are also easy to prepare: HBA and HBD are mixed in the appropriate
molar ratio and energy is introduced to the system in forms of heating or grinding [55] to
speed up phase transition. Table 1 lists a few examples of HBA and HBD combinations with
respective molar ratio and melting temperature of the mixture. Due to their versatility, DESs
have been used for many applications, for example as reaction medium [56], in solid phase
extraction [57-59], biodiesel production [60-63] or in chromatography [64, 65]. DESs can also
be applied to form liquid biphasic systems which can be exploited in separation technologies,
such as liquid-liquid extraction [66-71]. These systems are usually selected in such a way that
DES constituents are solely located in one of the phases. It was also shown that DES-based
biphasic systems are suitable to be used as stationary and mobile phases in centrifugal
partition chromatography, especially for the separation of hydrophobic target
compounds [25].
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Table 1: Examples of HBA and HBD combinations with molar ratio and melting temperatures

HBA and HBD molar ratio  melting temperature /°C reference
choline chloride — urea 1:2 12 [24]
choline chloride — glycerol 1:2 -40 [72]
choline chloride — malonic acid 1:1 10 [20]
choline chloride — oxalic acid 1:1 34 [20]
choline chloride — phenylacetic acid 1:2 25 [20]
choline chloride — tartaric acid 1:2 47 [56]
choline chloride - glucose 1:2 14 [56]
L-proline — oxalic acid 1:1 -14.5 [56]
L-menthol — levulinic acid 1:1 0.2 [73]
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2.3. Thermodynamics

In this chapter, the thermodynamic principles and equations used in this work are
summarized. Detailed descriptions and derivations of the Equations 8 to 26 can be found
in [74].

2.3.1. Thermodynamic equilibrium

According to Gibbs, there are three equilibrium conditions for a heterogeneous closed system
that is made up of two or more phases ¢. The conditions for thermal, mechanical and
chemical equilibrium are given in Equations 8 to 10, respectively [74].

T'=T?=..=T¢ (Equation 8)
pl = pz = e = p¢) (Equation 9)
1 _ ,,2 P

(Equation 10)

W = [y = - = Uy
Temperature T, pressure p and chemical potential u of m chemical species have to be uniform
throughout the system in order to fulfil equilibrium conditions.

The chemical potential is the partial molar Gibbs’ energy G (Equation 11)

G .
Ui = (a_”i)r,p,nj with n; # n; (Equation 11)

where n; is the amount of substance of compound i.

Applying the concept of fugacity (f;), which was introduced by Lewis, the chemical potential
can be expressed via Equation 12

fi :
Wi = ,ugidealgas(T, pt) + RTlnp—fIr (Equation 12)

where f° and pu) are the reference state fugacity and chemical potential, respectively. In
Equation 12 the pure ideal gas at system temperature and a pressure p* of 1 atm is selected as
the reference state.

Introducing the fugacity, Equation 10 can be substituted with the so-called iso-fugacity
criterion (Equation 13). The iso-fugacity criterion follows from the equality of chemical
potentials, if the reference state is the same in all phases.

fl=ft=-= fi"’ with i=1..m (Equation 13)

2.3.2. Liquid-liquid equilibrium

The liquid-liquid equilibrium between two phases can be described with Equation 14 which is
derived from the iso-fugacity criterion (Equation 13)

x{yif = xl-ﬁyiﬁfio with i=1..m (Equation 14)
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where x; is the mole fraction and y; the activity coefficient of a compound i in the
respective phase.

Since the reference state fugacity is a pure compound property and the same in both phases,
the relation simplifies to Equation 15.

x(yi = xiﬁ}/l-ﬁ with i=1..m (Equation 15)

The distribution of a compound between the two phases can be described by the partition
coefficient. The partition coefficient of compound i between two phases £ and « that is

calculated using mole fractions (Equation 16) is denoted with Kix'aﬂ .
a B
x,aff _ X _ Vi .
K" = - yL“ (Equation 16)
i i

For low solute concentrations, x; = 0, the partition coefficient can be considered a constant
which is independent of solute concentration. In practical applications, such as CPC and CCC,
it is more common to calculate the partition coefficient based on solute concentration c¢; than
on mole fraction (Equation 17).

Paﬁ i

i c_ﬁ (Equation 17)
i

It 1s a frequently used assumption to use the concentration-based solute partition coefficient
pP

" in the linear range of the partition equilibrium for the selection of biphasic systems and
design of CCC and CPC processes. This simplification is reasonable since low solute
concentrations are normally used to design a separation process and the injection

concentration is increased in a later step.

The mole fraction-based partition coefficient and concentration-based partition coefficient can
be converted into each other with the molar volumes of the phases v® and vF using
Equation 18.
vB .
paB — 2 gxab (Equation 18)
4 .V(x 4
The molar volumes of the phase v¥ can be calculated with the composition of the phases, the

0

P, and the excess volume of mixing vE, as shown in

molar volume of the pure solvents v
Equation 19.

ve = z x;v) + vE (Equation 19)

For screening purposes, the molar volume is often approximated with the ideal volume of
mixing and vE is neglected.
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2.3.3. Solid-liquid equilibrium

Similar to the liquid-liquid equilibrium, the solid-liquid equilibrium can be described starting
from the iso-fugacity criterion.

5 =ft with i=1..m (Equation 20)

This relation can also be expressed via mole fractions, activity coefficients, and standard
fugacities for solid and liquid phase (Equation 21).

v = xfyi i (Equation 21)
In order to calculate the solubility of a solid in the liquid phase or vice versa with
Equation 21, information about the non-ideality in the considered system, i.e. activity
coefficients in solid and liquid phase, as well as the ratio of standard fugacities are necessary.

For a simple eutectic, when the solid phase is always a pure solid, the equation can be
simplified, as shown in Equation 22.

2 = xpyi i (Equation 22)
The ratio of standard fugacities can be obtained from the Gibbs’ energy of the solid-liquid
phase transition Agg; .

f‘OL
Ags, = RT In f‘—os (Equation 23)

l
The Gibbs’ energy of the solid-liquid phase transition can also be expressed through
Equation 24, as it is related to the change in enthalpy Ahg; and entropy Asg; of the phase
transition process.

AgSL = Ah’SL - TASSL (Equation 24)
The solid-liquid phase transition can be divided into three steps: heating from the system

temperature to the triple point temperature, melting of the solid at triple point temperature Ty,
and cooling to the subcooled liquid at system temperature.

That means the change in enthalpy Ahg; in Equation 24 contains an enthalpy contribution due
to the heating from system temperature to T, and cooling back to system temperature, and a
change in enthalpy due to melting, the enthalpy of fusion A, ¢h at the triple point
temperature. The change in entropy can be estimated in a similar way via entropy of fusion
and a heat capacity (c,) dependent term for the temperature change from 7' to 7% In Equation
25 the aforementioned expressions are introduced to Equation 24 and the entropy of fusion is
replaced by Ag,sh divided by the triple point temperature 7y Ac, is the difference between
the heat capacity of the liquid and the solid phase.

oL _ Apysh (& 3 1) _Acgy (Ttr 1) N %ln Ty

ni_ = L. o Equation 25
NS T TRr \T R \T R T (Equation 25)

Equation 25 is commonly applied in a simplified form: Instead of the triple point properties,
melting properties are used. Triple point properties are usually not available, and thus the
melting temperature Ty, and Ay ch at melting temperature are used instead of the triple point
temperature values. Further, the two heat capacity dependent terms are neglected as they tend
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to have similar values and nearly cancel each other out, especially close to the triple point
temperature. A detailed derivation can be found in [74, 75].

Solubility depends on the melting properties of the pure compounds, T, and As,sh, and the
activity coefficient. Measurement or estimation of melting properties can be laborious and
come with high uncertainty. For solvent system screening it is often enough to get a
qualitative estimation of solubility to choose a suitable solvent from a selection. The solvent
capacity C;° is a useful qualitative estimation and can be calculated from limiting activity
coefficients with Equation 26.
1
Vi
High solvent capacity is obtained for limiting activity coefficients smaller than unity, meaning
the attractive interactions of solute and solvent molecules are stronger than in an ideal
solution. Solvent capacity is a tool to estimate the relative solubility of a solute in different
solvents. It has successfully been applied in solvent system screening for LLC [40]. This
approach can on the one hand be used to obtain a relative estimation of the solubility of target

compounds, on the other hand limiting activity coefficients can also be used to estimate the
relative solubility of a solvent in another liquid solvent.

cx

2

(Equation 26)

2.4. Solvent screening using a predictive thermodynamic model

The number of possible solvent combinations that can form a biphasic system is nearly
limitless. Trial and error methods are very time consuming and require high experimental
effort. Models can help to reduce this workload by narrowing down the number of solvent
systems to consider. There is a large number of different models to choose from.
Thermodynamic models for the prediction of phase equilibria can be divided into two
subclasses: equation of state (EoS) or excess Gibb’s energy model (gF-model). The first group
includes cubic EoS, such as Peng-Robinson or Redlich-Kwong Equation, or statistical EoS,
such as variations of the Statistical Associating Fluid Theory (SAFT) equations. Examples for
gt-models are Non-Random Two-Liquid (NRTL) Theory, Wilson Equation, or Universal
Quasichemical (UNIQUAC) Equation. For many applications, it is of a particular advantage
to have a predictive model. This also applies for CCC and CPC where in many cases there are
no pure substances available for experimental determination of parameters. Predictive
gf-Models include Universal Quasichemical Functional-group Activity Coefficients
(UNIFAC) equation and the Conductor-like Screening Model for Realistic Solvation
(COSMO-RS, formerly also Conductor-like Screening Model for Real Solvents).

The necessary tasks for the selection of a DES-based biphasic system for CPC separations are
illustrated in Figure 9. First, possible HBA-HBD combinations have to be chosen. In the
second step, the stoichiometric ratio has to be selected for each HBA-HBD combination. It
has to be noted, that this ratio needs to yield a liquid mixture at ambient temperature, but it
does not necessarily need to be the eutectic composition. At the moment, the first two steps
are done based on literature review. Further, a pool of organic solvents is needed that is
selected according to process or safety requirements. Next, possible combinations of DES and
organic solvents need to be chosen (step 4 in Figure 9). This can be done via limiting activity
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coefficient screening. In addition to the solvent combination - usually three to four different
species are combined - the stoichiometric composition of the biphasic system has to be
selected in step 5. For this purpose, the liquid-liquid equilibrium is calculated for each
previously selected combination of DES and organic solvents. In the last step, solute partition
coefficients of target compounds and impurities are calculated for different compositions of
the biphasic system. The biphasic system and its composition are selected according to the
partition coefficient values, which are desired to be in the sweet spot. In this work,
COSMO-RS was selected for the calculation of thermodynamic properties based on previous
work in the field of CPC and CCC [40, 41, 76]. It was used to calculated limiting activity
coefficients for the selection of combinations of organic solvents in step 4, illustrated in
Figure 9, for the prediction of LLE in step 5 and the calculation of solute partition coefficients
in step 6.

Combinations of

1 HBA:HBD
Literature review
v
Stoichiometric ratio Organic solvents
2 of HBA:HBD 3
Limiting activity
coefficient screening
v v
Combinations of DES and organic solvents that
4 form a biphasic system

Calculation of liquid-

liquid equilibrium v

Phase equilibrium data for systems with DES
5 and organic solvents

Solute partition
coefficient screening

A4

Composition of the biphasic system for CPC
6 separation

Figure 9: Necessary steps for the selection of a DES-based biphasic system for CPC separations.
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2.4.1. Conductor-like screening model (COSMO) and conductor-like screening model
for realistic solvation (COSMO-RS)

The conductor-like screening model (COSMO) is a continuum solvation model developed by
Klamt [77]. It combines quantum chemistry and statistical thermodynamics in order to predict
thermodynamic properties of pure compounds and mixtures solely based on molecular
structure. The model requires sets of molecular conformations for the considered chemical
species and the following calculations are performed for each structure of the set: A cavity is
constructed around the molecule that is surrounded by a continuum with dielectric constant €
corresponding to an ideal conductor. DFT calculations are performed for each molecule in
order to obtain the screening charge density. The screening charge density is divided into
discrete surface segments. The surface segments are defined by their area, screening charge,
spatial coordinates and screening charge density. This information is stored in a database.
Thus, the described calculations have to be performed only once for each chemical
compound [78].

COSMO was expanded to the conductor-like screening model for realistic solvation
(COSMO-RS) by Klamt in order to account for intermolecular interactions in mixtures. This
is achieved by breaking down the interactions of an ensemble of molecules in a mixture to an
ensemble of pair-wise interacting surface segments. The information of the ensemble of
surface segments of a molecule is stored in the sigma profile p;(o), a histogram of the
segment surface polarization charge density 6. Examples for n-hexane and water are shown in
Figure 10.

The ps(o) of a mixture can be calculated from the p;(o) of each molecule, the respective
mole fraction x; and the molecular surface area A; of each molecule [79].

Yix;pi(0) .
(o) =—F——"— (Equation 27)
Ps Xixi A

The chemical potential u& of a solute X in a solvent S is calculated by integration of the o-
potential ug(o) over the surface of the solute. A detailed derivation of pg(o) can be found in
[79]. The number of surface contacts of the molecules in the mixture is denoted with k, T is
the temperature of the system, and y.omp s the combinatorial term of the activity coefficient.

s = j dopx()ps(o) + kTIn(x + Veomp.s) (Equation 28)

Liquid-liquid equilibria, capacity and solute partition coefficients are derived from activity
coefficients. They can be obtained from the chemical potential using Equation 29

pd —u?
Vi =exp|—pr—

where u¥ is the calculated chemical potential, u) is the chemical potential of the COSMO

(Equation 29)

standard state, and R is the universal gas constant.

The term COSMO-RS refers to the model theory and COSMOtherm denotes the
implementation of the model into the commercially available software from Cosmologic
GmbH & Co. KG.
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Figure 10: Sigma profiles of n-hexane and water taken from COSMOtherm software, Cosmologic
GmbH & Co. KG.

2.4.2. Representation of DESs in COSMO-RS

There are different ways to treat ionic molecules in COSMO-RS [80]. An ionic species can be
described as a non-dissociated molecule and COSMO calculations are performed for the ion
pair as one molecule. The cation and anion can also be treated as an electroneutral mixture of
fully dissociated ions. The third option is to treat the ions as individual species in the quantum
chemical calculations, but the information is then combined in a so-called metafile. Since
many DESs contain ionic species, the approaches were adapted as illustrated in Figure 11,
where v is the stoichiometric factor of different constituents, namely cation (c), anion (a),
HBA, and HBD.

a) Ion pair b)  Electroneutral mixture ¢)  Metafile approach

©-@ ® @ @@
VHBA * VHBD : = 1:/ VHBD VHBA * VHBD

Figure 11: Different molecular representations of DESs in COSMO-RS: (a) ion pair approach, (b)
representation as electroneutral mixture, and (c) metafile approach.

When ions or mixtures with ions are considered in COSMO-RS, the results have to be
rescaled to the experimental definitions according to Equation 30.

xlexpylexp _ xcalcylcalc (Equation 30)

xf¢ and y£*¢ are the mole fraction and activity coefficient calculated with COSMO-RS, and

f *P and )/l *Pare the mole fraction and activity coefficient obtained from experiment.
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Details about the molecular representation of DESs in COSMO-RS and scaling from
COSMO-RS calculated values to experimental framework can be found in the manuscript
“Assessing solute partitioning in deep eutectic solvent-based biphasic systems using the
predictive thermodynamic model COSMO-RS” (Paper II) in section 3.6.2.
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3. Results

3.1. Paper 1

Ionic liquids as modifying agents for protein separation in
centrifugal partition chromatography

Citation

F. Bezold, S. Roehrer, M. Minceva, lonic Liquids as Modifying Agents for Protein Separation
in Centrifugal Partition Chromatography, Chemical Engineering & Technology, 42 (2019)
474-482.

https://doi.org/10.1002/ceat.201800369

Summary

Previous work has shown that ATPSs with ILs as phase forming compounds, with
concentrations around 20 wt% of IL, were not suitable for CCC and CPC since protein
partition coefficients are too high [17]. In this manuscript, ATPSs composed of polyethylene
glycol 1000, phosphate salts, water, and small amounts of IL, were studied. The aim of this
work was to utilize the capability of ILs to tune protein partition coefficients and make use of
this phenomenon in CPC separations. Partition coefficients of two model proteins, myoglobin
and lysozyme, were determined in shake flask experiments and the effect of small amounts of
1-ethyl-3-methylimidazolium chloride ([EMIM]CI) or 1-butyl-3-methylimidazolium chloride
([BMIM]CI) was investigated. The ILs and proteins were selected based on previous work,
where myoglobin, lysozyme and BSA were used. BSA was omitted in the present study since
preliminary CPC experiments showed that BSA lowers the interfacial tension of the biphasic
system and causes complete stationary phase loss after injection. In the shake flask
experiments conducted in this work, it was shown that myoglobin distribution was not altered
while the partition coefficient of lysozyme decreased when IL was added and was shifted to
the sweet spot. Stationary phase retention of the ATPS without and with additional IL was
then determined and it was found that the effect of amounts up to 1.5 wt% of [EMIM]CI on
stationary phase retention was negligible. The decreasing effect of the IL on the partition
coefficient of lysozyme was confirmed in CPC separation experiments. The biphasic system
was stable enough to increase the injection volume to 50 ml, 20 % of the total column
volume. Process simulations were then performed in order to evaluate further increase of the
injection volume and the results indicated that this may be possible. The findings of this work
may also impact other research areas and may be used in different applications, such as the
separation of glucosides, nanotubes, monoclonal antibodies, peptides, DNA or virus-like
particles.

The work was part of a project funded by the German Research Foundation (Deutsche
Forschungsgemeinschaft, DFG-ProjektM11340/3-1). The authors thank the German Research
Foundation for providing the financial support for this work.
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Aqueous two-phase systems (ATPSs) can be applied in centrifugal partition chro-
matography (CPC) to separate biomolecules. Two ionic liquids (ILs) served as
modifying agents to tune partition coefficients in the separation of two model pro-
teins, myoglobin and lysozyme. Myoglobin was not affected by the ILs, while the
partition coefficient of lysozyme was lowered with addition of IL. High stationary
phase retention was achieved with ATPSs in a CPC column with cell size and
geometry specially designed for unstable biphasic systems. When ILs were used as
modifying agents, no notable decrease in stationary phase retention was observed.
The injection volume was increased to 20 % of the total column volume and
process simulations indicate that a further increase in the injection volume is

possible.

Keywords: Aqueous two-phase systems, lonic liquids, Liquid-liquid chromatography,
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1 Introduction

Aqueous two-phase systems (ATPSs) are biphasic liquid sys-
tems with both phases mainly consisting of water. They provide
mild conditions for the separation of biomolecules and are
used for the purification of virus-like particles, monoclonal an-
tibodies, and other proteins [1-7]. ATPSs can be formed by
two polymers, i.e., kosmotropic salt and polymer, kosmotropic
salt and ionic liquid (IL), or IL and polymer in water. Polyeth-
ylene glycol (PEG) and phosphate salts are among the most
commonly used phase-forming compounds for ATPSs for ex-
traction and separation of proteins [8]. The main application
field of ATPSs is liquid-liquid extraction. However, there is a
growing interest in ATPSs in the field of liquid-liquid chroma-
tography since they enable the separation of proteins and other
hydrophilic biomolecules.

Liquid-liquid chromatography is a chromatographic tech-
nique that uses two liquid phases as stationary and mobile
phases. The columns for performing liquid-liquid chromatog-
raphy separations can be divided into two subgroups: hydrody-
namic countercurrent chromatography (CCC) or hydrostatic
centrifugal partition chromatography (CPC). Both column de-
signs share the same separation principle. One of the phases is
kept stationary inside the column with the help of a centrifugal
field, while the other phase is pumped through the column.
Target compounds are separated according to the difference in
their distribution between the stationary and mobile phases.

Partition coefficients between 0.4 and 2.5 are in the optimum
separation region, the so-called “sweet spot”. Thus, it is desir-
able to select the biphasic solvent system as such that the parti-
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tion coefficients of target compounds are in the sweet spot, in
order to achieve high productivity and sufficient resolution.
The separation performance strongly depends on the volume
of the stationary phase that can be held inside the column [9].
A higher stationary phase volume leads to higher separation
resolution. Due to the low interfacial tension and quite viscous
nature of ATPSs compared to organic solvents it has been chal-
lenging to achieve high stationary phase retention at reasonable
flow rates in conventional CCC and CPC columns. There are
two strategies to overcome this problem: (1) the development
of new column designs, and (2) tuning the physical properties
of the ATPS, e.g., by varying composition, using additives, and
using novel phase-forming components.

In recent years, several new CCC and CPC column designs
have been developed to overcome the difficulties when working
with ATPSs. Hydrodynamic CCC devices are composed of tub-
ing wound around a cylindrical drum that is mounted in a
planetary gear [10]. One approach to improve stationary phase
retention in hydrodynamic machines is spiral CCC, where the
tubing is wound in a special spiral support [11, 12]. The station-
ary phase retention of ATPSs can be further increased by tubing
modifications in the spiral CCC setup [13, 14] or adjustments in
the design which include toroidal [15] and conical columns [16].
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However, in hydrodynamic CCC devices, ATPSs can only be
employed with low mobile phase flow rates (2 mL min™" with a
280-mL column [17]) without stationary phase loss.

In contrast to CCC, in hydrostatic CPC setups the column is
composed of small chambers with interconnecting channels
[9]. Due to the geometrical design, CPC devices show higher
back pressure, and in regular setups only biphasic solvent sys-
tems with low viscosity can be used. To overcome this issue, a
column geometry with bigger cells has been designed, allowing
the use of more viscous biphasic solvent systems containing
low-molecular-weight polymers, ILs or deep eutectic solvents
[18,19]. With the new developments in apparatus design,
many general problems of ATPSs, such as low stationary phase
retention or high back pressure, have been addressed.

In addition to apparatus design, there are approaches to im-
prove the separation performance by adjusting the properties
of ATPSs. Besides the most frequently used polymer-polymer-
based and polymer-salt-based ATPSs, ATPSs composed of ILs,
salts, and water or IL, polymer, and water have been developed
[20,21]. Recently, ATPSs containing inorganic salts and deep
eutectic solvents have been introduced [22-24]. To achieve the
desired separation factor, ATPSs can be tailored, e.g., by vary-
ing ATPS composition, the polymer chain length, or functional
groups in polymer-based ATPSs [25,26], choosing different in-
organic salt species according to the Hofmeister series or by se-
lecting cations or anions in IL-based ATPS [27-29].

However, the options for tailoring are more limited for appli-
cation of ATPSs in CPC. Increasing polymer chain length re-
sults in high back pressure due to higher viscosity, and varia-
tion of inorganic salt species strongly influences the size and
position of the biphasic region as well as solute distribution.
Similarly, cation and anion of IL-based ATPS can be varied to
tune the properties of the biphasic system. However, in pre-
vious work, it has been shown that the partition coefficients of
the model proteins used in this study were too high for an
application in CPC or CCC in APTSs composed of ILs, phos-
phate, and water [30].

In general, it is difficult to improve both the physical proper-
ties and the partition coefficient at the same time. Better physi-
cal properties for an application in CPC and CCC are usually
achieved for system compositions far from the plait point and
with longer tie lines, while partition coefficients are favorable
for systems closer to the plait point. Other than by the above-
mentioned possibilities, the properties of ATPSs can also be
tuned by additives or modifying agents. Additives or modifying
agents are present in small amounts and, hence, alter solute
partition coefficient while having little influence on the physi-
cal properties of the ATPS and the location of the binodal.

Commonly used modifications to alter the partition coeffi-
cient of a target compound are, e.g., pH adjustment [31,32]
and addition of sodium chloride [4]. Adjustment of pH has a
great influence on proteins since their net charge changes with
pH. Addition of small amounts of ILs has been shown to posi-
tively influence the partition coefficient of antioxidants for ap-
plication of ATPSs in liquid-liquid extraction [33].

In this work, the effect of ILs on protein partition coefficients
and the application of this effect in CPC separations were in-
vestigated. The novel CPC design with bigger cells described
above was used for the CPC experiments to achieve high sta-
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tionary phase retention at larger flow rates than in typical sepa-
rations with ATPSs and CCC. The focus of this work is the
application of ILs as modifying agents for the separation of
proteins with ATPSs in CPC. 1-Ethyl-3-methylimidazolium
chloride ([EMIM]CI) and 1-butyl-3-methylimidazolium chlo-
ride ([BMIM]CI) have been selected as modifying agents.
Shake-flask experiments were conducted to show the potential
of ILs to tune the protein partition coefficient in the ATPSs,
and CPC experiments were conducted with the most promis-
ing systems.

2 Materials and Methods
2.1 Chemicals

Myoglobin (from horse muscle, 95-100 %, pH(I) = 6.8-7.2,
My = 16951.49Da), 1-ethyl-3-methylimidazolium chloride
([EMIM]CI, > 95%), and 1-butyl-3-methylimidazolium chlo-
ride ([BMIM]CI, > 95%) were obtained from Sigma Aldrich
(Germany). PEG1000 (average My = 950—1050gm01’1),
KH,PO, (= 99.5 %), and K,HPO,-3H,0 (= 99.0 %) were pur-
chased from Merck KGaA (Germany). Ultrapure-grade lyso-
zyme (pH(I) = 11.35, My = 14307.0 Da) was from Amresco
(USA), acetonitrile (HPLC (high-performance liquid chroma-
tography)-grade) from J. T. Baker (USA), and trifluoroacetic
acid (approx. 100 %) from VWR Chemicals (Germany). Puri-
fied water was prepared using a MilliQ filter system from
Merck KGaA (Germany).

2.2 Preparation of ATPSs for Shake-Flask and CPC
Experiments

For the preparation of the biphasic systems, all components
were weighed out. The total sample mass was 12-15g and the
system composition was PEG 1000/K,HPO,/KH,PO,/H,0
15.00:9.68:5.32:70.00 (w/w/w/w). At first, K,HPO, and
KH,POy, in a ratio of 1.82:1 (w/w), water and PEG 1000, mol-
ten in a 50 °C water bath, were weighed in and completely dis-
solved. The amount of water was adjusted to account for water
added with IL- and protein stock solutions in a later step. The
mixture was allowed to cool to ambient temperature before fur-
ther use. For biphasic systems containing modifiers, [EMIM]CI
or [BMIM]CI was added in form of a stock solution containing
80 wt % of IL and 20 wt % of water.

For shake-flask experiments and the feed solutions for the
CPC experiments, protein was added from stock solution in
the last step. The two separate stock solutions both contained a
concentration of 10mgmL™ of lysozyme or myoglobin in
water. The ATPSs were then put on an automatic shaker or
magnetic stirrer for 30 min and equilibrated for at least 2h at
ambient temperature (23.0 = 1.0 °C).

2.3 Determination of Partition Coefficients

The partition coefficients of lysozyme and myoglobin as well as
the distribution of the ILs in the different ATPSs were deter-
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mined by shake-flask experiments. After preparation and equi-
libration, the phases were split and the UV absorbance of myo-
globin or lysozyme, respectively, was measured. Partition coef-
ficients were determined at least in triplicate; different
concentrations between 0.3 and 0.7 mgg™ (0.35-0.82 mgmL™)
of either myoglobin or lysozyme were used to check for linear-
ity of the partition coefficient. The partition coefficients of ILs
were determined in ATPSs with 0.5, 1.0, 1.5, and 2.5wt % of
added ILs.

A Shimadzu Prominence HPLC system was employed for
analysis with an RP-C18 column from Phenomenex (Kinetex
C-18 core shell reversed-phase column, 100x4.6 mm, particle
size 5 um, pore size 100 A) equipped with a diode array detec-
tor. Gradient-grade acetonitrile and water with 0.05 % TFA
each served as eluents for linear gradient elution starting from
21.5 to 40 % acetonitrile in 10 min with a mobile phase flow
rate of 0.4mLmin™", followed by a washing step. Chromato-
grams were analyzed at 230 nm.

2.4 CPC Experiments

The centrifugal partition chromatography experiments were
performed with a CPC 250 PRO SPECIAL BIO VERSION unit,
formerly called SCPE-250-BIO, from Gilson Purification SAS.
The column consists of 12 stainless-steel disks with Teflon coat-
ing for biocompatibility and has a total column volume of
250 mL. The maximum rotational speed is 3000 rpm and the
maximum pressure of the system is 100 bar (1450 psi). The col-
umn was connected to two HPLC pumps (pump 305, 50SC
head, Gilson, USA) with a maximum flow rate of 50 mL min™
and a DAD detector (171 diode array detector, Gilson, USA).

Biphasic solvent systems for the chromatographic separa-
tions were prepared as described in Sect.2.2. After equilibra-
tion, the phases were separated, put into two reservoirs, and
degassed before the CPC experiments. To determine the sta-
tionary phase retention, the column was first completely filled
with stationary phase. After the rotation was started, the mo-
bile phase was pumped through the column. The volume of
stationary phase eluted from the column until hydrodynamic
equilibrium was reached was determined. At the end of each
experiment, the remaining amount of stationary phase was
pumped out of the column and its volume was noted.

The protein feed solution was dissolved in an equal volume
of upper and lower phase. Preparation of the feed mixture only
in the mobile phase was not possible since the solubility of ly-
sozyme in the lower phase (mobile phase) was too low to dis-
solve a sufficient amount of the protein to achieve a visible
peak in the UV detector. Therefore, the stationary phase reten-
tion was measured for each experiment prior to the injection
and then recalculated including the volume of stationary phase
coming from the injection. The feed contained 2mgg™ (2.3 mg
mL™) of lysozyme and 2mgg ™" (2.3 mgmL™) of myoglobin for
all CPC experiments. All chromatograms shown in the results
were recorded at 230 nm with 470 nm set as reference wave-
length for the detector.
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2.5 Simulations

Simulations were performed by numerically solving the equi-
librium cell model equations using gPROMS Model Builder
v4.2 software from Process Systems Enterprise (London, UK).
As introduced by Martin and Synge [34], the column is de-
scribed as a cascade of NV ideal stirred-tank reactors (theoreti-
cal stages) with a volume of V/N. Under the assumption of
ideal mixing, the mass balance of component i for each theoret-
ical stage is solved according to Eq.(1). The concentration of
solute i in stage k is denoted as ¢;) for mobile (MP) and station-
ary phase (SP), respectively; V'is the volume of the correspond-
ing phase, t is the time, and F is the mobile phase flow rate.
The number of stages N describes peak-broadening effects due
to axial dispersion and mass transfer resistance and was deter-
mined from the experimental data, i.e., elution profiles.

Vi dei Vg deiy _ MP MP —
Noa v S Fak —ak) k=L.N W

Details about the model can be found in [35-37]. In the ex-
periments, the stationary phase was injected with the feed and
it was observed that this additional stationary phase volume
slowly elutes over the whole separation run. No additional loss
of stationary phase was detected besides the injected volume.
Hence, for the simulation, the stationary phase retention was
recalculated according to S¢ = (Vsp + Vspinjection)/ Veolumn and a
linear function for the loss of stationary phase that was injected
with the sample (Vspinjection) Was assumed. The linear function
was specific for each system and flow rate and determined from
the experimental data, i.e., elution profiles.

Simulated chromatograms were taken to select the switching
time for the dual-mode experiment presented in Sect.3.3. In
dual mode, the separation mode is switched at a certain time
and the roles of stationary and mobile phase are exchanged. In
this work, the separation started in descending mode with the
upper phase being the stationary phase for the chromato-
graphic separation. The mode should be switched after the first
protein elutes. When the role of stationary and mobile phase is
exchanged, the pumping direction inside the column is also re-
versed, and the compound remaining in the column is eluted.
Additionally, in Sect.3.4 the effect of increasing injection vol-
ume was studied in experiment and simulations.

3  Results and Discussion
3.1 Influence of ILs on Protein Distribution

One of the most important parameters in the design of a CPC
separation is the partition coefficient of target compounds and
impurities in the biphasic solvent system used as stationary
and mobile phases. In CPC and CCC, the partition coefficient
is defined as the ratio of the solute concentration in the station-
ary phase (¢;) and the solute concentration in the mobile
phase (¢™) at thermodynamic equilibrium.

1)  List of symbols at the end of the paper.
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The partition coefficients were determined for descending
mode. The system composed of PEG 1000/K,HPO,/KH,PO,/
H,O 15:9.68:5.32:70 (w/w/w/w) with a ratio of K,HPO,/
KH,PO, equal to 1.82 was used as reference system without
modifier. In this ATPS, the pH value in the upper phase was
7.3 +0.1,and 7.1 £ 0.1 in the lower phase, measured at a tem-
perature of 23.1 + 0.3°C. The addition of [EMIM]CI or
[BMIM]CI with the concentrations used in this work did not
change the pH values in both phases.

The influence of the ILs [EMIM]CI and [BMIM]CI on the
protein partition coefficients was investigated in shake-flask ex-
periments. ATPSs with a composition of PEG 1000/K,HPO,/
KH,PO,/H,0 15:9.68:5.32:70 (w/w/w/w) were prepared with
additional varying amounts of ILs. The amount of ILs was kept
low, i.e., between 0.5 and 2.5 wt %, to find the minimal effective
concentrations and keep the cost for modifiers as low as possi-
ble.

Figs.1a and b indicate the partition coefficients of myoglo-
bin and lysozyme in the ATPSs with different amounts of
[EMIM]CI or [BMIM]CL The partition coefficient of myoglo-
bin was not altered when [EMIM]CI or [BMIM]CI were added.
For lysozyme, the partition coefficient decreases from a value
of 2.9 to 2.0 for 2.5wt % of [EMIM]CI and to 1.9 for 2.5 wt %
[BMIM]CL In addition to the protein distribution, the partition
coefficient of ILs in the ATPSs was determined. Fig. 1 ¢ shows
the results for the IL partition coefficients.

The partition coefficient of [EMIM]CI stays constant with a
mean partition coefficient of 0.89 £ 0.02 for amounts of ILs
between 0.5 and 2.5 wt %. This means the IL is located in both
phases in the ATPS. For [BMIM]CI a mean partition coefficient
of 1.38 + 0.09 was obtained. Hydrophilic ILs, such as
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Figure 1. Partition coefficients of (a) myoglobin and (b) lyso-
zyme in the biphasic system PEG 1000/K;HPO4/KH,PO,4/H,0
15.00:9.68:5.32:70.00 (w/w/w/w) with and without additional
[EMIM]CI or [BMIM]CL. (c) Partition coefficients of [EMIM]CI and
[BMIM]CI.

[BMIM]CI and [EMIM]CI, are present as individual solvated
ions in diluted aqueous solutions and thus the dissociated cat-
ion and anion can interact directly with protein surfaces
[38,39].

Lysozyme has an isoelectric point of 11.35 and is positively
charged in both phases of the ATPS. It was shown by Gokarn
et al. that anions, such as chloride, accumulate at the surface of
lysozyme [40]. Due this effect, the chloride anions are shielding
the positive charges of the protein. [EMIM]" can be considered
a chaotropic cation which are stabilizing enzymes in aqueous
mixtures [38] and has been shown to enhance the stability of
lysozyme, as described by Buchfink et al. [41]. The chaotropic-
ity decreases from [EMIM]" to [BMIM]" [42]. These stabilizing
interactions cause lysozyme to be distributed more evenly be-
tween the two phases than without the modifying agent.
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For some imidazolium derivates, inhibition of lysozyme ac-
tivity was found above certain concentrations [43]. It is gener-
ally advisable to remove the IL, PEG, and salts after separation
by dialysis to prevent partial inhibition. However, it could be
demonstrated for [EMIM]CI that the structure of lysozyme and
myoglobin is not changed by exposure to small concentrations
of the IL (Figs.S2 and S3 in the Supporting Information). It is
interesting to note that the addition of ILs has an adverse effect
compared to NaCl, which is commonly used as a modifying
agent to increase the solubility of proteins, on the lysozyme
partition coefficient. The effect of NaCl on the protein partition
coefficients is indicated in Fig. S1 and Tab. S3.

3.2 Stationary Phase Retention

Prior to the separation of proteins, the stationary phase reten-
tion S¢ of the ATPS was determined. S¢ is defined as the ratio of
the stationary phase inside the column during the separation
and the total column volume V¢ (S¢ = Vsp/ V). The results for
S¢ at a rotational speed of 2000 rpm for the ATPS without
modifier, PEG 1000/K,HPO,/KH,PO,/H,0 15:9.68:5.32:70
(w/w/w/w), are presented in Fig.2a. S decreases from 0.79 for
5mLmin" to 0.61 for 20 mL min~" in descending mode. In as-
cending mode, the same S¢ value as in descending mode is
achieved for a mobile phase flow rate of 5mL min~', whereas

o
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Figure 2. (a) Stationary phase retention of PEG 1000/K;HPO,/
KH,PO4/H,0 15.00:9.68:5.32:70.00 (w/w/w/) at a rotational speed
of 2000 rpm. (b) Comparison of S; for PEG 1000/K,HPO4/KH,PO,/
H,O 15.00:9.68:5.32:70.00 (w/w/w/w) without and with addi-
tional [EMIM]CI.
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for higher mobile phase flow rates a steeper decline of S was
observed.

In Fig.2b, the stationary phase retention values of
PEG 1000/K,HPO,/KH,PO,/H,0 15:9.68:5.32:70 (w/w/w/w)
with additional amounts of [EMIM]CI are indicated. For the
system without IL and with 1.5 wt % [EMIM]CI very similar S¢
values were observed. When 2.5 wt % of [EMIM]CI are added
to the APTS, the measured values of stationary phase retention
were approximately 5 % lower than for the ATPS without IL or
with 1.5 wt % of [EMIM]CI.

3.3 Separation of Lysozyme and Myoglobin
without Modifier

In this section, CPC experiments are performed for the ATPS
without modifier. First, protein separation in descending mode
is conducted, and then dual-mode separation is presented to
demonstrate a potential method to increase productivity and
throughput. Evaluating the partition coefficients of myoglobin
and lysozyme from the shake-flask experiments presented in
Sect. 3.1 indicates that it is preferable to perform the injection
in descending mode.

Fig. 3 presents the chromatogram of a 10-mL batch injection
of the protein feed mixture at a rotational speed of 2000 rpm
and a mobile phase flow rate of 10 mL min~’. S; of 0.74 was cal-
culated after injection. Myoglobin eluted close to the dead vol-
ume, while lysozyme eluted later as a broad peak. With the in-
jection, 5mL of additional stationary phase was injected. No
additional stationary phase loss was observed except for the
amount injected with the feed. The additionally injected sta-
tionary phase did not elute from the column right after injec-
tion, but eluted slowly over the whole separation time. There-
fore, a linear decrease in S; was assumed for the calculations of
the protein partition coefficients.

0.20 : ‘ :
<5 —230 nm (reference 470 nm) ‘
£ 015F
Q
Q
£ 010
<
2 005
<
——— |
ot - - . -
0 20 40 60 80

Time /min

Figure 3. Chromatogram of myoglobin and lysozyme separa-
tion using PEG 1000/K,HPO,/KH,PO,/H,0 15.00:9.68:5.32:70.00
(w/w/w/w). Batch separation was performed with an injection
volume of 10mL, 2000rpm, feed concentration of 2mgg™
(23mgmL™") for each protein, mobile phase flow rate of
10mLmin~", and an initial S¢ of 0.74.

Partition coefficients of 0.04 for myoglobin and 3.02 for lyso-
zyme were calculated from the chromatogram. The total sepa-
ration time was 85min for a mobile phase flow rate of
10 mL min~%; however, the separation could be shortened by
applying dual-mode separation. In dual mode, the separation
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mode and thus the role of stationary and mobile phase are in-
terchanged during the run. In this example, the separation was
first started in descending mode at 10mLmin™' and then
switched to ascending mode with 20 mL min™". In previous ex-
periments, an S¢ between 0.72 and 0.74 was obtained for de-
scending mode (Fig.2a). Thus, the lower phase occupies
around 26-28 % of the column volume. The volumetric flow
rate of 20 mLmin™" was selected for ascending mode since an
St value of 0.28 can be guaranteed for this flow rate (Fig.2a).
Flow rates higher than 20 mLmin™" were not feasible due to
the high back pressure in ascending mode.

Prior to the experiment, the separation was simulated to de-
termine the switching time. It was assumed that the volume of
the phases stays the same before and after switching the modes.
The simulated and experimental chromatogram are displayed
in Fig. 4. From the simulations a switching time of 9 min was
selected for the experiments. Due to limitations of the experi-
mental setup, the flow could not directly be switched from
10 mLmin~" of the lower phase to 20 mL min ', Instead, the
mobile phase flow took 1.5 min after switching to reach a volu-
metric flow of 20 mLmin™" of the upper phase. Thus, a devia-
tion from the simulated chromatogram due to the start-up be-
havior of the pump is to be expected. In the dual-mode
separation, lysozyme eluted shortly after myoglobin, leading to
a separation time below 20 min. The small peak in front of the
lysozyme peak in Fig. 4 is a result from pressure change due to
switching the mode.

2.0 T T 0.25
n DsC 1 ASC | Simulation 5
jo 1.5| mode E mode |—CPE exp. |10.20 E
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% S 10r .Eﬂ
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Figure 4. Simulated and experimental dual-mode separation
with a feed concentration of 2mgg™ (2.3mgmL™) for each
protein, injection volume of 10 mL, 2000 rpm, and mobile phase
flow rate of 10mLmin™' in DSC mode and 20 mLmin™" in ASC
mode. The separation mode was switched from DSC to ASC
mode after 9 min (indicated with a dashed line).

3.4 Separation of Lysozyme and Myoglobin with
Modifying Agent

The goal of the following CPC injections was to evaluate
the applicability of IL-modifiers in the process. PEG 1000/
K,HPO,/KH,PO,/H,0 15:9.68:5.32:70 (w/w/w/w) was pre-
pared with an additional 2.5 or 1.5wt% [EMIM]CI Fig.5a
presents a chromatogram of the protein separation with addi-
tional 2.5 wt % [EMIM]CI. The initial S¢ value was 0.67 includ-
ing the volume of stationary phase injected with the sample.
The partition coefficients of myoglobin and lysozyme calcu-
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lated from the chromatogram were 0.07 and 1.84, respectively.
Compared to the injection without IL in the ATPS, the parti-
tion coefficient of lysozyme decreased from 3.02 to 1.84. From
shake-flask experiments, a mean partition coefficient of lyso-
zyme of 1.96 was obtained for the ATPS with 2.5wt%
[EMIM]CI. The protein partition coefficients from both meth-
ods are similar, the small deviation may be caused from the as-
sumption of linear behavior of the stationary phase stripping.
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Figure 5. Chromatogram of myoglobin and lysozyme separa-
tion with a concentration of 2mg g™ (2.3 mgmL™) for each pro-
tein, mobile phase flow rate of 10mLmin™' at 2000 rpm for
PEG 1000/K,HPO4/KH,PO,4/H,0 15.00:9.68:5.32:70.00 (w/w/w/w)
with (a) 25wt % [EMIMICl, Vipjection = 10mL, initial S¢ of 0.67;
Pryoglobin Was 0.07 and Piysozyme 1.84; (b) 1.5wt% [EMIMICI,
Vinjection = 10mL, initial S¢ of 0.72, Pryogiobin Was 0.11 and
Piysozyme 2.17; (c) 1.5wt % [EMIMIC, Vipjection = 50 mL, initial S¢ of
0.72, Prmyogiobin Was 0.22 and Pyysq,yme 2.11.

Another CPC run was performed using PEG 1000/K,HPO,/
KH,PO,/H,O with additional 1.5wt% [EMIM]CI (Fig.5Db).
The initial S¢ value was 0.72 after injection, and the partition
coefficients of myoglobin and lysozyme were 0.11 and 2.17,
respectively. As expected from shake-flask experiments, the
addition of IL does not change the partition coefficients of
myoglobin while the lysozyme partition coefficient decreased
compared to the system without IL. The trend of the lysozyme
partition coefficients from shake-flask experiments with

www.cet-journal.com



Paper I

Chemical Engineering  Research Article

480

Technology

[EMIM]CI could be confirmed. The lysozyme partition coeffi-
cient obtained from the injection with 1.5wt% of [EMIM]CI
was higher than for 2.5wt % of [EMIM]CL; however, in both
ATPSs with additional IL a decrease in the partition coefficient
of lysozyme to the sweet spot was observed.

High productivity and throughput are strongly desired for
preparative and industrial application. Solubility of the proteins
is a limiting factor; however, since the two proteins are well
baseline-separated, there is opportunity to use larger injection
volumes of the sample to increase productivity. In Fig. 5¢, the
injection volume was increased by a factor of 5 from 10 to
50mL, i. e., from 4 to 20 % of the total column volume. The
other operating conditions were identical to the previous ex-
periments. With the sample, 25 mL of stationary phase were in-
jected. During the separation, 27 mL of stationary phase eluted
from the column, making the total net stationary phase loss
just 2mL despite the large injection volume. The two proteins
were still baseline-separated. This leads to the conclusion that
even larger volumes of sample could be injected into the col-
umn for batch separation.

To support this hypothesis, simulations for batch injections
with even larger injection volumes were performed. For small
injection volumes, the difference in the stationary phase reten-
tion due to the injection might be negligible, whereas for larger
injection volumes the peaks are shifted in the experiment.
Therefore, the additionally injected volume of stationary phase
was accounted for in the simulations. During the experiments
with 10 and 50 mL injection volume, a steady stripping of the
additionally injected stationary phase was observed rather than
a rapid loss at the beginning of the separation. Hence, a term
for linear loss of the additionally injected stationary phase as a
function of time was implemented in the model to reflect this
behavior. It was assumed for the calculations that no further
stationary phase is lost except for the amount injected with the
feed and that the initial S value was reached at the end of the
separation run.

Fig. 6 presents a comparison between the simulated chroma-
tograms and the experiments. Feed concentration, protein par-
tition coefficients, and initial S; were derived from the experi-
ment. Taking the possible error resulting from the assumption
of linear stripping of additionally injected stationary phase into
account, the simulated peaks agree very well with the experi-
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Figure 6. Comparison of experimental chromatograms and sim-
ulated pulse injections of myoglobin and lysozyme for 10 and
50mL injection volume with PEG 1000/(K,HPO,4/KH,PO,4)/H,0
with 1.5 wt % [EMIM]CI with 10 mL min~', 2000 rpm.
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ment. Therefore, in the next step, the injection volume was fur-
ther increased to 75, 100, and 125 mL in the simulations. This
corresponds to an injection of 174.4, 232.5, and 290.6 mg of
each protein. For higher injection volumes, a different model-
ing strategy has to be applied since the column cannot take up
more than 250 mL of stationary phase in total. In this case,
extrusion of the stationary phase would have to be considered.

The simulated chromatograms are displayed in Fig. 7. As the
injection volume rises, also the additionally injected volume of
stationary phase increases. Thus, in agreement with Eq. (2), the
maximum of the lysozyme peak is shifted to higher retention
time for a constant partition coefficient. The simulations in
Fig.7 indicate that theoretically injection volumes up to 50 %
are possible.

Simulated concentration

Time /min

Figure 7. Simulated chromatograms with injection volumes of
10, 50, 75, 100, and 125 mL for PEG 1000/K,HPO.4/KH,PO./H,0
15.00:9.68:5.32:70.00 (w/w/w/w) with 1.5wt % [EMIM]CI; mobile
phase flow rate 10mLmin™".

4  Conclusions

The effect of IL addition on the partition coefficients of two
model proteins, namely, lysozyme and myoglobin, in polymer/
salt-based ATPSs was investigated. Even small amounts of ILs
used in this work move the partition coefficient of lysozyme
closer to the so-called sweet spot (0.4 < P; < 2.5), while myoglo-
bin was not affected by the addition of ILs.

The new CPC column design with bigger twin cells allows
the use of ATPS as stationary and mobile phase with high flow
rates not only in elution, but also in dual mode. The findings
from the shake-flask experiments with IL as modifying agent
were confirmed in CPC experiments with either 1.5 or 2.5 wt %
of [EMIM]CI as stationary and mobile phases for the separa-
tion of myoglobin and lysozyme.

ATPSs with IL as modifying agent were successfully applied
to shift the partition coefficient of the proteins towards the
sweet spot in a protein separation with CPC while maintaining
high stationary phase retention at reasonable flow rates. Since
the separation factor was still high, the injection volume was
increased to achieve higher productivity. A sample volume up
to 20 % of the total column volume was injected without a de-
crease in stationary phase retention.

The stability of the hydrodynamic equilibrium in the column
proves the potential of ATPSs in CPC to be used for large sam-
ple amounts. Simulations show the capacity for further increase
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of the injection volume and, thus, further raise of productivity.
In the publication by Oelmeier et al. [44], it is demonstrated
that CPC can be used for monoclonal antibody purification,
however, only with low mobile phase flow rates [44]. The
methodology proposed in this work has high potential to be
applied to other products sensitive to organic solvents, such as
monoclonal antibodies, to increase separation productivity.
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Symbols used

c [mgg™] concentration

F [mLmin™'] mobile phase flow rate

N [-] number of theoretical plates
(column efficiency)

P [-] partition coefficient

Se [-] stationary phase retention

t [min] time

\%4 [mL] volume

Greek letter

u [min] first absolute momentum

Sub- and superscripts

i [-] compound i
k [-] stage

MP mobile phase

R retention

Sp stationary phase
Abbreviations

ASC ascending mode

ATPS aqueous two-phase system

BMIM  1-butyl-3-methylimidazolium

CCC countercurrent chromatography

CD circular dichroism

CPC centrifugal partition chromatography
DAD diode array detector

DSC descending mode

EMIM  I-ethyl-3-methylimidazolium

HPLC  high-performance liquid chromatography
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IL ionic liquid
PEG polyethylene glycol

References

[1] P. A.J. Rosa et al.,, Biotechnol. . 2013, 8 (3), 352-362. DOLI:
https://doi.org/10.1002/biot.201200031
[2] C. Ladd Effio et al, J. Chromatogr, A 2015, 1383, 35-46.
DOL: https://doi.org/10.1016/j.chroma.2015.01.007
[3] J. Dos Reis Coimbra, J. Thommes, M. R. Kula, J. Chroma-
togr, A 1994, 668 (1), 85-94. DOI: https://doi.org/10.1016/
0021-9673(94)80095-2
[4] C. Schwienheer, A. Prinz, T. Zeiner, J. Merz, J. Chromatogr,
B 2015, 1002, 1-7. DOL https://doi.org/lO.lOl6/j.jchromb.
2015.07.050
[5] A.S.Schmidt, A. M. Ventom, J. A. Asenjo, Enzyme Microb.
Technol. 1994, 16 (2), 131-142. DOIL https://doi.org/
10.1016/0141-0229(94)90076-0
[6] A.M. Azevedo et al., Sep. Purif. Technol. 2009, 65 (1), 14-21.
DOT: https://doi.org/10.1016/j.seppur.2007.12.010
[7] J. Benavides, O. Aguilar, B. H. Lapizco-Encinas, M. Rito-
Palomares, Chem. Eng. Technol. 2008, 31 (6), 838-845. DOL:
https://doi.org/10.1002/ceat.200800068
[8] M. Igbal et al., Biol. Proced. Online 2016, 18 (1), 18. DOL
https://doi.org/lo.l186/512575—016—0048—8
[9] A. Berthod, D. W. Armstrong, J. Liq. Chromatogr. 1988,
11 (3), 547-566. DOL  https://doi.org/10.1080/
01483918808068331
[10] Y. Ito, J. Biochem. Biophys. Methods 1981, 5 (2), 105-129.
DOL https://doi.org/10.1016/0165—022X(81)90011—7
[11] M. Knight et al, J. Chromatogr, A 2011, 1218 (36),
6148-6155. DOL: https://doi.org/10.1016/j.chroma.2011.06.
007
[12] D. Dasarathy, Y. Ito, . Chromatogr, A 2015, 1418, 77-82.
DOT: https://doi.org/10.1016/j.chroma.2015.09.033
[13] Y. Yang, H. A. Aisa, Y. Ito, J. Chromatogr, A 2009, 1216 (27),
5265-5271.  DOI:  https://doi.org/10.1016/j.chroma.2009.
05.024
[14] Y. Tto, R. Clary, Separations 2016, 3 (4). 31. DOI: https://
doi.org/10.3390/separations3040031
[15] Y. H. Guan, D. Fisher, I. A. Sutherland, J. Chromatogr, A
2010, 1217 (21), 3525-3530. DOI: https://doi.org/10.1016/
j.chroma.2010.03.034
[16] . Ding et al., . Chromatogr, A 2017, 1499, 101-110. DOL:
https://doi.org/10.1016/j.chroma.2017.03.076
[17] Y. Shibusawa, Y. Ito, J. Chromatogr, A 1991, 550, 695-704.
DOT: https://doi.org/10.1016/50021-9673(01)88575-7
[18] . Goll, G. Audo, M. Minceva, J. Chromatogr, A 2015, 1406,
129-135. DOT: https://doi.org/10.1016/j.chroma.2015.05.077
[19] S. Roehrer, E. Bezold, E. M. Garcia, M. Minceva, J. Chroma-
togr, A 2016, 1434, 102-10. DOL: https://doi.org/10.1016/
j.chroma.2016.01.024
[20] K. E. Gutowski et al., J. Am. Chem. Soc. 2003, 125 (22),
6632-6633. DOL: https://doi.org/10.1021/ja0351802
[21] M. G. Freire et al., Chemistry 2012, 18 (6), 1831-1839. DOL
https://doi.org/10.1002/chem.201101780
[22] K. Xu et al, Anal. Chim. Acta 2015, 864, 9-20. DOL https://
doi.org/10.1016/j.aca.2015.01.026

www.cet-journal.com



Chemical Engineering

(23]

(32]

(33]

(34]

Chem. Eng. Technol. 2019, 42, No. 2, 474-482

Paper I

Research Article

482

Technology

N. Li et al., Talanta 2016, 152, 23-32. DOI: https://doi.org/
10.1016/j.talanta.2016.01.042

H. Passos et al., ACS Sustainable Chem. Eng. 2016, 4 (5),
2881-2886. DOI:  https://doi.org/10.1021/acssuschemeng.
6b00485

P-A. Albertsson, Adv. Protein Chem. 1970, 24, 309-341.

W. Zhang et al., Thermochim. Acta 2013, 560, 47-54. DOL:
https://doi.org/10.1016/j.tca.2013.02.015

S. P. M. Ventura et al., J. Phys. Chem. B 2009, 113 (27),
9304-9310. DOL: https://doi.org/10.1021/jp903286d

S. P. M. Ventura et al.,, J. Chem. Eng. Data 2011, 56 (11),
4253-4260. DOI: https://doi.org/10.1021/je200714h

S. P. M. Ventura et al, . Chem. Eng. Data 2012, 57 (2),
507-512. DOI: https://doi.org/10.1021/je2010787

F. Bezold, J. Goll, M. Minceva, . Chromatogr, A 2015, 1388,
126-132. DOI: https://doi.org/10.1016/j.chroma.2015.02.021
C. Schwienheer, J. Merz, G. Schembecker, J. Liq. Chromatogr.
Relat. Technol. 2015, 38 (9), 929-941. DOL: https://doi.org/
10.1080/10826076.2014.951765

A. E. Visser, R. P. Swatloski, R. D. Rogers, Green Chem.
2000, 2 (1), 1-4. DOL: https://doi.org/10.1039/A908888A

M. R. Almeida et al., Sep. Purif. Technol. 2014, 128, 1-10.
DOT: https://doi.org/10.1016/j.seppur.2014.03.004

A. J. P. Martin, R. L. M. Synge, Biochem. ]. 1941, 35 (12),
1358-1368.

43

(35]

(36]

(37]

(38]

(40]

(41]

(42]

(43]

(44]

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

J. Volkl, W. Arlt, M. Minceva, AIChE ]. 2013, 59 (1),
241-249. DOL https://doi.org/10.1002/aic.13812

E. Hopmann, M. Minceva, J. Chromatogr, A 2012, 1229,
140-147. DOLI: https://doi.org/10.1016/j.chroma.2011.12.102
J. Goll, A. Frey, M. Minceva, J. Chromatogr, A 2013, 1284,
59-68. DOLI: https://doi.org/10.1016/j.chroma.2013.01.116

H. Zhao, J. Chem. Technol. Biotechnol. 2015, 91 (1), 25-50.
DOT: https://doi.org/10.1002/jctb.4837

M. Sha et al., J. Phys. Chem. Lett. 2015, 6 (18), 3713-3720.
DOL https://doi.org/10.1021/acs.jpclett.5b01513

Y. R. Gokarn et al., Protein Sci. 2011, 20 (3), 580-587. DOI:
https://doi.org/10.1002/pro.591

R. Buchfink et al., J. Biotechnol. 2010, 150 (1), 64-72. DOI:
https://doi.org/10.1016/j.jbiotec.2010.07.003

H. Zhao et al, Tetrahedron: Asymmetry 2006, 17 (3),
377-383. DOLI: https://doi.org/10.1016/j.tetasy.2006.01.015
M. Shinitzky, E. Katchalski, V. Grisaro, N. Sharon, Arch. Bio-
chem. Biophys. 1966, 116, 332-343. DOI: https://doi.org/
10.1016/0003-9861(66)90039-7

S. A. Oelmeier, C. Ladd-Effio, J. Hubbuch, J. Chromatogr, A
2013, 1319, 118-126. DOI: https://doi.org/10.1016/j.chroma.
2013.10.043

www.cet-journal.com



44



3.2. Paper 11

Assessing solute partitioning in deep eutectic solvent-based
biphasic systems using the predictive thermodynamic model
COSMO-RS

Citation

F. Bezold, M.E. Weinberger, M. Minceva, Assessing solute partitioning in deep eutectic
solvent-based biphasic systems using the predictive thermodynamic model COSMO-RS,
Fluid Phase Equilibria, 437 (2017) 23-33

https://doi.org/10.1016/j.fluid.2017.01.001

Summary

The objective of this work was to evaluate the application of solvent system screening with
COSMO-RS for biphasic systems containing DESs. Limiting activity coefficients of volatile
organic compounds in DESs, liquid-liquid equilibria of systems containing DES and organic
solvents, and solute partition coefficients in DES-based biphasic systems were predicted and
compared to experimental data. The calculations were performed for three different
approaches for the molecular representation of DESs: electroneutral mixture, ion pair
representation, and metafile approach. The metafile approach was omitted since it did not lead
to consistent results for LLE calculations and thus was not applicable for solvent screening.
The results of the other two approaches were compared for two parametrizations, the triple-
zeta valence polarized basis set (TZVP) and TZVPD-FINE with the additional diffuse basis
function and fine grid marching tetrahedron cavity construction. These are two different
parametrization sets for the calculations of the screening charge density. It has to be noted,
that there are also differences in the implementation of COSMO-RS for the two
parametrizations in the COSMOtherm software. In the experimental data used for validation
of the predictions, the DESs were treated as pseudo-compounds. The stoichiometry of the
systems with DESs in the experiment and the stoichiometry in the COSMO-RS calculations
was different, the results of the calculations needed to be scaled to pseudo-compound
definition to match the experimental data for comparison.

Overall, the TZVP parametrization together with the electroneutral approach was
recommended for screening of DES-based biphasic systems. Even though the predictions with
TZVPD-FINE parametrization showed smaller deviations for some cases, the calculations for
the TZVP parametrization were up to ten times faster and the algorithm for solving the LLE
had a lower likelihood of non-convergence.

The investigated systems contained DES-constituents predominantly in one of the phases,
while in the second phase, no substantial amounts of DES-constituents were determined.
Calculations for one system, where ternary predictions were not satisfying, showed that
treating the system as quaternary mixture, composed of two organic solvents, HBD, and
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HBA, may be more suitable in this case. Quaternary calculations showed that the ratio of
HBD to HBA is expected to change and that part of the HBD molecules are expected to be
located in the upper phase of the system. However, no quaternary experimental data existed to
compare the quaternary system predictions. Additionally, solute partition coefficients, the
most important thermodynamic properties in the solvent system selection for CPC and CCC,
were calculated and compared to experimental data. These results showed that the trend in
solute partitioning was generally represented. Good quantitative predictions were obtained
within and close to the so-called sweet spot of CPC and CCC. Although the evaluation was
restricted to pseudo-ternary DES-based biphasic systems, the prediction accuracy was high
enough to perform a solvent system screening for CPC or CCC separations.
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The prediction quality of COSMO-RS for the thermodynamic properties needed for the design of a liquid-
liquid chromatographic process was evaluated for systems containing deep eutectic solvents (DES).
Therefore activity coefficients, liquid-liquid equilibrium data, and partition coefficients of different sol-
utes were computed and compared to experimental data from literature or measurements. The calcu-
lations were performed using TZVP and TZVPD-FINE parameterizations and fully dissociated and non-
dissociated representations of the H-bond acceptor molecules. It was found that the predictions quali-
tatively resemble the trend of the experimental data. The TZVPD-FINE parameterization did not yield
significantly lower deviations from the experimental values than TZVP, while calculations with the latter
were up to ten times faster. Although DES constituents exhibit strong H-bond interactions, the repre-
sentation as an electroneutral mixture is preferable. It could be shown that the predictions of partition
coefficients are in good agreement with the measured values in the preferred working range of liquid-
liquid chromatography. The overall prediction quality is sufficient to use the predictive model for the
screening procedure for the solvent system selection.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Deep eutectic solvents (DES) are a combination of hydrogen
bond donor (HBD) and hydrogen bond acceptor molecules (HBA),
which in mixture have a substantially lower melting point than the
pure components. The term refers to such combinations with a
melting point below 100 °C. After Abbott et al. reported the inter-
esting properties of this new solvent class in 2003, DES gained a lot
of attention [1]. Because of their high solving capacity, low volatility
and relatively low price, many new applications have been
described and their number is rapidly increasing [2—7]. The most
abundantly used HBA is choline chloride, a non-toxic quaternary
ammonium salt. It can be combined to form a DES with various
HBD, such as urea, carboxylic acids and sugar-based polyols [8]. The
resulting mixtures are considered biocompatible and less envi-
ronmentally harmful green solvents [3]. Those advantages also led
to the application of biphasic solvent systems containing DES in
solid-support free liquid-liquid chromatography [9]. This tech-
nique, also known as countercurrent or centrifugal partition

* Corresponding author.
E-mail address: mirjana.minceva@tum.de (M. Minceva).
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chromatography (CCC or CPC), uses the two liquid phases of a
biphasic solvent system in thermodynamic equilibrium as the
mobile and stationary phases for a chromatographic separation
process [10]. A mixture can be separated according to the difference
in the partition coefficient of each component in this liquid biphasic
system. DES can be used to form water free biphasic liquid systems
with, for example, alkanes and alcohols or nitriles, which can be
utilized for the separation of hydrophobic compounds [9]. Since
DES have shown interesting characteristics, it is worth increasing
the accessibility of DES-based biphasic systems. Due to the large
number of possible combinations of DES and possible biphasic
solvent systems formed with DES and other solvents, systematic
screening methods are needed for solvent system selection.

In liquid-liquid chromatography the most crucial step in the
design of a separation process is the selection of a biphasic liquid
system, which phases will be used as the mobile and stationary
phases for the separation. Choosing such a system may involve
many experiments if it is done by a trial and error approach.
Therefore the exploration of systematic methods to reduce the ef-
forts for this selection process came into the focus of research.
There are many strategies for solvent system selection, for example
by classifying the large amount of possible biphasic solvent systems
by their composition or by comparison of the partition coefficient
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of different standard substances in those systems [10—13]. These
solvent system evaluations have significantly eased the selection
process; however, they can only assess a finite number of solvent
systems and still involve a lot of measurements until a final solvent
system is chosen. In many cases no pure substances from the
mixture to be separated are available to determine partition co-
efficients in many different solvent systems. Due to those limita-
tions, model-based approaches for the selection of a biphasic
solvent system were developed. Thermodynamic models have been
used to predict liquid-liquid equilibria (LLE) of multicomponent
mixtures and the partitioning of solutes between the phases of a
biphasic system. In previous work, our group has shown that
thermodynamic models can drastically reduce the experimental
effort in the solvent system selection process [14,15].

Publications on the application of thermodynamic models to
systems involving DES have rapidly increased in the last few years.
Gonzalez et al. performed a correlation to reflect the phase
behavior of two different DES combined with hexane and benzene,
toluene or ethyl acetate with varying temperature using UNIQUAC
[16]. The group of Hadj-Kali investigated the extraction of aro-
matics from aliphatics and denitrification of diesel using NRTL and
COSMO-RS for LLE calculation [17—19]. Rodriguez et al. presented
phase equilibrium data for chloride quaternary ammonium salts
and polyol-based DES and performed COSMO-RS calculations to
predict the phase equilibria [20]. Gouveia et al. investigated an
application of DES as azeotrope breakers for mixtures of aliphatics
and aromatics using COSMO-RS and experimentally [21], and Ais-
saoui et al. used COSMO-RS in the investigation of DES for an
application in natural gas dehydration [22]. Since the interactions
between the HBA and HBD are of great interest for the choice of a
DES for a specific process, molecular dynamics simulations have
been applied to study the characteristics of DES solutions, such as
self-diffusion or hydrogen bonding. The most abundantly investi-
gated DES, choline chloride-urea, was used to gain an insight into
the hydrogen bonding between the donor and acceptor molecules
and later molecular dynamics and experimental analysis were
performed for three further HBD [23,24]. Ullah et al. investigated
the intermolecular interactions in the DES composed of choline
chloride and levulinic acid, which was used in CO, capturing, and
characterized a network of H-bonds between the donor and
acceptor molecules [25]. Although predictive models have been
applied in the design of different separation processes, they have
not yet been applied to solvent system screening involving DES-
based solvent systems for liquid-liquid chromatography. The most
important properties needed for the design of a liquid-liquid
chromatographic separation process are LLE and partition co-
efficients of target molecules within a biphasic system. In contrast
to extraction processes a moderate partition coefficient in the range
of —0.4 < log P; < 0.4 is preferred and usually biphasic systems
closer to the plait point are used. It has been shown that COSMO-RS
can be applied in the selection of a biphasic solvent system
composed of water and organic solvents for a liquid-liquid chro-
matographic separation [ 14,15,26]. However, the approach needs to
be validated for complex biphasic systems containing DES.

In this work the prediction quality of COSMO-RS is evaluated for
solvent systems containing DES. The most important thermody-
namic parameters for the design of a liquid-liquid chromatographic
separation process are calculated and compared to experimental
data taken from literature or measurements. Those thermodynamic
properties include activity coefficients, LLE data and partition co-
efficients. For the COSMO-RS calculations different parameteriza-
tions and methods to represent the DES in the software are
compared.

2. Material and methods
2.1. Experimental details

2.1.1. Chemicals

Choline chloride, betaine and levulinic acid were purchased
from Alfa Aesar. All compounds used for the DES had
purities > 98%. Methanol, 1-propanol and heptane (99.9%) were
purchased from VWR Chemicals, ethanol (>99.9%) was obtained
from Merck KGaA, acetonitrile (>99.9%) from J.T. Baker. Vanillin
(99%) and a-tocopherol (>97%) from Alfa Aesar and B-ionone (96%)
from Aldrich were used for the partitioning experiments.

2.1.2. Preparation of deep eutectic solvents

For the DES preparation HBA and HBD were weighed in at a
molar ratio of 1:2 and heated to 80—85 °C in a hermetically closed
vial for approximately 25 min. The mixtures were stirred and
heated until a clear homogenous liquid was obtained. A more
detailed description of the procedure can be found in Ref. [9].
Betaine or choline chloride were used as HBA, the HBD in both cases
was levulinic acid. The DES composed of betaine and levulinic acid
(1:2 mol:mol) will further be referred to as BLA, the DES containing
choline chloride and levulinic acid (1:2 mol:mol) as CLA.

2.1.3. Biphasic solvent systems

The biphasic solvent systems were prepared by mixing the
solvents in the respective amounts. The composition of the solvent
systems and the solutes used for the shake flask experiments can be
found in Table 1. The biphasic systems were mixed using an auto-
matic shaker for 30 min and were afterwards allowed to settle for
another 1.5 h.

2.14. Partition coefficients

The partition coefficient K of a solute i is defined as the ratio of
the solute's mole fraction in each phase at thermodynamic
equilibrium:

n (1)

where x; and v; are the mole fraction and activity coefficient of
compound i, and « and f are the two phases of a biphasic liquid
system. For low concentration of the solute in the biphasic system
the solute distribution shows linear behavior and the partition
coefficient can be assumed as a constant.

In experimental screenings of the partition coefficient it is more
convenient to use concentrations c instead of mole fractions:
P — G _xirt
! c{g x{g pﬂ

1

(2)

where p is the molar density of the phase.

For the calculation of the partition coefficient the compositions
of the two phases without solute has to be known. These were
taken from literature data or calculated using the LLE function in
COSMOtherm.

The experimental partition coefficients of vanillin, f-ionone and
a-tocopherol were determined using the shake flask method
described in our previous work [9]. For the shake flask experiments
a-tocopherol, vanillin or f-ionone were added to the systems at a
concentration of 5 mmol 1. UV—Vis spectroscopy was utilized to
assess the concentrations of the respective solute in the phases of
the solvent systems. The experiments were conducted in triplicate.
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Table 1

Composition of the solvent systems for the measurement of the partition coefficients of vanillin, B-ionone and a-tocopherol.

Solute DES Amount of DES /wt% Alkane Amount of alkane /wt% Alcohol or nitrile Amount of alcohol or nitrile /wt%

vanillin or B-ionone CLA 375 heptane 375 methanol 25.0
CLA 375 heptane 375 ethanol 25.0
CLA 375 heptane 375 acetonitrile 25.0
BLA 375 heptane 375 methanol 25.0
BLA 375 heptane 375 ethanol 25.0
BLA 375 heptane 375 propanol 25.0
BLA 375 heptane 375 acetonitrile 25.0

a-tocopherol CLA 30.0 heptane 30.0 methanol 40.0
CLA 30.0 heptane 30.0 ethanol 40.0
BLA 30.0 heptane 30.0 methanol 40.0
BLA 30.0 heptane 30.0 ethanol 40.0
BLA 30.0 heptane 30.0 propanol 40.0

2.2. Computational details

2.2.1. Representation of molecules

Diedenhofen et al. described three modelling approaches for the
representation of ionic liquids in the COSMO-RS framework [27].
The HBA of the DES investigated in this work is in most cases an
ionic molecule composed of an anion and cation. An ionic liquid or
salt can be described as a single non-dissociated molecule, the so-
called ion pair approach, or as an electroneutral mixture of cations
and anions. These approaches represent the completely non-
dissociated or fully dissociated forms of an ionic species. As a
third approach the ions can be treated as separate molecules at the
quantum chemical level, but afterwards they are combined for the
COSMO-RS calculations. This procedure is called metafile approach
in the following sections. Thereby the o-profiles, areas and volumes
are summed up and written in a metafile [27]. These approaches
can be extended to the representation of DES containing an ionic
HBA. Fig. 1 shows a schematic representation of the three ap-
proaches adapted from Ref. [27] for the representation of DES in
COSMO-RS calculations. For the metafile approach three different
options can be considered, as shown in Fig. 1c. Either all DES-
constituents from the electroneutral approach or from the ion
pair approach can be combined into a metafile or a metafile can be
created only for the ionic HBA and the HBD is considered sepa-
rately. However, only one molecular conformation of each species
can be used in the metafile. The approach has been considered
(data not shown), but was dismissed due to several reasons: The
consideration of only one conformation per metafile was not
satisfactory since the molecules show very different conformations,
e.g. intramolecular hydrogen bonding in glycerol; The metafile
approaches did not lead to consistent results for the miscibility gap
when employing different concentration grids for the calculations
of LLE points.

The ratio of cation and anion of the HBA and the HBD, respec-
tively, must be fixed to represent the stoichiometry of the DES in

a)  Ion pair b)  Electroneutral mixture
®-® ®®
Vipa : VHED VeIV, Vgrp

V=V,

the input for COSMO-RS. In an experiment, the DES is for example
prepared by mixing 1 mol choline chloride and n mol of the HBD,
whereas in the input for COSMO-RS for electroneutral mixtures the
DES is composed of 1 mol of choline cations, 1 mol of chloride
anions and n mol of the HBD. In the COSMO-RS input all those
constituents contribute to the total number of moles. Therefore, as
described by Hizzadin et al. [ 17], it is necessary to convert the molar
fractions obtained from the COSMO-RS calculations to reflect the
experimental composition.

The activity coefficient of a component i received from COSMO-
RS calculations (yl?alc) can be converted to the laboratory frame-
work (y{*) according to Equation (3).

exp . ex| 1 I
X; Pyi P :Xim cytl;ac 3)

The experimental definition of the mole fraction of a component
i, xP, is given by Equation (4).

exp _ n;
Xi N + Npgs + > _j+ij+DEs 1 @
In the COSMO-RS framework the mole fraction, x;?“’c, is defined
according to Equation (5) for single molecule or non-dissociated
HBA (ion pair) and according to Equation (6) for dissociated HBA
(electroneutral). The molar amount of DES (npgs) is composed of
stochimetric amounts of HBA and HBD.

X

non—diss,calc __ n; (5)
i n. s .
1; + (VA + YHBD)NDES + D j+ij=DES Tl

giiss.,calc _ n; (6)

X =
N; + (Ve + Va + VHpp)NpEs + D j+ij=DEs

In equation (5) »; represents the stoichiometric coefficient of
each DES constituent. The stoichiometric coefficients of HBA and
HBD are fixed for each DES. For the electroneutral approach used in

¢)  Metafile approach

@e® @we

@ @@ VHBA - VHBD

Fig. 1. Schematic illustration of ion pair (a), electroneutral (b) and metafile (c) representation of DES adapted from Ref. [27], »; represents the stoichiometric coefficient of each
constituent, cations are labelled with c, anions with a. For c) three different options to build the metafile can be considered.
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Equation (6), vyp, is split into the sum of the stoichiometric coef-
ficient of cations v and the stoichiometric coefficient of anions v,
(see Equation (4)). Since the mixture has to be electroneutral, the
molar amounts of anions and cations have to be equal. For the
calculations of pseudo-ternary LLE containing DES the assumption
has been applied that the initial ratio of HBA and HBD stays the
same in both phases.

The molar fractions calculated in the COSMO-RS framework can
then be converted to the laboratory scale [28]:

calc calc
X; X;

X?XP _ Vi Vx ( 7)

i
Xcalc xcale Xrnlc
2 i <T> 2k ( )

with v, = {Il, k not a DES
)

Equati I(/7{< i ‘\1/3{55 for all components except the DES. The
coefficient v corresponds to the sum of the stoichiometric coeffi-
cient of all DES-constituents. For example, in the case of the DES
choline chloride-levulinic acid in a molar ratio of 1:2 and electro-
neutral approach, the DES is composed of one part choline cations,
one part chloride anions and 2 parts of levulinic acid molecules.
That means » will have a value of four. With Equations (5) and (9)
the activity coefficients can be converted according to Equation (8).

exp . calc
i vf”Z( ’;k> (8)

k

In pure DES, for activity coefficients of a solute at infinite dilu-
tion, Equation (9) simplifies to

c0,eXp _

1 .
% ’Yl ,calc (9)

2.2.2. COSMO-RS calculations

COSMOconf (Version 4.0, COSMOlogic, Germany) was applied to
generate the molecular structures and the Balloon algorithm,
implemented in the software, was used for the generation of con-
formers, which were considered as a Boltzmann-weighted mixture
of conformers for the calculations. The maximum number of con-
formers was set to 20 within an energy window of 25 kcal/mol from
the lowest energy structure. Full DFT optimization was performed
for all conformers in TURBOMOLE (Version 6.6, COSMOlogic, Ger-
many) using the Becke-Perdew (BP) functional with resolution of
the identity (RI) approximation. The calculations were performed
twice with either the triple-zeta valence polarized basis set (TZVP)
or TZVPD-FINE with the additional diffuse basis function and the
fine grid marching tetrahedron cavity construction. The activity
coefficients, LLE and partition coefficients were then computed
using the commercially available software COSMOtherm (Version
C30 Release 15.01., COSMOlogic, Germany).

2.2.3. Comparison of prediction qualities

To evaluate the prediction quality of the COSMO-RS calculations
with the different approaches described in section 2.2.1 the root
mean square deviation (RMSD) was calculated.

( -exp chalc)
ik ik
RMSD = 100 E E E - 7

k=1 i=1 j=1

(10)

For LLE predictions the RMSD was calculated according to
Equation (10) where m is the number of tie lines, c is the number of

components and j the number of phases. The DES were considered
as one single pseudo component. To calculate the RMSD for limiting
activity coefficients of different solvents in different DES v,
Equation (11) was used with N as the number of considered activity
coefficients.

0, exp

2
oo,calc
750!1/ i )

B 75011) i

RMSD = 100 Z< N

i=1

(11)

3. Results and discussion
3.1. Prediction of activity coefficients

As a first step in the evaluation of the prediction quality of
COSMO-RS, limiting activity coefficients of different solvents in DES
were calculated and compared to experimental data taken from
Ref. [29]. The considered DES were choline chloride-glycerol in a
molar ratio of 1:1 and 1:2. Calculations of the activity coefficients at
infinite dilution were carried out for the TZVP and TZVPD-FINE
parameterization considering different representations of the
DES. The so-called ion pair approach reflects the non-dissociated
form of the HBA choline chloride. Herein the geometry optimiza-
tion is performed for choline cation and chloride anion together.
For the electroneutral approach, which represents a fully dissoci-
ated form, the geometry optimization for cation and anion is per-
formed separately. An example for sigma surfaces obtained from
these two approaches is shown in Fig. S1 in supporting information.
The resulting activity coefficients obtained with these approaches
are listed in Table 2.

By just comparing the mean RMSD (see Table 2) the predictions
made with the TZVP parameterization show generally smaller de-
viations from the experimentally determined activity coefficients
than the predictions made with the TZVPD-FINE parameterization.
For the TZVPD-FINE parameterization (Fig. 2), the limiting activity
coefficients of alkanes in DES are significantly overestimated,
whereas for the more polar solvents like alcohols and ketones the
limiting activity coefficients are slightly underestimated in this set
of data. A parity plot of the results (see Fig. 2 for TZVPD-FINE and
Fig. 3 for TZVP parameterization) gives a better overview of the
prediction quality for different values of the activity coefficients. Up
to logarithmic activity coefficients of approximately 5 the predicted
values are in good agreement with the experimentally determined
ones for TZVPD-FINE. For the non-cyclic alkanes, namely octane, n-
decane, dodecane and tetradecane, the deviation of the predicted
and experimental values increases with the alkane chain length.
Using the TZVP parameterization the deviation between computed
and experimental activity coefficients for non-cyclic alkanes is
significantly smaller than for values obtained with TZVPD-FINE.
However, considering the other species, the overestimation of the
interactions between the solvent molecules and the DES is higher
for this parameterization. It has to be noted that deviations in the
calculations with TZVP and TZVPD-FINE are not only caused by the
different parameterizations in the DFT calculations, but also by the
differences in the COSMO-RS model implemented for those two
parameterizations in COSMOtherm. The same tendencies hold true
for calculations of activity coefficients of the same compounds in a
DES containing choline chloride and glycerol in a molar ratio of 1:1.
Tabulated values for this DES are given in supporting information in
Table S1.

TZVPD-FINE was introduced in 2011 and designed to improve
predictions for specific compound classes, e. g. secondary or ter-
tiary amines. Key feature compared to TZVP are new hydrogen
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Logarithmic limiting activity coefficients of different solvents in the DES choline chloride-glycerol (1:2) calculated with COSMO-RS and TZVP and TZVPD-FINE parameteri-

zation. Experimental values taken from Ref. [29].

Solvent Experimental Parameterization Ion pair Electroneutral
octane 5.72 TZVP 5.16 4.06
TZVPD-FINE 7.79 7.27
n-decane 6.22 TZVP 6.36 5.06
TZVPD-FINE 9.59 8.94
dodecane 6.59 TZVP 7.54 6.04
TZVPD-FINE 11.36 10.55
tetradecane 7.00 TZVP 8.71 7.01
TZVPD-FINE 13.13 12.14
benzene 293 TZVP 142 0.97
TZVPD-FINE 2.37 2.26
toluene 3.79 TZVP 1.98 1.43
TZVPD-FINE 333 3.19
cyclohexane 4.88 TZVP 3.10 2.30
TZVPD-FINE 4.92 4.59
methanol 0.00 TZVP -1.12 -1.76
TZVPD-FINE -1.20 -1.35
ethanol 0.59 TZVP -0.72 —1.40
TZVPD-FINE -0.40 —0.64
propanol 1.39 TZVP —-0.32 -1.13
TZVPD-FINE 0.29 0.08
1-butanol 2.08 TZVP 0.14 -0.77
TZVPD-FINE 0.93 0.71
1-pentanol 3.11 TZVP 0.60 -0.42
TZVPD-FINE 1.80 1.58
propanone 1.28 TZVP -0.19 -0.26
TZVPD-FINE 0.08 -0.37
methyl isobutyl ketone 3.56 TZVP 1.44 1.00
TZVPD-FINE 2.53 2.04
acetonitrile 0.74 TZVP -0.28 -0.24
TZVPD-FINE -0.52 -0.78
ethyl acetate 2.83 TZVP 0.76 0.50
TZVPD-FINE 147 1.21
tetrahydrofuran 1.79 TZVP 0.32 0.03
TZVPD-FINE 1.02 047
pyridine 1.10 TZVP 0.05 —-0.09
TZVPD-FINE 0.10 -0.32
RMSD TZVP 1.56 2.03
TZVPD-FINE 2.25 2.05
9
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binding physics and improved cavity constructions [30]. As ex-
pected, the TZVPD-FINE parameterization gives better results for
polar interactions where H-bond formation plays an important
role. The predicted and experimental activity coefficients are also in
very good agreement for cyclic molecules, such as benzene or
toluene. For the prediction of the activity coefficients of long chain
alkanes the TZVP parameterization is preferable considering the
investigated data set. The variation between the limiting activity
coefficients calculated with the different representation ap-
proaches of the DES is relatively high for this set of data. A reason
for this could be the different conformations of the investigated
HBA in electroneutral and ion pair approach. In the studied ion pair
the partially positive surface charges at the hydroxyl groups are
shielded by the chloride anion for half of the conformers used for
the calculations. The chloride anion bound in the ion pair also has a
weaker negative charged surface than the individual chloride in the
electroneutral representation. The conformer sets for the choline
chloride ion pair include quite different 3D-structures and a larger
number of conformations than in the electroneutral representation
of the HBA.

The findings of these predictions for pseudo binary systems
composed of the DES and a solute may help elucidating the
behavior of more complex ternary or multinary systems.

3.2. Liquid-liquid equilibria

For the evaluation of the prediction quality of COSMO-RS for
biphasic liquid systems, LLE-data was collected from literature and
the experimental values were compared to the calculated phase
equilibria. The miscibility of twelve different systems was
computed and the RMSD for experimental and predicted tie lines
was calculated. In this section the quaternary systems composed of
two organic solvents, HBA and HBD were treated as pseudo ternary
systems. The ratio of HBA and HBD was kept constant in both
phases during the calculations and the results were converted to
the ternary definition using Equation (7). Table 3 lists the biphasic
systems and their literature reference, as well as the RMSD for the
fully dissociated and non-dissociated representation of the HBA
both computed with the TZVP and TZVPD-FINE parameterizations.
Two data sets for LLE are shown in this section, ternary diagrams of
all calculated LLE can be found in the supporting information
Figs. S2—S13.

The biphasic systems investigated in this section mainly use
choline chloride as HBA, except for two liquid systems containing

Table 3
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tetrabutylphosphonium bromide. The systems with the numbers
1-3 and 9—10 are composed of heptane, ethanol and DES con-
taining choline chloride and different HBD (see Table 3). The
calculated tie lines for the systems containing choline chloride-
levulinic acid (CLA, system no. 1), choline chloride-ethylene glycol
1:2 (CEG, system no. 2), or choline chloride-lactic acid (CLC, system
no. 9) represent the experimental tie lines very well, as can be seen
by the relatively low RMSD (see Table 3). For the systems with
glycerol (CGL, system no. 3) and glycolic acid (CGY, system no. 8) as
HBD the fraction of ethanol in the lower, DES-rich phase is over-
estimated by COSMO-RS. Therefore the predicted fraction of
ethanol in the upper, heptane-rich phase is too low compared to the
experimentally determined phase compositions.

For most of the biphasic systems the deviation of the calculated
and experimentally determined phase equilibria is similar for all
four approaches. Fig. 4 shows ternary plots of the results for the
four modelling approaches for the biphasic system composed of
heptane/ethanol/CLA (system no. 1). It has to be noted that the DES
used to determine this LLE were prepared by heating. When choline
chloride and carboxylic acids are heated, esters and hydrochloric
acid occur as impurities. A part of the deviation of the calculated
and experimental LLE for this system, and also the other systems
containing carboxylic acids, may be due to those impurities in the
experiment which are not accounted for in the calculations. How-
ever, the predicted tie lines are in good agreement with the
experimental LLE data for the system heptane/ethanol/CLA. The
RMSD for the prediction is lowest for the TZVPD-FINE parameter-
ization with non-dissociated representation of the choline chloride
ion (compare Table 3). However, the difference in RMSD for the
modelling approaches is small. Accounting for the calculation times
of the LLE the calculations for the TZVP-parameterization are
approximately ten times faster than for TZVPD-FINE. Because of
this the TZVP-parameterization is to be preferred for most of the
biphasic systems. However, in some systems there is a significant
difference between the two parameterizations. Fig. 5 gives an
example for such a case and shows the biphasic system heptane/
toluene/tetrabutylphosphonium bromide-sulfolane. In this
example, the size of the miscibility gap received from the calcula-
tions with the TZVP parameterization is underestimated for both
ion pair and electroneutral approach. For the TZVPD-FINE param-
eterization the predicted miscibility gap is in good agreement with
the experimental data concerning the size of the biphasic region,
even though the slope of the tie lines still differs from the experi-
ment. One of the investigated systems, namely heptane/toluene/

RMSD for COSMO-RS calculations using TZVP or TZVPD-FINE and different molecular representations; systems are numbered for easier referencing.

System  Refer- System RMSD TZVP ion RMSD TZVP electro- RMSD TZVPD-FINE ion ~ RMSD TZVPD-FINE electro-

no. ence pair/% neutral/% pair/% neutral/%

1 [31] ChCl-levulinic acid 1:2 - heptane - 6.85 7.56 6.76 6.97
ethanol

2 [31] ChCl-ethylene glycol 1:2 - heptane - 5.09 5.82 5.16 5.16
ethanol

3 [31] ChCl-glycerol 1:2 - heptane - ethanol  12.97 13.69 12.63 12.82

4 [16] ChCl-glycerol 1:2 - hexane - benzene  7.85 10.65 1.96 225

5 [16] ChCl-Lactic acid 1:2 - hexane - benzene 8.19 10.69 5.21 471

6 [16] ChCl-lactic acid 1:2 - hexane - ethyl 21.73 16.51 32.13 35.29
acetate

7 [32] ChCl-lactic acid 1:2 - hexane - ethanol 7.06 7.86 6.53 7.08

8 [32] ChCl-glycolic acid 1:1 - hexane - ethanol 14.21 15.84 10.91 13.18

9 [32] ChCl-lactic acid 1:2 - heptane - ethanol 4.48 5.16 1.54 3.66

10 [32] ChCl-glycolic acid 1:1 - heptane - 8.80 9.85 6.60 8.12
ethanol

11 [33] TBPBr-sulfolane 1:2 - heptane - toluene 17.60 18.81 7.63 8.26

12 [33] TBPBr-ethylene glycol 1:2 - heptane -  14.29 15.72 9.44 6.68

toluene
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a) Ethanol b) Ethanol | —s— experiment
---o--prediction

Heptane ~ 035 050 075 CLA Heptane 035 030 075 CLA
electroneutral TZVP electroneutral TZVPD-FINE
c) Ethanol d) Ethanol

Heptane 035 030 0.5 CLA Heptane 035 030 075 CLA
ion pair TZVP ion pair TZVPD-FINE

Fig. 4. Experimental vs. predicted LLE for the system composed of heptane, ethanol and CLA (system no. 1); dashed lines mark COSMO-RS predicted tie lines with (a) TZVP
parameterization with electroneutral, (b) TZVPD-FINE parameterization with electroneutral, (c) TZVP parameterization and ion pair, and (d) TZVPD-FINE parameterization with ion
pair representation of DES molecules.

a) Toluene b) Toluene  |—=— experiment
--e--prediction

0.75
------------ 0.25
7 7 7 / i _/ ________ 7 d 7
Heptane (25 0.50 0.75 TBP-Sulfolane  Heptane (25 0.50 0.75 TBP-Sulfolane
electroneutral TZVP electroneutral TZVPD-FINE
¢) Toluene d) Toluene

Heptane 035 030 075 TBP-Sulfolane Heptane 035 050 0.5 TBP-Sulfolane
ion pair TZVP ion pair TZVPD-FINE

Fig. 5. Experimental vs. predicted LLE for the system composed of heptane, toluene and tetrabutylphosphonium bromide-sulfolane (system no. 11), dashed lines mark COSMO-RS
predicted tie lines with (a) TZVP parameterization with electroneutral, (b) TZVPD-FINE parameterization with electroneutral, (c) TZVP parameterization and ion pair, and (d) TZVPD-
FINE parameterization with ion pair representation of DES molecules.
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tetrabutylphosphonium bromide-ethylene glycol, was also calcu-
lated with COSMO-RS by the group of Hadj-Kali [17]. The RMSD for
this system is reported with 4.91% in their work. The calculations
performed in this works yield a minimum RMSD of 6.68%. The
reasons for this discrepancy are the different versions of TURBO-
MOLE and COSMOtherm used in the works and the different con-
formers included for the calculations.

The difference in the prediction quality of the TZVP- and TZVPD-
FINE-parameterizations becomes easier to see when the RMSD for
each approach is plotted individually for both phases, i.e. the
organic solvent-rich phase and the DES-rich phase. The plot in Fig. 6
shows the RMSD for the calculated phase compositions in upper
organic-rich phase and lower DES-rich phase. The bars include 99%
of the values, while the boxes mark the 75% and 25% quartile, the
horizontal line in the box marks the median and the cross repre-
sents the mean value of the RMSD. In this plot, it becomes easy to
see that the mean values of the RMSD do not differ very much.
However, the scattering of the values for the lower phase is higher
for the TZVP parameterization than for TZVPD-FINE. The lowest
RMSD is achieved for predictions of the phase composition in the
DES-rich phase with TZVPD-FINE parameterization and electro-
neutral approach, except for one phase composition, namely the
system composed of hexane/ethyl acetate/CLC (system no. 6). In the
upper phase all parameterizations and representations of the DES
show similar deviations from the experimental phase composi-
tions. The scattering of the RMSD for the TZVP parameterization is
significantly lower for calculations of the phase composition of the
organic solvent-rich upper phase than of the lower phase for the
investigated biphasic systems. Comparing the results of the LLE
predictions with the prediction quality of activity coefficients
investigated in section 3.1 a similar trend can be observed. The
TZVPD-FINE-parameterization gives smaller deviations for the
lower phase where polar molecules and H-bond interactions play
an important role, while the TZVP-parameterization leads to
comparable deviations for both the polar lower and less polar up-
per phase. In biphasic systems both types of molecules and in-
teractions play an important role.

For some input compositions, the algorithm to solve the equi-
librium used by COSMOtherm (VLE/LLE job type) did not converge
and led to missing tie lines in the miscibility gap. This problem can
be overcome by slightly varying the global input concentration of a
system. The error for further calculations resulting from this
approach to predict the phase composition is shown in supporting
information (Fig. S15). The convergence problem occurred espe-
cially for TZVPD-FINE-parameterization in combination with the
non-dissociated representation of the HBA (ion pair approach) and
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Fig. 6. RMSD for the lower (LP) and upper (UP) phase compositions of the LLE
computed with TZVP and TZVPD-FINE parameterizations with fully and non-
dissociated representation of the HBA.

least for TZVP and fully dissociated HBA (electroneutral approach).

3.2.1. Consideration as quaternary liquid-liquid equilibria

From a physical point of view it is more reasonable to treat a LLE
of a DES and two other solvents as a quaternary system than as a
pseudo ternary system. However, this consideration comes with
some restraints. Equations (5)—(9) of section 2.2.1 cannot be used
to convert the mole fractions of DES from COSMO-RS framework to
laboratory framework, since they are restricted for the assumption
that the stoichiometric coefficients of the DES-constituents stay the
same in both phases. Therefore it is difficult to compare the results
of the quaternary LLE calculations with the experimentally deter-
mined LLE. However, the distribution of the individual DES con-
stituents is a very interesting matter.

Calculations of three tie lines each of the biphasic systems
heptane/ethanol/CLA (system no. 1) and hexane/ethyl acetate/CLC
were performed with TZVP and TZVPD-FINE for the ion pair
approach using the multinary liquid-liquid equilibrium option in
COSMOtherm. The results of both calculations are tabulated in
Tables S2 and S3 in the supporting information. The calculated
phase composition for the heptane/ethanol/CLA system (system no.
6) shows that the ratio of HBD and HBA stays constant in the DES-
rich phase since the amount of DES constituents in the heptane-
rich phase is negligible. The systems 2 to 5 and 7 to 12 can be
assumed to yield similar results since the amount of DES is very
small in the upper phases of those systems. In those systems the
assumption that the ratio of HBD and HBA stays constant is
acceptable. In system no. 6 the amount of DES constituents in the
hexane-rich phase is not negligible. The results of the calculations
for the quaternary systems in Table S3 show that the ratio of HBD
and HBA in the DES-rich phase decreases with increasing amount of
ethyl acetate. The decrease is stronger pronounced for the calcu-
lations with TZVPD-FINE than with TZVP. Unfortunately, it is not
possible to say which results describe the LLE better since there is
no experimental data available on the individual distribution of
HBA and HBD in this system.

3.3. Partition coefficients of different solutes in DES-Based biphasic
systems

Since the separation of a mixture in liquid-liquid chromatog-
raphy is based on the difference in the distribution of the target
compounds or impurities within a biphasic liquid system, the
partition coefficient of these molecules is one of the most impor-
tant physicochemical properties to consider in the design of the
process. To assess the prediction quality of COSMO-RS for solute
partitioning in biphasic systems containing DES, the partition co-
efficients of nine natural components from the G.U.E.S.S.-mix [11]
were calculated and compared to experimentally determined
values. The experimental data for the partition coefficients in the
system heptane/ethanol/CLA were taken from Ref. [9]. The calcu-
lations were performed using experimental and predicted phase
composition data for a global composition of 30/40/30 wt/wt/wt.
Fig. 7 shows the predicted and experimental partition coefficients
of a-tocopherol, arbutin, B-ionone, caffeine, coumarin, naringenin,
retinol, R-carvone and vanillin using experimental LLE data for the
input of the phase composition. The solutes are ordered according
to their octanol-water partition coefficient in Fig. 7, starting from
lowest to highest from left to right. For f-ionone, caffeine,
coumarin, naringenin, carvone and vanillin the predicted partition
coefficients are in good agreement with the experimentally deter-
mined partition coefficients. The values of predicted and measured
partition coefficients show higher deviations for a-tocopherol,
arbutin and retinol. It can be seen that the highest deviation of
predicted and experimental values is obtained for the most
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Fig. 7. Experimental and predicted logarithmic partition coefficients of solutes with
different polarity in the biphasic system composed of Heptane/Ethanol/CLA with a
composition of 30/40/30 wt/wt/wt calculated using COSMO-RS with experimental LLE
data.

hydrophilic molecule of the selected solutes, i.e. arbutin, and the
most hydrophobic molecules, i.e. a-tocopherol and retinol, ac-
cording to their octanol-water partition coefficients. Despite the
higher deviations for those three molecules, the overall trend of the
distribution of the different natural compounds within the DES-
based biphasic system is well represented. Except for retinol, the
predicted partition coefficients within the preferred range in
liquid-liquid chromatography, i.e. —0.4 < log P; < 0.4, are in good
agreement with the experimentally determined partition
coefficients.

Availability of LLE-data for biphasic systems containing DES is
limited and measuring phase diagrams can be very time
consuming, especially considering biphasic solvent system
screening. Hence, the partition coefficients were also computed
using predicted LLE data. Fig. 9 shows partition coefficients calcu-
lated with COSMO-RS using experimental and predicted LLE data.
By reason of clarity only the results for the TZVP-parameterization
are shown. A similar plot for the TZVPD-FINE parameterization can
be found in the supporting information, Fig. S14. The partition co-
efficients received by calculations using predicted LLE data only
differ slightly from the predicted partition coefficients using
experimentally determined phase compositions as input for solutes
within or close to the preferred range of partition coefficients in
liquid-liquid chromatography. The results show that using pre-
dicted LLE data does not introduce a significant, additional devia-
tion from the experimentally determined partition coefficients for
the investigated biphasic DES-based system.

In liquid-liquid chromatography it is common practice to choose
a biphasic solvent system on the basis of solute partition co-
efficients and then fine tune the composition of the system by
choosing a well-suited tie line in the miscibility gap to achieve a
stable and economic process. Hence, the partition coefficient of one
of the model substances, namely B-ionone, has been calculated for
varying global compositions of the biphasic system heptane/
ethanol/CLA (system no. 1 in Table 3). The results displayed in Fig. 8
show that the partition coefficient of B-ionone increases with the
tie line length and the distance of the global system composition
from the plait point. This trend is also reflected in the predicted
partition coefficients. The TZVP parameterization also leads to good
quantitative values. The results of these calculations show that
COSMO-RS can be used to predict the variation of the partition
coefficient with the phase composition in biphasic systems con-
taining DES.

Eventually the predictive model was used to calculate partition
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Fig. 8. Experimental and predicted logarithmic partition coefficients of p-ionone in the
biphasic system composed of Heptane/Ethanol/CLA with varying compositions; LLE
data was received from COSMO-RS calculations.
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Fig. 9. Experimental and predicted logarithmic partition coefficients of solutes with
different polarity in the biphasic system composed of heptane/ethanol/CLA with a
composition of 45/10/45 wt/wt/wt calculated using COSMO-RS with the TZVP
parameterization and experimental and predicted LLE data.

coefficients in DES-based biphasic solvent systems with no LLE data
available. The solvent system compositions used in this data set are
listed in section 2.1.3, Table 1. The predicted and experimentally
determined partition coefficients of the three model compounds
vanillin, B-ionone, and a-tocopherol are given in Fig. 10. Betaine is a
zwitterion and therefore the representation as two dissociated
separate ions was not applicable. The predicted results for the
zwitterion were put into the same diagram with the data of the ion
pair representation, although betaine is not an ion pair. The results
confirm the previous observation, that the partition coefficients of
B-ionone and vanillin show less deviation from the experimental
values, while the calculated partition of a-tocopherol in the
biphasic systems are generally overestimated, especially for the
TZVPD-FINE parameterization. However, the TZVP parameteriza-
tion combined with the electroneutral representation of the HBA
gives reasonable results for a solvent system screening. Although
the partition coefficients of a-tocopherol are overestimated, the
trend in the distribution behavior of the solute can be reproduced
using the TZVP-parameterization and the electroneutral represen-
tation of the HBA (TZVP and ion pair for biphasic systems con-
taining BLA respectively). For B-ionone the predicted partition
coefficients are in good agreement with the experimentally deter-
mined values for TZVP parameterization and electroneutral
approach, with the exception of biphasic systems containing
acetonitrile (ACN) or propanol (PrOH). Best prediction quality is
observed for vanillin, a small polar molecule.



Paper 11

32 E Bezold et al. / Fluid Phase Equilibria 437 (2017) 23—33
a ] 7B YR X
A ninl
nl
' /B VR
= y K7 w“
7 N/
ra ]
(=9
§1} - |
-3+ expenmental ¥/} ion pair TZVP
i clectroncutral TZVP /) ion pair TZVPD-FINE
4 clectroneutral TZVPD-FINE
- [ I I I I
™ ™ bas hoag \a Y
N N o o N > o
o O \i 2 O < \%
P L S A
& RO < K R <® R
1.0
b) i I cxpcrimental v/ ion pair TZVP
08| clectroncutral TZVP /) ion pair TZVPD-FINE
. | electroneutral TZVPD-FINE
T2 0.6
o 4 7
2 0.4— g
/
0.24 ﬂ
0.0—
hag jrad
& & il
Q \x\ Qe s @
@@O \@\0 Ny & \Q}O
QS‘Q Q@Q P K ‘Q@Q
5
C) | I xpcrimental ion pair TZVP
4 clectroneutral TZVP ion pair TZVPD-FINE
s clectroncutral TZVPD-FINE
-9
)
<
Fig. 10. Predicted and experimentally determined partition coefficients of a) vanillin, b) B-ionone and c) a-tocopherol in different DES-based biphasic solvent systems listed in

Table 1; LLE data for partition coefficient calculations were received from COSMO-RS calculations.

4. Conclusion

The evaluation of the prediction quality of COSMO-RS for
limiting activity coefficients has shown that using different pa-
rameterizations, i.e. TZVP or TZVPD-FINE, leads to significantly
different results. These deviations occur not only due to the dif-
ferences in the parameterization, but also due to the differences in
the implementation of COSMO-RS for the different parameteriza-
tions in COSMOtherm. Compared to this the difference resulting
from the used representation of the ionic HBA is small. The TZVPD-
FINE-parameterization yields better predictions for polar or small
organic molecules, but high deviations from the experimental ac-
tivity coefficients for long chain, non-polar alkanes. For the inves-
tigated set of data the TZVP-parameterization is better suited to
predict activity coefficients of molecules with low polarity in DES.
Limiting activity coefficients calculated with TZVPD-FINE show

smaller deviations from the experiment than calculations with the
TZVP-parameterization for the investigated substances with In y{°
up to 5.

For LLE calculations of biphasic systems containing DES, where
both polar and non-polar interactions are of great importance, both
parameterizations yield similar RMSD. However, the prediction
quality is high enough in most cases to receive qualitative and
quantitative results for the phase compositions of biphasic systems
containing DES. The assumption that the ratio of HBD and HBA
stays constant is reasonable for systems with a negligible amount of
DES in one of the phases. For systems with a non-negligible amount
the treatment as pseudo ternary system is not satisfactory. How-
ever, there is a need for quaternary experimental LLE data to
evaluate how well the modeling approaches reproduce the actual
distribution of all constituents. The best prediction results for
partition coefficients are received for moderate partition
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coefficients. Since the preferred working range for partition co-
efficients in liquid-liquid chromatography lies between —0.4 < log
Pi < 0.4 these results suit the requirements very well. Using pre-
dicted LLE data did not lead to further deviation from the experi-
mental partition coefficients compared to when experimental LLE
data was used. In conclusion, it can be summarized that the pre-
diction quality of COSMO-RS is high enough to use the predictive
model in a screening of DES-based biphasic solvent systems and
partition coefficients. It could be shown that the application of
COSMO-RS in the selection of a biphasic solvent system for liquid-
liquid chromatography can be extended to DES-based biphasic
systems.

Nomenclature

K{xﬁ partition coefficient of compound i (mole fractions)

Plfw partition coefficient of compound i (concentration)

a, phases of a biphasic liquid system

x{ mole fraction of compound i in phase «

v activity coefficient of compound i in phase «

oy concentration of compound i in phase « in g/l

e molar density of phase a in mol/m3

Vi stoichiometric coefficient of a constituent in a mixture

NpEs molar amount of DES in the laboratory framework
(treated as one pseudo compound) in mol

Va stochiometric coefficient of the anion

Ve stochiometric coefficient of the cation

X mole fraction of compound i in the laboratory framework

P activity coefficient of compound i in the laboratory
framework

xC“’C mole fraction of compound i in the COSMO-RS framework

7{“’5 activity coefficient of compound i in the COSMO-RS

~ framework
x?”"‘d'ss‘“’lc mole fraction of compound i in the COSMO-RS

framework for ion pair approach
mole fraction of compound i in the COSMO-RS framework
for electroneutral approach

x?lss,calc

7 sum of the stoichiometric coefficient of all DES-
constituents
v limiting activity coefficient of compound i

COSMO-RS Conductor-Like Screening Model for Realistic Solvation
DFT density functional theory

DES deep eutectic solvent

HBA hydrogen bond acceptor

HBD hydrogen bond donor

CLA choline chloride-levulinic acid 1:2

CLC choline chloride-lactic acid 1:2

CEG choline chloride-ethylene glycol 1:2

CGY choline chloride-glycolic acid 1:1

CGL choline chloride-glycerol 1:2

TBP tetrabutylphosphonium bromide

TBP-EG tetrabutylphosphonium bromide-ethylene glycol 1:2
BLA Betaine-levulinic acid 1:2

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.fluid.2017.01.001.
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Summary

Tocopherols are vitamin E derivates that are poorly soluble in water. The objective of this
work was to select a suitable DES-based biphasic system for tocopherol separation and to
fractionate a mixture of different tocopherols with CPC using the selected system. The
mixture used in the work contained mainly a-, and y-tocopherol with traces of B- and
d-tocopherol. a-Tocopherol is the most valuable for human diet among the structurally similar
molecules. The sigma-surfaces of the tocopherols can be seen in Figure 12, the tocopherols
differ in the position of the methyl groups at their chromane ring. In order to achieve the set
goal to find a DES-based biphasic system, the solvent system selection approach with
COSMO-RS that was evaluated in Paper II (section 3.2) was applied. LLE of 21 DES-based
systems and tocopherol partition coefficients in the systems were predicted with COSMO-RS.

The results of the calculations suggested three DES-based biphasic systems where partition
coefficients of PB-, y- and d-tocopherol within the sweet spot were found. The partition
coefficient of a-tocopherol was above the sweet spot range for all investigated systems. From
previous work, it was expected that partition coefficients of a-tocopherol are overestimated
[81]. Therefore, a system was selected where the partition coefficients of B-, y- and
d-tocopherol were located within sweet spot and where a-tocopherol was closest to it.

a-tocopherol B-tocopherol y-tocopherol d-tocopherol

Figure 12: Sigma surfaces of a-, B-, y- and d-tocopherol for TZVP parametrization (images obtained
from COSMOtherm 15.01)

The best candidate from the computational screening was the system composed of n-heptane,
ethanol, and the DES formed by choline chloride and 1,4-butandiol (1:3 mol:mol) with a
composition of 30/40/30 wt/wt/wt. Pulse injections were then performed with the biphasic
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systems and the tocopherol mixture and separation of a- and y-tocopherol was obtained. The
biphasic system that was selected from the screening with COSMO-RS yielded a separation
factor of 1.74 for a- and y-tocopherol. Furthermore, high stationary phase retention was
obtained with 0.76 for a flow rate of 20 ml min'! and high concentrations of tocopherols were
soluble in the phases. No shake flask experiments needed to be performed prior to the
separation with CPC. The computational solvent system screening substantially reduced the
experimental effort for the selection of the DES-based biphasic system.
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Tocopherols are a class of molecules with vitamin E activity. Among those, a-tocopherol is the most
important vitamin E source in the human diet. The purification of tocopherols involving biphasic lig-
uid systems can be challenging since these vitamins are poorly soluble in water. Deep eutectic solvents
(DES) can be used to form water-free biphasic systems and have already proven applicable for centrifu-
gal partition chromatography separations. In this work, a computational solvent system screening was
performed using the predictive thermodynamic model COSMO-RS. Liquid-liquid equilibria of solvent

Keyw‘.)rdS: . systems composed of alkanes, alcohols and DES, as well as partition coefficients of a-tocopherol, 3-
Centrifugal partition chromatography . . .

Vitamin E tocopherol, y-tocopherol, and o-tocopherol in these biphasic solvent systems were calculated. From the
Deep eutectic solvents results the best suited biphasic solvent system, namely heptane/ethanol/choline chloride-1,4-butanediol,
Tocopherols was chosen and a batch injection of a tocopherol mixture, mainly consisting of a- and y-tocopherol, was
Biphasic solvent system screening performed using a centrifugal partition chromatography set up (SCPE 250-BIO). A separation factor of
COSMO-RS 1.74 was achieved for a- and y-tocopherol.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Tocopherols are a class of molecules which are known for
their vitamin E activity. Their antioxidative capacity and the
fact that they act as free radical scavenger make tocopherols an
interesting class of molecules for human health and food supple-
ment industry [1,2]. Among the tocopherols, a-tocopherol is the
most important vitamin E source in the human diet [3]. Hence,
there is a great interest in separation methods that can provide
purified a-tocopherol [4-12]. Besides chromatographic methods,
liquid-liquid separation technologies, such as countercurrent dis-
tribution or countercurrent chromatography, have been applied
for tocopherol purification [13,14]. The purification of tocopherols
involving biphasic liquid systems can be challenging since these
vitamins are poorly soluble in water. Therefore, a water-free sep-
aration method is favorable. Deep eutectic solvents (DES) can be
used to form water-free biphasic systems and have already proven
applicable for centrifugal partition chromatography (CPC) separa-
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tions [15]. DESs are formed when hydrogen bond donor (HBD) and
hydrogen bond acceptor (HBA) molecules are combined in a certain
molar ratio. The resulting mixture has a substantially lower melting
point than the pure components. The term refers to such combina-
tions with a melting point below 100 °C. They gained increasing
attention after Abbott et al. described properties of DESs in 2003
[16,17]. The high solvation capacity, low volatility, and low cost of
DESs led to many new applications in extraction and separation
processes [18-20]. The number of possible combinations of HBA
and HBD is nearly limitless. Typical HBA are quaternary ammo-
nium or phosphonium salts, which are combined with HBD, such
as urea, carboxylic acids and sugar-based polyols [8]. The resulting
mixtures are considered biocompatible and less environmentally
harmful green solvents [3].

In previous work, we have shown that the predictive thermo-
dynamic model COSMO-RS (Conductor-like Screening Model for
Realistic Solvation) can be used to drastically reduce the experi-
mental effort in the solvent system selection process for centrifugal
partition chromatography [21-23]. With this model, thermody-
namic properties, such as liquid-liquid equilibria and partition
coefficients can be calculated based on the molecular structure of
the compounds in the system. This method has also proven appli-
cable for DES-based biphasic solvent systems [24]. In this work,
the computational screening method is applied for the selection of
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a DES-based biphasic solvent system for the separation of a mix-
ture consisting primarily of a-tocopherol and y-tocopherol, with
[3-tocopherol and o-tocopherol in small amounts. In the screening,
21 solvent systems composed of alkanes, alcohols and DESs were
considered. The most promising system from the computational
solvent system screening was then used in a centrifugal partition
chromatography experiment in a 250 ml CPC (SCPE 250-BIO, also
called centrifugal partition extractor). The separation performance
was compared to a reference DES-based biphasic solvent system,
which has been used for the separation of hydrophobic natural
compounds in our previous work [15].

2. Material and methods
2.1. Chemicals

Ethanol and n-heptane (liquid-chromatography grade) were
obtained from Merck KGaA and VWR International GmbH.
Choline chloride, betaine, 1,4-butanediol, and levulinic acid were
purchased from Alfa Aesar with purities >98%. Commercial o-
tocopherol with a purity of >97% was obtained from Alfa Aesar
and a synthetic tocopherol mixture was kindly provided by Sigma-
Aldrich Chemie GmbH. The tocopherol content was 37 wt% of o-,
and 37 wt% of y-tocopherol, 1 wt% of 3-tocopherol and 7 wt% of 3-
tocopherol. Structures of the tocopherol homologues contained in
the mixture are shown in Fig. 1.

2.2. Preparation of the DES

To prepare the DES, HBA and HBD were weighed in at a specific
molar ratio listed in Table 1 for each DES, and the sealed flask was
heated to 80-85°C. The mixtures were stirred and heated until a
clear homogenous liquid was obtained. A more detailed description
of the procedure can be found in [15]. Choline chloride was used as
HBA. The HBD levulinic acid was used in the first and 1,4-butanediol
in the second experiment.

2.3. Biphasic solvent systems

The biphasic solvent systems considered in the computational
screening are listed in Table 1. The proportions of the compo-
nents of the biphasic solvent systems were chosen from the
experimental ternary diagram of heptane/ethanol/CLA [25]. The
compositions 30/40/30 wt/wt/wtand 37.5/25/37.5 wt/wt/wt of dif-
ferent alkane/alcohol/DES-systems for the screening were chosen
because they have been used in our previous work for shake flask
experiments, and with heptane/ethanol/CLA a good stationary vol-
ume retention ratio has been achieved for the composition of
30/40/30 wt/wt/wt [15]. For the experimental validation of the
selected biphasic solvent systems, DES and solvents were mixed
in the respective amounts. The system was stirred in a sealed flask
for at least one hour at room temperature and allowed to settle for
a minimum time of 30 min afterwards. The phases were then sep-
arated into two reservoirs for their use as mobile and stationary
phases of the chromatographic separation.

2.4. Partition coefficient

For the calculation of solute partition coefficients in a biphasic
solvent system, the composition of the phases (solute-free) has to
be known. The equilibrium phase composition can be taken from
literature or determined by solving the liquid-liquid equilibrium
(LLE) conditions defined by Eq. (1)

SP.,SP _ yMP. MP
XV

=xMPy] (1)

where x; is the mole fraction, y; the activity coefficient of com-
pound i, and SP and MP are the two phases of a biphasic solvent
system used as stationary phase (SP) and mobile phase (MP) for the
chromatographic separation.

The partition coefficient K of a solute i is defined as the ratio
of the mole fraction of the solute in the phases at thermodynamic
equilibrium:
P i )
1 X?/’P yioo,SP
where 7 is the limiting activity coefficient of the solute i.

In this work, the partition coefficients were all calculated for
descending mode, i.e. SPis the upper phase and MP the lower phase
of the considered biphasic system. At low solute concentrations, the
distribution shows linear behavior and the partition coefficient is
assumed to be constant.

For centrifugal partition chromatography the partition coeffi-
cient is expressed using concentrations c instead of mole fractions
(see Eq. (3)). K; can be converted to P; using the molar densities p
of the two phases.

sp
17 cMP ™ xMP pMP (
1 1

X3P

The partition coefficient P; can be experimentally determined
by pulse injections in centrifugal partition chromatography. It is
calculated from the chromatogram using the following equation:

p— Vr ‘; Vmp (4)
SP

where Vy is the retention volume, Vyp is the volume of the mobile
phase and Vsp is the volume of stationary phase in the column.
In centrifugal partition chromatography moderate partition coef-
ficients in the range of —0.4<log P;<0.4 or close to that range
are preferred. Smaller partition coefficients result in early eluting
peaks with low resolution, whereas for high partition coefficients
the target components elute late and in broad peaks.

The separation factor is calculated as the ratio of the partition
coefficient of two consecutive peaks of compounds i and j where
Pj > P;.

P;
ajj = FJI (5)
2.5. Computational details

2.5.1. COSMO-RS

In this work, the Conductor-Like Screening Model for Realistic
Solvation (COSMO-RS) was used to calculate LLE, i.e. the composi-
tion of the phases of the investigated biphasic solvent systems, and
the partition coefficients of tocopherol homologues in these sys-
tems. The predictive thermodynamic model COSMO-RS combines
quantum mechanical calculations and statistical thermodynamics.
For each molecular conformer of the solutes and solvents of the
biphasic systems, the screening charge density is computed using
the density functional theory (DFT). These calculations only have
to be performed once per molecule. From the screening charge
density, the charge distribution (o-profile) is obtained. From the o-
profile thermodynamic properties, such as activity coefficients and
chemical potential can be obtained based solely on the molecular
structure of the molecules in the mixture. From these properties LLE
and partition coefficients can be computed. Detailed information
about COSMO-RS can be found in [26].

2.5.2. Modelling of the DES in COSMO-RS
For the computational screening of partition coefficients of the
tocopherol homologues in DES-based biphasic systems, the DES
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a-tocopherol

y-tocopherol

B-tocopherol oH

d-tocopherol
OH

Fig. 1. Chemical structure of a-tocopherol, 3-tocopherol, y-tocopherol, and 3 -tocopherol.

Table 1

List of DES-based biphasic systems considered as mobile and stationary phases for the liquid-liquid chromatographic separation of tocopherols. The selected systems are

marked in bold.

Alkane Alcohol DES Ratio of Abbreviation of Composition System
HBA:HBD/mol:mol the DES (wt/wt/wt) abbreviation

n-Heptane Methanol Choline chloride - levulinic acid 1:2 CLA 30/40/30 Hep/MeOH/CLA
n-Heptane Methanol Choline chloride - levulinic acid 1:2 CLA 37.5/25/37.5 Hep/MeOH/CLA
n-Heptane Ethanol Choline chloride - levulinic acid 1:2 CLA 30/40/30 Hep/EtOH/CLA
n-Heptane Ethanol Choline chloride - levulinic acid 1:2 CLA 37.5/25/37.5 Hep/EtOH/CLA
n-Hexane Ethanol Choline chloride - levulinic acid 1:2 CLA 30/40/30 Hex/EtOH/CLA
n-Heptane Propanol Choline chloride - levulinic acid 1:2 CLA 30/40/30 Hep/PrOH/CLA
n-Heptane Propanol Choline chloride - levulinic acid 1:2 CLA 37.5/25/37.5 Hep/PrOH/CLA
n-Hexane Propanol Choline chloride - levulinic acid 1:2 CLA 30/40/30 Hex/PrOH/CLA
n-Heptane Methanol Betaine - levulinic acid 1:2 BLA 30/40/30 Hep/MeOH/BLA
n-Heptane Methanol Betaine - levulinic acid 1:2 BLA 37.5/25/37.5 Hep/MeOH/BLA
n-Heptane Ethanol Betaine - levulinic acid 1:2 BLA 30/40/30 Hep/EtOH/BLA
n-Heptane Ethanol Betaine - levulinic acid 1:2 BLA 37.5/25/37.5 Hep/EtOH/BLA
n-Heptane Ethanol Choline chloride - ethylene glycol 1:2 CEG 30/40/30 Hep/EtOH/CEG
n-Heptane Ethanol Choline chloride - ethylene glycol 1:2 CEG 37.5/25/37.5 Hep/EtOH/CEG
n-Heptane Ethanol Choline chloride - glycerol 1:2 CGL 30/40/30 Hep/EtOH/CGL
n-Heptane Ethanol Choline chloride - glycerol 1:2 CGL 37.5/25/37.5 Hep/EtOH/CGL
n-Heptane Ethanol Choline chloride - malonic acid 1:1 CMA 30/40/30 Hep/EtOH/CMA
n-Hexane Ethanol Choline chloride — malonic acid 1:1 CMA 30/40/30 Hex/EtOH/CMA
n-Heptane Ethanol Choline chloride - lactic acid 1:2 CLC 30/40/30 Hep/EtOH/CLC
n-Heptane Ethanol Choline chloride - 1,4-butanediol 1:3 CBD 30/40/30 Hep/EtOH/CBD
n-Hexane Ethanol Choline chloride - 1,4-butanediol 1:3 CBD 30/40/30 Hex/EtOH/CBD

was treated as stoichiometric mixture of the HBD and ionic HBA
modelled as a fully dissociated electroneutral mixture. The LLE was
calculated as a pseudo ternary mixture composed of two solvents
and the DES. The ratio between HBA cation and anion and the HBD
was kept constant during the calculations. The molar fractions cal-
culated in the COSMO-RS framework were then converted to the
laboratory scale according to Eq. (6) [27]

x;_ralf xiculc

Vi Vi
X?XP — i — i ( 6 )
1 xeale xcale xcale
I R Z k
v j#i Vj k Vg

with v, — 1, knot a DES
K= v,k is a DES

where x{"? is the experimental mole fraction of compound i, xI¢
is the calculated mole fraction of compound i, v is the stoichio-
metric coefficient of compound k, and v denotes the sum of the
stoichiometric coefficients of the DES. A detailed explanation for
the conversion can be found in our previous work [24].

2.5.3. Software

For the generation of conformers of tocopherols, organic
solvents, and DES-constituents, COSMOconf (Version 4.0, COSMO-
logic, Germany) was used with the Balloon algorithm, implemented
in the software. The conformers were considered as a Boltzmann-
weighted mixture of conformers for the calculations. The maximum
number of conformers was set to 20 within an energy window
of 25kcal/mol from the lowest energy structure. For the differ-
ent molecular conformations full DFT optimization was performed
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in TURBOMOLE (Version 6.6, COSMOlogic, Germany) using the
Becke-Perdew (BP) functional with resolution of the identity (RI)
approximation and the triple-zeta valence polarized basis set
(TZVP). LLE and partition coefficients were then computed using
the commercially available software COSMOtherm (Version C30
Release 15.01., COSMOlogic, Germany).

2.6. CPE experiments

A centrifugal partition chromatography unit (SCPE 250-BIO)
from Armen Instruments, France, was used to conduct the batch
injections of the tocopherol mixtures. The separations were per-
formed at room temperature in descending mode, i.e. the upper
phase of the biphasic solvent systems was used as stationary phase
and the lower phase was used as mobile phase. Due to the special
cell geometry, this column is suitable for biphasic solvent systems
with higher viscosity than organic/water-based solvent systems.
The column is built of 11 stainless steel disks with 20 twin-cells
per disk and has a total column volume of 250 ml. The maximum
rotational speed is 3000 rpm and separations at a pressure up to
100 bar can conducted. A detailed description of the column can be
found in [15,28]. The rotational speed was set to 2000 rpm. A flow
rate of the mobile phase of 20 ml/min and an injection volume of
2 ml were used for both experiments.

3. Results and discussion
3.1. Biphasic solvent system screening using COSMO-RS

For the selection of a suitable DES-based biphasic solvent sys-
tem, the partition coefficients of «-, B-, vy-, and d-tocopherol
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a) 2.5 the logarithmic partition coefficient from methanol to ethanol, and
a " smaller decrease from ethanol to propanol, can be observed for
2.0 4 systems with n-hexane instead of n-heptane. The findings are in
- m u good agreement with experimental observations from [24]. When
L5 1 - . u A A the alkane and alcohol in the biphasic system are kept constant,
= . s $ it can be seen that the DESs CGL, CMA and CLC lead to high loga-
Q;D LO A 4 B A A mu rithmic partition coefficients, while values closest to the preferred
< $ A 2 ; ; A s $ $ range, indicated with grey lines in Fig. 2a and b, were observed for
05 1 t 3 S 7y CBD, CLA and BLA. Comparing the different system compositions
$ ; s of 30/40/30 wt/wt/wt and 37.5/25/37.5 wt/wt/wt, the logarithmic
0.0 1 partition coefficients of the tocopherol homologues are generally
higher for systems with higher concentrations of alkanes and DES.
03 < a << < < <O o< < 0 A0 Systems with n-hexane show generally higher partition coefficients
3 3 © 00 R @ 5 S % % 3) 5 6 of the tocopherols and smaller selectivity than the corresponding
5 E 53553835 8 ”\5* % 5 2 5 biphasic systems with n-heptane.
S8 ¢dg3gddgag € < & g As mentioned in Section 2.4, the optimum range for the solute
by E 222 822 g E 8 o E 2 partition coefficient in centrifugal partition chromatography is
—0.4<log P;<0.4. Among the calculated results, the solvent sys-
b) 25 . tems composed of heptane/ethanol/CBD and heptane/ethanol/BLA
1 & . (both for the composition 30/40/30 (wt/wt/wt)) show the low-
2.0 1 - . est partition coefficients. The system heptane/ethanol/BLA was not
] considered for CPE-experiments because the lower phase showed
15 - A higher viscosity than the other selected biphasic solvent systems.
1 A
;_ 1.0 A : : 2 N P s 3.2. Batch separation of tocopherols using a centrifugal partition
= e g - A extractor
— 0.5 :
.y The most promising biphasic solvent system for the separa-
’ tion of the tocopherol mixture from the computational screening,
P ‘ ‘ namely heptane/ethanol/CBD 30/40/30 (wt/wt/wt), was experi-
' < < < < < 10 - mentally evaluated in the next step. The calculated logarithmic
— — — [ — m &) eps . . .
LE) LE) % % % LE) % partition coefficients in this system were log Py_tocopherol = 1.00, log
°] Q Q Q Q Q Q PB—tocopherol =0.26, log Py_tocopherol = 0.11, and log P5_tocopherol = 0.02.
b= g =) b= g g g Additionally, a centrifugal partition chromatography experiment
) = = ) 2 & & with the system heptane/ethanol/CLA 30/40/30 (wt/wt/wt) was

Fig. 2. Partition coefficient of a-tocopherol (W), 3-tocopherol (a), y-tocopherol (¢),
and d-tocopherol (®) calculated with COSMO-RS for a) systems with composition
30/40/30 (wt/wt/wt), and b) systems with composition 37.5/25/37.5 (wt/wt/wt);
selected systems are marked in bold.

were calculated in 21 DES-based water-free solvent systems using
COSMO-RS. In previous work, we have shown that the prediction
quality of COSMO-RS is high enough to use the model in a computa-
tional solvent system screening for DES-based biphasic systems for
centrifugal partition chromatography [24]. It could be shown that
partition coefficients of a-tocopherol in DES-based systems were
overestimated, but the trend of the solute distribution was well
reflected in the predicted values. For the screening study the global
compositions of 30/40/30 (wt/wt/wt) and 37.5/25/37.5 (wt/wt/wt)
were chosen based on results from our previous publication [15].
In the first step the LLE was calculated for each system listed in
Table 1 to obtain the composition of the phases of the biphasic sys-
tems, since experimental LLE data was only available for one system
[25]. The phase composition was then used to calculate the parti-
tion coefficient at infinite dilution. Predicted partition coefficients
for the investigated systems with a global composition of 30/40/30
(wt/wt/wt) (a) and 37.5/25/37.5 (wt/wt/wt) (b) are displayed in
Fig. 2. From the results different trends in tocopherol distribution
can be observed. For example, when heptane and CLA are kept
constant and different alcohols are used, the calculated logarith-
mic partition coefficients of the tocopherol homologues decrease
from methanol to ethanol (Hep/MeOH/CLA to Hep/EtOH/CLA in
Fig. 2a). From ethanol to propanol the logarithmic partition coef-
ficient slightly decreases for a-, 3-, and y-tocopherol and stays
constant for 8-tocopherol. Similar behavior, i.e. strong decrease in

conducted. This solvent system has been used in our pre-
vious work [15] and it could be shown that the partition
coefficient of a-tocopherol was close to the preferred range,
namely 10g P _tocopherol =0-52 % 0.1 (Pgtocopherol = 3-31). Hence, hep-
tane/ethanol/CLA was used as a reference system for comparison
with the biphasic solvent system chosen from the COSMO-RS
calculations. The calculated values for the logarithmic parti-
tion coefficients in this system were 1og Py tocopherol =141, log
Pg_tocopherot =0.71,108 Py_tocopherol = 0.54, and 10g Py _tocopherol = 0.45.
Fig. 3a shows the chromatogram of the experiment conducted with
the reference system heptane/ethanol/CLA 30/40/30 (wt/wt/wt).
The upper, heptane-rich phase was used as the stationary phase
and the lower, DES-rich phase was used as the mobile phase with
20 ml/min. The stationary phase volume retention ratio for the
experiment was 0.74. The injection volume was 2 ml and the feed
contained 35.7 g/l of a-tocopherol, 0.6 g/I of 3-tocopherol, 36.5 g/1
of y-tocopherol, and 7.0 g/ of 8-tocopherol. In the chromatogram,
two main peaks can be seen, which correspond to a- and +y-
tocopherol, that are present in the highest concentrations in the
feed. Aninjection of pure a-tocopherol (data not shown) confirmed
that the second large peak is caused by a-tocopherol. Consequently,
the first peak is y-tocopherol, because only a- and y-tocopherol
are present in high enough amounts to cause the two larger peaks.
The small shoulder at the front of the first peak is possibly caused
by 8-tocopherol. The elution order is consistent with the partition
coefficients obtained from the COSMO-RS calculations (see Fig. 2).
From the chromatogram, partition coefficients of 2.37 for the first
and 3.62 for the second peak are obtained and a value of 1.53 was
obtained for the separation factor.

For the second biphasic system, heptane/ethanol/CBD 30/40/30
(wt/wt/wt), a similar stationary phase volume retention ratio
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Fig. 3. Chromatogram for the injection of the tocopherol feed in descending mode using the biphasic solvent system heptane/ethanol/CLA 30/40/30 (wt/wt/wt) (a) and
heptane/ethanol/CBD 30/40/30 (wt/wt/wt) (b); rotational speed =2000 rpm; mobile phase flow rate=20mlmin~', 2ml injection volume, detector wavelength=292 nm,

stationary phase volume retention ratio a) 0.74 and b) 0.76.

of 0.76 could be achieved at 20 ml/min and the same sample
volume was injected as in the previous run (2 ml). The feed con-
tained 36.2g/l of a-tocopherol, 0.6g/l of 3-tocopherol, 36.0g/l
of y-tocopherol, and 6.9g/l of 3-tocopherol. Fig. 3b shows the
chromatogram of the separation experiment. At first sight the
chromatogram in Fig. 3b looks very similar to the injection using
the biphasic system heptane/ethanol/CLA 30/40/30 (wt/wt/wt)
in Fig. 3a; however, slightly different partition coefficients were
obtained. For the first peak a value of 2.00 and for the second peak
3.47 were calculated for the partition coefficient from the chro-
matogram. The separation factor for those two peaks was 1.74. Both
partition coefficients were smaller than in the first injection, which
decreased the solvent consumption. In addition a higher separation
factor could be obtained using heptane/ethanol/CBD.

For the second peak a mean Py._ocopherol Of 3.55 was obtained
from the two chromatograms. In previous work, a logarithmic parti-
tion coefficient of a-tocopherol of 0.52 4 0.1 (Py.tocopherol = 3-31) in
heptane/ethanol/CLA 30/40/30 wt/wt/wt was obtained from shake
flask experiments [15]. This means the partition coefficient of «-
tocopherol is overestimated by COSMO-RS in this system. This is
very likely also the case for the other biphasic systems investigated
in this study. However, in [24] it could be demonstrated that the
trend of tocopherol partitioning in DES-based biphasic solvent sys-
tems can be reproduced by COSMO-RS. The tocopherol homologues
show different partition behavior most likely due to their differ-
ent affinity to hydrogen bonding as proposed by Yang et al. [29].
In their work, it is proposed that the tocopherol homologues have
different affinity to hydrogen bonding with the chloride anion of
an ionic liquid in a biphasic system composed of hexane, methanol
and ionic liquid used in liquid-liquid extraction. The predominant
phenomenon for the formation of DESs is proposed to be the for-
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mation of a hydrogen bond network [30]. Hence, in the DES-rich
lower phase, which is used as the mobile phase, hydrogen bonding
plays animportant role. The OH-groups of the tocopherol molecules
are capable of forming hydrogen bonds with the chloride anion of
choline chloride. The degree of steric hindrance of the OH-group
varies at the chromane ring of the tocopherols because of the dif-
ferent positions of methyl groups. This might be the dominant cause
which leads to a difference in the partition coefficients of the toco-
pherol homologues in DES-based biphasic solvent systems.

4. Conclusion

Biphasic solvent systems based on DESs for the separation of a
mixture consisting mainly of a-tocopherol and y-tocopherol have
been selected using the predictive thermodynamic model COSMO-
RS. Although the partition coefficient of a-tocopherol was clearly
overestimated by the model, the trend of the tocopherol distribu-
tion was reproduced for the experimentally validated values. The
most promising biphasic system from the computational screening,
namely heptane/ethanol/CBD 30/40/30 (wt/wt/wt), was selected
to perform a centrifugal partition chromatography experiment in
a 250 ml centrifugal partition extractor. It was demonstrated that
DES-based biphasic systems can be used for the separation of - and
v-tocopherol. Furthermore, the experimental effort for the solvent
system selection could be drastically reduced by the model-based
solvent system selection approach.
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Summary

In almost all DES-based biphasic systems that are available in literature, DES-constituents are
only present in only one of the phases in considerable concentrations. The DES-constituents
remain in one of the liquid phases. Therefore, the ratio between HBA and HBD is constant
and stays the same as for the initially prepared DES. Hence, such systems are often treated as
pseudo-ternary systems. This manuscript follows the recommendation of Paper II to measure
quaternary LLE containing DES-constituents in both phases. At first, a hydrophobic DES
composed of L-menthol and levulinic acid in a ratio of 1:1 mol:mol (MLA) was selected for
the experiments in accordance with Florindo et al. [82]. In order to find suitable organic
solvents to form a biphasic system with the DES, a screening of limiting activity coefficients
was performed: Limiting activity coefficients are a possibility to estimate the miscibility of
two solvents. For their prediction, the method recommended in [81] was applied. The results
are shown in Figure 13. The dashed line marks a border between solvents that are miscible
with MLA and solvents that build a second liquid phase when mixed with MLA. Values
below the dashed line indicate complete miscibility. To form a quaternary biphasic system,
methanol was selected as a miscible solvent and n-heptane as a solvent that is not completely
miscible with MLA. Additionally, the two terpenes thymol or carvacrol that are structurally
similar to L-menthol were used to form eutectic mixtures with levulinic acid. They also
formed biphasic systems with n-heptane and methanol.
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Figure 13: Limiting activity coefficients of organic solvents in L-menthol-levulinic acid (1:1 ml:mol)
calculated with COSMO-RS. Solvents with values below the dashed line are miscible with the DES
and mixtures with solvents with values above the dashed line show two liquid phases.

Liquid-liquid equilibria were then measured for the three quaternary systems
n-heptane/methanol/L-menthol/levulinic acid, n-heptane/methanol/thymol/levulinic aicd, and
n-heptane/methanol/carvacrol/levulinic acid. In previous publications, it was assumed that the
ratio of DES-constituents is constant and stays the same as in the initially prepared DES in
both phases of an LLE. However, for the systems investigated in this work, it was shown that
the ratio of DES-constituents in the phases is not the same as for the initially prepared DES,
and that the distribution of the DES-constituents changes with the composition of the biphasic
system. Unfortunately, COSMO-RS predictions did not give satisfactory results for the
quaternary systems. Further effort in model improvement or selection of different
thermodynamic models has to be taken to improve a-priori predictions.
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ABSTRACT

Driven by the absence of quaternary LLE data for systems containing deep eutectic solvents (DES), phase
equilibrium data has been determined for systems composed of n-heptane, methanol, and hydrophobic
DES. Three DES were studied; levulinic acid was used as hydrogen bond acceptor (HBA) and L-menthol,
thymol and carvacrol were used as hydrogen bond donors (HBDs). It is a commonly used assumption that
the ratio of HBA and HBD is the same as the initial DES composition and equal in both phases. However, it
was shown that the ratio of HBD and HBA is not constant and changes with initial concentration of the
eutectic mixture in the system. Carvacrol- and thymol-based systems show a larger miscibility gap than
L-menthol-based systems. This is caused by stronger HBD-HBA interactions of thymol-levulinic acid and
carvacrol-levulinic acid which keep a larger fraction of the DES constituents together in the lower phase
than in the L-menthol-levulinic acid-based systems. The investigated systems are promising candidates
for separation technologies where high solubility of target compounds is desired in both liquid phases, as
in centrifugal partition chromatography, for example.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Deep eutectic solvents (DES) have gained a lot of attention as
new designer solvents within the movement towards sustainable
production and green solvents. DES are composed of hydrogen
bond acceptor (HBA) and hydrogen bond donor (HBD) molecules
which show strong eutectic behavior when combined in the right
molar ratio. Their properties are similar to ionic liquids, for
example, they are non-flammable and have a high solvation ca-
pacity for a large number of target compounds. A subclass of DES is
natural deep eutectic solvents (NADES) which are composed of
natural compounds and are considered to be non-toxic green sol-
vents [1,2]. Furthermore, NADES can be produced from relatively
inexpensive chemical species compared to ionic liquids and many
compounds able to form NADES can be obtained as food grade bulk
chemicals. DES have successfully been used in upstream and
downstream processing, as well as analytical methods. They can,
for example, be used as reaction media [3], additives in HPLC elu-
ents [4], entrainers in distillation [5], extractant for solid-phase
extraction [6—8] or liquid-liquid extraction [9—11], and in

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

https://doi.org/10.1016/j.fluid.2018.08.020
0378-3812/© 2018 Elsevier B.V. All rights reserved.

biphasic liquid systems for centrifugal partition chromatography
[12,13]. Many downstream technologies require liquid-liquid
equilibrium (LLE) data for process design. Most of the LLE-data of
DES-based biphasic systems available in literature was determined
for different applications of liquid-liquid extraction [9,11,14—18]. In
liquid-liquid extraction biphasic systems with DES are usually
composed of a DES-rich and an alkane-rich phase. It is desirable to
retain the DES exclusively in one of the phases and thus ionic HBAs,
such as choline chloride [19], betaine [20], or tetrabutylphospho-
nium bromide [15], are often applied because they are usually
poorly soluble in the second, alkane-rich, phase. Such ionic HBAs
cannot be analyzed by gas chromatography, a commonly applied
method for determining LLE data. In these cases the concentration
of the volatile compounds in the mixture are analyzed and the ionic
HBA content in the phases is either calculated from mass balance or
it is assumed that the HBA and HBD ratio stays the same as in the
initial DES and only the HBD is analyzed [11,15,17]. In the examples
from literature both methods or assumptions are valid since the
DES constituents are only present in one of the phases. Biphasic
systems like this with DES constituents solely present in one of the
phases can be represented as pseudo ternary phase diagrams and
the DES can be treated as a pseudo compound in thermodynamic
models [21]. To our knowledge, up to now no LLE data of quaternary
water-free biphasic systems containing DES are available in
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literature. However, such data is needed to gain deeper under-
standing of the behavior of DES in complex systems and such
biphasic systems are interesting for applications where moderate
solute partition coefficients of target compounds between the two
phases are beneficial. In centrifugal partition chromatography, for
example, target compounds are desired to have partition co-
efficients between 0.4 and 2.5 to achieve maximum productivity.
Hence, the solvent system should provide high solubility of target
compounds in both phases. Furthermore, quaternary LLE data is
needed to improve modelling and prediction of phase diagrams for
DES-based biphasic systems [21]. In order to form true quaternary
systems, DES has to be combined with at least two other solvents in
which it is partly soluble. This criterion can be fulfilled by DES
composed of non-charged constituents, such as so-called hydro-
phobic DES which are, for example, composed of carboxylic acids
and hydrophobic small molecules. Hydrophobic DES were first
introduced by Ribeiro et al. [22] and have gained interest for the
extraction of compounds with low water solubility [2,23].

In this work, quaternary phase diagrams of hydrophobic
eutectic mixtures composed of carboxylic acids and monocyclic
terpenes, n-heptane and methanol are determined in order to
investigate the behavior of the DES constituents in the complex
system. Levulinic acid was used as HBA and L-menthol, and the two
structural similar terpenes thymol and carvacrol were used as
HBDs. HBA and HBD were combined in molar ratios of 1:1, 2:3, and
3:2, then mixed with n-heptane and methanol. As all of the DES
constituents used in this work can be evaporated, the phase
composition was analyzed by gas chromatography (GC) and the
distributions of all chemical species in the mixture between the
two phases, as well as the ratio of the DES constituents in the each
of the liquid phases, were investigated.

2. Material and methods
2.1. Chemicals

Purity and supplier of the chemicals used in this work are listed
in Table 1. L-Menthol, thymol and carvacrol from natural source
were used for the experiments. All chemicals were used as obtained
without further purification.

2.2. DES and biphasic system preparation

For DES preparation the constituents (see Fig. 1) were combined
in the appropriate amounts, heated to 45 °C for 20—30 min in a
water bath and mixed with a magnetic stirrer. After this procedure
a stable liquid solution was obtained under ambient conditions. For
each of the HBD and HBA combinations (L-menthol-levulinic acid,
thymol-levulinic acid, and carvacrol-levulinic acid) three different
compositions of 1:1 mol:mol, 3:2 mol:mol, and 2:3 mol:mol were
prepared.

Each biphasic sample composition was prepared in triplicate.
Biphasic system compositions were chosen in the following way:
The weight fraction of n-heptane was kept constant at 50 wt%.

Table 1

Starting from 50 wt% n-heptane and 50 wt% methanol the weight
fraction of DES was increased stepwise, while the weight fraction of
methanol was decreased. For the 1:1 mol:mol composition the DES
content was changed in 5wt% steps and in 10 wt% steps for DES
compositions with ratios of 2:3 mol:mol and 3:2 mol:mol. All sys-
tem compositions used in this work are listed in Table 2. Biphasic
samples for LLE determination were prepared by weighing DES,
methanol, and n-heptane in falcon tubes using a Satorius Entris
balance with a repeatability of 0.1 mg. The samples were then
mixed for 45min in an automatic shaker in a temperature
controlled environment and allowed to settle for at least 3.5 h.
Temperature was measured with a digital thermometer during
equilibration and temperature variation during sample preparation
and equilibration did never exceed 0.15 K. In order to make sure the
biphasic samples were settled, they were centrifuged for 3 min at
3000rpm in a temperature controlled centrifuge and samples of
the phases were taken with syringe needles and diluted with THF
for GC-analysis.

2.3. Analysis of phase composition

The phase composition was analyzed using a Nexis GC 2030
with flame ionization detection (FID) from Shimadzu and a Restek
Rxi-17Sil MS capillary column (30 m length, 0.25 mm inner diam-
eter, 0.25 um film thickness) in split mode. Helium was used as
carrier gas with a linear velocity controlled flow of 23 cm/s. The
inlet temperature was set to 300 °C with a split-ratio of 50 for in-
jection. After an isothermal step at 50°C for 1.5 min, oven tem-
perature was increased with 30K/min to 140°C, followed by
another isothermal step with 140 °C held for 9 min. FID tempera-
ture was set to 300 °C.

Consistency of the results of the phase composition analysis was
checked by evaluating the shortest distance Aw' (Equation (1))
between each tie line and the initial system composition according
to the method proposed by Ref. [24].

Aw' = 100~(W0‘—wi> — <<Wa —Wi) wh —WO‘) wh — we

wh —we | wh — e
(1)

w!, w% and wP are vectors containing the initial composition and
the composition of the phases o and f.

The combined uncertainty u.; of the measurement was assessed
according to the method proposed by Konieczka and Jacek [25]
with the following formula

es =/ (Uraw)? + (Urcari)? + (trcc)? 2)

where u,, is the relative standard uncertainty of the balance used
for sample preparation, u, .q; the relative standard uncertainty of
the calibration for compound i, and u,¢c the relative standard
uncertainty of the gas chromatograph. The uncertainty of the bal-
ance ury was calculated assuming a rectangular distribution and

Source, purity, and purity analysis method provided by the supplier for the chemicals used in this work.

Chemical Source Purity/wt% Analysis method

L-menthol Alfa Aesar 99 gas chromatography
carvacrol Sigma Aldrich 99 gas chromatography
thymol VWR International GmbH >99 gas chromatography
methanol VWR International GmbH >99 gas chromatography
n-heptane VWR International GmbH >99 gas chromatography

tetrahydrofuran (THF) Alfa Aesar

99.9; stabilized with 250—350 ppm BHT gas chromatography
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Fig. 1. Molecular structures of DES constituents.

Table 2

Selected system composition for GC-analysis.
System number Molar ratio HBD:HBA Wi-heptane Wmethanol WDES Number of phases

L-Menthol Thymol Carvacrol

1 1:1 0.50 0 0.50 2 phases 2 phases 2 phases
2 1:1 0.50 0.05 0.45 2 phases 2 phases 2 phases
3 1:1 0.50 0.10 0.40 2 phases 2 phases 2 phases
4 1:1 0.50 0.15 0.35 2 phases 2 phases 2 phases
5 1:1 0.50 0.20 0.30 2 phases 2 phases 2 phases
6 1:1 0.50 0.25 0.25 2 phases 2 phases 2 phases
7 1:1 0.50 0.30 0.20 2 phases 2 phases 2 phases
8 1:1 0.50 0.35 0.15 2 phases 2 phases 2 phases
9 1:1 0.50 0.40 0.10 2 phases 2 phases 2 phases
10 1:1 0.50 0.45 0.05 2 phases 2 phases 2 phases
11 — 0.50 0.50 0 2 phases 2 phases 2 phases
12 3:2 0.50 0.40 0.10 2 phases?® 2 phases 2 phases
13 3:2 0.50 0.30 0.20 1 phase 2 phases 2 phases
14 3:2 0.50 0.20 0.30 1 phase 2 phases 2 phases
15 3:2 0.50 0.10 0.40 2 phases 2 phases 2 phases
16 2:3 0.50 0.40 0.10 2 phases 2 phases 2 phases
17 2:3 0.50 0.30 0.20 1 phase 2 phases 2 phases
18 2:3 0.50 0.20 0.30 2 phases 2 phases 2 phases
19 2:3 0.50 0.10 0.40 2 phases 2 phases 2 phases

2 Volume of lower phase too small for analysis.

repeatability data given by the manufacturer, u, ., ; was calculated
from the calibration curves according to Equation (3) and u, gc was
determined from repeated measurements of aliquots of the same
samples. The values of the concentration were far above the limit of
detection of the GC-method and it was assumed that the analytes
are completely recovered from the column.

L 2
T N (3)
aali =pe | 1y
i 2j(¢ —cm)

Sxy is the residual standard deviation, n is the number of samples
for calibration, ¢y, is the mean concentration of all samples for
calibration, ¢; is the calculated concentration, ¢; are the concen-
tration levels used in the calibration curve, and b is the coefficient of
the calibration curve. All concentrations are in mg/ml.

Molar distribution coefficients of the compounds between the
phases o and  were calculated using the following equation:

8
o _ X
K¥Pe = o (4)

x‘f and x{ are the mole fractions of compound i in the n-heptane-
rich phase B and methanol-rich o. The n-heptane-rich phase was
the upper phase in all investigated biphasic systems and the
methanol- or DES-rich phase was the lower phase.

The binary system n-heptane/methanol was included in the
measurements in order to test the analytical method by comparing
the obtained results with literature data. Literature data was
calculated from the fitted equation for temperature dependent
mutual solubility of n-heptane and methanol given in Ref. [26]. The
values from literature are compared with own measurements in

Table 3 and are in reasonable agreement with the values deter-
mined in this work.

3. Results and discussion

The eutectic mixture of D,L-menthol and levulinic acid with a
ratio of 1:1 mol:mol was first reported by Florindo et al. [23]. In this
work, however, L-menthol (T, =42.1 °C [27]) was combined with
levulinic acid. Three different molar ratios of the DES constituents
were used, namely 1:1, 2:3, and 3:2. The experimentally deter-
mined phase compositions of the system composed of n-heptane,
methanol, L-menthol, and levulinic acid are listed in Table 4. The tie
lines are plotted in Fig. 2a, for clarity only the tie lines with the
smallest Awj-value (see Table 4) of a triplicate were plotted. As the
ratio of L-menthol and levulinic acid is not the same in the coex-
isting phases, they cannot be combined as in pseudo-ternary sys-
tems shown in other work [9,11,14—17] and, thus, the tie lines are
plotted in a tetrahedron phase diagram. From the phase diagram it
can be seen that the plane built up by the tie lines with an initial
molar ratio of L-menthol:levulinic acid of 1:1 has an hourglass-like
shape. For systems 12, 13, 14, and 17 only one phase was obtained,
or the compositions were too close to the miscible region (see
Table 2). Systems 16, 18, and 19 contain an excess of levulinic acid in
the initial composition of the eutectic mixture. The tie lines ob-
tained for this initial composition of the eutectic mixture are longer
than for the other systems 1-10, indicating a wider miscibility gap.
System 15 contains an excess of L-menthol in the initial eutectic
mixture and this causes the tie line length to decrease.

The second quaternary system investigated in this work con-
tains thymol instead of L-menthol. Thymol and menthol differ in
their ring structure; thymol has three double bonds while menthol
has only single bonds (see Fig. 1). The melting point of pure thymol
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Table 3

Comparison of literature data and measurements from this work for mutual solubility of n-heptane and methanol.
Temperature/K X8 , - from literature [26] xf/le[ham, - measured Xfethano! ~ oM literature [26] X\fethano! ~ Measured
293.95K 0.1447 0.1414 + 0.0014 0.9034 0.9085 +0.0002
295.15K 0.1509 0.1493 + 0.0010 0.9007 0.9070 +0.0014

Table 4

Liquid-liquid equilibrium phase composition from GC-analysis for (1) n-heptane/(2) methanol/(3) L-menthol/(4) levulinic acid at T=293.95K and atmospheric pressure

(1.01 bar).
Initial system composition Upper phase composition Lower phase composition Aw
Wi Wy w3 Wy w1 W Wy Wy 2 w3 Wy
0.5000 0.0000 0.2869 02131 0.5606 0.0000 03163 0.1232 0.0424 0.0000 0.1893 0.7684 1.96
0.5003 0.0000 0.2867 0.2130 0.5589 0.0000 03175 0.1236 0.0422 0.0000 0.1890 0.7687 2.10
0.5000 0.0000 0.2869 02132 0.5585 0.0000 03175 0.1240 0.0421 0.0000 0.1890 0.7689 2.08
0.4995 0.0508 0.2580 0.1917 0.5856 0.0343 0.2740 0.1060 0.0689 0.1159 0.2102 0.6050 1.79
0.5001 0.0503 0.2579 0.1916 0.5906 0.0346 02714 0.1034 0.0663 0.1150 0.2145 0.6042 1.74
0.4996 0.0510 0.2578 0.1916 0.5891 0.0341 0.2746 0.1022 0.0703 0.1109 0.2097 0.6092 1.82
0.5000 0.1001 0.2295 0.1705 0.5946 0.0675 0.2444 0.0936 0.1142 0.1882 0.2272 0.4704 2.22
0.5003 0.0999 0.2294 0.1704 0.5951 0.0673 0.2446 0.0929 0.1143 0.1892 0.2273 0.4691 223
0.4997 0.1000 0.2296 0.1706 0.5943 0.0674 0.2449 0.0934 0.1132 0.1873 0.2278 0.4717 2.26
0.5001 0.1505 0.2004 0.1489 0.6146 0.0999 0.2063 0.0792 0.1744 0.2579 0.2248 0.3429 1.95
0.4995 0.1506 0.2007 0.1492 0.6136 0.1002 0.2067 0.0796 0.1770 0.2590 0.2245 0.3396 1.90
0.4997 0.1506 0.2006 0.1491 0.6149 0.1004 0.2057 0.0790 0.1750 0.2568 0.2253 0.3429 1.91
0.5002 0.1998 0.1721 0.1279 0.6559 0.1255 0.1618 0.0568 0.2369 0.3231 0.2015 0.2385 0.84
0.5002 0.2005 0.1717 0.1276 0.6557 0.1260 0.1606 0.0578 0.2358 0.3216 0.2006 0.2420 0.78
0.5003 0.1999 0.1720 0.1278 0.6537 0.1213 0.1672 0.0578 0.2315 0.3202 0.2069 0.2414 1.38
0.4994 0.2500 0.1438 0.1068 0.7037 0.1354 0.1215 0.0394 0.2834 0.3704 0.1739 0.1723 043
0.4997 0.2502 0.1435 0.1066 0.7026 0.1298 0.1278 0.0398 0.2791 0.3700 0.1770 0.1738 0.99
0.4994 0.2504 0.1435 0.1066 0.7018 0.1298 0.1283 0.0400 0.2800 0.3670 0.1791 0.1739 1.15
0.4992 0.2999 0.1152 0.0856 0.7656 0.1274 0.0856 0.0214 0.3055 0.4307 0.1419 0.1219 0.83
0.5005 0.2996 0.1147 0.0852 0.7670 0.1262 0.0857 0.0211 0.3056 0.4312 0.1409 0.1222 0.80
0.4997 0.3005 0.1146 0.0852 0.7671 0.1224 0.0886 0.0220 0.2995 0.4295 0.1458 0.1252 1.02
0.5004 0.3498 0.0860 0.0639 0.8268 0.1082 0.0548 0.0103 0.3020 0.5000 0.1074 0.0906 1.61
0.5000 0.3503 0.0859 0.0638 0.8302 0.1031 0.0562 0.0104 0.2968 0.5018 0.1113 0.0901 1.76
0.4997 0.3503 0.0861 0.0640 0.8296 0.1035 0.0565 0.0105 0.2976 0.5009 0.1107 0.0907 1.73
0.5003 0.3998 0.0573 0.0426 0.8772 0.0884 0.0304 0.0040 0.2889 0.5813 0.0727 0.0571 2.35
0.4994 0.4000 0.0578 0.0429 0.8773 0.0882 0.0304 0.0040 0.2839 0.5821 0.0768 0.0571 235
0.5009 0.3989 0.0575 0.0427 0.8800 0.0839 0.0318 0.0043 0.2852 0.5812 0.0758 0.0578 231
0.4996 0.4501 0.0289 0.0214 0.9216 0.0654 0.0128 0.0003 0.2611 0.6721 0.0374 0.0294 1.74
0.4996 0.4499 0.0290 0.0215 0.9230 0.0639 0.0129 0.0003 0.2629 0.6665 0.0392 0.0314 1.74
0.5000 0.4493 0.0291 0.0216 0.9158 0.0702 0.0130 0.0010 0.2665 0.6643 0.0380 0.0312 1.93
0.4994 0.5006 0.0000 0.0000 0.9494 0.0506 0.0000 0.0000 0.2401 0.7599 0.0000 0.0000 0.07
0.5001 0.4999 0.0000 0.0000 0.9506 0.0494 0.0000 0.0000 0.2391 0.7609 0.0000 0.0000 0.14
0.5000 0.3999 0.0669 0.0331 0.8439 0.1123 0.0387 0.0051 0.3458 0.5332 0.0801 0.0409 2.04
0.5006 0.3994 0.0669 0.0331 0.8468 0.1102 0.0387 0.0043 0.3374 0.5409 0.0817 0.0400 2.20
0.5004 0.3997 0.0668 0.0331 0.8480 0.1090 0.0386 0.0045 0.3381 0.5416 0.0814 0.0389 221
0.4999 0.1000 0.1892 0.2109 0.6976 0.0472 0.1964 0.0589 0.0793 0.1929 0.1836 0.5443 2.05
0.4994 0.1010 0.1890 0.2106 0.6981 0.0465 0.1976 0.0578 0.0756 0.1969 0.1812 0.5463 2.03
0.4996 0.1006 0.1890 0.2107 0.6980 0.0459 0.1976 0.0585 0.0744 0.1952 0.1806 0.5498 2.05
0.4997 0.3006 0.0945 0.1053 0.8365 0.0836 0.0643 0.0156 0.2197 0.4798 0.1212 0.1793 1.64
0.5005 0.3001 0.0943 0.1051 0.8407 0.0819 0.0635 0.0140 0.2159 0.4850 0.1229 0.1761 1.66
0.5005 0.3004 0.0942 0.1050 0.8406 0.0821 0.0635 0.0138 0.2170 0.4861 0.1223 0.1746 1.67
0.4991 0.4005 0.0475 0.0529 0.9008 0.0717 0.0237 0.0038 0.2487 0.6138 0.0617 0.0758 1.97
0.4995 0.4003 0.0474 0.0528 0.9035 0.0691 0.0237 0.0037 0.2432 0.6190 0.0629 0.0748 1.91
0.4997 0.3996 0.0476 0.0531 0.9029 0.0695 0.0239 0.0037 0.2453 0.6183 0.0622 0.0743 1.97

Mean combined uncertainties are u(T) = 0.15 K, u(Xneptane) = 0.0100, Uc(Xmethano!) = 0.0109, U(XL-menthot) = 0.0038, Uc(Xjevulinic acia) = 0.0026 for the upper phase and uc(x—_
heptane) = 0.0844, U(Xmethanot) = 0.0866, U(XL-menthot) = 0.0364, U(Xievulinic acia) = 0.0451 for the lower phase, the shortest distance between tie line and initial composition Aw'

is listed in wt%.

is reported with 49.6°C [27]. It is capable of forming a eutectic
mixture with levulinic acid and liquid mixtures at room tempera-
ture can be obtained with molar ratios of 1:1, 3:2, and 2:3. Fig. 2b
shows the quaternary phase diagram of n-heptane, methanol,
thymol, and levulinic acid, the composition of the phases is listed in
Table 5. The miscibility gap is larger than for the system n-heptane/
methanol/L-menthol/levulinic acid (see Fig. 2) and shifted to n-
heptane. A larger fraction of thymol is located in the lower phase
compared to the menthol-based systems. The tie line length follows
a similar trend as the L-menthol-based system and increases for
higher initial levulinic acid content (systems 16—19 in Table 2).

72

System 12 has the shortest tie line and system 12 and 13 are close to
the one-phase region.

The third eutectic mixture is composed of the terpene carvacrol
(Tm=2.5°C[27]) and levulinic acid. Carvacrol differs from thymol
only in the position of the hydroxyl group in the benzene ring (see
Fig. 1). The phase diagram is presented in Fig. 2c and the deter-
mined phase compositions are presented in Table 6. This system
shows the largest miscibility gap for the investigated initial com-
positions. As in the other two systems the tie line length increases
for higher initial levulinic acid content in the eutectic mixture, i.e.
systems 16 to 19 in Table 2. System 12 and 13 still show longer tie
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Levulinic acid

a)

L-Menthol
Methanol

n-Heptane

b)

Levulinic acid

Thymol
Methanol

n-Heptane

Levulinic acid

Carvacrol

Methanol

n-Heptane

Fig. 2. LLE phase diagram of (a) n-heptane, methanol, L-menthol, levulinic acid, (b) n-
heptane, methanol, thymol, levulinic acid, and (c) n-heptane, methanol, carvacrol,
levulinic acid.

lines and are farther from the one-phasic region than for n-hep-
tane/methanol/thymol/levulinic acid.

For easier visual assessment of the distribution of all compo-
nents between the two phases the logarithmic distribution co-
efficients, calculated according to Equation (4), are plotted against

the initial methanol mole fraction. The logarithmic distribution
coefficients for the system n-heptane/methanol/L-menthol/levu-
linic acid are shown in Fig. 3. Levulinic acid is mainly located in the
lower phase, while L-menthol is distributed more equally between
the phases with a logarithmic distribution coefficient ranging
from —0.28 to 0.47. The distribution coefficient of L-menthol has
similar values for all biphasic systems independent of the initial
molar ratio of the eutectic mixture. For levulinic acid concentration
dependent partitioning is observed. The distribution coefficients
are smaller for higher levulinic acid content in the initial eutectic
mixture (L-menthol-levulinic acid 2:3, systems 12—15) and vice
versa. Besides the distribution constants, the molar ratio of HBD to
HBA in the phases was calculated and can be found in
Supplementary Information, Table S4. The ratio of the mole frac-
tions of L-menthol to levulinic acid in the upper phase increases
from 1.91 for system 1 (n-heptane/methanol/L-menthol/levulinic
acid 50.0/0/28.7/21.3 wt/wt/wt/wt) to 35.86 in system 10 (n-hep-
tane/methanol/L-menthol/levulinic acid 50.0/0.45/0.029/0.021 wt/
wt/wt/wt). In the lower phase the ratio of L-menthol:levulinic acid
is 0.18 in system 1 and increases to 0.93 in system 10.

The logarithmic distribution coefficients in Fig. 4 show that
thymol mainly partitions to the lower phase, however, the upper
phase still contains up to 9.5wt% for the systems with initial
eutectic mixture ratio of 1:1, and up to 20.2 wt% for higher initial
thymol:levulinic acid ratio (see Table 5). For lower initial methanol
content, the logarithmic distribution coefficient of thymol shows a
stronger concentration dependency for different initial molar ratios
of the eutectic mixture that becomes less pronounced when the
methanol content is increased. The same effect is observed for n-
heptane and methanol, and occurs strongest for levulinic acid.

Fig. 5 shows the logarithmic distribution coefficients of the
system composed of n-heptane, methanol, carvacrol, and levulinic
acid. The components show similar behavior to the thymol-based
LLE. All species have a concentration dependent distribution that
is more pronounced for high initial concentrations of the carvacrol -
levulinic acid mixture. Similar to the thymol-based LLE, levulinic
acid also shows the strongest change in its logarithmic distribution
coefficients for different HBD:HBA ratios. The molar ratio of HBD to
HBA in the phases is listed in Supplementary Information Table S4.
In the upper phase of system 1 the carvacrol to levulinic acid ratio is
3.39 and increases to 5.80 in system 10, in the lower phase the ratio
stays more or less constant with values in the range of 0.91-1.00 in
systems 1—-10.

Overall, L-menthol-levulinic acid shows the highest deviation
from its initial molar HBD:HBA ratio in the lower phases (see
Table S4 in Supplementary Information). Especially for systems
with high initial DES content, levulinic acid is present in excess in
the lower phase. For thymol-levulinic acid and carvacrol-levulinic
acid, the molar ratio of HBD:HBA stays more or less constant for
systems with an initial DES composition of 1:1 with values ranging
from 0.89 to 1.00. A similarity between thymol-levulinic acid-based
and carvacrol-levulinic acid-based systems can also be observed for
the lower phases of systems 12 to 19, with initial molar DES con-
stituent ratios of 3:2 and 2:3. Concerning the upper phase, the
molar ratio of HBD:HBA is smaller in the L-menthol—based systems
than in the thymol- or carvacrol-based systems. Due to the higher
solubility of L-menthol in n-heptane, generally larger amounts of L-
menthol and levulinic acid are present in the upper phase. This can
also be seen from the ratio of the volume of upper and lower phase
(Table S5) which is quite high (7.83 +0.02 for system 1) for L-
menthol-based systems compared to thymol- and carvacrol-based
systems (1.17 + 0.01 and 1.27 + 0.03 for system 1). Considering that
the ratio of DES-constituents is not constant in the two phases and
is not equal to the ratio with which the DES was prepared, the
question is raised whether the HBA and HBD molecules in the
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Table 5
Liquid-liquid equilibrium phase composition from GC-analysis for (1) n-heptane/(2) methanol/(3) thymol/(4) levulinic acid at T = 295.15 K and atmospheric pressure (1.01 bar).

Initial system composition Upper phase composition Lower phase composition Aw!
Wy W w3 Wy Wi W Wy Wy wa w3 Wy

0.4998 0.0000 0.2821 0.2181 0.8873 0.0000 0.0920 0.0207 0.1703 0.0000 0.4642 0.3655 2.03
0.4997 0.0000 0.2822 0.2181 0.8825 0.0000 0.0954 0.0221 0.1683 0.0000 0.4631 0.3685 1.99
0.5004 0.0000 0.2818 02179 0.8847 0.0000 0.0914 0.0239 0.1702 0.0000 0.4584 03713 1.67
0.5005 0.0506 0.2532 0.1957 0.8651 0.0116 0.0965 0.0269 0.1724 0.0745 0.4127 0.3404 1.77
0.5006 0.0511 0.2529 0.1954 0.8656 0.0117 0.0963 0.0265 0.1733 0.0749 0.4128 0.3390 1.81
0.4999 0.0502 0.2538 0.1962 0.8708 0.0123 0.0917 0.0253 0.1751 0.0752 0.4090 0.3406 1.55
0.4995 0.1006 0.2256 0.1743 0.8588 0.0260 0.0896 0.0256 0.1871 0.1496 0.3583 0.3050 1.55
0.4995 0.1009 0.2254 0.1742 0.8589 0.0261 0.0896 0.0253 0.1861 0.1514 0.3583 0.3042 1.51
0.5001 0.1007 0.2252 0.1740 0.8593 0.0262 0.0891 0.0254 0.1879 0.1511 0.3573 0.3037 1.48
0.4994 0.1509 0.1972 0.1524 0.8675 0.0364 0.0757 0.0204 0.2007 0.2377 0.3103 0.2512 1.22
0.5009 0.1499 0.1970 0.1523 0.8669 0.0365 0.0763 0.0203 0.1988 0.2359 0.3126 0.2527 1.30
0.4995 0.1502 0.1975 0.1527 0.8658 0.0390 0.0751 0.0200 0.2020 0.2333 0.3087 0.2560 1.08
0.4998 0.1998 0.1695 0.1310 0.8668 0.0497 0.0656 0.0179 0.2184 0.2995 0.2621 0.2200 1.28
0.5001 0.1991 0.1697 0.1311 0.8656 0.0496 0.0667 0.0181 0.2173 0.2994 0.2629 0.2204 1.29
0.4997 0.1998 0.1695 0.1310 0.8666 0.0497 0.0659 0.0178 0.2177 0.2998 0.2618 0.2207 1.27
0.5000 0.2498 0.1411 0.1091 0.8812 0.0565 0.0505 0.0118 0.2342 0.3886 0.2139 0.1633 1.21
0.5003 0.2500 0.1409 0.1089 0.8828 0.0553 0.0500 0.0118 0.2328 0.3902 0.2130 0.1640 1.16
0.5000 0.2503 0.1408 0.1089 0.8788 0.0582 0.0504 0.0126 0.2350 0.3849 02114 0.1688 0.90
0.4996 0.3004 0.1128 0.0872 0.8900 0.0622 0.0389 0.0089 0.2467 0.4493 0.1683 0.1356 1.14
0.4998 0.3002 0.1128 0.0872 0.8899 0.0626 0.0388 0.0088 0.2473 0.4516 0.1674 0.1336 1.11
0.5001 0.2997 0.1129 0.0873 0.8899 0.0625 0.0388 0.0088 0.2448 0.4493 0.1691 0.1369 1.16
0.4997 0.3502 0.0847 0.0655 0.9030 0.0652 0.0268 0.0050 0.2559 0.5251 0.1237 0.0953 1.53
0.5001 0.3499 0.0846 0.0654 0.9027 0.0652 0.0269 0.0052 0.2570 0.5257 0.1227 0.0945 1.54
0.4994 0.3505 0.0846 0.0654 0.9029 0.0649 0.0269 0.0052 0.2566 0.5265 0.1225 0.0944 1.54
0.4996 0.4003 0.0565 0.0437 0.9195 0.0626 0.0157 0.0022 0.2506 0.5980 0.0837 0.0676 1.67
0.4999 0.3998 0.0566 0.0437 0.9204 0.0619 0.0155 0.0022 0.2494 0.5998 0.0834 0.0674 1.63
0.4999 0.3998 0.0566 0.0437 0.9188 0.0627 0.0159 0.0026 0.2513 0.6010 0.0809 0.0668 1.65
0.5006 0.4495 0.0282 0.0218 0.9339 0.0586 0.0068 0.0007 0.2520 0.6771 0.0402 0.0308 1.36
0.4990 0.4501 0.0287 0.0222 0.9330 0.0593 0.0070 0.0007 0.2530 0.6753 0.0406 0.0311 141
0.4997 0.4501 0.0284 0.0219 0.9333 0.0587 0.0071 0.0009 0.2493 0.6784 0.0401 0.0321 1.32
0.5003 0.4997 0.0000 0.0000 0.9476 0.0524 0.0000 0.0000 0.2465 0.7535 0.0000 0.0000 0.19
0.4999 0.5001 0.0000 0.0000 0.9466 0.0534 0.0000 0.0000 0.2465 0.7535 0.0000 0.0000 0.23
0.4998 0.1000 0.2641 0.1361 0.6574 0.0640 0.2011 0.0776 0.3735 0.1190 0.3328 0.1747 4.85
0.4998 0.1003 0.2639 0.1360 0.6604 0.0639 0.1986 0.0771 0.3724 0.1202 0.3323 0.1751 4.74
0.4997 0.1006 0.2638 0.1359 0.6549 0.0649 0.2016 0.0786 0.3727 0.1196 0.3328 0.1748 4.79
0.5001 0.2000 0.1980 0.1020 0.7483 0.0955 0.1200 0.0363 0.3560 0.2532 0.2579 0.1329 4.12
0.5004 0.1999 0.1978 0.1019 0.7495 0.0953 0.1194 0.0359 0.3547 0.2547 0.2563 0.1344 3.99
0.5001 0.2004 0.1977 0.1018 0.7487 0.0957 0.1198 0.0358 0.3545 0.2544 0.2576 0.1335 4.03
0.5001 0.2996 0.1322 0.0682 0.8304 0.0979 0.0588 0.0128 0.3382 0.4010 0.1723 0.0886 1.06
0.5000 0.3002 0.1318 0.0679 0.8288 0.0966 0.0613 0.0133 0.3379 0.3976 0.1758 0.0887 1.18
0.4995 0.3001 0.1322 0.0682 0.8298 0.0959 0.0613 0.0130 0.3379 0.3983 0.1759 0.0879 1.18
0.5010 0.3993 0.0658 0.0340 0.8978 0.0783 0.0213 0.0026 0.3040 0.5712 0.0864 0.0384 221
0.4987 0.4010 0.0661 0.0341 0.8982 0.0784 0.0210 0.0023 0.3061 0.5705 0.0865 0.0369 227
0.4999 0.3997 0.0662 0.0342 0.8999 0.0767 0.0209 0.0025 0.2976 0.5748 0.0901 0.0374 223
0.4997 0.1013 0.1848 0.2143 0.9192 0.0144 0.0521 0.0143 0.1169 0.1687 0.3214 0.3931 1.18
0.5003 0.1004 0.1849 02144 0.9223 0.0143 0.0502 0.0132 0.1174 0.1675 0.3219 0.3931 1.12
0.4999 0.0995 0.1855 0.2151 0.9228 0.0148 0.0491 0.0133 0.1184 0.1605 0.3197 0.4013 1.14
0.4992 0.2007 0.1390 0.1612 09178 0.0310 0.0404 0.0108 0.1543 0.3310 0.2314 0.2833 1.10
0.4990 0.2016 0.1386 0.1607 09177 0.0309 0.0405 0.0108 0.1516 0.3351 0.2314 0.2819 1.08
0.5000 0.2001 0.1388 0.1610 0.9165 0.0326 0.0397 0.0113 0.1520 0.3310 0.2287 0.2884 0.98
0.5005 0.2996 0.0926 0.1074 0.9224 0.0454 0.0259 0.0064 0.1940 0.4912 0.1438 0.1710 1.20
0.4995 0.3001 0.0928 0.1076 0.9228 0.0452 0.0257 0.0062 0.1939 0.4923 0.1437 0.1702 1.25
0.5000 0.2999 0.0927 0.1075 0.9212 0.0462 0.0258 0.0068 0.1942 0.4871 0.1440 0.1748 1.07
0.5029 0.3955 0.0470 0.0546 0.9320 0.0534 0.0119 0.0027 0.2281 0.6261 0.0686 0.0772 1.47
0.5000 0.4000 0.0463 0.0537 0.9320 0.0530 0.0121 0.0028 0.2287 0.6241 0.0691 0.0780 1.34
0.4997 0.3996 0.0466 0.0541 0.9324 0.0527 0.0121 0.0028 0.2285 0.6239 0.0685 0.0791 1.33

Mean combined uncertainties are u(T) = 0.1 K, uc(Xneptane) = 0.0146, uc(Xmethanot) = 0.0131, Uc(XL-menthot) = 0.0084, Uc(Xjevulinic acid) = 0.0028 for the upper phase and uc(xh_ep_
tane) = 0.0831, U(Xmethanol) = 0.0915, Uc(XL_menthol) = 0.0684, Uc(Xjevulinic acid) = 0.0387 for the lower phase, the shortest distance between tie line and initial composition Aw' is

listed in wt%.

phases can still be referred to as DES. Further studies, such as
molecular dynamics simulations, are needed to fully answer this
question on a molecular level. However, for biphasic systems with
low initial DES content and strong deviation of the ratio of
HBD:HBA in the phases from the initially prepared DES it is rec-
ommended to refer to DES-constituents or individual species rather
than DES.

Both the quaternary phase diagrams and logarithmic distribu-
tion coefficients show that the miscibility gap is smaller for L-
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menthol than for the systems with one of the two other monocyclic
terpenes and also that the HBD:HBA ratio changes the most for the
systems with L-menthol. In these systems, the H-bonding seems to
be disrupted more easily causing a larger fraction of L-menthol to
be located in the upper phase than thymol or carvacrol. This in-
dicates that the interaction between L-menthol and levulinic acid is
weaker than the interaction between either thymol or carvacrol
with levulinic acid. This hypothesis is backed up by comparing the
thermograms of 1:1 mol:mol L-menthol-levulinic acid, thymol-
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Table 6

Liquid-liquid equilibrium phase composition from GC-analysis for (1) n-heptane/(2) methanol/(3) carvacrol/(4) levulinic acid at T=295.15K and atmospheric pressure

(1.01 bar).
Initial system composition Upper phase composition Lower phase composition AW
Wi 2 w3 Wy Wy 2 Wy Wy Wo w3 Wy
0.5002 0.0000 0.2819 0.2179 0.8846 0.0000 0.0943 0.0210 0.1447 0.0000 0.4722 0.3831 1.67
0.5012 0.0000 0.2814 0.2175 0.8834 0.0000 0.0948 0.0218 0.1455 0.0000 04715 0.3830 1.67
0.5003 0.0000 0.2818 0.2179 0.8839 0.0000 0.0943 0.0218 0.1432 0.0000 04717 0.3851 1.58
0.4995 0.0508 0.2536 0.1961 0.8690 0.0112 0.0961 0.0236 0.1490 0.0751 0.4238 0.3522 1.80
0.4994 0.0511 0.2536 0.1960 0.8690 0.0117 0.0958 0.0235 0.1495 0.0753 0.4229 0.3523 1.77
0.4997 0.0506 0.2536 0.1961 0.8702 0.0114 0.0951 0.0233 0.1499 0.0755 0.4245 0.3501 1.81
0.4999 0.1002 0.2256 0.1744 0.8668 0.0237 0.0873 0.0222 0.1612 0.1529 0.3729 0.3129 1.76
0.5004 0.1001 0.2253 0.1742 0.8651 0.0235 0.0886 0.0228 0.1631 0.1524 0.3726 03119 1.82
0.5000 0.0999 0.2257 0.1744 0.8642 0.0234 0.0894 0.0230 0.1618 0.1513 0.3737 03132 1.86
0.4996 0.1506 0.1973 0.1525 0.8681 0.0355 0.0767 0.0197 0.1796 0.2332 0.3204 0.2668 1.62
0.5053 0.1482 0.1954 0.1511 0.8683 0.0354 0.0769 0.0195 0.1797 0.2349 0.3196 0.2657 1.51
0.5000 0.1500 0.1974 0.1526 0.8684 0.0357 0.0765 0.0194 0.1791 0.2319 03215 0.2675 1.64
0.4997 0.2007 0.1690 0.1307 0.8713 0.0480 0.0644 0.0163 0.2015 0.3143 0.2646 0.2197 1.11
0.5005 0.1998 0.1690 0.1307 0.8722 0.0477 0.0641 0.0160 0.2012 0.3117 0.2663 0.2209 1.19
0.4994 0.2008 0.1691 0.1307 0.8710 0.0473 0.0643 0.0174 0.1993 03126 0.2665 0.2217 1.25
0.4997 0.2502 0.1411 0.1090 0.8823 0.0559 0.0501 0.0117 0.2175 0.3864 02114 0.1847 0.96
0.4996 0.2503 0.1411 0.1090 0.8823 0.0553 0.0502 0.0122 0.2182 0.3867 02113 0.1837 0.95
0.4999 0.2499 0.1411 0.1091 0.8822 0.0553 0.0502 0.0122 0.2166 0.3860 02127 0.1847 1.01
0.4996 0.3005 0.1127 0.0872 0.8923 0.0610 0.0380 0.0086 0.2308 0.4548 0.1700 0.1444 1.30
0.4999 0.3004 0.1126 0.0871 0.8933 0.0605 0.0377 0.0084 0.2310 0.4579 0.1685 0.1427 1.20
0.4998 0.3000 0.1129 0.0873 0.8932 0.0609 0.0374 0.0085 0.2321 0.4574 0.1676 0.1429 1.16
0.5004 0.3501 0.0843 0.0652 0.9053 0.0627 0.0266 0.0054 0.2429 0.5311 0.1229 0.1031 1.46
0.4999 0.3500 0.0847 0.0655 0.9057 0.0625 0.0265 0.0054 0.2434 0.5301 0.1231 0.1035 1.45
0.4993 0.3504 0.0847 0.0655 0.9058 0.0625 0.0263 0.0053 0.2417 0.5266 0.1266 0.1050 1.52
0.5008 0.3991 0.0564 0.0436 0.9192 0.0613 0.0166 0.0029 0.2474 0.6019 0.0833 0.0675 1.63
0.5007 0.3992 0.0565 0.0437 0.9194 0.0615 0.0163 0.0028 0.2478 0.6039 0.0816 0.0668 1.62
0.4993 0.4001 0.0568 0.0439 0.9189 0.0620 0.0162 0.0028 0.2475 0.6023 0.0830 0.0672 1.63
0.5001 0.4498 0.0282 0.0218 0.9324 0.0593 0.0073 0.0009 0.2447 0.6799 0.0408 0.0346 1.26
0.4997 0.4498 0.0284 0.0220 0.9329 0.0586 0.0074 0.0011 0.2449 0.6794 0.0410 0.0347 1.25
0.4997 0.4503 0.0282 0.0218 0.9328 0.0589 0.0074 0.0009 0.2449 0.6789 0.0412 0.0350 1.27
0.4997 0.5003 0.0000 0.0000 0.9468 0.0532 0.0000 0.0000 0.2406 0.7594 0.0000 0.0000 0.03
0.5003 0.4997 0.0000 0.0000 0.9469 0.0531 0.0000 0.0000 0.2408 0.7592 0.0000 0.0000 0.03
0.5006 0.4994 0.0000 0.0000 0.9465 0.0535 0.0000 0.0000 0.2396 0.7604 0.0000 0.0000 0.01
0.4999 0.1003 0.2639 0.1360 0.7245 0.0509 0.1725 0.0521 0.3010 0.1307 0.3686 0.1997 1.88
0.5001 0.1001 0.2639 0.1360 0.7251 0.0502 0.1726 0.0520 03017 0.1322 0.3693 0.1968 1.97
0.5003 0.0999 0.2639 0.1360 0.7254 0.0501 0.1725 0.0519 0.3010 0.1317 0.3690 0.1983 191
0.4997 0.2003 0.1980 0.1020 0.7881 0.0805 0.1039 0.0275 0.3071 0.2708 0.2693 0.1528 1.72
0.4995 0.2007 0.1978 0.1019 0.7883 0.0809 0.1034 0.0274 0.3109 0.2726 0.2665 0.1501 1.77
0.4999 0.1997 0.1982 0.1021 0.7886 0.0807 0.1034 0.0273 0.3093 02718 0.2673 0.1517 1.71
0.4999 0.2999 0.1322 0.0681 0.8473 0.0873 0.0546 0.0109 03119 04116 0.1801 0.0965 0.48
0.4992 0.3005 0.1322 0.0681 0.8460 0.0876 0.0553 0.0111 03119 04142 0.1782 0.0957 0.37
0.5000 0.2994 0.1324 0.0682 0.8466 0.0874 0.0550 0.0110 03101 04114 0.1804 0.0981 0.45
0.4996 0.4002 0.0661 0.0341 0.9040 0.0729 0.0207 0.0023 0.2869 0.5772 0.0917 0.0441 2.01
0.5004 0.3990 0.0664 0.0342 0.9033 0.0734 0.0206 0.0026 0.2864 0.5763 0.0915 0.0458 1.99
0.5002 0.4002 0.0657 0.0339 0.9043 0.0732 0.0201 0.0024 0.2862 0.5795 0.0901 0.0442 2.02
0.5002 0.1003 0.1850 0.2145 0.9224 0.0144 0.0503 0.0129 0.1069 0.1603 0.3244 0.4084 1.35
0.5004 0.0999 0.1851 0.2146 0.9222 0.0142 0.0504 0.0131 0.1076 0.1608 0.3243 0.4074 1.30
0.4995 0.1009 0.1850 0.2145 0.9226 0.0142 0.0500 0.0132 0.1080 0.1646 0.3225 0.4049 1.17
0.5000 0.1995 0.1392 0.1613 0.9172 0.0312 0.0403 0.0113 0.1417 0.3293 0.2335 0.2955 1.21
0.4999 0.1999 0.1391 0.1612 0.9192 0.0312 0.0396 0.0100 0.1439 0.3333 0.2318 0.2909 0.99
0.4993 0.2004 0.1391 0.1612 0.9192 0.0309 0.0394 0.0104 0.1424 0.3309 0.2329 0.2938 1.15
0.5007 0.2996 0.0925 0.1072 0.9230 0.0448 0.0258 0.0063 0.1868 0.4911 0.1449 0.1771 1.02
0.4998 0.3005 0.0925 0.1072 0.9236 0.0447 0.0256 0.0061 0.1876 0.4894 0.1452 0.1778 1.00
0.4993 0.3002 0.0928 0.1076 0.9236 0.0447 0.0254 0.0064 0.1854 0.4894 0.1463 0.1789 0.99
0.4986 0.3987 0.0476 0.0551 0.9322 0.0530 0.0123 0.0025 0.2242 0.6268 0.0687 0.0802 1.35
0.4996 0.3999 0.0465 0.0539 0.9331 0.0525 0.0119 0.0025 0.2234 0.6311 0.0677 0.0778 1.34
0.4994 0.4005 0.0464 0.0537 0.9329 0.0528 0.0118 0.0025 0.2244 0.6287 0.0693 0.0776 1.32

Mean combined uncertainties are u(T) = 0.1 K, uc(Xneptane) = 0.0147, Uc(Xmethanol) = 0.0128, Uc(XL-menthot) = 0.0088, Uc(Xievulinic acid) = 0.0028 for the upper phase and uc(xhgp,
tane) = 0.0832, Uc(Xmethanot) = 0.0911, Uc(XL-menthol) = 0.0717, U(Xievulinic acid) = 0.0391 for the lower phase, the shortest distance between tie line and initial composition Aw' is

listed in wt%.

levulinic acid, and carvacrol-levulinic acid (see Fig. S1 in
Supplementary Information). For thymol-levulinic acid and
carvacrol-levulinic acid drastically lower melting temperatures are
obtained than for L-menthol-levulinic acid. The more severe
depression of the melting point shows that there are strong inter-
molecular interactions stabilizing the liquid phase. For L-menthol
two peaks can be seen in the thermogram, the first corresponding
to the eutectic and the second one to the liquidus melting

temperature. The higher melting temperature indicates that in-
teractions are weaker.

4. Conclusion

LLE data is presented for three quaternary systems containing
eutectic mixtures. The DES used in this work are composed of a
hydrophobic HBD, namely L-menthol, thymol, or carvacrol, and
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Fig. 3. Logarithmic distribution coefficient of n-heptane (4 ), methanol (M), L-
menthol (A ), and levulinic acid (@®); molar ratio of L-menthol:levulinic acid 1:1
(black), 3:2 (white), and 2:3 (grey), Xmethanol 1S the initial mole fraction of methanol in
the system.
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Fig. 4. Logarithmic distribution coefficient of n-heptane ( 4 ), methanol (M), thymol
(A), and levulinic acid (@®); molar ratio of thymol:levulinic acid 1:1 (black), 3:2
(white), and 2:3 (grey), Xmethano! iS the initial mole fraction of methanol in the system.

levulinic acid as HBA. Biphasic systems with different initial molar
ratios of HBD to HBA (1:1, 2:3, and 3:2) were investigated. DES
constituents are present in both phases of the investigated systems.
It is shown that the ratio of HBD to HBA changes with the initial
concentration of the eutectic mixtures in the systems. Their ratio
cannot be assumed constant in the two phases and is not equal to
the ratio with which the DES was prepared. The biphasic region
increases respectively from the systems containing L-menthol, to
thymol, and to carvacrol for the investigated initial compositions.
This indicates that the interactions between L-menthol and levu-
linic acid are weaker than the interactions between thymol or
carvacrol and levulinic acid. The biphasic systems are high potential
candidates for downstream technologies, such as for the separation
of hydrophobic compounds with centrifugal partition chromatog-
raphy, where it would be favorable to have DES in both phases. DES
constituents in both phases could act as solubilizing agents for
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XMethanol /-

Fig. 5. Logarithmic distribution coefficient of n-heptane ( 4 ), methanol (M), carvacrol
( A), and levulinic acid (@ ); molar ratio of carvacrol:levulinic acid 1:1 with black, 3:2
with white, and 2:3 with grey symbols, Xpethanor is the initial mole fraction of methanol
in the system.

target compounds and increase their solubility in both phases, and
thus the overall productivity of a separation process.
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Summary

Eventually, one of the quaternary biphasic systems proposed in Paper IV was evaluated for
its use in CPC separations. This publication describes the first application of a quaternary
biphasic solvent system with DES-constituents in both phases as stationary and mobile phases
for CPC. Model compounds with different octanol/water partition coefficients were selected
for the study to cover a wide range of substances from very hydrophilic to very hydrophobic
molecules. First, shake flask experiments were conducted to determine the partition
coefficients of the model compounds in the biphasic system composed of
n-heptane/methanol/L-menthol/levulinic acid. Considering the set of experimental data of the
model compounds used in this work, it was found that the biphasic system was suitable for the
separation of substances with logarithmic octanol/water partition coefficients in the range of
2.1 to 12. The partition coefficients of these compounds were found to be within the sweet
spot range. In other DES-based biphasic systems that were previously used in CPC the
partition coefficients of the same solutes were higher [25]. High stationary phase retention
was obtained in a CPC column and pulse injections showed that the selected model
compounds could be separated. Additionally, the stability of different system compositions in
presence of water was tested. L-menthol is poorly soluble in water and when water is added to
the mixture of L-menthol and levulinic acid, L-menthol precipitated. It was found that contact
with water should be avoided for systems with high content of L-menthol and levulinic acid
while water is not critical for systems with low initial content of the DES-constituents.
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The author of this dissertation had a leading role in this work. The author did the conceptual
design of the work and conducted the experiments. The author selected the system
compositions, model substances, and parameters for the CPC separations. The author wrote
the manuscript and discussed it with Prof. Minceva.
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ABSTRACT

Centrifugal partition chromatography (CPC) is a well-established technology for natural compound sep-
aration. However, the separation of hydrophobic compounds is still challenging since the number of
non-aqueous biphasic systems that can be used in CPC is limited. In this work, we evaluate quaternary
solvent systems composed of n-heptane, methanol, and a eutectic solvent composed of L-menthol and
levulinic acid, containing DES-constituents in both phases. It was evaluated whether the phases of the
systems can be used as stationary and mobile phases for CPC separations. For this purpose, solutes that
cover a broad range of octanol-water partition coefficients, i.e. hydrophobic to hydrophilic compounds,
were used and shake flask experiments were performed to determine solute partition coefficients. The
partition coefficients indicated that the more hydrophobic compounds were in the favored range for CPC
and, thus, the systems are high potential candidates for the separation of hydrophobic compounds. In
this particular solute set, the biphasic systems were most suitable for compounds with octanol-water
partition coefficients between 2.1 and 12.0. It was shown that the biphasic systems with low initial DES-
content are stable in presence of water, while L-menthol precipitates from the biphasic systems with
high initial DES content when water is added. High stationary phase retention of up to 79.1% could be
obtained and the selected model compounds were separated with high resolution in pulse injections,
which confirmed the high potential of the biphasic solvent systems for CPC.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Centrifugal partition chromatography (CPC) is a solid-support-
free chromatographic technique that uses the two liquid phases
of a biphasic solvent system as stationary and mobile phases [1].
One of the liquid phases is kept stationary inside the column due
to a special column geometry and the application of a centrifu-
gal field. The technology offers several advantages, such as high
loading capacity, no irreversible adsorption, and tailored stationary
and mobile phases that can be produced by the users themselves.
Mixtures of target compounds are separated according to their par-
tition coefficients between the stationary and mobile phases. The
main requirements for the biphasic solvent system are the for-
mation of two stable phases that do not form an emulsion in the
column upon mixing and the partition coefficients of the target
compounds in the biphasic solvent system should be in the so-
called sweet spot [2]. Partition coefficients between 0.4 and 2.5 (-0.4
< log P; < 0.4) are considered the range of the sweet spot which is

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

https://doi.org/10.1016/j.chroma.2018.11.083
0021-9673/© 2018 Elsevier B.V. All rights reserved.

usually one of the most important selection criteria for biphasic
solvent systems. The fact that the user prepares a tailored solvent
system is one of the features that make the technology so versa-
tile, however, it also leaves the user with a nearly limitless number
of possible solvent combinations and system compositions. The
most often used are biphasic solvent systems from the HEMWat
and Arizona system families [3]. These solvent systems composed
of n-hexane or n-heptane, ethyl acetate, methanol and water can
be used for a wide polarity range of target compounds. However,
separations of mixtures of very hydrophilic or very hydrophobic
compounds are most of the time not achieved with these solvent
system families. Aqueous two-phase systems are applied for the
separation of very hydrophilic compounds or molecules that are
sensitive to organic solvents, such as proteins [4-7]. For the sepa-
ration of hydrophobic compounds, such as certain carotenoids or
fatty acids, non-aqueous biphasic systems are needed [8]. Unfor-
tunately, the number of non-aqueous biphasic systems suitable for
CPC in literature is quite limited [9]. In previous work, we have
shown that non-aqueous biphasic systems containing deep eutec-
tic solvents (DES) can be used for the separation of hydrophobic
target compounds with CPC [10,11]. DES are composed of hydro-
gen bond donor (HBD) and acceptor (HBA) molecules that show
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a strong melting point depression compared to the pure HBA and
HBD when combined in a certain molar ratio. DES can be made
from natural compounds (NADES) that are considered non-toxic
and environmentally friendly and are non-flammable [12], have
low vapor pressure, show high solvation capacity and overcome
many of the drawbacks of ionic liquids [13], for example, they are
low priced and easier to prepare.

In recent years, a drastic increase in research on applications
of DES in liquid-liquid extraction could be observed and DES have
been proposed, for example, for the separation of aromatics from
aliphatics [14-18], glycerol from biodiesel [19-21], or extraction of
phenolic compounds [22-24]. Most literature data on liquid-liquid
equilibria of solvent systems containing DES originates from pub-
lications on liquid-liquid extraction. In liquid-liquid extraction it
is desirable to keep the DES constituents exclusively in one of the
phases. In CPC, however, it is not a prerequisite to have the DES-
constituents only in one of the phases. Such biphasic systems with
DES-constituents present in both phases have not yet been used
in CPC and may be beneficial in order to achieve solute partition
coefficients within the sweet spot range. However, at this point it is
not known if reasonable stationary phase retention and partition
coefficients can be obtained.

In this work, a new class of solvent systems with a DES that
is composed of levulinic acid and poorly water-soluble L-menthol
is evaluated. Potential application of the biphasic solvent systems
as stationary and mobile phases in CPC is evaluated by partition
coefficients that were determined in shake flask experiments. For
this purpose eleven model compounds ranging from hydrophilic to
hydrophobic were used. Stationary phase retention and stability in
presence of water are investigated and, eventually, separations of
model compounds with CPC are performed. The aim of this work is
to apply this new class of DES-based biphasic systems that contain
DES-constituents in both phases in CPC and to extend the pool of
water-free biphasic solvent systems with DES for CPC users.

2. Material and methods
2.1. Chemicals

L-Menthol from natural source with 99% purity and levulinic
acid with a purity of 99% were both obtained from Sigma Aldrich.
Methanol and n-heptane (both liquid-chromatography grade)
were purchased from VWR International GmbH. Caffeine, vanillin,
coumarin, carvone, [3-ionone, and [3-carotene were selected as
solutes from the GUESS mix reference standard [25] and cin-
namaldehyde, retinol, and a-tocopherol were additionally selected
for shake flask experiments. Octanol/water partition coefficients,
purity and supplier of the solutes are listed in Table 1.

2.2. Preparation of DES and biphasic solvent systems

The DES used in this work was prepared by mixing L-menthol
and levulinic acid in a molar ratio of 1:1. The mixture was heated to
45°Cin a water bath and agitated with a magnetic stirrer for about
20 min. After heating, the liquid DES was allowed to cool down to
ambient temperature before further use. The obtained DES had a
similar density to water (0.985 g cm~3) and a viscosity of 30.1 mPas
at 25°C.

Biphasic solvent systems were prepared by weighing the appro-
priate amount of DES, methanol and n-heptane. The solvent
mixture was stirred in a closed vessel for at least 2 h to equilibrate
the phases. Afterwards the phases were separated using a separa-
tory funnel. Even though a liquid DES was added to prepare the
biphasic system, and not the separate DES-constituents, the qua-
ternary notation is chosen to stress that the DES-constituents are
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Table 1
List of solutes with octanol/water-partition coefficients log P°, purity and
producer.

Solute log Po/w /- Purity /% Supplier
Arbutin —-0.508 >98 Alfa Aesar
Caffeine -0.040 >99 Sigma-Aldrich
Vanillin 1.284 929 Alfa Aesar
Coumarin 1412 >99 Sigma-Aldrich
Cinnamaldehyde 1.9 >98 Alfa Aesar
Carvone 2.103 >98.5 Fluka
Naringenin 2.445 >95 Sigma-Aldrich
3-Ionone 3.770 96 Sigma-Aldrich
Retinol 5.680° >95 Acros Organics
a-Tocopherol 12.000¢ >97 Alfa Aesar
3-Carotene 17.600° >97 Sigma-Aldrich

2 [25] except cinnamaldehyde, retinol and a-tocopherol.

b Sigma-Aldrich material safety data sheet.

¢ PubChem database, physical properties of a-tocopherol (consulted 2018-07-05)
http://pubchem.ncbi.nlm.nih.gov/rest/chemical/alpha-tocopherol.

distributed individually between the phases and the ratio between
HBA and HBD changes for different system compositions. The com-
position of the biphasic solvent systems that were used in this work,
details on the ratio of DES constituents in the phases and phase
volume ratios can be found in [26]. The melting temperature of the
mixture was 0.2°C [26].

2.3. Shake flask experiments

To prepare the samples for shake flask experiments
1-5mmol1-! of the solute were mixed with 5 ml upper phase and
5 ml lower phase of the biphasic system. The samples were put in
an automatic shaker at 21.5+0.5°C and equilibrated for at least
2 h. After equilibration aliquots of the upper and lower phases were
taken using a syringe needle and the concentration of the solutes
in each of the phases was determined with UV-vis-spectroscopy.
If dilution was necessary, the upper phase samples were diluted
with n-heptane and the lower phase samples were diluted with
methanol. All shake flask experiments were performed in triplicate.

The partition coefficient P of a solute i was calculated according
to the following equation:

of o
1
Gi
B and « are the two phases of the biphasic solvent system, and
c is the concentration of the solute i in the respective phase. All
partition coefficients in the shake flask experiments (Section 3.1)
were determined for descending mode, i.e.  is the upper phase
and [3 the lower phase.

2.4. Centrifugal partition chromatography

Pulse injections were performed using a CPC 250 PRO SPE-
CIAL BIO VERSION centrifugal partition chromatography unit from
Gilson, USA. The column has a total volume of 250 ml and is com-
posed of 11 Teflon-coated stainless steel disks with 20 twin-cells
per disk. The column can be used with a pressure up to 100 bar and a
maximum rotation of 3000 rpm. The separations in this work were
performed at 21.5 + 1.0 °C with a rotational speed of 2000 rpm. The
injection volume was 5 ml for all experiments. For the feed solution,
the solutes were weighed and dissolved in the mobile phase.

The stationary phase retention Sy was determined with

Vsp
Sf=— 2
=, (2)
where Vsp is the volume of stationary phase that can be retained in
the column at a given rotation and mobile phase flow rate, and V,
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Levulinic acid

Methanol

L-Menthol

n-Heptane

Fig. 1. Liquid-liquid phase diagram of n-heptan/methanol/L-menthol/levulinic acid [26] with the system composition used in this work marked with
circles: 1) 50.0/45.0/2.9/2.1 wt/wt/wt/wt (5wt% DES), II) 50.0/35.0/8.6/6.4 wt/wt/wt/wt (15wt% DES), 1) 50.0/30.0/11.5/8.5wt/wt/wt/wt (20wt% DES), IV)
50.0/20.0/17.2/12.8 wt/wt/wt/wt (30 wt% DES), and V) 50.0/10.0/22.9/17.1 wt/wt/wt/wt (40 wt% DES).

is the total column volume. In ascending mode the upper phase of
the biphasic solvent system is used as mobile phase and the lower
phase is used as stationary phase, in descending mode the roles of
the phases are switched, respectively. In order to determine the sta-
tionary phase retention, the column is first completely filled with
stationary phase. Then, the rotation is turned on and the mobile
phase is pumped through the column at the desired flow rate. The
mobile phase replaces part of the volume of stationary phase inside
the column up to a certain point when hydrodynamic equilibrium
is reached. The eluted volume of stationary phase is measured and
the volume of peripheral parts, i.e. volume of tubing before and after
the column, is subtracted. At the end of the procedure, the remain-
ing stationary phase is eluted from the column and the volume is
determined.

Solute partition coefficients were calculated from the chro-
matograms using Eq. 3.

Vi —Vmp
Fi= Vsp ®

Vg i is the retention volume of compound i and Vjp is the volume
inside the column taken up by the mobile phase. The retention vol-
ume is calculated by multiplying the retention time of a compound
that has been determined from the chromatogram with the mobile
phase flow rate.

The separation factor between two speciesiandj is calculated as
the ratio between the partition coefficients of the two compounds

(Eq. 4).

b
%i=p (4)
The resolution of two peaks can be determined according to

Eq. 5. The standard deviations o and the retention times tz of the
compounds i and j are determined from the chromatogram.

l'R,‘ — fR,'
Rsij=—7— (5)
2 (05 - 01)

3. Results
3.1. Partition coefficients from shake flask experiments

In order to characterize the biphasic solvent system contain-
ing n-heptane, methanol, and the DES composed of L-menthol
and levulinic acid, partition coefficients of ten different solutes
were determined. The solutes were chosen by their octanol/water-
partition coefficient in such way that a wide range of hydrophilic
to hydrophobic compounds is covered (see Table 1). Five different
system compositions within the biphasic region were selected for
the shake flask experiments and their location in the phase diagram
is shown in Fig. 1.

Fig. 2a shows the logarithmic partition coefficients of
the model solutes for one fixed composition of the bipha-
sic solvent system (n-heptane/methanol/L-menthol/levulinic acid
50.0/35.0/8.6/6.4 wt/wt/wt/wt with 15 wt% of DES-constituents in
total). In this system, carvone, 3-ionone, retinol, and a-tocopherol
have partition coefficients in the sweet spot. The partition coeffi-
cients decrease with hydrophilicity of the compounds from carvone
to arbutin. The low partition coefficient of naringenin is in agree-
ment with previous results for other DES-based biphasic systems
[10]. Compared to biphasic systems with DES present in only one
of the phases, such as n-heptane/ethanol/choline chloride-levulinic
acid [10], the partition coefficients of the model solutes are gener-
ally closer to the sweet spot for the system tested in this work with
DES-constituents present in both phases.

In Fig. 2b the change of the partition coefficient of B-ionone
is shown for the selected compositions of the biphasic solvent
system composed of n-heptane, methanol, L-menthol, and lev-
ulinic acid. The partition coefficient of 3-ionone increases from
the system with 5wt% to 20 wt% of L-menthol-levulinic acid. For
higher L-menthol-levulinic acid content the partition coefficient
of 3-ionone slightly decreases again. This behavior corresponds to
the hourglass-like shape of the miscibility gap with the narrowest
region and shortest tie lines near 50.0/30.0/11.5/8.5 wt/wt/wt/wt.
For these short tie lines the phases have a more similar compo-
sition than systems with long tie lines and, thus, solute partition
coefficients approach uniform distribution in the biphasic system.
Generally, the overall change in B-ionone partitioning is relatively
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Fig. 2. (a) Logarithmic partition coefficients of model solutes with increas-
ing octanol/water-partition coefficient from left to right in the system
n-heptane/methanol/L-menthol/levulinic acid 50.0/35.0/8.6/6.4 wt/wt/wt/wt with
15wt% DES; (b) Partition coefficient of B-ionone in different compositions of
the biphasic solvent system composed of n-heptane/methanol/L-menthol/levulinic
acid.

small compared to other systems where DES-constituents are only
present in one of the phases [10].

3.2. Stability in presence of water

CPC columns are typically stored with methanol-water-
mixtures inside. Thus, it is important to know if biphasic systems
that are filled into the column are stable when in contact with
water or whether the water has to be flushed out of the column
before. Stability in presence of water can be an issue for DESs
that contain hydrophobic species. When water is added to L-
menthol-levulinic acid (1:1 mol:mol) hydrogen bonding between
levulinic acid and water is more favorable than the interaction
between L-menthol and levulinic acid and, thus, L-menthol is
replaced by water. As L-menthol is not very soluble in aqueous
environment, it precipitates above a certain amount of added
water. This phenomenon may be used in DES recycling; however,
precipitation has to be avoided inside the column or pumps
during operation. To evaluate the stability of L-menthol in biphasic
systems, water was gradually added to the biphasic systems. Three
initial biphasic system compositions of n-heptane/methanol/L-
menthol/levulinic acid with increasing DES content were selected:
50.0/40.0/5.7/4.3 wt/wt/wt/wt, 50.0/20.0/17.2/12.8 wt/wt/wt/wt,
and 50.0/10.0/22.9/17.1 wt/wt/wt/wt. The water content
was increased in steps from 2.5wt% to 5.0wt%, 10wt%,
15wt%, and eventually to 25wt% and the mixture was
vigorously shaken in-between each step. For the sys-
tem composed of n-heptane/methanol/L-menthol/levulinic

&3

Fig. 3. Stationary phase retention (S¢f) of (a) n-heptane/methanol/L-

menthol/levulinic acid 50.0/45.0/2.9/2.1 wt/wt/wt/wt and (b)
n-heptane/methanol/L-menthol/levulinic  acid 50.0/35.0/8.6/6.4 wt/wt/wt/wt
for different flow rates, in ascending and descending mode.

acid 50.0/40.0/5.7/4.3 wt/wt/wt/wt no precipitation
occurred. For n-heptane/methanol/L-menthol/levulinic acid
50.0/20.0/17.2/12.8 wt/wt/wt/wt precipitation occurred at
15wt% of water, however, the precipitate could be dis-
solved again after the mixture was shaken for some time.
In the system n-heptane/methanol/L-menthol/levulinic acid
50.0/10.0/22.9/17.1 wt/wt/wt/wt precipitation was already
observed at 5wt% of water. The findings show that L-menthol is
stable in solution in biphasic systems with high methanol content.
When using biphasic systems with low methanol and high DES
content, contact with water should be avoided.

3.3. Stationary phase retention

For the CPC experiments biphasic systems contain-
ing 5wt%¥ of DES (n-heptane/methanol/L-menthol/levulinic
acid 50.0/45.0/2.9/2.1 wt/wt/wt/wt) and 15wt of
DES (n-heptane/methanol/L-menthol/levulinic acid
50.0/35.0/8.6/6.4 wt/wt/wt/wt) were selected. Stationary phase
retention was determined in ascending and descending mode for
mobile phase flow rates between 10 and 40 ml min-'.

The stationary phase retention for n-heptane/methanol/L-
menthol/levulinic acid 50.0/45.0/2.9/2.1 wt/wt/wt/wt  and
50.0/35.0/8.6/6.4 wt/wt/wt/wt is shown in Fig. 3a and b, respec-
tively. For both biphasic systems stationary phase retention gave
similar values in ascending and descending mode. With the bipha-
sic system with 5 wt% of L-menthol-levulinic acid stationary phase
retention was higher than 60% for all of the studied flow rates.
Compared to that, lower stationary phase retention was observed
for the biphasic system with 15 wt% L-menthol-levulinic acid and
stationary phase retention decrease with flow rate was steeper.
This can be explained by increasing viscosity of the phases with
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higher content of DES-constituents in the system. These results
indicate that systems with a lower content of DES-constituents
may be superior in terms of Sy for performing CPC separations.
Considering the results obtained for the partition coefficients in
Section 3.1 and the obtained Sy -values, it is advisable to choose a
system with low DES-content as a starting point for the selection
of the system composition and then increase the DES-content if
necessary.

3.4. Pulse injections in a centrifugal partition chromatography
column

The applicability of the biphasic systems in centrifugal parti-
tion chromatography was tested by pulse injections. For injections
in descending mode, coumarin, [3-ionone, and a-tocopherol were
selected according to the partition coefficients from shake flask
experiments (see Fig. 2). The feed for the injection in descending
mode was prepared by dissolving 3.7 g 1! of coumarin, 4.9g 1-1 of
B-ionone, and 32.0¢g 1-! of a-tocopherol in the lower phase of the
biphasic system. For the injection in ascending mode [3-carotene
was used instead of coumarin, and 0.16g 1-! of B-carotene, 6.5g
1-1 of B-ionone, and 43.9g 1= of a-tocopherol were dissolved in
upper phase to prepare the feed solution.

Fig. 4a and b show the pulse injections performed with
the biphasic system n-heptane/methanol/L-menthol/levulinic acid
50.0/35.0/8.6/6.4 wt/wt/wt/wt in descending and ascending mode.
A flow rate of 10 ml min~! was selected for the pulse injections and
stationary phase retention of 75.5% in descending mode and 73.2%
in ascending mode was obtained after equilibration. In descend-
ing mode (Fig. 4a) coumarin (I), B-ionone (II), and a-tocopherol
(1) were successfully separated. However, stationary phase loss
occurred after injection and stationary phase retention decreased
to around 56.1% at the end of the separation. The partition coeffi-
cients were calculated according to Eq. 3 with the mean value of
the stationary phase retention at the beginning of the separation
and at the time of the peak elution: Pcoymarin = 0-34; Pg-ionone = 0-83;
Pq-tocopherol = 1.32. It has to be noted that deviations from the par-
tition coefficients determined in the shake flask experiments in
Section 3.1 are most probably caused by uncertainties due to
the stationary phase stripping. Similar behavior for the station-
ary phase retention was observed for the separation in ascending
mode, where stationary phase retention of 50.6% was obtained at
the end of the separation. From the chromatogram in Fig. 4b the
partition coefficients were calculated the same way as described
above: PB—carotene =0.28; Pa-tocopherol = 0.90; l:)[E—ionone =0.67.

The descending mode separation has also been performed
using the biphasic solvent system n-heptane/methanol/L-
menthol/levulinic acid 50.0/45.0/2.9/2.1 wt/wt/wt/wt. At the
beginning, stationary phase retention was 79.1% which dropped
to 70.5% at the end of the separation. Although stationary phase
loss was observed, it was less than with the biphasic system with
15 wt% menthol-levulinic acid. The partition coefficients from the
chromatogram (Fig. 4c) were calculated the same way as described
above: Pcoumarin =0.22; pB—ionone =0.72; l)oc—tocopherol =1.38. Com-
paring the results from Fig. 4a and c, the separation factors oy
and oy are higher for n-heptane/methanol/L-menthol/levulinic
acid 50.0/45.0/2.9/2.1 wt/wt/wt/wt with values of 3.3 and 1.9 from
Fig.4c,compared to 2.4 and 1.6 derived from Fig. 4a. This shows that
the solutes tend to distribute more evenly between the two phases
when the content of DES-constituents is increased. Additionally,
the resolution of the peaks was compared for the two biphasic sys-
tems. The separation resolution between peak Il and I and between
peak III and II were calculated according to Eq. 5 for Fig. 4a and ¢
to compare the change in resolution with the percentage of DES-
constituents in the biphasic system. For the system with 5wt%
of DES constituents (n-heptane/methanol/L-menthol/levulinic
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Fig. 4. Pulse injection of (a) coumarin (I), B-ionone (II), and a-tocopherol (III)

in descending mode using the biphasic solvent system n-heptane/methanol/L-
menthol/levulinic acid 50.0/35.0/8.6/6.4 wt/wt/wt/wt and (b) B-carotene (IV), a-
tocopherol (1II), and B-ionone (II) in ascending mode using n-heptane/methanol/L-
menthol/levulinic acid 50.0/35.0/8.6/6.4 wt/wt/wt/wt; (c) pulse injection of
coumarin (I), B-ionone (II), and o«-tocopherol (IlI) in descending mode
with the biphasic solvent system n-heptane/methanol/L-menthol/levulinic acid
50.0/45.0/2.9/2.1 wt/wt/wt/wt. All three separations were performed with a mobile
phase flow rate of 10ml min~!; coumarin, B-ionone, and a-tocopherol were
detected at 289 nm, 3-carotene at 452 nm.

acid 50.0/45.0/2.9/2.1 wt/wt/wt/wt) the following values were
obtained: Rs _;=6.6 and Rs jj_j=3.2. In the system with 15 wt%
of DES constituents (n-heptane/methanol/L-menthol/levulinic
acid 50.0/35.0/8.6/6.4 wt/wt/wt/wt) the resolutions decreased to
Rsji-1=4.1 and Rs j_y=2.9. It can be seen that the separation
resolution decreased with higher DES content in the system;
however, the peaks are still very well separated. The change is
more pronounced for the resolution of coumarin and (3-ionone
than for the resolution of 3-ionone and a-tocopherol. From these
first results, it can be concluded that the biphasic solvent systems
composed of n-heptane/methanol/L-menthol/levulinic acid are
useful candidates for water-free biphasic solvent systems for CPC.

4. Conclusion

In the present work the applicability of quaternary non-aqueous
biphasic solvent systems containing n-heptane, methanol, and a
DES composed of L-menthol and levulinic acid as stationary and
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mobile phases in CPC has been evaluated. In this biphasic system,
DES constituents are present in both phases and cause the solute
partition coefficients to shift towards the sweet spot compared to
systems where DES-constituents are only present in one of the
phases [10]. It was found that water addition does not cause pre-
cipitation of L-menthol for systems with low DES-content, while
for system compositions with higher amounts of DES and less
methanol precipitation occurs and contact with water should be
avoided. Pulse injections affirmed the high potential of the bipha-
sic systems for the separation of hydrophobic compounds and high
stationary phase retention could be obtained for the separations.
For higher amounts of L-menthol and levulinic acid in the biphasic
system stationary phase loss was observed with injection, how-
ever, this could be reduced when only 5 wt% of the DES were used.
The results of this work show the high potential of tailormade DES-
based biphasic systems, which offer a whole new class of solvent
systems for CPC. Nevertheless, strategies for solute recovery and
recycling of the DES-constituents need to be developed in order to
promote the application of such biphasic systems. Possible options
to recover the solutes from the DES after removal of the volatile
organic solvents are back extraction, diafiltration, and precipita-
tion of the DES-constituents. Still, more research effort is needed
to provide such strategies for different DES and solute groups.
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4. Overall discussion

The motivation of this thesis was to explore alternative solvent systems for the separation of
very hydrophilic and hydrophobic target compounds with CPC. Within this work, ATPSs
were investigated and applied in CPC to separate proteins. The second part of the thesis deals
with the application of DES-based biphasic systems in CPC. Computational solvent system
screening for DES-based biphasic systems was evaluated and applied to a separation task.
Additionally, novel DES-based biphasic systems were developed and used as stationary and
mobile phases in CPC separations.

4.1. Aqueous two-phase systems

ATPSs are biphasic systems with both phases mainly consisting of water. They are free of
organic solvents and, thus, they can be applied for biomolecules, such as proteins. In this
work, ATPSs composed of PEG 1000, KoHPO4, KH2PO4, water, and small amounts of an IL
have been investigated. The fact that small amounts of IL can alter partition coefficients has
been described for liquid-liquid extraction [19]. The objective of Paper I was to employ the
effect that ILs can be used to tune protein partition coefficients in CPC separations. It was
shown that the ILs [EMIM]CI or [BMIM]CI selectively altered the partition coefficients of the
proteins myoglobin and lysozyme. This effect was used to change the elution time of
lysozyme and shorten the separation time. The injection volume was increased to 20% of the
column volume in order to increase the productivity of the separation. High stationary phase
retention could be retained even with the increased injection volume. Simulations of
separations with even larger injection volumes indicate that injections volumes up to 50% of
the column volume may be applicable.

ILs may have a positive effect on the stability of proteins in solution [49, 83]. They have also
been introduced as additives for protein refolding [84]. However, depending on the type of the
IL and dissolved protein, ILs or other solutes may also have a destabilizing or inhibition effect
[49, 83, 85, 86]. The stability of the biomolecules has to be assessed in the selection process
of the ILs that are added to the ATPSs. Direct determination of the protein structure in the
ATPSs with IL was not possible. Circular dichroism (CD) is a method that enables
determination of secondary and tertiary structures of proteins to test for denaturation. The
high phosphate content impeded CD measurements [87]. Due to the high ratio of phosphate
salt to protein content, the protein concentration was too low for CD measurements after
adjusting the phosphate concentration to a tolerable level by dilution. Therefore, myoglobin
and lysozyme were each dissolved in buffer with a low salt concentration and the same
[EMIM]CI concentration as in the CPC experiments. The solution was stored at ambient
temperature for around 1.5 h and then diluted for CD measurements. It could be shown that
the protein structure remains unchanged with IL addition or if changes in the structure occur
they are reversed by dilution.

ATPSs have also been used for the separation of monoclonal antibodies [88-90] and
semiconducting single-wall carbon nanotubes [91, 92]. ATPSs have been applied in the
downstream processing of virus-like particles [93] and enzymes, such as myrosinase [94],
amylase [95], and laccases [96]. The results of Paper I may also be interesting for these
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application areas. Especially the possibilities to increase the productivity could be transferred.
For example, simulation based studies could be performed to increase the injection volume
for other CPC separations, not only with ATPSs, but also with other biphasic systems.

4.2. DES-based biphasic systems

DES have gained a lot of attention during the last years due to their versatility and valuable
solvent properties. It has been shown that DES-based biphasic systems are suitable for the
separation of hydrophobic compounds in CPC [25]. In order to enhance the application of
DES-based biphasic systems in CPC, several aspects, from solvent system selection to
application and development of novel DES-based biphasic systems, were addressed.

Computational solvent system screening

Solvent system screening based on thermodynamic models has been applied for the selection
of biphasic systems composed of organic solvents and water for CPC and CCC [40, 41]. In
this thesis, the method was evaluated for the selection of DES-based biphasic systems. The
purpose of the solvent system screening is to narrow down the number of possible biphasic
systems from a nearly countless amount to a few choices that can be tested experimentally
[40, 41, 76]. It was found that the prediction accuracy was high enough to use the screening
approach for the selection of DES-based biphasic systems for CPC separations. With the
method presented in Paper 11, it is possible to select a DES-based biphasic solvent system for
a CPC separation solely based on the molecular structure of target compounds and impurities.

However, some restrictions have to be made: The validity of the screening approach was
confirmed for systems where the DES-constituents are mainly located in one of the phases, so
called pseudo-ternary systems. Prior to publication of Paper II, only pseudo-ternary LLE data
were available in literature for biphasic systems with DESs. That means, the DES was treated
as a pseudo compound in the determination of the LLE data [69, 97-99], or only one
DES-constituent was quantified and it was assumed that the stoichiometric ratio of HBA and
HBD is constant and the same as in the initially prepared DES in all phases [67, 100, 101].
The resulting phase diagrams are plotted as ternary diagrams with the DES-constituents
treated as a single compound instead of a quaternary system. First calculations have shown,
that it has to be expected that the ratio of HBA and HBD is not constant in systems with DES-
constituents present in both phases. This means, the assumption of a constant HBA:HBD-ratio
is restricted to systems with DES-constituents located in one of the two phases. In cases
where the behaviour of the biphasic system is already known, for example when additional tie
lines for different global compositions are calculated, it is reasonable to assume fixed
HBA:HBD ratio if applicable. A fixed stoichiometry of HBA and HBD also decreases the
degree of freedom of the system. This decreases the time needed for the LLE calculation.

Considering the restrictions mentioned above, the solvent system selection approach that was
validated in Paper II was applied to a separation task. In Paper III, a DES-based biphasic
system for the separation of different tocopherols with CPC was selected. Besides the actual
CPC separations, no experiments were conducted in the solvent system selection. The only
inputs for the computational screening were the molecular structures of the DES-constituents,
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solvents and the different tocopherols. Applying this screening approach substantially
decreased the time and experimental effort needed to select the biphasic system for the CPC
separation.

Liquid-liquid equilibrium data of systems with DES

During the literature research for LLE data of systems containing DESs, it became apparent
that DESs were mainly treated as pseudo compounds in experiments and modelling. In
Paper IV, novel biphasic systems with DES-constituents in both phases were developed.
Three different DESs were selected: L-menthol-levulinic acid (1:1 mol:mol), thymol-levulinic
acid (1:1 mol:mol), and carvacrol-levulinic acid (1:1 mol:mol). All DES-constituents are
natural compounds and available as food-grade bulk chemicals. The HBDs, L-menthol,
thymol, and carvacrol, are poorly soluble in water. The HBA, levulinic acid, is miscible with
water. All DES-constituents can be evaporated and analysed by gas chromatography. LLE of
different compositions of n-heptane, methanol, and L-menthol-levulinic acid, thymol-
levulinic acid, or carvacrol-levulinic acid were determined. It was found that the biphasic
systems behave as quaternary systems: DES-constituents are present in both phases and the
ratio of HBD:HBA is different in the phases and changes with the global system composition.
The obtained quaternary LLE-data may contribute to the understanding of the interactions
between DES-constituents in complex solutions. The interactions of HBA and HBD are
subject to current research [102-113]. When additional molecules are introduced to systems
with DES, the interactions between all components of the mixture are complex: Systems of
DESs and dissolved gases have been investigated [114-116], the behaviour of mixtures of
DESs and water [117-119] or interaction of solutes with DESs [120, 121]. Yet, the behaviour
of DESs and mixtures with DESs is not fully understood. The quaternary LLE may help to
elucidate the interactions of DESs constituents in complex systems and may be used to test or
improve existing thermodynamic models.

Application of DES-based biphasic systems in CPC separations

In Paper IV, novel biphasic systems with DES-constituents present in both phases were
developed. In Paper V, one of these biphasic systems, namely n-heptan/methanol/
L-menthol/levulinic acid, was applied in CPC separations. Stationary phase retention and
solute partition coefficients of compounds ranging from hydrophilic to hydrophobic were
determined. The DES-based biphasic solvent system is in particular suitable for the separation
of hydrophobic compounds.

Further, the stability of the biphasic system n-heptan/methanol/L-menthol/levulinic acid in
presence of water was evaluated. Contact of L-menthol-levulinic acid (1:1 mol:mol) with
water causes L-menthol to precipitate. Thus, it was investigated if precipitation also occurs in
the quaternary biphasic system upon contact with water. Different global system compositions
were prepared and mixed with water. It was found that in systems with high percentage of
L-menthol and levulinic acid, precipitation occurs when water is added. Therefore, contact
with water needs to be avoided for such systems. This can be a concern in daily laboratory
praxis where CPC columns are often stored with mixtures of methanol and water when not in
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use. For biphasic system compositions with low percentage of L-menthol and levulinic acid,
contact with water is not critical.

DESs are applied in extraction of value-added compounds from plant material or other natural
resources [58, 59, 122-131]. An additional benefit of DES-based biphasic systems would be
obtained if the crude extract that is supposed to be separated with CPC would be prepared
with the same DES that is used in the biphasic system. That way the process steps from
natural source to final product could be reduced compared to processes where extracts need to
be dried prior to further steps.

In general, a frequently encountered question concerning applications using DES-based
biphasic systems is how to recover the products from the solvents. In the case of tocopherols,
as discussed in Paper III, the separations are performed in descending mode. The
fractionated tocopherols are present in the mobile phase which is the DES-rich, lower phase.
It contains mainly ethanol and the DES-constituents, choline chloride and 1,4-butanediol. In
this case, it is possible to use back extraction for tocopherol recovery: n-Heptane and water
are added to the lower phase. The n-heptane leads to the formation of a second phase into
which the tocopherols can be extracted. The added water is located in the lower DES-rich
phase and causes tocopherol to partition into the upper n-heptane-rich phase. The n-heptane-
rich upper phase can then be removed from the tocopherol by vacuum distillation. Another
option would be to retain the tocopherols in the DES-rich lower phase and just remove
ethanol by vacuum distillation. Depending on the desired product and the type of DES-
constituents used, the tocopherol-DES-mixture could be directly applied in a formulation, for
example in cosmetics or food supplements.
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5. Conclusion

Biphasic systems with alternative solvents like ILs and DESs contribute to expand the
application areas of CPC and CCC for the separation of hydrophobic and hydrophilic
compounds. Although the solvent system selection requires more effort than for the
conventionally used water and organic solvent-based biphasic systems, due to limited data
and higher degree of freedom, it is worth taking it.

ATPSs provide a class of biphasic systems that can be applied for proteins that may denature
in conventional water-organic solvent-based biphasic systems. ATPSs have scarcely been
used in LLC because former CCC and CPC columns only allowed small flow rates; new
column designs allow higher flow rates and make CPC separations with ATPSs more
competitive to other technologies. The stationary phase retention is high enough to allow
large injection volumes, which is another way to increase productivity of a protein separation.

The number of non-aqueous solvent systems for CPC and CCC in literature is limited and,
thus, researchers are aiming to develop novel non-aqueous biphasic systems. DES-based
biphasic systems are water-free and suitable for the separation of hydrophobic compounds
and fit this unmet need. DESs can substitute organic solvents in water-free LLE, such as
chloroform, dichloromethane, benzene or acetonitrile. DES-based biphasic systems for CPC
and CCC are a relatively new development. It was investigated in this thesis whether solvent
system screening approaches can be applied to them. It was shown in this work that for
systems with DES-constituents only present in one of the phases, so-called pseudo ternary
systems, the thermodynamic model COSMO-RS can be used. The prediction accuracy is
sufficient for screening of limiting activity coefficients, liquid-liquid equilibria, and solute
partition coefficients. Most reliable results were obtained when the ionic DESs were described
as fully dissociated ions and with the TZVP parametrization. The screening approach was
then applied to a mixture of tocopherols, mainly consisting of a- and y-tocopherol, and LLE
of 21 DES-based systems and tocopherol partition coefficients in the systems were predicted
with COSMO-RS. The biphasic systems in the selection pool were all of the pseudo-ternary
type. The best candidate from the computational screening was selected and CPC separation
experiments were performed without further experimental screening. This example highlights
how thermodynamic models can save time and experimental effort in the solvent system
selection for CPC and CCC.

At the time of the publication of Paper II and III, only systems with DES-constituents solely
present in one of the two phases were available in literature. First evaluations with COSMO-
RS showed that DESs cannot be treated as a single entity in a simplified way in all cases. As
no literature data of suitable LLE to prove this hypothesis were available, phase equilibrium
data were determined for three new biphasic systems containing DES-constituents in both
phases. It could be shown that DES-constituents are distributed between the two phases and
that their molar ratio in the individual phases differs from the ratio initially used in the DES.
Furthermore, it was found that the distribution of the DES-constituents in the biphasic system
is concentration dependent. Unfortunately, COSMO-RS could not reproduce this behaviour as
the miscibility gap was over-predicted. It was not possible to predict the distribution of the
systems’ constituents correctly. The applicability of such systems with DES-constituents in
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both phases in CPC was tested and it could be shown that the evaluated biphasic system
provided reasonable stationary phase retention and solute partition coefficients of
hydrophobic model compounds in the sweet spot. The system was especially suitable for the

tested model compounds with logarithmic octanol/water-partition coefficients between 2.1
and 12.

Up to now, the potential of biphasic systems with ILs or DESs is not yet fully exploited. This
thesis shows the high potential of DES-based biphasic systems and contributes to making the
use of biphasic systems with ILs and DESs more accessible. The findings of this work in the
field of ATPSs are not only relevant for protein separation, but could be transferred to the
separation of other target compounds that can be separated with ATPSs, such as peptides,
monoclonal antibodies, or carbon nanotubes. DESs are a novel class of solvents which were
successfully applied in CPC separations. For the application of DESs as solvents the complete
process should be considered. DESs can also be used to produce crude plant extracts and
could then directly be used as feed for CPC separations to decrease process steps and
increase productivity.
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6. Outlook

Although the prediction quality of COSMO-RS was sufficient to perform a solvent screening
with biphasic systems that contain DES-constituents solely in one of the phases, the phase
diagram predictions still have to be completely evaluated for biphasic systems with
DES-constituents in both phases. However, to evaluate the prediction accuracy for such
systems, and also to improve predictions, a larger set of LLE-data is needed. LLE data are
crucial in order to develop new modelling approaches. The way to improve existing
modelling approaches may lead through the combination of molecular dynamics simulations
and thermodynamic models. Prediction methods of solid-liquid equilibria of DESs are not yet
available. Reliable solid-liquid equilibrium prediction is another necessary step towards
exploiting the full potential of DESs and selecting the most suitable HBA and HBD
combinations for specific applications. Solid-liquid equilibrium prediction methods would
enable model-based HBA and HBD selection and further decrease time and effort of solvent
system selection.

From the viewpoint of application, the main obstacles that should be tackled in order to
achieve a wider use of DES-based biphasic systems in CPC are the lack of separation
examples and the limited number of DES-based biphasic systems that have been used in CPC.
Both issues were addressed in this thesis, and further effort should be invested in the future to
overcome these obstacles. Furthermore, solute recovery and solvent recycling are crucial for
industrial scale application of DES-based biphasic systems. Thus, development of recovery
and solvent reuse strategies are substantial.

For the separation of very hydrophilic biomolecules with CPC, ATPS were investigated. It
was previously shown that ATPSs have potential to be used for protein separation in CPC and
CCC [30-32, 37, 132-135]. Phase diagrams of different ATPSs were widely studied in
literature [11, 12, 15, 16, 136-138] and different new CCC and CPC column designs have
been developed for the handling of ATPS [30-32, 37, 135]. Protein stability measurements
were conducted with ILs [49, 83, 84, 139, 140], however, to further promote the use of
ATPSs in CCC and CPC, is necessary to investigate the stability of different proteins after
exposure to shear forces in the column. Predictive thermodynamic models can be applied for
process design. Currently, shake flask experiments are performed for the selection of an
appropriate ATPS for CCC and CPC separations. Although proteins are too big to apply
models that require DFT calculations for screening, other thermodynamic models that have
shown to be useful for ATPSs, such as PC-SAFT, could be used to reduce experimental effort
for the selection of ATPSs for CPC separations [141, 142]. Similar to DES-based biphasic
systems, solute recovery and solvent recycling strategies are important for the application of
CCC and CPC separations with ATPSs in large scale. Further research on this topic is
desirable in order to promote the application of CCC and CPC separations with ATPSs.
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Separation factor for the compounds 7 and j

Surface area

Standard deviation of the peak of compound i

Variance of the peak of compound i

Concentration of solute i in the mobile phase

Concentration of solute i in the stationary phase

Solvent capacity

Difference between the heat capacity of the liquid and the solid phase
Fugacity of compound 7 in phase ¢

Gibbs’ energy

Molar Gibbs’ energy of the solid-liquid phase transition

Enthalpy of fusion

Chemical potential of the chemical species m in phase ¢

Molar volume of the pure solvent i

Molar volume of phase ¢

Molar excess volume of mixing

Number of theoretical separation stages analysed for compound i
Amount of substance i

Pressure of phase ¢

Partition coefficient of compound i determined for ascending mode
Partition coefficient of compound i determined for descending mode

Partition coefficient of compound i between phases a and f calculated
with concentrations

Sigma profile of compound i

Partition coefficient of compound i between phases a and f calculated
with mole fractions

Stationary phase retention
Temperature of phase ¢
Melting temperature

Triple point temperature
Retention time of compound i
Column volume

Volume of mobile phase inside the column
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Retention volume of compound i

Volume of stationary phase inside the column
Mole fraction of compound i in phase ¢
Activity coefficient of compound i in phase ¢

Limiting activity coefficient of compound i in phase ¢
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8. Abbreviations

ATPS
BSA
CCC

CD
COSMO
COSMO-RS
CPC

DES

DFT

EoS

GC

HBA
HBD
HEMWat
IL

LLC

LLE
MLA
NRTL
PC-SAFT
PEG
SAFT
UNIFAC
UNIQUAC

Aqueous two-phase systems

Bovine serum albumin

Countercurrent chromatography

Circular dichroism

Conductor-like screening model

Conductor-like screening model for realistic solvation
Centrifugal partition chromatography

Deep eutectic solvent

Density functional theory

Equation of state

Gas chromatography

Hydrogen bond acceptor

Hydrogen bond donor

n-Hexane/ethyl acetate/methanol/water solvent system family
ionic liquid

Liquid-liquid chromatography

Liquid-liquid equilibrium

L-Menthol-Levulinic acid

Non-Random Two-Liquid theory

Perturbed Chain Statistical Associating Fluid Theory
Polyethylene glycol

Statistical Associating Fluid Theory

Universal Quasichemical Functional-group Activity Coefficients

Universal Quasichemical Equation
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Table S1. Summarized partition coefficients in the biphasic system PEG 1000/K,HPO,KH,PO,/H,0
15.00/9.68/5.32/70.00 wt/wt/wt/wt without and with [EMIM]CI or [BMIM]CI.

ATPS Pmyoglobin /' Plysozymc /' PIL /'
Analytical spectroscopy CPC spectroscopy CPC HPLC
method

No additive 0.02+0.01 0.04 2.86+0.15 3.02 -

+ 0.5 wt% 0.05+0.01 - 2.51+0.09 - 0.85+0.03
[EMIM]CI

+ 1.0 wt% 0.04+0.00 - 2.44+0.18 - 0.89+0.04
[EMIM]CI

+ 1.5 wt% 0.04+0.01 0.11 (Vi =10 ml) 1.91=0.11 2.17 (Viri=10ml)  0.90+0.01
[EMIM]CI 0.22 (Viy; =50 ml) 2.11 (V=50 ml)

+2.5 wt% 0.02+0.00 0.07 1.98+0.11 1.84 0.90+0.01
[EMIM]CI

+ 0.5 wt% 0.03+0.01 - 2.74+0.12 - 1.35+0.00
[BMIM]CI

+ 1.0 wt% 0.04+0.03 - 2.23+0.19 - 1.38+0.02
[BMIM]Cl

+ 1.5 wt% 0.02+0.00 - 2.55+0.33 - 1.52+0.01
[BMIM]CI

+2.5 wt% 0.03+0.01 - 1.68+0.40 - 1.27+0.01
[BMIM]CI

Table S2. Summarized values of S, for ascending and descending mode without feed injection in
PEG 1000/K,HPO,/KH,P0O4/H,0 15.00/9.68/5.32/70.00 wt/wt/wt/wt without and with additional [EMIM]CL

ATPS Mobile phase flow rate /ml min"'  Ascending mode  Descending mode
No additive 5 0.79 0.79
10 0.63 0.72
15 0.49 0.70
20 0.36 0.61
+ 1.5 wt% [EMIM]CI 5 0.75 0.79
10 0.62 0.73
15 0.44 0.68
20 - 0.62
+ 2.5 wt% [EMIM]CI 10 - 0.67
15 - 0.63
20 - 0.55
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Figure S1. Percentage of protein in the upper phase of PEG 1000/K,HPO,/KH,PO,/H,0 15.00/9.68/5.32/70.00
wt/wt/wt/wt with addition of sodium chloride.

Table S3. Percentage of lysozyme and myoglobin in the phases of PEG 1000/K,HPO,KH,PO,/H,0
15.00/9.68/5.32/70.00 wt/wt/wt/wt with addition of sodium chloride.

ATPS Lysozyme Myoglobin
wt% in upper phase wt% in lower phase wt% in upper phase wt% in lower phase

No additive 75.12 24.88 5.66 94.34
+ 0.5 wt% 90.76 9.24 1.13 98.87
NaCl

+ 1.0 wt% 97.87 2.13 1.48 98.52
NaCl

+ 1.5 wt% 97.43 2.57 0.99 99.01
NaCl

+2.0 wt% 98.74 1.26 0.84 99.16
NaCl
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Figure S2. Circular dichroism spectra of (a) lysozyme in phosphate buffer (reference, dashed line) and lysozyme
after exposure to [EMIM]CI, and (b) myoglobin in phosphate buffer (reference, dashed line) and myoglobin after
exposure to [EMIM]CI, all at pH 7. The reference spectrum was recorded in 5 mM phosphate buffer with 50 uM
of the respective protein. The samples with [EMIM]CI] were prepared with 1.5 wt% [EMIM]CI in phosphate
buffer with 0.14 mM lysozyme or 0.15 mM myoglobin and had to be diluted with 5SmM phosphate buffer for

CD-measurement.
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predictive thermodynamic model COSMO-RS
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Supporting information

Figure S1: Associated (ion pair, left) and dissociated (electroneutral, right) representation of choline
chloride in COSMOtherm.
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Table S1: Logarithmic activity coefficients at infinite dilution of various organic solvents in the DES
choline chloride-glycerol 1:1. COSMO-RS predictions were done with TZVP and TZVPD-FINE
parameterization and different modeling approaches, experimental values taken from [1]

compound experimental parameterization ion pair electro-neutral
octane 6.43 TZVP 5.29 2.73
TZVPD-FINE 9.19 7.48
n-decane 6.74 TZVP 6.44 3.39
TZVPD-FINE 11.25 9.09
dodecane 7.20 TZVP 7.57 4.04
TZVPD-FINE 13.27 10.62
tetradecane 8.52 TZVP 8.69 4.67
TZVPD-FINE 15.29 12.10
benzene 3.30 TZVP 1.55 0.39
TZVPD-FINE 2.99 2.44
toluene 4.10 TZVP 2.11 0.69
TZVPD-FINE 4.08 3.40
cyclohexane 5.43 TZVP 3.30 1.49
TZVPD-FINE 5.91 4.84
methanol -0.51 TZVP -0.83 -1.93
TZVPD-FINE -0.92 -1.16
ethanol 0.79 TZVP -0.44 -1.72
TZVPD-FINE 0.01 -0.41
propanol 1.63 TZVP -0.08 -1.65
TZVPD-FINE 0.85 0.37
1-butanol 2.24 TZVP 0.35 -1.46
TZVPD-FINE 1.61 1.02
1-pentanol 3.52 TZVP 0.79 -1.28
TZVPD-FINE 2.64 1.94
methyl isobutyl 4.19 TZVP 1.79 0.46
ketone TZVPD-FINE 3.61 2.40
acetonitrile 1.06 TZVP 0.00 -0.18
TZVPD-FINE -0.28 -0.66
ethylacetate 3.33 TZVP 1.11 0.17
TZVPD-FINE 2.31 1.58
tetrahydrofuran 2.42 TZVP 0.82 -0.17
TZVPD-FINE 2.04 0.91
pyridine 1.53 TZVP 0.44 -0.33
TZVPD-FINE 1.02 0.09
RMSD TZVP 1.61 3.22
TZVPD-FINE 2.63 1.78
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Prediction of liquid-liquid equilibria

a) Benzene b) Benzene |—=— experiment

--e-- prediction
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C) Benzene d) Benzene

Hexane " 925 o050 o075  CGL Hexane " 25 o050 o075  CGL
ion pair TZVP ion pair TZVPD-FINE

Figure S2: Experimental vs. COSMO-RS predicted tie lines for the ternary system
hexane/benzene/CGL  with (a) TZVP parameterization with electroneutral, (b) TZVPD-FINE
parameterization with electroneutral, (c) TZVP parameterization and ion pair, and (d) TZVPD-FINE
parameterization with ion pair representation of DES molecules; experimental data taken from [2]
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Figure S3: Experimental vs. COSMO-RS predicted tie lines for the ternary system
hexane/benzene/CLC with (a) TZVP parameterization with electroneutral, (b) TZVPD-FINE
parameterization with electroneutral, (c) TZVP parameterization and ion pair, and (d) TZVPD-FINE
parameterization with ion pair representation of DES molecules; experimental data taken from [2]
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a) Ethyl acetate b) Ethyl acetate [—=— experiment
--e-- prediction
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c) Ethyl acetate d) Ethyl acetate

Hexane " 025 050 075 CLC Hexane (25 o050 o075  CLC
ion pair TZVP ion pair TZVPD-FINE

Figure S4: Experimental vs. COSMO-RS predicted tie lines for the ternary system hexane/ethyl
acetate/CLC with (a) TZVP parameterization with electroneutral, (b) TZVPD-FINE parameterization
with electroneutral, (¢) TZVP parameterization and ion pair, and (d) TZVPD-FINE parameterization
with ion pair representation of DES molecules; experimental data taken from [2]
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--e-- prediction
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Figure S5: Experimental vs. COSMO-RS predicted tie lines for the ternary system
heptane/toluene/TBP-EG with (a) TZVP parameterization with electroneutral, (b) TZVPD-FINE
parameterization with electroneutral, (c) TZVP parameterization and ion pair, and (d) TZVPD-FINE
parameterization with ion pair representation of DES molecules; experimental data taken from [3]
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a) Toluene b) Toluene —=— experiment
--e-- prediction
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Figure S6: Experimental vs. COSMO-RS predicted tie lines for the ternary system
heptane/toluene/TBP-Sulfolane with (a) TZVP parameterization with electroneutral, (b) TZVPD-FINE
parameterization with electroneutral, (c) TZVP parameterization and ion pair, and (d) TZVPD-FINE
parameterization with ion pair representation of DES molecules; experimental data taken from [3]
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S7: Experimental vs. COSMO-RS predicted tie lines for the ternary

system

heptane/ethanol/CEG with (a) TZVP parameterization with electroneutral, (b) TZVPD-FINE
parameterization with electroneutral, (c) TZVP parameterization and ion pair, and (d) TZVPD-FINE
parameterization with ion pair representation of DES molecules; experimental data taken from [4]
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Figure S8: Experimental vs. COSMO-RS predicted

ternary system
heptane/ethanol/CLA  with (a) TZVP parameterization with electroneutral, (b) TZVPD-FINE

parameterization with electroneutral, (c) TZVP parameterization and ion pair, and (d) TZVPD-FINE
parameterization with ion pair representation of DES molecules; experimental data taken from [4]
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Figure S9: Experimental vs. COSMO-RS predicted tie lines for the ternary system
heptane/ethanol/CGL with (a) TZVP parameterization with electroneutral, (b) TZVPD-FINE
parameterization with electroneutral, (c) TZVP parameterization and ion pair, and (d) TZVPD-FINE
parameterization with ion pair representation of DES molecules; experimental data taken from [4]
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--e-- prediction

CGY

CGY

ternary

system

heptane/ethanol/CGY with (a) TZVP parameterization with electroneutral, (b) TZVPD-FINE
parameterization with electroneutral, (c) TZVP parameterization and ion pair, and (d) TZVPD-FINE
parameterization with ion pair representation of DES molecules; experimental data taken from [5]
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Figure S11: Experimental vs. COSMO-RS predicted tie lines for the ternary system
heptane/ethanol/CLC with (a) TZVP parameterization with electroneutral, (b) TZVPD-FINE
parameterization with electroneutral, (c) TZVP parameterization and ion pair, and (d) TZVPD-FINE
parameterization with ion pair representation of DES molecules; experimental data taken from [5]

12

128



Supplementary information for Paper I1

a) Ethanol b) Ethanol  |—=— experiment
--e-- prediction

0.25
0.75
0.75 f it oty 075 fooE
P e 0.25 0-25
Hexane 025 o080 075  CGY Hexane 035 o020 075 cay
electroneutral TZVP electroneutral TZVPD-FINE
c) Ethanol d) Ethanol

Hexane 025 050 075 CGY Hexane 25 o050 o075 CGY
ion pair TZVP ion pair TZVPD-FINE

Figure S12: Experimental vs. COSMO-RS predicted tie lines for the ternary system
hexane/ethanol/CGY with (a) TZVP parameterization with electroneutral, (b) TZVPD-FINE
parameterization with electroneutral, (c) TZVP parameterization and ion pair, and (d) TZVPD-FINE
parameterization with ion pair representation of DES molecules; experimental data taken from [5]
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Figure S13: Experimental vs. COSMO-RS predicted tie lines for the ternary

system

hexane/ethanol/CLC with (a) TZVP parameterization with electroneutral, (b) TZVPD-FINE
parameterization with electroneutral, (c) TZVP parameterization and ion pair, and (d) TZVPD-FINE
parameterization with ion pair representation of DES molecules; experimental data taken from [5]
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Figure S14: Experimental and predicted logarithmic partition coefficients of solutes with different
polarity in the biphasic system composed of Heptane/Ethanol/CLA with a composition of
45/10/45 wt/wt/wt calculated using COSMO-RS with the TZVPD-FINE parameterization and
experimental and predicted LLE data
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Influence of variation in LLE-data on partition coefficient prediction
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Figure S15: Deviation in the partition coefficient of B-ionone for a small variation in the global input
composition for the LLE calculation. TZVPD-FINE parameterization and ion pair approach were used
in the calculations.

The sensitivity of the partition coefficient calculations to a variation in phase composition due to small
deviations in the global input composition was investigated. As mentioned in chapter 3.3, for some
input compositions the algorithm to solve the equilibrium did not converge and the input composition
was slightly modified to get a solution. The problem occurred mainly for TZVPD-FINE in
combination with the ion pair approach for the representation of the HBA and TZVP with ion pair
approach. With the electroneutral representation of the HBA the convergence problem also occurred a
few times TZVPD-FINE (less than for ion pair) and never for TZVP. The procedure for varying the
global input composition can be automated, but it has to be considered whether the additional error
introduced by the variation is small enough to still achieve comparable results. LLE and partition
coefficients of the nine model solutes in the biphasic system heptane/ethanol/CLA were calculated for
31 global input compositions, the results for one of them, namely B-ionone, are shown in Figure S15.
The square symbols mark the chosen input compositions and the line represents the predicted tie line
for the original input composition. The sampling points where set in 0.002 steps from the original
composition. As expected, along the original tie line the resulting RMSD for the partition coefficient is
very small and the RMSD increases compositions outside the original tie line. However, the results
show that RMSD for the partition coefficients are small and the additional error introduced by varying
the global input composition can be neglected for small changes.
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Table S4: Logarithmic partition coefficient of vanillin in different biphasic systems
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Biphasic system

Global system
composition /wt%

Logarithmic partition
coefficient Pyanitin /-

Standard deviation of

heptane/methanol/CLA
heptane/ethanol/CLA
heptane/acetonitrile/ CLA
heptane/methanol/BLA
heptane/ethanol/BLA
heptane/propanol/BLA
heptane/acetonitrile/BLA

37.5/25.0/37.5
37.5/25.0/37.5
37.5/25.0/37.5
37.5/25.0/37.5
37.5/25.0/37.5
37.5/25.0/37.5
37.5/25.0/37.5

222
1,91
2,28
231
-1,79
1,43
2,41

0,01
0,02
0,01
0,01
0,01
0,02
0,03

Table S5: Logarithmic partition coefficient of B-ionone in different biphasic systems

Biphasic system

Global system

Logarithmic partition

Standard deviation of

composition /wt% coefficient PB-ionone /-  PB-ionone /-
heptane/methanol/CLA 37.5/25.0/37.5 0,25 0,02
heptane/ethanol/CLA 37.5/25.0/37.5 0,20 0,02
heptane/acetonitrile/CLA  37.5/25.0/37.5 0,30 0,02
heptane/methanol/BLA 37.5/25.0/37.5 0,22 0,01
heptane/ethanol/BLA 37.5/25.0/37.5 0,21 0,02
heptane/propanol/BLA 37.5/25.0/37.5 0,43 0,04
heptane/acetonitrile/BLA  37.5/25.0/37.5 0,31 0,03

Table S6: Logarithmic partition coefficient of a-tocopherol in different biphasic systems

Biphasic system

Global system
composition /wt%

Logarithmic partition
coefficient Py copherol /-

P a-tocopherol /-

Standard deviation of

heptane/methanol/CLA 30/40/30 1,08 0,15
heptane/ethanol/CLA 30/40/30 0,57 0,05
heptane/methanol/BLA 30/40/30 0,88 0,09
heptane/ethanol/BLA 30/40/30 0,56 0,03
heptane/propanol/BLA 30/40/30 0,49 0,05
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Table S1: Initial molar composition for the system n-heptane (1)/methanol (2)/L-menthol (3)/levulinic acid (4)

System X3 X, X3 X4

M1 0.5761 0.0000 0.2120 0.2120
M2 0.5063 0.1584 0.1677 0.1677
M3 0.4516 0.2825 0.1329 0.1329
M4 0.4076 0.3825 0.1050 0.1050
M5 0.3714 0.4646 0.0820 0.0820
M6 0.3411 0.5334 0.0627 0.0627
M7 0.3154 0.5918 0.0464 0.0464
M8 0.2932 0.6420 0.0324 0.0324
M9 0.2740 0.6856 0.0202 0.0202
M10 0.2572 0.7239 0.0095 0.0095
M11 0.2423 0.7577 0.0000 0.0000
M12 0.2743 0.6864 0.0235 0.0157
M13 0.3162 0.5934 0.0542 0.0362
M14 0.3731 0.4668 0.0960 0.0640
M15 0.4551 0.2847 0.1561 0.1041
Mi16 0.2739 0.6853 0.0185 0.0224
M17 0.3150 0.5910 0.0426 0.0514
M18 0.3705 0.4636 0.0751 0.0907
M19 0.4500 0.2815 0.1217 0.1469

Table S2: Initial molar composition for the system n-heptane (1)/methanol (2)/thymol (3)/levulinic acid (4)

System X; X, X3 Xy
T1 0.5706 0.0000 0.2147 0.2147
T2 0.5025 0.1572 0.1702 0.1702
T3 0.4489 0.2808 0.1351 0.1351
T4 0.4057 0.3806 0.1068 0.1068
T5 0.3700 0.4629 0.0835 0.0835
T6 0.3401 0.5319 0.0640 0.0640
T7 0.3147 0.5906 0.0474 0.0474
T8 0.2928 0.6411 0.0331 0.0331
T9 0.2738 0.6850 0.0206 0.0206
T10 0.2571 0.7236 0.0097 0.0097
T11 0.2423 0.7577 0.0000 0.0000
T12 0.2741 0.6857 0.0241 0.0161
T13 0.3154 0.5920 0.0555 0.0370
T14 0.3716 0.4649 0.0981 0.0654
T15 0.4520 0.2827 0.1592 0.1061
T16 0.2735 0.6843 0.0169 0.0253
T17 0.3139 0.5891 0.0388 0.0582
T18 0.3684 0.4609 0.0683 0.1024
T19 0.4458 0.2788 0.1102 0.1652
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Table S3: Initial molar composition for the system n-heptane (1)/methanol (2)/carvacrol (3)/levulinic acid (4)

System X; X, X3 Xy
C1 0.5706 0.0000 0.2147 0.2147
C2 0.5025 0.1572 0.1702 0.1702
C3 0.4489 0.2808 0.1351 0.1351
C4 0.4057 0.3806 0.1068 0.1068
C5 0.3700 0.4629 0.0835 0.0835
Co6 0.3401 0.5319 0.0640 0.0640
C7 0.3147 0.5906 0.0474 0.0474
C8 0.2928 0.6411 0.0331 0.0331
C9 0.2738 0.6850 0.0206 0.0206
C10 0.2571 0.7236 0.0097 0.0097
Cl1 0.2423 0.7577 0.0000 0.0000
C12 0.2741 0.6857 0.0241 0.0161
C13 0.3154 0.5920 0.0555 0.0370
Cl4 0.3716 0.4649 0.0981 0.0654
C15 0.4520 0.2827 0.1592 0.1061
Clé6 0.2735 0.6843 0.0169 0.0253
C17 0.3139 0.5891 0.0388 0.0582
C18 0.3684 0.4609 0.0683 0.1024
C19 0.4458 0.2788 0.1102 0.1652

Table S4: Molar ratio of HBD:HBA in the investigated biphasic systems.

L-Menthol:levulinic acid

Thymol:levulinic acid

Carvacrol:levulinic acid

System Upper Lower Upper Lower Upper Lower
phase phase phase phase phase phase
1 1.91+0.00 0.18+0.00 3.24+0.20 0.97+0.01 3.39+0.05 0.95+0.00
2 1.96+0.03 0.26+0.00 2.80+0.01 0.94+0.01 3.15+0.01 0.93+0.00
3 1.95+0.01 0.36+0.00 2.72+0.01 0.91+0.00 3.01+0.02 0.92+0.00
4 1.93+0.00 0.49+0.00 2.89+0.02 0.95+0.01 3.04+0.02 0.93+0.00
5 2.11+0.04 0.63+0.01 2.85+0.01 0.92+0.00 3.01+0.11 0.93+0.00
6 2.35+0.04 0.76+0.01 3.22+0.09 0.99+0.02 3.22+0.06 0.89+0.00
7 2.99+0.02 0.86+0.00 3.40+0.03 0.96+0.01 3.42+0.03 0.91+0.00
8 4.00+0.02 0.90+0.02 4.05+0.09 1.00+0.00 3.81+0.02 0.92+0.01
9 5.61+0.06 0.97+0.02 5.20+0.37 0.95+0.01 4.48+0.07 0.95+0.00
10 35.86+1.26 0.93+0.02 6.90+0.41 0.99+0.02 5.80+0.36 0.91+0.00
12 NA NA 1.99+0.01 1.47+0.00 2.56+0.00 1.44+0.01
13 NA NA 2.57+0.01 1.49+0.01 2.92+0.01 1.37+0.00
14 NA NA 3.59+0.04 1.53+0.02 3.86+0.01 1.43£0.01
15 6.21+0.46 1.51+0.04 6.56+0.24 1.81+0.05 6.44+0.35 1.58+0.02
16 2.51+0.03 0.25+0.00 2.87+0.04 0.63+0.01 2.97+0.04 0.62+0.00
17 NA NA 2.83+0.08 0.63+0.01 2.92+0.12 0.61+0.00
18 3.28+0.15 0.51+0.01 3.08+0.12 0.65+0.01 3.15+0.06 0.63+0.00
19 4.71+£0.07 0.62+0.01 3.40+0.06 0.68+0.01 3.73+0.05 0.68+0.01
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Table S5: Mean ratio of upper phase to lower phase volume.

Ratio of phase volume /-

System L-Menthol-levulinic acid Thymol-levulinic acid Carvacrol-levulinic acid
1 7.83+0.02 1.17+0.01 1.27+0.03
2 6.47+0.07 1.17+0.01 1.21£0.01
3 4.31+0.10 1.10+£0.03 1.17+0.00
4 3.04+0.06 1.05+0.04 1.09+0.02
5 1.92+0.02 0.92+0.01 0.97+0.01
6 1.20+0.05 0.85+0.01 0.84+0.01
7 0.84+0.02 0.76+0.01 0.77+0.01
8 0.68+0.01 0.70+0.02 0.70+0.01
9 0.63+0.01 0.68+0.01 0.68+0.00
10 0.61+0.01 0.63+0.02 0.64+0.00
11 0.61+0.02
12 NA 0.77+0.00 0.92+0.02
13 NA 0.61+0.01 0.73+£0.01
14 NA 0.54+0.01 0.60+0.01
15 0.47+0.00 0.57+0.01 0.57+0.00
16 2.82+0.06 1.23+0.02 1.23+0.01
17 NA 1.07+0.03 1.06+0.02
18 0.94+0.01 0.87+0.01 0.86+0.01
19 0.69+0.00 0.71+£0.02 0.71£0.00
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Figure S1: DSC curves of (a) L-menthol-levulinic acid in a ratio of 1:1 mol:mol with eutectic at 0.2 °C (onset),
and liquidus temperature at 14.8 °C (peak maximum), (b) thymol-levulinic acid in a ratio of 1:1 mol:mol with
glass transition at -64.1 °C (onset), and (c) carvacrol-levulinic acid in a ratio of 1:1 mol:mol with glass transition
temperature at -68.8 (onset)
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