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Kurzfassung

Experimentelle Daten zu Flussig-fliissig-Gleichgewichten sind wichtig fir viele Anwen-
dungen von der Auslegung von Extraktionsanlagen bis hin zu Umweltaspekten wie die
Loslichkeit von organischen Substanzen in Wasser. Dennoch benotigen konventionelle
Messmethoden sehr viel Zeit und Probenmengen.

Daher wird im ersten Teil dieser Arbeit ein Messaufbau fiir die zeit- und mate-
rialeffiziente Vermessung von Fliissig-Fliissig-Gleichgewichten in parallelen mikroflui-
dischen Stromungen vorgestellt. Der Messaufbau verkniipft die Vorteile von Mikroflui-
dik und Raman-Spektroskopie. Die kleinen Dimensionen des Mikrokanals fithren zu
einer schnelle Gleichgewichtseinstellung bei gleichzeitig niedrigem Probenverbrauch,
wobei die Raman Spektroskopie eine schnelle in-situ Quantifizierung aller Komponen-
ten ermoglicht. Der Messaufbau wurde erfolgreich validiert durch die Vermessung des
Flissig-fliissig-Gleichgewichts des terndren Systems Cyclohexan - Methanol - Toluol.

Um die hochste Effizienz und Nutzerunabhéngigkeit zu erreichen, wurde der Messauf-
bau im zweiten Teil dieser Arbeit so angepasst, dass ein automatisierter Arbeitsablauf
von Kalibration bis zur Datenanalyse moglich ist. Dafiir werden Reinstoffe in einem
Mikromischer vorgemischt, um innerhalb eines Experimentes mehrere Datenpunkte
fiir die Kalibration oder das Fliissig-fliissig-Gleichgewicht zu generieren. Mit Hinblick
auf die Validierung sowohl der integrierten Kalibration als auch der Gleichgewichts-
messung, wurden die beiden terndren Systeme Cyclohexan - Toluol - Methanol und
n-Heptan - Acetonitril - Ethanol vermessen.

Eine stabile parallele Stromung kann allerdings fiir viele industriell relevante wassrig-
organische Systeme nicht eingestellt werden, da diese zu einer Propfenstromung ten-
dieren. Propfenstromungen haben den Vorteil, dass innere Zirkulationen in den Prop-
fen den Massentransport erhéhen, was eine schnellere Gleichgewichtseinstellung be-
wirkt. Daher wird im dritten Teil dieser Arbeit ein Messaufbau fiir die Bestim-
mung von Fliissig-fliissig-Gleichgewichten in mikrofluidischen Propfenstrémungen vor-
gestellt. In dem Messaufbau wird eine Kapillare gegen die Stromungsrichtung bewegt.
Dabei wird je ein Propfen von entweder wassriger oder organischer Phase wahrend
der Aufnahme der Ramanspektren im Laserfokus gehalten. Das Vormischen der Kom-
ponenten, die Berechnung der Langen und Geschwindigkeiten der Propfen und die
Raman-Messungen finden in beiden Phasen voll automatisiert statt. Der Messautbau
und die Versuchsdurchfiihrung wurden erfolgreich am ternédren System Aceton - Toluol
- Wasser validiert. Mit beiden vorgestellten Aufbauten ist es nun méglich, die Fliissig-
fliissig-Gleichgewichte vieler verschiedener Systeme hochst effizient zu vermessen.

XVII






Abstract

Experimental liquid-liquid equilibrium (LLE) data are of major importance for many
applications ranging from extraction column design to water partitioning of organics
in the environment. However, conventional LLE experiments are time consuming and
need large sample volumes.

Therefore, in the first part of this work, a measurement setup is presented for the
time- and material-efficient determination of LLE data. The measurement setup com-
bines the advantages of microfluidics and Raman microspectroscopy. The small di-
mensions of the used H-cell microchannel lead to rapid equilibration and small sample
consumption while Raman microspectroscopy allows for rapid in-situ quantification of
all components. The measurement setup has successfully been validated by measuring
the LLE of the ternary system cyclohexane — methanol — toluene.

Since highest efficiency and user independence can be reached by automation, the
setup has been adapted in the second part of the manuscript to allow for an auto-
mated workflow from calibration to data analysis. Pure components are premixed
online using a micromixer resulting in a closed system with the additional advantage
of avoiding potential losses of volatile components. In the automated setup, one ex-
periment generates several data points for calibration and LLE data measurements.
The automated setup and workflow are successfully validated with respect to both the
integrated calibration and the LLE measurements. For this purpose, the two ternary
systems cyclohexane — toluene — methanol and n-heptane — acetonitrile — ethanol were
studied.

However, a stable parallel microfluidic flow regime cannot be established for nu-
merous industrially relevant aqueous-organic LLE systems since they tend to form
plug flows. These plug flows have the advantage that inner circulations in the plugs
enhance the mass transfer, leading to a much faster equilibration. Therefore, a mea-
surement setup is presented for LLE in microfluidic plug flows in the third part of
this thesis. In the setup, a capillary is moved against the flow direction. Thereby, one
plug of either aqueous or organic phase is hold in the laser focus during the Raman
measurement. Full automation is established for the premixing of the components,
the calculation of the plug lengths and speeds and the Raman measurements of both
phases. The setup and automated measurement procedure are successfully validated
for the LLE of the ternary system acetone — toluene — water.

Using both presented setups, it is now possible to measure the liquid-liquid equi-
libria of many different systems in a highly efficient manner.
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CHAPTER 1

Introduction

Experimental liquid-liquid equilibrium (LLE) data is needed in many areas, e.g., for
extraction column design in the chemical industry (Kontogeorgis et al., 2021), sample
extraction in analytical chemistry (Tang et al., 2016) or for environmental assessments
of novel biofuels with respect to their partitioning behavior with water and the re-
sulting impact of aqueous toxicity (Anastas and Zimmerman, 2016; Dechambre et al.,
2017; Heger et al., 2018).

The assessment of the mutual partitioning of new biofuels or biofuel blends with wa-
ter motivated this work which was funded by the Cluster of Excellence ‘Tailor-Made
Fuels from Biomass’. The research of this Cluster of Excellence refers to second-
generation biofuels derived from lignocellulosic biomass, which have no competition
with food production. While searching for the optimal biofuel candidate or blend the
focus is set in equal measures on the production chains, the combustion characteristics
and environmental aspects. Since many biofuel candidates and blends were consid-
ered, also many possible liquid-liquid systems have attracted interest, both in terms
of sample extraction during production or processing and regarding environmental

aspects such as the mutual solubilities of new biofuels or biofuel blends and water.

In the chemical industry, liquid-liquid extraction is an important separation when
distillation cannot be applied or only with an excessive energy consumption, e.g. due
to an azeotrope. Liquid-liquid extraction allows to separate large quantities of liquids
at low cost and with relatively simple equipment and is therefore also used to enrich
a component in a phase with a lower volume. A subsequent distillation step can thus

be much more efficient and cost-effective.

The prediction of LLE data remains a great challenge today, because LLE occur
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due to complex molecular interactions in liquid mixtures (Case et al., 2011). Thus,
experimental LLE data is of major importance. Despite this importance, LLE data
is scarce, in particular for multicomponent systems: LLE data is available for 8193
ternary, 1277 quaternary and only 131 quinary systems from Dortmund Data Bank
(DDBST GmbH, 2023). Considering that 8193 ternary systems could be formed
with only 38 unique substances and thousands of new substances are added to CAS
REGISTRY (2023) daily, it is evident that needed LLE data is mostly unavailable.

Consequently, experiments are unavoidable.

Conventional LLE experiments are time consuming and need large sample volumes
of up to tens of milliliters (Weir and de Loos, 2005). The need for larger samples
is particularly an issue in the screening of new systems, where components are often
of limited availability. Thus, two improvements are desirable for LLE experiments:

firstly, smaller sample sizes; and secondly, fast and reliable data collection.

1.1 Structure of this Thesis

In this work, a new measurement principle is presented which combines microfluidics

and Raman microspectroscopy for highly efficient LLE measurements.

Chapter 2 presents the current state of the art for the fundamentals and measure-
ments of liquid-liquid equilibria. First, some fundamental rules for the appearance and
application of liquid-liquid equilibria are presented. Then, the current measurement
methods, from conventional experiments for fully LLE measurements to microfluidic
approaches for the determination of distribution coefficients are presented. Finally,
further insight is given in liquid-liquid microfluidic flows and the in-situ concentration

measurement using Raman spectroscopy.

In Chapter 3, the proof of concept to efficiently determine liquid-liquid equilibria in
parallel microfluidic flows using Raman microspectroscopy is presented. Due to the
small dimensions of the used microchannel, the equilibration is rapid and the sample
consumption is minimized. Raman microspectroscopy allows for in-situ quantification
of all components with high spatial resolution. These features allow the determina-
tion of full ternary liquid-liquid equilibria in microfluidic flows, going beyond the

measurement of partition coefficients for the first time.

In Chapter 4, the previously shown setup is automated. An automated workflow
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and setup are presented which include online premixing of components to calibrate and
measure LLE data with high efficiency and user independence. Several data points
for both calibration and LLE data measurements can now be generated automatically

in one experiment.

Since especially the industrially relevant aqueous-organic systems tend to form plug
flows rather than parallel flows, Chapter 5 presents an alternative measurement setup
for the determination of LLE in microfluidic plug flows. To hold one plug in the laser
focus during the Raman measurement, a capillary is moved against the flow direction.
Full automation is established for premixing of the components, calculation of the

droplet lengths and speeds and the Raman measurements of both phases.

The work is summarized in Chapter 6. Finally, perspectives for future work are

given.



CHAPTER 2

State of the Art

In this chapter, the theoretical background of liquid-liquid equilibria and the state
of the art of LLE measurements are presented. In Section 2.1, a short introduction is
given to the fundamentals of LLE appearance and the application of LLE for industrial
separation processes. Section 2.2 gives an overview of different experiments for the
determination of LLE data, starting with conventional batch experiments with large
sample volumes over newer automated approaches which still use standard analytics
to new microfluidic approaches for the determination of distribution coefficients. In
Section 2.3, more detailed insight is given on the different liquid-liquid microfluidic
flow regimes. Since Raman spectroscopy is very suitable for use in microfluidics, the

fundamentals and applications of this measurement technique are presented in Section
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2.1 Fundamentals and Application of Liquid-Liquid Equilibria

2.4. Finally, the idea of an efficient measurement principle which combines microflu-
idics and Raman spectroscopy for highly efficient LLE experiments is presented in

Section 2.5 which underlines the significance of this work.

2.1 Fundamentals and Application of
Liquid-Liquid Equilibria
Two liquid phases are in thermodynamic equilibrium when temperature 7', pressure

p and the chemical potentials u of all components in both phases are equal where

the chemical potential of a component i is the partial molar Gibbs free energy of this

oG )
(8711 T,p,nj;,gi

In thermodynamic phase equilibrium, the total Gibbs free energy of the system is

component:

at a minimum (Frank et al., 2008). Liquid-liquid equilibria can occur when mixtures
show strongly non-ideal mixing behavior mostly due to the different polarities of the
various components of the mixture. When the excess Gibbs energy of the mixture,
which describes the deviation of the mixture behavior from the ideal mixture behavior,
would become to large in the theoretical consideration of a single-phase mixture, the
system splits into two phases to minimize the overall total Gibbs free energy. The
compositions and phase properties of the two separated phases can differ to a large

extent, especially for systems where two components are nearly immiscible.

Liquid-liquid equilibria form the basis of liquid-liquid extraction processes which
use the differing solubility of one solute in two immiscible liquid phases for separation
by enrichment of this solvent in one of the phases. The ratio of the volumes of these
two phase can thereby be influenced by a clever choice of the total composition over
both phases. The distribution coefficient

K== (2.2)

quantifies the ratio of the mole fractions of a component i between the two phases ’

and ”. This mole fraction ratio depends on the global concentration but is constant
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along a tie line for constant temperature and pressure conditions (see Figure 2.1).

Figure 2.1: Representation of a ternary liquid-liquid equilibrium in a triangular phase
diagram.

For the optimal design and operation of liquid-liquid extraction columns, not only
distribution coefficients are relevant but also the concentration-dependent mutual sol-
ubility between the feed and solvent phase and thus the full LLE data, i.e. the

concentrations of all components in both phases.

Liquid-liquid equilibria can be strongly temperature-dependent but are only hardly
influenced by pressure (Raal and Mihlbauer, 1997). A change of the temperature can
therefore change the position of the binodal and thus the equilibrium distribution to

improve the extraction efficiency.

In the last years, research in the field of liquid-liquid extraction is moving more
and more in the direction of microfluidics. The short diffusion distances and large
surface-to-volume ratios of microfluidic setups are especially beneficial for liquid-liquid
extraction, which efficiency relies on effective liquid-liquid contacting (Assmann et al.,

2013).

For the design and optimization of conventional or microfluidic liquid-liquid ex-
traction processes, accurate and reliable LLE data is needed. Possible measurement

methods are therefore presented in the following section.
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2.2 Determination of Liquid-Liquid Equilibria

Generally, three types of experimental methods are used for the determination of
liquid-liquid equilibrium data (Frank et al., 2008):

e optical turbidity measurements as function of concentration (by titration),
e optical turbidity measurements as function of temperature

e and direct analysis of the equilibrated phases.

Turbidity measurements, also known as cloud point measurements, make use of the
fact that a starting clear single-phase mixture becomes cloudy once a second liquid
phase is formed in the moment when the (temperature-dependent) miscibility gap
of a system is reached. To conduct a turbidity experiment, a single-phase mixture
of known composition is placed in a tempered equilibrium cell. Then, either a pure
component or mixture with varying composition is titrated or the temperature is
varied until the mixture becomes cloudy. By varying the temperature, the upper
and lower critical solution temperatures of a mixture at given composition can be
determined. Using titration, the position of the binodale curve can be determined.
For systems with three or more components, the turbidity measurements only give

information about the binodale curve and cannot detect the positions of the tie lines.

In the direct analysis method, a mixture with a global concentration in the misci-
bility gap is prepared and tempered at a desired temperature. When the liquid-liquid
equilibrium is reached and the phases are separated, samples are drawn from the two
co-existing phases and the compositions of both phases are analyzed (Frank et al.,
2008). This method has the greatest experimental effort but is quantitative and gives
additional information about the tie lines of the systems to provide full LLE data sets.
Therefore, the focus in the following subchapters is on analytical methods based on

the concentration determination of the equilibrated phases.

2.2.1 Methods Using Standard Analytics

In conventional LLE experiments, an equilibrium cell with a typical volume of some
centiliters is used. This equilibrium cell is placed in an oven or water bath for ac-
curate temperature control. Typically, the components are introduced, thoroughly

stirred for some hours until the liquid-liquid equilibrium state is reached and then
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the phases are allowed to separate. Afterwards, samples are withdrawn from the
two phases which are commonly analyzed via standard analytical methods like gas or

liquid chromatography.

This conventional procedure has to be repeated for each individual tie line. There-
fore, the conventional approach is very elaborate and time-consuming and needs large

sample volumes (Weir and de Loos, 2005).

To improve the speed and reliability of the analytical approach, automation has
been shown to be effective in various applications (Prabhu and Urban, 2017). For
LLE measurements, the efficiency improvement by using automation has been demon-
strated combining an autosampler with standard analytical methods like gas or high-
performance liquid chromatography (Dechambre et al., 2014a; Kuzmanovi¢ et al.,
2003). However, the employed standard analytical methods take long analysis time
for each sample and are therefore often the bottleneck in these new automated ap-
proaches. Additionally, an internal standard is needed in many cases, which increases

the overall consumption of chemicals (Grob and Barry, 2004).

Thus, more time- and material-efficient measurement techniques are desirable to
determine LLE data, especially when screenings of new systems have to be conducted
where many experiments are needed and some compounds are only available in very

small amounts.

2.2.2 Microfluidic Approaches

In the last years, the field of microfluidics has received more and more attention for
various applications in chemical industry, biotechnology and medicine (Whitesides,
2006; Zhao and Middelberg, 2011). The small dimensions of the microfluidic setups
result in small sample volumes, rapid equilibration and good control of fluid flows
(Whitesides, 2006).

When two partially miscible or immiscible fluids are brought into contact in a
microfluidic device, a liquid-liquid microfluidic flow is established. Compared to stan-
dard liquid-liquid extraction applications, the interfacial area and thus the surface-to-
volume ratio is increased enhancing mass transfer. The high potential of microfluidics
for liquid-liquid extraction processes has been repeatedly shown as thoroughly re-
viewed by Assmann et al. (2013), Ciceri et al. (2014), Wang and Luo (2017) and Xu

and Xie (2017). Using microfluidics, mass transfer rates can be increased by up to
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three orders of magnitude in comparison to conventional extraction processes (Well-
sandt et al., 2015). Hence, these microfluidic approaches have the potential to replace
conventional established macroscopic methods in the long term despite the fact that
till now, there is no breakthrough in the implementation for industrially relevant sep-
arations (Wellsandt et al., 2015). According to Wellsandt et al. (2015), the main
reasons for the still missing breakthrough are that the phase separation is difficult,

the throughput is low and that the scalability is limited.

These restrictions do not matter when regarding the measurement of phase equi-
librium data. Here, the small throughput and the fast equilibration are strongly
beneficial in order to increase the efficiency of LLE measurements regarding time and
material consumption. That microfluidics can be used for the efficient determination
of partition coefficients has repeatedly been shown, with the first approaches based
on ex-situ standard analytical methods like high performance liquid chromatography
(Alimuddin et al., 2008; Kralj et al., 2007), gas chromatography (Jovanovic et al.,
2011) or (spectro-)photometric methods (Poulsen et al., 2015; Susanti et al., 2016).
Standard analytical methods require phase separation at the end of the microchannel.
Additionally, especially the chromatographic methods require laborious preparation
of the samples and long analysis times. Consequently, the advantage of the fast equi-

libration times is lost compared to the long and laborious analysis.

The good optical accessibility of microfluidic systems allows in-situ concentration
measurements in both liquid phases. As a consequence, the phase separation at the
end of the microchannel can be avoided. The feasibility of in-situ measurements of
partition coefficients has been shown for parallel laminar flows (Kim et al., 2000;
Stephan et al., 2014), plug flows (Luther et al., 2014; Marine et al., 2009; Mary
et al., 2008) and other micro-volume extraction systems (Abolhasani et al., 2015;
Kitt and Harris, 2015; Carlsson and Karlberg, 2000). In microfluidics, concentrations
are mostly determined in-situ by thermal-lens microscopy or fluorescence microscopy
(Assmann et al., 2013). These measurement techniques do not allow for complete LLE
measurements in ternary mixtures, because they only quantify one component in both
phases and therefore measure only the partition coefficient of that component. The
cross-solubility of both solvents and thus the full LLE data cannot be determined.
This gap can be filled by the match of microfluidics with Raman spectroscopy which
will be explained in detail in Section 2.4. Luther et al. (2014) use Raman spectroscopy

for phase-specific measurements in segmented flows up to fast kHz-rates. To overcome
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the weak Raman signal of one plug passing the laser focus, they use a photo-electric
guard to identify the phase boundaries which triggers the photo-electric gate that
ensures that only the laser light from one phase is analyzed (Luther et al., 2014).

Hitbner and Minceva (2022) recently presented a microfluidic setup for the deter-
mination of LLE without any composition determination by an analytical device. In
their setup, the LLE concentrations were calculated under knowledge of the position
of the binodal curve from the measured densities of both saturated phases and the
position of the phase boundary. The approach of Hitbner and Minceva (2022) uses the
assumption that the two liquid phases flow side by side at the same velocity, which is
only valid if the ratios of the viscosities and densities are close to one . Furthermore,
especially for the screening of new systems, the position of the binodal curve is often

not known.

Microfluidics and Automation

To gain the highest efficiency for the LLE measurement, automation is unavoidable.
Although much progress has been made in establishing microfluidics in a wide variety
of research areas, most systems using microfluidic devices still require trained opera-
tors and tedious sample preparation procedures (Battat et al., 2022). The integration
of external equipment and the automation of microfluidic devices and operations will
advance the use of microfluidic approaches as an alternative to conventional methods
(Battat et al., 2022).

Automation has already been successfully integrated using programmable syringe
pumps in microfluidic approaches for chemical synthesis enabling smart platforms
in which the products are synthesized and the yields are optimized without human
intervention (Fabry et al., 2016; Houben and Lapkin, 2015; Liu and Jiang, 2017). In
the automated microsystems, accurate program control is essential ensuring that all
modules, including the injection systems and the real-time analytics which enable the
closed-loop optimization, work well together (Liu and Jiang, 2017). In their review,
Houben and Lapkin (2015) highlight the above highlighted Raman spectroscopy as

potential sensor for a closed-loop optimization of non-fluorescent systems.

In a review on the automation of liquid phase microextraction (LPME) for sample
pretreatment and analyte preconcentration in analytical laboratories, Alexovic et al.

(2016) highlight the advantages of automated approaches which are easy-to-operate,
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highly reproducible and can be conducted with high throughput and reduced sample
consumption. The automation of LPME methods can be done through the use of
autosamplers or programmable syringe pumps which enable reproducible propulsion,
mixing and transport of fluids (Alexovi¢ et al., 2016). According to Alexovi¢ et al.
(2016), automation is the necessary step towards a widespread application and com-
mercialization. Nevertheless, Alexovic et al. (2016) also name the limits of automation
which are the refilling of the syringes, the transport to posterior analysis and cleaning

steps.

2.3 Liquid-Liquid Microfluidic Flows

As already mentioned in Section 2.2, contacting two immiscible liquid flows on the
microscale leads to rapid equilibration and is thus the basis for very efficient deter-
mination of LLE data. Regarding the implementation of a measurement technique,
the microfluidic flow regime plays an important role for the extraction efficiency and
the practicability. Therefore, this chapter will present the occurrence and applica-
tion of different flow regimes while highlighting the respective flow characteristics and
resulting advantages and disadvantages. In this work, the focus will be on 2-phase

liquid-liquid flow regimes.

2.3.1 Flow Regimes

The properties and the flow regime of a two-phase flow depend on the channel geome-
try, the phase characteristics, the volume flow rates of both fluids and instabilities at
the liquid-liquid interface (Gunther and Jensen, 2006; Zhao and Middelberg, 2011). At
the microscale, interfacial effects between the two phases or between wall and fluid are
dominant. Especially the surface-wetting properties of the liquid phases with the wall
have a major influence on the established flow regime (Giinther and Jensen, 2006). In
addition, the geometry of the contact point of the two fluids plays an important role.
Typical flow regimes that are formed by two liquid fluids in a straight microchannel
are parallel flow, plug flow and droplet flow. Mixed forms or chaotic flow regimes are
also possible (Yao et al., 2021).

Since the established flow regimes depend on the microchannel surface material and

geometry, the fluid properties and the volume flow rates, the flow regime can hardly
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be predicted (Zhao and Middelberg, 2011; Yao et al., 2021). However, Yao et al.

(2021) present in their review that a combination of the capillary number

Ca = @, (2.3)

which represents the relative importance of viscous to surface tension forces, and the

Reynolds number

Re = ’%;“, (2.4)

which shows the relative importance of inertial to viscous forces, can be used for
general correlations of the flow regime (Figure 2.2). The dimensionless capillary and
Reynolds numbers depend on the dynamic viscosity 7, the flow velocity u, the surface
or interfacial tension o, the density p and a characteristic length scale d. Thus, for
fixed phase properties and microchannel geometry, the flow velocity remains the only
variable. Plug flows (in Figure 2.2 called slug flows) occur when interfacial forces
dominate at small CacRe%® and Ca%" Re%’® values and thus relatively low and similar
volume flow rates (Yao et al., 2021; Kashid et al., 2005). Parallel flows occur when
inertial or viscous forces of the dispersed phase dominate at high Ca%" Re% values,
when the interfacial tension is overcome and both phases wet the channel (Yao et al.,
2021). When strong inertial and viscous forces of the continuous phase dominate at
high CacRed® values, a droplet flow regime occurs where the diameter of the droplets
is smaller than the channel width (Yao et al., 2021).

For microfluidic liquid-liquid extraction, parallel and plug flow regimes are of major
importance since they offer high reproducibility and stability and can be established
with a phase ratio between the two co-flowing liquid phases near one. A phase ratio
near one accelerates the overall equilibration for systems with similar diffusion coef-
ficients in the two liquid phases and guarantees a good optical accessibility to both
phases which will be important for the measurement of liquid-liquid equilibria in this
work. Therefore, the fundamentals and special features of this two flow regimes will

be described in detail in the following subsections.
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Figure 2.2: Schematic distribution map of the liquid-liquid flow pattern dependent on
capillary and Reynolds number of continuous (C) and dispersed (D) phase
(Yao et al., 2021).

Parallel Flow

In microfluidic devices, the influence of the gravity is negligible compared to the inter-
facial tension so that two liquid phases which are separated by gravity in conventional
devices can flow next to each other on the microscale (Aota et al., 2009; Assmann
et al., 2013). Due to the usually low Reynolds number in microfluidics, the flow regime

is strongly laminar.

In a glass microchannel, the interface is curved towards the phase which preferably
wets the hydrophilic glass surface (Aota et al., 2009). For a water-organic two-phase
system, the interface is curved towards the aqueous phase. Xu and Xie (2017) mention
in a review on microfluidic liquid-liquid extractors that there are two key components
for the establishment of a stable laminar flow: The inlet structure and the interface
stability. In most cases, a T- or Y-junction is used to establish a parallel liquid-liquid
flow regime. The stability of the interface can be disturbed by Kelvin-Helmholtz (KH)
instability and pressure imbalance, see Figure 2.3 (Xu and Xie, 2017). KH instability
mainly arises due to velocity differences between the two co-flowing phases and causes
the interface to move horizontally to the flow direction to form waves. With rising
intensity, these waves can lead to an interface rupture where drops tear off. A pressure
imbalance between the two co-flowing phases can also destroy a stable interface when
the pressure difference across the interface overcomes the interfacial tension (Xu and

Xie, 2017). Additionally, even small fluctuations in the volume flow rates can disturb
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the surface.
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Figure 2.3: Destabilization of the interface in parallel microfluidic flows due to Kelvin-
Helmholtz (KH) instability (a) and pressure imbalance (b). Adapted from
Xu and Xie (2017).

A stabilization of the flow regime is possible by adding guiding structures to the
channel surface or by selective surface modification (Aota et al., 2009; Xu and Xie,
2017; Hibara et al., 2016). Selective surface modification means that the surface
is selectively patterned into hydrophobic and hydrophilic parts to stabilize the wall
adhesion and thus position of the aqueous and organic phase, respectively. Using
selective surface modification, a stable parallel flow can be maintained in a longer
microchannel and even countercurrent parallel microflows are possible (Hibara et al.,
2016).

Additionally, it has been theoretically and experimentally confirmed that fast veloc-
ities help to stabilize a parallel flow regime (Assmann et al., 2013). Here, the biggest
drawback is that fast velocities limit the maximum residence time of the fluids in the
microchannel and since the extraction is only diffusion-based in parallel microfluidic
flows, the liquid-liquid equilibrium can eventually not be reached within the channel
length (Assmann et al., 2013).

Separation of the side-by-side flowing liquids can easily be achieved by using a
simple Y-splitter at the end of the microchannel. Since the position of the phase
boundary can not perfectly be controlled and will be wavelike, the phases are usually

split so that the product outlet stream is pure and the second outlet stream contains
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small parts of the other phase. When both outlet streams are desired to be pure, the
separation efficiency has to be increased by using different surface properties of the

outlet channels, guiding structures or membranes (Assmann et al., 2013).

Plug Flow

Especially for the industrially relevant water-organic systems, the above named in-
stabilities are highly relevant so that parallel flows are hard to establish in long mi-
crochannels. In a review on microfluidic liquid-liquid extractors, Xu and Xie (2017)
found in the referenced work that all laminar flow microextractors without membranes
are shorter than 7 cm. Since the mass transfer in parallel flows only takes place by
diffusion and the mass transfer rates are low, the equilibrium is not always reached
within the length of the microchannel. Consequently, the plug flow regime is the

preferred flow regime when using water-organic systems.

Equilibration is much faster in plug flows than in parallel flows. The continuous
phase which wets the channel walls forms a thin film between the plugs of the dis-
persed phase and the channel walls and increases the interfacial area by a factor of
3 to 4 compared to a parallel flow regime (Assmann et al., 2013). Larger surface-to-
volume ratios and convective circulations within the plugs increase the mass transfer
between the phases many times over, see Figure 2.4 (Kashid et al., 2005). Generally,
the internal circulations are stronger and thus the mass transfer rates are higher at
faster velocities so that this effect might even overcompensate lower residence times
at higher velocities (Assmann et al., 2013). The enhanced mass transfer leads to
a decreased solvent consumption. The great potential of microfluidic plug flow for
liquid-liquid extraction has been shown: the extraction efficiency is enhanced com-
pared to parallel microfluidic flow (Assmann et al., 2013). Additionally, plug flows
display the advantages of easy control and excellent repeatability (Xu and Xie, 2017).

As stated above, plug flows occur when two immiscible liquid flows are contacted
in a junction at relatively low and similar flow rates where interfacial forces dominate
(Kashid et al., 2011). When a so-called T-junction is used, the channel piece with the
dispersed phase intersects the main channel with the continuous phase perpendicu-
larly. The tip of the dispersed phase enters the main channel and elongates due to
shear forces and the pressure gradient till the neck of the dispersed phase thins and
and breaks into a droplet (Teh et al., 2008). The formed droplets are thereby highly
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Figure 2.4: Convective cirulations within the single plugs of a plug flow. Adapted
from Burlage et al. (2013).

monodisperse. The length of the plugs depends on the volume flow rates (Assmann
et al., 2013).

Separating the two liquid phases of a plug flow is challenging since both phases
flow alternately in the same channel. But using surface forces, which dominate at the
microscale, separation is possible: For example, excellent separation can be achieved
by using a wettability-based Y-splitter with one hydrophobic and one hydrophilic
outlet channel or a membrane which is selectively wetted and passed by one of the

phases (Assmann et al., 2013).

2.4 In-situ Concentration Measurements via

Raman Spectroscopy

Raman spectroscopy relies on the Raman effect which occurs when light interacts with
the molecular vibrations of the present molecules. The incoming light is scattered by
the molecules for the most part elastically. But a small part of the light transfers
a part of the energy to change the energy level of the molecules. The inelastically
scattered light is emitted with a frequency that is changed exactly by this transferred

energy of the molecular vibrations and which is therefore characteristic.

In practice, a sample is illuminated with a monochromatic laser light. The scattered
Raman light is broken down into its individual wavelengths using a spectrometer,
resulting in a typical Raman spectrum for each individual molecule. In this Raman
spectrum, the intensity is plotted against the relative wavenumber which indicates

the shift of frequency to the incoming laser light.
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Since the intensity of the Raman signal is proportional to the number of molecules
in the sample, Raman spectroscopy enables in-situ concentration measurement of all
polyatomic components in gaseous, liquid or solid samples simultaneously. Raman
spectroscopy is a very fast analytical method, needing only approximately one second
per measurement (Chrimes et al., 2013). Furthermore, Raman spectroscopy is non-
invasive and can provide high spatial resolution. Since it is capable of collecting
spectra from very small volumes in the microliter range, it is very suitable for analysis

in microchannels (Chrimes et al., 2013).

On the microscale, the use of confocal Raman microspectroscopy is extremely useful:
the laser beam is focused at the point of interest within a transparent sample and can

be moved to get concentration profiles along a line or even from a 2D or 3D profile
(Everall, 2008).

For the measurement of phase equilibrium data, Raman spectroscopy has been suc-
cessfully used to determine vapor-liquid equilibria in high-pressure view cells (Adami
et al., 2013; Kaiser et al., 1992; Luther et al., 2013; Nakayama et al., 2007; Schuster
et al., 2014; Stratmann and Schweiger, 2002). Thus, the accuracy of Raman spec-

troscopy can be sufficient for phase equilibrium measurements.

The combination of Raman spectroscopy and microfluidics is flexible, applicable in
a lot of different situations and has a rapidly growing popularity across a wide range of
application fields (Chrimes et al., 2013). Raman spectroscopy and microfluidics have
also proven to be very suitable for highly efficient phase equilibrium measurements
for both vapor-liquid equilibria and liquid-liquid equilibria (Luther et al., 2014, 2015;
Nelson et al., 2018).

The main challenge using in-situ analytics is the fact that a plug flow is a non-
continuous, segmented flow meaning that mechanisms for phase-selective data ac-
quisition are needed. This is particularly difficult since the phase distribution and
consequently the droplet length are not predictable for unknown LLE systems. Fur-
thermore, a Raman signal from a single plug crossing a fixed measurement volume is
often too weak for a precise quantitative analysis. Luther et al. (2014) accumulate the
Raman signals from numerous droplets using a photo-electric gate. Here, averaging

spectra of multiple plugs is required, and it is not possible to investigate one singular
plug.
Since Raman signals of different liquid components are strongly overlapping, accu-

rate methods for spectra evaluation are required when small concentrations need to be
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quantified precisely. Especially, the water signal analysis is quite challenging for low
water concentrations in organic phases since the Raman signal of water is very weak
and changes its shape significantly due to disappearing hydrogen bonds (Giraudet
et al., 2017).

2.5 Contribution of this Thesis

This chapter has shown that there is a need for new and efficient measurement methods
for the determination of liquid-liquid equilibria since conventional methods need too
much time and material especially for the screening of new systems. Since the use
of microfluidics for liquid-liquid extraction and for the determination of distribution
coefficient has been proven, it is obvious that microfluidics can also be used for the
efficient measurement of full LLE data. The determination of full LLE data thereby
requires a measurement technique that allows for the simultaneous quantification of
all components. Ideally, the concentration determination should take place in-situ
in the microchannel to avoid sampling and associated loss of time and accuracy due
to volatile components. All these requirements for analysis technology are met by
Raman spectroscopy. Therefore, in this thesis, microfluidics is combined with in-
situ Raman spectroscopy for the time- and material-efficient determination of LLE
data. The small dimensions of the microfluidic systems lead to rapid equilibration
and small sample consumption (Section 2.2.2). Raman spectroscopy allows for rapid

in-situ quantification of all components (Section 2.4).

Determination of LLE Using Microfluidics and Raman Microspectroscopy
First, the proof of concept of the determination of liquid-liquid equilibrium data us-
ing Raman spectroscopy is presented in Chapter 3. An H-cell microchannel is used
in which a steady-state parallel flow regime is established which allows for the de-
termination of Raman spectra at fixed measurement positions. The ternary system
cyclohexane - methanol - toluene is measured and compared to literature data for

validation.

Automated LLE Measurements from Calibration to Data Analysis

Since many applications have shown that highest efficiency and user independence
can be reached by automation, an automated setup and workflow from calibration
to data analysis for the determination of liquid-liquid equilibrium data using Raman

microspectroscopy and a microfluidic platform are presented in Chapter 4. Pure
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2.5 Contribution of this Thesis

components are premixed online using a micromixer resulting in a closed system with
the additional advantage of avoiding potential losses of volatile components. In the
automated setup, one experiment generates several data points for calibration or LLE
data measurements. The two ternary systems cyclohexane — toluene — methanol and
n-heptane — acetonitrile — ethanol are measured and compared to literature data for

validation.

LLE using Raman and Single Droplet Tracking in Microfluidic Plug Flow
Since most of the industrially relevant water-organic LLE systems tend to form mi-
crofluidic plug flows, a second measurement setup has been built up for the determi-
nation of LLE in microfluidic plug flows which is presented in Chapter 5. The used
capillary can be moved against the flow direction to hold one plug in the laser focus
during the Raman measurement. To transfer the high efficiency of the first measure-
ment setup, full automation is established for the premixing of the components, the
calculation of the droplet lengths and speeds and the Raman measurements of both
phases. The ternary system acetone - toluene - water is measured and compared to

literature data for validation.

With the accessibility to both parallel and plug flows, this thesis presents a new

and efficient measurement principle for a wide range of liquid-liquid systems.
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CHAPTER 3

Determination of LLE Using
Microfluidics and Raman

Microspectroscopy

In this thesis, microfluidics is combined with in-situ Raman microspectroscopy for
the time and material efficient determination of LLE data. In the first step presented
in this chapter, a stationary and strongly laminar parallel flow regime is selected to
enable fixed measurements positions and thus a simple and temporally not limited
measurement via Raman spectroscopy. A spiral microchannel is used for this purpose
with which diffusion coefficients have already been successfully determined (Peters
et al., 2017, 2020). The channel length of 1 m makes it possible to reach the equi-
librium state even if the mass transfer between the two co-flowing phases only takes
place by diffusion (Section 2.3.1). For the proof of concept, the ternary LLE of the

system cyclohexane — toluene — methanol is investigated.

Reprinted (adapted) with permission from J. Thien, C. Peters, T. Brands, H.-J. Ko}, and A. Bar-
dow, "Efficient Determination of Liquid-Liquid Equilibria Using Microfluidics and Raman Microspec-
troscopy', Industrial € Engineering Chemistry Research, vol. 56(46), pp. 13905-13910, 2017. Copy-
right (2017) American Chemical Society.

Contribution report: Writing the draft, pricipal author, planning and conducting the experiments,

data evaluation.
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3.1 Experimental Setup and Materials

3.1 Experimental Setup and Materials

In the experimental setup, Raman microspectroscopy is used for concentration mea-
surements in a microfluidic chip. The used microfluidic chip is a reusable custom-made
glass chip (Micronit, Netherlands) consisting of an upper and a lower glass plate (D263
glass) of 1000 pm and 700 pm thickness, respectively. An H-cell microchannel is wet-
etched to the lower glass plate. The H-cell has the form of a spiral of length L = 1 m,
width W = 400 pm and height H = 40 pm (Figure 3.1a). Four observation points
s1 to s4 are defined at different distances from the channel inlet. At each observation
point, Raman spectra are obtained along the measurement line perpendicular to the
flow (Figure 3.1c).

After each experiment, the microchannel is cleaned and reused. The smooth surface
of the glass material allows to measure different systems one after the other in the

same chip without impurities from old measurements have to be expected (Peters
et al., 2017).

The H-cell is connected to a push-pull syringe pump (PHD ULTRA, Harvard Ap-
paratus, US), which supplies the inlets of the H-cell by either two 2.5 mL syringes
or one 2.5 mL syringe and one 1 mL syringe (H-TLT, ILS Innovative Labor Systeme
GmbH, Germany). Typically, half the volume of the inlet syringes is filled, leading
to low sample consumption of 1.75 to 2.5 mL per experiment. PTFE tubing with an
inner diameter of 300 pm, connection parts from PEEK and syringe filters with a pore
diameter of 0.45 pm (MULTOCLEAR-PTFE, CS-Chromatographie Service GmbH,

Germany) were used.

The composition of the fluids in the microchannel is determined by an inverse
confocal Raman microscope (inVia, Renishaw, UK). In particular, the beam from
a frequency-doubled Nd:YAG-laser of 100 mW at 532 nm is focused by a water-
immersion objective (LUMPLFLN 60XW, NA=1, Olympus, Japan) (Figure 3.1b).
The resulting confocal volume is 2 pm x 2 pm x 10 pm (LxWxH). The back-scattered
Raman light is processed in a multichannel analyzer consisting of a spectrometer with

a grating of 1800 grooves/mm and a cooled CCD camera.

The temperature control of the microfluidic chip consists of a water-flushed alu-
minum plate on top of the microfluidic chip. The water in the aluminum plate is
delivered by a thermostat (CC-K15 Pilot One, Peter Huber Kéltemaschinenbau AG,

Germany). The temperature of the aluminum plate is controlled via an external
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Figure 3.1: Experimental setup: (a) Microfluidic chip with microchannel and observa-
tion points s1 to s4. (b) Sketch of optical setup. (c¢) Channel cross-section
with measurement line and laser beam. (d) Raman spectra over channel
width y with visible change of intensities at phase boundary.
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Pt 100 temperature sensor, which is connected to control the thermostat. Addition-
ally, the temperature on the bottom side of the microfluidic chip is measured via a

thermocouple. The temperature precision achieved in the microfluidic chip is +0.5 K.

For the validation of the measurement setup, the LLE of the ternary system cyclo-
hexane — toluene — methanol is investigated. The measured equilibrium concentrations

are compared to literature data from Nagata (1984). All chemicals are used as received
(Table 3.1).

Table 3.1: Used chemicals with supplier, specification and purity.

supplier description purity in %

cyclohexane VWR Spectronorm > 99.7 %
toluene VWR Spectronorm > 99.8 %
methanol VWR Spectronorm > 99.9 %
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3.2 Data Analysis

3.2 Data Analysis

All Raman spectra are evaluated quantitatively using the Indirect Hard Modeling
(IHM) approach (Alsmeyer et al., 2004). IHM allows for the evaluation of mixture
spectra with strongly overlapping spectral bands of the different components. Besides,
non-linear effects, such as shifts of Raman bands, can be taken into account. Thus,
IHM is particularly suited to analyze liquid phase spectra as has been demonstrated
for a large variety of mixtures (Peters et al., 2017; Alsmeyer et al., 2004; Kriesten
et al., 2008a; Blesinger et al., 2014; Beumers et al., 2016; Glass et al., 2017).

In THM, the pure component spectra are modeled by a sum of pseudo-Voigt func-
tions. A background signal is generated by the glass of the microchannel which is
therefor modeled as additional component. All pure component models are combined
to a mixture model. This model takes the non-linear effects in the mixture into ac-
count by enabling shifts in the parameters of the pure component models. In order to
evaluate a mixture spectrum of unknown composition, this mixture model is fitted to
the mixture spectrum by a weighted sum of the pure component models (Figure 3.2).
As a result, areas of the pure components A; in the Raman spectra are obtained. A
detailed description of the IHM approach can be found in Alsmeyer et al. (2004).
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Figure 3.2: Fit of the mixture model to a mixture Raman spectrum using the THM
method.

From these areas A;, the mole fractions x; can be determined according to the

following calibration model:
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Afzk”%—l—b”, fOI'Z:L...,TL—l (31)

Zx = 1. (3.2)

Here, x; denotes the mole fraction of component 4, and k;; and b;; are calibration
constants. The reference component j was chosen to be j = cyclohexane for the
calibration model of the cyclohexane-rich phase and j = methanol for the calibration
model of the methanol-rich phase. Error propagation calculations considering the
errors of the calibration constants k;; and b;; and the standard deviations of the
area ratios A;/A;, resulting from the arithmetic averaging over the bulk phases, were
performed to determine the relative uncertainties u,(x;) and the uncertainties of the
partition coefficient of toluene z’(toluene)/z”(toluene) between the cyclohexane-rich

phase (') and the methanol-rich phase (”).

3.3 Experimental Procedure

The initial compositions of the fluids are prepared by weight. The fluids are filled into

the inlet syringes.

In the LLE experiments, channel inlet 1 is fed with a binary mixture of toluene and
cyclohexane, where the composition is changed for different experiments. Channel
inlet 2 is always fed with pure methanol. The volume flow rates are adjusted to
ensure a Reynolds number Re < 1 in each phase and thus parallel laminar flow and
steady state conditions (Héusler et al., 2012). Raman spectra are obtained every 2.5
pm along the measurement lines at observation points s1 to s4 with an exposure time

of 1 second. The temperature was controlled to ensure a temperature of 298.15+0.5 K.

In order to evaluate the unknown concentrations in the LLE experiments, the Ra-
man spectra have to be calibrated. For this purpose, the two channel inlets are fed
with the same homogeneous solution of known composition. Multiple Raman spectra

of this solution are obtained at observation point s4.

According to the expected concentration ranges for the equilibrium phases, separate
calibration models are established for the cyclohexane-rich area and for the methanol-

rich area as described before (Section 3.2). The calibration model of the cyclohexane-
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3.3 Experimental Procedure

rich area is based on 6 samples. The calibration model of the methanol-rich area takes
5 sample compositions into account. The respective concentration range can be well

covered with this number of calibration samples in each case.

In order to determine the minimum retention time of the fluids in the microchannel
to reach equilibrium, the mean concentrations of the bulk phases were measured at
different retention times (Figure 3.3). The retention time was varied via the overall
volume flow rate. The evaluation of the concentration profiles from sl to s4 was
monitored. A retention time smaller than three minutes has been found sufficient to
reach the equilibrium state at which the net mass transfer between the two phases

disappears.

In the LLE experiments, the syringe pump was adjusted to a volume flow rate
of 2 pL/min for the 2.5 mL syringes and a volume flow rate of 0.8 pL/min for the
1 mL syringes, resulting in Reynolds numbers between 0.15 and 0.45 in the respective
phases. Inlet 1 was fed with a binary mixture of toluene and cyclohexane by a 2.5 mL
syringe. Simultaneously, inlet 2 was fed with pure methanol by either a 1 mL syringe
or a 2.5 mL syringe. With the resulting volume flow ratios of 1:1 and 2.5:1, up to two
tie lines per experiment can be measured by changing the syringe size of inlet 2 from

a 1 mL syringe to a 2.5 mL syringe (Figure 3.4).

To determine equilibrium compositions, the measured concentrations are arithmeti-
cally averaged over the bulk phases at the last observation point downstream s4 (Fig-
ure 3.5). The ranges y < 20 pm and y > 380 pm are not taken into account in the
evaluation, because of strong fluctuations in the Raman spectra due to the round
channel side walls. Thus, for the analysis, the cyclohexane-rich bulk phase is defined
to start at ¥y = 20 pm and to end when the difference between two measurement
points y becomes larger than Ax = 0.02. The methanol-rich bulk phase starts when
the difference between two measurement points y becomes smaller than Az = 0.02
and ends at y = 380 pm. The region next to the phase boundary is not taken into

account for the determination of the equilibrium compositions.
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Figure 3.3: Concentrations averaged over bulk phases as a function of retention time:
(a) cyclohexane-rich phase 1. (b) methanol-rich phase 2.
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Figure 3.4: Schematic representation of mixing in LLE experiments: mixing of initial
concentrations (green dots) at inlet 1 (cyclohexane + toluene) and inlet 2
(methanol) results in different global concentrations (red dots) for mixing
ratios 1:1 and 2.5:1; blue line: binodale curve, red doted lines: expected
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Figure 3.5: Spatially-resolved concentration profiles in liquid-liquid equilibrium at ob-
servation point s4; symbols denote single measurements from one exper-
iment; blue box: cyclohexane-rich bulk phase; green box: methanol-rich

bulk phase.
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3.4 Results and Discussion

Concentration profiles of high spatial resolution are measured across the channel width
at observation points sl to s4 for all components. Figure 3.6 shows concentration
curves of cyclohexane at observation points sl to s4 for a typical experiment. At
observation points sl to s3, we still observe concentration gradients in the bulk phases
and shifting of the interface. At observation point s4, equilibrium has been reached
(see also Figure 3.3). Thus, the concentration profiles at sl to s3 resolve the mass
transfer as function of the residence time and provide additional information about
the mass transfer until equilibrium is reached, e.g., the shift of the phase boundary
and the equilibration time. Therefore, the setup could also offer the potential of

measuring simultaneously mass transfer properties.

1.0 —71 T 1T 1T 1T 71T 717
L —-lﬁ\‘ = gl ]
0.8 —% L s2| 7]
,a | a I. N s3]
2 06 . . s4| -
x L A ,
2 :
S 04| . .
[&]
&) i p 1
= 02 F h“'“““ S e ——————— —
0.0 - 7]
1 | 1 | 1 | 1 | 1 | 1 | 1 | 1

0 50 100 150 200 250 300 350 400
yinum

Figure 3.6: Mole fractions of cyclohexane at distances downstream sl to s4; total
volume flow 4 pl/min, volume flow ratio 1:1.

To measure the liquid-liquid equilibria, the measured equilibrium concentrations are
averaged over the bulk phases at observation point s4 when the equilibrium is reached,
as described in the experimental procedure. In this work, seven different equilibrium
concentrations were investigated. The measured equilibrium concentrations and the
related relative uncertainties are presented in Table 3.2. The provided relative uncer-
tainties are calculated from error propagation calculations as described above. These
relative uncertainties are regarded as conservative as they are up to 30 % larger than
the standard deviations resulting from the arithmetic averaging of the mole fractions

over the single measurements in the bulk phases as shown in Figure 3.5.
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3.4 Results and Discussion

Table 3.2: Liquid-liquid equilibrium concentrations for the system cyclohexane (z,27)
— toluene (z5,25) — methanol (z3,25) at T = 298.15 K and p = 1.013 bar.

’ ’ " "

L1 Lo Ly )

0.8446 0.0189 0.1763 0.0072
0.8060 0.0289 0.1863 0.0116
0.7882 0.0377 0.1952 0.0157
0.7603 0.0416 0.2041 0.0184
0.7489 0.0522 0.2113 0.0241
0.6992 0.0689 0.2248 0.0337
0.6478 0.0820 0.2642 0.0462

Relative uncertainties u, are u,(z;) = 0.008, u,(24) = 0.015,
u, (7)) = 0.014 and u,(z,) = 0.018.

Figure 3.7 shows the measured equilibrium concentrations in comparison to the
literature data. All measured equilibrium concentrations and tie lines show excellent
agreement with the data from Nagata (1984). The partition coefficient of toluene
as function of the overall composition of toluene (Figure 3.8) is also in excellent
agreement within the uncertainties considering that Nagata indicates an absolute

uncertainty of u(z) = 0.002 for all mole fraction measurements (Nagata, 1984).
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Figure 3.7: Tie-lines of the system cyclohexane — toluene — methanol at 7' = 298.15 K
measured in this work and by Nagata (1984): (a) Complete phase diagram.
(b) Zoom into methanol-rich phase. (¢) Zoom into cyclohexane-rich phase.
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Figure 3.8: Partition coefficient of toluene between the cyclohexane-rich phase and
the methanol-rich phase as function of the overall composition of toluene
at T = 298.15 K measured in this work and by Nagata (1984).
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3.5 Conclusions

We developed a promising measurement principle to obtain LLE data by combining
microfluidics and Raman microspectroscopy. The measurement setup was success-
fully validated for the LLE of the ternary system cyclohexane — methanol — toluene at
298.15 K. The measured equilibrium concentrations are in excellent agreement with
the literature data within the measurement uncertainties. Due to the small dimensions
of the microfluidic setup, we see a rapid equilibration (< 3 minutes) and small sample
consumption (about 2 ml per experiment). The combination with Raman microspec-
troscopy leads to an analysis time of about 3 minutes per observation point. The
overall time for LLE determination is now mainly determined by the time for sample
preparation, start-up and spectra evaluation. The improvement of these steps will be
part of Chapter 4. Thus, the developed measurement principle has the potential to

become an efficient tool for the determination of liquid-liquid equilibria.
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CHAPTER 4

Automated LLE Measurements

from Calibration to Data Analysis

In Chapter 3, we combined microfluidics and Raman microspectroscopy for the effi-
cient determination of ternary LLE data. The main advantages of using microfluidics
are the small dimensions resulting in small sample volumes as well as rapid equilibra-
tion. Still, there are two bottlenecks remaining: the preparation and start-up times of
the experiments. The sample preparation is laborious and time-consuming compared
to the autosampler setup (Dechambre et al., 2014a; Kuzmanovié et al., 2003). In addi-
tion, about 30 minutes start-up time is needed for each experiment until steady-state
flow is reached due to the start-up of the syringe pumps and to remove air bubbles
from the system. As result, only one calibration point or one equilibrium point can
be measured per experiment, leading to the fact that the times for preparation and
start-up are 10 times higher than the times actually needed for equilibration and mea-
surement (Chapter 3). Reducing these times for preparation and start-up is a central

result of the development presented in this chapter.

Additionally, there is another bottleneck remaining: reliable concentration measure-
ments by Raman spectroscopy require accurate calibration which is again a laborious

and time-consuming step. There are a few examples for integrated calibration in

Reprinted (adapted) with permission from J. Thien, L. Reinpold, T. Brands, H.-J. Ko, and A. Bar-
dow, "Automated Physical Property Measurements from Calibration to Data Analysis: Microfluidic
Platform for Liquid-Liquid Equilibrium Using Raman Microspectroscopy.", Journal of Chemical &
Engineering Data, vol. 65(2), pp. 319-327, 2020. Copyright (2019) American Chemical Society.

Contribution report: Writing the draft, pricipal author, conceptual design of the setup and the

measurement procedure, planning and conducting the experiments, data evaluation.
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the literature, e.g. using valveless microsystems (Blasco et al., 2007) and for Raman
vapor-liquid equilibrium measurements (Liebergesell et al., 2017). These examples
show that the integration of calibration in the experimental workflow saves time and
effort.

For determining liquid-liquid equilibrium data using Raman microspectroscopy and
a microfluidic platform with the highest efficiency, this chapter presents the automa-
tion of the setup introduced in Chapter 3 and an automated workflow from calibration
to the actual data analysis. The chapter is structured as follows: First, we present the
experimental details of the automated setup and workflow. Then, the experimental
results are presented for the validation of the automated integrated calibration and
for the LLE determination. For this purpose, we study the two ternary systems cy-
clohexane - toluene - methanol and n-heptane - acetonitrile - ethanol. Finally, for the

proof of the novel concept, we compare the measured LLE data to literature.

4.1 Automated Setup and Workflow

The experimental setup for LLE measurements is sketched in Figure 4.1. Two fluids
with a miscibility gap are contacted in a microchannel forming a parallel laminar flow
at steady state conditions (Figure 4.1a). Feeding two immiscible phases to the two
inlets helps to guarantee the desired flow regime of two phases in parallel. In our
experiments, we did not encounter any other flow regimes (e.g., slug flow). The equi-
libration towards liquid-liquid equilibrium takes place by diffusion perpendicular to
the flow direction. Concentration profiles are measured at several points along a mea-
surement line perpendicular to the flow direction in-situ by Raman microspectroscopy
(Figure 4.1b). More details of the setup are given below. The proof of principle of
this experimental setup has already been presented in Chapter 3. In this chapter, the
experimental setup is expanded by automated online sample preparation for highly

efficient LLE measurements including their calibration.

In the expanded experimental setup, pure components are fed by inlet syringes
and premixed in a micromixer (Figure 4.2). Thereby laborious, time-consuming and
highly error-prone manual sample preparation is omitted. Manual sample preparation
has always the risk of loss of volatile components during weighing (de Koning et al.,
2009). Thus, the resulting closed system is a further advantage of the automated

setup from calibration to actual data collection: the online mixing of the components
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Figure 4.1: Experimental setup: (a) Top view of the microfluidic chip with microchan-
nel and observation point s, at a distance of 0.7 m from channel inlet. (b)
Integration of microfluidic chip (cross-sectional area at observation point
S,) in optical setup consisting of laser, optical microscope, and multichan-
nel analyzer.

and the in-situ concentration measurements avoid any risk of evaporation of volatile
components. Additionally, the sample preparation is user-independent, which is an

important advantage for all laboratories with varying staff.

Importantly, the volume flow rates can be adjusted via the inlet syringes such that

the complete phase diagram is accessible. Thereby, either for calibration or LLE
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Figure 4.2: Mixing principle in experimental setup: (a) For calibration experiments,
all components premixed in micromixer. (b) For LLE experiments, Fluid
2 and Fluid 3 premixed in micromixer and contacted with Fluid 1 in the
microchannel.

data measurement, several data points can be generated in one experiment while
needing only one time-consuming start-up period. For calibration experiments, all
components are premixed in the micromixer leading to a constant concentration in the
microchannel (Figure 4.2a). For LLE experiments, Fluid 2 and Fluid 3 are premixed
in the micromixer and contacted with Fluid 1 in the microchannel (Figure 4.2b).
Thereby, the components of a ternary mixture should be assigned so that the two
premixed components 2 and 3 are completely miscible. Equilibration takes place due
to the diffusional mixing between the two side-by-side flowing fluids until equilibrium

is reached.

4.2 Experimental Details and Materials

The microlfuidic chip already used for the proof of concept in Chapter 3 is also suitable

for the integration in an automated setup. It is a reusable custom-made glass chip
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Chapter 4 Automated LLE Measurements from Calibration to Data Analysis

(Micronit, Netherlands) with an H-cell microchannel in form of a spiral of length
L =1 m, width W = 400 pm and height H = 40 pm (Figure 4.1). Volume flows are
adjusted to ensure that liquid-liquid equilibrium is reached at the observation point s,
at a distance of 0.7 m from channel inlet, which is the last observation point accessible
with the current setup. Using the last observation point provides the longest contact
time for the fluids to reach phase equilibrium. Raman spectra are obtained along the
measurement line (Figure 4.1b). The measurement line is located in the middle of
the microchannel in the z-direction. In practice, the z-position is identified as the
position with the best signal-to-background ratio from a Raman scan in z-direction
(Figure 4.1b). It would be sufficient to measure at only one location in each phase.
Nevertheless, measuring at several positions provides a cross-check that equilibrium

has been reached and reduces measurement noise.

To provide automated online premixing of the pure components, the microfluidic
setup is extended by a micromixer. This micromixer is a reusable commercially avail-
able glass chip (Teardrop Micromixer, Micronit, Netherlands) which guarantees ho-
mogeneous mixing at low Reynolds number flow. The push-pull syringe pump used
in Chapter 3 is replaced by four programmable syringe pumps (Mid-Pressure Syringe
Pump neMESYS, Cetoni GmbH, Germany) for dosing of the liquids: three syringe
pumps dose the three pure components of the ternary system at the inlets, one sy-
ringe pump pulls the liquid flow at the microchannel outlet. Pulling the liquid flow
out reduces the maximum pressure in the microchannel. Since only components with
low viscosities were measured in this work, the experiments could also be done only
using the inlet syringes. The syringe pumps, micromixer and microchannel are con-
nected by PTFE tubing with an inner diameter of 300 pm and connection parts from
PEEK. Syringe filters with a pore diameter of 0.45 pm (MULTOCLEAR PTFE, CS-

Chromatographie Service GmbH, Germany) are used at the inlet syringes.

The optical setup (Figure 4.1b) is the same inverse confocal Raman microscope
(inVia, Renishaw, UK) that has already been used in the proof of concept in Chapter
3. The beam of a frequency-doubled Nd:YAG-laser (100 mW, 532 nm) is focused
by a water-immersion objective (LUMPLFLN 60 XW, NA = 1, Olympus, Japan).
The backscattered Raman light is processed in a multichannel analyzer consisting of
a spectrometer equipped with a grating with 1800 grooves/mm and a cooled CCD

camera.

To further improve the temperature control already used in Chapter 3, the complete
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4.3 Data Analysis

setup including syringe pumps is surrounded by a temperature-controlled box. In
addition, the water-flushed aluminum plate already presented in Chapter 3 is placed
on top of the microchannel. The temperature of the water-flushed aluminum plate
is controlled by a thermostat (CC-K15 Pilot One, Peter Huber Kéltemaschinenbau
AG, Germany) with external Pt 100 temperature sensor as described in detail in
Chapter 3.1. The temperature of the setup is controlled to guarantee a temperature
of T'= (298.15 + 0.5) K during all experiments.

To validate the automated experimental setup, we investigated the two ternary
systems cyclohexane - toluene - methanol and n-heptane - acetonitrile - ethanol. For
both systems, the liquid-liquid flow regime in the used microchannel is strongly lam-
inar and reliable reference data sets are available (Nagata, 1984, 1987). Suppliers,
specifications and purities in gas-chromatography area percentage from supplier data
(GC, A %) of the used chemicals are listed in Table 4.1.

Table 4.1: Used chemicals with supplier, specification and purity in gas-
chromatography area percentage from supplier data (GC, A%).

supplier description purity (GC, A%)
cyclohexane VWR Spectronorm 99.7
toluene VWR Spectronorm 99.8
methanol VWR Spectronorm 99.9
n-heptane Bernd Kraft GmbH For analysis 99.0
acetonitrile  Merck KGaA For spectroscopy 99.9
ethanol Merck KGaA For spectroscopy 99.9

4.3 Data Analysis

The Raman spectra were analyzed using the Indirect Hard Modeling (IHM) approach
(Alsmeyer et al., 2004; Beumers et al., 2018). THM is suitable to quantify systems
with strongly overlapping spectral bands and nonlinear mixture effects as it is usually
for liquid multicomponent mixtures. In the IHM approach, pure component spectra
are modeled by a sum of pseudo-Voigt functions. The models of the pure components
are fitted to a mixture spectrum, as it is described in detail in Chapter 3.2. The

partial areas A; of the pure components i in the mixture spectra are proportional to
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the corresponding concentrations in the mixture, leading to the following calibration

model for the determination of the mole fractions z;:

i

J J

Zx =1. (4.2)

In Raman spectra, the partial areas A; are proportional to the number of molecules
of component i. Consequently, k;; is the proportionality factor between the area ratios
and mole fraction ratios of two components ¢ and j and the calibration line should
start in the origin such that b;; = 0. Nevertheless, in some cases, the calibration fit
improves by considering small values of b;; # 0 due to background signals or other

elements in the Raman spectra.

Due to the use of the pure component spectra models, IHM requires only few
calibration points for accurate results (Alsmeyer et al., 2004). In this work, one
calibration model has been set up for each phase of the LLE due to the strongly
different concentrations in the two liquid phases of the ternary systems. Herein, the
reference component j in each calibration model has been chosen as the component
with the highest concentration, hence, the main component of the respective phase.
We report relative standard uncertainties u,(x;) of the measured mole fractions z; that
are obtained from arithmetic averaging over the bulk phases along the measurement

line at observation point s, (Figure 4.1b).

4.4 Automated Experimental Procedure

An automated workflow has been established to enable the highly efficient and user-
independent calibration and LLE determination. In the experimental setup, automa-
tion is realized by online sample preparation: the pure components are dosed by
independent syringe pumps and premixed in the micromixer. Thus, the complete
phase diagram is accessible by adjustment of the ratio of the volume flow rates V; of
the pure components i. The mole fractions z; of the mixture can be calculated from

the following equation:
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i

==, fori=1,..,n. (4.3)
211

L
Since the syringe pumps contain pure components, the molar flow rates n; can be
calculated from the volume flow rates V; and the molar volumes of the pure compo-

nents v;:

Vi .
ng = —, fori=1,...,n. (4.4)
(%
Adjusting the volume flows of the inlet pumps allows one to generate several data
points for both calibration (Experiment 1) and LLE data measurement (Experiment

2) in one experiment (Figure 4.2).

4.4.1 Experiment 1: Automated Calibration

To evaluate the unknown mole fractions in the measured LLE from the Raman signal
(Experiment 2), Raman spectra have to be calibrated first. In this work, calibration
is directly integrated into the automated workflow. Calibration is automated by ad-
justment of the volume flow rates of the pure components V. During calibration, all
components are premixed in the micromixer to guarantee a homogeneous composition
within the microchannel (Figure 4.2a). Calibration requires samples of known compo-
sition, expressed here by the mole fractions z;. Consequently, to prepare a calibration
sample with desired mole fractions z}, the set values for the volume flow rates V; are

determined by

*
n ko, 7
j=1LjVj

Vi = Vi fori=1,..,n. (4.5)

Here, Vit is the desired total volume flow rate. The actual volume flow rates V;
differ slightly since the accuracy of the settings of the syringe pumps is limited and
allows only discrete settings. However, the actual values x; can be calculated from
the actual volume flow rates V; and the molar volumes v; of the pure components in

the syringe pumps according to equations (4.3) and (4.4).

Thus, we use the actual mole fractions x; for calibration since the only requirement

is to know the composition and its actual value is not as important as long as the
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desired concentration range is covered. In practice, the difference between desired and

actual mole fractions is usually small.

The total volume flow rate was set to Vi, =0.03 ml/min for all calibration exper-
iments, which is the maximal volume flow rate to still ensure leak-free performance
of the microfluidic setup. Since the individual volume flow rates V; are specified, the
total volume flow rate Vi, will slightly differ from the set value due to excess volume
effects but this difference in flow rate is irrelevant for our measurements: both cali-
bration and LLE measurements measure fluids that are fully mixed or in equilibrium

such that the residence time does not impact the results.

At steady-state conditions, Raman spectra are obtained each 10 pm along the mea-
surement line at observation point s, (Figure 4.1b). Due to the round channel walls
and the resulting strong fluctuations in the Raman spectra, the ranges y < 20 pm and
y > 380 nm along the measurement line are not considered. The exposure time was
set to 3 seconds per measurement for the system cyclohexane - toluene - methanol
and to 5 seconds per measurement for the system n-heptane - acetonitrile - ethanol.
In the present work, the exposure time was chosen based on preliminary experiments
to obtain nearly the same good signal-to-noise ratio in the Raman spectra for both
systems. Using the signal-to-noise criterion, the selection of exposure times could also

be automatized in the future.

In this work, the automated sample preparation for the integrated calibration is
validated by offline measurements using gas chromatography (GC). For this offline
validation, the outlet of the microchannel was collected in a syringe. This syringe was
installed at the outlet once steady state was reached. Subsequently, the content of
the syringe was analyzed offline by GC (HP6890, Hewlett Packard, USA).

4.4.2 Experiment 2: LLE Measurement

In the LLE setup, the complete phase diagram is accessible during one experiment by
adjusting the volume flow ratios. This feature had been exploited during calibration
and is also used during LLE experiments: Fluid 2 and Fluid 3 are premixed to mixture
M1 in the micromixer and contacted with Fluid 1 in the microchannel to reach a
desired global mixture M2 (Figure 4.2b and Figure 4.3). The global mixture M2 is
inside the miscibility gap of the system. In the same way as for calibration, the volume

flow rates V; required to get to the desired global mixture M2 are calculated from the
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global mole fractions ;2 according to equation (4.5). In order to ensure a priori
that the global mixture M2 falls into the miscibility gap, its shape needs to be known.
For an unknown system, we estimate the miscibility gap by predictive thermodynamic
models like COSMO-RS (Klamt, 2005). For the mixtures used for validation in this

work, the miscibility gap was known.

Fluid 2
0

0 0.2 0.4 0.6 0.8
Fluid 3 Fluid 1

Figure 4.3: Mixing principle for LLE experiments: Fluid 2 and Fluid 3 are premixed
to mixture M1 in a micromixer and contacted with Fluid 1 in the mi-
crochannel to obtain the global mixture M2 within the miscibility gap.

The minimal retention time to reach equilibrium is determined from repeated mea-
surements using different retention times in an additional experiment (see Chapter
3.3). For the two investigated systems, a retention time at observation point s,
of approximately 3 minutes has proven to be sufficient to reach equilibrium at ob-
servation point s,. This retention time corresponds to a total volume flow rate of
Vot = 0.004 ml/min which is one order of magnitude smaller than the total volume

flow rate of the calibration experiments to ensure that equilibrium is reached.

Different equilibrium points were measured in one experiment by just varying the
global composition ;2. For the determination of the LLE data, the measured
equilibrium mole fractions are arithmetically averaged over the equilibrated bulk phase
along the measurement line at observation point s, (Figure 4.4 and Figures A.1 to
A.11 in Appendix A). Here again, the ranges y < 20 pm and y > 380 pm are not taken

into account. The phase boundary was also not considered. The phase boundary was
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defined as starting and ending when the difference between two measurement points
y becomes larger than Az = 0.002. As in the calibration experiments, the exposure
time was set to 3 seconds per measurement for the system cyclohexane - toluene -
methanol and to 5 seconds per measurement for the system n-heptane - acetonitrile -

ethanol.
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= A 1
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Figure 4.4: Spatially resolved mole fractions in liquid-liquid equilibrium along mea-
surement line at observation point s, for the system n-heptane - acetoni-
trile - ethanol (LLE 12).

4.5 Results and Discussion

4.5.1 Automated Calibration

As described above, for each system, all calibration points were measured in one
experiment by adjusting the volume flow ratios. The desired mole fractions of all cal-
ibration experiments are presented in Tables B.1-B.4 in Appendix B. However, there
is a time delay between the adjustment of the volume flow rates V; at the channel
inlet and establishing the set composition at observation point s,, called the start-up
period. The length of the start-up period depends on the length of the microchannels
and connection parts. Here, the length of this start-up period was estimated from
repeated measurements in the middle of the microchannel (y = 200 pm) at observa-

tion point s,. After adjustment of new volume flow rates, the new composition was
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assumed to be reached when the difference between the mean mole fractions averaged
over 100 seconds becomes smaller than Az = 0.002. The longest start-up time was
about 500 seconds for composition 3 of the system cyclohexane — toluene — methanol
(Figure 4.5). To be on the safe side, the start-up period was set to t = 10 min for the

calibration measurements.

0.25L.,.,.,.,.
S |

0.20

015 | o =

x (cyclohexane)

400 600 800 1000
time in s

Figure 4.5: Typical composition profiles during start-up of calibration experiments
1-5 chosen to cover a composition range from 5 mol-% to 20 mol-% for
cyclohexane. Here, the mole fraction is shown over time for cyclohexane
in the system cyclohexane - toluene - methanol. The total volume flow
rate is fixed at Vi = 0.003 ml/min.

The automated calibration is validated offline by comparison between mole fractions
measured by GC and the set concentrations in the calibration experiments (Figure 4.6
and Figures B.1-B.9 in Appendix B). The GC measurements were calibrated sepa-
rately, leading to independent results. Very good agreement was found between the
offline measurements and the set concentrations. Figure 4.6 and Figures B.1-B.9 also
show the calibration curves of the concentration measurements by Raman microspec-
troscopy. The online measured concentrations correspond well to the set concentra-
tions and the offline measured concentrations by GC. Only single experiments show
small deviations of the online measurement to the GC measurements (Figure 4.6a and
Figure 4.6b). We believe that this deviation is rather due to the offline measurements:
the main problem of the offline measurement via GC is the sample collection and, as-
sociated therewith, the risk that the concentrations of the most volatile components

decrease. The most volatile component of the system cyclohexane - methanol - toluene
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is methanol. For the system n-heptane - ethanol - acetonitrile, ethanol and n-heptane
are more volatile than acetonitrile. Overall, methanol is the most volatile component.
As result, the offline validation was not possible for small methanol concentrations in
the calibration of the cyclohexane-rich phase of the system cyclohexane - methanol -
toluene. The offline measured mole fractions of methanol were systematically too low

(not shown).

In total, the online and offline measured concentrations agree with the set concen-
trations within the error bars (Figure 4.6). Consequently, we regard the automated
and integrated calibration as successfully validated. The automated and integrated
calibration strongly reduced experimental time and effort since manual sample prepa-
ration is avoided and only one start-up period is required. With these changes, one
calibration experiment sufficient to characterize a ternary mixture needs about two

hours experimental time and less than 4 ml of chemicals in total.

4.5.2 Automated LLE Determination

Liquid-liquid equilibria measurements were conducted with the described automated
setup for the systems cyclohexane - toluene - methanol (LLE 1-6) and n-heptane -
acetonitrile - ethanol (LLE 7-12) (Nagata, 1984, 1987). For both systems, six different

LLE compositions were successfully determined from a single experiment.

Table 4.2: Experimental liquid-liquid equilibrium mole fractions for the system cyclo-
hexane (2,2} ) - toluene (z,,7y) - methanol (z3,25) at T = 298.15 & 0.5 K
and p = 1.013 bar.

/ 1" 1"

21 Ilz 1 Lo
LLE 1 0.5971 0.0901 0.2703 0.0538
LLE 2 0.6626 0.0777 0.2552 0.0460
LLE 3 0.6964 0.0666 0.2389 0.0375
LLE 4 0.7224 0.0567 0.2219 0.0285
LLE 5 0.7723 0.0366 0.2039 0.0172
LLE 6 0.8134 0.0212 0.1868 0.0096

Mean relative standard uncertainties u, are u,(x}) = 0.0087, u,(x,) = 0.0180,
up(25) = 0,0257, u,(2]) = 0.0226, u,(xy) = 0.0257 and u,(25) = 0.0075.

For the system cyclohexane - methanol - toluene, the measured mole fractions and
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related mean relative uncertainties are presented in Table 4.2. The stated mean
relative uncertainties w,(z;) in Tables 4.2-4.3 are the mean values of the individual
relative uncertainties of each component. Each LLE corresponds to one tie line with
end points denoted by (") and (”). We obtained average mean relative uncertainties

of @, (2)=0.0177 for the studied mixture cyclohexane - toluene - methanol.

The system cyclohexane - methanol - toluene has already been measured in Chapter
3. The measurement uncertainties of both data sets are in the same order. Due to
the presented automation, we reduced the experimental time in this work by a factor

of three while retaining the same level of accuracy.

Table 4.3: Experimental liquid-liquid equilibrium mole fractions for the sys-
tem n-heptane (z),x]) - acetonitrile (zy,25) - ethanol (w5,2y) at
T = 298.15 + 0.5 K and p = 1.013 bar.

/ / 1" "

T, Ty T i
LLE 7 0.6577 0.1219 0.1800 0.3726
LLE 8 0.7584 0.0971 0.1244 0.4754
LLE 9 0.7973 0.0856 0.1042 0.5136
LLE 10 0.8375 0.0772 0.0872 0.5959
LLE 11 0.8736 0.0707 0.0672 0.6984
LLE 12 0.8981 0.0653 0.0510 0.8096

Mean relative standard uncertainties u, are u,(x;) = 0.0067, u,(z4) = 0.0294,
up(25) = 0.0333, u,(x]) = 0.0381, u,(25) = 0.0085 and u,(x3) = 0.0093.

For the system n-heptane - acetonitrile - ethanol, the measured mole fractions
and related mean relative uncertainties are presented in Table 4.3. For the mixture

n-heptane - acetonitrile - ethanol the average mean relative uncertainty is @, (z)=0.0254.

The present setup does not allow to determine the pressure since the system is
closed. A known upper bound on pressure is given by the pressure limit of the em-
ployed syringes which is 23 bar. However, as the total volume flow rate of the LLE
experiments is one order of magnitude smaller than the total volume flow rate of the
calibration experiments and the observation point is at the end of the microchannel,
the actual pressure is expected to be much lower. Since liquid-liquid equilibria are
known to be nearly independent of pressure at low to moderate pressures (Raal and
Miihlbauer, 1997), we assume that the measurements represent atmospheric condi-

tions. In future work, we are planning to integrate pressure sensors in the setup.
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The measured LLE concentrations were compared to literature data from Nagata
(Figure 4.7 and Figure 4.8) (Nagata, 1984, 1987). Considering that Nagata reported
an absolute uncertainty of u(z) = 0.002 for all mole fraction measurements, the mea-
sured concentrations from this work show good agreement with the literature data
(Nagata, 1984, 1987). There are only small deviations in the slope of the tie lines of

the system n-heptane - acetonitrile - ethanol (Figure 4.8).

For our measurements, one LLE experiment was sufficient to determine the complete
phase diagram in only about three hours of experimental time and using less than

2 ml of chemicals in total.

The current setup has only been employed at 7" = 298.15 K till now. The com-
ponent with the lowest temperature limit are the syringe pumps which are limited
to T' = 318.15 K. However, this temperature limit could be overcome by placing the
pumps outside the heated box and heating the inlets separately. In general, it is a
challenge to guarantee temperature control and optical access for the microscope. The
actual temperature limits of the setup will be explored in future work. The pressure
limit of the present setup is given by the syringe pumps with 23 bar. In practice,
leakage-free operation of the microfluidic chip might also impact the highest possible

pressures.

The current setup and analysis relies on the realization of the desired hydrodynamic
regime where the two phases are flowing as two laminar layers. For the studied
mixtures, we did not encounter any difficulties. However, hydrodynamic issues might
occur if the two phases have strongly different properties (e.g., viscosities, densities)

or the respective solubilities are such that one phase will be much smaller.
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Figure 4.6: Comparison between measured and set concentrations in calibration ex-
periments: (a) Cyclohexane in the methanol-rich area of the system cy-
clohexane - methanol - toluene. (b) n-heptane in the acetonitrile-rich area
of the system m-heptane - ethanol - acetonitrile. (c) Acetonitrile in the
n-heptane-rich area of the system n-heptane — acetonitrile - ethanol.
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Figure 4.7: Tie-lines of the system cyclohexane - toluene - methanol at 7' = 298.15 K
measured in this work and by Nagata (1984): (a) Complete phase diagram.
(b) Zoom into methanol-rich phase. (¢) Zoom into cyclohexane-rich phase.
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Figure 4.8: Tie-lines of the system n-heptane - acetonitrile - ethanol at 7' = 298.15 K
measured in this work and by Nagata (1987): (a) Complete phase diagram.
(b) Zoom into n-heptane-rich phase.
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4.6 Conclusions

In this chapter, we demonstrated a new measurement setup and workflow for the au-
tomated LLE determination from calibration to data analysis using a combination of
microfluidics and Raman microspectroscopy. This combination leads to rapid equi-
libration, small sample consumption and rapid in-situ concentration determination.
In this work, the sample preparation was automated leading to further benefits. Au-
tomation was achieved by the integration of a micromixer, the use of flexible syringe
pumps and an automated experimental workflow. The automated sample prepara-
tion removes the need for manual sample preparation. In addition, data points for
both calibration and LLE can be measured in one experiment such that only one
start-up period is needed. Consequently, we reduce both sample consumption and

experimental effort.

Another benefit of the automated approach should also not be underestimated: The

automated approach makes results depend less on the user.

With the automated setup presented in this work, a calibration experiment for a
ternary mixture needed only 2 hours and less than 4 ml of chemicals in total. The
measurement of six tie lines spanning the complete miscibility gap of a ternary system

needed only 3 hours and less than 2 ml of chemicals in total.

In total, an enormous reduction of experimental time and effort could be achieved
in comparison to standard analytical methods for LLE determination using the auto-

mated platform for LLE measurements.
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CHAPTER 5

LLE using Raman and Single
Droplet Tracking in Microfluidic
Plug Flow

The microfluidic platform presented in Chapters 3 and 4 contacted two immiscible
liquid flows at a small angle at the entry of an H-cell microchannel to form a laminar
flow regime. Due to the steady-state flow, phase-specific Raman spectra could easily
be acquired at fixed positions along the channel length. However, the laminar flow
limits the mass transfer to diffusion only. As a result of the low diffusive mass transfer
rates, the equilibrium cannot always be reached within the length of the microchannel,
since stable laminar flows are hard to establish in long microchannels, especially for

aqueous-organic systems as discussed in Chapter 2.3.1.

Microfluidic plug flows have already been successfully employed to determine distri-
bution coefficients. The concentrations were determined either by using offline stan-
dard analytics after phase separation (Susanti et al., 2016; Alimuddin et al., 2008;

Kralj et al., 2007; Poulsen et al., 2015) or using in-situ analytics like epifluorescence

Major parts of this chapter are reproduced under a Creative Commons Attribution 4.0 International
License (https://creativecommons.org/licenses/by/4.0/) with modifications to the original source

from:

M. Kasterke, J. Thien, C. Flake, T. Brands, L. Bahr, A. Bardow, and H.-J. Kof}, "Automated
Measurement of Liquid-liquid Equilibria using Raman Spectroscopy and Single Droplet Tracking in
Microfluidic Plug Flow.", Fluid Phase FEquilibria, vol. 567, pp. 113718, 2023.

Contribution report: Principal author together with Marvin Kasterke, writing the draft, concep-

tual design of the setup and the measurement procedure, data evaluation.
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microscopy (Marine et al., 2009; Mary et al., 2008) and Raman spectroscopy (Luther
et al., 2014; Nelson et al., 2018).

However, to the best of our knowledge, no full LLE measurements have been con-
ducted in microfluidic plug flows until now. The main challenge for using in-situ
analytics in combination with plug flows is that mechanisms are needed for phase-
selective data acquisition in the moving plugs. This requirement is particularly diffi-
cult to satisfy since the phase distribution and, consequently, the plug lengths are not
predictable for unknown LLE systems. Taking snapshots of individual moving plugs
is possible when using epifluorescence spectroscopy, which allows for high signal inten-
sities. However, only one single fluorescent component can be determined, allowing
only determining its concentration and thus the distribution coefficient (Marine et al.,
2009; Mary et al., 2008). In contrast, Raman spectroscopy can distinguish between a
wide range of molecules, see Section 2.4. Nevertheless, a Raman signal from a single
plug crossing a fixed measurement volume is often too weak for a precise quantitative
analysis. For this reason, Klima and Braeuer (2019) accumulate the Raman signal
from numerous plugs using a photo-electric guard. Their setup thus requires averaging

spectra of multiple plugs and does not allow to investigate one single plug.

In addition to the challenge of recording phase-selective spectra, there is also the
challenge of quantitatively evaluating these spectra. Since Raman signals of liquid
components are strongly overlapping, accurate methods are required for spectra eval-
uation when small concentrations need to be quantified precisely. Especially, the wa-
ter signal analysis is quite challenging for low water concentrations in organic phases
since the Raman signal of water is very weak and it additionally changes its shape

significantly due to disappearing hydrogen bonds (Giraudet et al., 2017).

In this chapter, a setup is presented for full LLE determination based on auto-
mated droplet detection and tracking in combination with phase-selective Raman
spectroscopy measurements in single plugs of a microfluidic plug flow. A low-cost
camera and a traversing unit enable the phase-selective data acquisition of single
plugs. The camera detects plugs flowing inside a capillary. Through image process-
ing, the velocities and sizes of the plugs are estimated from the recordings of the
camera. Once a stable flow regime is reached, the traversing unit moves the capillary
with the plug velocity opposite to the flow direction to keep a single equilibrated plug
stationary in the focus of the optical measurement setup. The novel setup is demon-

strated for the ternary system acetone - toluene - water and the results are compared
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to literature.

5.1 Automated Experimental Setup and Workflow

The experimental setup consists of a syringe pump unit, a micromixer, a capillary
which includes a droplet detection unit (DDU) and is installed on a traversing unit,

a laser and a spectrometer (Figure 5.1).

Figure 5.1: Experimental setup with syringe pumps, micromixer, traversing unit,
droplet detection unit (DDU), capillary, laser, and spectrometer.

Pure components are dosed via three independent syringe pumps (Mid-Pressure
Syringe Pump neMESYS, Cetoni GmbH, Germany). The global concentration can
be varied by adjustment of the volume flow ratios so that the time-consuming and
error-prone manual sample preparation is omitted, and the complete phase diagram
is accessible in a single experiment, see Chapter 4. For the conducted LLE ex-
periments, acetone and toluene are premixed in the micromixer (Swirl Micromixer,
Micronit, The Netherlands) and contacted with water in a T-junction (PEEK Tee,
CS-Chromatographie Service GmbH, Germany). The T-junction is used for droplet
generation at the beginning of the capillary, to form a stable liquid-liquid plug flow
(i Solvas and DeMello, 2011). To connect the syringe pumps to the micromixer and
capillary, PTFE tubing with an inner diameter of 300 pm and connection parts from
PEEK are used. The used capillary is made of fused silica and has an inner diameter
of 530 pm and a length of 45 cm. The end of the capillary is open and the liquid
flowing out is collected. A traversing unit (isel-automation, Germany) can move the

capillary against the flow direction to hold the laser focus in the center of one plug.
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The maximum distance that the traversing unit can pass has shown to be 15 cm.
Thereby, the biggest challenge is to install the capillary straight enough to keep the

focus in the center of the capillary.

Due to the wetting characteristics of the glass capillary, the aqueous phase is the
continuous phase, and the organic phase is the dispersed phase in the established plug
flow. The plugs of the organic phase are therefore surrounded by a very thin film of
the aqueous phase which wets the wall completely. The mass transfer is enhanced due
to inner circulations and the resulting homogenous concentrations inside the plugs
that keep the concentration gradient high for diffusion across the phase boundary
(Assmann et al., 2013).

A droplet detection unit is installed at a distance of 300 mm from the capillary entry
(Figure 5.2). A camera (Logitech C270) is directed at the capillary and continuously
provides pictures of the plug flow. Four white LEDs next to the camera illuminate
the capillary (Figure 5.2a). The complete system is encapsulated so that the light of
the LEDs does not impair the Raman measurements. The cameras images are read
out and processed by National Instruments LabVIEW 2019 to determine the droplet
speeds and lengths. Two brightness control lines are set in the camera image as ranges
of interest (ROI) at a fixed distance s to each other in flow direction (Figure 5.2b).
These brightness control lines are placed near the glass surface of the capillary since
the phases can best be distinguished here due to the different wetting characteristics
of the two phases with the glass wall and the resulting shadow between the plugs of
the organic phase and the glass surface (Figure 5.2b). The intensity values of the
pixels of the two ROI lines were read out continuously and the Labview Script thus
detects the change in the light intensity when a Shadow of a phase boundary passes
a ROI line. The velocity of the plug flow v is calculated from the time At that the
plugs need to overcome the distance s. This time delay At is calculated from the
delay between the edges of the data patterns of ROI 1 and ROI 2 (respectively rising
or falling, s. Figure 5.2¢).

For the acquisition of the Raman spectra, a confocal setup is used which records
the Raman scattered light in backscattering (Figure 5.1). A laser beam of a 532 nm
Nd:YAG laser (Genesis CX532-2000 SLM, COHERENT, 150mW) is focused through
a lens (N-BK7 Plano-Convex Lens, f=30 mm, A Coated, Thorlabs) onto the sample
in the measurement volume inside the capillary. Due to the focusing of the laser, an

influence of the small film of the aqueous phase on the spectrum of the organic phase
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Figure 5.2: Droplet detection unit (DDU): a) Camera captures images of the illu-
minated capillary. b) Camera image with two defined ranges of interest
(ROI) at a fixed distance s to each other. c) Signal over time at ROI 1
and ROI 2.

can be excluded. The backscattered Raman light is separated from the laser light by
two dichroic filter (Raman Strahlenteiler RT 532 rdc, AHF Germany, dividing line a
532 nm, 45 °; Semrock 532 nm StopLine single-notch filter, 0 °) and focused on the slit
of a spectrometer (IsoPlane SCT320, Princeton Instruments). The spectrally resolved
Raman light is recorded by a CCD sensor of a camera (ProEM 1600*, Princeton

Instruments) and saved by the Princeton Instruments Lightfield 5.0 software.

The traversing unit, holding T-Junction and droplet detection unit, is encapsulated
from the laboratory environment by a 54.5 x 35 x 30 cm? temperature-controlled
polystyrene box. This box is omitted for clarity in Figure 5.1. A heat exchange
system is installed inside the box to control and ensure temperature stability. A
Haake Phoenix II P50C thermostat with an external Pt 100 sensor, combined with
a heat exchanger (MagiCool, G2 Slim Radiator 16 FPI — 240 mm), regulates the
temperature to 7' = 298.15 + 0.2 K. To ensure fast heat transfer and homogeneous

temperature distribution, the heat exchanger is ventilated by two 120 mm fans (Arctic

P12PWM PST).

A new mixture is analyzed by first recording calibration spectra from weighed-in
samples which are injected into the capillary. In this work, for each calibration point,
100 spectra were recorded with an exposure time of 300 ms. The calibration samples
must be located in the homogeneous region outside the miscibility gap of the LLE sys-
tem. Here, for the proof of concept, the location of the miscibility gap is known from
literature. For a completely unknown system, the location of the miscibility gap can
be estimated by a predictive thermodynamic model like COSMO-RS (Klamt, 2005).
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Figure 5.3: Scheme of the automated experimental procedure for liquid-liquid equilib-
rium measurements.

For the LLE experiments, several global concentrations were chosen inside the mis-
cibility gap. Figure 5.3 shows the scheme of the automated workflow to measure one
equilibrium point. To start an experiment, a graphical user interface of the program
allows to set the experimental parameters (number of experiments and for each exper-
iment volume flow rates of individual components and number and exposure time of
Raman acquisitions). After the initialization of the syringe pumps, the system waits
10 minutes which, in preliminary tests, has proven to be a typical time between the
adjustment of the volume flow rates at the syringe pumps and establishing the set
composition and a stable plug flow in the capillary. This so-called start-up period de-

pends on the length of the connection parts. After this start-up period, the labVIEW
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script automatically determines the droplet lengths and speeds from the camera pic-
tures of the droplet detection unit. For this, the system-specific threshold values for
the distinction between the phases are automatically determined from evaluating the
intensity values of the ROI-lines over multiple alternating droplets. This procedure is
performed separately for each ROI-line because the illumination of the capillary is not
homogeneous, and the ROI-lines are located at different positions. The system checks
for steady state by calculating the deviation of the measured droplet velocities with
the theoretical velocities from the volume balance of the dosing. If this deviation,
averaged over the last 10 droplets, is within a range of 1.45 mm/s, steady state is
assumed. After reaching the steady state, the system tracks the next passing plug,
and the spectrometer starts acquiring spectra with the specified exposure time and
number of spectra. Here, 25 spectra with an exposure time of 300 ms are recorded
in each plug. At the end of the measurement, the traversing unit returns to the ini-
tial starting position and a plug of the other phase can be tracked. Afterwards, the
volume flow rates are adjusted to the next global concentration and the automated

procedure from Figure 5.3 is repeated.

To validate the setup, the LLE of the ternary system acetone - toluene - water
is measured. The measured mole fractions are compared to literature data from
Friebel et al. (2017) at 7' = 295.15 K . All chemicals are used as received. Suppliers,

specifications, and purities of the used chemicals are listed in Table 5.1.

Table 5.1: Used chemicals with supplier, specification, and purity in gas-
chromatography area percentage (GC, A %) from supplier data.

CAS number supplier description purity (GC, A %)

acetone 67-64-1 VWR Spectronorm  99.9 %
toluene  108-88-3 VWR Spectronorm  99.8 %
water 7732-18-5 VWR Spectronorm  99.9 %

5.1.1 Data Analysis

The Raman spectra are evaluated quantitatively using the Indirect Hard Modeling
(IHM) approach (Alsmeyer et al., 2004; Beumers et al., 2018) implemented in the
PEAXACT 4 software (S-PACT GmbH, Germany). IHM has proven to be very

suitable for quantifying liquid multicomponent mixtures with strongly overlapping
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spectral bands (Peters et al., 2020). A detailed description of the method can be
found in Chapter 3. The THM method models pure component spectra by a sum
of pseudo-Voigt functions. The resulting pure component models build up a linear
mixture model which is fitted to a mixture spectrum, while nonlinear mixture effects
as peak shifts are considered by the release of related peak parameters of the pseudo-
voigt functions. The fit gives the weights w; of each pure component ¢ in the mixture
spectrum. These weights w; are, analogous to the partial areas A; used in Chapters 3
and 4, proportional to the corresponding mole fractions of component ¢ in the mixture
so that a linear calibration model can be used for the calculation of the mole fractions

ZT;:
— = k=, fori=1,..,n—1 (5.1)
-

Zx = 1. (5.2)

The calibration constants k;; are determined from the known calibration spectra.
Here, we chose two different calibration sets according to the expected concentration
ranges of the two phases. Water’s specific spectral behavior requires these two calibra-
tion sets for high accuracy: The shape of liquid water s Raman spectrum depends on
the degree of hydrogen bonding and is thus not constant. With progressing dilution,
the hydrogen bonds, whose vibrations make up a large part of the pure component
Raman spectrum of water, disappear. Thus, the intensity of the water peak is not pro-
portional to the concentration over the complete concentration range, as it is normally
the case for other components. Additionally, the Raman spectrum of diluted water
is completely different to the Raman spectrum of pure water (Figure 5.4). Therefore,
the pure component spectrum of water can only be used to build the pure component
model of water in the aqueous phase. In the organic phase, however, the water con-
centration is low, and the hydrogen bonds vanish so that a single peak builds the pure
component model of water (Figure 5.5) (Kriesten et al., 2008b). The pure component
models of acetone and toluene, which are built from the respective pure component

spectra, can be used for both calibration sets (Figures C.1 and C.2 in Appendix C).

For the industrially relevant water-organic LLE systems, quantifying water as an
analyte is especially challenging at the low concentrations in the organic phase. Com-

pared to organic compounds, water shows a weak Raman cross-section, especially at
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Figure 5.4: OH-stretching vibration band of the Raman spectrum of water changes
shape and position with increasing dilution.
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Figure 5.5: IHM pure component models of water: a) IHM model of water in aqueous
phase consisting of three peaks. b) IHM model of water in organic phase
consisting of one single peak.

lower wavenumbers. To increase the relative area of water in the mixture spectrum,
the analysis of the organic phase only employs the part with relative wavenumbers

> 2500 cm™ for the spectral evaluation.

The calibration data is presented in Appendix D, including the weighed-in mole
fractions and a comparison between measured and set mole fractions for all compo-

nents in both water-rich and toluene-rich calibration area.

In the LLE experiments, absolute standard uncertainties are obtained from arith-
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metic averaging over 25 spectra recorded with an exposure time of 300 ms for each
spectrum during single plug tracking. These uncertainties thus represent the mea-
surement variance. The set volume flow rates of the conducted LLE experiments are
presented in Table E.1 in Appendix E.

5.2 Results and Discussion

With the introduced automated setup, nine different LLE compositions of the ternary
system water - acetone - toluene were successfully determined. For each equilibrium
composition, a single plug of either organic or aqueous phase has been tracked and
measured successfully. Single droplet tracking provides the additional advantage of
checking if the equilibrium is reached. Figure 5.6 and Figures E.1 to E.8 in Appendix
E show the development of the mole fractions in one single plug of either aqueous
or organic phase during the tracking time of about 10 seconds. All measured mole
fractions in all single plugs were constant over time within the measurement uncer-
tainty which finally indicates that the equilibrium has been reached. In this work, the
acquisition time of 300 ms per spectrum is sufficient for a good signal-to-noise ratio.
With the established workflow, acquisition times up to several seconds from one single

plug are possible.

The measured equilibrium mole fractions are arithmetically averaged over all 25
measurements of single plugs. The calculated mean equilibrium mole fractions and

the related mean absolute standard uncertainties for all components are presented in
Table 5.2.

Figure 5.7 compared our data (given in Table 5.2) and data measured by Friebel
et al. (2017) at 295.15 K in a triangular diagram. Friebel et al. (2017) found that
there is no significant temperature influence on the LLE for a temperature range of
293.15 K to 303.15 K. Both, the measured equilibrium mole fractions which represent
the binodale curve and the slope of the tie lines show excellent agreement within the
uncertainties considering that Friebel et al. (2017) indicate a mean standard uncer-
tainty of u(z;) = 0.008.

With the presented Raman setup, the measurement of the fully LLE (9 equilibrium
concentrations) is possible within about 3 hours, resulting in a sample consumption

of less than 3 ml in total.
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Figure 5.6: Mole fractions in single plugs of organic and aqueous phase over time after
start of the first acquisition (LLE 15).
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Table 5.2: Liquid-liquid equilibrium mole fractions for the system acetone (z},z7) -
toluene (z5,7,) - water (z5,75) at T = 298.15 4+ 0.2 K and p = 1.013 bar.

/ ! 1" 1"

T Ty T Ty

LLE 13 0.5841 0.2066 0.2207 0.0041
LLE 14 0.5498 0.3041 0.1743 0.0028
LLE 15 0.5143 0.3776 0.1391 0.0021
LLE 16 0.4256 0.5064 0.0999 0.0013
LLE 17 0.3588 0.6007 0.0926 0.0010
LLE 18 0.2583 0.7300 0.0661 0.0001
LLE 19 0.2047 0.7875 0.0488 0.0010
LLE 20 0.1510 0.8448 0.0422 0.0015
LLE 21 0.0282 0.9710 0.0108 0.0000

Mean absolute standard uncertainties u are u(z;) = 0.0024, u(xy) = 0.0035,
u(xy) = 0,0042, u(z]) = 0.0006, u(zy) = 0.0006 and u(zs) = 0.0009.

0 x this work

o Friebel et al.

0 02 04 06 08
x(water)

Figure 5.7: Tie-lines of the system acetone - toluene - water measured at 7" = 298.15 K
with the presented Raman setup and by Friebel et al. (2017) at
T =295.15 K
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5.3 Conclusions

This work presents a promising measurement principle for the determination of liquid-
liquid equilibria of water-organic systems in microfluidic plug flow. The small capillary
dimensions and the inner circulations in the plugs result in fast equilibration of the
phases. Using Raman spectroscopy, the precise concentration determination is rapid
and in-situ. The automated workflow enables a strong reduction of the experimental
effort and omits the error-prone manual sample preparation. For each tie line, an
experimental time of 20 minutes is sufficient. The measurement of the complete
miscibility gap, here consisting of nine tie lines, needed only about 3 hours and less

than 3 ml of chemicals in total.

Time-resolved single droplet tracking offers numerous further possibilities that will
be part of future work. For example, the equilibration process or a reaction within a
plug can be tracked and quantified. Using this setup to investigate microfluidic plug
flows and the setup presented in Chapters 3 and 4 to investigate parallel microflu-
idic flows, it is now possible to study a wide range of systems with versatile phase

properties.
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CHAPTER 6

Summary and Outlook

6.1 Summary

In this work, a new measurement method has been presented which combines Raman
spectroscopy, microfluidics and automation for the highly time- and material-efficient
determination of experimental liquid-liquid equilibrium data. The presented approach
is especially beneficial for the screening of new systems where conventional methods
for the determination of LLE data reach their limits since they need large amounts of

materials and have large experimental effort (see Section 2.2.1).

Chapter 2 presents the theoretical background and the state of the art of LLE
measurements which is needed to understand the importance and application of the
new approach presented in this work. In literature, examples for the improvement of
the conventional methods can be found which use either automation in combination
with standard chromatographic analytics or microfluidics. When using microfluidics,
the liquid-liquid flow regime plays an important role for the effectiveness and appli-
cability. Therefore, more insight is given on the different liquid-liquid flow regimes
on the microscale. Most of the presented state-of-the-art microfluidic approaches are
limited to the determination of distribution coefficients and thus do not provide full
LLE data. Here, Raman spectroscopy is very promising to fill the gap since it can be

applied in situ and can provide the concentrations of all components simultaneously.

The proof of concept of the feasibility of LLE measurements using Raman spec-
troscopy in a microfluidic chip is presented in Chapter 3. In the presented setup, a
commercially available inverse confocal Raman microscope is used for concentration

measurements in a parallel liquid-liquid microfluidic flow regime. The temperature
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can be adjusted by a water-flushed aluminum plate on top of the microchannel. An
H-cell microchannel is used which has the form of a spiral and thus provides access to
multiple observation points which correspond to different retention times of the fluids
in the microchannel. Due to the steady-state flow regime, phase-specific Raman spec-
tra can thereby easy be acquired at fixed positions. Spectra are evaluated using the
indirect hard modeling approach. For the validation, the LLE of the ternary systems

cylohexane - toluene - methanol has been investigated.

In the LLE experiments, pure methanol is contacted with a weighed-in mixture of
toluene and cyclohexane with a volume flow ratio of 1:1 and 2.5:1, so that up to two
tie-lines can be measured in one experiment by varying the global concentration by
the volume flow ratio. Thereby, the volume flow ratio is given by the used syringe
pump which provides the same feed velocity for both syringes and which were oper-
ated with 1 ml or 2.5 ml syringes. At each observation point, a concentration profile
along the channels cross-section perpendicular to the flow direction is measured. In
a preliminary test, the mean concentrations of the bulk phases at different retention
times were determined and a minimum retention time of 3 minutes has been found
to be sufficient to reach the liquid-liquid equilibrium state. To determine the LLE
compositions, the measured concentrations are arithmetically averaged over the equi-
librated bulk phases at the last observation point. All seven measured equilibrium
concentrations show excellent agreement with data from literature. Consequently, the
measurement setup has been successfully validated. Using the presented setup, only
up to 2 ml sample consumption per experiment and about 3 minutes analysis time
per observation point are needed. Thus, the overall time for LLE determination is

now mainly dependent on the sample preparation and start-up time.

The reduction of the sample preparation and start-up times is essential to get
the highest efficiency concerning time and material consumption since the start-up
time is 10 times higher than the time needed for equilibration and measurement.
Additionally, the preparation time and quality is mainly user-dependent, which is

why manual sample preparation should be completely avoided.

Therefore, the setup presented in Chapter 3 has been improved and automated
which in turn is presented in Chapter 4. Additionally, also the calibration, which is
another laborious, time-consuming and user-dependent factor, has been integrated in

the automated workflow.

Setup and workflow are automated by the integration of a micromixer and the use
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of independent syringe pumps which allow for integrated premixing of pure compo-
nents to any global concentration wanted for either calibration or LLE experiments.
By adjustment of the volume flow rates of the pure component-dosing individual sy-
ringe pumps, the whole phase diagram is accessible. For the calibration experiments,
the global concentration is situated outside the miscibility gap and all pure compo-
nents are premixed in the micromixer to ensure a homogenous single-phase mixture
of known concentration in the microchannel. Afterwards, the connection parts are
switched to premix two components for LLE experiments in the micromixer and con-
tact this mixture with the third component in the microchannel. Thereby, the global
concentration is situated inside the miscibility gap. Due to diffusional mass transfer
across the phase boundary, the concentrations of the two co-flowing immiscible liquid

phases are equilibrated until the LLE state is reached.

The temperature control has also been optimized now using a temperature-controlled
box which surrounds the complete setup including the syringe pumps in addition to
the temperature-controlled plate on top of the microchannel which has been presented
in Chapter 3.

Thus, several data points for calibration or the determination of liquid-liquid equi-
libria can be generated in only one experiment by adjustment of the volume flow
rates of the individual syringe pumps. This procedure avoids the highly laborious
and error-prone manual sample preparation and makes the results user-independent.
Additionally, only one time-consuming start-up period is needed for a complete data

set.

The automated setup has been validated successfully with regard to both automated
calibration and LLE determination studying the two ternary systems cyclohexane -
toluene - methanol and n-heptane - acetonitrile - ethanol. The integrated calibration
has been validated offline by gas chromatography measurements. With the presented
automated setup, only 2 h and less than 4 mL of chemicals for a ternary calibration
experiment and only 3 h and less than 2 mL of chemicals for a ternary LLE experiment

are needed.

The measurement principle presented in Chapters 3 and 4 is based on a parallel
microfluidic liquid-liquid flow regime which limits the mass transfer to diffusion only.
This limits the applicability, since for many industrially relevant water-organic bipha-
sic systems, stable laminar flows are hard to establish, especially in long microchan-

nels. These systems tend to form microfluidic plug flows which have the additional
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advantage that the mass transfer is enhanced due to convective circulations inside the
moving plugs. However, plug flows are alternating so that fixed measurement posi-
tions in the microchannel can be problematic since phase-selective spectra acquisition
is needed. Using Raman spectroscopy, this is especially challenging, since a single
spectrum from a moving plug passing a fixed measurement volume is often to weak
for accurate data evaluation. Regarding the quantification of small amounts of water
in the organic phase, there is an additional challenge since water is a weak Raman
scatterer and the spectrum of water changes its shape depending on the degree of

hydrogen bonding.

To overcome these challenges and to be able to measure the LLE of industrially
relevant water-organic systems using the highly efficient combination of microfluidics,
Raman spectroscopy and automation, a new setup has been set up which is presented
in Chapter 5. The setup is based on automated droplet detection and tracking in com-
bination with phase-selective Raman measurements in single plugs of either aqueous

or organic phase.

The automated online mixing for the LLE experiments which has been presented in
Chapter 4 has also been implemented in the droplet LLE setup presented in Chapter
5. In the droplet LLE setup, two pure compounds are premixed in a micromixer
and are contacted with the third component in a T-junction to form a stable liquid-
liquid plug flow regime in a round capillary. The capillary is placed on a traversing
unit which can move the capillary against the flow direction to hold the laser focus
in the center of one plug of either aqueous or organic phase for phase-specific data
acquisition. For this, the position, length and the speed of the individual plugs must
be known. Therefore, a droplet detection unit has been installed at the beginning of
the capillary which provides continuous pictures from the passing droplets from which

the droplet positions, lengths and speeds are calculated.

Starting from entering all relevant information in the software (volume flow rates,
number of acquisitions, exposure time and number of experiments), the workflow for
the LLE measurements is fully automated. After a initialization time of 10 minutes
following the start of the syringe pumps, the pictures of the droplet detection unit
are continuously evaluated to determine the plug lengths and speeds and to calculate
the wait and traversing time. Once a steady-state flow regime is detected from the
comparison between the mean to the actual plug speed, the Raman measurement

automatically starts. First, one plug of the aqueous phase and then one plug of the
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organic phase was held in the laser focus by the movement of the traversing unit while
Raman spectra were acquired continuously. The whole procedure is repeated for the
next tie line starting from the adaption of the volume flow rates to the new global

concentration.

Concerning the evaluation of the Raman spectra, the quantification of water as
an analyte of low concentration in the organic phase is especially challenging since
water is a weak Raman scatterer compared to organic compounds and the spectrum
additionally changes its shape with increasing dilution. In this work, a good evaluation
has been achieved by using a reduced spectral range and an adaptet IHM model of

water in the organic phase.

With the presented droplet LLE setup, the LLE of the ternary system acetone -
toluene - water has been measured successfully and the results are in good agreement
with data from literature. In total, the complete LLE has been measured within 3

hours experimental time needing less than 3 ml of chemicals in total.

With the two presented setups, it is now possible to measure LLE data in a very
efficient manner using either a parallel or plug microfluidic flow regime, depending
on the phase characteristics of the specific system. Consequently, a wide range of

systems with versatile phase properties can now be studied.

6.2 Perspective for Future Work

Both presented setups can be used for the efficient generation of LLE data. Although
the setups are already very efficient, there is still potential for further improvements

concerning the efficiency and application range.

Until now, the temperature control has only been validated for temperatures close
to room temperature. However, to generate precise LLE data across a broader tem-
perature range, it is necessary to validate and optimize the temperature control in
future research. For this purpose, ternary LLE systems known from literature at
several temperatures should be measured as a first step to test the limits of the cur-
rent temperature control systems of both presented setups (see Chapters 4 and 5).
If the resulting valid temperature range does not yet meet the requirements, further

improvements must be made.

In addition, the measurement principle should be made accessible to a wide range
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of users. Therefore, simple, cheap and secure equipment is desirable. While commer-
cially available capillaries, as discussed in Chapter 5, offer an affordable option, the
acquisition of customized glass chips used in Chapters 3 and 4 can be expensive. Here,
3D printing is a promising alternative for the production of cheap and system-adapted

microchannels.

In this work, two different Raman setups were used. In Chapters 3 and 4, a com-
mercially available inverse Raman microscope has been used, which is relatively easy
and secure to use, but expensive to purchase. For the Raman measurements in the
capillary (Chapter 5), laser light is guided using multiple mirrors and lenses and fo-
cused in the capillary while the scattered Raman light is collected and guided into
a spectrometer. Since the setup can be assembled as desired, it is cheaper and can
be built up using standard Raman lab equipment. But the installation and opera-
tion needs much more expert knowledge concerning the adjustment and maintenance.
Since the optical setup is open and laser light is guided through the room, experi-
ments can only be conducted in an optics laboratory with staff instructed in laser
safety. Therefore, the use of fiber optics would be a great step forward to establish
the measurement methodology. Using fiber optics, the experiments would be much
more robust and would need much less expert knowledge, since the laser light and the

scattered Raman light are guided through a flexible optical fiber.

Both presented setups have already been automated, but there are still some man-
ual steps remaining, mostly concerning the start-up of a new experiment and the
evaluation of the Raman spectra. It would therefore be desirable to further improve
the presented setups and spectral evaluation to come to an holistic fully automated
test sequence, beginning from the choice of the flow regime (parallel or plug flow) over
calculation of the optimal volume flow rates and execution of all necessary calibration
and LLE experiments to the spectral evaluation. Thereby, the previously mentioned
predictive methods such as COSMO-RS (Klamt, 2005) could help to predict mixture
behaviors which can be used for the choice of the flow regime and for the identification
of one-phasic concentrations ranges for calibration. The integration of Optimal Exper-
imental Design methods can help to identify the best LLE experiments (Dechambre
et al., 2014b). On the spectral evaluation side, methods for automatic IHM model
generation can help to come to the desired fully automated testing sequence (Woehl
et al., 2021).

Finally, the two presented setups offer the opportunity to measure further ther-
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mophysical property data. Due to the possibility to track a temporal progression, it

would be possible to quantify the equilibration process itself or to monitor a reacting
system online.

Overall, a promising new measurement principle has been presented in this work,
which has shown good performance for the determination of LLE data and which can

be adapted to many new fields of application.
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APPENDIX A

Concentration Profiles Along
Measurement Line for the

Automated LLE Experiments
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Figure A.1: Spatially resolved mole fractions in liquid-liquid equilibrium along mea-
surement line at observation point s, for the system cyclohexane - toluene
- methanol (LLE 1).
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Figure A.2: Spatially resolved mole fractions in liquid-liquid equilibrium along mea-
surement line at observation point s, for the system cyclohexane - toluene
- methanol (LLE 2).
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Figure A.3: Spatially resolved mole fractions in liquid-liquid equilibrium along mea-
surement line at observation point s, for the system cyclohexane - toluene
- methanol (LLE 3).
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Figure A.4: Spatially resolved mole fractions in liquid-liquid equilibrium along mea-
surement line at observation point s, for the system cyclohexane - toluene
- methanol (LLE 4).
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Figure A.5: Spatially resolved mole fractions in liquid-liquid equilibrium along mea-
surement line at observation point s, for the system cyclohexane - toluene
- methanol (LLE 5).
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Figure A.6: Spatially resolved mole fractions in liquid-liquid equilibrium along mea-
surement line at observation point s, for the system cyclohexane - toluene
- methanol (LLE 6).
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Figure A.7: Spatially resolved mole fractions in liquid-liquid equilibrium along mea-
surement line at observation point s, for the system n-heptane - acetoni-
trile - ethanol (LLE 7).
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Figure A.8: Spatially resolved mole fractions in liquid-liquid equilibrium along mea-
surement line at observation point s, for the system n-heptane - acetoni-
trile - ethanol (LLE 8).
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Figure A.9: Spatially resolved mole fractions in liquid-liquid equilibrium along mea-
surement line at observation point s, for the system n-heptane - acetoni-
trile - ethanol (LLE 9).
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Figure A.10: Spatially resolved mole fractions in liquid-liquid equilibrium along mea-
surement line at observation point s, for the system n-heptane - acetoni-
trile - ethanol (LLE 10).
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Figure A.11: Spatially resolved mole fractions in liquid-liquid equilibrium along mea-
surement line at observation point s, for the system n-heptane - acetoni-
trile - ethanol (LLE 11).
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APPENDIX B

Set Concentrations and Results for
Automated Calibration

Experiments

Table B.1: Set concentrations in calibration experiments of the n-heptane-rich area of
the system n-heptane (x1) - acetonitrile (x2) - ethanol (z3)

x €2

Cl 0.8864 0.025
C2 0.7917 0.05
C3 0.7115 0.075
C4 0.6429 0.01
C5 0.5833 0.125

Table B.2: Set concentrations in calibration experiments of the acetonitrile-rich area
of the system n-heptane (1) - acetonitrile (x3) - ethanol (z3)

X1 X2

C6 0.02 0.8167
C7  0.04 0.6857
C8 0.06 0.5875
C9 0.08 0.5111
C10 0.1 045
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Appendix B Set Concentrations and Results for Automated Calibration Experiments

Table B.3: Set concentrations in calibration experiments in the methanol-rich area of
the system cyclohexane (1) - toluene (x5) - methanol (x3)

X1 X2

C11 0.0891 0.02
C12 0.16 0.04
C13 0.2169 0.06
C14 0.2629 0.08
C15 0.3 0.1

Table B.4: Set concentrations in calibration experiments in the cyclohexane-rich area
of the system cyclohexane (z7) - toluene (z3) - methanol (z3)

X X2

C16 0.7083 0.15
C17 0.6923 0.1
C18 0.7107 0.12
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Figure B.1: Comparison between measured and set concentrations in calibration ex-
periments: ethanol in the n-heptane-rich area of the system n-heptane -
acetonitrile - ethanol (C1-C5)
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Figure B.2: Comparison between measured and set concentrations in calibration ex-
periments: n-heptane in the n-heptane-rich area of the system n-heptane
- acetonitrile - ethanol (C1-C5)
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Figure B.3: Comparison between measured and set concentrations in calibration ex-
periments: acetonitrile in the acetonitrile-rich area of the system n-
heptane - acetonitrile - ethanol (C6-C10)
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Figure B.4: Comparison between measured and set concentrations in calibration ex-
periments: ethanol in the acetonitrile-rich area of the system n-heptane -
acetonitrile - ethanol (C6-C10)
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Figure B.5: Comparison between measured and set concentrations in calibration ex-
periments: methanol in the methanol-rich area of the system cyclohexane
- toluene - methanol (C11-C15).
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Figure B.6: Comparison between measured and set concentrations in calibration ex-
periments: toluene in the methanol-rich area of the system cyclohexane -
toluene - methanol (C11-C15).
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Figure B.7: Comparison between measured and set concentrations in calibration ex-
periments: cyclohexane in the cyclohexane-rich area of the system cyclo-
hexane - toluene - methanol (C16-C18).
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Figure B.8: Comparison between measured and set concentrations in calibration ex-
periments: methanol in the cyclohexane-rich area of the system cyclohex-

ane - toluene - methanol (C16-C18).
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Figure B.9: Comparison between measured and set concentrations in calibration ex-
periments: toluene in the cyclohexane-rich area of the system cyclohexane
- toluene - methanol (C16-C18).
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APPENDIX C

IHM Pure Component Models of

Acetone and Toluene
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Figure C.1: IHM pure component model of acetone.
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Figure C.2: IHM pure component model of toluene.
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APPENDIX D

Calibration Data for Droplet LLE

Experiments

Table D.1: Set mole fractions in calibration experiments of the water-rich area of the
system acetone (1) - toluene (z5) - water (x3)

X1 X2

C19 0.0918 0.0000
C20 0.2816 0.0101
C21 0.3801 0.0099
€22 0.4305 0.0198
C23 0.4821 0.0199

Table D.2: Set mole fractions in calibration experiments of the toluene-rich area of
the system acetone (x;) - toluene (z5) - water (x3)

x X2

C24  0.1999 0.7956
C25 0.2996 0.6912
€26 0.4011 0.5719
C27 0.5012 0.4501
028 0.5488 0.3494
C29 0.6003 0.2504
C30 0.6208 0.1805
C31 0.6394 0.1101
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Figure D.1: Comparison between measured and set mole fractions in calibration ex-

periments: acetone in the water-rich area of the system acetone - toluene
- water (C19-C23).

[ T I T I T I T I T ]
0.020 |- -
= i i
£0.015-
=
2 [ i
50,010
2 i
+£0.005 |- '
0000 1 ] 1 ] 1 1 1 ] 1
0.000 0.005 0.010 0.015 0.020
X (toluene

Figure D.2: Comparison between measured and set mole fractions in calibration ex-
periments: toluene in the water-rich area of the system acetone - toluene -

water (C19-C23). (Note the small absolute mole fractions in comparision
to D.1 and D.3.)
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Figure D.3: Comparison between measured and set mole fractions in calibration ex-
periments: water in the water-rich area of the system acetone - toluene -
water (C19-C23).
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Figure D.4: Comparison between measured and set mole fractions in calibration ex-
periments: acetone in the toluene-rich area of the system acetone - toluene
- water (C24-C31).
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Figure D.5: Comparison between measured and set mole fractions in calibration ex-

periments: toluene in the toluene-rich area of the system acetone - toluene
- water (C24-C31).
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Figure D.6: Comparison between measured and set mole fractions in calibration ex-

periments: water in the toluene-rich area of the system acetone - toluene
- water (C24-C31).
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APPENDIX E

Volume Flow Rates and

Concentration Lines of Droplet

LLE Experiments

Table E.1: Set volume flow rates V; in the LLE experiments of the system acetone
(V1) - toluene (V5) - water (V3).

Vi in pL/min  Vj in pL/min Vi in pL/min

LLE 13
LLE 14
LLE 15
LLE 16
LLE 17
LLE 18
LLE 19
LLE 20
LLE 21

8.7477
7.5946
6.7588
0.4825
4.4161
2.9888
2.407

1.6158
0.9685

2.7156
3.6675
3.9166
4.964

5.3313
6.4948
6.3696
7.0223
6.2856

3.5366
3.7379
4.3246
4.5535
5.2526
2.5164
6.2235
6.362

7.7459
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Figure E.1: Mole fractions in a single fragment of organic and aqueous phase over
time (LLE 13).
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Figure E.2: Mole fractions in a single fragment of organic and aqueous phase over
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Figure E.3: Mole fractions in a single fragment of organic and aqueous phase over
time (LLE 16).
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Figure E.5: Mole fractions in a single fragment of organic and aqueous phase over
time (LLE 18).
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Figure E.6: Mole fractions in a single fragment of organic and aqueous phase over

time (LLE 19).
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Figure E.7: Mole fractions in a single fragment of organic and aqueous phase over
time (LLE 20).
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APPENDIX F

Student Theses Completed within
this Work

Berg, J., Gert, G. (2018). Experimentelle Bestimmung von
Fliissig-fliissig-Gleichgewichtsdaten fiir das Kraftstoffgemisch OME, n-Heptan
und Wasser. Project thesis, RWTH Aachen University.

Eminoglu, Y. (2018). Untersuchungen an mikrofluidischen Propfenstréomungen zur
Vermessung von Fliissig-fliissig-Gleichgewichten mittels
Raman-Mikrospektroskopie. Bachelor thesis, RWTH Aachen University.

Henn, N. (2018). Bestimmung des Einflusses von Natriumchlorid auf das
Flissig-fliissig-Gleichgewicht des Systems Ethanol-Butanol-Wasser mittels
Mikrofluidik und Raman-Mikrospektroskopie. Bachelor thesis, RWTH Aachen
University.

Kasterke, M. (2018). Simultane Bestimmung von Diffusionskoeffizienten und
Verteilungskoeffizienten von Aceton im System Toluol-Wasser mittels Mikrofluidik
und Raman-Mikrospektroskopie. Bachelor thesis, RWTH Aachen University.

Kasterke, M. (2020). Konzeption, Aufbau und Inbetriebnahme eines
Versuchsaufbaus zur effizienten Messung von Fliissig-fliissig-Gleichgewichten in
mikrofluidischen Propfenstromungen mittels Raman-Spektroskopie. Master
thesis, RWTH Aachen University.

Miinch, G., Laker, J., and Henn, N. (2017). Optimierung eines Versuchsaufbaus zur
Messung von Fliissig-fliissig-Gleichgewichten mittels Mikrofluidik und

Raman-Mikrospektroskopie durch die Integration eines Mikromischers. Project
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thesis, RWTH Aachen University.

Steimann, T. (2018). Quantifizierung von Diffusions- und Verteilungskoeffizienten
von Toluol im Stoffsystem Cyclohexan-Toluol-Methanol mittels Mikrofluidik und
konfokaler Raman-Mikrospektroskopie. Bachelor thesis, RWTH Aachen

University.

Stiiwe, L. (2017). Inbetriebnahme und Validierung eines Versuchsaufbaus zur
Messung von Fliissig-fliissig-Gleichgewichten mittels 1D-Raman-Spektroskopie.
Bachelor thesis, RWTH Aachen University.
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