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Abstract 

In recent years, solid support-free liquid-liquid chromatography (LLC), comprising 

countercurrent chromatography (CCC) and centrifugal partition chromatography (CPC), has 

become a powerful technique with increasing popularity for the separation of bioactive 

compounds from natural resources, such as plant extracts and biotechnological products. A 

tremendous number of applications has been established in literature with a wide variety of 

different columns. In LLC, both stationary and mobile phase are liquid, corresponding to the 

two phases of a chosen biphasic liquid solvent system. The two phases are in equilibrium and 

hence, their compositions cannot be selected successively and independently of each other. 

The liquid nature of the stationary phase brings several advantages, but also some 

particularities such as the column design and the application of a centrifugal field that have to 

be considered during separation method development, its transfer between different columns, 

and scale-up. This makes separation method development rather complex. Hence, the aim of 

this thesis is to gain better understanding and improve LLC separation method development.  

The first part of the thesis focuses on factors that influence the separation performance. Apart 

from column design and operating conditions (flow rate, centrifugal field), this involves external 

factors such as temperature changes, the type of the biphasic solvent system, as well as the 

physical properties of the liquid phases. For this purpose, a systematic procedure for an 

extensive characterization of a CPC column for varying operating conditions was established 

based on a novel column prototype with spherical cells. In addition, the impact of temperature 

fluctuations on the physical properties of the phases and thus the separation performance was 

systematically investigated. Here, non-aqueous biphasic liquid systems were focused, as they 

are considered to be particularly susceptible to temperature. Further, a promising new biphasic 

solvent system class based on so-called deep eutectic solvents (DES) was evaluated for the 

applicability in CPC. DES could be used as a water substitute in new tailor-made non-aqueous 

systems and thus could fill the current lack of biphasic solvent systems for the separation of 

highly hydrophobic or nonpolar natural compounds.  

Factors that impact the separation performance must be also taken into account for the 

development of separation method transfer and scale-up. Given a wide variety of LLC column 

designs and sizes, intra- and inter-apparatus method transfer is often very time consuming, 

requiring substantial user experience and experimental effort. Thus, a systematic short-cut 

method for a fast prediction of separation method transferability and a subsequent model-

based separation method transfer was established. This method considers comprehensive 

column characteristics and operating conditions. 

The second part of the thesis focuses on the application of LLC for the separation of bioactive 

minor compounds from natural resources. In this context, the purification of the promising 

compound xanthohumol C is established. Two approaches were investigated: a capture and 

enrichment of xanthohumol C directly from the natural extract, and semi-synthesis steps 

followed by an LLC purification. It is shown that sufficient amounts of the minor target 

compound can be provided in high purity without the need for additional purification. Further, 

the treatment of human breast cancer cells in combination with quantitative proteomics and 

comprehensive statistical analysis was demonstrated as a powerful and quick method for the 

evaluation of the bioactivity of minor hop compounds.   
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Kurzzusammenfassung 

Die Flüssig-Flüssig-Chromatographie (FFC) hat sich in den vergangenen Jahren zu einer 

leistungsstarken und vielseitigen Trenntechnologie mit zunehmender Popularität für die 

Gewinnung verschiedenster bioaktiver Naturstoffe aus natürlichen Ressourcen wie Pflanzen-

extrakten oder biotechnologischen Produkten entwickelt. FFC umfasst allgemein sowohl die 

sogenannte Gegenstromverteilungschromatographie (engl. countercurrent chromatography, 

CCC) als auch die zentrifugale Verteilungschromatographie (engl. centrifugal partition 

chromatography, CPC). Eine Besonderheit der FFC ist die Verwendung einer sowohl flüssigen 

mobilen als auch einer flüssigen stationären Phase. Zusammen bilden diese ein flüssiges 

Zweiphasensystem und stehen miteinander im Gleichgewicht. Die Zusammensetzung der 

Phasen ist dadurch festgelegt und eine schrittweise bzw. unabhängige Auswahl ist nicht 

möglich. Eine flüssige stationäre Phase ist zwar in vielerlei Hinsicht vorteilhaft, erfordert jedoch 

v.a. bei der Entwicklung von Trennmethoden, ihrem Transfer zwischen verschiedenen Säulen 

und dem Scale-up die Berücksichtigung einiger Besonderheiten wie Säulendesign und 

Zentrifugalkraft. Dies macht die Entwicklung von FFC – Trennmethoden komplex. Ziel dieser 

Arbeit ist es deshalb, zu einem verbesserten Verständnis bei der Entwicklung und Auslegung 

von Trennmethoden in der FFC beizutragen und diese dadurch verbessern zu können.  

Der erste Teil der Arbeit befasst sich mit möglichen Einflussfaktoren auf die Trennleistung in 

der FFC. Neben Säulendesign/-geometrie und Betriebsbedingungen (Volumenstrom, 

Zentrifugalfeld) sind dies v.a. äußere Einflussfaktoren wie Temperaturänderungen, die Art des 

Zweiphasensystems, sowie physikalische Eigenschaften der flüssigen Phasen. Anhand eines 

neuartigen CPC-Prototyps mit sphärischen Zellen wurde zu diesem Zweck eine systematische 

und umfassende Charakterisierung von Säulen bei unterschiedlichen Betriebsbedingungen 

etabliert. Darüber hinaus wurde der Einfluss von Temperaturschwankungen auf die 

physikalischen Eigenschaften der Phasen und der damit verbundenen Auswirkung auf die 

Trennleistung untersucht. Ein Fokus lag hierbei v.a. auf wasserfreien Systemen, die als 

potenziell temperatursensitiv gelten. Außerdem wurden stark eutektische Lösungsmittel (engl. 

deep eutectic solvents, DES) als Teil neuer flüssiger Zweiphasensysteme auf ihre 

Anwendbarkeit in der CPC untersucht. DES kann dabei potentiell als Wasserersatz in 

maßgeschneiderten wasserfreien Systemen eingesetzt werden und dadurch einen Beitrag 

zum gegenwärtigen Bedarf an Lösungsmittelsystemen zur Trennung stark hydrophober bzw. 

unpolarer Naturstoffe leisten.  

Auch der Transfer und Scale-up von Trennmethoden ist von Einflussfaktoren, die sich auf die 

Trennleistung auswirken können, abhängig. Angesichts der Vielzahl verwendeter LLC-

Säulendesigns und -größen ist die Übertragung zwischen verschiedenen Säulen oft zeitlich 

und experimentell sehr aufwendig, und erfordert erhebliche Erfahrung. So wurde eine 

systematische Short-cut Methode etabliert, die eine schnelle Vorhersage der Übertragbarkeit 

von Trennmethoden unter Berücksichtigung umfassender Säulencharakteristika und 

Betriebsbedingungen mit anschließender modellbasierter Übertragung ermöglicht. 

Der zweite Teil der Arbeit fokussiert sich auf die Anwendung von FFC zur Trennung von 

bioaktiven Minorkomponenten aus natürlichen Quellen. In diesem Zusammenhang wird die 

Gewinnung der vielversprechenden Komponente Xanthohumol C (XNC) etabliert. Zwei 

verschiedene Ansätze wurden dabei verfolgt: eine Konzentrierung von XNC mit direkter 

Isolierung aus dem Naturextrakt sowie halbsynthetische Schritte mit anschließender 

Aufreinigung von XNC ausschließlich mittels FFC. In beiden Fällen können ausreichende 
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Mengen der gewünschten Minorkomponente XNC in hoher Reinheit ohne zusätzliche 

Reinigungsschritte gewonnen werden. Dazu konnte gezeigt werden, dass eine Kombination 

aus Zellkulturversuchen mit humanen Brustkrebszellen und quantitativer Proteomik mit 

umfassenden statistischen Analysen dafür geeignet ist, die Bioaktivität von 

Hopfenminorkomponenten schnell und effektiv zu evaluieren.   
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 Introduction and motivation 

Solid support-free liquid-liquid chromatography (LLC), better known as countercurrent 

chromatography (CCC) and centrifugal partition chromatography (CPC), is a chromatographic 

separation technique that uses a liquid stationary and mobile phase. The separation principle 

is based on the different solubility of the solutes in the two liquid phases of a biphasic liquid 

solvent system and consequently a different distribution of the solutes between the phases. 

The two liquid phases are usually formed by mixing and subsequently equilibrating portions of 

two to five solvents such as heptane, ethyl acetate, methanol and water. Theoretically, an 

unlimited number of possible solvent combinations exists to create biphasic liquid systems. In 

this context, LLC combines characteristics from two other separation techniques: liquid-liquid 

extraction and conventional liquid chromatography. One of the two liquid phases is kept 

stationary with the help of a centrifugal field in a specially designed column, while the other 

phase is used as mobile phase. In comparison to conventional liquid chromatography (LC), 

where the separation is based on a solute interaction with the surface of the solid stationary 

phase, in LLC the whole volume of the stationary phase is accessible to the solutes. The fact 

that the stationary phase is of liquid nature is beneficial especially for the separation of 

sensitive natural compounds, due to the absence of a solid phase, where 

adsorption/desorption processes and irreversible adsorption take place, and can result in 

product or activity loss. In addition, a (catalytic) reaction or degradation of the solutes in the 

presence of a solid stationary phase can be prevented. While in LC the user selects the column 

from a limited number of commercially available stationary phases, in LLC the user prepares 

both phases. This is especially advantageous for the purification of complex natural products, 

as it enables the user to individually tailor the stationary and mobile phase for the respective 

target component. In addition, natural crude extracts can be introduced to the column without 

extensive sample pre-processing, since no blocking of the interparticle volume and porous 

particles like in LC can occur with a liquid stationary phase. Moreover, in contrast to LC, the 

stationary phase can be easily renewed and replaced.  

This thesis represents a contribution towards a better understanding and improvement of LLC 

separation method development. The first part focuses on column characteristics and 

influencing parameters for LLC separations, while the second part addresses the application 

of LLC for the separation of natural compounds. So far, LLC is mostly used at lab-scale for the 

purification and separation of high value-added natural products. Since its invention by Ito in 

the 1960s [1, 2], its popularity has been steadily increasing. The technology has probably made 

its decisive industrial breakthrough by being one of the key purification methods for the 

separation of cannabinoids as part of the global trend towards legalizing cannabis for medical 

applications [3-5]. Continuously, more and more applications with new biphasic solvent 

systems are being developed [6, 7]. At the same time, new columns are constantly being 

designed and improved for a wide variety of specific applications from small lab-scale up to 

industrial-scale [8-12]. As a result, many separation methods have been developed on a variety 

of columns [6, 9]. However, a successful separation in LLC depends not only on the different 

distribution of the compounds in the biphasic system (thermodynamics), but also on the 

influence of hydrodynamics and mass transfer kinetics. Hence, many parameters can affect 

the separation. First, the separation depends on the geometry and size of the CCC and CPC 

columns, as well as on the different operating conditions such as applicable flow rates and 

centrifugal fields. In this sense, the separation performance of a new CPC column design with 

spherical cells was systematically evaluated in this thesis and compared to conventional CPC 
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columns with twin-cell design. In combination with a theoretical simulation study, a set of 

operating conditions where the column is most suited to achieve high productivities and low 

solvent consumptions was identified for the studied system. In addition, it was possible to 

investigate for which kinds of applications or separation difficulty, i.e. separation factor range, 

such a column type is reasonable. The obtained results were published in Paper I. 

In addition to column design, the choice of a biphasic solvent system represents another key 

factor influencing the separation performance. The vast majority of the solvent systems in LLC 

are aqueous-organic biphasic solvent systems, which are applicable for the separation of 

medium-polar compounds [6, 7]. However, for the separation of highly nonpolar or hydrophobic 

compounds, new non-aqueous biphasic solvent systems are needed. Continuous 

developments of column and cell designs enable the application of unconventional systems. 

In this thesis, the applicability of a new class of biphasic systems based on so-called deep 

eutectic solvents was studied in CPC. The results of this work are presented in Paper II. 

As mentioned above, the mobile and the stationary phases are two liquid phases of a biphasic 

solvent system in equilibrium. The compositions of the phases, as well as their physical 

properties (density, viscosity, interfacial tension) may change during the separation process. 

This can occur e.g. due to temperature fluctuations, which may be caused by insufficient 

temperature control or by friction, leading to energy dissipation during the operation of the 

plant. Therefore, a systematic procedure for the evaluation of temperature susceptibility of 

biphasic solvent systems for the use in LLC was established in the current thesis. The impact 

of temperature fluctuations on the separation performance was then systematically explored 

with a representative non-aqueous biphasic solvent system composed of 

n-hexane/ethyl acetate/acetonitrile. The results of this study can be found in Paper III. 

In LLC, separation methods are mostly developed at lab-scale. Subsequently, they are often 

scaled-up to a larger column or transferred to other columns, e.g. between research groups of 

different labs. Currently, there is a trend to use LLC also for preparative and industrial-scale 

separations of natural products. However, such intra- and inter-apparatus method transfers 

are still strongly based on experience and trial-and-error, which is laborious and time 

consuming even for experienced users. In order to perform a successful method transfer, it is 

important to carefully consider all factors that can influence the separation performance. In the 

framework of this thesis, a systematic short-cut approach for the estimation of separation 

method transferability was established. It is based on characterizing the separation 

performance of both chromatographic columns at various operating conditions. The results of 

this study were submitted for publication in Paper IV. 

The second part of this thesis focuses on the application of LLC for an improved preparative 

isolation of minor bioactive compounds from natural resources. The increasing demand for 

natural bioactive ingredients as additives in functional foods, pharmaceutical drugs, cosmetics, 

and other products proposing health claims is a general global trend. Studies show that the 

bioactivity of many plants can be assigned to minor components whose effects often exceed 

those of the main constituents [13-15]. Probably one of the best known medicinal plants 

worldwide is hops (Humulus lupulus L.). Apart from giving beer its distinctive taste, hops 

contains a tremendous variety of bioactive ingredients with health promoting effects [16]. Many 

of these bioactive effects are particularly associated with flavonoids, such as xanthohumol [17] 

and its minor analogue xanthohumol C [18, 19], whose antiproliferative, cytotoxic [20], neuro-

protective [21] and antioxidative [22, 23] activities were recently shown. Hence, there is an 
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increasing interest in making such natural minor plant compounds available in sufficient 

amounts. In this work, xanthohumol C was recovered in a high purity from a xanthohumol-

enriched raw hop extract, where the target compound xanthohumol C is present only in very 

small amounts (0.2-2.2%). Production and separation strategies involving capture and 

enrichment steps as well as one-step semi-syntheses with LLC as the sole separation 

technique were investigated for the preparative isolation of xanthohumol C. Subsequent 

extensive analytical as well as microbiological and cell culture experiments emphasize the 

potential of LLC as a highly selective and at the same time gentle separation technique for the 

purification of promising natural minor compounds. This work was published in Paper V. 

As mentioned above, previous studies demonstrated the chemopreventive and 

anticarcinogenic potential of xanthohumol and other hop minor components in various human 

cancer cell lines. However, it is difficult and time consuming to attribute the antiproliferative 

and cytotoxic effects observed in cell culture experiments to specific intracellular and molecular 

modes of action. Up to now, many individual detection reactions needed to be performed for 

this purpose on specific mechanisms, e.g. using Western blots. A quick alternative and 

possibly future standard procedure for the bioactivity screening of natural compounds could 

be the use of state-of-the-art quantitative proteomics in combination with statistical analysis, 

where the entire proteome of the treated cells is explored. In this thesis, such a mass 

spectrometry-based quantitative proteomics approach was investigated for the in-vitro 

treatment of a human MCF-7 breast cancer cell line with xanthohumol and xanthohumol C. 

The results can be found in Paper VI. 

 

Objective and structure of the thesis 

The aim of this thesis is to study and improve current separation method development in LLC 

for the preparative separation of high value-added compounds. The work focuses on the 

investigation of influencing factors and their impact on the separation performance, which 

needs to be considered for separation method development and both intra- and inter-

apparatus method transfer. In this sense, especially alternative biphasic solvent systems, 

novel column designs, operating modes, temperature fluctuations, and column characteristics 

are explored. In parallel, the thesis focuses on new strategies for the preparative isolation of 

bioactive minor components from hops involving LLC as a key technology. 

The thesis is cumulative, includes six papers, and is structured into a theoretical background 

(Chapter 2), results (Chapter 3), a general discussion and conclusion (Chapter 4), and an 

outlook (Chapter 5).  

In Chapter 2, relevant theory and methods are summarized. Additional subject-specific 

literature, state of the art, and detailed material and method descriptions are provided in each 

paper. For each of the six papers, short summaries are given in Sections 3.1. to 3.5., followed 

by copies of the original manuscripts, respectively. In Chapter 4, a general discussion and 

conclusion of the results of Papers I-VI is provided. Chapter 5 contains an outlook for future 

work. 
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 Theoretical background 

2.1.  Fundamentals of liquid-liquid chromatography 

In solid support-free liquid-liquid chromatography (LLC), comprising countercurrent 

chromatography (CCC) and centrifugal partition chromatography (CPC), two phases of an 

equilibrated biphasic liquid solvent system provide the mobile and the stationary phase. The 

two liquid phases are usually formed by mixing certain portions of two to five solvents. With 

the help of a centrifugal field, one of the two liquid phases is kept in place as the stationary 

phase in a specially designed column. The other liquid phase is used as the mobile phase and 

pumped through the column [1, 2, 9, 24-26].  

As shown in Figure 1, a LLC setup is similar to a conventional HPLC setup. It includes a solvent 

and sample delivery system before the LLC column and a detection and fractionating system 

placed after the column. Depending on the compounds and solvents used for the particular 

separation, various detector types can be applied and an (automated) fraction collector can be 

used. The only difference is that the HPLC column is replaced by a specially designed column 

mounted on a centrifugal axis, as described later in Section 2.5.  

For each separation, the biphasic system is prepared by mixing the respective solvents and 

equilibrating the phases. Then, the phases are split into two reservoirs and the column is filled 

with one phase selected as the stationary phase. Subsequently, a certain rotational speed is 

set at the column and mobile phase is pumped through the column with a constant flow rate 

until no more stationary phase is displaced from the column. As a result, a constant ratio of 

mobile and stationary phase is present in the column (= hydrodynamic equilibrium) and the 

separation run can be started by introducing a sample dissolved in mobile and/or stationary 

phase. The components of the mixture distribute differently between the phases. 

Consequently, they move with a different velocity along the column and by this can be 

separated. 

 

Figure 1: Schematic presentation of a liquid-liquid chromatographic (LLC) setup.  
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Due to the liquid nature of the stationary phase, the chromatographic separation in LLC differs 

from conventional liquid chromatography with a column packed with a (porous) solid stationary 

phase. A comparison of important key features of both technologies is given in Table 1. 

Table 1: Difference between conventional liquid chromatography (LC), e.g. HPLC, and solid 

support-free liquid-liquid chromatography (LLC) (partly adapted from [9, 27]). 

Liquid Chromatography (LC)  Liquid-Liquid Chromatography (LLC) 

General differences: 

 solid stationary phase 

 fixed ratio of stationary and mobile 

phase inside the column (<10% 

stationary phase volume) 

 laborious and expensive column 

packing 

 mostly pre-defined commercial 

stationary phases 

 
General differences: 

 liquid stationary phase 

 variable ratio of stationary and mobile 

phase inside the column (50-90% 

stationary phase volume) 

 fast and simple column preparation by 

filling the column 

 tailor-made mobile and stationary 

phase prepared by the user 

Separation principles: 

 solute interaction with groups (e.g. alkyl 

chains) on the surface of the stationary 

phase (e.g. silica) 

 various separation mechanisms 

possible: adsorption, ion-exchanges, 

pore size exclusion 

 

 irreversible adsorption possible 

 
Separation principles: 

 solute interaction with a solvent mixture 

(i.e. whole volume of the stationary 

phase accessible to the solute) 

 solute separation based on different 

solubility in mobile and stationary 

phase, i.e. different distribution between 

the phases 

 no irreversible adsorption, i.e. full 

recovery of solutes possible 

Operation and method design: 

 sequential selection of stationary and 

mobile phase 

 

 change of mobile phase composition 

(e.g. gradient) 

 sample injection with mobile phase 

 

 no change of phase role possible, i.e. 

stationary phase not pumpable 

 low column loadability 

 usually no affection of the stationary 

phase composition and volume due to 

sample overload or surfactants  

 
Operation and method design: 

 simultaneous selection of stationary 

and mobile phase (biphasic solvent 

systems) 

 mostly isocratic separations, but 

gradients possible  

 sample injection with mobile and/or 

stationary phase 

 change of the phase role possible, i.e. 

both phases pumpable 

 high column loadability 

 affection of the hydrodynamic 

equilibrium possible due to sample 

overload or surfactants (volume of the 

phases or volume of stationary phase) 
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The LLC system and separation can be characterized by the following parameters: stationary 

phase retention, partition coefficient, separation factor, column efficiency, and resolution. The 

stationary phase retention (SF) is defined as the fraction of the column volume occupied by the 

stationary phase: 

SF =  
VSP

VC
       (Equation 1) 

where VSP is the volume of the stationary phase and VC is the volume of the column. For a 

given biphasic solvent system and column, SF is a function of the operating conditions, e.g. 

flow rate and centrifugal field. 

The separation in LLC depends on the different distribution or partitioning of the solutes to be 

separated between the stationary and the mobile phase. The partition coefficient of a solute i 

(Pi) is defined as the concentration ratio of a solute i in the stationary and mobile phase at 

equilibrium (Eq. 2):  

Pi =
ci

SP

ci
MP       (Equation 2) 

where ci
SP is the concentration of solute i in the stationary phase and ci

MP is its concentration 

in the mobile phase. The partition coefficient is a function of the solute concentration in the 

system. Its value is constant in the linear range of the partition equilibrium and defined as ci
SP =

f(ci
MP). 

The separation factor (Eq. 3) for a binary mixture of two compounds is defined as the ratio of 

their partition coefficients:  

αij =
Pj

Pi
        (Equation 3) 

where Pj corresponds to the solute with the larger partition coefficient and Pi to the solute with 

lower partition coefficient. Consequently, the higher the separation factor the easier is the 

separation.  

In the linear range of the partition equilibria, the retention volume (VR) of a compound i can be 

calculated according to Eq. 4 based on the partition coefficient and the volumes of stationary 

phase (VSP) and mobile phase (VMP) in the column. Furthermore, the retention volume can be 

calculated from the retention time by considering the mobile phase flow rate (VR = F ∙ tR). 

VR,i = VMP + PiVSP =  VC [(1 − SF) +  SFPi]   (Equation 4) 

Consequently, the partition coefficient of a solute (Pi) can be determined according to Eq. 5., 

once the retention volume of the solute and the volume of the phases in the column are known.  

Pi =  
VR,i−(1−SF)∙VC

SF∙VC
      (Equation 5) 

The chromatographic key parameters in LLC, in analogy to LC, are usually derived from 

measured concentration profiles, e.g. UV-signal chromatograms. Pulse injection experiments 

are performed with a tracer and the solutes of interest. As a tracer, a compound that is not 

retained by the stationary phase (Pi = 0) is used. Preferably a low solute concentration is 

chosen in order to stay in the linear range of the partition equilibria and the linear range of the 

concentration-dependent detector response, so that the detector signal can be directly used 
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for analysis. As described in Fig. 1, a typical setup for batch separations consists of pumps 

and an injection valve, followed by the column where the separation takes place, and the 

detector and fraction collector. In addition, all parts of the setup are connected by a tubing and 

valves. In order to characterize the whole system and determine the influence of the different 

setup parts on the solute residence time distribution, i.e. the elution profile of the peaks, two 

experiments are necessary: one pulse injection without and one pulse injection with column. 

A schematic chromatogram including both experiments is illustrated in Fig. 2. The sample 

injection is assumed as a rectangular pulse with a duration tinj. The influence of the off-column 

volume is characterized by carrying out a pulse injection experiment with the tracer (or the 

solute) while the column is replaced by a zero-volume connector or bypass. The corresponding 

retention time is tR,plant (Peak 1) in Fig. 2. In a second experiment, i.e. pulse injection with the 

column being connected, the tracer and at least one target solute are injected. The 

corresponding retention times are tR,0 (tracer, Peak 2, solute with Pi = 0) and tR,i (solute, 

Peak 3, solute with Pi > 0).  

 
Figure 2: Representation of the elution peaks of pulse injection experiments of a tracer and a 

solute, with and without column connected to the system  (modified figure adapted from [28]).  

 

The peaks are analyzed by calculating the first and second moment through integration of the 

elution profiles [28]. The first moment (Eq. 6) represents the retention time tR,i of the 

compound. In the case of symmetrical peak shapes (Gaussian peaks), the first moment is 

equal to the retention time of the peak maximum. The peak variance σ²i is determined with the 

second moment (Eq. 7). 

tR,i = μt =
∫ t∙c(t)∙dt

∞

0

∫ c(t)∙dt
∞

0

      (Equation 6) 

 



 

19 

 

σ²t,i =
∫ (t−μt)²∙c(t)∙dt

∞

0

∫ c(t)∙dt
∞

0

      (Equation 7) 

Both moments additively consist of several contributions [29] and according to Fig. 2 can be 

summarized in three sections: the sample injection unit; the plant including the tubing and 

connecting parts such as fittings and valves between the injector and detector as well as the 

detector itself; and the actual column.  

The sample injection is assumed to be a rectangular pulse and hence, the first and second 

moments resulting from the injection are described in Eq. 8 [28]: 

μt,inj =  
tinj

2
 ,  σ²t,inj

 =
t²inj

12
 ,    (Equation 8) 

Subsequently, the “plant” can be characterized independently from the used injection volume 

and the column (Eqs. 9 and 10). The parameter tplant is the time a tracer needs from the point 

of sample introduction to the point of detection. 

tplant = μt,plant = μt,inj+plant − μt,inj = μt,inj+plant −
tinj

2
  (Equation 9) 

σ²t,plant = σ²t,inj+plant − σ²t,inj = σ²t,inj+plant 
−

t²inj

12
   (Equation 10)  

Finally, the first and second moments of the column can be described by Eqs. 11 and 12 [28]: 

tC = μt,C = μt,C+inj+plant − μt,inj+plant = μt,C+inj+plant − μt,plant −
tinj

2
   (Equation 11) 

σ²t,C = σ²t,C+inj+plant − σ2
t,inj+plant = σ2

t,C+inj+plant 
− σ²t,plant −

t²inj

12
  (Equation 12) 

In addition to a column characterization with pulse injections of small injection volumes, the 

characteristic parameters can also be determined by applying large injection volumes resulting 

in breakthrough curves (Fig. 3). With the help of frontal analysis, the first and second moment 

can be calculated from the concentration profile (or directly from the detector signal when 

working in the linear range of the concentration-dependent detector response). At the 

beginning of the experiment (t = 0), a feed concentration cfeed,i is introduced into the column. 

The introduced feed volume has to be large enough in order to reach a plateau, which means 

that the concentration at the column outlet is equal to cfeed,i. The resulting elution profile is 

called a “breakthrough curve”. The first derivative of the breakthrough curve, between 

breakthrough time tB and plateau describes an elution peak equivalent to a pulse injection with 

the same retention time tR,i. With the help of the moment analysis, the first and second moment 

can be calculated. 
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Figure 3: Representation of a breakthrough curve and a corresponding pulse injection elution 

profile  

 

In the case of a symmetric peak, the retention time can also be read directly from the 

breakthrough curve. It corresponds to the time at the half feed concentration 
1

2
cfeed,i. 

Furthermore, the breakthrough time tB can be defined as [30]: 

tB,i =  tR,i − 2σi      (Equation 13) 

Mass transfer effects and axial dispersion are characterized and quantified by the column 

efficiency, also called number of theoretical plates (Ni), according to Eq. 14:  

Ni =
μ²t,i

σ²t,i
=

t²R,i

σ²i
       (Equation 14) 

where tR,i is the retention time of component i and σi the corresponding standard deviation of 

the peak.  

The column efficiency characterizes chromatographic systems and captures deviations from 

ideal behavior. The higher the theoretical plate number, the narrower is the peak width and 

consequently, the closer the peak shape approaches the ideal function of the assumed 

injection profile with a rectangular concentration profile of the solute injected at the entrance 

of the column.  

The resolution RS of two peaks is defined according to Eq. 15. For a Gaussian peak shape 

(w = 4 σ), the resolution can also be calculated according to Eq. 16. 

RS =
2 (tR,j−tR,i)

wj+wi
       (Equation 15)  

RS =
tR,j−tR,i

2(σj+σi)
       (Equation 16) 
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Here, tR,i and tR,j are the retention times of a first and a second eluting component, 

respectively; wi and wj are their peak widths at base line; σj and σi are the peak standard 

deviations. 

In Eq. 17, the resolution between compound i and compound j is derived from Eq. 16, 

assuming the generally valid solution for Nj ≠ Ni. Often, an approximation of an equal number 

of theoretical plates for compounds that elute directly one after the other is done (Eq. 18), 

presuming Nj = Ni = N [9, 24, 31]. Alternatively, N is often also calculated by simply taking the 

mean value of the number of the theoretical plates of both compounds (N = (Ni + Nj)/2) [9]. 

The resolution of the peaks can be expressed as a function of the parameters SF, Ni, and Pi.  

For Nj ≠ Ni: 

RS =
tRj−tRi

2 (
tRj

√Nj

+
tRi
√Ni

)

 

=  
0.5∙√NiNj∙(Pj−Pi)

[ √Ni(
1−SF

SF
+Pj)+√Nj(

1−SF
SF

+Pi)]
 

   (Equation 17) 

 

For Nj = Ni = N: 

RS =  SF
1

4
√N

(Pj−Pi)

1−SF[1−
Pj+Pi

2
]
     (Equation 18) 

In LLC, the whole volume of the stationary phase is accessible to the solutes. As mentioned 

before, SF of each biphasic solvent system is column dependent and influenced by the 

operating conditions, such as mobile phase flow rate, centrifugal field, and temperature. In 

general, a higher stationary phase retention is advantageous for a LLC separation. As 

demonstrated in Fig. 4 with the elution profile as a function of (a) retention volume and (b) 

partition coefficient, an increase in stationary phase retention results in an increase in peak 

resolution. 
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Figure 4: Influence of stationary phase retention (SF) on the separation of a multicomponent 

mixture. Simulated chromatograms for SF between 0.1 and 0.9 in (a) as a function of the 

retention volume VR and (b) as a function of the partition coefficient Pi: VC = 180 ml, N = 400, 

Vinj = 1 ml, cinj = 1 mg ml-1, F = 12 ml min-1, P1−8 = 0/0.4/0.8/1/1.3/1.6/2.5/5. 

 

Fig. 5 visualizes the dependence between the resolution RS and the parameters SF, Pi, α, and 

N  according to Eq. 18. In general, and as apparent from Fig. 5a-d, the resolution increases 

significantly with an increase in stationary phase retention. For a constant separation factor 

and efficiency, the resolution increases (Fig. 5a-b) towards higher partition coefficients, 

especially when lower stationary phase retention is present. Assuming a constant efficiency 

and a constant partition coefficient of the first eluting compound Pi, the resolution increases 

with both an increase in SF and α. As expected, the increase is even more pronounced for both 

higher stationary phase retention and higher separation factors (Fig. 5c-d). Similarly, an 

increase in column efficiency is more advantageous for an increase in resolution at higher 

stationary phase retention (Fig. 5e). Correspondingly, this effect is even stronger for higher 

separation factors (Fig. 5f). 



 

23 

 

 

 

Figure 5: Graphical representation of the dependence of RS on the characteristic parameters 

SF, N, and P . The resolution RS is shown (a) as a function of Pi at different SF from 0.1 to 0.9. 

(b) as a function of SF at different Pi from 0.25 to 4. (c) as a function of α at different SF from 0.1 

to 0.9. (d) as a function of SF at different α from 1.1 to 5. (e) as a function of N at different SF 

from 0.1 to 0.9. (f) as a function of N at different α from 1.1 to 5. 
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2.2. Thermodynamics of liquid-liquid phase equilibria 

The equilibrium conditions of a heterogeneous closed system consisting of π phases and m 

components at thermodynamic equilibrium are defined in Eqs. 19 to 21 [32, 33]: 

thermal equilibrium:  Tα  = Tβ = ⋯ =  Tπ    (Equation 19) 

mechanical equilibrium: pα  = pβ  = ⋯ =  pπ    (Equation 20) 

chemical equilibrium:  μi
α = μi

β = ⋯ =  μi
π    (Equation 21) 

     for i = 1, 2, …  m  

where T is the temperature, p is the pressure, and μi is the chemical potential of compound i. 

In order to express the chemical potential in a more physical way, the concept of fugacity was 

introduced by G.N. Lewis [32, 33] to describe the phase equilibrium between phase α and 

phase β. In this sense, Eq. 22 defines the relationship between the fugacity and the chemical 

potential for component i in any phase, i.e. solid, liquid, or gas.  

μi
π = μi

0π + RT ln (
fi

π
 

fi
0π)   (Equation 22) 

Here, fi
  corresponds to the fugacity of phase π, fi

0 to an arbitrary reference state which is 

commonly called standard fugacity, and μi
0 is the chemical potential at the selected reference 

state. However, when μi
0 or fi

0 is chosen, the other quantity is fixed.  

The fugacity can be used to transform the fundamental equation of the phase equilibrium 

(Eq. 21) to a more practical description. Assuming that the reference states of the two phases 

are the same (fi
0α = fi

0β
 and μi

0α = μi
0β

) and according to Eq. 22, the fugacity of compound i in 

both phases is the same (Eq. 23).  

fi
α = fi

β
      (Equation 23) 

Using the so-called iso-fugacity criterion, the liquid-liquid equilibrium between the phases can 

also be defined with the activity coefficient. The ratio between fugacity and standard fugacity 

is introduced as activity ai (ai =  
fi

fi
0⁄ ), while the activity coefficient γi

  represents the ratio 

between the activity and the concentration of compound i (γi =  
ai

xi
⁄ ). In this context, the 

fugacity of compound i in a liquid solution can be expressed as follows: 

xi
∝γi

αfi
0α = xi

β
γi

β
fi

0β
    (Equation 24) 

where xi
  is the molar fraction, γi

  the activity coefficient, and fi
0 the standard fugacity.  

For the same standard fugacity fi
0 in both phases, where a pure component usually is selected 

as a reference state, the iso-fugacity criterion from Eq. 24 can be simplified. Thus, the fugacity 

can be simply described with the mole fraction and the activity coefficient as the activity of the 

phase:  

xi
∝γi

α = xi
β

γi
β
     (Equation 25) 
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The distribution of the compounds between the phases is defined by the distribution coefficient 

Ki (Eq. 26). At infinite dilution, the distribution coefficient of a particular compound between 

two phases is constant at:  

Ki
∝β

=
xi

α

x
i
β =

γi
β

γi
∝     (Equation 26) 

In liquid-liquid extraction and liquid-liquid chromatography, concentration ratios are usually 

used instead of molar fractions to calculate the distribution coefficient. The resulting 

concentration-based distribution coefficient is commonly called partition coefficient Pi [34] and 

is defined according to Eq. 27. In LLC, α refers to the stationary phase and β to the mobile 

phase: 

Pi
∝β

=
ci

∝

ci
β =

xi
∝vα

xi
β

vβ
= Ki

αβ vα

vβ   (Equation 27) 

where ci is the concentration of compound i in one of the phases and v  is the molar volume of 

the phases.  

The molar volumes of the phases can be derived from the composition of the phases and the 

molar volume of the pure solvents vi0
 , considering the excess volume of mixing vE. 

v =  ∑ xi vi0
 + vE    (Equation 28) 

A schematic representation of the liquid-liquid equilibrium of a ternary solvent system is 

illustrated in the phase diagram in Fig. 6. The shown ternary system with pure solvents in the 

corners of the diagram forms a miscibility gap. The miscibility gap is defined by the border 

between the monophasic and the biphasic region, the so-called binodal curve, which is 

temperature- and pressure-dependent. For many ternary systems used in LLC, the miscibility 

gap shrinks with an increase in temperature (T2 > T1). In practice, the influence of pressure on 

the phase equilibrium can be neglected, since the LLC separations are carried out in a 

pressure range below 100 bar (mostly ambient pressure). For the preparation of the biphasic 

system, a composition in the biphasic region is selected, the corresponding portions of the 

solvents are mixed, and subsequently equilibrated at constant temperature and pressure. The 

intercepts of a tie-line with the binodal curve represent the compositions of the two phases 

(phase α and phase β) that are formed in thermodynamic equilibrium. Towards the plait point, 

the compositions of the phases approach each other, leading to a single-phase region.  
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Figure 6: Schematic representation of a type 1 ternary phase diagram including a miscibility 

gap at two different temperatures (adapted from [35]).  
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2.3. Solvent system selection in liquid-liquid chromatography 

2.3.1. Biphasic solvent systems 

The stationary and mobile phase used in LLC to perform the separation are two phases of a 

biphasic liquid system in equilibrium. In comparison to LC where the stationary phase is 

selected first and the composition of the mobile phase is then selected and tuned until the 

desired separation is achieved, in LLC the phases cannot be selected successively and 

independently from each other. Hence, the phases are selected simultaneously by selecting 

the solvents and their mixtures composition from the biphasic liquid region. The simplest 

possible two-phase system would be a binary mixture of e.g. ethyl acetate and water, or 

hexane and water. In such binary systems, the composition of the phases is fixed at a given 

temperature according to the thermodynamic equilibrium and cannot be tuned. Consequently, 

the partition coefficient of a certain target compound and its impurities are fixed as well and 

cannot be further modified in case of an unsatisfactory separation. Therefore, multi-solvent 

biphasic systems composed of three or four solvents are mostly used in LLC [6, 9, 24, 36-39]. 

Such systems are advantageous, since the composition of both phases can be tuned by 

varying the ratio of the solvents. Preferably, biphasic solvent systems are selected where the 

partition coefficients of the target compounds are in the so-called sweet spot range between 

0.4 and 2.5. As illustrated in Fig. 7, this provides a good compromise between separation 

resolution and solvent consumption [37, 40]. For partition coefficients Pi < 0.4, a strong peak 

overlap is observed, while separations with Pi > 2.5 tend to be inefficient due to broad peaks, 

i.e. highly diluted products, and long separation times (high solvent consumption). In order to 

completely separate two components, the separation factor α should also be sufficiently large. 

The necessary value of α for a successful separation can vary greatly depending on the 

selected columns, differing in column efficiency and stationary phase retention, and the 

selected separation mode. For simple batch separations, a separation factor of α > 1.5 is 

usually targeted [41]. 

 

Figure 7: Schematic representation of the sweet spot range in LLC (adapted from [37]). 

 

Theoretically, an unlimited number of various biphasic solvent systems can be created. This 

enables tailor-made systems for specific applications. Rapid developments in this field have 

already established a wide variety of solvent systems in LLC [6]. Aqueous-organic solvent-

based systems are mostly used [42], but also non-aqueous systems as well as 

nonconventional aqueous two-phase systems (ATPS) and the recently upcoming deep 

eutectic solvent (DES)-based systems. The probably best-known solvent systems are 
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n-hexane/ethyl acetate/methanol/water (called HEMWat), and n-heptane/ethyl acetate/ 

methanol/water (called Arizona) with n-heptane instead of n-hexane [24, 38]. These systems 

have been used for the separation of a wide range of medium polar substances. Their 

advantage is that the polarity of the phases can be easily adjusted by simply varying the ratio 

of the individual solvents.  

Especially for the separation of highly hydrophobic (nonpolar) and highly hydrophilic (polar) 

compounds, there is still a huge demand for suitable biphasic solvent systems in LLC [6, 42, 

43]. For the separation of rather hydrophilic compounds, such as proteins, the use of organic 

solvents is rather unsuitable because denaturation of the proteins can occur. Hence, for the 

separation of such polar and sensitive molecules, either butanol/water-based solvent systems 

[44] or ATPS are currently used [35, 45-49]. 

In aqueous two-phase systems, both phases are mainly composed of water. In addition, they 

generally contain either two polymers such as polyethylene glycol (PEG) and dextran, or a 

polymer and a salt (e.g. phosphate salt). As an alternative to polymers as a phase forming 

component, ionic liquid (IL)-based ATPS have been successfully applied for the separation of 

proteins with LLC [45, 50]. The phase properties can be tuned by varying the chain length of 

the polymers (PEG 500 – 4000) [51], the combination of IL cation and anion [52], or by 

changing the salts along the Hofmeister series for anions and cations [53-57].  

In terms of non-aqueous biphasic solvent systems for the separation of hydrophobic 

compounds, only few systems such as n-heptane/toluene/acetonitrile or 

n-hexane/ethyl acetate/acetonitrile are available. Recently, a new class of solvent systems 

based on deep eutectic solvents (DES) has been established as candidates for non-aqueous 

systems. DES are mixtures of at least two compounds that form a eutectic mixture. A 

hydrogen-bond donor (HBD) and a hydrogen-bond acceptor (HBA) are combined in a certain 

molar ratio to form a mixture with a melting point substantially lower than that of the individual 

compounds, as illustrated in Fig. 8a [58]. In literature, DES are highlighted as a new generation 

of designer solvents, since the physical properties, in analogy to the ionic liquids, can be 

tailored by an almost limitless number of possible combinations of different HBDs and HBAs 

[59-66] and to some extent also by varying the molar ratios in which they are prepared [67-71]. 

DES can be produced from cheap bulk materials such as carboxylic acids (e.g. levulinic acid), 

alcohols (e.g. glycerol), sugars (e.g. glucose), terpenes (e.g. menthol), amino acids (e.g. 

proline), carbamide (e.g. urea), and ammonium salts (e.g. choline chloride). Advantageous is 

their easy preparation, as DES are commonly prepared by heating the mixture of their 

constituents as shown in Fig.8b for choline chloride and levulinic acid. The probably best-

known DES composition is the combination of choline chloride (HBA) and urea (HBD).  
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Figure 8: (a) Schematic solid-liquid equilibrium phase diagram for the binary eutectic mixture 

of choline chloride (ChCl) and levulinic acid (LA). Note: The given melting points of ChCl and 

LA are estimated melting points. ChCl decomposes before melting. (b) Illustration of the 

preparation of a binary DES in a crimped flask by mixing LA and ChCl in a molar ratio of 1:2 

at room temperature (RT), followed by a heating to 80°C resulting in a clear and homogeneous 

liquid phase that stays liquid after cooling back to room temperature.   

 

DES based on natural primary metabolites such as sugars, amino acids, and organic acids are 

referred to as natural deep eutectic solvents (NADES), since they are considered 

biocompatible, renewable, and biodegradable [66]. In this context, DES-based solvents are 

also often referred to as promising non-toxic or “green” solvents. Nevertheless, liquid-liquid 

equilibrium data of DES-based biphasic systems is still limited, but the number of publications 

in this field is rising [72-77]. The use of DES-based biphasic solvent systems has steadily 

increased especially in the field of solid-liquid and liquid-liquid extraction, e.g. for the extraction 

of flavonoids and phenolic compounds from plants [64, 78-80]. However, an application of 

DES-based biphasic liquid systems in LLC has not yet been explored.  

 

2.3.2. Screening methods for solvent system selection 

Due to the huge variety of possible biphasic systems, the selection of a suitable solvent system 

in LLC is the most laborious and time-consuming step in the separation method development 

[41]. Often, extensive trial-and-error experiments are performed in order to find a suitable 

biphasic solvent system for the separation of a particular target compound from a mixture. In 

literature, few approaches are proposed in order to search for an appropriate solvent system 

in a more systematic way: 

 “Best solvent” approach [9, 24, 36]:  

First, a solvent where the sample is well soluble is selected (“best solvent”). Then, two other 

solvents that are almost immiscible or poorly miscible with each other, but both miscible with 

the first solvent, are selected. Usually, one of the two other solvents is “less-polar” and the 

other one is a “more-polar” solvent compared to the “best solvent”. Hence, a ternary system 

with a so-called type 1 miscibility gap is formed, where the “best solvent” partitions between 
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the two phases. Consequently, the compounds with a good solubility in the “best solvent” also 

distribute between the phases in dependence of their different polarity [9, 24].  

 “Multisolvent system” approach: 

Predefined solvent system families composed of four or five solvents in different ratios are 

used along a scale of stepwise changing system polarity. Oka et al. [38] for the first time defined 

different mixtures of n-hexane, ethyl acetate, n-butanol, methanol, and water. Without the 

n-butanol, this solvent system family is now widely known as the HEMWat series. With 

n-heptane instead of n-hexane, Margraff established the so-called Arizona family [36]. In this 

approach, the predefined systems are then screened with the target mixture in order to find a 

system, where the compounds show appropriate partition coefficients and separation factors.  

 “GUESSmix” approach [37]: 

In the “Generally Useful Estimate of Solvent Systems” (“GUESSmix”) approach [37], solvent 

system families such as HEMWat are characterized with a model mixture of 20 commercially 

available compounds that cover a wide range of polarities, i.e. an octanol-water partition 

coefficient range log PO/W between -5.1 (new coccine red) to 15.2 (carotene) compounds [40]. 

Subsequently, the target compounds are compared with these GUESSmix compounds in 

terms of polarity, i.e. log PO/W, and molecular structure, and a potential suitable biphasic solvent 

system is selected. Furthermore, Friesen et al. proposed the comparison of Rf-values from thin 

layer chromatography (TLC) between GUESSmix compounds and the target compounds to 

estimate a possibly suitable system from the HEMWat series [37]. By this, components 

“equivalent” to the GUESSmix compounds are searched. More recently, Friesen et al. [81] 

modified this approach by considering the polarity and selectivity of solvent systems by means 

of the GUESSmix compounds. There, the polarities and selectivities of solvent system pairs 

are visually compared in so-called 2-dimensional reciprocal shifted symmetry plots (ReSS²). 

This can be used to find orthogonal solvent systems, i.e. systems with similar polarity but 

different selectivity [81]. 

 “Thermodynamic model-based prediction” approach: 

In this approach, biphasic solvent systems are screened using thermodynamic models [50, 82-

86]. The partition coefficients of the target compounds Pi are calculated according to Eq. 25 

using predicted activity coefficients and molar concentrations of the compounds in the two 

liquid phases. First, a pool of suitable solvents are selected according to given requirements 

(e.g. toxicity, reactivity, price, vapor pressure, boiling point etc.) for the particular application. 

Then, following the idea of the “best solvent” approach of Foucault et al. [24], the solubility of 

the particular target compound in the selected solvents is assessed by the predicted values of 

the solvent capacity, which is the reciprocal value of the activity coefficient of a solute in the 

solvent at infinite dilution. In this sense, the activity coefficient at infinite dilution is calculated 

with a thermodynamic model. In general, the higher the capacity, the higher is the solubility of 

a particular solute in the solvent. After that, a list of possible biphasic liquid systems containing 

at least one solvent with high solute solubility and two other solvents from the pool of solvents 

is composed. The LLE data of potential biphasic solvent systems at different global 

compositions is either predicted or taken from literature. A broad screening is performed by 

calculating the partition coefficient of the target compounds in each listed biphasic system 

composition. Finally, a small number of most promising systems where the partition coefficient 

of the target compounds was predicted in or close to the sweet spot range is selected for 



 

31 

 

experimental evaluation. In this context, different thermodynamic models can be used: the 

quantum mechanics based COnductor like Screening MOdel for Realistic Solvation (COSMO-

RS) [87], the group-contribution model Universal Quasichemical Functional-Group Activity 

Coefficients (UNIFAC) [88-91], the two of the local composition concept based models, Non-

Random-Two-Liquid (NRTL) model [92] and the Universal Quasichemical (UNIQUAC) model 

[93], and the Perturbed-Chain Statistical Associating Fluid Theory (PC-SAFT) [94].  

Independent of the specific solvent system screening method, experiment-based or predictive, 

the partition coefficients of the target compounds in the selected biphasic solvent system are 

usually determined by shake-flask experiments before performing the LLC separation. A small 

amount of the biphasic solvent system (10-20 ml) is prepared and equilibrated. Then, equal 

volumetric portions of upper and lower phase are taken, 2-5 ml respectively, and transferred 

to a suitable flask and a small amount of the sample mixture is added. It must be noted, that 

the partition coefficient is concentration-dependent. Hence, a low sample concentration is 

selected, usually 1-5 mmol l-1 dissolved in the biphasic system, in order to not exceed the linear 

range of the partition equilibria. Finally, a sample of the upper and the lower phase is taken, 

e.g. with a syringe connected to a cannula, and the concentration of the relevant components 

in both phases is determined with an applicable analytical method, for example HPLC, LC-MS, 

or GC-MS. The partition coefficient is then calculated according to Eq.2. In this context, Garrard 

[95] suggested a semi-automatic solvent system screening with a liquid-handling robot in 

combination with HPLC.  
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2.4. Column design in LLC 

In addition to the selection of a suitable biphasic solvent system, the choice of a suitable 

column, and appropriate operating conditions play an important role in the design of a 

separation method. In LLC, the general separation principle is based on the difference in the 

partition coefficient of the compounds. However, the column geometry and operating 

conditions have a significant influence on the stationary phase retention (Eq. 1) and the column 

efficiency (Eq. 14), which are essential factors for a successful separation (see also the 

definition of resolution in Eq. 18). LLC is categorized based on two different types of column 

principles, hydrodynamic and hydrostatic columns. 

Hydrodynamic Columns 

Hydrodynamic columns, better known as countercurrent chromatography (CCC), were 

invented by Ito et al. in 1966 [1]. They consist of a tubing (coil) that is wound on a bobbin. The 

bobbin rotates around two axis with planetary motion, its own axis (axis of rotation) and around 

another centrifugal axis (axis of revolution) with the same angular velocity (ω). The resulting 

centrifugal field keeps one of the two liquid phases stationary, while the other phase is pumped 

through the column as mobile phase [41]. The rotation of the two axis can be carried out in 

counter rotation direction (I-type CCC) or the same direction (J-type CCC) [8]. Many different 

varieties and continuous developments have been made [2, 8, 25]. However, the most widely 

used type is the J-Type CCC as illustrated in Fig. 9. The planetary motion results in a periodic 

change of centrifugal field intensity and direction, which generates mixing and settling zones 

along the coil [41]. Mixing zones, where the mass transfer between the phases takes place 

and settling zones, where phase separation occurs, are shown in Fig. 9b.  

 

Figure 9: Design of a J-type CCC column (a) and illustrated mixing (black) and settling (white) 

zones inside the coil (b) [41]. 

 

In addition to different developments in the setup of the column, the coil geometry itself was 

continuously improved. On the one hand, different tubing diameters or rectangular tubings with 

different aspect ratios can be used [96]. On the other hand, the tubing can be modified by e.g. 

crimping the tubing with different geometries [97]. Both influences the hydrodynamics in the 

mixing and settling zones. It was shown that this can improve the stationary phase retention, 

efficiency, and consequently the peak resolution of a separation [96, 97]. 
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Hydrostatic Columns 

Hydrostatic columns, also called centrifugal partition chromatography (CPC), in comparison to 

CCC have only one axis of rotation that generates a centrifugal field that keeps one of the 

liquid phases stationary [9, 24, 26]. Currently available conventional CPC columns consist of 

several identical annular disks that are connected in series, with PTFE plates in between acting 

as seals (see Fig. 10). This modular construction allows for a flexible selection of the column 

lengths [9, 24, 26]. A certain number of cells interconnected by narrow short channels, referred 

to as ducts, are engraved circumferentially in each annular disk. The ducts are filled with mobile 

phase only and therefore behave as dead volume that does not contribute to the separation. 

A higher proportion of the duct volume reduces the effective column volume that participates 

in the separation and results in a decrease in column efficiency. In addition, ducts cause 

pressure drop and hence, limit the applicable mobile phase flow rate [98]. In the history of 

CPC, a wide variety of column designs, i.e. cell or chamber designs, has been developed. The 

most significant developments in CPC cell designs are described and illustrated in Table 2. 

 

Figure 10: Schematic illustration of (a) the design of a conventional CPC column with one axis 

of rotation consisting of several stacked disks and sealing plates in between, (b) an annular 

disk with cells interconnected by ducts, and (c) an annular plate for sealing (adapted from [86]). 

 

Murayama et al. developed the first cell design in 1982 [99], which had the form of 

interconnected column cartridges mounted on a rotor of a centrifuge. Subsequently, other cell 

designs optimized in terms of flow patterns were developed in order to improve stationary 

phase retention and to enhance the mass transfer between the phases. Nunogaki et al. [100] 

(Sanki Engineering Ltd.) introduced the concept of an annular disk with interconnected cells 

(chambers) and annular plates in between the disks as illustrated in Fig. 10, which is still used 
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in modified form and with different cell designs in currently available conventional CPC 

systems. The Nunogaki chambers have a radial and conical cell shape. The disk plate is made 

of synthetic resin and consists of multiple slots or chambers, which are placed circumferentially 

and radially in the annular disk. The chambers are interconnected by ducts [100]. De la Poype 

et al. invented the first so-called FCPC®-chambers [101] also named as radial cells, consisting 

of interconnected cells of quadrangular shape. A further development of FCPC®-chambers 

are the so-called Z-cells, which are slightly tilted [101]. This has the advantage that the effect 

of the apparent Coriolis force on the flow regime is reduced. A new cell geometry concept were 

the twin-cells [12, 102] and asymmetric twin-cells [11, 103], where circular or elliptical cells are 

paired two by two in series, so that cell pairs are in direct contact. Neighboring cell pairs are 

connected by ducts. The new cell geometry and arrangement of the cells enabled for a larger 

number of cells per disk while reducing the total duct volume of the column. This increases the 

effective column volume available for the separation and thus also allows for higher separation 

efficiency. Currently, the cell design of most of the commercial CPCs is based on different cell 

shapes of the twin-cell geometry. Another rather new development in this context are the 

spherical cells [12, 104]. The column is made in the form of a monobloc that contains a series 

of spherical twin-cells. Analogous to the previous cell designs, the twin-cells are placed 

circumferentially in a layer of the monobloc around the rotational axis and interconnected by 

small ducts. In this case, the duct volume is significantly reduced, which leads to a higher 

effective column volume that is available for the separation. In addition, no sealing PTFE plates 

are needed, which allows the operation at a higher pressure drop and subsequently the use of 

higher flow rates.  

An alternative cell design is that of interconnected cylindrically-shaped RotaChrom®-cells [10, 

105, 106] with packing material for flow distribution. The cells are interconnected with tubings 

and mounted on a centrifugal plate. The cells are much larger than other existing CPC cells 

and thus, allow the operation at industrial-scale with higher flow rates. Another column design 

is the so-called spiral disk CCC assembly, where multiple disks are interconnected in series 

and stacked together to form one column. The disks consist of inert plastic plates with spiral 

grooves and rotate around one axis of rotation [44, 107].  
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Table 2: Overview of different column and cell geometries of available CPC column designs. 

Column cartridges Nunogaki chambers FCPC®-chambers - 

Radial cells 

FCPC®-chambers -  

Z-cells 

Twin-Cells 

  
  

 

Interconnected column 

cartridges: 

1: rotor of the centrifuge 

2: rotary seal joint 

3: column cartridge 

4: connecting tubes 

between rotary seal joint 

and column cartridges 

5: connecting tubes 

between column cartridges 

Interconnected radial and 

conical cells: 

1: annular disk 

2: cells of radial and 

conical shape 

3: duct (interconnecting 

channels) 

Interconnected cells of 

quadrangular shape: 

1: annular disk 

2: cells of quadrangular 

shape 

3: duct (interconnecting 

channels)  

Interconnected tilted radial 

cells: 

1: annular disk 

2: tilted cells of 

quadrangular shape 

3: duct (interconnecting 

channels) 

Interconnected circular cell 

shape: 

1: annular disk 

2: symmetric twin-cells with 

circular shape 

3: duct (interconnecting 

channels) 

[99] [100] [101] 

 

[101] [12, 102] 
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Table 2: Overview of different column and cell geometries of available CPC column designs.  

Asymmetric Twin-Cells Spherical cells Spiral disk assembly RotaChrom®-cells  

    

 

Interconnected elliptical cell 

shape: 

1: annular disk 

2: asymmetric twin-cells 

with elliptical shape 

3: duct (interconnecting 

channels) 

Interconnected three-

dimensional spherical cells: 

1: spherical cell 

2: duct (cell inlet/outlet) 

3: annular disk (upper part) 

4: annular disk (bottom 

part) 

5: duct (interconnecting 

channels) 

6: spherical twin-cells 

7: duct (interconnecting 

channels) 

Spiral grooves in 

interconnected disks: 

1: disk 

2: interwoven spiral 

channels 

Cylindrically-shaped cells 

with packing material: 

1: rotating plate, on which 

the cells are mounted 

2: cylindrical cell 

3: module with several 

interconnected cells  

4: tubes that interconnect 

cells  

 

[11, 103] [12, 104] [44] [10, 105, 106]  
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2.5. Hydrodynamic characteristics of LLC Columns 

LLC column hydrodynamics influence the retention of the stationary phase and the mass 

transfer between the two liquid phases. Different column operating principles, e.g. hydrostatic 

or hydrodynamic columns, as well as their different geometries result in different flow regimes. 

The flow pattern is fundamentally different between the hydrodynamic and the hydrostatic 

columns. In CCC, the whole column volume participates in the separation, since mixing and 

settling zones line up alternately without interconnecting channels or ducts that reduce the 

effective column volume (see Fig. 9b). Hence, there is no additional pressure drop in the 

column as it is caused by ducts in CPC. Thus, the pressure drop in CCC is lower in comparison 

to CPC. Therefore, the pressure drop in a CCC column is usually assumed independent of the 

mobile phase flow rate and constant for a given solvent system and rotational speed [108, 

109]. The repetitive mixing and settling zones move through the CCC coil and the 

hydrodynamic motion is similar to the so-called Archimedean screw effect [41]. Such 

continuous contact between the two liquid phases results in a higher column efficiency (Ni) of 

CCC compared to CPC [26]. Different column and tubing modifications such as tubing 

geometries and aspect ratios can improve both the stationary phase retention and the 

efficiency [96, 97, 110]. 

In conventional hydrostatic columns, different flow regimes have been observed by 

visualization with transparent disks, dyed mobile phases, and a stroboscopic camera system 

[31, 98, 111-113]. The flow pattern in CPC is usually assigned to three general categories as 

shown in Fig. 11 for FCPC chambers [112]: (a) stuck film or unbroken sheet, (b) oscillating 

sheet or broken jet, and (c) atomization. In addition, van Buel et al. [111] described a droplet 

regime for very low flow rates and rotational speeds, which is rather suboptimal for a good 

mass transfer between the two phases. Such droplet regime can result in dead zones in the 

cell, which causes additional peak broadening due to an increased residence time distribution 

of the solutes [112]. 

 

Figure 11: Three different flow regimes in CPC cells, namely (a) stuck film, (b) oscillating 

sheet, and (c) atomization, with white representing the stationary phase, grey representing 

the two phases in contact, and black representing the mobile phase in descending mode 

(adapted from [112]).  
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The dispersion of the phases changes from a stuck film towards atomization with an increase 

in flow rate and rotational speed. A higher dispersion of the mobile phase in the stationary 

phase is associated with an increase in efficiency (Ni) [31]. However, this increase in the 

contact area, which is also dependent on the interfacial tension between the phases, increases 

the settling time of the biphasic system. This can cause a loss in stationary phase (column 

bleeding) and leads to a lower stationary phase retention. In hydrodynamic equilibrium, the 

residence time of the mobile phase, which can be calculated as volume of the mobile phase 

inside one CPC cell divided by the mobile phase flow rate (
VMP,cell

F
) and the settling time of the 

two phases are equal [98]. Therefore, at a certain flow rate the stationary phase retention is 

higher in larger CPC cells. In this context, an optimal cell would include both a region where 

atomization takes place for a high mass transfer and a region where coalescence with a good 

phase separation occurs, in order to achieve a high stationary phase retention [31].  

The flow regimes vary between the different cell geometries (i.e. cell shape, size, volume, 

material), physical properties of the liquid phases (i.e. density difference, viscosity, interfacial 

tension) and operating conditions (i.e. operating mode, flow rate, rotational speed) [31, 111, 

112]. Schwienheer et al. [98] compared the flow regimes of FCPC cells (Z-cells) with different 

horizontal elliptical twin-cells, one with a broader and the other one with a higher elliptic 

geometry, and a tailor-made (TU-Dortmund) cell design, which resembles a more tilted Z-cell 

with a cell inlet and outlet position on the sides of the cell (see also Fig. 12d). In Fig. 12, the 

flow pattern of mobile phase (black) and stationary phase (white) is visualized in different cell 

types. It was shown that the stationary phase retention was comparable between the FCPC 

and the two twin-cell designs. In contrast to these cell designs, the TU-Dortmund chamber 

showed a higher stationary phase retention, but lower dispersion [98].  

 

Figure 12: Visualization of the flow regime in different CPC cell designs with black representing 

the mobile phase and white representing the stationary phase in a (a) modified FCPC cell, (b) 

Twin-Cell 1, (c) Twin-Cell 2, (d) tailor-made TU-Dortmund cell (adapted from [98]). 
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2.6. Operating modes 

With respect to conventional liquid chromatography, the fact that the stationary phase has a 

liquid nature in LLC offers opportunities in terms of new operating modes. In LLC, not only the 

pumping direction of the mobile phase can be switched during the separation run, but also the 

role of the phases. Hence, the phase being the stationary phase can be used as the mobile 

phase and vice versa. The switch of the role of the phases can be performed once or several 

times during the process. This can be used in setups consisting of one or two columns. In this 

work, operating modes where only one column is necessary are focused. Their operating 

principles are described in the following paragraphs. A detailed description of alternative 

operating modes requiring two columns, such as sequential CPC (sCPC) or trapping multiple 

dual mode (trapping MDM) are presented in [114-129]. A comprehensive overview about batch 

and continuous operating modes in LLC and the selection of operating parameters for the 

different modes can be found in [130]. 

Batch separation mode 

The most common separation mode in LLC is the classical batch separation mode or elution 

mode, involving a pulse injection with a particular injection volume in either ascending or 

descending mode. In descending mode (Dsc), in CCC also called head-to-tail, the denser 

lower phase is used as the mobile phase and the lighter upper phase is used as the stationary 

phase. In ascending mode (Asc), in CCC also called tail-to-head, the role of the phases is 

reversed [9, 24]. It must be noted that also the value of the partition coefficient of a component 

i becomes reciprocal in ascending mode (Pi,Asc =  Pi,Dsc
−1 ). 

In batch separations, a feed composed of a solute mixture dissolved in either mobile phase, 

stationary phase, or a mixture of stationary and mobile phase is injected via an injection loop. 

Consequently, the retention volume (or time) of each compound can be calculated according 

to Eq. 4. Such pulse injections can also be performed in so-called stacked injection mode 

(Fig. 13), where pulse injections are introduced in regular intervals so that the last peak of the 

previous injection does not overlap with the target peak of the current injection [28]. This 

increases productivity, saves operating time, and reduces solvent consumption. 

 

Figure 13: Schematic illustration of three stacked injections with a complete separation 

between the compounds (adapted from [28]). 
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Dual mode 

In dual mode (DM), the role the two phases is reversed during the separation run. First, the 

separation is started in a normal elution mode. Consequently, compounds with high partition 

coefficients are retained more strongly and move only slowly through the column. In order to 

quickly elute highly retained compounds from the column, the role and the flow direction of the 

two phases is changed after a certain time, e.g. by switching from descending to ascending 

mode or vice versa. Therefore, the value of the partition coefficients becomes reciprocal and 

compounds with an initially high partition coefficient elute first from the column at the opposite 

end of the column [131, 132]. Nevertheless, the separation factor remains the same in both 

modes, ascending and descending. In literature, dual mode is mostly applied to shorten the 

separation run time, when compounds with very different partition coefficients are present [133, 

134]. It must be noted that the switching of the modes can also influence the hydrodynamic 

equilibrium in the column. This can lead to stationary phase loss. Hence, this needs to be taken 

into account when selecting the flow rate for the second step. In Fig. 14, the dual mode is 

schematically illustrated.  

 
Figure 14: Schematic illustration of the dual mode separation in LLC here starting in 

descending mode and switching to ascending mode with light grey representing the upper 

phase and dark grey representing the lower phase of the biphasic solvent system (adapted 

from [9]). 

 

Furthermore, switching from one mode to the other can be repeated several times during a 

separation. This is also known as multiple dual mode (MDM) [119, 124-129]. In this sense, 

MDM is used to improve the peak resolution by “simulating” a longer column (artificial 

prolongation of the column). The switching time can be selected so that certain compounds 

can be selectively retained in the column while others elute totally or partially from the opposite 

ends of the column.  
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Back-extrusion mode 

Two alternative methods to reduce the elution time of highly retained compounds are the so-

called back-extrusion mode and the elution-extrusion mode. In the back-extrusion mode, first 

a classical elution mode is performed, followed by an extrusion step. As illustrated in Fig. 15a, 

the back-extrusion is realized by changing the pumping direction of the mobile phase. This 

change of the flow direction causes a rapid collapse of the hydrodynamic equilibrium inside 

the column. Consequently, no retention of the stationary phase can be achieved any longer 

and a so-called extrusion step follows. In CCC columns, the phases completely split inside the 

column, i.e. the lower phase moves to the “tail” end of the column and the upper phase moves 

to the “head” end [135]. As a result, first the stationary phase elutes from the column on the 

opposite end of the column (former inlet) including the retained compounds. Then, only mobile 

phase elutes from the column at the same end of the column including compounds (“echo peak 

elution”), which were present in the mobile phase at the end of the classical elution mode. 

During the extrusion, theoretically no mixing and interaction between the phases occurs, 

neglecting possibly occurring back-mixing between the phases at the phase front during the 

extrusion. In this sense, no further separation of the compounds takes place and the 

compounds are eluted according to the concentration profile inside the column as present at 

the time of the switching. Remarkably, the elution profile of the compounds becomes narrower, 

since they move closer to the column outlet when stationary and mobile phase split before the 

extrusion. In the extrusion step, the elution order of the components is reversed, since the 

pumping direction is switched. Like in dual mode, the compounds with higher partition 

coefficients elute first from the column at the opposite end of the column [135, 136]. So far, the 

described mechanisms of back-extrusion mode have only be reported in literature for CCC 

columns. In CPC columns, a different hydrodynamic phase behavior in the extrusion step might 

occur, since physical cells that retain the stationary phase are present instead of a tubing in 

CCC. Therefore, it can be assumed that the phases do not split completely before the extrusion 

and the mobile phase displaces the stationary phase in each cell successively [130]. 

Consequently, this might lead to a co-elution of the compounds in a mixture of both phases. 

Latest after pumping of one entire column volume of mobile phase, all solutes are completely 

eluted from the column.  

 

Elution-extrusion mode 

In elution-extrusion mode, a classical elution mode is followed by an extrusion step. In contrast 

to the back-extrusion mode, there is no change of the pumping direction. After the first 

separation step, performed in classical elution mode, stationary phase is pumped instead of 

mobile phase in the same direction. As illustrated in Fig. 15b, consequently, the hydrodynamic 

equilibrium in the column collapses. Subsequently, first mobile phase elutes from the column 

in the so-called sweep elution. Then, stationary phase elutes in the extrusion step [137, 138]. 

It is worth mentioning that during the gradually displacement of the mobile phase, some 

compounds still undergo a separation in the part of the column where both phases are present 

(sweep elution), while others are already overtaken by the stationary phase front (extrusion 

step). As soon as the stationary phase front has surpassed a certain compound, no further 

separation occurs and the solute band just moves towards the column outlet. Theoretically, 

when neglecting dispersive effects during the extrusion step, the compounds elute from the 

column while maintaining the resolution achieved inside the column [137, 138]. Latest after 
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pumping of one entire column volume of stationary phase, all solutes are completely eluted 

from the column. In this context, the elution-extrusion mode extends the suitable range of 

partition coefficients of the sweet-spot range in LLC, which is recommended for an optimal 

solute resolution. Thus, Friesen et al. suggested a range of the partition coefficient between 

0.25 and 16 [40]. A further benefit of elution-extrusion compared to back-extrusion is the fact 

that at the end, the column is completely filled with stationary phase. Consequently, the 

equilibrating of the column for a new separation run by pumping mobile phase can directly start 

without any re-flushing of the column. 

 

Figure 15: Schematic illustration of (a) the back-extrusion mode and (b) the elution-extrusion 

mode in LLC indicating the different steps and pumping directions of mobile phase (MP) and 

stationary phase (SP) (adapted from BECCC [132] und EECCC [137, 138]). (Note: The split 

of the phases before the extrusion in back-extrusion mode (*) has only be reported for CCC 

columns.)  
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2.7. Chromatographic models 

2.7.1. Introduction to chromatographic models 

Chromatographic separations are dynamic and complex processes, governed by the 

thermodynamics, hydrodynamics, and mass transfer phenomena. Hence, experimental design 

and optimization involves many trial-and-error steps, is time and cost intensive, and might not 

lead to optimal operating parameters [28]. This can be overcome by the use of mathematical 

models. Chromatographic processes are described with dynamic models, which are based on 

microscopic material, momentum and energy balances in addition to equations that describe 

the thermodynamic equilibria of the distribution of the solutes between the two phases. [28, 

139, 140]. In literature, various models have been described and are comprehensively 

summarized in monographs by [139, 141, 142]. Commonly made assumptions in most of the 

models are that the process is isothermal, the mobile phase density and viscosity are constant, 

and radial distributions are negligible. Consequently, standard models consist typically of one-

dimensional mass balances. The models differ in the assumptions used in the description of 

the mass transfer of the solute from the bulk mobile phase to the adsorption site in the pores 

of the stationary phases and the kinetics adsorption itself. They range between the simplest 

model, the so-called “ideal” equilibrium model to the most detailed models, the so-called 

general rate models. The “ideal” equilibrium model, assumes permanent local equilibria 

between the phases and consequently considers only convective mass transport and 

thermodynamics. Such a model can be useful for a rapid process development with 

satisfactory accuracy for highly efficient columns (N ≫ 1000 in LC) [28]. In contrast, the general 

rate models [28, 139, 143-145] consider all relevant contributions to mass transfer kinetics in 

the mass balances, such as axial dispersion as a sum of axial and eddy diffusion, external film 

mass transfer, intra-particle diffusion, surface diffusion and adsorption kinetics [28, 139, 143-

145]. 

Another group of models are the stage models [146, 147]. In these models, the column is 

considered as a series of connected equilibrium stages, so-called theoretical plates, and 

equilibrium is assumed in each stage. Instead of formulating dynamic microscopic balances, 

the column is modeled as a sequence of a finite number N of stages. Two models have been 

reported. The Martin and Synge plate model [146], also referred to as cell model, assumes a 

continuous mobile phase flow and the Craig´s countercurrent distribution model [147] which 

considers discrete transfer of the mobile phase from stage to stage, so that the residence time 

in each stage is sufficient to achieve equilibrium. The Martin and Synge model is actually 

equivalent to the concept of cascades of stirred tank from reaction engineering. The predicted 

peak dispersion in both models becomes insignificant for N > 100 [148].  

 

2.7.2. Chromatographic models in LLC 

For the modelling of LLC separations, up to now only the linear range of the partition equilibria 

is considered, which is comparable to the linear range of the adsorption isotherm in LC. The 

slope of the linear range of the partition equilibria is equal to the partition coefficient of the 

solute infinitively diluted in the biphasic solvents system. Hence, the partition coefficient in LLC 

is equivalent to the Henry coefficient in LC. In linear chromatography, the thermodynamic 

influence on the shape of the elution profile can be neglected and attributed to hydrodynamics 
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and kinetic effects [139]. In addition, for many models such as the stage models, analytical 

solutions are available in literature. 

In recent years, different chromatographic models have been applied to LLC [149]. One of the 

most widely used models in LLC are the stage models, since they provide fast and accurate 

results of the residence time distribution of the solutes. Initially, Kostanyan et al. [150, 151] 

introduced the cell model to LLC and showed a good agreement between simulated and 

experimental elution profiles. Furthermore, the cell model has been also used to simulate the 

sequential CPC model [152] and the trapping multiple dual mode [124, 125]. Wei et al. [153] 

used the cell model to simulate the influence of the temperature on the separation. They added 

an experimentally determined individual term for the partition coefficient of each solute as a 

function of the temperature to describe the elution profile when the temperature increases 

during the separation. It was assumed that the stationary phase retention is not influenced by 

the change of the temperature. Guzlek et al. [154] used the cell model of Martin and Synge to 

calculate the chromatogram in a CCC column. They proposed a correlation for the calculation 

of the column efficiency Ni based on geometric column characteristics (coil dimensions, β-

value, number of coil loops) and operating parameters. In addition, experimental values of the 

stationary phase retention and the partition coefficients of the solutes are needed calculation 

of the elution profiles of the solutes. However, in this approach physical properties of the 

phases are not considered in the calculation of the column efficiency, which is different for 

different solvent systems and compounds.  

The mass transfer kinetics approach of van Deemter et al. [155] and Villermaux et al. [156] 

has been introduced to LLC by van Buel et al. [157] with an transport-dispersive model, also 

called “plug flow” model. The model considers axial dispersion and mass transfer with an 

overall volumetric mass transfer coefficient (kOa). This can be calculated from dimensionless 

model parameters that need to be fitted to experimental effluent concentration profiles at 

different flow rates (and rotational speeds). In addition, the partition coefficient of the solutes 

are needed, which can also be calculated from the elution profiles. Furthermore, off-column 

volume (connecting tubes and channels) can be considered by adding an additional term 

assuming a plug flow with only axial dispersion [31]. This model was also used to study the 

influence of flow regimes on the mass transfer in CPC columns [31], i.e. the correlation 

between the different flow regimes and the mass transfer coefficient. Chollet et al. [158] used 

this methodology to calculate and design the optimal volume of CPC columns as a series of 

cells in order to make tailor-made columns for particular applications. He derived a correlation 

for the calculation of the overall mass transfer coefficient with respect to the dimensionless 

Sherwood number. Based on experimental data at different operating conditions, several 

dimensionless numbers are determined by fitting the data to evaluate the flow regime and to 

calculate the Sherwood number, which describes the ratio of convective and diffusive mass 

transfer.  

Schwienheer et al. [159] modified the mass transfer dispersion model of van Buel et al. to 

account for the effect of dead zones in the cells. As van Buel et al. [157], an overall mass 

transfer coefficient was assumed and the channels were considered as tubes only filled with 

mobile phase contributing to axial dispersion. An important difference is that the column is 

considered as a number of physical cells. There the amount of stationary phase is split into 

two zones, a certain portion of the stationary phase volume that actively participates in the 

separation, i.e. mass transfer with the mobile phase, and another portion that is considered as 

a dead zone but with a constant volume exchange with the “active” part of the stationary phase.  
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An example of a statistical model has been implemented by Folter et al. [160] based on a 

probability mass function as the so-called Probabilistic model for immiscible separations and 

extractions (ProMISE). In comparison to the models mentioned above, the column is 

subdivided in probabilistic units and no discrete stages. Here, an injected sample compound 

is split in many small portions, which are represented by so-called compound units. Based on 

a probability mass function, derived from the Bayes’ theorem, the probability of solute location 

in one phase and the relative movement to the other phase is predicted. In addition, the 

partition coefficient, stationary phase retention, and the rotational speed are considered as 

input parameters. A density function including a Gaussian filter is used to create a 

chromatogram resulting from output data of the compound units. It was shown that the model 

predicts the elution profile accurately with little deviations in the peak shape.  

All implemented models predicted the retention time sufficiently well and, to a certain extent, 

the peak broadening of a solute eluting from an LLC column. In this context, the fact that the 

stationary phase is liquid simplified the models in comparison to LC in terms of the number of 

involved mass transfer steps, i.e. absence of a mass transfer in the pores of solid particles. 

Nevertheless, this fact makes the models more complex in comparison to the presence of a 

solid stationary phase, since a change in the mass transfer area between the phases as a 

function of operating conditions needs to be considered. 

In this thesis, the cell model of Martin and Synge is used [146] and referred to as “cell model”. 

In the following, the model is explained in more detail. As illustrated in Fig. 16, the column is 

regarded as a series of connected cells, i.e. theoretical plates. It should be noted that in CPC, 

the number of theoretical plates N is not equal to the number of physical cells in the column. 

Ni can be determined according to Eq. 14 from the elution profile of a pulse injection performed 

with a very small injection volume (often Vinj<1% VC). 

The following assumptions are made: 

1. The volume of the liquid stationary and mobile phase is constant and the same in each 

cell for a particular flow rate and centrifugal field. 

2. The mixing and equilibration of the phases in each cell occurs instantaneously (ideal 

mixing). 

3. The solute retention is only based on partitioning between the two liquid phases and no 

sorption mechanisms are present. 

4. The partition coefficients of the compounds are constant and independent of the solute 

concentration or the presence of other solutes in the mixture. 

5. The number of theoretical plates is solute dependent, but constant and independent of the 

solute concentration and injection volume. 
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The mass balance of a compound i can be described by Eq. 29 [150].  

 
Figure 16: Schematic illustration of the cell model with Ni ideally mixed cells (adapted from 

[150]). 

VC(1−SF)

Ni

dci,k
MP

dt
+

VCSF

Ni

dci,k
SP

dt
= F (ci,k−1

MP − ci,k
MP)    (Equation 29) 

Here, cell k = 1, 2, … , Ni refers to the number of the cell, SF is the stationary phase retention, 

VC is the total column volume, ci,k
MP is the concentration of compound i in the mobile phase in 

cell k, ci,k
SP is the concentration of compound i in the stationary phase of cell k, and F is the total 

mobile phase flow rate. The concentration of compound i in the stationary phase is calculated 

from its concentration in the mobile phase at each stage (Eq. 30): 

ci,k
SP =  Pi ∙ ci,k

MP         (Equation 30) 

For the simulation of a pulse injection in batch mode, e.g. in descending mode, the mass 

balance equation of the cell model (Eq. 29) should be solved using the following initial and 

boundary conditions. 

Initial conditions (t = 0): 

ci,1
MP = ci,2

MP = ⋯ = ci,N
MP = 0      (Equation 31) 

Boundary conditions at the column inlet (first cell): 

ci,1
MP(t) =  {

ci,feed
MP , t ≤ tinj

0,           t > tinj
      (Equation 32) 

  



 

47 

 

2.8. Separation method development in LLC  

2.8.1. Current challenges in separation method development 

In LLC separation method development, many different factors have to be considered. 

Therefore, process requirements such as production volumes, product purities, and solvent 

requirements should be clarified in advance in order to narrow the number of possibilities. 

When developing a separation method, the most important task is the selection of a suitable 

biphasic solvent system, but also an appropriate column type and design, and corresponding 

operating parameters need to be chosen. Often, the separation method development is 

reduced to the selection of a biphasic solvent system, where the partition coefficient of the 

target compound is in the sweet spot range, i.e. 0.4 < Pi < 2.5. However, the selected biphasic 

solvent system should also possess a good stationary phase retention in the desired column, 

which is in general beneficial for a good separation. This is important especially if the method 

needs to be scaled-up or transferred to another column after the development at lab-scale. 

This prevents the method from having to be laboriously altered or completely redeveloped on 

another column. 

After selecting a biphasic solvent system with the target compound in or close to the sweet 

spot range and where the separation factor α between the target compound and major 

impurities is preferably greater than 1.5, operating modes and conditions need to be evaluated 

and selected. Here, Dsc or Asc, batch vs. (quasi-) continuous modes, and column load 

strategies need to be optimized. In this context, the design criteria may be different when the 

method is developed for the characterization or analysis of a complex matrix, or for the isolation 

of a single target compound at preparative scale for production purposes. In both cases, a 

model-based method development can be applied, e.g. by making use of the cell model 

(Section 2.7.2), to save time and costs for process optimization [117, 130]. 

 

2.8.2. Separation method transfer and scale-up in LLC 

Separation methods are mostly developed and optimized using lab-scale columns with a 

volume between 10 ml and 300 ml. For various reasons, the methods often need to be 

transferred to another column of different size and/or design, e.g. due to a transfer to 

production scale. Another common scenario is that different labs with varying equipment want 

to exchange the developed methods or establish an application from literature in their own lab. 

As commonly known and shown in Fig. 2, a good separation performance is related to a high 

stationary phase retention [9]. This is probably the reason why the separation method transfer 

in LLC is commonly done by adjusting operating parameters, i.e. rotational speed and flow 

rate, in order to keep the stationary phase retention in both columns the same (SF,1 = SF,2). 

Then, mostly linear scale-up factors (SUF) are used for calculating the injection volume or 

mass load, e.g. the ratio of column volumes in CPC and CCC, or coil lengths in CCC columns 

[120, 161-164]. Wood et al. [162] showed that a similar peak resolution can be achieved in 

CCC when applying a “volumetric SUF”. There, the ratio of the column volumes of column 1 

and column 2 is set equal to the ratio of the mobile phase flow rates (Eq. 33).  

Volumetric SUF =  
VC2

VC1
=

F2

F1
      (Equation 33) 

where VC 
 is the total column volume and F is the mobile phase flow rate. 
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In addition, the introduced sample volume is scaled-up according to the same volumetric 

factor. However, this includes some assumptions. The column length and the rotor radius 

including the same rotating angle are kept constant, while the inner coil diameter is adjusted 

in order to create the same centrifugal field and to operate at a similar flow regime during the 

separation [162]. 

Later, das Neves Costa et al. [163] proposed two other linear scale-up factors in CCC:  

 the “cross-sectional area SUF” for columns with different lengths and inner coil 

diameters (Eq. 34). 

 Cross − sectional area SUF =  
A2

A1
     (Equation 34) 

 the “column length SUF” for columns of different column length but same inner coil 

diameter (Eq. 35). 

Length SUF =  
L2

L1
       (Equation 35) 

Here, A  is the cross-sectional coil area and L is the total column (coil) length. 

Although linear SUFs have often been used as a fast and relatively satisfactory strategy in 

CCC, this is not a generally valid separation method transfer approach for both CCC and CPC. 

Hence, such linear scale-up rules might lead to good results only in columns with similar length. 

As discussed in Section 2.3.1, LLC columns differ in size and design (i.e. different coils and 

cell geometries), and are used at different operating conditions. As a result, different flow 

regimes occur, and the columns may behave differently as a function of flow rate and rotational 

speed (g-field) [47, 98, 165-167]. Differences in stationary phase retention and column 

efficiency have a clear influence on the separation resolution and process performance, 

including product purity, recovery, achievable productivity, and solvent consumption [31, 98, 

111, 112, 168-170]. Hence, a reliable and universal approach for the separation method 

transfer between columns independent of their size and type is needed. 

An alternative strategy for the separation method transfer between CCC and CPC columns is 

the approach of constant mobile phase velocity, commonly used in conventional liquid 

chromatography. In this approach, the same mobile phase linear velocity is used in both 

columns when transferring the separation method between columns of the same height and 

packed with the same solid stationary phase [164]. However, the applicability of this approach 

to LLC is difficult, since the cross-sectional area of the CPC cells is not constant and changes 

inside the cell due to e.g. asymmetric cell geometries. In addition, the stationary phase 

retention (equivalent to column porosity in LC) and the mass transfer area change with both 

column design and operating conditions. In this context, the linear velocity of the mobile phase 

in CCC (uCCC) is calculated according to Eq. 36 [164]. In terms of CPC, an equivalent to the 

inner cross section has been introduced, the so-called average cross section (CS̅̅ ̅) (Eq. 37). 

Then, an average mobile phase velocity (uCPC) can be calculated also with respect to CPC 

(Eq. 38) [164]. 

uCCC =  
4 F

π d2(1−SF)
       (Equation 36) 

CS̅̅ ̅
 =  

Vcell

hcell
        (Equation 37) 
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uCPC =  
F

CS̅̅̅̅  (1−SF)
       (Equation 38) 

Here, F is the mobile phase flow rate, SF is the stationary phase retention, d is the inner CCC 

coil diameter, Vcell is the CPC cell volume, and hcell is the CPC cell height.  

This approach enabled an inter-apparatus transfer from a small lab-scale CCC to a semi-

preparative CPC column with small cell volumes. However, it was demonstrated that an 

average theoretical cross-sectional area CS̅̅ ̅ does not give satisfactory results when cells clearly 

differ in design and/or size [164]. Consequently, this approach cannot be applied as a general 

strategy for LLC separation method transfer. 

Another separation method transfer approach between different CPC columns is the model-

based methodology for optimizing a CPC column size for a particular separation, introduced 

by Chollet et al. [158]. Varying hydrodynamics and mass transfer efficiency in different columns 

are considered, enabling the calculation of an optimal column volume defined by the number 

of discs and corresponding number of cells. This approach uses a transport-dispersive model 

(see Section 2.7.2.) for the design of an optimal tailor-made column size for a particular 

application. In this context, preliminary tests for the determination of the model parameters and 

experience in modelling are required. Several dimensionless numbers need to be determined 

by fitting experimental data. As input parameters for the model, physical properties of the 

biphasic solvent system (i.e. densities, viscosities), partition coefficients of the solutes, cell 

design and operating conditions must be known in order to predict a chromatogram. Then, the 

column length can be adjusted in order to fulfil the desired requirements in terms of separation 

resolution [158]. However, commercial columns are usually standardized and have a fixed 

size. Consequently, this approach is not suitable as a routine for separation method transfer 

in standardized and non-adjustable columns. 

Bouju et al. [171] proposed the “free-space between the peaks” method for the intra-apparatus 

method transfer between differently sized CPC columns with same cell geometry. With this 

strategy, a separation method developed at lab-scale can be easily transferred to large-scale 

columns using the relation of the space between the peaks determined by pulse injections on 

the two columns. In this context, a separation method is developed and optimized on a lab-

scale column, e.g. by increasing the injection volume, so that a baseline separation (RS = 1.5) 

is achieved. Then, one pulse injection is performed on a second column within a suitable 

operating range. Subsequently, the difference in elution volume (∆V) between the end of the 

first elution and the start of the second eluting compound, also called “free-space between 

peak”, is determined based on the pulse injections for the two columns, respectively. The ratio 

of these different space between the peaks volumes of the two columns represents the scale-

up factor (FSU). As illustrated in Fig.17, the sample load on the second column can then simply 

be calculated by multiplying the maximum injection volume of column 1 (Vinj−max,C1) with this 

scale-up factor. This strategy represents a rather easy and quick method to transfer a 

separation method previously maximized in sample load from lab-scale to semi-preparative or 

preparative-scale. However, this method assumes in advance that the transfer of the 

separation method between the two columns is possible. In addition, this approach does not 

consider the selection of operating parameters. Hence, this approach cannot be directly 

applied when a lower separation resolution occurs on the column to which the method is 

intended to be transferred. 
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Figure 17: Illustration of the “free-space between the peak” method for scaling-up a sample 

load maximized separation method to another column of different size and design (adapted 

from [171]). 
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 Results 

3.1. Paper I: Characterization of a centrifugal partition chromatographic 

column with spherical cell design  

3.1.1. Summary 

Citation 

S. Roehrer, M. Minceva, (2019). Characterization of a centrifugal partition chromatographic 

column with spherical cell design. Chemical Engineering Research and Design, 143, 180-189 

https://doi.org/10.1016/j.cherd.2019.01.011 

Summary 

The development of new columns and cell designs is one of the most innovative fields in 

centrifugal partition chromatography. In conventional CPC columns the cells are connected by 

ducts. Depending on the column type, the ducts occupy a different proportion of the total 

column volume, which manifests as “dead” volume in the column. Thus, the duct volume is not 

involved in the separation, but contributes to peak dispersion and pressure drop. The objective 

of this work was to systematically characterize a prototype of a new semi-preparative column 

with spherical cell design and negligible interconnecting duct volume. The investigated new 

column with a special monobloc design can be operated at a higher maximal pressure drop 

(200 bar instead of 100 bar in conventional CPC) and rotational speed (4000 rpm instead of 

3000 rpm in conventional CPC). In the study, the cell volume of the new spherical cells 

(1.23 ml) is larger than that of a conventional CPC twin-cells (0.1 ml) and is similar to twin-cells 

of centrifugal partition extractors (CPE, 0.93 ml). All three columns have the same total column 

volume. Hence, they differ in the number of physical cells (CPC: 1800 twin-cells, CPE: 240 

twin-cells, CPE spherical cells: 196 spherical cells). The separation performance of the 

prototype was systematically characterized in terms of stationary phase retention, column 

efficiency, and separation resolution. In this sense, pulse injections performed at different flow 

rates and rotational speeds, were compared with a conventional CPC and CPE column. 

Subsequently, it was shown that the new cell design leads to a much higher stationary phase 

retention and can be operated at much higher flow rates in comparison to conventional CPC 

columns with twin-cells. Even though the single cell efficiency of the new spherical cells was 

highest, its total column efficiency was similar to the CPE column and much lower than of the 

CPC column. This was due to the different numbers of cells in each column. Thus, the 

separation resolution achieved with the new spherical cells column was only slightly better 

than in the CPE, while being much lower in comparison with CPC. An extensive simulation 

study was used to further compare the columns in terms of achievable productivity and solvent 

consumption at maximized injection volume and baseline separation. In addition, it was 

evaluated for which separation factor range the different columns are more favorable. Finally, 

it could be concluded that columns with larger cells are beneficial for preparative separations 

where higher separations factors or lower purity requirements are present. However, in the 

case of more challenging separations (separation factor α < 2.5), columns with higher numbers 

of small cells are crucial in order to enable a sufficient separation. 
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Contributions 

The author of this dissertation had a leading role in this work. The author did the conceptual 

design of the work and performed all experiments as well as the simulations. The author 

selected the system compositions, model substances, and operating parameters for the CPC 

separations. The author wrote the manuscript and discussed the results with M. Minceva. 
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3.2. Paper II: Deep eutectic solvents in countercurrent and centrifugal partition 

chromatography  

3.2.1. Summary  

Citation 

S. Roehrer, F. Bezold, E. M. García, M. Minceva, (2016). Deep eutectic solvents in 

countercurrent and centrifugal partition chromatography. Journal of Chromatography A, 1434, 

102-110. 

https://doi.org/10.1016/j.chroma.2016.01.024 

Summary 

In LLC, a huge variety of biphasic solvent systems has already been established, especially 

for the separation of medium-polar (natural) compounds. In recent years, an increasing 

demand for new non-aqueous biphasic solvent systems for the separation of very nonpolar 

substances has become apparent. Recently, a new class of solvents, the so-called deep 

eutectic solvents (DES), have emerged as especially promising for extraction applications. 

Therefore, the objective of this work was to investigate the applicability of this new solvent 

system class for LLC separations. DES are prepared by mixing hydrogen bond donors and 

hydrogen bond acceptors in a certain molar ratio to form a eutectic mixture with a substantially 

lower melting temperature compared to the melting temperature of the individual compounds. 

DES usually have a higher density and viscosity compared to conventional organic solvents 

and water. Hence, the DES-rich phase of a biphasic liquid system is also denser and more 

viscous. The use of rather viscous phases in comparison to organic-aqueous biphasic solvent 

systems in CPC is usually rather unsuitable, due to the limitation of a maximal pressure drop 

of 100 bar. Therefore, a column with large twin-cells, a centrifugal partition extractor (CPE), 

was selected to analyze the applicability of this new class of biphasic systems. A non-aqueous 

system composed of n-heptane/ethanol/DES with a DES made of choline chloride and levulinic 

acid in a molar ratio of 1:2 was demonstrated to be suitable for the separation of components 

within a wide range of hydrophobicity, which is accessible by the logarithmic octanol-water 

partition coefficient log PO/W of the compounds. Hence, natural hydrophobic compounds such 

as β-ionone (log PO/W = 3.8) and α-tocopherol (log PO/W = 12) could be separated in the current 

study. This indicates that DES may be promising as a replacement for water in further biphasic 

systems. However, choline chloride and other ingredients of DES are known to be hygroscopic. 

Therefore, the water absorbance in the presence of ambient air was determined to be 5-10% 

in the first 2-3 days of exposure. The studied system was furthermore shown to be robust to 

the presence of such amounts of water, where no significant change in the partition coefficient 

of β-ionone was observed. This is especially advantageous for the preparative applications, 

since it eliminates water-protective precautions such as working under protective atmosphere. 

In addition, it was shown that the more viscous DES-rich phase could be used as both 

stationary and mobile phase in large twin-cells, which allows a greater flexibility for the design 

of the separation process.  
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Contributions 

The author of this dissertation had a leading role in this work. Based on preliminary work from 

E.M. García, the author selected the (choline chloride: levulinic acid)-based biphasic system 

for the study of its applicability in the CPC column. The author performed most of the solute 

partitioning experiments in the selected system, performed all CPC experiments, discussed 

the results with F. Bezold and M. Minceva, and wrote the manuscript.   
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3.3. Paper III: Influence of temperature on the separation performance in solid 

support-free liquid-liquid chromatography  

3.3.1. Summary  

Citation 

S. Roehrer, M. Minceva, (2019). Influence of temperature on the separation performance in 

solid support-free liquid-liquid chromatography. Journal of Chromatography A, 1594, 129-139. 

https://doi.org/10.1016/j.chroma.2019.02.011 

Summary 

In LLC, stationary and mobile phase correspond to two phases of a biphasic liquid solvent 

system that is in thermodynamic equilibrium. The liquid-liquid equilibrium of the system is a 

function of temperature. Therefore, the composition of the two liquid phases and their physical 

properties (density, viscosity, interfacial tension) are potentially susceptible to a temperature 

change. The objective of this work was to analyze the influence of a temperature increase on 

the separation performance. In this context, the temperature may change due to dissipation, 

as a result of friction within the piston pumps or due to the rotation of the column including 

mechanical seals, as well as by external environmental influences, i.e. changes in the room 

temperature. In this context, two frequently used systems in LLC, the aqueous-organic 

biphasic solvent system n-heptane/ethyl acetate/methanol/water (Arizona N) and the non-

aqueous system n-hexane/ethyl acetate/acetonitrile, were analyzed. Although only small 

changes in the phase composition of mobile and stationary phase at liquid-liquid equilibrium 

and the partitioning of the solutes could be observed for Arizona N, the non-aqueous system 

was significantly affected between 25 °C and 40 °C. It was shown that changes occur 

especially in the physical properties of the phases, causing a significant decrease in stationary 

phase retention and resolution, which cannot be compensated by the observed increase in 

column efficiency as a result of enhanced mass transfer between the phases. Interestingly, it 

was found that an additional destabilizing effect of the system occurred when a temperature 

difference between mobile phase inlet temperature and column temperature exceeds only 

10 °C. Hence, this study demonstrates the necessity of an efficient temperature control system 

for satisfactory separations with temperature sensitive systems. In terms of the aqueous-

organic system, even a slightly beneficial effect was observed with an increase of the 

temperature, where a slight increase in stationary phase retention occurred. Hence, for such 

systems temperature may also be used purposefully to modify and enhance the separation. 

The measurement of system stability together with settling time was identified as an easy but 

reliable indicator for temperature susceptibility and can be used as a standard procedure 

during separation method development. 
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Contributions 

The author of this dissertation was the lead scientist in all parts of the work. He planned and 

coordinated the work, conducted or supervised all data acquisition and performed most of the 

laboratory work. L. Braumann measured part of the LLE data and D. André performed part of 

the CCC pulse injections and density measurements. T. Goudoulas assisted the author with 

the determination of the dynamic viscosity of the phases. The manuscript was written by the 

author and discussed with M. Minceva.  
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3.4. Paper IV: Evaluation of inter-apparatus separation method transferability 

in countercurrent chromatography and centrifugal partition chromatography  

3.4.1. Summary  

Citation 

S. Roehrer, M. Minceva, (2019). Evaluation of inter-apparatus separation method 

transferability in countercurrent chromatography and centrifugal partition chromatography, 

Separations, 6(3), 36 

https://doi.org/10.3390/separations6030036 

Summary 

The objective of this work was to establish a fast short-cut approach for an easy and 

straightforward estimation of separation method transferability between columns in LLC. 

Scale-up and method transfer in CCC and CPC are often based on trial-and-error approaches. 

In the current study, it was demonstrated that a direct separation method transfer with linear 

scale-up factors is not generally be valid between columns of different size and design, 

especially when columns with different geometries are used. It was shown that the most 

commonly used approach in LLC where similar stationary phase retention is targeted in the 

two columns, can reach its limits. Based on a comprehensive evaluation of the separation 

performance of different columns it could be demonstrated that similar stationary phase 

retention does not guarantee similar separation performance. It is shown that within the typical 

operating range of each column, linear correlations of the stationary phase retention and 

efficiency can be assumed. This correlation can be used to calculate the resolution at different 

flow rates, which helps to quickly estimate the transferability of a particular separation method. 

For the determination of the linear correlations only two pulse injection experiments at different 

flow rates are needed, one preferably at the lower end and one at the higher end of the typical 

flow rate range of the column. The approach was demonstrated with five columns that differ in 

type (CCC and CPC) and size (lab-scale and semi preparative-scale). The proposed approach 

saves experimental time and effort, thus enabling a more targeted and universally valid 

strategy for unexperienced users. Furthermore, the study emphasizes that both separation 

method transferability and the subsequent selection of best operating conditions in terms of 

maximal productivity and minimal solvent consumption for a required purity and recovery can 

be estimated even faster as well as in a more purposeful way when combined with simulations. 

 

Contributions 

The author of this dissertation was the lead scientist in all parts of the work. He planned the 

work, performed the experiments, and conducted the data acquisition as well as the evaluation 

of the results. Part of the data from the CPE pulse injections was obtained from R. Morley. The 

manuscript was written by the author and discussed with M. Minceva.  
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3.5. Strategies for the isolation and purification of bioactive minor 

components from plant extracts using LLC  

3.5.1. Process concept for solute capture and enrichment with LLC  

LLC is conventionally used in classical batch elution mode by performing a pulse injection of 

the mixture to be separated, ideally in the form of a rectangular concentration profile of the 

injected solutes at the column entrance. Due to dispersive effects, the components elute from 

the column in the form of a (dispersed) peak. Hence, the concentration of the collected purified 

components is lower than their concentration in the feed mixture. Marchal et al. [172] 

suggested an unconventional application of LLC columns, namely for the extraction of target 

compounds from a complex mixture. In this process concept, which is inspired from the 

adsorption-desorption process concept, the feed mixture is continuously pumped into the 

column and the target component is retained by the stationary phase in the column. The 

enriched target component is then recovered from the column in an “extrusion” step, where 

the liquid stationary phase including the target component is pumped out from the column. The 

process concept was demonstrated in a CPC column for the extraction of β-carotene from a 

microalgae fermentation broth [172]. 

Continuing the idea of Marchal et al. [172], in this work LLC was evaluated to selectively enrich 

and purify minor compounds from natural extracts. A solvent system is selected in which the 

partition coefficient of the target component is high and at the same time higher than most of 

the major impurities present in the mixtures. The process is realized in two steps. In the first 

step, the capture and pre-purification step, the feed mixture dissolved in the mobile phase is 

loaded on the column. The target compound is retained in the column, while the impurities with 

lower partition coefficients travel faster through the column than the target compound and start 

eluting from the column. Consequently, the stationary phase inside the column is enriched with 

the target compound. The second step, the extrusion step, ideally begins at the latest directly 

before the target compound starts eluting from the column. This point in time is also called 

switching time tswitch. In the extrusion step, the target compound is recovered by pumping the 

stationary phase out from the column. The extrusion can be realized in elution-extrusion mode 

or back-extrusion mode. As explained in Section 2.6, in elution-extrusion mode the stationary 

phase is pumped into the column instead of mobile phase while the pumping direction is kept 

the same. In back-extrusion mode, mobile phase is continued to be pumped into the column 

while the pumping direction is switched. As a result of the two-step process, an enriched and 

at the same time pre-purified extract is obtained. Such a selective capture, enrichment and 

pre-purification directly from the raw extract can make further purification steps more 

convenient.  

In this work, the process was used for the capture and enrichment of the bioactive minor 

compound xanthohumol C from a natural hop extract. Xanthohumol C was captured and 

enriched in the column, while the main impurity xanthohumol was removed (Paper V). A 

systematic model-based approach for the process design is proposed. The steps of the 

method are presented in Figure 18.  
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Figure 18: Schematic illustration of the process design workflow of a process for the capture 

and enrichment of minor compounds from complex mixtures using a LLC column. 

 

In the first step, a biphasic liquid solvent system is selected in a way that the partition coefficient 

of the target compound has a high affinity to one of the phases, i.e. Ptarget ≫ 1, since the 

objective is to retain the target component in the column. This is in contrast to classical elution 

mode where a partition coefficient with almost equal distribution between the phases is 

desired, i.e. Ptarget in the sweet spot range (0.4 < Ptarget < 2.5). The solvent system can be 

selected by shake-flask experiments or by using predictive thermodynamic models. 

In the next step, the operating mode needs to be selected, i.e. which phase should be used as 

stationary or mobile phase. In this sense, ascending or descending mode are selected so that 

the target compound has a higher partition coefficient compared to the main impurities. After 

that, like for conventional batch mode, operating conditions (flow rate, rotational speed) are 

selected where a good stationary phase retention with SF ≥ 0.4 can be achieved.  

In the current approach, a model-based process design by applying the cell model is intended 

to be used to determine the applicable injection volume and tswitch. As input parameters for 

the model, the column efficiency Ni is needed, which is system specific, i.e. it is a function of 

the solvent system, solutes, operating conditions and the column design. This can be 

determined either by pulse injections with low injection volume (Vinj,1% ≤ 1% VC) of the feed 

mixture or by performing breakthrough curves with the single compounds. In the case of a 
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complex natural mixture such as the hop extract in Paper V, pulse injections are more 

convenient since single compounds are not available. In the following preliminary study with 

model compounds, this is exemplary done by breakthrough curves.  

In the following, the appropriate column load, i.e. injection volume, and switching time tswitch 

can be determined based on the experimentally determined model parameters SF, Ni, and Pi. 

The injection duration tinj or injection volume Vinj could be determined by simulating batch 

injections with different injection volumes. Vinj is adjusted so that at the end of the classical 

elution mode, the switching point tswitch, the major impurities have completely eluted from the 

column while the breakthrough of the target compound has not been started yet.  

Finally, the mode used for the recovery of the enriched product needs to be selected. This can 

be achieved either by pumping new stationary phase into the column (elution-extrusion mode) 

or by changing the flow direction and continuing with the pumping of the mobile phase (back-

extrusion mode).  

Before applying the approach to a complex natural mixture, the steps three to five were 

validated experimentally using a model mixture and solvent system. The experimental data 

were simulated using the cell model (Section 2.7.2.) in order to evaluate the accuracy of the 

model. The objective was to evaluate the system stability, when introducing large injection 

volumes to the column. The first two steps of the process workflow are identical to the process 

development steps in conventional LLC pulse injection experiments in elution mode. Hence, 

this was not part of this preliminary study with the model system. The single steps were 

demonstrated with a model feed mixture composed of two parabens, methyl paraben (MP) and 

butyl paraben (BP), and the biphasic liquid solvent system Arizona N 

(n-heptane/ethyl acetate/methanol/water 1/1/1/1 v/v/v/v). The partition coefficients of MP and 

BP determined by shake flask experiments in the current study were PMP = 0.7 ± 0.2 and 

PBP =  3.8 ± 0.5. The linear range of the partition equilibrium was previously determined and 

reported to be in the range between 0 and 30 mg ml-1 total paraben concentration [125]. For 

the current study, a feed concentration far below this upper limit of the linear concentration 

range, i.e. a paraben concentration cParaben of 0.2 mg ml-1 per paraben, was selected to 

perform the breakthrough curves. 

In Fig. 19, breakthrough curves with the single parabens were performed in descending mode 

to determine the column efficiency and partition coefficients of the single parabens. The elution 

profile was analyzed by frontal analysis (Section 2.1) in order to calculate the system specific 

separation parameters (PMP,Dsc = 0.982, NMP,Dsc = 797, PBP,Dsc = 3.366, NBP,Dsc = 347) on a 

semi-preparative CPC column (VC = 246.65 ml, F = 18 ml min-1, SF = 0.5). 
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Figure 19: Breakthrough curves of methyl paraben (MP) and butyl paraben (BP) performed 

on a CPC column in descending mode including UV/Vis signals at 255 nm (UV/Vis signal), 

experimental elution profiles from HPLC offline analysis (exp.) with corresponding simulation 

(sim.) using the cell model: descending mode (a) MP (PMP = 0.982, NMP = 797) and (b) BP 

(PBP = 3.366, NBP = 347) with operating parameters: Arizona N, 1700 rpm, VC = 246.65 ml, 

SF = 0.5, F = 18 ml min-1, tinj = 15 min (Vinj = 270 ml);  

 

It must be noted that in the current study, the partition coefficients of the parabens determined 

by breakthrough curves slightly differ from the linear range of the partition equilibria. This is 

due to hydrodynamic effects in the column. As described in literature [31, 113, 169], back 

mixing can occur in the CPC cells. This impacts the residence time distribution of the 

compounds in each cell by re-circulating part of the stationary and mobile phase inside the 

cell. In addition, dead zones can occur due to non-ideal phase mixing in the cells [31, 113, 

169]. When analyzing the elution profiles of breakthrough curves (or pulse injections), such 

effects are included in the calculated values and can be the reason for the difference in the 

determined partition coefficients between different columns. Hence, it is often easier or more 

convenient to use the partition coefficients determined by breakthrough curves (or pulse 

injections) rather than shake-flask experiments for the calculations and to perform the 

simulations. 

The applicability of the cell model (Section 2.7.2.) was also validated for high injection volumes. 

In the following, this is demonstrated by performing breakthrough curves in descending mode 

with a binary mixture of MP and BP (Fig. 20). Significant peak overlapping was intended to 

analyze whether the components influence the elution of the other components or the 

occurring co-elution might lead to any loss of stationary phase. As apparent from Fig. 20, the 

reconstructed elution profiles of MP and BP confirm the simulations based on the parameters 

previously determined with the single compounds. Fortunately, no stationary phase loss 

occurred, which confirmed the process to be stable in the linear range of the liquid-liquid 

equilibrium. Consequently, the breakthrough time (tB) of the compounds was also not affected. 

The parameter tB is defined as the point in time where a compound starts eluting from the 

column (Eq. 13).  

Although this is expected from linear chromatography in conventional LC, such high injection 

volumes including breakthrough curves have not been used in LLC until now. The objective 
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was to confirm that SF stays constant and no column bleeding or other hydrodynamic effects 

occur during the long injection duration. 

 

Figure 20: Breakthrough curve of methyl paraben (MP) and butyl paraben (BP) performed on 

a CPC column in descending mode including UV/Vis signal at 255 nm (UV/Vis signal), 

experimental elution profile from HPLC offline analysis (exp.) with corresponding simulation 

(sim.) using the cell model, respectively. Operating parameters: descending mode with MP 

(PMP = 0.982, NMP = 797, cMP = 0.2 mg ml-1) and BP (PBP = 3.366, NBP = 347, cBP = 0.2 mg ml-1), 

Arizona N, 1700 rpm, VC = 246.65 ml, SF = 0.5, F = 18 ml min-1, tinj = 40 min (Vinj = 720 ml); 

 

In the current case, BP represents the target compound and MP the most relevant impurity in 

the current model system. Hence, BP is retained in the column, while MP elutes from the 

column. Based on simulations in classical elution mode with various injection volumes, an 

injection duration tinj of 12 min (Vinj = 216 ml) could be determined in a way that at the end of 

the classical elution mode, the switching point tswitch, MP has completely eluted from the 

column while the breakthrough of BP has not been started yet. These criteria are fulfilled at 

tswitch = 26.8 min.  

Finally the two options for the extrusion of the stationary phase, back extrusion (Fig. 21) and 

elution-extrusion (Fig. 22), were evaluated. In both cases, partly a co-elution of mobile and 

stationary phase could be observed after switching the mode, which results in a further solute 

mass transfer between the phases as part of a non-ideal piston effect during the extrusion. 

This differs from the theoretical assumptions and observations in CCC literature, where the 

two phases are pushed out of the column separately and no co-elution of the two phases 

occurs. Although the duration of the extrusion theoretically is the same, in practice it took about 

5 min longer in the back-extrusion mode compared to the elution-extrusion mode to extrude 

the BP completely from the column at a given flow rate. Hence, this also contributes to a slightly 
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higher solvent consumption in the back-extrusion mode. Especially at industrial scale, this 

might be a selection criterion between the two extrusion modes. An advantageous side effect 

is that the column in elution-extrusion mode is already filled with stationary phase at the end 

of the experiment and the next separation can directly be started without changing the phases 

inside the column. In conclusion, both extrusion modes are applicable, since the elution step 

as well as the selection of the switching time is independent of the extrusion. However, the 

elution-extrusion mode was found to be more advantageous in comparison to the back-

extrusion mode.  

As a result from this preliminary study, the model-based design can be applied to subsequently 

determine the appropriate injection volume and switching time for the selective compound 

enrichment with breakthrough curves in LLC. Subsequently, this approach was transferred to 

the purification of xanthohumol C from a raw hop extract (Paper V). 

 

Figure 21: Separation of methyl paraben (MP) and butyl paraben (BP) in back-extrusion mode 

with a CPC column feed load of Vinj = 216 ml (tinj = 12 min) and a switching point (tswitch) after 

26.8 min, including UV/Vis signal at 255 nm (UV/Vis signal), experimental elution profiles from 

HPLC offline analysis (exp.), and the corresponding simulated elution profile (sim.) of MP (PMP 

= 0.982, NMP = 797) using the cell model. Operating parameters: elution mode in descending 

mode, Arizona N, 1700 rpm, VC = 246.65 ml, SF = 0.5, F = 18 ml min-1, cFeed =  cMP = cBP = 0.2 

mg ml-1. 
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Figure 22: Separation of methyl paraben (MP) and butyl paraben (BP) in elution-extrusion 

mode with a CPC column feed load of Vinj = 216 ml (tinj = 12 min) and a switching point (tswitch) 

after 26.8 min, including UV/Vis signal at 255 nm (UV/Vis signal), experimental elution profiles 

from HPLC offline analysis (exp.), and the corresponding simulated elution profile (sim.) of MP 

(PMP = 0.982, NMP = 797) using the cell model. Operating parameters: elution mode in 

descending mode, Arizona N, 1700 rpm, VC = 246.65 ml, SF = 0.5, F = 18 ml min-1, cFeed =

 cMP = cBP = 0.2 mg ml-1. 
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3.5.2. Paper V: Xanthohumol C, a minor bioactive hop compound: Production, 

purification strategies and antimicrobial test  

3.5.2.1. Summary  

Citation 

S. Roehrer, J. Behr, V. Stork, M. Ramires, G. Médard, O. Frank, K. Kleigrewe, T. Hofmann, M. 

Minceva, (2018). Xanthohumol C, a minor bioactive hop compound: production, purification 

strategies and antimicrobial test. Journal of Chromatography B, 1095, 39-49 

https://doi.org/10.1016/j.jchromb.2018.07.018 

Summary 

In the field of natural products, minor plant components were shown to be potentially more 

bioactive than related major compounds. A promising natural resource for such highly potent 

bioactive natural products is hops, which has been used as a medicinal herb for centuries. 

However, minor hop compounds are often not available in sufficient quantities or can be 

obtained only with very time- and cost-intensive procedures, e.g. by many pulse injections by 

using preparative HPLC columns. This severely restricts comprehensive studies on their 

bioactivity and efficacy. In this work, production and purification strategies were investigated 

at the example of the minor hop compound xanthohumol C (XNC), a derivate of the well-known 

and already widely studied xanthohumol (XN). Different production and separation strategies 

for the purification of XNC from a XN-enriched raw hop extract, where only 0.24-2.2% XNC 

are present, were evaluated. As part of a two-step liquid-liquid chromatographic process, 95% 

pure XNC could be captured and enriched selectively from the extract. However, the 

productivity was low due to the low content of XNC in the starting mixture. In order to further 

increase the purity and productivity, an alternative production route was established. This 

approach is based on the fact that the desired target component XNC is a derivative of the 

major component XN. First, XN is isolated with LLC and converted into the target component 

XNC with the help of a rapid and simple semi-synthesis. In this context, two options for the 

ring-closure of the prenylated chalcone from XN to XNC were evaluated. Subsequently, XNC 

was purified by LLC batch injections in classical elution mode from the reaction product. It was 

demonstrated that LLC in combination with semi-synthesis could be a powerful tool for the 

production of natural minor compounds with a high purity of >99%. In addition, it was shown 

that LLC is an efficient technology for the isolation of natural minor components in high purity 

and amounts needed for subsequent bioactivity tests. The anticarcinogenic potential of the 

isolated XNC was studied in Paper VI. 
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3.5.3. Paper VI: Analyzing Bioactive Effects of the Minor Hop Compound 

Xanthohumol C on Human Breast Cancer Cells using Quantitative Proteomics  

3.5.3.1. Summary 

Citation 

S. Roehrer, V. Stork, C. Ludwig, M. Minceva, J. Behr, (2019). Analyzing Bioactive Effects of 

the Minor Hop Compound Xanthohumol C on Human Breast Cancer Cells using Quantitative 

Proteomics. PloS ONE, 14(3), e0213469. 

https://doi.org/10.1371/journal.pone.0213469 

Summary 

Hops has been known as a medicinal plant for centuries. However, it is difficult to relate certain 

observed activities or effects to specific hop compounds since they are rarely available in high 

purity. Hence, there is still a lack of knowledge whether certain activities can be allocated to 

single hop compounds at all or whether the activity is the result of complex interactions 

between major and minor compounds. The objective of this work was to compare the 

anticarcinogenic potential of the promising minor hop compound xanthohumol C (XNC) with 

the already well-known and widely studied hop compound xanthohumol (XN). In a 

comprehensive cell-culture study with the MCF-7 breast cancer cell line, a higher 

antiproliferative and cytotoxic effect of XNC could be observed in comparison to both XN and 

a XN-enriched extract where XNC is present in low amounts (0.24-2.2%). Remarkably, XNC 

has shown an even higher effect in vitro (IC50: 4.18 μM) when compared to other natural 

products currently considered to be of high potential, such as resveratrol (IC50: 100 μM) or 

curcumin (IC50: 35 μM) [173]. This study emphasizes the high potential of liquid-liquid 

chromatography as a powerful technique to provide highly pure minor hop compounds for 

further evaluation of anticarcinogenic or chemopreventive effects. In combination with state-

of-the-art quantitative proteomics and comprehensive statistical analysis, an efficient 

procedure for the fast investigation of the bioactivity of natural compounds including possible 

modes of action was established. This method contributes to a more targeted exploitation of 

hops and natural resources in general as active ingredients or additives in future 

anticarcinogenic drugs or preventive foods in order to enhance their desired effects. 

 

Contributions 
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entire workflow, conducted or supervised all data acquisition, and performed the data analysis 
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and J. Behr performed the mass spectrometry experiments including raw data processing with 

MaxQuant, and consulted with the interpretation of the proteomics results. The manuscript was 

written by the author and discussed with all co-authors of the manuscript.   
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 Discussion and Conclusion 

The objective of this thesis was to systematically investigate main factors that influence the 

separation performance in LLC and to use this knowledge for the development, transfer and 

scale-up of separation methods for the purification of high value-added natural products. Thus, 

the focus of the work was on two main topics.  

On the one hand, main influencing factors were analyzed to gain a better understanding of 

their impacts on LLC separations and to improve the development of a separation method for 

a particular separation task. In this sense, extensive column characterizations of various LLC 

columns were performed with model systems to analyze and describe the separation 

performance in dependence of various parameters such as column design, operating 

conditions (flow rate and rotational speed), the type of new biphasic solvent systems and 

separation temperature. The so gained insights can be used as important input factors for the 

exploration of model-based method development and separation method transfer between 

different columns, which was subsequently investigated in this thesis.  

On the other hand, new approaches for the isolation of pure natural minor components with 

LLC were established. Using the promising bioactive hop compound xanthohumol C as an 

example, it was shown that LLC can be used to isolate such highly pure natural minor 

components from complex matrices. In this context, two strategies were established: the 

selective capture and enrichment from raw extracts with a subsequent separation step, and 

another two-step production approach involving semi-synthesis and LLC purification.  

 

4.1. Influencing factors in LLC separation method development 

Column design 

In LLC, the column design is fundamentally different from the one in LC, where cylindrical 

columns packed with porous stationary phase particles are used. In LLC, both the column 

design as well as the centrifugal field are used to keep one of the two phases of a liquid 

biphasic system stationary, while the other one is used as mobile phase. Mainly two different 

types of columns exist, namely hydrodynamic CCC and hydrostatic CPC columns, but each 

category itself includes a variety of different designs. In CCC columns, a tube is wound up on 

a cylinder (bobbin) to form a coil which rotates around its axis and revolves around a second 

axis of rotation. In CPC columns, usually several discs with circumferentially engraved cells of 

different size and shape, interconnected by small channels, are mounted together to form the 

column that rotates around one axis. Independent of the column category, the column 

efficiency depends on the respective biphasic solvent system, column design, and operating 

conditions. The probably main driving innovations in CCC and CPC are continuous 

developments of new column designs and biphasic solvent systems. In recent years, 

continuous improvements of the columns, especially in terms of CPC cell design, have been 

made. It is well known that the cell shape and size, but also the number of cells are decisive 

for the column efficiency. Connecting channels, which are only filled with mobile phase, do not 

contribute to the separation but to the pressure drop. This limits the applicable flow rate range 

and therefore, was in focus for the development of the new column investigated in this thesis. 

In this new column with a special design, the channel volume was significantly reduced and 

the cell design was optimized towards a spherical cell shape in order to further improve the 

mass transfer between the phases inside each cell, i.e. to increase the cell efficiency. In 
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addition, a bigger disk diameter was selected for the new column, which enables a higher g-

field at the same rotational speed of the column. In Paper I, this new column was characterized 

and compared to two other columns with the same total column volume. Both columns have 

twin-cells, which are smaller in one column (CPC) and fewer but bigger in the other column 

(CPE). In this sense, the cell number and size of the last column is comparable to the new 

column. The column characteristics were determined with the help of a frequently used 

aqueous-organic biphasic solvent system as a function of operating conditions, i.e. both flow 

rate and rotational speed, and compared with columns of conventional twin-cell design. It could 

be demonstrated that a higher stationary phase retention can be achieved in the column with 

spherical cell design compared to the two columns with twin-cells. Nevertheless, stationary 

phase retention, the column efficiency as well as the achievable peak resolution in the new 

spherical cell column are similar to the column with twin-cells of comparable cell volume. These 

two column types are especially beneficial for easier separations, i.e. for separation factors α 

> 2.5. Here, a higher productivity can be realized with these columns due to higher flow rates 

that can be applied. Although the spherical cells show the highest cell efficiency, the column 

efficiency is similar to the CPE due to the lower number of the cells. It should be kept in mind 

that a column with a higher number of physical cells is more efficient than a column of the 

same volume but with a much lower number of cells. Although columns with bigger cells and 

less connecting channels exhibit a higher stationary phase retention and can be operated at 

higher flow rates for an improved cell efficiency, this cannot compensate the lower total number 

of theoretical plates, i.e. column efficiency, for difficult separations with low separation factors. 

Hence, the CPC columns with large numbers of small cells are essential in case of more 

difficult separations (small separation factors). The results of Paper I are helpful for the user 

especially when selecting an appropriate column design for the commercial purification of 

natural products at preparative-scale. 

 

Non-conventional DES-based biphasic solvent systems 

The advantages of a liquid nature of the stationary phase are the reason why LLC is widely 

used for the separation of natural compounds from plant extracts. As part of a biphasic liquid 

system, the stationary and mobile phase can be tailor-made by the user. In literature, a broad 

variety of solvent systems already exists for the separation of mainly medium-polar 

compounds. However, there is only a very limited number of non-aqueous organic solvent-

based systems that can be applied for the separation of hydrophobic or nonpolar compounds. 

A recently upcoming new solvent class is DES. DES are mixtures of compounds, a hydrogen 

bond donor and a hydrogen bond acceptor, with a melting temperature substantially lower than 

that of each individual compound. Since many DES are liquid at room temperature, they can 

be used in mixture as one part of a biphasic liquid solvent system. That opens up new 

possibilities especially as water-substitutes for creating non-aqueous biphasic liquid solvent 

systems for the use in LLC. Hence, DES-based biphasic liquid systems might be promising for 

the separation of hydrophobic and nonpolar compounds. However, DES have a higher density 

and viscosity than organic solvents and water. Physical properties of the phases are important 

factors that influence the hydrodynamics in LLC. Therefore, the applicability of non-

conventional biphasic liquid DES-based solvent systems has been evaluated for the first time 

in a CPC column (Paper II). In this context, a non-aqueous biphasic system composed of 

n-heptane/ethanol/DES with a DES made of choline chloride and levulinic acid in a molar ratio 

of 1:2 was tested in a column with large twin-cells (CPE) and bigger connecting channels than 
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in a conventional CPC column. Despite a higher viscosity of the DES-rich phase compared to 

phases of aqueous-organic solvent-based systems, a good stationary phase retention could 

be achieved in ascending and descending mode. With the studied solvent system, a solute 

polarity range of −5.1 < log PO/W < 12  was evaluated by shake-flask experiments with ten 

compounds covering the whole range. With theses compounds, partition coefficients in or 

close to the sweet spot range were obtained, which enabled a satisfactory separation of 

β-ionone (log PO/W = 3.8) and α-tocopherol (log PO/W = 12) in the CPE. Hence, DES-based 

systems were demonstrated to be a promising new class of non-aqueous biphasic solvent 

systems in LLC, especially of highly hydrophobic compounds. However, an increased pressure 

drop was observed at the column as a consequence of the physical properties of the phases. 

This might impede the application of DES-based biphasic systems at very high flow rates and 

in a broad variety of CPC column designs, especially in columns with small cells and ducts. 

Choline chloride as one of the individual ingredients of the studied DES in this work is known 

to be hygroscopic. Since the studied DES were intended to be used for substituting water in 

liquid biphasic systems to create non-aqueous systems for the separation of hydrophobic 

compounds, the influence of water absorbance due to air humidity was analyzed. Fortunately, 

it was shown that the absorbed amounts of water did not significantly affect the studied system. 

The presence of small portions of water (5-15 wt%) did not influence the partition coefficient of 

the studied compounds. It must be noted that this is a system specific phenomenon and hence, 

needs to be investigated for each DES-based biphasic system before its application. 

Nevertheless, for such systems the addition of small amounts of water could also be 

intentionally used to slightly adjust the physical properties of the biphasic system for the 

application in CPC columns with smaller cells and ducts. Furthermore, the system robustness 

to the presence of water is also advantageous, since it makes an elaborate working under 

protective atmosphere redundant, especially at preparative scale. Finally and in addition to the 

evaluation of the general applicability of DES-based systems for the separation in LLC, the 

solute recovery from the solvent is important for the application in preparative or production 

scale. In addition, strategies for the solvent recycling are also necessary, which is still an open 

question in this field. Thus, further research on this topic is needed for a broad application of 

DES-based systems in LLC.  

 

Temperature fluctuations 

In conventional LC, the column temperature is often controlled with the help of a column oven 

to influence the adsorption and desorption process. In literature, LLC separations are mostly 

performed at ambient room temperature. While commercial CCC columns are usually placed 

in a temperature controlled cabinet, commercial CPC columns do not have any temperature 

control system. They are mostly placed in housing boxes with fans that provide convective 

cooling with ambient air. However, this does not allow precise temperature control and 

temperature fluctuations can appear, e.g. due to environmental temperature changes or as a 

result of heat dissipation in the rotating seals or in the pumps. Up to now, there are no 

systematic studies of the influence of temperature on the LLC separation. The two liquid 

phases used in LLC as stationary and mobile phase are equilibrated at a given temperature 

before using them for the separation. The liquid-liquid equilibrium of the biphasic solvent 

system and the physical properties of the phases are a function of the temperature. Therefore, 

temperature fluctuations might influence the separation in LLC, especially when the column is 
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not temperature-controlled. Especially non-aqueous organic solvent-based systems are likely 

to be temperature sensitive. In addition to liquid-liquid equilibrium data at different 

temperatures, the change of the physical properties of the phases with a change in 

temperature could be an important indicator of temperature susceptibility. In this work, the 

temperature influence on the LLC separation performance has been compared between 

frequently used conventional aqueous-organic solvent-based and non-aqueous organic 

solvent-based biphasic systems (Paper III). A stronger temperature effect was observed for 

the investigated non-aqueous system composed of n-hexane/ethyl acetate/acetonitrile 

compared to the aqueous-organic n-heptane/ethyl acetate/methanol/water system 

(Arizona N). For the non-aqueous system, a decrease in phase density and interfacial tension 

between the phases was observed, while the viscosity of both phases showed only a small 

decrease with an increase in temperature. In addition, the phase composition of the non-

aqueous system was more affected with an increase in temperature. A decrease in interfacial 

tension with an increase in temperature leads to a better dispersion of stationary and mobile 

phase in the column. Consequently, a significantly increased column efficiency Ni. could be 

observed for the n-hexane/ethyl acetate/acetonitrile system and model solutes with a partition 

coefficient in or close to the sweet spot range. At the same time, a significant decrease in 

stationary phase retention from 65% to 45% occurred, which resulted in a clear decrease in 

separation resolution of 0.5 difference in RS. It was furthermore demonstrated that a 

temperature difference of 10°C between the inlet mobile phase and the column temperature 

can already lead to a destabilization of the system and can subsequently cause column 

bleeding. In this sense, a temperature control system would be highly advantageous and in 

particular necessary for a robust separation method at preparative-scale for all systems. In 

conclusion and similar to CCC, a temperature controlled housing should be established for 

CPC columns. 

 

Separation method transferability 

LLC separation methods are mostly established at lab-scale. Subsequently, they often need 

to be transferred to other columns of different design and size. In classical LC, all columns 

have the same cylindrical shape with the characteristic dimensions column length and column 

diameter, and are packed with a solid stationary phase, which makes scale-up an easy and 

straightforward process. Several scale-up rules and methods have been established for the 

transfer of batch separation methods between columns in LC. A basic rule is the use of same 

packing material and particle size in both columns. In addition, feed sample concentration and 

relative sample load are kept constant as well as the column length. The operating conditions 

and the cross sectional area of the column are then selected so that the same mobile phase 

velocity is achieved in order to aim a similar number of theoretical stages. This approach has 

already been studied also for its applicability in CCC and CPC. However, in contrast to LC very 

different column designs exist especially in CPC, where the cross sectional area of the CPC 

cells is not constant and changes with cells of different geometries.  

Moreover, the generated centrifugal field in combination with the mobile phase flow rate are 

important factors that influence the flow regime and result in different flow regimes in the 

columns. Consequently, the columns differ in stationary phase retention and column efficiency 

as a function of operating conditions. Since these parameters are essential to achieve a certain 

peak resolution, the same mobile phase velocity does not guarantee similar separation 
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behavior. The special column design together with the liquid nature of the stationary phase in 

presence of a centrifugal field makes separation method transfer a major challenge in the field 

of LLC separations of natural products. The most commonly used separation method transfer 

approach in LLC is that operating parameters are tuned to keep the same stationary phase 

retention in both columns. Then, linear scale-up factors are mostly used for calculating the 

feed sample load. As shown in this work (Paper IV), due to differences in column efficiency 

between the columns, this does not guarantee a satisfactory transferability of the separation 

methods between two columns. As a result, this can lead to clear differences in separation 

resolution or even a transfer is not possible at all. To conclude, such attempts of a simple 

transfer and scale-up are only directly applicable in columns of the same type and design. The 

objective of this work was to establish a fast and systematic general approach to quickly 

estimate the separation method transferability between two columns of different design and/or 

size. For this purpose, a fast column characterization was recommended in order to determine 

stationary phase retention, column efficiency and resolution in dependence of flow rate. With 

the solvent system n-heptane/ethyl acetate/methanol/water 1/1/1/1 v/v/v/v and a mixture of 

four parabens, it could be shown that a linear correlation of stationary phase retention and 

efficiency as a function of flow rate can be obtained in all columns within a certain flow rate 

range. In order to quickly determine these column, solute, and solvent system specific 

correlations, a two-point short-cut method was suggested based on two pulse injection 

experiments at different flow rates, one at a preferably low flow rate and a second one at a 

high flow rate within the suitable operating range of a particular column. The achievable 

resolution can then be calculated for different flow rates and used to quickly estimate the 

separation method transferability between the two different columns. The proposed approach 

guides the user to achieve a fast transfer and reduces costly and time consuming trial-and-

error experiments (Paper IV). This is particularly advantageous during scale-up, especially at 

semi-preparative and preparative scale, where higher solvent and sample amounts are needed 

per experiment. In addition, the determined column characteristics can then also be used 

together with models to perform simulations in order to theoretically optimize the operating 

conditions in the columns. 

 

4.2. Strategies for the recovery of pure minor components from natural extracts and 

characterization of their bioactivity  

The isolation of pure natural compounds from plant extracts or biotechnological products in 

preparative amounts is often very time consuming and accompanied by several laborious 

purification steps. In this sense, a typical separation process consists of several extraction 

steps followed by chromatographic steps. Very often, many of these steps can be replaced by 

a single LLC step. To obtain the required amount of the target component several repetitive 

LLC batch injections are performed. However, this is particularly laborious and not practical 

when the concentrations of the target compounds are very low in the starting extracts. 

Therefore, new strategies are needed to make such compounds available in preferably high 

purities.  

In recent years, hops has gained increased attention as an interesting natural resource for a 

huge variety of bioactive substances, like for example xanthohumol. Analogues and especially 

minor compounds were emphasized to exceed the bioactivity of the related major ingredients 

such as xanthohumol. One of these promising bioactive minor hop compounds is 
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xanthohumol C, which is present in a raw hop extract in only very small amounts (0.2-2.2%). 

Hence, the second part of the thesis focuses on new strategies for obtaining such minor 

compounds from natural extracts in sufficient amounts for further analysis of their bioactive 

effects.  

The first approach follows a capture and enrichment of xanthohumol C from a hop raw extract. 

In this context, a biphasic solvent system is selected where the minor component has a 

preferentially high partition coefficient. In addition, the partition coefficient should be higher 

than that of the main impurities. The phase that exhibits a higher affinity to the target compound 

is then used as the stationary phase. High injection volumes of several column volumes of 

extract are applied and the minor compound xanthohumol C is selectively retained in the 

stationary phase and enriched in the column, while major ingredients (impurities) like 

xanthohumol are depleted or completely removed at the same time. In the scope of a 

preliminary study (Section 3.5.1.) using parabens as model solutes and Arizona N 

(n-heptane/ethyl acetate/methanol/water 1/1/1/1 v/v/v/v) as the solvent system, a systematic 

methodology for the design of such capture and pre-purification process was established. A 

five-step model-based procedure for the process design and selection of operating parameters 

was developed, consisting of solvent system selection, selection of operating mode and 

conditions, determination of model parameters, model-based determination of injection volume 

and the duration of the capture and enrichment step, and finally the selection of an extrusion 

step mode. The elution-extrusion mode was recommended for the recovery of the product. In 

this sense, the process stability regarding the application of high injection volumes was 

evaluated by performing breakthrough curve experiments. The model was validated by 

comparison of experimental and simulated elution profiles. This confirms that basic 

methodologies from conventional LC are transferable to LLC under conditions of constant 

stationary phase retention. As a result, there is no need for laborious trial-and-error 

procedures, since the model-based approach is applicable in this case. 

Using the example of a crude hop extract, this concept was transferred to a complex natural 

mixture (Paper V). The promising bioactive minor hop compound xanthohumol C could be 

enriched from a raw hop extract. The xanthohumol C-enriched extract obtained in the first step, 

could then be purified with a pulse injection to 95% pure xanthohumol C. Since the amount of 

natural xanthohumol C in the raw extract is very low, alternative purification and production 

strategies involving one-step semi-synthesis and LLC as sole purification technique were 

evaluated for the production of highly pure xanthohumol C at preparative scale. This alternative 

strategy provided a much higher yield of up to 70 mg xanthohumol C per gram raw extract and 

a purity >99% could be obtained. Furthermore, such an approach is much more convenient 

than multistep full-syntheses requiring laborious purification steps in between the single 

synthesis steps. It could be shown that LLC provides sufficient amounts of pure minor 

compounds for subsequent bioactivity studies. Furthermore, it was demonstrated that the 

application of LLC as a preparative separation method in combination with cell-culture and 

quantitative proteomics experiments is a powerful and fast approach for the evaluation of the 

bioactivity of minor compounds from natural resources (Paper VI). 
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 Outlook 

As part of a global trend towards a more bio-based economy, the demand for natural bioactive 

ingredients from natural and sustainable resources is increasing worldwide. Used as additives, 

these compounds can enhance and support the effect of diverse products, such as dietary 

supplements or functional foods, as well as pharmaceuticals, cosmetics, or health claim 

products. Natural sources such as plant extracts or biotechnological products are very complex 

mixtures containing a huge variety of minor components. This represents an enormous 

opportunity for new bioactive substances. At the same time, this makes the preparative 

isolation of highly pure compounds very difficult, because very selective separation methods 

are required. While conventional chromatographic methods could be employed here, they are 

expensive and often require extensive sample pre-processing. In contrast, a higher column 

loading is achievable in LLC due to the presence of a liquid stationary phase. In this sense, 

LLC has the potential to make a decisive contribution to the selective isolation of natural 

compounds from crude extracts at preparative and industrial-scale. One column can be used 

for several applications as the stationary phase can be easily prepared by simply mixing 

portions of preselected solvents. This eliminates time intensive column packing procedures 

and the costs of expensive solid resins used as stationary phase in LC. An even greater 

advantage of the individual stationary and mobile phase preparation is that highly selective 

tailor-made systems can be prepared for each application and target compound. However, this 

makes LLC a very complex and therefore not yet fully established standard separation 

technique. 

So far, aqueous-organic biphasic solvent systems are mostly used in CCC and CPC. 

Especially for food applications and with regard to the general trend towards greener solvents, 

natural deep eutectic solvents (NADES), which could be prepared using cheap basic 

chemicals such as sugars, could become increasingly more important. However, this further 

increases the number of possible solvent combinations. Due to the increasing number of 

options, solvent system selection would become even more complex, thus requiring more 

precise model-based and predictive selection methods for users. In addition, this new solvent 

class has the potential to enable the development of a further variety of new and previously 

unknown DES-based two-phase systems. Furthermore, a broad testing of such systems 

regarding their applicability in various LLC column geometries, i.e. CCC and CPC, for 

corresponding applications might be necessary, due to their potentially different physical 

properties (density, viscosity, interfacial tension) compared to conventionally used systems. In 

addition, a better understanding of how external influencing parameters such as temperature 

fluctuations, changes in the solvent system compositions, and the presence of other solvents 

or contaminants (e.g. presence of water in actually non-aqueous systems) affect the 

robustness of LLC separations with a wide variety of biphasic solvent systems is necessary. 

Especially for preparative and industrial-scale applications of LLC, efficient solvent recovery 

solutions will be required. So far, biphasic solvent systems are often freshly prepared before 

the separation and partly recovered from the product streams after the separation by 

distillation. At this stage, smarter and less energy intensive alternatives, e.g. membrane 

processes, preferably with complete recovery of the single solvents are needed in order to 

guarantee a sustainable and cheap process.  

Finally, an efficient and rapid design of robust separation methods, easy transfer, and 

straightforward scale-up will decide, whether LLC will find its widespread acceptance as a 
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preparative separation technique for the exploitation of natural bioactive compounds. In the 

future, the integration of model-based biphasic solvent system selection methods and model-

based process design could significantly help make LLC accessible to a broad user base. In 

this sense, a comprehensive toolbox could guide the user systematically through all steps of 

method development and optimization, as well as selection of suitable operating parameters. 

Extensive column characteristics of all common and commercially available CCC and CPC 

systems with a variety of biphasic solvent systems and model compounds could be 

incorporated and used as a basis for the model-based separation method design in LLC. 

Further implementation of models of various operating modes, such as different batch and 

(quasi-) continuous modes, would allow the user to design and customize the processes 

individually based on a restricted number of experiments. 
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 Abbreviations and Symbols 

Abbreviations 

abbreviations descriptions 

Arizona n-heptane/ethyl acetate/methanol/water 

Asc ascending mode 

ATPS aqueous two-phase system 

BECCC back-extrusion countercurrent chromatography 

BP butyl paraben 

CCC countercurrent chromatography 

ChCl choline chloride 

COSMO-RS conductor like screening model for realistic solvation 

CPC centrifugal partition chromatography 

CPE centrifugal partition extractor 

DES deep eutectic solvent 

DM dual mode 

Dsc descending mode 

EECCC elution-extrusion countercurrent chromatography 

EP ethyl paraben 

F flow rate 

GC – MS gas chromatography – mass spectrometry 

GUESSmix generally useful estimate of solvent systems 

HBA hydrogen-bond acceptor 

HBD hydrogen-bond donor 

HEMWat n-hexane/ethyl acetate/methanol/water 

HPLC high performance liquid chromatography 

IL ionic liquid 

LA levulinic acid 

LC liquid chromatography 

LC – MS liquid chromatography – mass spectrometry 

LLC liquid-liquid chromatography 

LLE liquid-liquid equilibrium 

LP lower phase 

MCF-7 Michigan cancer foundation – 7 (human breast cancer cell line) 

MDM multiple dual mode 



 

157 

 

abbreviations descriptions 

MP methyl paraben 

NADES natural deep eutectic solvent 

NMR nuclear magnetic resonance 

NRTL non-random-two-liquid 

PC-SAFT perturbed-chain statistical associating fluid theory 

PEG polyethylene glycol 

PP propyl paraben 

ProMISE probabilistic model for immiscible separations and extractions 

PTFE Polytetrafluoroethylene 

ReSS² 2-dimensional reciprocal shifted symmetry 

rpm revolutions per minute 

sCPC sequential centrifugal partition chromatography 

SP stationary phase 

SUF scale-up factor 

TLC thin layer chromatography 

UNIFAC universal quasichemical functional-group activity coefficients 

UNIQUAC universal quasichemical 

UP upper phase 

UV ultra violet 

XN xanthohumol 

XNC xanthohumol C 
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Symbols 

symbols descriptions 

α separation factor 

a activity 

A  cross-sectional area 

BP butyl paraben 

γ 
  activity coefficient 

c  concentration 

CS̅̅ ̅ average cross section 

∆ difference 

d inner coil diameter 

EP ethyl paraben 

F Flow rate 

FSU scale-up factor 

fi
  fugacity of a phase 

fi
0 standard fugacity 

hcell cell height 

IC50 inhibition concentration at 50% cell growth inhibition 

K  distribution coefficient (based on molar fractions) 

kOa overall volumetric mass transfer coefficient 

L  coil length 

μi chemical potential of compound i 

μi
0 chemical potential at a reference state 

μt first moment of a peak 

MP methyl paraben 

N  column efficiency (number of theoretical plates) 

P  partition coefficient 

PP propyl paraben 

p pressure 

RS separation resolution 

σ  peak standard deviation 

σ²  second moment of a peak (peak variance) 

SF stationary phase retention 

T temperature 
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symbols descriptions 

t  time 

tB breakthrough time 

tR retention time 

u  average mobile phase velocity 

V  volume 

VB breakthrough volume 

VR retention volume 

v  molar volume 

ω angular velocity 

w  peak width 

x 
  molar fraction 
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Superscripts 

symbols descriptions 

α phase α 

β phase β 

π phase π 

E excess 

LP lower phase 

MP mobile phase 

SP stationary phase 

UP upper phase 

 

Subscripts 

symbols descriptions 

0 pure compound/ tracer 

Asc ascending mode 

C column 

CCC countercurrent chromatography 

cell cell 

CPC centrifugal partition chromatography 

Dsc descending mode 

Feed feed 

i compound i 

inj injection 

j compound j 

k cell/stage k 

MP mobile phase 

O/W octanol/water 

paraben paraben 

plant plant (setup) 

R retention 

SP stationary phase 
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 Appendix 

10.1. Supplementary information for Paper I 

Characterization of a centrifugal partition chromatographic column with spherical cell 

design 

Citation 

S. Roehrer, M. Minceva, (2019). Characterization of a centrifugal partition chromatographic 

column with spherical cell design. Chemical Engineering Research and Design, 143, 180-189 

https://doi.org/10.1016/j.cherd.2019.01.011 

 

The following are the supplementary data to this article: 

 

Supplementary Fig. A: Productivity calculated based on the pulse injections (injection 

volume of 1 ml) and the injected feed mass load in ascending mode of hydroquinone and 

pyrocatechol in CPC, CPE and CPE spherical cells as a function of flow rate. 
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Supplementary Fig. B: Solvent consumption calculated based on the pulse injections 

(injection volume of 1 ml) and the injected feed mass load in ascending mode of hydroquinone 

and pyrocatechol in CPC, CPE and CPE spherical cells as a function of flow 

 
Supplementary Fig. C: Chromatogram of the CPE spherical cells separation of 

hydroquinone and pyrocatechol with the solvent system ARIZONA K 

(heptane/ethyl acetate/methanol/water, 1/2/1/2 v/v/v/v) at the wavelength (DSC mode: 40 ml 

min-1, 𝑐𝑖𝑛𝑗 = 5 mg ml-1, 𝑉𝑖𝑛𝑗 = 1 ml, 2000 rpm, 𝑆𝐹 = 0.80) 
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Supplementary Fig. D: Chromatogram of the CPE separation of hydroquinone and 

pyrocatechol with the solvent system ARIZONA K (heptane/ethyl acetate/methanol/water, 

1/2/1/2 v/v/v/v) at the wavelength (DSC mode: 40 ml min-1, 𝑐𝑖𝑛𝑗 = 5 mg ml-1, 𝑉𝑖𝑛𝑗 = 1 ml, 

1700 rpm, 𝑆𝐹 = 0.67) 
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10.2. Supplementary information for Paper III 

Influence of temperature on the separation performance in solid support-free liquid-

liquid chromatography  

Citation 

S. Roehrer, M. Minceva, (2019). Influence of temperature on the separation performance in 

solid support-free liquid-liquid chromatography. Journal of Chromatography A, 1594, 129-139. 

https://doi.org/10.1016/j.chroma.2019.02.011 

 

 

The following are the supplementary data to this article: 

 

Figure A: Phase diagram of the n-hexane/ethyl acetate/acetonitrile system at 25 °C/298.15 K 

and 35 °C/308.15 K in mole fractions and at atmospheric pressure (1.01 bar).  
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Table A: Liquid - liquid equilibrium phase composition in mole fractions for n-hexane (1)/ 

ethyl acetate (2)/ acetonitrile (3) at T = (25 °C/298.15 K, 35 °C/308.15 K) under atmospheric 

pressure (1.01 bar). 

 Initial system composition  Upper phase composition  Lower phase composition  

 x1 x2 x3  x1 x2 x3  x1 x2 x3  

 25 °C/ 298.15 K          

 0.5018 0.0000 0.4982  0.9294 0.0000 0.0706  0.0526 0.0000 0.9474  

 0.4721 0.0482 0.4797  0.8725 0.0333 0.0942  0.0728 0.0580 0.8692  

 0.4147 0.0983 0.4870  0.8005 0.0713 0.1283  0.1026 0.1134 0.7840  

 0.3798 0.1524 0.4677  0.6907 0.1203 0.1890  0.1564 0.1680 0.6756  

 0.3730 0.1837 0.4433  0.5797 0.1574 0.2629  0.2228 0.1945 0.5828  

 0.3403 0.2257 0.4340  0.3397 0.2207 0.4395  single phase  

 35 °C/ 308.15 K          

 0.5024 0.0000 0.4976  0.9130 0.0000 0.0870  0.0621 0.0000 0.9379  

 0.4723 0.0480 0.4797  0.8436 0.0356 0.1208  0.0884 0.0559 0.8557  

 0.4146 0.0979 0.4875  0.7620 0.0752 0.1628  0.1151 0.1122 0.7727  

 0.3796 0.1523 0.4681  0.6065 0.1289 0.2647  0.1760 0.1652 0.6588  

 0.3695 0.1843 0.4463  0.3676 0.1809 0.4514  0.4146 0.1763 0.4091  

 0.3396 0.2258 0.4346  0.3385 0.2219 0.4396  single phase  

Mean SD (x) < 0.0045  

 

 

Table B: Liquid - liquid equilibrium phase composition in mole fractions for the n-hexane (1)/ 

ethyl acetate (2)/ acetonitrile (3) system 41.43/9.92/48.65 mol% (11.2/2.0/5.3 v/v/v at 25 °C, 

55.4/13.6/31.0 wt%) at different temperatures under atmospheric pressure (1.01 bar). 

 

 

 

 

 

 

 

Mean SD (x) < 0.0028 
 

  

T  Upper phase composition  Lower phase composition  

°C  x1 x2 x3  x1 x2 x3  

         
 

25  0.8005 0.0713 0.1283  0.1026 0.1134 0.7840  

30  0.7739 0.0738 0.1523  0.1048 0.1155 0.7796  

35  0.7620 0.0752 0.1628  0.1151 0.1122 0.7727  

40  0.7100 0.0811 0.2089  0.1381 0.1112 0.7508  
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Table C: Liquid - liquid equilibrium phase composition in mole fractions for the n-heptane (1)/ 

ethyl acetate (2)/ methanol (3)/ water (4) system Arizona N 7.01/10.5/25.38/57.11 mol% 

(1/1/1/1 v/v/v/v at 25 °C, 20.2/26.7/23.4/29.7 wt%) at different temperatures under atmospheric 

pressure (1.01 bar). 

Mean SD (x) < 0.0019 

 

 

 

Figure B: Influence of temperature on the separation for the Hex/EtOAc/ACN system in the 

CCC column on: stationary phase retention (a), column efficiency (b), partition coefficients of 

selected model compounds (c), and peak resolution in ascending mode (d). Experimental 

conditions: mobile phase flow rate 1 ml min-1, 1900 rpm, Vinj = 72 μl. 

 

T  Upper phase composition  Lower phase composition  

°C  x1 x2 x3 x4  x1 x2 x3 x4  

            

25  0.6049 0.2878 0.0667 0.0405  0.0005 0.0403 0.2937 0.6655  

30  0.6061 0.2834 0.0688 0.0417  0.0007 0.0437 0.2993 0.6564  

35  0.6103 0.2755 0.0691 0.0451  0.0006 0.0445 0.3033 0.6516  

40  0.5964 0.2744 0.0755 0.0538  0.0008 0.0446 0.2993 0.6554  
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Figure C: CCC pulse injections of butyl paraben, S-carvone, and β-ionone with 

n-hexane/ethyl acetate/acetonitrile system at same column temperatures and mobile phase 

inlet temperatures between 25 °C and 40 °C (descending mode, 1 ml min-1 mobile phase flow 

rate, 1900 rpm, Vinj = 72 μl, detector wavelength 255 nm). 

 

 

Figure D: CCC pulse injections of D/L-tryptophan, methyl paraben, ethyl paraben, propyl 

paraben, and butyl paraben with Arizona N system at same column temperatures and mobile 

phase inlet temperatures between 25 °C and 40 °C (descending mode, 1 ml min-1 mobile 

phase flow rate, 1900 rpm, Vinj = 72 μl, detector wavelength 255 nm) 
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Figure E: CCC pulse injections of tocopherol, β-ionone and S-carvone with the 

n-hexane/ethyl acetate/acetonitrile system at different column temperatures (CT) and mobile 

phase inlet temperatures (MP) (ascending mode, 1 ml min-1 mobile phase flow rate, 1900 rpm, 

Vinj = 72 μl, detector wavelengths 255 nm and 280 nm): (a) 25 °C CT and 25 °C MP; (b) 35 °C 

CT and 35 °C MP, (c) 35 °C CT and 25 °C MP. 
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Figure F: CCC pulse injection of butyl paraben, S-carvone and β-ionone with the 

n-hexane/ethyl acetate/acetonitrile system at a column temperature of 40°C and a mobile 

phase inlet temperature of 25 °C (descending mode, 1 ml min-1 mobile phase flow rate, 

1900 rpm, Vinj = 72 μl, detector wavelengths 255 nm and 280 nm). 

 

 

Figure G: CCC pulse injection of tocopherol, β-ionone and S-carvone with the 

n-hexane/ethyl acetate/acetonitrile system at a column temperature of 40°C and a mobile 

phase inlet temperature of 25 °C (ascending mode, 1 ml min-1 mobile phase flow rate, 

1900 rpm, Vinj = 72 μl, detector wavelengths 255 nm and 280 nm). 
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Figure H: CPC pulse injections of tocopherol, β-ionone and S-carvone with the 

n-hexane/ethyl acetate/acetonitrile system, a mobile phase inlet temperature of 25 °C, and (a) 

a column with and (b) a column without additional cooling (ascending mode, 12 ml min-1 mobile 

phase flow rate, 1700 rpm, Vinj = 1 ml, detector wavelengths 255 nm and 280 nm). 
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10.3. Supplementary information for Paper V 

Xanthohumol C, a minor bioactive hop compound: Production, purification strategies 

and antimicrobial test  

Citation 

S. Roehrer, J. Behr, V. Stork, M. Ramires, G. Médard, O. Frank, K. Kleigrewe, T. Hofmann, M. 

Minceva, (2018). Xanthohumol C, a minor bioactive hop compound: production, purification 

strategies and antimicrobial test. Journal of Chromatography B, 1095, 39-49 

https://doi.org/10.1016/j.jchromb.2018.07.018 

 

The following are the supplementary data to this article: 

 

 

Supplementary Figure A: Chromatogram of CCC separation of xanthohumol (XN) from 

Xantho-FlavTM with the solvent system HEMWat-3 (hexane/ethyl acetate/methanol/water, 

6/4/6/4 v/v/v/v) at the wavelength 370 nm, including the LC-MS offline analysis of the collected 

fractions containing xanthohumol and the main impurities 8-prenylnaringenin (8-PN) and 6-

prenylnaringenin (6-PN) at 370 nm (ASC mode: 1 ml min-1, 𝑐𝑖𝑛𝑗 = 40 mg ml-1, 𝑉𝑖𝑛𝑗 = 0.5 ml, 

1900 rpm, 𝑆𝐹 = 0.47). 
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Supplementary Table A: HEMWat (hexane/ethyl acetate/methanol/water) solvent systems: system name, composition in volumetric ratios, 

stationary phase retention 𝑆𝐹 in DSC mode at 1 ml min-1 in a 18.2 ml CCC column at 1900 rpm, partition coefficients of XN, XNC, 6-PN and 8-PN 

determined by preliminary shake-flask experiments from Xantho-FlavTM, separation factor between XNC and XN, XN and 6-PN as well as XN and 

8-PN 

HEMWat system Composition 

(v/v/v/v) 

SF,CCC / - 𝑃𝑋𝑁 / - 𝑃𝑋𝑁𝐶 / - 𝑃6−𝑃𝑁 / - 𝑃8−𝑃𝑁 / - αXNC-XN / - αXN-6-PN / - αXN-8-PN / - 

-5 7/3/7/3 0.69 0.09 0.42  - - 4.67 - - 

-4 7/3/6/4 0.62 0.28 1.13 - - 4.04 - - 

-3 6/4/6/4 0.63 0.57 1.64 0.23 0.07 2.88 2.48 8.14 

-1 6/4/5/5 0.63 1.64 11.96 1.49 0.41 7.29 1.10 4 

0 5/5/5/5 0.62 2.48 16.26 2.18 0.41 6.56 1.14 6.05 

1 4/6/5/5 0.54 3.08 19.17 3.22 0.58 6.22 0.96 5.31 

3 4/6/4/6 - 26.37 153.74 40.90 4.06 5.83 0.64 6.50 

Abbreviations: 𝑆𝐹: stationary phase retention, XN: xanthohumol, XNC: Xanthohumol C, 6-PN: 6-prenylnaringenin, 8-PN: 

8-prenylnaringenin, 𝛼: separation factor 
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Supplementary Figure B: LC-MS/MS analysis of purified XN from the XN-enriched extract 

Xantho-FlavTM with (a) the MS spectrum of XN (m/z 353) in negative ionization mode and (b) 

the corresponding MS/MS fragmentation pattern. 

 

 

 

Supplementary Figure C: 1H qNMR spectrum of a 5 mM xanthohumol C solution purified from 

synthesis 2 (see Fig. 5b). Conditions: 400 MHz, dissolution in MeOD. 
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10.4. Supplementary information for Paper VI 

Analyzing Bioactive Effects of the Minor Hop Compound Xanthohumol C on Human 

Breast Cancer Cells using Quantitative Proteomics 

Citation 

S. Roehrer, V. Stork, C. Ludwig, M. Minceva, J. Behr, (2019). Analyzing Bioactive Effects of 

the Minor Hop Compound Xanthohumol C on Human Breast Cancer Cells using Quantitative 

Proteomics. PloS ONE, 14(3), e0213469. 

https://doi.org/10.1371/journal.pone.0213469 

 

The following are the supporting information to this article: 
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S1 Fig. DE proteins after xanthohumol treatment. Differentially expressed proteins 

in xanthohumol treated MCF-7 with their respective molecular function. Proteins are 

sorted by their differences in expression compared to control cells, showing only 

proteins with 2.5 fold up- or downregulation based on log2 transformed LFQ intensities. 
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S2 Fig. DE proteins after xanthohumol C treatment. Differentially expressed proteins in 

xanthohumol C treated MCF-7 with their respective molecular function. Proteins are sorted by 

their differences in expression compared to control cells, showing only proteins with 2.5 fold 

up- or downregulation based on log2 transformed LFQ intensities. 
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S3 Fig. Functional signal networks after xanthohumol treatment. Functional signal 

networks of up- (a) and downregulated (b) proteins in xanthohumol treated MCF-7. In (b), 

proteins were marked that are involved in the type I interferon signaling pathway. 

 
S4 Fig. Functional signal networks after xanthohumol C treatment. Functional signal 

networks of up- (a) and downregulated (b) DE proteins in xanthohumol C treated MCF-7. (a): 

Heat shock proteins were marked in grey. (b): In blue kinases were marked, in grey proteins 

involved in tubulin, and in black proteins implemented in the type I interferon signaling pathway. 
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S1 Table. Enrichment analysis of upregulated proteins after xanthohumol C treatment. 

Enrichment analysis of upregulated proteins in xanthohumol C treated MCF-7 implemented in 

the web tool GOrilla. Gene ontology terms, description of the molecular function in which 

enriched proteins were involved, p-values, false discovery rates (FDR), and enrichment factors 

are shown. 
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S2 Table. Enrichment analysis of downregulated proteins after xanthohumol C 

treatment. Enrichment analysis of downregulated proteins in xanthohumol C treated MCF-7 

implemented in the web tool GOrilla. Gene ontology terms, description of the molecular 

function in which enriched proteins were involved, p-values, false discovery rates (FDR), and 

enrichment factors are shown. 
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