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Abstract

Three plants of interest and their active ingredients were examined throughout this
thesis: y-irone of Iris germanica L., the curcuminoids of Curcuma longa L., and
cinnamaldehyde of Cinnamomum cassia. They also dictate the structure of the

presented study.

Chapter 3 deals with the extraction and concentration of the odiferous y-irone from Iris
Barbata-Elatior, a cultivar of Iris germanica L. The dried and ground rhizomes were
extracted in four different approaches with solvents based on myristic acid. The best
result with a y-irone yield of ~ 66% was achieved through the extraction of rhizomes
soaked in water with pure myristic acid. This model extraction was scaled up in order
to obtain enough extract to successively perform molecular distillation for
concentration purposes. The optimum distillation method was developed beforehand
by taking the Clausius-Clapeyron relation as a theoretical basis and validating it with
experiments using structural analogues of y-irone. Eventually, the y-irone content

could be concentrated 18-fold after two molecular distillation cycles.

The curcuminoids of Curcuma longa L. were the molecules of interest throughout
Chapters 4 and 5. A screening of different natural deep eutectic solvents in terms of
curcumin solubility was performed. The most promising ones were the mixtures of
choline chloride with lactic and levulinic acid. They were chosen to replace the
aqueous phase in ternary mixtures with ethanol and triacetin. Successively, the phase
behavior of these ternary mixtures was examined while also mapping the solubility of
curcumin depending on the weight ratios of these ternary mixtures. In the domains of
highest solubility, extraction experiments were performed. It was possible to achieve
curcuminoid extraction yields of up to 79% (lactic acid) and 84% (levulinic acid).
Consecutively, cycle extractions were investigated, showing that the solvents could be
concentrated through repeated extraction of fresh rhizomes. The change of the solvent
during these cycle extractions was monitored and determined to be the limiting factor

of cycles.

After determining the natural deep eutectics’ capability to solve and extract
curcuminoids, the mechanism of solubility was investigated. Nine different eutectics
based on the quaternary ammonium compounds choline chloride, betaine, and

carnitine mixed with lactic, levulinic, and pyruvic acid were examined. UV/Vis

Vi



spectroscopy was used to monitor the eutectics’ capability to solve curcumin. The
underlying intermolecular interactions were assessed theoretically by using COSMO-
RS predictions of the chemical potential and experimentally backing those with *H and
NOESY NMR measurements. Different additional functionalities of the quaternary
ammonium compounds did not influence the solubility of curcumin in ethanolic
solutions, while functionalities had a significant effect when regarding ethanolic
solutions of the acids. The natural deep eutectics containing levulinic acid yielded the
highest curcumin solubilities based on a solubility synergy between the acid and the
quaternary ammonium compounds. Non-specific and directed intermolecular

interactions were identified as the driving force behind the strong solubility increase.

In the last part, Chapter 6, the curcumin solubility in ethanolic solutions of natural
aromas was examined. A series of natural aromas with different functionalities were
screened experimentally with UV/Vis spectroscopy and theoretically with COSMO-
RS, yielding cinnamaldehyde as the molecule of highest solving ability. Natural
essential cinnamon oils of Cinnamomum cassia and Cinnamomum verum, high in
cinnamaldehyde, were examined in view of composition and solving capability. The
phase behavior of ternary mixtures of the best cinnamon essential oil (Cinnamomum
cassia oil), water, and ethanol was characterized, and the curcumin solubility was
mapped. Cycle extraction experiments showed that rather the loss of solvent was the
limiting factor of cycles than the solvent change over time. A theoretical model for

cycle extractions was developed.
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Zusammenfassung

Drei Pflanzen sowie deren Inhaltsstoffe waren von besonderer Bedeutung fiir diese
Arbeit und wurden untersucht: y-Iron aus Iris germanica L, die Curcuminoide von
Curcuma longa L und Zimtaldehyd aus Cinnamomum verum. Diese geben auch die
Struktur der Arbeit vor.

Kapitel 3 beschaftigt sich mit der Extraktion und Aufkonzentrierung des Duftstoffes
v-Iron aus der Pflanze Iris Barbata-Elatior, einem Kultivar der Spezies Iris germanica
L. Die getrockneten und gemahlenen Rhizome wurden auf vier unterschiedliche Arten
mit myristinsdurebasierten Losemitteln extrahiert. Das beste Ergebnis mit einer
Ausbeute von ~66% vy-lron wurde durch die Extraktion von zuvor in Wasser
eingelegten Rhizomen mit reiner Myristinsaure erreicht. Um gentgend Extrakt fur
eine darauffolgende Aufarbeitung mittels einer Molekulardestillationsanlage zu
erhalten, wurde ein Upscaling dieser Modellextraktion vorgenommen. Die optimale
Destillationsmethode wurde theoretisch anhand der Clausius-Clapeyron-Beziehung
entwickelt und mit Experimenten zu y-lron strukturellen Analoga validiert. Somit
wurde nach zwei Destillationszyklen eine 18-fache Aufkonzentrierung von y-lron

ermoglicht.

Die Curcuminoide von Curcuma longa L. werden in den Kapiteln 4 und 5 behandelt.
Ein Screening verschiedener naturlicher Eutektika mit Blick auf die Ldslichkeit von
Curcumin wurde durchgefiihrt. Am vielversprechendsten waren die Mischungen aus
Cholinchlorid mit Milch- und L&vulinsdure, die ausgewéahlt wurden, um die wéssrige
Phase in terndren Mischungen mit Ethanol und Triacetin zu ersetzen. Das
Phasenverhalten dieser terndren Mischungen wurde charakterisiert und die
Curcuminléslichkeit in Abhéngigkeit von den terndren Zusammensetzungen
kartographiert. In den Bereichen der hochsten Loslichkeit  wurden
Extraktionsexperimente durchgefiihrt. So war es moglich, Extraktionsausbeuten von
79% (mit Milchséure) und 84% (mit Lavulinsdure) zu erreichen. Daraufhin wurden
die besten Losemittelmischungen im Hinblick auf zyklische Extraktionen untersucht.
Bei wiederholten Extraktionen von frischem Rohmaterial konnten die Losemittel
wiederverwendet und aufkonzentriert werden. Die Verdnderung des Losemittels

wéhrend der Zyklen wurde als limitierender Faktor der Zyklen festgestellt.

Vil



Nachdem die Curcumin-Ldsungs- und Extraktionsfahigkeit der natirlichen tiefen
Eutektika-Mischungen gezeigt werden konnten, wurde der diesbeziigliche
Mechanismus untersucht. Neun verschiedene Eutektika auf der Basis der quaternaren
Ammoniumverbindungen Cholinchlorid, Betain und Carnitin gemischt mit Milch-,
Lavulin- und Brenztraubensdure wurden betrachtet. Mittels UV/Vis Spektroskopie
wurde die Loslichkeit von Curcumin beobachtet. Die zugrundeliegenden
intermolekularen Interaktionen wurden theoretisch durch die Vorhersage des
chemischen Potentials mittels COSMO-RS bemessen und durch *H- und NOESY-
NMR-Messungen bekréftigt. Funktionelle Gruppen hatten kaum Einfluss auf die
Loslichkeit von Curcumin in  ethanolischen Ldsungen der quaternéren
Ammoniumverbindungen, wahrend ihr Einfluss im Hinblick auf die Sduren nicht zu
vernachlassigen war. Die hochsten Curcuminldslichkeiten wurden in ethanolischen
Losungen mit naturlichen tiefen Eutektika mit Lavulinsdaure als Bestandteil erreicht,
was auf eine Synergie zwischen den quaterndren Ammoniumverbindungen und der
Saure  zurtckzufihren war. Unspezifische und direkte intermolekulare
Wechselwirkungen ~ wurden als treibende  Kraft hinter der starken

Loslichkeitserh6hung identifiziert.

Im letzten Teil, Kapitel 6, wurde die Curcuminldslichkeit in ethanolischen Lésungen
von natlrlichen Aromastoffen erforscht. Eine Reihe naturlicher Aromen mit
verschiedenen Funktionalitdten wurde experimentell mittels UV/Vis-Spektroskopie
und theoretisch mittels COSMO-RS-Rechnungen untersucht. Zimtaldehyd wurde als
Verbindung mit der hochsten Loslichkeitskraft identifiziert. Natirliche atherische Ole
von Cinnamomum cassia mit hohem Zimtaldehydanteil wurden mit Blick auf ihre
Zusammensetzung und Loslichkeitskraft untersucht. Das Phasenverhalten des besten
Ols in der Mischung mit Wasser und Ethanol wurde untersucht sowie die
Curcuminldslichkeit in Abhéngigkeit der Zusammensetzung. Zyklische Extraktionen
zeigten, dass weniger die Veranderung des Losemittels als der Losemittelverlust der
limitierende Faktor der Zyklen war. Ein theoretisches Modell fir zyklische
Extraktionen wurde entwickelt.
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1 Introduction

The kingdom of plantae and its use for humanity will be the main concern in this thesis.
It comprises a multitude of different species which are abundant throughout the whole
world and are capable of sustaining life. Plants provide active ingredients, which can
be nutritional but are also of high interest in terms of their other properties like scent,
color, and health promoting effects. Due to these peculiarities, which have been known

for ages, many plants have earned their due significance [1].

To obtain these natural molecules in their pure form, separated from their plant matrix,
extraction is the method of choice. It is a ubiquitous method that has been known for
centuries and anyone who has ever brewed a cup of tea or coffee has performed an
extraction. Through infusion of the ground natural product with boiling hot water, the
molecules responsible for the flavor and color impressions in the respective drinks will
be removed from their matrix and transferred to the solvent, water. Putting this in a
more scientific perspective, extraction is a method to remove the active ingredients

from the inactive plant tissues using some sort of solvent [1-4].

Especially nowadays, consumers take an interest in the ingredients of their products
and many environmental factors aid the demand for natural products’ increase.
Particularly the food and beverage industry as well as the personal care industry can

profit of the growing natural extracts market [5].

Extraction may seem like an easy process, but plenty of research and time is spent to
improve this topic. Keeping in mind the principles of green chemistry and green
extraction, popularized by P. Anastas and F. Chemat respectively, the challenges
which need to be tackled include increasing processes’ efficacies with regard to yield
and selectivity while employing alternative solvents [6,7]. Instead of continuing using
conventional, petroleum-based, organic solvents, sustainable and environmentally
friendly alternatives with lower health risks upon exposure need to be developed. In
the pursuit of finding green alternatives, once again, the plant kingdom can serve as an
example, as nature may already contain what can be used as a solvent. Especially
noteworthy in this case is so-called natural deep eutectic solvents (NADES). They are
mixtures of natural (often solid) molecules which depress their respective melting
points at an ideal molar ratio through intermolecular interactions, yielding liquid

solvents. Sometimes, they are embraced as a new type of liquid phase inside living
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organisms [8]. Apart from these, lipids and essential oils contained in plants also
exhibit agreeable solvent characteristics and can be employed as alternatives to
conventional ones [9,10]. Thus, nature already provides the necessary solvents to use

for extraction, which only have to be examined further.

Motivated by the vast abundance of natural solvent sources, this study deals with the
development of sustainable extractions. The focus was put on the extraction of irones
from Iris germanica L. using a fatty acid, which was already part of the plant, and
curcuminoids from Curcuma longa L., employing different natural deep eutectic

solvents and natural aromas as extraction solvents.
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In this chapter the theoretical background about phytochemicals, the concept of

extraction, green chemistry, analysis methods, and solvents will be presented.
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2 General Information

This chapter will give an overview of the theoretical backgrounds of the methods and

solvents in question and will introduce the necessary and important concepts.

2.1 Phytochemicals

According to rough estimations, 400’000 species of plants currently populate the earth.
In a way, they can be seen as nature’s chemists as they possess the ability to produce
countless metabolites of high versatility [1,11-18]. Chemically active compounds
produced in plants are called phytochemicals. Their name is derived from the Greek
word gutdv (phyton), meaning plant, indicating their origin. In this study, three plants
and their ingredients were investigated:

3 Iris Barbata Elatior as a source of y-irone (cf. 3 Isolation of Irones via Short-
Path Distillation)

©3 Curcuma longa L., containing the three major curcuminoids curcumin,
demethoxycurcumin, and bisdemethoxycurcumin (cf. 4 Solubility and
Extraction of Curcumin in NADES Systems, 5 Uncovering the Curcumin
Solubili, and 6 Cinnamomum Cassia Essential Oil as Green Solvent)

©3 Cinnamomum Cassia providing cinnamaldehyde (cf. 6 Cinnamomum Cassia

Essential Oil as Green Solvent)

A more precise definition of these will be given in their respective chapters and their
molecular structures can be viewed in Section 9.1 Important Chemicals and their
Structures. Here, however, only a general description of phytochemicals will be

presented.

As already assessed above, phytochemicals arise in plants. They can accumulate in
different parts like the roots, stems, leaves, flowers, fruit, or seeds [16]. In total, they
can be divided into three classes: hormones as well as primary and secondary
metabolites [19]. But in this study, the focus will be placed solely on primary and

secondary metabolites. An overview of these is given in Figure 2-1.

As their name says, primary metabolites can be derived from the primary or central
metabolism, which is responsible for the survival of an organism. This means these
compounds can be found in almost every cell of every living organism. Prominent

representatives of primary metabolites are products of glycolysis, the citric acid cycle,
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or any metabolic pathway producing precursors of essential chemicals necessary for
everyday life, like essential amino acids. These are the key compounds and are,
therefore, placed in the center of Figure 2-1. These primary metabolites often act as
precursors for the synthesis of secondary metabolites, which are also called specialized
metabolites or natural products. In the case of the second class, the variety of molecules
Is vast, as they can serve different purposes apart from basal functionality, growth,
development, or reproduction. Thus, neither every organism nor every cell of an
organism is necessarily able to produce these specialized metabolites [20]. Besides, as
they do not sustain life, the mechanisms behind their synthesis are less regulated inside
the cells, which would also explain their manifoldness. Some examples of these natural
products are given in Figure 2-1. Of course, breaking down this huge class of natural
molecules into three categories seems somewhat reductive and while skimming
through the literature, one might find even more refined categorizations. However,
these three main groups of alkaloids, terpenes, and phenolic compounds make up the
majority of secondary metabolites that are known so far [21]. Most of the extra

classifications can be included in the presented three.

Alkaloids

Primary

. Flavonoids
Metabolites

Phenolic

Terpenes Compounds

Non-Flavonoids

Figure 2-1: Overview of the two kinds of plant metabolites inspired by [22-24]. The primary metabolites (yellow)
in the center are the basic molecules necessary for the functionality of organisms. They are the source materials
from which the secondary metabolites (outer ring) can be synthesized. These secondary metabolites are divided

into three groups: alkaloids (bright green; represented by caffeine, nicotine, and piperine), terpenes (dark green;
represented by limonene, caryophyllene, and pinene), and phenolic compounds (blue; represented by quercetin,

cinnamaldehyde, y-irone, and curcumin. The last three can also be viewed in Section 9.1.
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The sorting usually follows the components’ metabolic pathway [25]. However, as a

rule of thumb, the classes can be characterized as follows [16,21]:

©3 Alkaloids usually are derived from amino acids and possess at least one
nitrogen atom in heterocycles. They are often of a basic nature.

©3 Terpenes are liposoluble molecules based on isoprene, which can occur at a
random number. They are often polycyclic and are known for their flavor. In
plants, they can usually be found as essential oils.

©3 Phenolic compounds have at least one hydroxy group attached to one or more
aromatic rings. They are the largest category of secondary metabolites
[1,16,26]. The phytochemicals investigated in this study, y-irone, curcumin,
and cinnamaldehyde, fall into the category of non-flavonoid phenolic
compounds. Their structures are also included in Figure 2-1 and can be viewed
as well in Tables 9-1 and 9-3 of the Appendix.

In terms of chemical ecology, however, nature would not waste energy for the
synthesis of secondary metabolites without getting some benefits in return. This opens
the question of why they are even produced. It is assumed that the development of the
secondary metabolites was provoked evolutionarily, though, to this day, the driving
force behind it is unclear [13]. There are many theories claiming that those natural
products have an adaptive purpose making plants competitive when interacting with
their environment as a way of ensuring their dominance and ability to survive and
reproduce. These theories also explore the possibility that mixtures of secondary
metabolites can create efficacy synergies, prevent accelerated adaption of predators,
or create means of communication. On the other hand, there is also a possibility that
phytonutrients stem from screening processes of plants searching for advantages.

However, which theories are true is hard to prove [13].

Since one can still only speculate about the purpose of secondary metabolites’
existence, there are only some palpable explanations for their functions so far. Two
key roles have been identified: attraction and protection. As plants are static organisms,
they rely on external help to reproduce. Thus, the attraction of dispersers like bees,
who transport the pollen, is of great importance. In this case, the secondary metabolites
can act as so-called attractants that lure in the dispersers. This can be achieved through
pleasant smells or colors. At the same time, some creatures may also act predatory,

feeding on the plants. To combat this behavior, plants protect themselves, which can
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also be achieved with secondary metabolites. The phytochemicals can act in a harmful
way as bitterns or toxins preventing active feeding. For example, many essential oils
are known to be good insecticides [27,28]. Bright colors as well can send warning

signals shooing away unwanted company [13].

In addition to these two functions specialized in active interactions with the
environment, the metabolites can also act in a conserving matter. Through extended =-
systems and antioxidative properties, the chemicals are also capable to prevent
oxidative stress and stress induced through UV radiation to keep the host plant healthy
[29].

Exactly these features that are in place to ensure the well-being of the plants make the
secondary metabolites so interesting for humans. For centuries, plants have been a
source of healing and the empirical knowledge about that has been passed on over
generations. The discovery of secondary metabolites has been the starting point of
phytochemistry, the field of plant compounds and their properties, dealing with their
identification, quantification, and purification [21]. Extensive research has been
conducted to identify phytochemicals that can augment human life. There are many
application fields, like the cosmetic industry, using the natural products’ olfactory
properties. Some secondary metabolites are very popular in the food industry as they
bring flavor and color. Also, in the attempt of finding new drugs or pharmaceutically
active compounds, the medicinal characteristics of phytochemicals are very important
[1]. However, not all pharmaceutically active ingredients are suitable as medication.
Active effects for curing diseases may not be observed in all phytonutrients. Yet,
through antioxidative, anti-microbial, anti-viral, anti-cancer, and many more

advantageous effects [16,30,31], they serve as excellent supplements in a daily diet.

Regardless of their application field, the demand for natural products is on a rise due
to consumers’ increasing health awareness. Thus, attention is placed on the origin and
manufacture of products, increasing the demand for wholesome, natural, and health-
promoting products and ingredients [32,33]. Especially the market of polyphenols (in
the United States) is predicted to grow at a rate of > 7% during the next decade, which
is conjectured to be driven by their health benefitting effects [34]. To exploit the whole
potential of these natural products and to do the increasing demand justice, the pure
phytochemicals have to be extracted and separated from their matrix to obtain them in

their pure form for analysis and their use in modern formulations [21].

10
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2.2 Extraction of Phytochemicals

As mentioned above, to obtain the natural products in their pure form, extractions are
performed. The word extraction has a Latin origin, extrahere, which means pull out or
remove, which is exactly what happens during an extraction process. The so-called
extractant is removed from its matrix, often with the purpose of purifying and
quantifying it [35].

Four different types of extraction can be distinguished: mechanical expression,
distillation, sublimation, and solvent extraction [2,36,37]. The process of mechanical
expression is also called pressing. This method is used on plants high in oil content
like citrus fruits or nuts yielding extracts free of solvent residues with a similar quality
to the pure oil in the plants [38,39]. Volatile organic compounds can be extracted via
distillation methods, with or without water or steam. They can have different sensory
characteristics compared to the whole plant, as solely the volatile compounds are
removed from the raw material [37]. Lastly, solvent extraction is the most widely
applied method of extracting natural products by using a solvent. This study focuses
on the extraction of natural compounds using solvents. Therefore, only this method

will be described more thoroughly.

Solvent extraction is a thermodynamically driven process of solvation following the
equation of Gibbs free energy 4G [4]:

AG = AH,,, — TAS (2-1)
AHior = AHgopyte + AHsorent + AHpix (2-2)

with  AHit = total enthalpy of the system, T = temperature,
AS = entropy, AHsowte = enthalpy  between solute  molecules,
AHsovent = enthalpy between solvent molecules, and AHwmix = enthalpy

between solute and solvent molecules.

Only if 4G reaches a negative value, the extraction will take place spontaneously. The
entropic term is always a positive one, weighing in favor of the spontaneous process
as forming solutions increases the entropy in any case. Increasing temperatures as well
are auxiliary [1]. However, the spontaneity of an extraction depends on the enthalpy
between the solvent and solute molecules. The attractive energy between the solvent
and the solute molecules 4Hwmix has to outweigh the energy necessary to break the
interaction between the solute AHsote and solvent AHsovent molecules themselves.

Therefore, the choice of solvent is vital [4].

11
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In general, the principle of similarity and intermiscibility commonly known as “like
dissolves like” can be applied to have the extractants preferably solve or partition in
the used solvent. This means that solvent and solute of similar polarity will yield
satisfactory results [2,40,41] while also the pH, surface tension, vapor pressure, and
melting and boiling point have to be considered [4,42]. However, the right solvent for
an extraction process still needs to meet more requirements. Ideally, the menstruum is
highly selective with respect to the target material to avoid coextractions of unwanted
compounds. In addition, the solvent should be cheap and easily manageable in terms
of viscosity and reactivity. The quality of the extraction can suffer greatly if the solvent
reacts with the extractants, or the extraction is hindered through slow mass transfer.
Most importantly, the solvent must be safe. Nonvolatility, nonflammability, and
nontoxicity are preferred characteristics to ensure a safe work environment [3]. For the
incorporation of the extracts into foodstuffs, food-grade (FG) solvents must be used to
ensure the safety of consumption. These solvents are often water, ethanol, and
mixtures thereof. In a finished product, functional food, or beverages, the content of
ethanol, however, has to be lower than 1.2% to avoid any health claims through EU
legislation. Any other organic solvent, e.g. methanol or acetone, must be removed
completely to allow the incorporation of the respective extract into food products [1].

Before being able to start the extractions, the natural product samples have to be
prepared adequately. The preservation of the plant matrix is crucial as pre-treatments
can have an influence on the quality of the extract. Thus, samples can be dry or fresh.
Nevertheless, plants have to be washed, dried or sifted, and homogenized.
Homogenization via grinding yields powders, which are perfect raw materials for
extraction. Powders have a big surface, which is necessary to achieve good extraction
results, as it promotes solvent penetration and diffusion of solutes. This also leads to
shortened extraction times. If the particle size, however, is too small, the extraction
efficiency will decrease due to filtration difficulties caused by excessive sorption of
the menstruum into the plant material. Therefore, a compromise must be found
[1,2,42]. When these starting criteria are met, the extraction can begin advancing
through the following steps: The biological matrix is penetrated by the solvent.
Successively, the target compound partitions into the menstruum and will be
transported out of the plant matrix. Then, the solvent fractions containing the solute
are collected and filtered if necessary. The extraction efficiency can always be

improved by increasing the diffusion and solubility of the target by means of elevated

12
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temperatures. Also, the extraction time and powder-to-solvent ratio play an important
role [1,2,4]. Thus, the right extraction method has to be chosen.

There is a multitude of extraction techniques suited for the extraction of natural
products from their plant matrix, which can either be inexhaustive or exhaustive, i.e.,
they are able to drain the raw material of their target. Exhaustion can be achieved
through repeated extraction or strongly elevated partition coefficients. Exhaustive
methods are often applied to characterize the phytochemical profile of raw materials
as they can be extended as much as necessary to obtain the total of a targeted
compound. In contrast, inexhaustive methods are not designed for the recovery of the
total amount of a target. However, these methods are faster and need less solvent. In
the following, a more detailed description of Soxhlet and maceration extraction will
be presented and an overview of some important extraction techniques will be given
in Table 2-1 at the end of the chapter [2—4,29,36,41-44].

2.2.1 Soxhlet Extraction

Soxhlet extraction, also known as continuous extraction, was developed in the last
century by Franz von Soxhlet to analyze the fat content in dried food [35]. It is a
method to remove target compounds exhaustively from their matrix through repeated
solvent extraction. Thus, it can be used as a reference to evaluate the quality of other
extraction methods. The apparatus can be described as a closed solvent circuit
comprised of a round bottom flask serving as a solvent reservoir, an extraction
chamber, a siphon tube, and a reflux condenser. A porous container called a thimble,
which is usually made of strong filter paper, holds the sample (cf. Figure 2-2). Through
refluxing and condensing, the extraction solvent can pass through the sample,
continuously extracting it. When the extraction chamber is filled to capacity, the
solvent with the extracted material is drained through the siphon and returned to the
solvent reservoir, which consequently gets enriched in extractant. The process is
repeated until the raw material is completely depleted of the extractant. Extracting with
a Soxhlet apparatus yields highly concentrated extracts while using moderate amounts
of solvents. On the other hand, long extraction periods of up to 24 h and thermal

degradation of temperature-sensitive compounds are its main drawbacks [2—4,35,43].

13
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Reflux
condenser

Extraction chamber

Extraction with siphon tube

thimble

Solvent
reservoir

Figure 2-2: Laboratory diagram of a Soxhlet apparatus. The templates of the glassware were provided via
ChemDraw 18.1 by PerkinElmer.

2.2.2 Maceration

Maceration or soaking is a very simple and cheap extraction method without high
applicational effort. Commonly, this extraction procedure is performed at room
temperature, making it a suitable method to extract thermolabile compounds.
However, depending on the desired results, the temperature can be adjusted [2—
4,35,43,45].

The extraction is performed by putting the sample in a container, immersing it in the
solvent, which is usually of organic nature, and leaving it for one to three days,
depending on the extracted material and the literature, to ensure that the soluble matter
has dissolved in the solvent. Agitation can either be applied continuously or
sporadically to increase the mass transfer and diffusion while avoiding supersaturation
in the solvent surrounding the sample particles. Also, motion in the sample prevents
bed compression of the raw material, which would slow down the extraction
efficiency. After the extraction, the remaining marc has to be separated from the
solvent, which is achieved through pressing, decantation, filtration, or clarification. To
obtain the pure extract in a final step, the solvent has to be removed, e.g. through
evaporation [1,3,4,29,43-45].

14
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Through repeated maceration of the raw material with control percolation at the end,
this extraction method can be made exhaustive [46]. Its big versatility still makes it a
very popular process. However, the huge consumption of solvent and the long
extraction periods are the grave disadvantages of maceration extraction
[1,3,4,29,43,44].

2.2.3 Nonconventional Extraction Methods

Apart from the classical methods (Soxhlet Extraction and Maceration), the scientific
community thrives in developing alternatives that are able to improve the extraction
yields while minimizing the practical efforts, solvent consumption, and extraction
durations. These ameliorations can either refer to the progress made on new techniques

and apparatus or novel solvents.

Amongst others, microwave-assisted (MAE) and ultrasound-assisted (UAE)
extraction methods have been on the rise. Both techniques increase the applicational
efforts only slightly, with the benefit of reducing the necessary amount of solvent and
the time of extraction. This is achieved through elevated solvent penetration and
diffusion promoted by interactions of the microwaves and ultrasonic soundwaves with
the plant material. Microwaves act through localized internal superheating, leading the
plant cells to explode and ultrasonic waves in a frequency range of 20-200 kHz cause

cavitation in the cell walls yielding extraction results [3,29,43].

Several attempts were made to replace conventional solvents with more effective
alternatives. Their value either comes from reducing the necessary purification steps
after the extractions or improving the extraction yields. One very prominent example
is the extraction using supercritical fluids. Carbon dioxide in this state of matter has
extraordinary solvent properties while not leaving solvent traces behind in the end.
However, the necessary equipment is very expensive and complicated [1]. Another
effort was made by P. Degot et al., who used a ternary mixture of water, ethanol, and
triacetin, with a superior solubility to enhance the extraction yields of curcumin. This
solvent could be reused several times to extract fresh rhizomes, reducing the necessary

amount of solvent [47,48].

These discussed techniques are all in accordance with the six principles of green
extraction as proposed by F. Chemat et al. [7], which will be discussed in the next

chapter.
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Table 2-1: Overview of various extraction techniques, conventional and nonconventional [2-4,29,36,41-44].

Method Solvent Time Temperature
) Aqueous and Room temperature
Maceration ) Long
organic or under heat
] Aqueous and Room temperature
Percolation _ Long
organic or under heat
Decoction Water Moderate Under heat
Soxhlet Volatile, organic Moderate Under heat
Microwave- and
Aqueous and Room temperature
Ultrasound- _ Short
_ organic or under heat
assisted
Supercritical
. : . Close to room
Supercritical fluid fluids plus Short

- temperature
additives

2.3 Green Extraction and Green Solvents

The concept of green chemistry came into being already throughout the 1960s
triggered by R. Carson and her book Silent Spring criticizing the neglect of the
environment by the industry and politics [49]. This piece of writing forged a new
awareness for environmental care and can be seen as an inspiration for the modern
environmental movement [50]. Successively, several ideas to improve the chemical
synthesis in terms of atom efficiency and catalysis to tackle the wastefulness of some
processes developed. Pioneered by P. Anastas and J. Warner in 1998, they postulated
the so-called 12 Principles of Green Chemistry, which are described in more detail in
Section 9.2, to draw attention to chemical pollution and resource depletion in an
attempt to lead the way to a greener future [6,51]. Green chemistry got a name and
became a movement. Also known as sustainable, clean, benign, or environmental
chemistry, the name green chemistry stuck due to its colorful language, alluding to

nature and being associated with peace, life, and nature [52].

Green chemistry has to be understood in its entirety. The twelve principles cannot be
seen as isolated accomplishments that can be reached separately. Processes advertising
greenness by only taking into account single points are “green bait” and can be seen

as nothing more than marketing ploys. Of course, change takes little steps and
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greenness is a relative concept. However, only the interplay of all presented ideas will
lead to the goal of improved interaction with the world and its resources. This is why
innovation is key. Instead of seeing these proposed ideas as restrictions of what cannot
be done, they should be seen as motivation to find alternative solutions, fostering new

ideas and competition [53,54].

In the case of extraction, F. Chemat refined the principles of green chemistry to fit the

needs for sustainable procedures in his 6 Principles of Green Extraction [7]:

©3 Renewable resources and variety should be the driving force of innovation and
selection.

©3 Alternative solvents, preferably water and solvents from agricultural resources,
should be used.

©3 The energy consumption should be reduced by recovery processes or
innovative technologies.

©3 Waste production should be avoided by producing co-products for the bio-
refining industry.

©3 Conventional unit operations should be replaced with safer, more robust, and
controlled processes.

©3 Non-denatured and biodegradable extracts without contaminants should be the

aim of any extraction process.

These six principles are a guide for the industry and researchers alike to develop
sustainable extraction processes. In easier terms, these principles give the input to
improve established procedures, especially in terms of rethinking the use of equipment

and examining new solvents [7].

Solvent selection in general is a broadly discussed topic of vested interest. The demand
for solvents is high, constituting approximately 80-90% of the total volume of
chemicals [55]. Of course, solvents are ubiquitous in chemistry thinking synthesis,
extraction, and purification. Thus, the sustainability of these processes and the
resulting products are mainly defined by the sustainability of the employed solvent
[6,7,55]. Different approaches on how to pick the optimum solvents have been
introduced, among others, companies like Pfizer, AstraZeneca, and GSK as well as the
Innovative Medicines Initiative proposed selection guidelines [54]. The common

question these guides have to answer is [56]: “What is a green solvent?”
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The difficulty in answering this question lies in the fact that the definition of greenness
is relative and that no solvent is the best alternative to any solvent [57]. However, the
points on which all of them can agree are that the environmental, health, and safety
properties have to be the focus while toxic and harmful solvents must be replaced [56].
The ranking systems of these proposed guidelines are very similar and usually come
to comparable results. Considerations are often placed on the exposure limit values,
boiling and flash point, and the solvents’ origin [58,59]. Apart from the conventional
solvents some guidelines also consider neoteric and renewable ones. However, these
guidelines only regard the greenness of a solvent but not its performance, which makes
sense, of course. How could they also pay attention to the countless processes where
solvents are needed? Naturally, neoteric solvents like ionic liquids, deep eutectic
solvents (DES), and supercritical solvents seem to be greener than the established ones.
Yet, the whole lifecycle of any given process has to be regarded to be able to decide
whether the replacement of the conventional solvent is really a step towards greenness
[54,60]. But progress sometimes comes from trial and error or from taking risks, thus,
the research concerning novel solvents continues. Especially the investigation of
aqueous solvent systems, ionic liquids, DES, bio-based, and switchable solvents have
been in vogue in recent years [61,62]. This study mainly focused on the examination
of natural deep eutectic solvents (NADES) as innovative alternatives. A more detailed

overview of NADES will be given in the following chapter 2.4.

2.4 Natural Deep Eutectic Solvents

Deep eutectic solvents commonly abbreviated as DES are a relatively novel class of
solvents, which has been mentioned first in 2001 [63]. Their name, a contraction of gv
(eu) and Tné&g (teksis), which means easy melting, finds its origin also in the Greek
language [64,65]. Without going too deep into the history of their nascency, it has to
be mentioned that DES can be seen as successors of ionic liquids. lonic liquids were
in their prime during the beginning of this century as they were deemed the new and
green alternative to conventional organic solvents. They are described as solvents
solely consisting of ions with a melting point lower than the arbitrary temperature of
100 °C. Nowadays when talking about ionic liquids, the discussion centers on discrete
ions like organic cations such as quaternary ammonium ions (QAs), mostly
imidazolium-based but not limited to it, and tetrafluoroborate or acetate anions. They
are mostly robust against ambient conditions and can be tuned towards their field of
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application. However, they do not fully comply with the principles of green chemistry
in terms of their health and environmental effects or their way of synthesis. Thus, the
discovery of DES seemed to be the more promising solution [66-68]. For a more
thorough description and more information on the history and application of ionic
liquids, the work of N. Plechkova and K. Seddon [69] can be recommended and a
comparison between ionic liquids and DES is given in Table 9-4 of the Appendix.

Coming back to A. Abbot et al. [63], deep eutectic solvents were described as mixtures
of at least two Lewis or Brgnsted-Lowry acids and bases. In their ideal eutectic molar
ratio, these mixtures yield the lowest melting point T. relative to the melting
temperatures of their initial components [67] (cf. Figure 2-3). In easy terms, a melting
point depression upon mixing of the components occurred. Above the round phase
borders, the unified liquid medium can be found, while below crystallization of one or
all compounds takes place.

Melt of
A+B Tg

Temperature

Crystals A+B

A Molar Ratio B

Figure 2-3: Typical phase diagram of a binary eutectic mixture of compounds A and B, with their single melting
temperatures Ta and Tg and the eutectic melting temperature T. at the eutectic molar ratio [65,66,70].

The strong melting point depression is caused by intermolecular interactions, mostly
hydrogen bonding interactions between a hydrogen bond donor (HBD) and a hydrogen
bond acceptor (HBA). Also, Van der Waals forces can contribute to a small extent.
The decrease in lattice energy of the single molecular units through these
intermolecular interactions is the driving force behind the DES formation while the
extent of melting point depression in a eutectic mixture is influenced by the

interactions’ strength [71]. Nuclear magnetic resonance (NMR) as well as infrared
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spectroscopy and mass spectrometry combined with computational models like the
conductor-like screening model for real solvents (COSMO-RS) are used to monitor
the interactions, but suitable mixtures have still to be found through trial and error as
predictions about the necessary intermolecular interactions are difficult [68,71].
However, the most common molar ratios of binary DES are 1:1, 1:2, and 1:3 (n/n) with
44%, 20%, and 9% respectively [72].

In contrast to ionic liquids, which are molecular entities bound by ionic forces, the
intramolecular interactions of DES are of low thermodynamic stability which makes
them susceptible to changes in their chemical environment. This can lead the DES to
dissociate [72,73].

To be able to differentiate possible deep eutectics depending on their complexing agent
and to navigate their fields of application, they can be divided into four classes
[65,66,73]:

©3 Organic Salt + Metal Salt: Often quaternary ammonium salts, e.g.,
imidazolium-based ones, are complexed with metal halides to form low
melting mixtures, but the range is limited.

©3 Organic Salt + Metal Salt Hydrate: The DES with hydrates as complexing
agents are a derivative of the first type of DES. They are relatively cheap and
air/moisture insensitive, which makes them interesting for industrial purposes.

©3 Organic Salt + HBD: These eutectics are often based on choline chloride.
Amino acids are possible as well, mixed with hydrogen bond donors such as
alcohols, organic acids, amides, or carbohydrates. Combinations of various
carbohydrates also fall in this category. This third type of DES builds the basis
of natural deep eutectic solvents (NADES), which are DES made exclusively
of natural ingredients. The focus of this study is put on this type of DES, which
will be described more thoroughly in the following.

©3 Metal salt + HBD: The last class of DES is a derivative of the previous one,
replacing the organic salt with an inorganic one, which proved useful in plating

applications.

NADES are a subclass of DES. They are characterized, as mentioned above, by their
ingredients, which are completely derived from nature and, therefore, count as

sustainable. Mostly, primary metabolites with high abundance throughout all living
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cells are the building blocks of NADES. In their first mention by Y. Choi et al. in 2011
[8], it was hypothesized that NADES are a third class of liquid phase in organisms
aside from water and lipids. This hypothesis could not be proven yet, still, there is
some circumstantial evidence. According to the study, NADES serve as solubilizers
as well as solvents in the biosynthesis, transport, and storage of molecules that are
poorly soluble in both water and lipid environments. Besides, some plants are able to
survive extreme temperature conditions, either hot, as the NADES can supposedly
stabilize membranes and enzymes while water is scarce, or cold, as they can avert the

rupture of cells through crystallization by preventing water from freezing [74].

Since they are abundant in nature, NADES can be seen as green solvents like
mentioned above. However, like most DES, they usually have high viscosities, which
limit their application fields. Though, the viscosity of any given (NA)DES can be
adjusted by the water content or the temperature of a given process, as a positive linear
correlation with higher water contents and temperatures exists [72]. On the plus side,
NADES are easy to prepare, usually unreactive with water, relatively low cost, and
often biodegradable. Their ability to solve a wide range of molecules, either inorganic
or organic, makes them interesting alternatives to conventional organic solvents in a
multitude of industrial processes. The choice of possible HBDs is estimated to surpass
108, leading to an uncountable number of possible NADES mixtures. Through this
enormous variety, each NADES can be tuned to suit the desired application [60,66,71].
Apart from serving as solvents for chemical synthesis or plating procedures, they have
been investigated as extraction solvents for secondary plant metabolites, like
polyphenols [31]. The application as an extraction solvent and solubilizing agent of

polyphenols was also the aspect of the investigation in this study [60].

2.5 UV/Vis Spectroscopy

A simple way to assess the quality of a product, either extract or any processed food,
is by looking at the color. To put this in an analytical perspective, optical spectroscopy
in the ultraviolet and visible spectral regions (UV/Vis) is the method of choice. This
technique is widely used in research, production, quality control, and the examination
of new substances as the spectrum can give information about the target substance
[75].

The basis of optical spectroscopy is the interaction of radiation with matter. This

radiation can be described as an electromagnetic wave traveling through time, which
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can be characterized by its energy defined through its wavelength or frequency by
which it propagates. An overview of the electromagnetic spectrum is given in Figure
2-4.

Frequency [Hz]
10° 10 10'7 10 10 10! 10° 10 1 10
HIGHER ¢ & 3 s & @ oz 8 LOWER
ENERGY £ = : 5 z & ENERGY
10 10 10 10 10¢ 10¢ 10 1 10 10 10 1( 10
Ultraviolet Visible Infrared

Figure 2-4: Electromagnetic spectrum with expanded visible (Vis) spectrum of 350-700 nm followed by the
ultraviolet (UV) spectrum in a range of 200-350 nm. The picture was taken from Agilent [76].

Depending on the literature, ultraviolet light is defined to cover the spectral region of
200-400 nm, while visible light can be observed from 400-700 nm [77,78]. Like in
Figure 2-4, the human eye can detect these rays by means of color, giving the visible
spectral region its name. The spectroscopic analysis of samples in both regions of
energy is known as UV/Vis spectroscopy. Radiation of higher (X-ray) or lower
(infrared) energy can be used for other analysis methods, often in terms of structure

determination [78].

Light can interact with matter in different ways, either through scattering, optical
rotation, and, in the case of spectroscopy, absorption and emission. Absorption and
emission can only take place for discrete amounts of energy, which can be described
by the Bohr-Einstein frequency relationship (2-3) [35,78]:

h * Co (2—3)

A
with  4E = absorbed  energy, h = Planck’s constant,

AE=h-v=

v = frequency, co =speed of light in vacuum, and
/4 = wavelength.
When light is absorbed, it can excite electrons (usually valence electrons) of a

molecule’s energetic ground state into an excited state. Through emission in terms of
radiationless or radiating emission, either spontaneous or stimulated, the energy can
be released, returning the molecule to its ground state. If this discrete energy in both
cases falls in the visible region of the spectrum, a color impression can be observed
[35,79-81].
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The wavelength range a molecule can absorb depends on the electronic structure of
the molecule, which dictates the energetic position of its ground and excited states.
Structure elements with delocalized electrons, like conjugated systems or lone pairs,
are able to interact with UV/Vis radiation. The bigger the extended conjugation is, the
lower is the necessary excitation energy. Mesomeric and inductive effects can also
have an influence on the necessary energy. After absorption, only the reflected part of
the light causes the color impression an observer gets to behold, which is why only the

complementary color of the absorbed spectrum can be perceived [79].

Absorption spectra are graphical depictions of absorbance as a function of wavelength,
which can give qualitative (wavelength of maximum absorbance Amax) and quantitative
information about any target molecule. The spectra can be recorded in all states of
matter, however, solutions of an approximate concentration of 10 mol/L in optically
pure solvents are preferred [78]. This means that the used solvents must not absorb on
their own in the spectral region of interest and cannot have strong interactions with the
solvent, which can lead to alterations of the spectrum. When these criteria are met, the
target can be measured. To this purpose, the samples are irradiated by light, which is
partially absorbed when passing through the sample cuvette. The remaining light
intensity is recorded by a suitable detector. The relation between absorbance and light
intensity is given in (2-4) [35,78-80]:
A=—logt = —log<i)
Iy

with A = absorbance, t = transmittance, | = remaining light

(2-4)

intensity, and lo = initial light intensity.
Using the unitless quantity of absorbance is comfortable for the quantitative analysis
according to Lambert-Beer’s law which is given in (2-5), as it is related linearly to the

concentration of the analyte [35,78-80]:

A=¢-l-c (2-5)

with & = molar extinction coefficient, | = illuminated layer

thickness, and ¢ = concentration.

The measurements of UV/Vis can either be performed on a single or double-beam
spectrophotometer. A model of the latter is given in Figure 2-5. As the names imply,
the devices differ from each other in the number of light beams. With the single beam

photometer, the same light beam is used to measure the blank and analyte samples
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successively on one detector. With the double beam device, the light of one source is
split into two identical light beams, which measure the reference and the analyte
samples simultaneously on two separate detectors. The biggest advantage of this setup
is the elimination of signal distortion by fluctuations of the light source in real-time.
Since absorbance is an additive property, the signal of the blank sample is subtracted
from the signal given by the analyte sample, resulting in the sole signal coming from
the pure analyte [35,80].

Reference

Mirror { { Detector

u Beam-Splitter

1 o

Sample

Figure 2-5: Model of a double beam photometer for optical density measurements.
2.6 Nuclear Magnetic Resonance Spectroscopy — NMR

2.6.1 Introduction to Nuclear Magnetic Resonance Spectroscopy

Nuclear magnetic resonance spectroscopy (NMR) is one of the most vital and
impactful analytic methods of identification and structural characterization of
molecules. It studies the energetic behavior of molecules, in particular of their nuclei,
in an electromagnetic field subjected to radiofrequency, which was first discovered by
P. Zeeman in the 19" century [80,82]. Regarding Figure 2-4, the radiofrequency can
be found at the low energy end of the known electromagnetic spectrum, possessing
low frequencies (> 10 Hz) and large wavelengths (<3 - 10" nm). In contrast to
electrons, nuclei are far heavier, which is why additionally to the irradiation a strong

magnetic field Bo with frequencies of 300-900 MHz is necessary to excite them [35].

Most nuclei possess a spin angular momentum P, also called nuclear spin, which is
disparate to zero. A prerequisite for the existence of this spin is that either the number
of protons, the nucleon number, or both of a certain nucleus are uneven. If this
condition is fulfilled, the nuclear spin will also have a corresponding magnetic moment
um (cf. Equation (2-9)) [78,82,83]:
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y-h-ys(s+1) (2-6)
k= 21 =vF

with y = gyromagnetic ratio, h = Planck’s constant, and

S = spin quantum number of the nucleus.

In this case, y is a proportionality constant, which is characteristic of each isotope of
any element. It is an indicator of the abundance and the sensitivity of detection of a

certain nucleus as it is directly proportional to the magnetic momentum [80].

In the ground state, all nuclei possess the same level of magnetic energy E. When
applying a strong external magnetic field, this energy level can degenerate into 2S+1
quantized levels of different magnetic energy, which is called the Zeeman effect. These
different states of energy correspond to the orientation of the magnetic moment in
relation to the direction z of the magnetic field Bo. The energy can be described
according to the following relation (2-7) [82]:

mg-y-h-B, (2-7)

2m

with ms = magnetic quantum number of the nucleus.

E=—,LL'BO=—

The most common nuclei to examine are *H and **C, which possess a spin quantum
number of 0.5, resulting in a degeneration into only two different states. The difference
in energy AE between the two energetic states is directly proportional to the strength
of the magnetic field. It can be overcome by absorption of radiation. As mentioned
above, only discrete energies of electromagnetic waves can be absorbed (cf. Equation
(2-3)). The amount of absorbed energy depends on many factors, amongst others the
strength of the external magnetic field, the nucleus’ interactions with its surroundings,
like additional nuclei or the electron shell, and the effective magnetic environment of
the molecule itself [80]. The low energy state is oriented parallel along the magnetic
field’s direction (+ z), while the state of high energy will align itself antiparallel to the
magnetic field (- z). Because of the spin angular momentum, the magnetic moment
cannot adjust itself perfectly parallel to the magnetic field. The effect of the magnetic
field on the nuclei, thus, is rather a deviation of the spin resulting in a complex
rotational pattern. This can be described as a wobbling motion of some sort, which is

called precession [84].
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When subjecting the nuclei to a radiofrequency of adequate energy (Larmor
frequency) perpendicular to the magnetic field, absorbance can take place, leading to
a “flip” from the +z to the energetically higher -z state. Through relaxation
phenomena, the nuclei can return to their ground state. An equilibrium between the
population of the ground No and excited states N is established, which can be
described via the Boltzmann equation [82]:

AE -
M _ it (2-8)
No
with 4E = difference in Energy, ke = Boltzmann constant and

T = temperature.

A slight excess of the species in the ground state, which is of course dependent on the
system’s energy, prevails in equilibrium. This uneven distribution of relaxed and

excited nuclei provides the signal that can be measured in NMR [82].

Coming back to the influence of a nucleus’ environment, there are two major effects
on the signals that have to be discussed. The first effect is the chemical shift. The
nucleus in question is shielded from the external magnetic field by its surrounding
electron shell as well as other nuclei. Thus, the effective magnetic field of the nuclei
will always be smaller than the external one. Depending on the distance of the
electrons to the nucleus, the shift can be larger with close electrons or smaller due to
electrons being far away from the nucleus. The chemical shift is a relative number
given in ppm referring to an internal standard, which is usually the signal of
tetramethyl silane at 0 ppm [35,78,80].

The second effect is the so-called spin-spin coupling. A fine structure of signals can
be obtained through interactions with the effective magnetic field of neighboring, non-
equivalent nuclei, either of the same kind (homonuclear) or a different kind
(heteronuclear). Through the effective magnetic field of a nucleus’ neighbors, it may
also orient itself alongside its neighbors’ magnetic fields, leading to a split of the
signals. Depending on the number of bands of a peak, it can be characterized as a
singlet, doublet, triplet, etc., or commonly as multiplets [78,80]. Couplings can occur
between direct neighboring nuclei, but also between nuclei that are separated by two
to three bonds. The complexity of coupling patterns, of course, becomes more
complicated, the more nuclei participate. For more information confer to M. Hesse, H.
Meier, and B. Zeeh [78].
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2.6.2 Nuclear Overhauser Enhancement Spectroscopy — NOESY

The nuclear Overhauser enhancement spectroscopy (NOESY) deals with the
interaction of nuclear dipoles coupling throughout space. Cross-relaxation and
chemical exchange processes can be examined [85]. The basis of this method is built
on the nuclear Overhauser effect, which describes the overall intensity change of one
resonance while in close proximity to a saturated one. The system will be brought out
of equilibrium through the oversaturation of one nucleus. To return to an equilibrium
state, the probability of zero- or double quantum relaxation transitions will increase.
The relaxation follows a dipolar mechanism, which also explains the spatial
dependence as dipolar interactions depend on the distance to the sixth power. Thus,
interactions in a distance of less than 4-5 A between two spins can be examined
[83,86].

For homonuclear proton-proton examinations, the frequency labeling of the
magnetization, the nuclear Overhauser effect through cross-relaxation between
interacting dipoles, and the measurement of the induced signals of the exchanged
magnetic moments are achieved through a series of three non-selective 90° pulses.
Through Fourier transformation, the spectrum is produced [85,87]. On both axes, the
chemical shifts of the protons are shown. The correlations of the single peaks
themselves vyield the dots filling the diagonal. Off-diagonal signals which occur
symmetrically to the diagonal indicate exchange processes transferring magnetization
after the second pulse. The location of these signals then identifies the interacting
protons [78,87].

2.7 Chromatography

The word chromatography finds its origin in the Greek language, coming from the
words ypdpa (chroma) and ypaeewv (graphein), which translates to color writing. The
phenomenon with its name was first described at the beginning of the 20" century by
M. Tsvett, who tried to separate colorful plant pigments on a glass column of chalk.
However, one cannot only grant M. Tsvett praise for developing this technique which
is now known as chromatography. Adsorption experiments for separation on paper
have far preceded him. Yet, the research that made the method the versatile tool that it
is, was mostly based on M. Tsvett’s observations, making him the father of

chromatography [88,89].
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Chromatographic processes are the principal tools to separate plant extracts with a
subsequent concentration determination of the target compounds. Different categories
can be distinguished by regarding the mechanical setup with the most popular being
thin layer, column, and gas chromatography. The separation for all techniques relies
on the interaction of the analytes in the mobile phase with the stationary phase. The
mobile phase, which can be a liquid, gas, or in newer technologies a supercritical fluid,
is the carrier of the analyte, which moves past the stationary phase, which is either an
immobile solid or liquid film. Both phases need to be able to interact with the analytes
either physically or chemically. Differential partitioning of the analyte between the
two phases is responsible for the retention time differences and subsequent separation
of several analytes. Analytes with a stronger interaction with the stationary phase
spend more time passing it by, i.e., they have a longer retention time. Analytes with a
weaker interaction, on the other hand, pass by faster, leading to a shorter retention time
[81].

Looking at column and gas chromatography, separation with successive detection
yields so-called chromatograms, which are graphical depictions of a certain signal
impulse intensity of the detector on the ordinate and the retention time on the abscissa.
The area under the signal peaks can be used as an indication of the concentration. In
an ideal experiment, the obtained signals are sharp, symmetric Gaussian peaks, which
are clearly separated. The height and area of the signals can give quantitative
information about the analytes in the sample, while the retention time may give
qualitative information. However, real live samples may deviate from the perfect peak
shape in terms of broadening, asymmetry, or tailing. These distortions are caused by
three different physicochemical phenomena, which were summarized by J. Van
Deemter et al. [35,89-92]:

©3 A — Multi-path dispersion: This effect is also known as Eddy-diffusion. It is
caused by uneven particle movement through the stationary phase as not all
particles move along the same way and do not have a uniform flow velocity.
Thus, an irregular and broadened retention occurs, which can be described by
the constant term in the VVan Deemter equation (cf. Equation (2-9)).

©3 B - Longitudinal diffusion: Particles not only move through transport along
the separation axis but also passively through diffusion. Diffusion can go in

any direction, independent of the separation axis, leading to peak broadening,
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which is described by the B-term of the Van Deemter equation (cf. Equation
(2-9)). However, it has to be noted that this effect only contributes significantly
at low flow rates.

©3 C - Mass transfer phenomena: The resistance of mass transfer in the mobile
and stationary phases, especially at the beginning and the end of a sample zone,
Is caused by varying progression velocities of the sample around the stationary
phase and pools of trapped mobile phase in the pores of the packing material.
The concentration at the edges of a sample zone changes more drastically so
that only local equilibria can be established, which are different at the
beginning and at the end of the zone. This broadening phenomenon can be
described by the linear term of the VVan Deemter equation (cf. Equation (2-9))
and becomes prominent within columns packed with large particles and at high

flow rates.

These three causes of peak broadening can be used to calculate the ideal height
equivalents to a theoretical plate of a chromatographic column according to the Van
Deemter equation (2-9). In a combination of the terms described above, HETP must

reach a minimum to guarantee a most effective separation [35].

B )
HEszAc-f-cc-u (2-9)

with HETP = height equivalent of a theoretical plate,
Ac = multi-path  dispersion, B¢ = longitudinal diffusion,

Cc = mass transfer phenomena, and u = linear velocity.

In the following chapters, two particular column chromatography setups, namely high-
performance liquid chromatography (HPLC) and gas chromatography (GC), will be

introduced in more detail.

2.7.1 High-Performance Liquid Chromatography — HPLC

High-performance liquid chromatography (HPLC) is the most widely used analytical
technique for separating mixtures like plant extracts with subsequent analysis of
compounds [88] as it can be used for 60-80% of all known compounds [89]. It is
especially useful for thermolabile analytes or analytes which are not volatile or too
hard to derivatize [89]. A schematic depiction of an HPLC system is given in Figure

2-6 and the single components will be explained in the following.
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Figure 2-6: Schematic set-up of an HPLC system. The picture was inspired by bionity.com [93].

The device consists of a solvent transport system that is liquid and can be a mixture of
one or more solvents, called eluent. Ideally, the solvents are of high purity, of low cost
and viscosity, as well as non-toxic and non-corrosive towards the entire HPLC system,
and have a high solubility for the analytes [89]. The solvent flow can be applied in two
different modes, either the isocratic mode, in which the solvent remains unchanged
throughout the whole elution, or the gradient mode, in which the solvent can change
its composition over time. A gradient is used to improve the separation of similar
compounds, yielding a higher resolution of the chromatograms. The pumps keep the
mobile phase afloat throughout the whole system. The pressure can be adjusted to be
constant or to change over time. An eluent flow rate of 0.1-5 cm/s, translating to 0.7-

1.5 ml/min, yielding system pressures of 10-400 bar is ideal for good separations [80].

The injector is the point of the HPLC arrangement where the sample is introduced into
the system. The injection is automated to obtain quantitatively reproducible results,
which is most precise at high pressures. The samples must not contain any solids, as
this could clog the column. Ideally, solid analytes are solved in the eluent.
Successively, the sample solutions are filtered, which is an essential step before
injection. Sample volumes of 1-2000 pL are advisable, depending on the amount of
analyte in the samples. In this thesis, 10 puL was the volume of choice. An overload
with sample leads to the broadening of peaks through tailing or fronting. Depending
on the column, 1-100 pg of sample component per gram column material can be
loaded on the column [35,80].

The columns can have a dimension in the mm to cm area with a diameter of
conventionally 2-4.6 mm [35]. They are made of steel, glass, or polymers and are the
heart of any HPLC apparatus. They contain the stationary phase, made of silica or

polymers with particle sizes in the range of um [35,77,80]. Depending on the process
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and the analytes, the stationary phases can be varied. Amongst others, exclusion,
salting out, partition, affinity, and ion chromatography are some options for specialized
applications. For more information about the kinds of chromatography, it is advised to
consult M. Dong [89]. A more basic and common kind of chromatography is
adsorption chromatography, which can be subdivided into normal- and reversed-phase
chromatography. In the case of adsorption chromatography, the retention of the
analytes is linked to their preferential adsorption to the stationary phase. In the normal
phase chromatography, polar stationary phases with active surfaces, like free silanol
groups, are used. Molecules with free electrons, functional groups, or double bonds
may interact with the stationary phase and can be eluted with non-polar solvents like
hexane. However, there are some drawbacks to performing normal phase
chromatography, like the water content of the solvents. The content of water has to be
monitored closely, as it can have a big influence on the separation. Additionally, the
big surface of the silica material is prone to irreversible adsorption and is sensitive to
pH changes [81,89].

To tackle these problems, chemical modifications through alkyl substitution on the
free silanol groups of the stationary phase’s surface can be made, reversing the polarity
of the latter. Usually, C8 or C18 moieties — but also nitrogen and oxygen-containing
ones are possible — are linked to the silica surface to create the desired polarity.
Though, not all free silanol groups can be connected to the alkyl bodies due to steric
reasons. To prevent unsought adsorption, like in the normal phase, the silanol groups
can be end-capped, e.g., with trimethylsilyl chloride. Since the polarity of the
stationary phase is altered in the reversed-phase mode, also the polarity of the mobile
phase has to change. Thus, preferably, water, methanol, acetonitrile, or mixtures
thereof are used, especially in gradient mode to improve the resolution. Flushing the
column with pure organic solvent after each elution can remove hydrophobic residues
[35].

After passing the column, the separated analytes are monitored by a detection system
of high sensitivity. During the detection process, the analytes may be analyzed
qualitatively and quantitatively. The retention time, volume, and factor can be
examined in terms of qualitative analysis, while the peak height and area give
quantitative information. The peak area, however, is more precise, even though the

height can be used if the resolution is poor [77]. In any case, calibration is necessary,
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either internal, through the addition of an internal standard, or external, by preparing a
calibration curve. Most detection systems following HPLC are non-destructive and
can be used independently or in series for a more thorough examination. Commonly,
UV/Vis or refraction detectors are employed, but also fluorescence, electrochemical,
and mass spectrometric detection is an option. The key element of every detector is its
measuring cell. It possesses a special Z shape with a diameter of 0.15-0.5 mm, a length
of 1 cm, and a volume of 10 pL [35] to facilitate the detection. In the case of UV/Vis,
this Z-shaped cell makes use of Lambert-Beer’s law (cf. Equation (2-5)), increasing
the illuminated path length, leading to a higher sensitivity. The signals of any detector
are then sent to the corresponding software generating the chromatograms while the

passed eluent is discarded in the waste [89].

2.7.2 Gas Chromatography — GC

Gas chromatography (GC) is the second most important separation tool, following
HPLC, to examine especially organic, volatile compounds. It was introduced in 1952
by Martin and James [35]. Approximately 15-20% of all known compounds can be
investigated using this method [35,89] as it is limited to molecules that can be

vaporized without degradation.

Data
Aquisition
Carrier Gas “
- / o’ ’/

-

GC Column

Figure 2-7: Schematic setup of a GC apparatus. The image was inspired by D. Hage [77].

In contrast to HPLC presented before, GC does not use liquid mobile phases but inert
gasses like nitrogen, helium, argon, carbon dioxide, or hydrogen to transport the
gaseous samples through the column. In Figure 2-7 a schematic setup of a GC
apparatus is presented. The arrangement of a GC system does not differ too much from
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an HPLC device (cf. Figure 2-6). After all, the principle of separation is the same:
After injection, the eluent, in this case the carrier gas, transports the sample through
the column with the stationary phase for separation and successive detection. The

particularities of the GC constituents will be illustrated in the following.

The gas, as mentioned above, acts as the carrier for the analyzable substances. It has
to be inert so as to prevent any undesired reactions with either the analytes or the
packing material. Additionally, the gas should be of high purity as contaminants like
water or oxygen may harm the column, have an influence on the detector, and affect
the measurements. Molecular sieve beds and inline traps on the gas sources are used
for purification before having the gas enter the GC system. The gas is provided by a
standard gas cylinder, but a gas generator is also an option. Controlling the pressure,
mostly done by simple pressure regulators, is of utmost importance to ensure a well-
defined carrier gas flow. This is necessary for reproducible elution and to maintain
column efficiency. Flow rates of 10-60 mL/min and 1-2 mL/min are typical for packed

and capillary columns respectively [35,77,80].

The introduction of the sample into the GC circulation has to be accomplished without
disrupting the column’s gas flow. While gaseous samples can be administered with the
gas flow, liquid samples are evaporated before being injected. If samples are not
volatile or thermostable enough by themselves, derivatization can offer relief.
Commonly, 0.5-10 uL samples are necessary for an adequate load of the injector.
Split/splitless injectors, which separate the gas stream, are used particularly for
capillary columns to avoid overloading them. With a split injector, volumes as small
as 0.001 pL can be applied to the column [35,77,80].

There are two types of columns for GC, packed columns made of steel or glass with a
diameter of 3-6 mm and a length of 1-3 m and capillary columns of fused silica with
100-800 um diameter and lengths up to 100 m. The focus will only be placed on the
capillary columns. Because of their dimensions, capillary columns are more efficient
in terms of separation and resolution, which is why they are the most common type of
GC columns [77]. They are coated with a thin layer of polyimide for protection and
flexibility on the outside. On the inside, the stationary phase is attached or coated on
the surface. Liquid stationary phases are an option, just like solid particles or particles
coated with a liquid, which offer a variety of applications. In addition to the column,

the separation is also driven by temperature effects, which can be controlled via the
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oven. With isothermal temperature programs, the application of GC is restricted as low
boiling compounds evaporate fast one after another resulting in overlapping peaks,
while compounds with a high boiling point evaporate, if they do so, slowly and yield
flat and broad peaks. These problems can be bypassed by temperature programming.
At higher temperatures, compounds with low boiling points and interactions with the
stationary phase will elute first. The thermal stability of the stationary phase is the

limiting factor for temperature programming [35,77,80].

After separation, there are many options for the detection of the separated samples
after the column. Most popular is the detection by flame ionization (FID), with which
the calculation of the percentile ratio of all compounds is possible, or mass

spectrometry (MS) for compound identification [35,77,80].

2.8 Solubility and its Predictions

The solubility of any substance in another substance or a solvent is an intricate
phenomenon captivating scientists and non-scientists alike. It seems like some sort of
magic to have two or more different substances vanishing into one another and
reappearing depending on the temperature. This magic, however, is how solubility is
defined: as the quantity of dissolved and undissolved solute in a solvent in equilibrium
at a distinct temperature and pressure. Scientifically speaking, this definition of how
much solute is indeed soluble in a solvent is helpful when looking at industrial
processes, biological processes like oxygen transport, or extraction. Hence, the
prediction of solubilities is indispensable. The principle of like dissolves like is a good
rule of thumb, of course [40]. Therefore, there are already a lot of passable solvents on
the market. However, the prediction is an aid in the pursuit of solvents that are more
effective and in accordance with green chemistry [62]. Many models are dealing with
the prediction of solutes in certain solvents. Some of the most famous representatives,
which will also be discussed in this thesis, are the Hansen Solubility Parameters
(HSPs), and the conductor-like screening model for real solvents (COSMO-RS).

2.8.1 Hansen Solubility Parameters
The Hansen model was developed by C. Hansen as an evolution of the Hildebrand
parameter. The solubility parameter 6 was described as the cohesion energy density
according to Equation (2-10) [94,95].
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E (2-10)

with ¢ = solubility parameter E = (measurable) energy of

vaporization and v = molar volume of the pure solvent.

The interactions of a solvent molecule with another solvent molecule are the origin of
cohesion energy. This energy is considered to be equal to the vaporization energy and
can, therefore, be measured by evaporation of the liquid as evaporation will break all
cohesive bonds. While Hildebrand’s work was limited to relatively non-polar and non-
hydrogen-bonding molecules, Hansen extended this model by taking the multiple parts
into account that add up to the energy of vaporization. The three contributions of the
Hansen parameters are made up by dispersion (London) forces (Ep), polar interactions,
like dipole-dipole interactions, either permanent or induced (Ep), as well as hydrogen
bonding (Ew) (Equation (2-12)).

ET =ED+EP+EH (2'11)

with Er = total cohesion/vaporization energy

Dividing the energies by the molar volume like above, the square of the solubility
parameter can be obtained (Equation (2-12)).

52 = 82 + 62 + &3 (2-12)

with 627 = total solubility parameter, 6%p = dispersion
cohesion (solubility) parameter, 6?4 = hydrogen bonding
cohesion (solubility) parameter, and J% = polar cohesion

(solubility) parameter.

The total solubility parameter, in this case, should be identical to the one determined
by Hildebrand. This, however, cannot always be guaranteed, especially for materials
with specific interactions, as these parameters rely on heavy predictions and may,
therefore, not be completely accurate [62,95,96].

To predict the possibility of solvation, the distance between two molecules, a solute i
and solvent j, in a so-called Hansen three-dimensional space is of great importance.
The further the two components of interest are apart, the more unlikely it is for them

to be soluble. The distance is calculated as follows:

2-13
Distance = \/4(6D,i — 5D,j)2 + (5p,i - 5p,j)2 + (5H,i - 5H,j)2 ( )
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The equation was developed according to experimental data, which showed that the
factor 4 was convenient to present the solubility data as a sphere in the three-

dimensional space [62,95].

Since their development, the HSPs have been used in many fields of application. They
are highly versatile and opened new possibilities when working with solvents, as
almost all molecules and sample probes, like pigments, DNA, and even skin can be
described in HSP terms. The prediction of solubility can be done in such an easy way

and can be applied to various problems [97].

2.8.2 Conductor-Like Screening Model for Real Solvents — COSMO-RS

A. Klamt developed the conductor-like screening model in the 90s as a tool able to
predict chemical potentials p in liquids. The basis for this development were dielectric
continuum solvation models, which could include solvent effects in quantum chemical
calculations [100-102]. However, these models were not satisfactory as the theory of
the dielectric continuum is a linear response theory. In reality, however, polar
molecules possess strong electric fields on their surface, leading to a deviation from
the linear behavior of the polarizable continuum [98,99,101].

Then, COSMO-RS was developed successively as an extension to these models. It
starts at the surface of a molecule, which can be computed by quantum chemical
methods. Presenting the whole theory here would extend the scope of this work. But
it can be read up in A. Klamt, 2005 [100]. When breaking it down, COSMO-RS links
fast statistical thermodynamics, electrostatic surface interactions, and dielectric
continuum models with quantum chemistry [99,102,103], allowing for the prediction

of a great variety of physicochemical properties.

Essentially, a discrete surface of a molecule localized in a virtual conductor with an
infinite dielectric as a new reference state can be characterized by quantum mechanical
COSMO calculations. This surface is identified by its charge density ¢ and can be
imagined as a cavity surrounding the molecule. COSMO-RS can split this surface into
smaller segments with individual screening charge densities, considering the
electrostatic screening by its surroundings and its back-polarization [47,102].
Considering a solute in a solvent, the solute is tightly packed in the ensemble of closely
packed and screened molecules. To have an ideal packing, the whole system is

compressed, leading to slight deformations of the surface cavities. This spatial
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arrangement leads to local pairwise interactions of conducting COSMO surface
segments. These interactions in real systems lead to a misfit energy Enmistit between two

non-identical screening charge densities [100,102].

a -
Emisric(0,0') = a®/f -E(J +0')? (2-14)

with aesf = effective contact area between two surface

segments and « = adjustable parameter.

Calculating the probability distribution of a molecule’s COSMO surface segments of
a specific polarity results in the so-called s-profile p'(s), a histogram of charge
intensities, which is a characteristic identifier of the molecule. This solute’s affinity to
surface segments of a distinct polarity of a solvent is given by the c-potential ps(o).
Combining these two variables, the chemical potential ps' of a solute in a solvent can
be calculated according to the following Equation (2-15) [47,62,98-100]:

i = jpi(a)ys(a) +pls (2-15)

with cs' = combinatorial term considering the size and

shape differences of the molecules in question.

Based on this theory, COSMO-RS finds its application in many different fields of
physical chemistry. It is a strong tool with high accuracy that relies solely on
theoretical data without the necessity of experimental input. With far fewer
approximations than HSP, it presents an elegant way to predict and elucidate

dissolving mechanisms in liquids [62].
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3 Isolation of Irones via Short-Path Distillation

The SKH GmbH has contributed to the creation of this section by providing the
ground rhizomes of Iris Barbata-Elatior and by sharing their knowledge. The goal of
this study was to extract y-irone using myristic acid (HMyr) as the extraction solvent

and successively concentrating the fatty acid extract via short-path distillation.

3.1 Introduction

Iris Barbata-Elatior is a cultivar of bearded iris. This species, also known as orris or
Iris germanica L., is ranked among the Iris L. genus, which counts roughly 260-300
different species in total [104—-106] and belongs to the Iridaceae family. The name iris
(ip1g) has a Greek origin and means rainbow, which is possibly an allusion to the vast

diversity of the genus’ inflorescence showy colors [105-108].

Experts suppose that the species of Iris germanica L. was derived through
hybridization and is native to the eastern Mediterranean region [105,109]. It can,
however, also be cultivated throughout the Eurasian continent and in the far East
[107,108]. The plants are perennial and can grow to a size of 30-100 cm upon
flowering. Typical of the species of bearded irises apart from the color variety of the
blossoms are the thick hairs on the throat of the flowers leading to the pollen
[105,106,110]. Even though the aerial parts have a nice appearance, the plants are not
only ornamental. Their rhizomes, which can grow up to 10 cm in length and 3-4 cm in
diameter, can be used for propagation/planting and contain the active ingredients
[105,106,109].

The rhizomes of Iris germanica L. have been studied most extensively [107] as they
are a rich source of phytochemicals. Flavonoids, benzene derivatives, and triterpenes
can be found [106,108]. These triterpenes are usually called iridals and are the main
group of molecules found in freshly harvested rhizomes [104]. They are known to
possess pharmacological activities, like antioxidative, anti-inflammatory, and many
more properties. To obtain the desired sensory characteristics, resembling the smell of
violet flowers, as well, the rhizomes have to be stored for a period of 2-5 years. During
this time, the iridals will undergo oxidative degradation, resulting in the fragrant
molecules, the irones. Due to the long storage period, which is necessary to obtain
these odiferous compounds naturally, they are very valuable. The content of the
different regioisomers a, B, and y (cf. Figure 3-1) varies from species to species of Iris
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and depends on the different iridals present in the rhizomes before oxidation, yielding
not only a single irone isomer but usually mixtures [105-107,111]. The cultivar used

in this thesis only contained the cis-y-isomer.

2 O 2 O 2 O 2 o

cis-a-irone trans-a-irone B-irone cis-y-irone

Figure 3-1: List of irone regioisomers. y-irone is marked in bold as it is the molecule of interest throughout this
study and the only irone present in the used cultivar.

To separate the fragrances from the plant, the dried rhizomes in their powdered form
with an essential oil content of up to 0.2% [109] are steam distilled. The result in this
case is the so-called orris butter, a creamy to waxy solid of mostly myristic acid (up to
85%) and other fatty acids loaded with the irones (~ 15%). Through further processing,
orris absolute with higher irone and lower fatty acid contents can be obtained. Both
extracts find their application in the cosmetic industry as additives to luxury perfumes,
e.g., Chanel No 19. [104,105,112].

Looking for green alternatives when extracting is vital in a step towards a greener
future [7], especially if the extraction is, like in the case of the irones, very time
consuming and elaborate. Thus, an alternative based on a fatty acid extraction with
successive short-path distillation, which had specialized in the separation of vitamins
from oils [113], was proposed in this chapter. The benefit in this case is that myristic
acid, the solvent, is already part of the plant [105].

A liquid boils as soon as its vapor pressure equals the atmospheric pressure. The
relation between pressure and temperature has been defined by the Clausius-Clapeyron
relation (cf. Equation (3-1)) [114]:
d_p: AvapH (3-1)
dT ~ Apgpv - T
with dp = first derivative of pressure, dT =first derivative of the

temperature, 4vapH = molar evaporation enthalpy, and Avapv = change

of the molar volume of the gaseous (vgas) and liquid (Viiquia) phase.

Distillation itself is a simple process of separating liquid mixtures depending on their

boiling points. In a binary mixture, the vapor phase is enriched in the more volatile
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component. The process of distillation exploits this by a sequence of vapor
condensation while successively setting a new boiling equilibrium [115].

The separation process of two liquids can be refined by introducing a pressure
regulator into a distillation system. Especially problems in terms of selectivity,
reactivity, and sensitivity can be bypassed by evacuating the apparatus [116,117].

The short-path or molecular distillation device is an improvement of a conventional
vacuum distillation. It is characterized by a short time of heat exposure, low operating
temperature, and characteristic mass transfer between evaporator and condenser
[113,116,118]. It is deemed as one of the safest methods in terms of separation and
purification of thermolabile or low-volatile compounds. Even separations of mixtures
with close boiling points or azeotropes should be feasible due to the theoretical basis
of the method taking into account the molecular diameter d. Supposedly, molecules of
a smaller diameter should be more volatile than larger ones. The collision-free mean
path 1> of the molecules is described by Equation (3-2) [115,116,118,119]:

_RT
\V2md2N,p

with R = gas constant, T = temperature, Na = Avogadro constant, and

(1) (3-2)

p = pressure.

For practical purposes, it is advisable that the gap between condenser and evaporator
is in a similar order of magnitude. High vacuum conditions (10-10" mbar), which are
typical for molecular distillation, will yield a necessary free mean path of only a few
centimeters [115,118].

Separation of the desired mixtures takes place in the evaporation chamber. The
chamber is connected to the pressure regulation, enabling the monitoring of the
pressure in the system. Regarding a short-path evaporator, the condenser is located in
the middle of the heated evaporator. After introducing the feed into the evaporation
chamber, it is agitated by rotor-wipers, spreading it on the walls of the evaporator. This
leads to a big surface film of constant thickness and motion, from which the target
compounds can evaporate easily. The film thickness depends on the rotor velocity and
can range from 0.1-1 mm. No nucleate boiling is necessary for evaporation in this case.
After vaporization, the gaseous molecules only have to overcome a short pathway

before reaching the condenser and finishing the separation process. Devices equipped
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with this kind of evaporator chamber are called molecular distillation and are able to
withstand pressures of ~ 10~ mbar [115,116,118].

3.2 Experimental

3.2.1 Chemicals
All chemicals with their abbreviations, purities, and vendors which were used in this

section can be found in the following Table 3-1.

Table 3-1: Chemicals used in Section 3.

Chemical Abbreviation Purity Vendor
Ground Rhizomes of SKH GmbH, Ortenburg,
Iris Barbata-Elatior Germany
a-lonone - >90% TCI, Eschborn, Germany
Irone isomers Sigma Aldrich,
- >90%
(mostly a-lrone)? Darmstadt, Germany
o _ >95%, FCC, Sigma Aldrich,
Myristic Acid HMyr
FG Darmstadt, Germany
Methanol MeOH >99.9% Merck, Darmstadt,
Hexane - > 95% Germany
. . VWR, Darmstadt,
Sodium Hydroxide NaOH p. a.
Germany

@ GC analysis showed a distribution of 49% trans-a-irone and 51% cis-

a-irone (cf. Section 9.3.1).

A special thank you goes to the SKH GmbH for providing the ground rhizomes with
a vy-irone content of ~1mg/g free of charge. NaMyr was made in-house by
neutralization of myristic acid (HMyr) with sodium hydroxide and successive filtration
and drying. Using a Millipore Milli-Q purification system (Merck Millipore, Billerica,
Massachusetts, USA), water was deionized. All chemicals were used without further

purification.

3.2.2 Methods and Techniques
3.2.2.1 Fatty Acid Extraction of y-lrone from Iris Barbata-Elatior Rhizomes

3.2.2.1.1 Laboratory-Scale Pre-Tests
To identify the best way of extraction, four different scenarios were examined:

extraction of soaked and dry rhizomes with pure HMyr or HMyr with 1 wt% of sodium
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myristate (NaMyr). All samples were made in triplicates and the extractions were
performed in 15 mL centrifuge tubes by VWR (Darmstadt, Germany).

The soaked rhizomes were prepared by macerating 2 g of ground iris rhizomes for 1h
in 10g Millipore water at room temperature. To remove the excess water, the samples
were centrifuged at 4’000 G for 5 min. After taking away the water, the rhizomes were

pressed manually in order to remove even more water.

The extraction of both, the soaked and the dry rhizomes, commenced by mixing 2g
(dry weight) of rhizomes with 8g of the melted extraction solvent (HMyr or
HMyr+1wt% NaMyr). The mixtures were put into a temperature-controlled
ultrasound bath and kept at 60 °C. Every hour the extraction mixtures were sonicated
for 20min and were kept in the bath for 24 h. After this period of time, the extraction

was assumed to be completed and the solvent was removed from the rhizomes.

For a quantitative examination, 500 mg of the solidified fatty acid extraction solvent
was solved in 10 mL hexane. The same was done for a-ionone. Then 2 mL of the
extract solution and 1 mL of the a-ionone stock solution were mixed and topped off to
10 mL with hexane. The samples were filtered into GC vials using 0.2 um PTFE
(polytetrafluoroethylene) filters. Then, the samples were examined via GC-FID.

3.2.2.1.2 Upscaling of the Extraction Process

After determining the best procedure through the pre-tests, the extraction of soaked
ground iris rhizomes with HMyr was scaled up in order to successively be able to
perform re-extraction of y-irone from HMyr via short-path distillation.

Thus, 2009 of the rhizomes were soaked in 1L of Millipore water for 1h at room
temperature and gently shook by hand every 15min. The excess water was removed
by filtrating the mixture through a Biichner funnel applying the suction of a water
pump jet. To assist the sucking and drying process, the rhizomes in the funnel were
also pressed manually. The process was finished when all excess water was sucked
through the funnel and no visible trace of water remained among the rhizomes. The
water was discarded as it contained no other molecules of interest. The pressing left a

dense and moist mass, which was loosened before further treatment.

The damp rhizomes were transferred quantitatively into 1 L Schott flasks (Schott AG,
Mainz, Germany). 600 mL of melted HMyr were added and the mixture was put into

a temperature-controlled ultrasound bath at 60°C for the first round of extraction.
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During the first 4h of extraction, the mixture was sonicated for 20 min every hour.
Then it was left to macerate for 48 h. The fatty acid was saved in another flask and the
rhizomes were again extracted with 200 g of fresh fatty acid, sonicated as described
above, and macerated for 24h in total with successive removal of the extraction
solvent. This procedure was performed twice to ensure an extraction as exhaustive as
possible. The extraction solvent of all three extraction steps was collected in one flask
and homogenized by melting and pivoting. The extraction was performed in triplicate.
The y-irone content was determined via GC-FID. The samples were prepared the same

way as described in Section 3.2.2.1.1 Laboratory-Scale Pre-Tests above.

3.2.2.2 Short-Path Distillation

3.2.2.2.1 Method Development

Samples of 200g HMyr with 0.2% a-ionone were prepared and homogenized by
melting the mixture at a temperature of 60°C. A screening of different distillation
parameters was performed to find the optimum conditions to separate the odoriphore
from the fatty acid matrix using a short path distillation apparatus KDL 5 by UIC
(Alzenau-Hdornstein, Germany). The conditions can be viewed in the following table:

Table 3-2: Distillation conditions tested for the screening.

Tevaporator (°C) 117 120 123 126
p(mbar) 24 18 13 24 18 13 09 1.8 1.3 09 1.3 09

These tests were performed in singlets since they only served to get an overview of the
distillation behavior. The more promising conditions at temperatures of 123 °C and
126 °C were screened again using a technical mixture of a-irones by Sigma applying
the same sample preparation as described above. The irone screening was performed
using a-isomers instead of the y-isomer, as they were available at reasonable prices.
The second screening run was necessary to determine if the tested conditions were
applicable to irones as they differ structurally and could, therefore, show different
thermal behavior, even though the vaporization enthalpies are similar (cf. Table 9-6).
To get a statistically significant understanding, the a-irone screening was performed

in triplicates.

The intake of the starting materials into the distillation apparatus was controlled by a
gear pump with a continuous feeding rate set to 150 rpm, translating to an intake of

270mL/h. A condenser temperature of 60 °C was held constant for all screening tests
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to avoid spontaneous freezing of the distillate in the outlet valve. To avoid sputtering
of the starting material onto the condenser, as could happen at high rotation speeds,

the stirrer velocity on the evaporator wall was kept at 375 rpm.

For the samples containing a-irones, the preparation was carried out analogous to
Section 3.2.2.1.1 Laboratory-Scale Pre-Tests. 100 mg of the distillate were solved in
10 mL MeOH. An a-ionone stock solution was prepared in the same way. Then, 2 mL
of the distillate solution and 1 mL of the a-ionone stock were mixed and topped off to
10 mL with MeOH. After filtration into GC vials with 0.2 um PTFE filters, the

samples were examined via GC.

3.2.2.2.2 Isolation of y-Irone from the Fatty Acid Extract
The live sample of extracted iris rhizomes containing y-irone was re-extracted using
the optimum distillation parameters, which were determined in Section 3.2.2.2.1 to be

123°C evaporator temperature and 1.3 mbar system pressure.

The fatty acid extract was melted and transferred quantitatively into the supply part of
the short-path distillation apparatus and distilled according to the parameters
mentioned above. The distillate was collected and homogenized by melting.
Qualitative analysis was performed according to the sample preparation described in
Section 3.2.2.1.1 Laboratory-Scale Pre-Tests. The distillate was then again distilled a
second time using the same distillation conditions as before. The new distillate was
collected and homogenized yielding the finished product before quantitative analysis
via GC-FID.

3.2.2.3 GC-FID Analysis

The quantitative analysis of the odiferous compounds was performed by elution of the
samples using a GC-FID 7890A system by Agilent (Santa Clara, USA) with a VF-5ms
column (30 mx 250 um x 0.25um) and detection through flame ionization at 300 °C.
1L of the sample was injected with a 1:80 split at an injector temperature of 300 °C
and eluted with a constant gas flow of 1.5mL/min with helium as the carrier. The
following temperature profile was used: heating from 100-250 °C at a heating rate of
8 °C/min followed by a heating rate of 50 °C/min to 300 °C.

The fragrances a-ionone, a-irone, and y-irone were analyzed through their retention
times and peak areas. The quantitative analysis of the irones was realized through

internal calibration using a-ionone. The response factor f=0.935a.u. between a-ionone
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and the irones was kindly provided by the SKH GmbH. The mass of the irones (both
a and y) was calculated according to equation (3-3), where m represents the mass and

a the area of the irones and ionone:

Airone
Mirone = f : *Mionone (3'3)
Qionone

3.3 Results and Discussion

3.3.1 Extraction of y-Irone from the Rhizomes of Iris Barbata-Elatior
Following the principles of green chemistry, the extraction of the odiferous compound
y-irone of ground iris rhizomes was carried out by using HMyr, a compound naturally

produced in the plant, as the main extractant.

The total y-irone content of 1 mg/g rhizomes, which was determined through repeated
solvent extraction in diethyl ether, was given by the SKH GmbH. This result was set

as a yield of 100% as this repeated solvent extraction is gentle and exhaustive.

Four different approaches of fatty acid solvent extraction were examined to extract
y-irone from the rhizomes: Soaking the ground, dried rhizomes in water as a pre-
treatment, or using untreated, dried rhizomes before extracting with HMyr or

HMyr + 1% NaMyr. The results of extractions are presented in Figure 3-2.
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Figure 3-2: Extraction yields of y-irone in mg/g rhizome with different extraction solvents according to the
process described in Section 3.2.2.1.1 Laboratory-Scale Pre-Tests.

The extractions were performed with a powder (dry weight) to solvent ratio of 1:4.
The high melting point of HMyr at 53.9 °C [120], however, was a problem throughout
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all extractions. It was difficult to maintain a high enough temperature of 60 °C to avoid
spontaneous freezing of the fatty acid, keeping the extraction medium homogeneous.

The experiments with the soaked rhizomes yield better results (up to 0.66 mg/g) than
the extractions with the untreated rhizomes (down to 0.51 mg/g). Through the elevated
temperature of 60 °C during the extraction, the mass transfer was enhanced, which is
the reason for the rather small yield difference between the untreated and soaked
rhizomes. The increase of the y-irone content of the extract of the soaked rhizomes,
however, can be explained by the function of water. It can be assumed that water
helped swell the plant cells and burst them during the process [121]. The opened and
destroyed plant matrix in turn could be penetrated better by the liquid fatty acid. This
allows for a better transfer of the molecule of interest from the plant matrix into the
extraction medium. Since the soaked rhizomes were not completely dried before
extraction in the fatty acid, the water content in the soaked rhizomes might have been
an obstacle. Some water may have still been encased inside the treated cells, retaining

the penetration of the fatty acid due to the unfavorable mixing of water and HMyr.

Interestingly, the addition of NaMyr to HMyr had only a small influence when used
with the pre-treated rhizomes. The extraction yield from the soaked rhizomes with and
without NaMyr regarding the error bars as well was similar. This would indicate that
the influence of NaMyr was negligible or even unfavorable with rhizomes soaked in
water before the extraction. The addition of NaMyr to the untreated rhizomes,
however, did have an influence. Regarding Figure 3-2, the yield was significantly
increased through the addition of NaMyr in comparison to the extraction with only the
fatty acid. NaMyr in contrast to pure HMyr is more hydrophilic. Compared to the
negative influence when using the wet rhizomes, it can be assumed that NaMyr might
simulate the hydrophilic swelling effect of the cells. Of course, the 1% of NaMyr is
not able to let the cells swell and burst like water is, which is why the yield was lower.
However, it is possible that this surfactant can interact with the cells. If this is the case,
the ability of the fatty acid to penetrate the cells in contact with NaMyr can be

enhanced [122] without being held back by strong lipophobic repulsion.

Considering the results presented in Figure 3-2, soaking the rhizomes in water for 1 h
and successive extraction in pure HMyr was the best method to extract y-irone from
the iris rhizomes with a rather low practical effort. The extraction yield in total was

unfortunately rather low, only ~66%. Therefore, when scaling up, it was decided to
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extract the iris raw material three times instead of only once, to be able to increase the
extraction yield even more. Of course, it is hardly possible to exhaustively extract the
raw material in one go [4]. Yet, by repeating the extraction three times, a total
extraction yield of 88% could be achieved in the collected extraction medium of the
upscaled version. This extract with a y-irone content of 0.02% +0.003% was used as
the starting material for the molecular distillation.

3.3.2 Molecular Distillation

Before the extract could be processed further, a method for distilling y-irone from
HMyr had to be developed. For economic reasons, the first screening of the distillation
conditions was performed using o-ionone as the target compound. lonone is
structurally similar to the irones found in the plant — for a comparison of the structures
see Table 9-1 of the Appendix — but easier to synthesize and, therefore, cheaper
(0.47€/mL from TCI, Eschborn, Germany) than a technical mixture of irones
(33.20€/mL from Sigma Aldrich, Darmstadt, Germany). This mixture was used to
assess the thermal behavior of irones instead of using y-irone itself as no y-irone

samples were available to buy at a reasonable price.
Two restrictions were given before examining the best distillation conditions:

@3 The temperature of the condenser, which is connected to the outlet valve, had
to be at least 60 °C to be able to collect the distillate, high in HMyr, without
spontaneous freezing. Solidification of the distillate at a room temperature
environment was possible as HMyr, which was inexorably distilled along
y-irone, has a melting point of 53.9 °C according to PubChem [120].

©3 According to the manual given by UIC [123], the best separation results can be
achieved with a temperature difference of at least 50 °C between the evaporator
and condenser, ensuring that the distillate will not reevaporate from the

condenser.

By using the integrated Clausius-Clapeyron relation [114] (cf. Equation (3-4)), a
starting point for the screening was calculated using a 60 °C temperature difference
between the condenser and evaporator (Tevaporator =120 °C). The vaporization enthalpy

AvapH 01 51.16 mk—il of a-ionone, determined at standard conditions (0°C=273.15K and

1bar), was provided via Chemeo [124].The calculation can be seen in the following
equations (3-4 to 3-6):
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A, H
e (3-4)

| %} R T, T,

AvavH.(i_i)
e R T1 T2 (3_5)
p =
2 P1

51.16% ( 1 1 )

98314'10_3 ml;_lIK 273.15K 393.15K b (3-6)
P2 1000 mbar mbar

The result of 0.97 mbar for an evaporator temperature of 120 °C had to be taken with
a grain of salt, of course, due to mathematical approximations as well as an
approximation about ideal gas behavior [114]. Especially the ideal gas approximation
can lead to errors since a-ionone is a rather bulky and big molecule (cf. Table 9-1 of
the Appendix), which does not meet the model standards of an ideal gas. However, it
provided some necessary insight on how to start. From this calculation on, the different
distillation conditions, as described in Section 3.2.2.2.1 Method Development, were
developed and the corresponding results can be viewed in Figure 3-3. The condenser

temperature for all distillations was kept at 60 °C.
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Figure 3-3: Extraction results of the first screening of the molecular distillation. The purple bars indicate the
relative mass of a-ionone that was extracted from the original matrix containing 0.2% of a-ionone and the green
squares indicate the relative mass of a-ionone in the distillate. The dotted line represents the a-ionone content of

0.2% in the original matrix.
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The dotted line represents the original a-ionone content of 0.2% in the sample. With
every distillation of the presented conditions, it was possible to remove at least 44%
of a-ionone from the fatty acid matrix (represented by the purple bars). The results of
the starting conditions around 120 °C were mediocre, with too low distillation yields
of only ~60%. Thus, distillations at higher evaporator temperatures were investigated
resulting in a higher relative extraction of the odoriphore. The optimum pressure
settings for the temperatures of 123 °C and 126 °C were also calculated via the
Clausius-Clapeyron equation. The results can be viewed in Table 9-6. Statistically
speaking, higher temperatures lead to higher distillation results as more molecules
reach the necessary energy (E) to perform a phase transition. This phenomenon can be
expressed via the Boltzmann distribution (3-7) in which the proportionality () of g,
the probability of the system being in state i, to the energy Ei of the respective state,

the temperature T, and the Boltzmann constant kg is described.

e (3-7)

The Boltzmann distribution finds application in the Arrhenius equation (3-8),
describing the kinetic dependence of the evaporation rate constant Kevap On the

activation energy Ea and temperature T of reactions or phase transitions [125].

E
Kevap = Ag - € RT (3-8)

with Kevap = €vaporation rate  constant, Ao = Arrhenius  parameter,

Ea = activation energy, R = gas constant, and T = temperature.

Through the higher evaporation probability, the temperatures of 123°C and 126 °C
were advantageous to almost exhaustively extract the a-ionone (up to 97% yield) from
the HMyr matrix. An increase in temperature, however, also caused more HMyr
molecules to evaporate. Hence, the relative mass of a-ionone (signified by the green
squares) in the distillate decreased at higher temperatures. Considering equations (3-7)
and (3-8), the probability of distilling HMyr along with a-ionone increased with the

elevated temperatures, leading to a lower a-ionone content in total.

To determine a significant trend, distillation at an evaporator temperature of 117 °C
and gentle pressure conditions were examined. In these cases, it was visible that the
extraction yield decreased while the relative mass in the distillate increased. Regarding
all temperature settings, a trend in distillate content as well as in extraction yield was

indeed to be observed. Mild distillation conditions were favorable to obtain extracts
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richer in odoriphore, while harsher settings (123-126 °C) achieved higher distillation
yields with lower a-ionone content. Likewise, a trend in pressure could be observed.
The higher, or rather milder, the pressure (2.4 mbar) of distillation was, the higher was
the relative distilled amount (1.5-1.9%), while it was the contrary for lower pressures
(0.7-0.9% at 0.9 mbar).

It was necessary to find a compromise between yield and content. Ultimately, it was
decided that a nearly complete distillation was more important as the target compounds
are too valuable to get lost in the sump. Hence, the second screening was performed at
high temperatures and low pressures, investigating a technical mixture of a-irones. The
a-irones are structurally similar to a-ionone and y-irone and, therefore, were a perfect
option to reassess the examined conditions as no pure y-irone was available at a
reasonable price. Reevaluation was necessary to review if the thermal behavior, though
the vaporization enthalpies are similar (cf. Table 9-6), would change drastically with
a small structural change from ionone to irone (cf. Table 9-1 of the Appendix). Hence,
it was tested if the pressure and temperature settings of a-ionone were applicable for

y-irone. The results are presented in Figure 3-4:
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Figure 3-4: Extraction results of the molecular distillation screening using the technical mixture of irone isomers.
The green and purple bars represent the relative amount of trans- and cis-a-irone extracted from the original
matrix and the grey squares indicate the relative mass of the odoriphores in the distillate. The dotted line
represents the odoriphore content (~ 0.1% of each, trans-a-irone and cis-a-irone) in the original matrix.
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According to gas chromatographic analysis coupled with flame ionization detection
(GC-FID), the technical mixture of a-irones consisted of approximately 49%
trans-a-irone and 51% cis-a-irone (cf. Figure 9-1). The original relative content of
0.1% each in the fatty acid matrix is represented by the black dotted line. The
extraction conditions of 123 °C and 126 °C at 0.9 mbar and 1.3 mbar were investigated,
as before with a-ionone. The pressure settings were also checked by calculations using
the Clausius-Clapeyron relation (Equation (3-6)) and presented in Table 9-6.
Considering the calculations, softer pressure settings would have been enough for the
distillation of a-irones due to a higher evaporation enthalpy. Overall, the results of this
screening were rather similar to the results of the a-ionone screening before and
changing between the four conditions only had small effects. With regard to the error
bars, the extraction yield at every pair of varieties leveled off at around 74%. Since the
initial content of the trans-isomer (represented by the green bars) was slightly lower
than of the cis-isomer (purple bars), the relative extraction yields were lower as well.

The grey squares indicated the content of the odoriphore in the distillate. As expected,
the lower the adjusted pressure was, the lower were the relative contents of the
odoriphores in the distillate. The lowest relative irone content after distillation was
attained by employing the harshest conditions of 126 °C and 0.9 bar, amounting to a
relative odoriphore content of only 0.5%. When easing the pressure to 1.3 mbar, higher
irone contents (>0.8%) were achieved for both temperature settings. Factoring in the
error bars, the obtained contents at 1.3 mbar resided in the same range, quadrupling the
original total fragrance content. Eventually, it was decided that the optimum
distillation settings for retrieving a-irones, serving as examples for the class of irones,
from HMyr were 123°C at 1.3mbar. Using the lower temperature was beneficial as
well from the economic point of view. A lower temperature means lower energy costs
when running the short-path distillation apparatus. Likewise, the possibility of
destroying the slightly thermolabile irones in the process was reduced [115,116].
Additionally, the distillation parameters were reviewed via the Clausius-Clapeyron
relation (Equation (3-6), presented in Table 9-6). According to the calculations, the
combination of 123 °C and 1.3 mbar were perfect for the distillation of y-irone in
theory. Hence, these settings were selected when handling the true extract. Figure 3-5
gives the results of the extract as prepared in Section 3.3.1 Extraction of y-lrone from
the Rhizomes of Iris Barbata-Elatior and the two distillation cycles.
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Through every distillation cycle the y-irone content inside the HMyr matrix,
characterized by the purple bars, could be improved significantly. No linear trend

between the y-irone content and the number of distillations was found.

The starting point for the first distillation was the HMyr extract of y-irone from the iris
rhizomes. Even though through the repeated extraction of the rhizomes a y-irone yield
of 88% in the fatty acid was achieved, only a total fragrance content of ~0.02% was
reached (confer to Table 9-7 for the accurate numbers). This fivefold difference in
concentration had a strong influence on the quality of the first distillation cycle. A
threefold increase of the y-irone content was realized by distilling the extract once.
However, when regarding the yield of the distillation (represented by the grey squares),
only ~51% were removed from the matrix, leaving approximately half of the target
molecules behind in the sump. Considering the screening results with the a-irones
before (cf. Figure 3-4) accomplishing yields of ~74%, such a big loss was not
expected. Nevertheless, this loss could also be explained via the Boltzmann
distribution. With fewer molecules in the system, the probability of recovery in the
distillate decreased as well. The y-irone molecules that remained in the sump were
eventually declared lost since distilling the sump a second time would only yield even
worse results. In retrospect, the screening of the optimum distillation conditions should
have considered the deviation of the starting content of the fragrance as this result was

not satisfactory.
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Figure 3-5: Comparison of the y-irone content in the myristic acid matrix after different extraction steps,
represented by the purple bars. The grey squares indicate the relative amount of y-irone that was extracted from
the source material, either the rhizomes (Extract) or the extracts (Distillation 1 and 2).
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The second distillation cycle though was more promising. This extraction used the
distillate of the first cycle as the feed. In this case, a sixfold increase of the y-irone
content from the first distillate was reached, yielding a total fragrance content of 0.3%.
This amounted to an 18-fold increase in the rhizome extract. A distillation yield of
~78% was achieved in this case. Although the y-irone content in the first distillate was
only half the amount examined in the method development with o-irone, the
distillation yield was in the same order. This implied that the screening with the o-
irones was successful and gave confirmation about the good quality of the selected
temperature and pressure conditions. One could now speculate that the distillation
process was only somewhat dependent on the starting concentration of the target
molecules as a factor of 2 did not make a significant difference in the extraction yield.
On the other hand, it is also possible that through the structural differences between
a-ionone, the a-irones, and y-irone the thermal behavior of the compounds differed,

and conditions were best suited for distillation of y-irone.

3.4 Conclusion

The aim of this study was to find an environmentally friendly and simple extraction
and concentration method for y-irone from iris rhizomes. To this purpose, four
extraction methods based on HMyr as the solvent were examined to extract the target
compound from the plant matrix. Successively, the extracts were distilled to obtain a

product, enriched in y-irone.

Through pre-tests, it was determined that the most promising way to extract y-irone
was soaking the iris rhizomes in water for 1 h before extracting them with pure HMyr.
Employing these parameters, a scaled-up, repeated batch extraction was performed.
The scale-up was necessary to obtain enough extract to feed the short-path distillation
apparatus. While the extraction process was easy and required only few active steps,
it was also time-consuming, taking four days in total. In particular, the manual pressing
of the water-soaked rhizomes was labor-intensive. Here, it would be necessary to find
an automated alternative to speed up the process while also being able to dry the
rhizomes more properly. The extraction with a 1:5 rhizome to solvent ratio was
adequately green, as well as the solvent HMyr, especially since it was a compound that
is found in the rhizomes themselves [105]. However, on a laboratory scale, it was
difficult to maintain the necessary temperature of 60 °C during the solvent changes.

Since HMyr has a melting temperature of 53.9 °C [120], spontaneous solidification
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occurred frequently, making it problematic to always maintain a homogeneous
extraction solvent. Eventually, a satisfactory extraction yield of 88% y-irone was

achieved. This extract could be processed further via molecular distillation.

The optimum distillation parameters were found with the help of the
Clausius-Clapeyron equation. Even with the necessary approximations, a very good
prediction could be made, giving the right direction to find the optimum distillation
conditions at 123 °C and 1.3 mbar. These settings were a compromise between a high
distillation yield of y-irone while also maintaining a relatively high content of
odiferous compound in the distillates. However, more distillation cycles were

necessary for good results.

With its ~0.3% of y-irone, the second distillate already made a strong olfactory
impression. Yet, the content in the HMyr matrix was still not high enough to be of
industrial interest. A third cycle of distillation would have been necessary. Due to the
big dead volume of the distillation apparatus, however, it was not possible to perform
a third one. The raw material, which would have been the second distillate, was not
enough. Based on the results so far, it could be expected that a third distillation should
have been able to reach an interesting content of y-irone in the fatty acid matrix.
However, employing the distillation of the rhizome extract in an industrial context,
with the option of better upscaling, the multiple extraction cycles should certainly be

an option.

Still, the next step must be the optimization of the first distillation. The parameters
would have to be adapted to the starting concentration of the extract. Of course, the
optimum solution was to find temperature and pressure settings that make for a more
selective separation of the odoriphore from the fatty acid. Though, it can be expected
that in order to distillate more of y-irone in the first cycle, harsher conditions have to
be employed. This means in turn that an even higher amount of HMyr would be
extracted alongside the target compounds, which was explained above (cf. Figure 3-3).
The concentration process in total would be slower as the achievable concentration

steps would be smaller, but the loss of the fragrance should be reduced as well.
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4 Solubility and Extraction of Curcumin in NADES Systems

The results presented in this Section have been published in 2021 in the three papers
Solubilization and extraction of curcumin from Curcuma Longa using green,
sustainable, and food-approved surfactant-free microemulsions by P. Degot et al. [47]
and NADES-based surfactant-free microemulsions for solubilization and extraction of
curcumin from Curcuma Longa as well as Improvement of the Solubilization and
Extraction of Curcumin in an Edible Ternary Solvent Mixture by V. Huber et al.
[70,126]. These studies will be summarized in this chapter; no licensing was necessary.
The work was supported by Laurie Muller, who investigated the NADES and
conducted the solubility tests, by Katarzyna Krzemien, recording the phase
diagrams, by Lena Schmauser, performing the conductivity measurements, as well as

by Johnny Hioe, performing the simulation calculations.

4.1 Introduction

The Zingiberaceae family is composed of roughly 1400 species of tropical, perennial
herbs. One of the most important representatives is Curcuma longa L. or turmeric.
Curcuma is the latinized version of the Arabic word ~S_S (kourkoum), meaning saffron
[127]. Even though there is no definitive conclusion about the plant’s origin, experts
assume it originated in Southeast Asia. There it is primarily cultivated, especially
throughout India, which is the world’s largest producer, Pakistan, and Indonesia to
name a few [128,129]. However, its cultivation is not limited to Asia, the tropical and
subtropical conditions necessary are given elsewhere as well [130-133]. Turmeric has
been known for centuries for its valuable characteristics as a preservative, colorant,

and therapeutic agent [47].

Turmeric is an herbaceous, perennial plant of a size of 0.6-1.2 m. It possesses green,
oblong, glabrous leaves of elliptical shape with a narrow base. They can become 45 cm
long and 18 cm wide and are arranged helically around the base [128,129]. Its flowers
sprout from 15-20 cm long stems surrounded by the leaves and can be of a yellow or
crimson color [134]. The underground building blocks of the plant are the rhizomes,
which are made up of two parts, the central “mother rhizome”, which can be of a size
up to 4 cm, and its branches of a diameter of up to 1.5 cm. The main rhizome does not

exhibit a uniform shape or size and can either be ovoid or almost round
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[129,130,134,135]. These rhizomes are the source of turmeric’s medically and

nutritionally interesting phytochemicals.

Apart from containing 2-7% of essential oil, turmeric’s most important and active
ingredients are the so-called curcuminoids. They were isolated for the first time in
1815 [129] and make up 1-9% of the total dry weight content of the rhizomes. The
large disparity in curcuminoid content can be explained by environmental factors like
soil condition, nutrient availability, harvesting time, and genus diversity
[128,133,135]. Predominantly, the class of curcuminoids consists of curcumin, which
is the major compound with ~ 94%, curcumin I1, also known as demethoxycurcumin,
with ~ 6%, and curcumin 111, bisdemethoxycurcumin, with a content of ~ 0.3%. The
three of them can be distinguished from one another by the number of methoxy groups
[136].

Figure 4-1: The three major curcuminoids, curcumin (top), demethoxycurcumin (middle), and
bisdemethoxycurcumin (bottom).

Depending on the species and the cultivation, other diferoylmethane derivatives can
occur as well, however, the three above are the most common ones [135,136].
Colloquially, the name curcumin is used synonymously to describe the lot of

curcuminoids found in the rhizomes.

The main characteristic of the curcuminoids is their strong and bright yellow color,
giving a color impression at concentrations as low as 5-200 ppm [128]. In addition to
their dying properties, they exhibit beneficial effects on human health as well. This is
the reason why Curcuma longa L. has been used for centuries in ayurvedic medicine.

Nowadays, studies on the curcuminoids’ health effects have been conducted, attesting
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them a plethora of valuable, therapeutic properties like antioxidant, anti-inflammatory,
anti-microbial, anti-cancer, and even more activities [128,134,135,137]. In light of
these discoveries, the global market size of trading curcumin is forecast to increase by
~ 16% until 2028 [138].

To harvest the natural pigments for applications in the pharmaceutical, food, and
cosmetic industry, they have to be extracted and successively formulated. They are not
soluble in water [128], which limits their area of applications, but are indeed soluble
in alcohols, acetone, or petroleum-based solvents. The theory of extraction has been
discussed in more detail above (cf. 2.2) as well as the basics of green chemistry (cf.
2.3). In the following chapter, an approach towards a greener and more effective
extraction of curcuminoids in terms of sustainable solvents will be made. Based on the
work of P. Degot et al. [47,48], an aqueous phase, limiting the solubility of curcumin,
was replaced by NADES. They are indeed hydrophilic but show good solubility
capabilities towards phytochemicals, and their mass transport limitations due to their
high viscosity were bypassed by incorporating them into binary ethanol/triacetin
solutions. Solubility and extraction experiments were performed to find potentially

useful NADES mixtures in terms of extracting curcumin.

4.2 Experimental

4.2.1 Chemicals
All chemicals with their abbreviations, purities, and vendors which were used in this

section can be found in the following Table 4-1.

Table 4-1: Chemicals used in Section 4.

Chemical Abbreviation Purity Vendor
Curcumin Cur >97%
Bisdemethoxy- TCI (Eschborn,
) BDC >98%
curcumin Germany)
Proline Pro >99%

Rhizome Powder of Kwizda (Linz,
C. Longa Austria)
Demethoxy- ) )

) DC >98% Sigma Aldrich
curcumin

. : (Darmstadt, Germany)
Choline Chloride ChCl >99%
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Acetylcholine AcCh >99%
Lactic Acid Lac >85%, FCC
Levulinic Acid Lev >98%
) ) Alfa Aesar (Kandel,
Malic Acid Mal >99%
Germany)
Oxalic Acid
_ Ox >99%
Dihydrate
Ethanol EtOH >99%
Triacetin TriA >99%, FG Merck (Darmstadt,
Acetone >99% Germany)
o >99%, HPLC
Acetonitrile ACN
Grade
Acetic Acid HAC >09%

Using a Millipore Milli-Q purification system (Merck Millipore, Billerica,
Massachusetts), water was deionized. All chemicals were used without further

purification. To see the chemical structures, confer to Section 9.1 of the Appendix.

4.2.2 Methods and Techniques

4.2.2.1 NADES Preparation

NADES of a 1:1 mole ratio based on the hydrogen bond acceptors (HBAS) acetyl
choline (AcCh), choline chloride (ChCI), and proline (Pro) were prepared according
to a heating method by Y. Dai, et al. [68]. The HBAs were mixed with the
corresponding donors and different organic acids and heated to 80 °C for up to 90 min

to obtain a clear liquid. Before use, the mixtures were left to cool to room temperature.

4.2.2.2 Determination of Ternary Phase Diagrams

To record the pseudo-ternary phase diagrams NADES/EtOH/TriA, 3 g samples of
binary mixtures NADES/EtOH and EtOH/TriA were prepared in borosilicate tubes at
different weight ratios. The corresponding third component, TriA, and NADES
respectively, was added to the binary mixture in a dropwise manner until precipitation
occurred or the mixture turned turbid. This was an indication of phase separation,
which was judged by the bare eye. The exact weights of all components were recorded
to determine the miscibility gap of the pseudo-ternary systems.
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4.2.2.3 Solubility Examination via Optical Density Measurements

To determine the most promising NADES mixtures, a screening was performed. Thus,
5 g samples at a weight distribution of 50:20:30 of NADES/EtOH/TriA respectively
were prepared and mixed until the mixture became homogeneous. This composition
was chosen as the effects of the NADES at high shares mixed with the optimum binary
mixture of EtOH/TriA (40:60) could be assessed. An excess of synthetic curcumin was

added and stirred for 1 h at room temperature to saturate the samples.

The contour diagrams, giving an insight into the curcumin solubility in the monophasic
domain of the ternary mixtures, were recorded for the two most promising NADES,
ChCl+Lac and ChCl+Lev, mixed with EtOH and TriA. For a qualitative analysis of
the monophasic regime, 5 g of binary (NADES/EtOH and ETOH/TriA) and ternary
(NADES/EtOH/TriA) mixtures were prepared at different weight ratios throughout the

monophasic region and saturated with synthetic curcumin.

The surplus of curcumin was removed by filtering the solutions through PTFE syringe
filters of 0.45 um pore size. UV/Vis analysis followed after adequately diluting the
samples with EtOH by screening the whole visible spectrum of 350-700 nm on a
Lambda 18 UV/Vis spectrometer by PerkinElmer (Waltham, Massachusetts, USA).

The maximum absorbances at Amax = 425 nm were compared to evaluate the results.

4.2.2.4 Dynamic Light Scattering

To examine the structuring of the ternary systems and to find the critical points in the
binary and ternary, dynamic light scattering (DLS) experiments were conducted. A
temperature-controlled CGS-3 goniometer by ALV (Langen, Germany), equipped
with an ALV-7004/FAST Multiple Tau digital correlator and a vertically polarized
22 mW HeNe laser of a wavelength of A = 632.8 nm was used. Using 0.2 um PTFE
filters, the samples were filtered into dust-free cylindrical light scattering cells with an
outer diameter of 10 mm. Successively, the samples were thermostated in a toluene
tub of 25+ 0.1 °C and measured for 120 s. A qualitative analysis of the correlation
curves was carried out based on the assumption consistent with T. Buchecker and S.
Krickl that higher y-intercepts correspond to more time-stable structuring [139]. Thus,

the critical points in the systems were determined accordingly.
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4.2.2.5 Liquid-Liquid-Equilibrium (LLE) Simulation

No critical point in the binary system of EtOH/TriA could be determined via DLS
experiments due to fast and hardly detectable fluctuations. Thus, a COSMO-RS
formulation within the software package COSMOTherm 2021 was used to simulate a
binary phase diagram consisting of TriA/EtOH. The LLE points were calculated with
an increasing EtOH content of 0.05 wt% increments at a constant temperature.

Only three experimental data points were available and recommended for TriA at
284.24 K, 298.27 K, and 318.20 K. The Antoine equation (4-1) with three fitting
coefficients (Aa-Ca) could be applied in this case, where T was the temperature.

B, (4-1)
T —Cy
For EtOH instead, the more sophisticated Wagner equation (4-2) with six fitting

ln(p? = Ay —

coefficients (Aw-Fw) was employed as more experimental data points were known.

1 -
with § = 1 — ——
Bw
According to Equation (4-3), the total vapor mole fraction y; was calculated.
_ pixd (4-3)

y.
' Ptot

With p% = vapor pressure of the pure substance i, xj = mole

fraction of i, ¢ = activity coefficient of i.
4.2.2.6 Curcuminoid Extraction

4.2.2.6.1 Pressure- and Temperature-Controlled Soxhlet Extraction

An exhaustive Soxhlet extraction method was applied to determine the total
curcuminoid content in the ground rhizomes. In order to avoid the thermal degradation
of the thermolabile curcuminoids, the classical Soxhlet apparatus was enhanced with
a pump to manually adjust the pressure. Through the reduction of the pressure to
234 mbar, a moderate temperature of 30 °C was sufficient to perform the extraction.
With these conditions, 2 g of rhizomes were extracted with 70-80 mL acetone for
~ 5 h, translating to roughly 55-60 extraction cycles. The endpoint of the extraction
was determined by the bare eye when the solvent surrounding the extraction thimble

was visually transparent. Then the extract was transferred to a volumetric flask and
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topped off with acetone. Before elution via HPLC (cf. 4.2.2.7 HPLC Method), the
extract solution was diluted 10-fold in ACN. This process was performed in triplicate.

4.2.2.6.2 Determination of the best Rhizome-to-Solvent Ratio for Extraction

The optimum powder to solvent ratio was determined by extracting 2 g of Curcuma
longa L. using the solvent mixture ChCl+Lac/EtOH/TriA 35:27.5:37.5 at weight ratios
of 1:6, 1:8, 1:10, and 1:12. The extractions were performed by stirring the mixtures for
1 h at 1300 rpm at room temperature. Centrifugation followed for 10 min at 4200 G.
Successively, the extracts were topped off with ACN in volumetric flasks, diluted 25-
fold in ACN/water 90:10 (w/w), and eluted via HPLC (cf. 4.2.2.7 HPLC Method). All

samples were made in triplicates.

4.2.2.6.3 Solvent Extraction

With a 1:8 powder to solvent ratio, 2 g of turmeric powder were extracted with 16 g
of different extraction mixtures. This was achieved by stirring the mixtures at
1300 rpm for 1 h at ambient temperatures. After the extraction, the samples were
centrifuged for 10 min at 4200 G, the supernatant filtered into volumetric flasks,
topped off with ACN, diluted 25-fold in ACN/water 90:10 (w/w) to avoid precipitation
of the NADES, and eluted by HPLC (cf. 4.2.2.7 HPLC Method).

4.2.2.6.4 Cycle Extraction

To exploit the full solving capability of the pseudo-ternary NADES/EtOH/TriA
systems, the solvent was reused in an attempt to enrich the solvent in curcuminoids.
To this purpose, 2 g of ground rhizome powder was extracted with 32 g of the
extraction solvents at their optimum compositions ChCl+Lac/EtOH/TriA 35:27.5:37.5
and ChCl+Lev/EtOH/TriA 30:40:30. To separate the supernatant from the rhizome
remnants, the samples were centrifuged at 4700 G for 10 min. This process marked
one cycle. 2 g of fresh rhizome powder was added to the collected supernatant for a
further cycle and extracted again. After up to 12 cycles, the supernatant was filtered
into volumetric flasks, topped off with EtOH, diluted 25-fold in ACN/water 90:10
(w/w), and eluted via HPLC (cf. 4.2.2.7 HPLC Method).

To evaluate if the solvent changed during the extraction cycles, the curcuminoid
content after 7 cycles was imitated by solving the corresponding amounts of the
synthetic chemicals curcumin or curcumin and demethoxycurcumin in the solvent
mixture ChCIl+Lev/EtOH/TriA 30:40:30. Then, one cycle of extraction was
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performed, topped off with EtOH in a volumetric flask, diluted 25-fold in ACN/water
90:10 (w/w), and eluted via HPLC (cf. 4.2.2.7 HPLC Method).

The preparation of all cycle samples was carried out in triplicates.

4.2.2.7 HPLC Method

All curcuminoid extracts of Curcuma longa L. were analyzed using a Waters HPLC
system with two Waters 515 HPLC pumps, a Waters 717 autosampler, and a
Waters 2487 UV/Vis detector. The separation of the extracted compounds was carried

out on two different columns:

@3 An ACE Equivalent 3 C18-Column (300 A, 150 x 2.1 mm) with a 5 pL
injection volume and a 0.4 mL/min flow rate for the lactic acid NADES
systems

3 A Knauer Eurospher 5 C18-Column (100 A, 250 x 4.6 mm) with a 10 pL
injection volume and a flow rate of 1 mL/min for the levulinic acid NADES

systems

All samples were eluted three times and prepared in triplicates. The elution was
performed using a gradient method based on the works of P. Degot et al. [47] as
described in Table 4-2 at a temperature of 40 °C. The mobile phase consisted of water
with 0.3% acetic acid (A) and ACN (B).

Table 4-2: HPLC gradient method.

Time (min) Solution A (%) Solution B (%)
0-17 60-40 40-60
17-18 40-0 60-100
18-24 0 100
24-25 0-60 100-40
25-32 60 40

External calibration curves of the three curcuminoids in a concentration range of
0.04-0.2 mg/mL were recorded to quantify the curcuminoids extracted from the plant
matrix. The elution was carried out as described before in both columns. The curves

were obtained by plotting the concentration of the curcuminoids against the peak area.
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4.2.2.8 BC-NMR Analysis

For the 3C-NMR measurements, an Avance 111 400 NMR-spectrometer by Bruker
(Billerica, USA) operating at 400 MHz was used. Approximately 1 mL of the 30:40:30
(w/wiw) mixture ChCl+Lev/EtOH/TriA, serving as the extraction solvent, was filled
into Norell 507-HP-7 High-Precision-NMR sample tubes (Norell Inc., Morganton,
USA). The sample was measured three times: right after preparation, after one day,
and three days after preparation. The NMR tube was not sealed, and the solvent was
not changed in order to imitate normal conditions the solvent would have endured

during the cycle extraction [126].

4.2.2.9 Conductivity Measurements

The measure of conductivity was used to determine a possible change in the solvent
that can be linked to the extraction. The measurements were performed using a
temperature-controlled measuring cell (25 + 0.2 °C) of a low-frequency WTW inoLab
Cond 730 conductivity meter, connected to a WTW TetraCon 325 electrode
(Weilheim, Germany) under permanent stirring (~ 500 rpm) and manual mixing where
necessary. Three different kinds of samples were examined [126]. No additional
charge carriers were added to the examined mixtures as choline chloride served as the

charged species.

©3 20 g of the optimum ternary composition of 30:40:30 ChCl+Lev/EtOH/TriA
was diluted in 0.5-2 g steps with 40:60 (w/w) EtOH/TriA.

©3 An imitation of the acidic hydrolysis of TriA was attempted by replacing parts
of the TriA with the respective amounts of glycerol and acetic acid. The
conductivities of the artificially hydrolyzed samples were measured in the
range of 0-100% of TriA hydrolysis. Complete hydrolysis of TriA resulting in
the basic species glycerol and acetic acid was presumed without regarding
partially hydrolyzed species like diacetin or monoacetin for reasons of
simplicity.

©3 After every cycle of extraction (up to 7 cycles), the conductivity of the solvent

was monitored.

4.3 Results and Discussion

4.3.1 Curcumin Solubility in Different NADES Systems
P. Degot et al. introduced an edible surfactant-free microemulsion consisting of water,

ethanol, and triacetin as a novel, green extraction medium. Characterizing this ternary
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mixture, a solubility synergy between the cosolvent ethanol and the oil phase triacetin,
increasing the curcumin solubility by a factor of 3 and 5 respectively, was found.
Extraction of ground Curcuma longa L. rhizomes with the optimum binary mixture,
however, did lead to unsatisfactory extraction yields of only ~ 60%. Thus, water was
added to the mixture, showing that with a to some extent aqueous solvent, the
curcuminoid extraction yield could be increased. Yet, the addition of water to this

binary system came at an expense of solubility [47,48].

The motivation for the following study was to replace water in the ternary mixture by
another hydrophilic phase which still displayed a decent curcumin solubility. Thus,

natural deep eutectic solvents (NADES) were chosen [140].

A screening of eleven different NADES already known in literature [141,142] was
made to evaluate their ability to solve curcumin at ambient temperatures in a mixture
with EtOH/TriA. The results are presented in Figure 4-2. The chosen NADES were
based on acetylcholine (AcCh), choline chloride (ChCI), and proline (Pro), which are
naturally produced in the body, mixed in a 1:1 molar ratio with citric acid (Cit), lactic
acid (Lac), levulinic acid (Lev), and malic acid (Mal). To view the compounds’
structures, confer to Table 9-2 of the Appendix. An investigation on the curcumin
solubility in water with ChCl and the ChCl+Lac NADES as additives beforehand
showed that the single compound and the NADES had a significant positive effect on
the solubility of curcumin [70]. It can be viewed in Figure 9-2 of the Appendix. Since
both ChCI and curcumin are soluble in the EtOH/TriA systems, it was assumed that
the solubility synergy of the solvent mixed with the additives should yield even higher

curcumin solubilities, initiating the following screening [70,126].

The screening of Figure 4-2 shows the qualitative UV/Vis results of the
50:20:30 (w/w/w) NADES/EtOH/TriA mixtures saturated in curcumin. The lines
served as a representation of the references, the ternary mixture of water/EtOH/TriA
at the same weight ratio of 50:20:30 in black, the optimum binary mixture of
EtOH/TriA 40:60 (w/w) in red, and acetone in blue. All ternary mixtures containing
NADES exhibited a superior curcumin solubility of at least a factor of 6 compared to
the ternary mixtures with water. These results proved that curcumin was indeed more
soluble in any tested NADES opposite to water. This find was expected, though, as
curcumin is not soluble in water, whereas even hydrophilic NADES have been

reported to be able to solve hydrophobic phytochemicals. Particularly phenols can be
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solved in NADES via hydrogen bonding [140,143]. Thus, to achieve a high solubility
in a hydrophilic environment, NADES should replace water [70,126].

— EtOH/TrA —— HZO/EtOH/TI’iA — Acetone
12000 7 50:20:30 40:60 100 -~
AcCh+Lev
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Figure 4-2: Qualitative screening of the curcumin solubility in eleven different NADES/EtOH/TriA 50:20:30
(w/w/w) mixtures determined via UV/Vis. The references, the ternary mixture of water/EtOH/TriA at the same
weight ratio of 50:20:30 as the former mixtures in black on the bottom, the optimum binary mixture of EtOH/TriA
40:60 (w/w) in red, and pure acetone in blue at the top, are represented by the horizontal lines [126].

Only five of the eleven tested NADES in a ternary mixture, one based on Pro, two
based on ChCl and AcCh each, could surpass the curcumin solubility in the optimum
binary mixture of EtOH/TriA 40:60 (w/w). Thus, the power of the hydrogen bond
acceptors could be ordered as follows: AcCh > ChCl > Pro. Looking at these
molecules’ structures (cf. Table 9-2), AcCh and ChCI share a positively charged
nitrogen functionality, while Pro only possesses a non-charged secondary amine.
Apparently, the quaternary ammonium ion had a positive influence on the curcumin
solubility. It was speculated that cation-z interactions between the aromatic curcumin
and the quaternary ammonium compounds (QAS) may be the reason. Even though
these interactions are usually quite weak, they are powerful enough for favorable
molecular recognition in proteins. Reports state that the quadrupole of conjugated -
systems of aromatic rings of amino acids can interact with the ions [144-147]. With
this knowledge in mind, it was suspected that the interactions of AcCh and ChCI with
curcumin were comparable to the interactions between ions and amino acids. This
served as an explanation for the higher solubility of curcumin in the systems containing

QAs in comparison to the systems containing Pro [70,126].
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As a next step, the influence of the acids on the solubility of curcumin was ranked.
Only three examined NADES could compete with acetone in terms of solubility,
solving ~ 1.4 times more. Two of the best three ternary NADES/EtOH/TriA mixtures
contained Lev, making it the best HBD of the examined ones, followed by Lac. Neither
Mal nor Cit were able to create an environment suitable to enhance the solubility of
curcumin in these pseudo-ternary mixtures. Successively, the acids could also be
ranked according to their power in aiding the solubility of curcumin:
Lev > Lac > Mal = Cit [70,126].

The top NADES AcCh+Lev and ChCl+Lev show a similar solubility of curcumin with
regard to their standard errors. AcCh, however, is a neurotransmitter and, therefore,
not allowed as a food additive. ChCl on the other hand is a common additive in the
food industry. Hence, all further experiments concerning the extraction of the
curcuminoids from the ground roots of Curcuma longa L. for applications in the food
sector were conducted using the runners-up ChCl+Lev and ChCl+Lac. No removal of

the solvent was necessary when extracting with a food-approved solvent [70,126].

4.3.2 Phase Diagrams and Solubility Maps

To gather information about the phase behavior and the extent of the monophasic
domains in the ternary mixtures of ChCl+Lev/EtOH/TriA and ChCl+Lac/EtOH/TTIA,
and water/EtOH/TriA, phase diagrams were recorded, which can be viewed in Figure
4-3. For complete accuracy in the following, it has to be noted that the regarded
systems containing NADES were rather pseudo-ternary ones. Thermodynamically
speaking, the examined NADES were two-component mixtures themselves, thus, the
presented systems indeed were made of four components in total. For simplicity
reasons, the NADES were regarded as a unit and the systems will continuously be

referred to as ternary ones [70,126].
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Figure 4-3: Ternary phase diagrams with curcumin solubility maps consisting of EtOH as the cosolvent, TriA as
the oil phase, and the hydrophilic component a) ChCl+Lev, b) ChCl+Lac, and ¢) water. The black areas labeled
2@ represent the two phasic regions of immiscibility in the ternary systems. The heat maps in the monophasic
parts indicate the curcumin solubility, where red shows a high solubility and purple a low one. The color scale of
a) can be applied to all diagrams. The yellow diamonds indicate the points examined in the extraction
experiments. The critical and reminiscent critical points are represented by the turquoise points labeled CP and
RPC respectively [70,126].

All three phase diagrams look rather similar as the systems share each one two-phasic
(20) region between the hydrophilic and hydrophobic components. The major
difference between the three of them was that both NADES were not miscible with
TriA at all, whereas water and TriA were miscible to some extent (~ 10 wt%). This
suggested that the NADES were even more polar than water. The largest 2d area was
found in the system containing ChCl+Lev. 35 wt% of EtOH were necessary to achieve
full miscibility of all three components, while 25 wt% and 20 wt% EtOH were enough
in the systems with ChCl+Lac and water respectively. In these systems, in contrast to

the former one, the binary mixtures of the hydrophilic and hydrophobic parts with the
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cosolvent EtOH were fully miscible. ChCl+Lev was only miscible to ~ 65 wt% with
EtOH. This suggested that EtOH was not an ideally powerful cosolvent in this mixture.
Based on this information, it can be speculated that a cosolvent, which is completely
miscible with TriA and NADES, could decrease the biphasic region. Mixtures of water
and EtOH come to mind as well as glycerol and polyethylene glycol. However,
changing the cosolvent will also have an influence on the preferential solubility in the
binary mixture of cosolvent and TriA as described by P. Degot et al. The monophasic
domains obtainable with both NADES mixed with EtOH and TriA were large enough
to arouse interest for successive extraction experiments [70,126].

P. Degot et al. reported structuring in the ternary water/EtOH/TriA mixture, which
lead to a classification as a surfactant-free microemulsion (SFME) [47]. To justify a
classification as SFME as well, dynamic light scattering experiments were conducted
in the NADES systems. Through these examinations, the reminiscent critical points
(RCPs) of the underlying binary mixtures of NADES/EtOH and EtOH/TriA and the
ternary mixtures’ critical points (CPs) were determined. The CPs could be determined
through scattering experiments by identifying the regions where the critical
fluctuations were most pronounced. At these points, the correlation functions as
indicators of structuring should reach their maximum [148,149]. RCPs were
introduced here as descriptors of CPs of the binary mixtures, which can be observed
at ambient temperatures. Since most examined binary solutions with EtOH are
monophasic, talking about CPs is not totally precise as CPs imply a phase separation.
Yet, fluctuations detected by light scattering indicated fluctuations and solving
anomalies in these fully miscible solutions, suggesting a possible demixture of those
binary solutions at certain conditions like temperature. The compositions where
demixing would occur first would mark the CP. Projections of these critical
compositions where fluctuations were detected to ambient temperatures were titled
RCPs [126].

Samples above the 2® regions of all three ternary systems were inspected using DLS.
The respective correlation functions are presented in Figures 9-3 to 9-5 of the
Appendix. Using these data, the CPs were located at the hydrophilic side of the phase
diagrams. Looking at Figure 9-3 presenting the correlations in the ChCl+Lev ternary
systems, the correlations were rather indistinctive with only a little increase around

20 wt% TriA. The correlations of the ChCl+Lac system (cf. Figure 9-4) were more
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pronounced, implying a CP at around 40 wt% TriA. The ternary system of
water/EtOH/TriA (cf. Figure 9-5) was the only one that exhibited pronounced
correlation curves and, thus, according to P. Degot et al. [47], could be considered a
classical SFME. The CP could be determined between 30 and 40 wt% of TriA. The
CPs in all systems are marked by the labeled, turquoise points in Figure 4-3. The
correlations of the NADES systems were hardly pronounced, implying that the found
signals were caused rather by slight fluctuations instead of defined aggregates like
micelles. Hence, this suggested that the found CPs are classical ones. Further, even
though the ternary mixtures of NADES/EtOH/TriA could not be classified as SFMEs,
this had no influence on the solubilization power of curcumin [126].

After analyzing the ternary mixtures, the binary ones NADES/EtOH and EtOH/TriA
were examined as well. The belonging correlation functions can be viewed in Figures
9-6 to 9-8 of the Appendix. Since the water and EtOH mixtures had already been
examined by T. Buchecker and S. Krickl et al. [139], they have not been measured
again. No significant correlations in these binary mixtures had been found, although
the existence of inhomogeneities between these two molecules is known. Through
their high diffusion, the produced fluctuations are too fast to be detectable by DLS.
Thus, no RCP in this mixture was determined. Both NADES/EtOH binary mixtures
showed an increase in correlation with an increasing NADES content (cf. Figures 9-6
and 9-7). For both systems, the maximum correlation functions were found at a
NADES content of 40-50 wt%. Surpassing this NADES content, the ChCl+Lev system
demixed and turned two-phasic, while the correlation curves became bimodal in the
ChCl+Lac system. This change of phase behavior was chosen to set the RCP.
Correlation functions in the binary EtOH/TriA mixtures increased only weakly and
reached a maximum at 50 wt% of EtOH [126].

Indeed, determining critical points via DLS is not perfect, especially when the
correlation functions change only slightly, like they did in the NADES/EtOH mixtures.
However, to support the findings of the scattering experiments, a phase diagram of the
binary EtOH/TriA was simulated using COSMO-RS. The goal was to find a critical
temperature at which the two liquids were not miscible anymore. Above and at ambient
temperatures, EtOH and TriA are fully miscible. Thus, it was hypothesized that an
upper critical solution temperature (UCST), as defined by IUPAC, should be found

[126,150]. The composition with the highest correlation functions at ambient
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temperatures was expected to coincide with the composition at which the phase
transition at lowered temperatures would occur. This should mark the critical point of
the original binary mixture. From this CP, the RCP could be inferred to the binary line

of the system at room temperature [126].

The simulation, on the other hand, was difficult due to severe convergence issues
during the calculation of the liquid-liquid equilibria (LLE). Hence, the presented
results were only rudimentary assessments of the latter. The explanation would exceed
the scope of this study, but to illustrate the found LLE, a preliminary phase diagram
contextualized within the ternary ChCIl+Lev/EtOH/TriA at 25 °C is given in Figure
9-9 of the Appendix [126].

Nonetheless, two LLEs at ratios of 65:35 and 80:20 EtOH/TriA were found at a
temperature of -30 °C, which served as an indication of a biphasic system. The
simulation at -20 °C, on the other hand, did not show any LLE. Thus, most probably,
a UCST between -20 °C and -30 °C was encountered, suggesting that above -30 °C
EtOH and TriA are fully miscible at any proportion. This led to the description of
RCPs, which are basically shadows of the critical point at the UCST below -20 °C that
can still be detected at room temperature via DLS through slight fluctuations. Yet, the
experimental data and the simulation, due to calculation difficulties and temperature
effects, differ. Nevertheless, some sort of solving anomaly, like fluctuations in the
binary EtOH/TriA, was found [126].

Critical fluctuations in the solvent can be imagined as nano-fissures, which might act
as starting points for changes, like phase separation, in the liquid. It is possible that
favorable interactions between the solvent and introduced compounds will emerge,
caused by the formation and deformation of these fissures. In the case presented here,
these interactions might appear as preferential solubility of curcumin inside the
solvent. This is what P. Degot et al. partly described when examining the solubility
synergy between EtOH and TriA, which was at its maximum close to the RCP of this
mixture. When looking at the presented solubility maps Figure 4-3, the maximum
solubility of curcumin was close to the CPs and RCPs of the mixtures. This gave an
indication that the high solubility close to the RCPs of the underlying binary systems
had an influence on the high solubility in the ternary mixtures around the CPs. This is
analogous to the reports of P. Bauduin et al. [151] who added short propylene glycol

alkyl ethers to microemulsions. The demixing temperatures of the examined
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microemulsions were tuned according to the characteristics of propylene glycol alkyl
esters. This means, the formulation induced the temperature dependence, while in the

presented case the temperature sensibility was intrinsic [126].

When only taking a look at the solubility, the maximum solubility of curcumin was
largely higher in the NADES systems as compared to the water system. The solubility
could be improved by employing a hydrophilic phase, which was also capable of
solving curcumin. The improvement followed the trend found in Figure 4-2, which
could be described as ChCl+Lev > ChCl+Lac > water. Water only decreased the
solubility in the ternary systems while the addition of NADES shifted the maximum
solubility from the 40:60 EtOH/TriA binary mixture to the ternary, from the RCPs
towards the CP of the ternary mixture. By basing the ternary systems on the ChCl+Lev
NADES, a 2- to 7-fold increase of curcumin solubility, with regard to the best
compositions in the ChCl+Lac and water systems respectively, was achieved.
Nevertheless, achieving such a strong increase of solubility by exchanging water with
highly polar NADES is still remarkable [70,126].

4.3.3 Extraction Ability

In consideration of the region of highest solubility in the ternary system, the optimum
mixture of 35:27.5:37.5 ChCl+Lac/EtOH/TriA (cf. Figure 4-3 b) was chosen to
determine the optimum powder to solvent ratio for satisfactory extraction results of the
curcuminoids from ground rhizomes of Curcuma longa L. (cf. Figure 4-4) [70].
Triplicates of all samples were examined for accuracy. The quantification of
curcuminoids was done via HPLC using an external calibration, the corresponding
calibration curves are presented in Figure 9-10 of the Appendix. Figure 4-4 shows that
the quality of extraction only weakly depended on the powder to solvent ratio. A ratio
of 1:8 (w/w) rhizome powder to extraction solvent was necessary to ensure a
reasonable extraction yield. Below this ratio (cf. 1:6 (w/w)), the extraction yield was
not satisfactory, yielding ~20% less curcuminoids in total compared to the higher
ratios. On the other hand, surpassing a powder to solvent ratio of 1:8 (w/w) did not
significantly improve the extraction yield while also disagreeing with the principles of
green chemistry and extraction according to P. Anastas [6] and F. Chemat [7]. Thus,
higher ratios for experiments would only be a waste of solvent. Therefore, the optimum
ratio of 1:8 (w/w) was chosen to be used in the following extraction experiments of the
NADES systems [70,126].
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Figure 4-4: Determination of the optimum powder to solvent ratio (w/w) in view of the extraction yield using the
optimum composition of ChCl+Lac/EtOH/TriA 35:27.5:37.5 [70].

The optimum powder to solvent ratio was not revalued for the ChCl+Lev system as its
constituents were very similar to the examined ChCl+Lac system. Thus, it was
assumed that it should also behave similarly to the ChCl+Lac system in matters of
extraction [70,126].

During the quantitative examination of the extracts (cf. Figure 4-5), the standard
Soxhlet extraction, as described above (cf. Section 2.2.1Soxhlet Extraction) and
performed by P. Degot et al. [47], was used as a reference. Noting again, heating is
necessary to have the solvent evaporate before extracting and returning to the solvent
reservoir loaded with the extractant in the classical setup. However, heat impact on the
extractants, in this case the curcuminoids, is problematic as they thermally degrade.
Therefore, the total curcuminoid content was undervalued. To improve the precision
of the determination of the total curcuminoid content, the classical setup was
ameliorated by introducing an oil pump and valve for pressure control. According to
the Clausius-Clapeyron relation, as given above (cf. Equation (3-4)), lowering the
pressure will also reduce the boiling temperature of the solvent. Thus, this provided a
gentler way to extract the thermolabile curcuminoids at a temperature of only 30 °C.
The improvement of the extraction yield from the classical Soxhlet to the pressure-
controlled one can be seen in Figure 4-5 and the quantitative results in detail can be
viewed in Table 9-8 of the Appendix [70,126].
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Figure 4-5: Overview of the yield of all extraction experiments. Curcumin is presented in orange,
demethoxycurcumin in blue, and bisdemethoxycurcumin in red. The results are separated into four blocks for
clarity. The first block represents the conventional [47] and pressure-controlled [126] Soxhlet extractions, the

second block the references of pure EtOH and TriA, their optimum binary mixture of 40:60, and the best ternary
mixture of 40:24:36, which were provided by P. Degot et al. [47], the third the extraction results of the ternary
ChCl+Lac/EtOH/TriA mixtures [70], and the fourth the extraction results of the ternary mixtures of
ChCl+Lev/EtOH/TriA [126]. The numbers above the columns give the extraction yield in percent in comparison
to the reference, which was the yield obtained via pressure controlled Soxhlet extraction.

By using the pressure controlled Soxhlet device, a total of 5.3 mg more curcuminoids
per gram rhizomes could be extracted. In detail this improves the extraction of
curcumin by 20%, of demethoxycurcumin by 10%, and of bisdemethoxycurcumin by
56%. This confirms that bisdemethoxycurcumin is most sensitive to temperature. Even
though the results could be improved with the amended Soxhlet method, there is still
no guarantee that the total of curcuminoids was extracted or that no thermos-
degradation occurred. Yet, the strong improvement of the total curcuminoid content at
lower temperatures (30 °C instead of > 56 °C, which is the boiling point of acetone)
suggests that a more accurate value of the total curcuminoid content could be reached.
Therefore, the yields of the pressure controlled Soxhlet represent the 100% reference
and the numbers given in Figure 4-5 and Table 4-3 denote the relative extraction yield
with regard to the reference [70,126].
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Several compositions in the NADES systems were tested and the data of the
water/EtOH/TriA system, as provided by P. Degot et al. [47], served as reference.
Generally, all systems containing NADES vyielded the best results with extraction
yields between 75-84%, while the unary solvents, pure EtOH and TriA, performed
worst with yields of 29% and 20% respectively. The system based on the ChCl+Lev
NADES (~ 84%) performed better than the ChCl+Lac NADES systems (~ 79%) and
water system (~ 68%). It can be argued that the NADES, similarly to the water, might
be able to swell and burst the plant cells for better solvent penetration and mass
transport. Though, other mechanisms of cell membrane opening are conceivable,
especially since ChCl and Lac already exist in cells [70,126].

To identify the mechanism and to evaluate the plausibility of the cell swelling theory,
the extraction power of the optimum composition of the ChCIl+Lac/etOH/TriA
35:27.5:37.5 (w/w/w) with the addition of water was checked (cf. Table 9-8). Upon the
addition of water to the optimum system ternary system, the extraction yields
plummeted with an increasing water content, even though the yield of dimethoxy- and
bisdemethoxycurcumin could be increased. This is possible as these two curcuminoids
are more polar and in turn better soluble in aqueous systems. Thus, the mechanism of
extraction was not solely governed by the ability of the solvent to destroy and penetrate
the plant matrix. This raised the question about the driving force of the extraction.
Thus, as a next step, the extraction of the curcuminoids from the ground rhizomes by
using a binary mixture of 55:45 (w/w) ChCl+Lev/EtOH was examined. Viewing
Figure 4-3 a, the solubility of the binary mixture was approximately 25% lower than
in the optimum ternary composition of ChCIl+Lev/EtOH/TriA 30:40:30 (w/w/w).
However, when comparing their extraction power, both compositions achieve a similar
extraction yield with a difference of 0.13 £ 0.07 mg per g rhizome. Seemingly, the
solubility as well was not the only factor influencing the quality of extraction. It was
concluded that a combination of both factors, the solubility and solvent penetration,
could be the responsible driving force for the extraction. Other additional effects, like
preferred interactions of solvent and solute, in this case cation-m interactions, could
affect the quality of extraction. Unfortunately, no final conclusion about all underlying

factors could be drawn as this would have exceeded the scope of this study [70,126].

By replacing water in the ternary systems by different NADES, the solubility of

curcumin was improved. To exploit the full potential of this high solving capability,
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cycle extractions were performed as described by P. Degot et al. [48]. The results can
be seen in Figure 4-6. While keeping the amount of solvent to a minimum, a higher
amount of fresh rhizomes should be extracted. The repeated use of the solvent comes
with benefits in terms of waste prevention or in this case reduction and solvent
economics. To assess the greenness and sustainability of the developed solvents, the
process mass intensity (PMI) was consulted (cf. Equation (4-4)). In this case, the PMI

was divided by the factor 1000 to obtain smaller numbers:

(mRhizome + mSolvent) (4'4)
MExtracted
PMI =
1000

The PMI is a measure of the total mass of materials necessary to produce a product. It

can make a statement about the quality of an extraction, evaluating the greenness
and/or waste of solvent [152-155]. While the relative extraction yield can give
information about one cycle of extraction, the PMI can give insight into the
improvement during a number of extraction cycles. The comparison of the PMI and

extraction yield are given in Table 4-3.

The smaller the PMI, the better and more powerful is the examined extraction. Like
already evaluated above, the PMI also rates the pressure controlled Soxhlet extraction
better than it does the classical one. However, the 100% reference, the pressure
controlled Soxhlet extraction, scored a worse PMI than the single extraction cycles of
the ternary extraction cycles. This could be expected since the Soxhlet process needs
more solvent to extract the same mass of rhizomes, concluding that the easy room
temperature extraction in the ternary systems is more effective in terms of solvent use.
Of course, when only looking at one extraction cycle, a high extraction yield and a low
PMI coincide, confirming the optimum compositions in both NADES/EtOH/TriA
systems. However, through the repeated use of the extraction solvents, the PMI could

be improved further, while the extraction yield ceased to be analyzable.

Table 4-3: Comparison of extraction yield and PMI.

Extraction System Yield PMI
Pressure-controlled Soxhlet? 100% 2.39
Soxhlet® 76% 3.15

EtOH® 29% 3.03

TriAP 20% 4.37
H>O/EtOH/TriA 40:24:36° 68% 1.31
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ChCl+Lac/EtOH/TriA 35:27.5:37.5

0

Optimum Composition® 9% 101
ChCl+Lac/EtOH/TriA 20:32.5:47.5¢ 75% 1.06
ChCl+Lac/EtOH/TriA 30:28.1:41.9¢ 79% 1.01
ChCl+Lac/EtOH/TriA 50/35/15° 75% 1.06
ChCI+L_ev/EtOH/TrlA_B_O:A:jO:BO 84% 0.95

Optimum Composition
ChCl+Lev/EtOH/TriA 25:30:45¢ 82% 0.97
ChCl+Lev/EtOH 55/45¢ 84% 0.94
HzO/EtO(lz—I;l'lr;,Z\e40:24:36 127% 0.35
ChCI+Lac/EtCC):|)—/|g;r|7,§ 35:27.5:37.5 117% 0.95
ChCHLeV/E;t}%Z/;rdIA 30:40:30 117% 0.25
ChCI+Lev/EtOH/TrLA 30:40:30 62% 0.33

Cycle 12

b Data taken from P. Degot et al. [47].
¢ Published in V. Huber et al. [70].
dPublished in V. Huber et al. [126].

¢ Published in P. Degot et al [48].

Coming back to the cycle extractions themselves, which are presented in Figure 4-6,
all experiments were conducted using a 1:16 (w/w) powder to solvent ratio to be able
to neglect the solvent loss. Performing the extraction cycles, one can see that the total
amount of extracted curcuminoids increased for every system. P. Degot et al. described
a linear increase of curcuminoids with every extraction cycle until saturation [48],
which occurred already after 3 cycles. The results are indicated by the black squares.
The linear increase was also found true for all curcuminoids in both NADES systems
(cf. Figures 9-12 and 9-13). For the ChCl+Lac system (red dots), a saturation was
reached after 7 cycles of extraction as the amount of extracted curcuminoids did not
increase significantly and leveled off at ~170 mg. This was expected since the
solubility in the ChCl+Lac system was roughly twice as high as in the water system
and could, therefore, be used for twice as many extraction cycles. Comparing the
ChCl+Lac system with the ChCl+Lev one, it was expected to be able to complete
roughly double the amount of cycles as well, due to the twofold solubility increase.
Indeed, the extraction mixture could be enriched in curcuminoids up to cycle 7 leveling
off at ~ 180 mg curcuminoids in total. Referring to the PMI calculations additionally,
it was confirmed that the NADES systems outperformed the water system. However,

no significant further increase in curcuminoid content was possible in the ChCl+Lev
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system. Considering the fact that after 10 cycles of extraction still a small increase of
curcuminoids in comparison to the 7™ cycle was observed, it could be concluded that
a slow saturation occurred. However, an increase that small could not justify the
experimental effort of adding three cycles. Hence, cycle 7 was considered the final one
[70,126].

The curcuminoid content in the ChCl+Lev system decreased again after 12 cycles of
extraction. While in Figure 4-6 and 9-13 only the total curcuminoid content is
presented, the concentration reached after 12 cycles is shown in Figure 9-14. The
concentrations of every cycle still increased but not the total amount of extracted
curcuminoids, showing that the increase was a relative concept. This phenomenon of
first increasing the curcuminoid mass and successively losing curcuminoids also arose
during the study of P. Degot et al. [48]. This was counterintuitive and was investigated
in the following.
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Figure 4-6: Total curcuminoid content of the ternary cycle extraction systems of water/EtOH/TriA 40:24:36
(black squares) [48], ChCl+Lac/EtOH/TriA 35:27.5:37.5 (red dots) [70], and ChCl+Lev/EtOH/TriA 30:40:30
(triangles). The blue triangles represent the repeated extraction of fresh, ground rhizomes without additives. The
green down-facing triangles show the extraction samples prepared with synthetic curcumin, the yellow left-facing
triangles with a blend of synthetic curcumin and bisdemethoxycurcumin. Both systems were prepared to imitate a
starting point at cycle 7 before performing one cycle of extraction [126].

To evaluate whether a premature saturation was reached, two samples containing
synthetic curcuminoids were prepared to imitate the curcuminoid content at cycle 7.
One sample, represented by the green triangles, was prepared by adding synthetic
curcumin only and the other sample, indicated by the yellow triangles, with a mixture

of curcumin and bisdemethoxycurcumin. Twice the amount of bisdemethoxycurcumin
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that was extracted in the natural 7" cycle was added to imitate the content of
demethoxy- and bisdemethoxycurcumin in total as demethoxycurcumin was too
expensive. According to Figure 4-6, the composition of the curcuminoids hardly
influenced the successive extraction of the rhizomes. The increase of curcuminoids in
the artificially prepared systems after performing an extraction indeed showed that it
was still possible to enrich the solvent. No premature saturation was reached,
apparently. Thus, the question of why the extraction solvent could not be enriched

further by simply reusing the solvent arose [126].

Considering that one extraction cycle takes roughly 1 h, multiple cycles demand a lot
of time (> 12 h for 12 cycles). Therefore, there is a likely possibility that the solvent
was altered over time. Especially the combination of TriA, a molecule with three ester
bonds (cf. Table 9-2), with the NADES, which was made of an acid, may react by
hydrolyzing TriA. To verify this assumption, *C-NMR samples were examined over
three days. The spectra are given in Figures 9-15 to 9-17. Supposing that hydrolysis
had taken place, two new peaks at around 20 and 175 ppm as an indication of acetic
acid should have appeared. Yet, the NMR spectra did not change over the course of
three days, ruling out the possibility of acidic hydrolysis. Additionally, the peaks
representing EtOH did not change in terms of intensity, eliminating the possibility of

evaporation as solvent alteration as well [126].

Since neither TriA nor EtOH seemed to be the reason for the premature saturation, the
NADES content was examined via conductivity measurements as ChCl is an
electrolyte. A calibration curve of the conductivity of the solvent with different
NADES contents was recorded (cf. Figure 4-7 a). By diluting the optimum
composition ChCl+Lev/EtOH/TriA 30:40:30 (w/w/w) with a binary mixture of 40:60
EtOH/TriA (w/w), the conductivity could be examined. The starting point of the
optimum mixture was found at ~ 4.3 mS/cm. As expected, with fewer charge carriers

in the systems with lower NADES contents, the conductivity sank [126].

Successively, the optimum composition was used for extraction experiments and the
conductivity after every extraction cycle was measured and can be seen in Figure 4-7
b. With every cycle, the conductivity decreased strongly, down to ~ 3.7 mS/cm after
seven extractions. Assuming that the measurable conductivity originates only from
ChCl in the NADES, the comparison of Figure 4-7 aand b yields a ~ 25 wt% decrease
of NADES. Most likely, during every cycle of extraction, ChCl was lost to the plant
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material, altering the solvent composition and simultaneously the conductivity.
Literature reported that ChCl can share strong ionic interactions with the negatively
charged cellulose residues inside the plant matrix [156,157]. Curcuma longa L., just
like any other plant, contains dietary fibers like starch or cellulose [135]. As a result
of these interactions, ChClI could be trapped inside the plant matrix after the extraction.
When replacing the old rhizomes by fresh ones for the successive extraction steps, the
composition of the solvent will be altered. After several extraction cycles, the solvent’s
composition will be changed to such an extent that the curcumin solubility is way
lower than at the beginning (cf. Figure 4-3 a). This gives reason to a slow saturation
between the 7™ and 10" cycle. The decrease of curcuminoids by cycle 12 can be
explained as well: The previously extracted curcuminoids might have saturated the
solvent already and could not be kept in solution when altering the solvent composition
even more. Hence, they stayed behind and the amount of curcuminoids in total
decreased [126].
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Figure 4-7: Conductivity measurements in the ChCl+Lev/EtOH/TriA system at the optimum composition
(30:40:30) a) diluted with a binary EtOH/TriA 40:60 mixture and b) after multiple cycles of extraction [126].

4.4 Conclusion

The focus of this study was placed on the extraction of curcuminoids from Curcuma
longa L. Inspired by P. Degot et al. [47], ternary solvent systems made from EtOH,
TriA, and natural deep eutectic solvents were examined. Qualitative UV/Vis
examinations were performed to find the best NADES and the domains of highest
solubility in the ternary systems. Successively, extraction experiments were conducted
and evaluated via HPLC elution. The reusability and change of the NADES-based
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solvents were assessed after multiple cycles of extraction by UV/Vis, NMR, and

conductivity experiments.

During the NADES screening, eleven 1:1 (n/n) eutectics based on AcCl, ChCl, and
Pro in combination with Cit, Lac, Lev, and Mal, mixed with EtOH and TriA, were
saturated with curcumin. The NADES most capable of solving curcumin was
determined via UV/Vis analysis. Both, the HBAs and the acids had an influence on
the solubilization power of the system. Especially the HBAs with a positively charged
nitrogen atom, AcCh and ChCI, seemed very promising, while Lev and Lac were the
best HBDs. The best mixtures reached even higher solubilities of curcumin than
acetone or EtOH/Tria 40:60 (w/w). Follow-up experiments to assess the reasons for
the solubility enhancement are still necessary. It is important to find out why exactly
the quaternary ammonium ions performed so well and if there is a trend concerning
their additional functionalities. Furthermore, it would be interesting to see how the
HBAs and HBDs interact when solving curcumin and how the solvent affects their

abilities.

Ternary phase diagrams of ChCl+Lac/EtOH/TriA anc ChCl+Lev/EtOH/TriA were
recorded and mapped out concerning the solubility of curcumin. In comparison to the
ternary system containing water, the maximum solubility in the NADES mixtures was
shifted from the binary EtOH/TriA system to the center. Light scattering experiments
suggested that there could be a connection between the critical points of the ternary
and binary mixtures. However, this could have easily been a coincidence and, thus,

was not followed up in more detail.

The NADES mixtures’ quality of extraction was compared to a reference of a pressure
controlled Soxhlet extraction. With regard to the results presented by P. Degot et al.
[47], the extraction could be improved with yields up to 79% and 84% for the
ChCl+Lac and ChCl+Lev mixtures respectively. The difference between the systems
based on Lac and Lev were justified by the higher solubility of curcumin in the
ChCl+Lev system. Cycle extractions were performed at the optimum compositions of
both ternary NADES systems. According to PMI calculations, the true value of

extracting with these solvents emerged through their reusability.

Even though the solubility in the ChCl+Lev system was approximately two times

higher than in the ChCl+Lac systems, only seven cycles of extraction were achieved.
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It was hypothesized that the extraction solvent must change over time, leaving the
optimum composition and leading to a lower solubility of the solutes. NMR
measurements, however, suggested that neither the hydrolysis of TriA through the
addition of acidic NADES nor the evaporation of EtOH were the reason. Conductivity
measurements followed the fate of the NADES. By monitoring the dilution of charge
carriers (ChCl), it was found that after every cycle of extraction, conductivity and,
therefore, ChCl was lost. This served as an explanation why fewer extractions than
expected could be performed successfully. By keeping the NADES and, therefore, the
ChCI constant after each cycle of extraction, it should be possible to exploit the full
potential of the solvent.

Even if the attempt of mixing NADES with solvents such as EtOH and TriA may seem
exotic, a step towards green extractions was made. Like stated above, it cannot be
expected that a newly proposed method or extraction solvent will replace the
conventional methods. However, with further research and equipment, the process

might become refined enough to actually compete with the status quo.
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The influence of quaternary ammonium compounds (QASs) and organic acids on the
solubility of curcumin and possible solving mechanisms will be examined in the

following chapter.
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5 Uncovering the Curcumin Solubilization Ability of NADES

The results of this section have been published in the article Uncovering the Curcumin
Solubilization Ability of Selected Natural Deep Eutectic Solvents Based on Quaternary
Ammonium Compounds by V. Huber et al. [158]. No licensing was required. The
creation of this chapter was aided by the contributions of Lukas Moser and Katharina
Funkner, assisting the solubility measurements, Vanessa Rudolph and Lea Sammet
for arbitrary data collection, and Dr. Johnny Hioe, curating the COSMO-RS data.

5.1 Introduction

Curcumin is a natural pigment found in Curcuma longa L., also known as turmeric.
The structure of the phytochemical can be viewed in Figure 4-1 and Table 9-2. A
thorough introduction to turmeric and its active ingredients was given above (cf. 4.1),

thus, it will be foregone in this chapter.

The topic discussed in the following deals with the underlying mechanism with which
the phytochemical is solved in ethanol mixed with different additives. In the preceding
studies, summarized in Chapter 4 [70,126], through a screening of water-free, ternary
solvent mixtures, it was found that varying NADES are differently capable of solving
curcumin. Especially levulinic acid and QAs showed a positive effect on curcumin’s
solubility. Specific intermolecular interactions like hydrogen bonding or r-cation
interactions between the NADES and the solute could be the reason behind the
favorable solubility. To the knowledge of the authors, this was the first study to
investigate the specific interactions and the reason for the improved curcumin
solubility. Through a combination of COSMO-RS and NOESY NMR measurements,
an attempt was made to break down the interactions between curcumin and nine
different NADES in ethanolic solutions and to figure out the reason for the solubility

enhancement.

5.2 Experimental

5.2.1 Chemicals
All chemicals with their abbreviations, purities, and vendors which were used in this

section can be found in the following Table 5-1.
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Table 5-1: Chemicals used in Section 5.

Chemical Abbreviation Purity Vendor
Curcumin Cur > 97% TCI
Betaine Bet > 97% (Eschborn,
Carnitine Car > 98% Germany)
Choline Chloride ChCl > 99%
Lactic Acid Lac > 85%, FCC
Levulinic Acid Lev > 98%
: . Sigma
Pyruvic Acid Pyr >97%, FG
_ : Aldrich
2-Oxabutyric Acid Oxa > 95%, FG
(Darmstadt,
2-Oxavaleric Acid Ova > 98%
— Germany)
4-Acetylbutyric Acid Aba > 97%
Hexadeuterodimethylsulfoxid DMSO-d6 > 99%
Tetradeuteromethanol MeOD > 99%
Alfa Aesar
Mandelic Acid Man > 99% (Kandel,
Germany)
Hexanoic Acid Hex > 98% Merck
(Darmstadt,
Ethanol EtOH > 99%
Germany)

All chemicals were used without further purification. Information about the chemical

structures can be found in Section 9.1 of the Appendix.

5.2.2 Methods and Techniques

5.2.2.1 Sample Preparation

Samples were prepared by mixing different weight ratios (up to 70 wt%) of the QAs,
acids, and NADES with ethanol and stirring them until they turned homogeneous.
Successively, the samples were saturated with synthetic curcumin and left to stir at
room temperature for 1 h. To remove the excess curcumin, the solutions were filtered

through 0.45 um PTFE filters. All samples were prepared in triplicate [158].

5.2.2.2 Solubility Examination via Optical Density Measurements
A qualitative analysis of the curcumin solubility was carried out by optical density

measurements via UV/Vis spectroscopy. The samples were adequately diluted in
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ethanol before measurement and analyzed in the visible spectral region of 350-700 nm
while the absorbance at the wavelength of maximum absorbance Amax = 425 nm was
used to compare all samples. A Lambda 18 UV/Vis spectrometer by Perkin Elmer

(Waltham, USA) was employed to perform the measurements.

5.2.2.3 NMR Analysis

Intermolecular interactions between curcumin and the QAs and acids were
characterized via *H-NMR and NOESY-NMR spectra. Deuterated dimethyl sulfoxide
(DMSO-d6) and methanol (MeOD) were used as solvents, in which the pure
compounds were saturated. For the analysis of two compounds at the same time, 1:1
(n/n) mixtures were prepared in the same solvents. Before transferring the solutions
into Boro400-5-8 NMR tubes by Deutero (Kastellaun, Germany), they were filtered
using 0.45 pm PTFE filters. H and NOESY experiments were performed on a Bruker
Avance 111 HD 400 MHz spectrometer equipped with a 5 mm BBO 400S1 BBF-H-D
sample head with Z-gradient according to the pre-programmed methods. Processing,
evaluation, and plotting of the data was carried out using the TopSpin 3.2 software and

the spectra were characterized according to the NMR guidelines by ACS [159].

5.2.2.4 COSMO-RS Calculations

The chemical potential of curcumin in binary mixtures of various hydrogen bond
donors or acids with ethanol was predicted using the 19.0.4 version by COSMOlogic,
based on the COSMO-RS theory. The program “mixture” was employed to calculate
the chemical potential at infinite dilution at a TZVPD-FINE level. The necessary
molecules were provided in the COSMObase TZVPD-FINE 19.0 database [160,161].

5.2.2.5 NADES Preparation

A variety of 9 different NADES based on choline chloride, betaine, carnitine, lactic
acid, levulinic acid, and pyruvic acid was investigated. The preparation was carried
out as described in the previous chapter 4.2.2.1. In this study, 1:1 and 1:2 (n/n)

mixtures were examined.

5.2.2.6 Karl-Fischer Measurements
The water content of the NADES was examined using a Karl Fischer titrator (870 KF
Titrino plus) by Metrohm (Filderstadt, Germany). The titer was determined by titrating

20-50 mg samples of Millipore water in conditioned, water-free methanol with the 8-
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component Karl Fischer reagent via the Titer Ipol program. The NADES samples were

titrated five times each using the KF Ipol program.

5.3 Results and Discussion

5.3.1 Influence of Quaternary Ammonium Compounds

The starting point of this investigation were the articles published by V. Huber et al.
[70,126], in which the influence of different NADES on the solubilization and
extraction power of curcumin was investigated. It was presumed that a positively
charged nitrogen atom had positive effects on the solubility. In order to verify this
guess, four QAs were examined: choline chloride (ChCI), betaine (Bet), carnitine
(Car), and tetrapropylammonium bromide (Ns333Br). Their curcumin solving ability
was compared via UV/Vis, and the results are presented in Figure 5-1 [158].
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Figure 5-1: Assessment of the curcumin solubility in ethanolic solutions of a) choline chloride (black), b) betaine
(red), c) carnitine (blue), and d) tetrapropylammonium bromide (green) [158].

ChCl, Bet, and Car were specifically selected since they are part of the human body

and are sold as dietary supplements, which makes them also food-approved. The
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influence of their different functional groups, hydroxy and carboxy groups, and
mixtures thereof respectively, on their ability to solve curcumin could be investigated.
Even though Nz333Br is toxic towards water- and microorganisms and poses a potential
hazard to humans [68,162], it was used as a reference with no additional functionalities
to the quaternary ammonium group. With these four QA representatives, the influence
of the presence and absence of different functionalities was covered. The molecular
structures along with the solubility data are presented in Figure 5-1. Figure 9-18 of the

Appendix shows the solubility data in mol% [158].

The QAs were examined in ethanolic solution either to their saturation or until 16 wt%,
which was the maximum of solubility of ChCI (black squares) in EtOH. Bet was the
least soluble molecule with a maximum solubility of 7 wt%. The solubility of
curcumin could be enhanced by all QAs similarly in a linear manner. Only after
10 wt%, a small deviation of this linear behavior could be detected that was even less
pronounced in the depiction in mol%. However, a 3-fold solubility increase of
curcumin could be reached after 10 wt% of QA additive. The low solubility of the QAs
in EtOH, on the other hand, limited an even higher curcumin solubility in ethanolic
solutions [158].

Since all QAs showed an almost identical trend when solving curcumin, the presence
or absence of hydroxy or carboxy groups had hardly any influence on it. Therefore,
only the group all the additives shared, the quaternary ammonium, must be
responsible. Like in the previous articles, it was assumed that cation-n interactions
could be the mainspring driving the solubility enhancement. As reported in literature,
these interactions should cause significant peak shifts in NMR spectra [163]. Thus, 1D
and 2D NMR measurements in DMSO-d6 were made. The peak coming from the
solvent stayed at the same position of 2.55 ppm throughout all measurements and did
not superimpose any signals emanating from the molecules of interest. In addition, no
significant cross-peaks were caused by the solvent in the 2D spectra. To evaluate the
influence of the solvent on the spectra, supplementary measurements of curcumin and
curcumin + ChCI were recorded in deuterated methanol (MeOD). The choice fell on
this deuterated solvent due to similarities with EtOH, the solvent used throughout all
the experiments. All spectra can be regarded in Figures 9-19 to 9-41 of the Appendix.
The peaks were noted according to the NMR guidelines by ACS [159]. The chemical

shifts only differed slightly in the different solvent environments. However, the
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analysis of the interactions was rendered impossible in MeOD as the signals of the
hydroxy groups and C? vanished (cf. Figure 9-20). However, it was possible to
determine the ratio between the keto and enol tautomers of curcumin (cf. Figures 9-33
to 9-36 and Table 9-9). In both solvents the equilibrium was strongly shifted to the
enol side, to 99% in DMSO-d6 and to ~94% in MeOD. This proved that the
conformation of curcumin, of course, was dependent on the solvent, while the
preferred form was the enol form. Problematically, the shift to 99% of the enol form
in DMSO-d6 may mask interactions that could occur between the additives and the
keto form. To assess this, *H NMR spectra of mixtures of curcumin with ChCl were
evaluated as well. It was found that the addition of ChCI hardly influenced the keto-
enol-ratio in both solvents (cf. Table 9-9). Therefore, DMSO-d6 was used to evaluate
the interactions between curcumin and the QAs. In future analyses, the solvent effects
should be examined more in depth. This, however, exceeds the scope of this study
[158].

When taking a look at the overlaid NOESY spectra of curcumin, QA, and their
mixtures (cf. Figures 9-37 to 9-41), no extraordinary cross-peaks could be detected
upon mixture of curcumin with the QAs. Thus, the existence of strong hydrogen
bonding or cation-x interactions could be ruled out [164]. In particular, according to
literature, the detection of cation-x interactions should have been possible via 2D NMR
trials [68]. Even though the 2D data were not conclusive about any interactions, the
1D spectra showed that especially the peaks indicating curcumin’s hydroxy groups
shifted significantly upon QA addition. The shifts with their corresponding assignment

to the molecular structure are shown in Table 5-2 [158].

While the shifts of the hydroxy groups were strongly noticeable, the conjugated
protons only experienced a negligible shift. Hence, it was concluded that no cation-n
interactions came to be between the positively charged nitrogen atoms of the QAs and
curcumin’s aromatic rings. If the aromatic hydrogen atoms had shifted, it would have
been an indication for cation-n interactions [163,165]. The lack of this specific
interaction could be caused by the geometry of curcumin in solution. Instead of being
present in a planar fashion, curcumin is strongly bent, sterically prohibiting the usually
preferred en face binding of the relatively bulky cations [166]. Typically, only

interactions between QAs and small planar benzene derivatives including amino acids
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or interactions of small metal cations with relatively large molecules like crown ethers

are the main topic when dealing with cation-n interactions [158,165].

Table 5-2: Change of the chemical shift of curcumin depending on the additives. The shift changes of the outer
hydroxy groups are marked in red and the shift changes of the enol hydroxy group are in blue [158].

1 2 3 4 5 6 7 8 9
Curdppm 384 6.02 671 68 714 730 758 9.66 16.51
+ChCl 0.02 -003 -002 001 001 -000 007 -011 0.13
+ Bet 0.02 -0.02 -001 004 001 -000 0.06 -0.18 0.11
+Car 002 -002 -000 004 002 000 0.07 0.07 0.15
+NsssBr  0.02 -0.03 -0.02 0.05 0.01 -0.01 0.07 002 012

ChCl and Bet caused an upfield shift of the hydroxy groups marked in red, indicating
a higher electron density around the hydrogen atom, possibly instigated by hydrogen
bond donation of the QAs. However, this is only senseful in the case of ChCl as Bet is
not capable of donating protons. Consequently, this shift could not be used for the
identification of any trend or cause of preferential solvation. The shift of the enolic
hydrogen, on the other hand, was more eminent. As determined before, the enol form,
independent of the presence of any additive, was almost fully present (cf. Table 9-9).
A downfield shift of the enolic hydrogen atom indicated a deshielding effect, which
comes along with a depletion of electron density, suggesting hydrogen bond donation
from curcumin. Unfortunately, these results were not enough to find a satisfactory
conclusion about the interactions in the solvent. Yet, by combining the knowledge
obtained via NMR with predictions of the c-potentials and -profiles by COSMO-RS

the preferential interactions could be revised [158].

Figure 5-2 shows the o-potentials and -profiles. The orange curve, depicting
curcumin’s c-potential, was quite symmetric, pointing in the negative direction with
both ends. This was an indication for a favored interaction with both HBDs and HBAs,

due to the presence of both hydroxy and methoxy groups in curcumin. Through steeper
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or more leveled slopes, ChCI (black) showed a similar curve progression as curcumin,
with a weaker affinity for HBDs and a higher one for HBAs [158].
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Figure 5-2: Conformationally averaged COSMO-RS predictions of &) o-potentials and b) o-profiles of curcumin
(orange), and the QAs ChCl (black), Bet (red), Car (blue), and Nz3s3Br and its corresponding cation
[99,100,103,158,160,161].

The remaining three QAs’ curves, on the other hand, were very similar to each other
but asymmetric. According to these curves, an affinity to interactions with HDSs but
not with HBAs was predicted [98]. This behavior was caused by the negatively
charged carboxy groups of Bet and Car, which can only accept but not donate
hydrogen bonds, resulting in an aversion towards other accepting groups. The reason
for N3333Br was different since it does not possess any hydrogen bonding functionality.
The bromide counterion was solely responsible for the accepting properties. The o-
profiles, given in Figure 5-2 b, were in good accordance with the expectations. A
strong peak at the hydrogen bond accepting side at ~ -0.01 e/A was visible for all QAs,
counterbalancing the misfit of the broad donation peak of the target. Combining these
finds, knowing that curcumin can donate hydrogen atoms through its phenylic hydroxy
groups and the enol group, with the results obtained via NMR, the hydrogen bonding
interactions between the QAs and curcumin were clear. These unspecific interactions

seemed to be the driving force for the solubility enhancement [158].

5.3.2 Influence of Acids

After the assessment of the QAs, the influence of the acids on the solubility of
curcumin in ethanolic solutions was regarded. The selection of acids was based on the
articles by V. Huber et al . [70,126], in which the NADES based on lactic acid (Lac)

98



Uncovering the Curcumin Solubilization Ability of NADES

and levulinic acid (Lev) have been the most promising ones. Additionally, pyruvic
acid (Pyr) as acompromise between chain length and functionalities of both previously
mentioned acids was examined as well since it consists of a backbone of three carbon
units like Lac but with a keto group like Lev. To investigate the influences of the chain
length and functionalities on the solubility of curcumin, the chain length of a-keto
acids was varied to 4 and 5 (Obu and Ova), while also the position of the keto group
from o to y to & (Aba). TriA from the previous studies summarized in Chapter 4 [47]
and hexanoic acids with no additional functionalities were used as references. The
curcumin solubility in ethanolic solutions with the acids as additives are given in
Figure 5-3. For a depiction in mol, see Figure 9-42. The examination of the additives
was performed up to a content of 70 wt% as this was enough for a visible trend. The
acids of interest, Lac, Lev, and Pyr, were examined in their pure states as well for an

idea about possible solubility synergies with EtOH [158].
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Figure 5-3: Curcumin solubility in ethanolic solutions of a) lactic acid (red circles), b) levulinic acid (blue
triangles), and c¢) pyruvic acid (green down-facing triangles). The solubility of curcumin in solutions with 2-
oxobutyric acid (yellow left-facing triangles), 2-oxovaleric acid (turquoise right-facing triangles), 4-acetylbutyric
acid (brown hexagons), were examined as well as the references hexanoic acid (beige stars) and triacetin
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(orange pentagons) [158]. The solubility data of TriA was provided by P. Degot et al. [47]. The rest of the
structures can be viewed in Table 9-2 of the Appendix.

The solubility of curcumin in pure EtOH was the starting point of all measurements,
while TriA and Hex framed the rest. Three trends concerning the solubility could be
fleshed out from the bottom to the top [158]:

©3  Worsening the solubility compared to pure EtOH
©3  Remaining in the region of pure ethanol, hardly changing the solubility

©3  Significantly improving the solubility

Lac and Hex acid were the candidates to yield the worst results, while Lac was even
worse than the reference. In comparison to pure EtOH, Lac and Hex decreased the
curcumin solubility with increasing additive content (up to 70 wt%) to ~ 40% and 65%
respectively. No solubility synergy between the additives and EtOH was found
comparably to the EtOH/TriA mixture as both were gradually worse in terms of
solving. This served as an indication that no functionalities were bad for the

solubilization of curcumin, but HBD groups were even more fatal [158].

With regard to the second case, the solubility of curcumin could be roughly double
with an additive content of 70 wt% of a-keto acids. Even though the solubility could
not be increased remarkably in comparison to pure EtOH, it was a strong improvement
as opposed to the two acids before. Pyr, as an integral part of human metabolism, was
also investigated in its pure form, yielding the highest solubility with a 6.5-fold
increase in front of pure EtOH while also surpassing the binary mixture of EtOH/TriA.
No solubility synergy was found in the EtOH/Pyr system either as the solubility could
only be increased towards the pure acid. The result obtained with pure Pyr even
surpassed mixtures of Lev and Aba, the acids of case three, yielding 5- to 6-fold
increases in solubility respectively. The third group only yielded superior results in
comparison to mixtures of low Pyr content. Different theoretical approaches were

followed to explain this phenomenon [158].

The Hansen space with the distances of all acids to curcumin are presented in Figure
9-43 and Table 9-10 of the Appendix. The assessment via HSPs, however, delivered
no satisfactory clues about the suitability of the acids in terms of solving curcumin.
Consulting the theory, small distances between molecules signify a good solubility
[95]. Especially the predictions about Hex (beige sphere) and Pyr (green sphere) in

this case were incorrect. As well, TriA and Lev had different distances while yielding
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similar results in the experiments. The only correct prediction was the one about Lac,
which performed badly in the experiments and exhibited the greatest distance. With
these results in mind, HSPs were not suitable to predict the solubility as the systems

might have been too complex [158].

Alternatively, COSMO-RS calculations were consulted for more precise results. The
most interesting acids Lac, Lev, and Pyr were selected for the prediction of the
chemical potential in binary blends with EtOH. The reference TriA was provided by

P. Degot et al. [47]. The calculated results are presented in Figure 5-4 [158].
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Figure 5-4: Prediction of the chemical potential concerning the solubility of curcumin in mixtures of ethanol with
lactic acid (red circles), levulinic acid (blue triangles), pyruvic acid (green down-facing triangles), triacetin
(orange pentagons), and diacetyl (bright blue left-facing triangles) [158].

Comparing Figure 5-4 with Figure 5-3, the predictions matched the trends found
during the experiments: Lac < Pyr < Lev < TriA. This, in turn, meant that COSMO-
RS was a more reliable tool for the theoretic approximation of the curcumin solubility

in mixed, complex systems [158].

Including diacetyl in the predictions came to be as especially the solubility results of
ketones (cf. Figure 5-3) seemed to have a positive influence on the solubility. Due to
health risks related to diacetyl, no experiments were performed in the lab, but it was
included theoretically as a proof of concept of the beneficial influences of ketones.
These were confirmed since diacetyl/ethanol blends were calculated to have the lowest

chemical potential, arguing for the positive effects of ketones. The bad results obtained
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by Lac in the solubility experiments could be explained by this find as Lac does not
possess a keto group but a hydroxy one. Through the calculations, even a negative
solving synergy could be found in the mixture of EtOH/Lac. However, TriA and the
keto acids, especially Lev, Aba, and Pyr, performed well during the experiments,
affirming the assumption about the positive effect of ketones. The reason for the subpar
performances of the a-keto acids at lower concentrations could not be explained so far
via COSMO-RS predictions. To elucidate this problem, the chemical potential of
curcumin in solutions of Lev and Pyr mixed with EtOH was calculated regarding their

conformations as well. The results are presented in Figure 5-5 [158].
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Figure 5-5: Predicted chemical potential of curcumin in ethanolic solutions of a) levulinic acid and b) pyruvic
acid depending on the molecules’ conformations. The worst and best conformations according to COSMO-RS are
represented by the given structures. The weighted average of all conformations in solution is signified by the
bright blue curves [158].

The weighted average of all conformations of Lev and Pyr, shown by the blue squares
in Figure 5-5 a and b, were taken from Figure 5-4. The different conformations indeed
showed different curve progressions of the chemical potentials. This was an indication
that the molecular shape of the molecules in solution had considerable influence on
the solubility of curcumin. Conformation 0O, represented by the red dots along with
their corresponding molecular structures, in both cases characterized the cyclic form
of Lev and Pyr. In these conformations, the keto functions acted as an acceptor of the
acidic hydrogen atom. Their curve progressions deviated significantly from the
remaining conformers showing a solubility synergy, indicated by negative local
extrema at ~ -2.8 kcal/mol. The curve progressions of both cyclic forms were very

similar, hinting at analogous solving mechanisms. Supposedly, the differences in
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solubility could have been a product of different ring sizes. Figure 9-44 shows the
direct comparison of the chemical potentials predicted for both cyclic conformations
of Lev and Pyr [158].

The predicted chemical potential of Pyr, though, was far different from the results
obtained experimentally. Thus, the cyclic conformation could hardly be present in the
real live samples. This could be the explanation of why only a strong curcumin
solubility increase could be reached at higher Pyr contents (~ 70 wt%) instead of
following a gradual increase. It was suspected that due to steric hinderance, the five-
membered cyclic form of Pyr, as induced by intramolecular hydrogen bonding, was
not stable. An easier integration into the hydrogen bonding web of EtOH could also
have promoted the presence of the open-chain conformations. Thus, the solubility
increased only at high Pyr contents, where the cyclic form was more comfortable
[158].

When regarding Lev, the opposite was the case as the cyclic form had a strong effect
during the extraction experiments because the prediction of conformation 0 concurred
more with the actual results obtained in the lab. In Figure 5-4, the average curve was
influenced more by the open chain form (cf. Figure 5-5 a, upper molecular structure),
forecasting a strong solubility decrease at higher Lev contest. In comparison to the
prediction of TriA, Lev should strongly underperform as an additive. However, by
regarding the conformations Lev can adapt, the similar solving capability could be
explained. A seven-membered geometry is less rigid and can indeed allow the presence
of the cyclic conformation in solution leading to a higher solubility of curcumin. To
prove the hypothesis about the involvement of the cyclic form of Lev in enhancing the
curcumin solubility, NOESY NMR spectra were recorded. An overlay of the spectra
of curcumin (pink), Lev (purple/bright green), and their 1:1 (n/n) mixture (blue/dark
green) is shown in Figure 5-6. The belonging *H NMR spectra of the single
components and the mixture are given in Figures 9-19, 9-29, and 9-30 of the Appendix
[158].

The signals next to the diagonal, the so-called cross peaks, served to evaluate the
interactions of the molecules. Diffuse interactions of all hydrogen atoms of curcumin
were no surprise due to the conjugated system. However, when regarding Lev, signals
found at 2.49 ppm and 2.76 ppm distinctly interacted with the signal at 12.17 ppm.
Consulting the *H NMR spectrum of Lev (cf. Figure 9-29), the peaks at 2.49-2.76 ppm
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could be assigned to the two methylene groups, while the peak at 12.17 ppm
represented the acidic hydrogen atom. The interaction between these hydrogen atoms
confirmed the suspicion that the cyclic conformation of Lev as shown in Figure 5-5 a

was indeed present [158].
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Figure 5-6: Overlaid NOESY spectra of curcumin/Lev 1:1 (n/n) (blue/green), curcumin (pink), and Lev (purple)
in DMSO-ds [158].

New cross peaks at 2.49-2.76 ppm and 9.66 ppm appeared upon mixing curcumin and
Lev. This peak can be ascribed to a nuclear Overhauser relaxation effect between Lev’s
methylene groups and the phenylic hydroxy groups of curcumin. These relaxation
effects can only be observed over small distances below ~ 5 A [78,165]. Coming back
to the calculations by COSMO-RS, curcumin is a slightly curved molecule enabling
the two aromatic rings to face each other. In terms of conformation in solution,
curcumin may fold around the cyclic Lev like a clamp. There is also a possibility that
Lev is forced into the cyclic conformation in the presence of curcumin, elevating its
solubility even more. Stating as an educated guess, the cyclization or conformation
change of additives in EtOH combined with their hydrogen bonding abilities could be
the incentive behind the enhancement of curcumin solubility. This might apply to Aba
and TriA, too [158].

5.3.3 Influence of NADES
After the influences of the single components on the curcumin solubility were
evaluated, nine corresponding NADES were synthesized and reviewed. QA-based

NADES are common topics of research in the literature, thus only the typical molar
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ratios [68,72] of 2:1, 1:1, and 1:2 were tested. Whether the formation of NADES was
successful, was assessed visually by determining if a homogeneous liquid was
obtained after heating to 80 °C for 90 min with successive cooling of the samples. The

adequate molar ratios are given in Table 5-3 [158].

Table 5-3: Examined NADES with their molar ratio and water content in weight percent [158].

QAs HBD Composition (n/n)  Water Content
Lac 1:1 5.8+0.1%
ChCl Lev 11 0.86 + 0.05%
Pyr 1:2 1.6+0.1%
Lac 1:2 8.80 + 0.05%
Bet Lev 1:2 1.15 + 0.09%
Pyr 1:2 2.99 + 0.03%
Lac 1:1 7.6 +£0.2%
Car Lev 1:2 1.08 + 0.8%
Pyr 1:2 1.7+ 0.1%

The water content of all examined NADES was assessed via Karl-Fischer titrations as
well and can also be viewed in Table 5-3. When working with deep eutectic solvents,
the water content is an arbitrary quantity and is often used to facilitate the formation
of the eutectics while also being able to tune the viscosity. As an integral constituent
of deep eutectic solvents, it also affects their polarity and aids in the formation and
disruption of the hydrogen bonding network [72,167]. Regarding Table 5-3,
independently of the QAs, Lac contained the highest water contents. Therefore, the
water could only come from Lac itself. This allowed the review of the solubility results
of the pure acids discussed above: Apparently, the solubility in Lac was even worse
than in EtOH because of an elevated water content of the acid. On the contrary, the
water content in the remaining six NADES was relatively low (< 3 %). Thus, the
NADES were not dried further to assess their impact on the curcumin solubility. A
break-down of the total water content of the most concentrated Lac-NADES solutions
in EtOH vyielded a maximum water content of ~6% in the most hydrated
Bet+Lac/EtOH mixtures. This negligible content did not justify the additional effort
of removing water with only a perspective of obtaining better results [158].
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Successively, the ability of the nine NADES to enhance the solubility of curcumin in
ethanolic solutions was evaluated via UV/Vis spectroscopy. The results are presented
in Figure 5-7. The solubility results were plotted depending solely on the QA content
in wt% of the NADES/EtOH mixtures. This allowed a direct comparison of the effect
of the NADES and the QAs. To see the comparison of the effect of the acids in wt%
in combination with the QAs, confer to Figure 9-45 [158].
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Figure 5-7: Curcumin solubility in mixtures of a) choline chloride-, b) betaine-, and c¢) carnitine-based NADES in
dependence of the quaternary ammonium compound content in wt%. The red circles indicate the NADES

containing lactic acid, the blue triangles levulinic acid, and the green down-facing triangles pyruvic acid [158].
The black squares represent the pure QAs as shown in Figure 5-1.

Figure 5-7 shows that all examined NADES had a positive influence on the solubility
of curcumin in ethanolic solutions. When comparing the NADES to the pure QAs, the
solubility increased to an almost equal extent. This suggests that the solubility
enhancement at low QA contents was uniquely driven by the QAs themselves. Thus,
the improvement of solubility in low QA ranges (< 16 wt%) must be a result of diffuse,

non-directed hydrogen bonding interactions as assessed in Section 5.3.1 [158].
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By incorporating the QAs in a NADES, the solubility limit of the pure QAs in EtOH
(8-16 wt%) could be beat. This was another confirmation of the formation of NADES,
considering the two compounds formed a sort of entity, allowing the solubilization of
QAs in EtOH without separating from their complementing acid. After surpassing the
solubility limit of the QAs, two trends in the solubility of curcumin were identified
upon NADES addition [158]:

©3 A stagnating or moderately increasing curcumin solubility

©3 A strong solubility improvement

Bet, Pyr, and Lac played an important role in the first case. Even with an almost
quadrupled Bet solubility in EtOH (~ 30 wt%), no significant solubility increase was
reached in comparison to the enhancement achieved with only Bet. This led to the
conclusion that the maximum solubilization power of Bet was already reached in
EtOH, while a further Bet increase would not improve the curcumin solubility. The

similar slopes of the NADES and pure Bet points also supported this assumption [158].

Ensuing, the acids in the mixtures could, of course, not have a positive influence either,
as hardly any was observed before in their pure state (cf. Figure 5-3). With regard to
Figure 9-45 c, in the Pyr mixtures, the solubility enhancement was only caused by the
diffuse hydrogen bonding interactions coming from the QAs. A linear solubility
increase could be observed that resembled the curve progression of the pure QAs.
Thus, the NADES compound Pyr only acted as a solubilizer for the interacting QA
species. Figure 5-7 confirms this, as all Pyr-based NADES performed worse in
comparison to the others, even though the Lac-based ones were only slightly better in
increasing the solubility. Looking at Lac’s molecular structure, its hydroxy group may
interact with the hydrogen bonding web formed by the QAs in ethanolic solutions.
Only the mixture of Bet+Lac delivered truly bad results, implying that Bet’s carbonyl
group captured the hydrogen atom donated by Lac, depleting the system of interacting
hydrogen atoms. Thus, interaction only occurred between Bet and Lac, leaving out the
solvent. This hypothesis also leads to believe that the diffuse hydrogen bonding of the
QAs and acids alike, without directed interactions between themselves, could be
somewhat additive [158].

A strong solubility increase, on the other hand, was achieved with all QAs combined

with Lev. In retrospect of Section 5.3.2, in which the driving force for the rise of
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curcumin solubility was characterized to be the directed hydrogen bonding interactions
by Lev, it can be expected that these interactions also play a role when using Lev-
based NADES [168]. Two different slopes could be noticed when regarding the
experiments using Lev-based NADES. They can be seen even better in Figure 9-45.
At low QA contents, the slope was leveled and reminiscent of the curve obtained with
pure QAs in EtOH. This again confirmed that the mainspring behind the solubility
increase at low NADES contents came from the QAs’ interactions. Yet, the solubility
advanced at a steeper slope after passing the solubility limit of pure QAs in EtOH. By
consulting the results obtained with the Lac-based NADES, an additive behavior of
intermolecular interactions could be expected. However, when comparing the single
influences to the solubility achieved with the QA+Lev NADES entities, the solubility
exceeded the added amounts of both. This was evidence for a synergistic effect
between diffuse hydrogen bonding caused by the QAs and the specific intermolecular
interactions created by Lev. The interplay interactions resulted in an even higher
solubility, driven by both, the QAs and Lev [158].

5.4 Conclusion

In this study the underlying mechanism of the curcumin solubility increase upon
addition of QAs, acids, and NADES was investigated. To common knowledge, this
was the first study dealing with the root cause of the high solubility of a hydrophobic
phytochemical in hydrophilic NADES. The methods used for the assessment included
a qualitative UV/Vis analysis of the curcumin content, the prediction of the chemical
potential of curcumin in ethanolic solutions with different additives, and 1D and 2D

NMR spectroscopy.

The influence of the single compounds was examined first. All QAs showed a linear,
positive effect on the curcumin solubility without regard for further functionalities of
their molecular structure. COSMO-RS predictions and NMR measurements showed
that diffuse, nonpoint hydrogen bonding caused the increase in curcumin solubility.

However, no direct conclusions could be drawn about the effects of the QAs [158].

For the examined small organic acids, on the other hand, a clear trend concerning the
functionalities was found. While hydroxy groups or the absence of any functionalities
rather decreased the solubility of curcumin, the presence of keto groups was definitely
advantageous. The position of the keto groups mattered as well, showing better

solubilities with larger distances to the carboxy group: o <y < 3. Through COSMO-
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RS calculations combined with NMR analysis, a targeted hydrogen bonding
interaction between curcumin and the cyclic conformation of Lev was found. This
interaction was most probably the source of the strong amelioration of the curcumin
solubility [158].

Successively, the effects of NADES made from the investigated single constituents
were examined in their ability to solve curcumin. The interplay of intermolecular
interactions of the QAs and acids yielded even higher solubilities than the single
compounds could achieve. Especially, combining the nonpoint hydrogen bonding
interactions of the QAs and the specific interactions of Lev did not lead to an additive,
but a synergistic effect, accounting for the highest observed solubility of curcumin in
NADES/EtOH blends. Thus, combinations of different intermolecular interactions of
NADES constituents with the solute can explain the advantage of using these kinds of
solvents [158].

This investigation only focused on the phytochemical curcumin and a limited set of
nine NADES. However, a foundation was built to continue figuring out the
mechanism. In further studies, it would be highly interesting to investigate more keto
acids to find which other factors influence the solubility as well. The position of the
keto group and the length of the carbon backbone should be inspected closer.
Additionally, comparisons to already cyclic molecules should be done, too, with regard
to ring size and hydrophobic moieties. Apart from looking at ketoacids, other
functionalities, like aromatic rings and aldehydes have to be investigated as well. In
this case, nature may give inspiration as natural aromas fulfil these interesting criteria.
Eventually, other phytochemicals should be regarded as well, to see if the trends of

this study can be applied to other compounds, too.
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6 Cinnamomum Cassia Essential Oil as Green Solvent

In 2022, the results of this section will be published in the article Towards a
Sustainable and Green Extraction of Curcuminoids Using the Essential Oil of
Cinnamomum Cassia by V. Huber and M. Schmidt et al. [169]. The realization of this
work was aided by Michael Schmidt, in charge of the solubility investigation and
characterization of the phase diagrams, and Antoine Fourriere, Mira Jahn, and
Jennifer Schuster assisting with the solubility experiments. The generation of GC-
FID results was assisted by Marcel Flemming and Nadja Ulmann. Also, the
University of Regensburg’s central analysis department supported this study by

performing GC-MS measurements and providing the data.

6.1 Introduction

Due to their big versatility in application, there is a high demand for curcuminoids
[138], the yellow pigments found in the rhizomes of Curcuma longa L. The
curcuminoids’ structures are presented in Figure 4-1 and Table 9-2 and additional
information about their origin and health promoting features were given in Section 4.1.
Thus, no further details will be given in this chapter. However, the extraction of
turmeric’s active ingredients is of high interest. Therefore, a new solvent system based

on the essential oil of cinnamon was examined in the following.

Recalling Section 2.3, advances are continuously made to find new classes of solvents
that are greener alternatives to the conventional ones. F. Chemat et al. [57] presented
a nice overview of naturally derivable solvents. Particularly interesting was their
mention of bio-based solvents, which are solvents produced from agricultural biomass,
amongst which also are essential oils. Nature provides a plethora of natural compounds
that can be used as extraction solvents, like terpenes, alcohols, and many more, to
replace the petroleum-based, classical ones. Of course, as they are naturally derived,
the quality of the oils depends strongly on environmental factors, which makes them
hard to study in their applications. However, in the scarce literature about essential oils
as solvent media, it could be proven that they work as an alternative and even

contribute beneficial effects, like antioxidative properties [10,54,170,171].

In this study, focus was put on the essential oil of cinnamon. Apart from being one of
the most popular spices worldwide, cinnamon is also known for its medicinal

applications [172]. Approximately 250 species of the Cinnamomum genus have been
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identified. Two species in particular, namely Cinnamomum cassia and Cinnamomum
verum or zeylanicum, were regarded during this study which are, just like turmeric,
native to Southeast Asia. They can be characterized as evergreen, tropical trees that
can reach a size of 10-20 m [173-176].

The plants are rich in phytochemicals and almost all parts of the plants are of medicinal
or culinary interest. Particularly the oil found in the bark, which is rich in
cinnamaldehyde (up to 80%), is of grave importance [172,173,176-178]. Besides
cinnamaldehyde, derivatives of the latter like cinnamyl acetate and cinnamic acid are
common in the oil. The structures can be seen in Figure 6-1 and Table 9-3.

@WO

Figure 6-1: Molecular structure of cinnamaldehyde.

It is important to note, however, that Cinnamomum cassia contains relatively high
amounts of coumarin, while Cinnamomum verum possesses only negligible amounts
[174,175]. Coumarin can be the cause of liver and kidney damage and is thus regulated
to a tolerably daily intake of 0.1 mg/kg body weight. Due to lacking regulations,
though, the essential oil of Cinnamomum cassia as a coumarin source can still be used

as flavoring agent [177,179].

However, the two species Cinnamomum cassia and verum can be distinguished from
one another by the appearance of their quills, the pipes of rolled bark. Cinnamomum
verum is soft, light, and rolled in layers, whereas Cinnamomum cassia is hard, dark,
and rolled only in one layer [177]. The bark oil is known for its various health
benefitting properties, like antioxidant, anti-inflammatory, antidiabetic, and anti-

microbial effects amongst others [172,177].

The oil in combination with ethanol was investigated for the purpose of solving
curcumin with the goal of successively extracting it. This study is one of the first ones
to examine the essential oil of cinnamon as an extraction solvent. Making use of the
close geographical location of both plants, cinnamon and turmeric [127,128,172,177],
being able to extract the curcuminoids with the oil would also be ecologically
beneficial as transportation of one raw material to the other can be skimped. By
sustainable production of all raw materials, the essential oil [180], and ethanol [57,181]

also an effort to be environmentally conscious was made.
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6.2 Experimental

6.2.1 Chemicals

All chemicals with their abbreviations, purities, and vendors which were used in this

section can be found in the following Table 6-1.

Chemical
Rhizome Powder of
Curcuma longa L.
Curcumin
Cinnamomum
Zeylanicum Qil
Cinnamomum Cassia
Essential Oil
Cinnamomum Verum
Essential Oil
Cinnamaldehyde
Benzaldehyde
Cinnamyl Acetate
Benzyl benzoate
3-Phenylpropyl Acetate
a-Hexyl
cinnamaldehyde
3-Phenylpropoinal —
Hydrocinnamaldehyde

Citral

trans-Anethole
Limonene
Ethanol

Tetradeuteromethanol

Abbreviation

Cur

Zeylanicum

Cassia

Verum

Cin
Bza

HCi

EtOH
MeOD

Purity

>97%

> 98%
99%
>97%
> 99%
> 98%

> 90%

95%

N/A

>99%
> 93%
> 99%
> 99%

All chemicals were used without further purification.

Table 6-1: Chemicals used in Section 6.

Vendor
Kwizda (Linz, Austria)

TCI (Eschborn, Germany)
Jean Ptz Produkte GmbH

(Gelsenkirchen, Germany)

Parfum Cosmetic World
(PCW, Grasse, France)

Merck (Darmstadt,
Germany)

TCI (Eschborn, Germany)

Fisher Scientific GmbH
(Schwerte, Germany)
All Organic Treasures
GmbH (Wiggensbach,

Germany)

Merck (Darmstadt,
Germany)
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6.2.2 Methods and Techniques
6.2.2.1 Sample Preparation

The samples were prepared as described before (cf. 5.2.2.1) by mixing ethanol and the
natural flavors or cinnamon oils at different weight ratios until homogenization. For
the solubility map, ternary mixtures of ethanol, water, and cinnamon oil were prepared
analogously. Successively, the solutions were saturated with synthetic curcumin and
left to stir for an hour at room temperature and then filtered with 0.45 um PTFE filters

to remove the excess. All samples were prepared in triplicates.

6.2.2.2 Optical Density Measurements

As described above (cf. 5.2.2.2), the solubility of curcumin in the aroma mixtures was
assessed qualitatively by optical density measurements via UV/Vis. The adequately
diluted samples were analyzed using a Lambda 18 UV/Vis spectrometer by Perkin
Elmer (Waltham, USA), scanning the visible spectral region of 350-700 nm. The
samples were compared through their maximum absorbance at the wavelength
Amax = 425 nm.

6.2.2.3 COSMO-RS Calculations

The chemical potential of curcumin at infinite dilution in ethanolic solutions of
different flavor compounds at different molar ratios (n/n) was calculated analogously
to Section 5.2.2.4 with the 19.0.4 version by COSMOIlogic. The precalculated
molecules were taken from the COSMObase TZVPD-FINE 19.0 database, while for
the missing ones, conformer COSMO files were calculated on TZVPD-FINE level
with the COSMOconfX software (version 4.3) using its respective calculation
template. For curcumin’s the keto-enol tautomer, only the COSMO files of the four

sensible conformations were calculated [160,161].

6.2.2.4 NMR Analysis

The interactions of cinnamaldehyde and hydrocinnamaldehyde with curcumin and the
NMR solvents was analyzed via *H and NOESY NMR analysis. The NMR device
used in this case was a Bruker Avance Il HD 400 MHz spectrometer with a 5 mm
BBO 400SB BB-H-D sample head with Z-gradient by Bruker (Billerica, USA).
Solvent samples of aroma/methanol-d4 in a ratio of 30:70 (n/n) were prepared and
0.05 mol of curcumin were solved. This amount was used as it is close to curcumin’s

solubility limit in hydrocinnamaldehyde. The data evaluation and processing of the
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NMR data was achieved using MNova, version 14.1.2 by Mestrelab Research

(Santiago de Compostela, Spain).

6.2.2.5 GC-FID Analysis
To identify the ratio of cinnamaldehyde inside the oil samples, GC-FID analysis was
performed. Samples of a cinnamaldehyde or cinnamon oil concentration of 1 mg/mL

were prepared in MeOH and filtered into GC vials before measurement.

Then, 1 pL of the sample was injected with a 1:20 split ratio and eluted with a helium
gas flow of 1 mL/min. The elution was carried out on a GC-FID 7890A system by
Agilent (Santa Clara, USA) with a VF-5ms column (30m x 250 um x 0.25um) and
detection was performed through flame ionization at 275°C. To ensure adequate
separation, a gradient temperature program was used based on results presented by A.
Chakraborty et al. [173], starting with an oven temperature of 60 °C, which was kept
for 5 min. Then, the temperature was ramped up to 250 °C with a heating velocity of
20 °C/min. A second ramp to 300 °C followed at a speed of 50 °C/min to bake out the
column. The peak areas were used to determine the ratio of the respective compounds
in the cinnamon oils. Cinnamaldehyde in the real live samples was characterized by

comparing the retention times to the chromatogram of pure cinnamaldehyde by Merck.

6.2.2.6 GC-MS Analysis

The various volatile compounds contained in the natural cinnamon oils were separated
and analyzed via GC-MS. To this purpose, samples were eluted using a 7890B GC
system by Agilent (Santa Clara, USA) equipped with a ZB-5MSplus column
(30 m x 250 um x 0.25 um) by Phenomenex Inc. (Aschaffenburg, Germany). The
samples were injected at a volume of 1 pL with a 1:200 split ratio and eluted with a
helium gas flow of 1.2 mL/min. A temperature gradient was applied, starting at 60 °C
ramping up to 300 °C with a heating rate of 20 °C/min. The end temperature was held
for 0.5 min to bake out the column. The characterization of the separated compounds
was performed via MS detection with an AccuTOF GCX apparatus by Jeoul GmbH
(Freising, Germany), using a positive electron impact ionization at a voltage of 70 V.

The NIST database was used to assign the mass spectra to their compounds.

6.2.2.7 Determination of Ternary Phase Diagrams
A ternary phase diagram of water, EtOH, and Cinnamomum Cassia oil by PCW as the

hydrophobic phase was recorded. To establish the domain of the miscibility gap,
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binary samples of water/EtOH and oil/EtOH were prepared and the third component,
cassia oil or water respectively, was added dropwise until a visible change in the phase
behavior was observed, which signaled a phase separation. This indication was
determined by the bare eye. The exact amounts of all compounds were recorded to

identify the two-phasic region.

6.2.2.8 Determination of the Critical Point

The critical point of the water/EtOH/oil cassia system was determined via dynamic
light scattering combined with an optical assessment. The DLS experiments were
conducted analogously to the experiments presented in Section 4.2.2.4, looking for the
most pronounced correlation functions. As a verification of the CP found via DLS, the
samples exhibiting the highest correlation functions were evaluated optically as well.
To this intent, three samples in the monophasic domain were prepared and diluted step
by step with 20 puL of water until phase separation. The sample separating into two

phases of identical volume was determined as the critical point.

6.2.2.9 Cyclic Solvent Extraction of Curcuma Longa L.

Based on the solvent economization method introduced by P. Degot et al. [47], the
repeated use solvent to extract the curcuminoids from their matrix was examined. The
process was executed analogously to the cycle extraction presented in Section 4.2.2.6.4
[70,126]. 2 g of fresh rhizomes were extracted using 32 g of the optimum solvent
mixture. Unlike presented above, the extracts were not analyzed via HPLC elution but

via UV/Vis as a proof of concept of the method.

6.3 Results and Discussion

6.3.1 Screening of Natural Aromas

According to the study by V. Huber et al. [158], the solubility of curcumin in ethanolic
solutions can be increased depending on the additives. Thus, a screening of the
curcumin solubility in mixtures of six natural aromas, namely cinnamaldehyde (Cin,
brown squares), benzaldehyde (Bza, purple circles), citral (orange triangles), anethole
(red down-facing triangles), benzyl benzoate (green diamonds), and limonene (blue
left-facing triangles), with EtOH was made. The solubility results along with the
COSMO-RS prediction of curcumin’s chemical potential are presented in Figure 6-2.

A depiction of the results in wt% are shown in Figure 9-46 of the Appendix [169].
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Figure 6-2: UV/Vis (a) and COSMO-RS (b) examination of the solubility and chemical potential of curcumin in
ethanolic solutions of natural flavors (n/n) respectively. Cinnamaldehyde is presented by brown squares,
benzaldehyde by purple circles, citral by orange triangles, trans-anethole by red down-facing triangles, benzyl
benzoate by green diamonds, and limonene by blue left-facing triangles [169].

These natural aromas were chosen due to their different structural elements. Cin and
Bza are aromatic aldehydes with differently sized conjugated systems, benzyl benzoate
is an aromatic ester and anethole an aromatic ether, while limonene is a non-
functionalized terpene and citral is a terpenoid aldehyde [169]. The molecules’

respective structures can be viewed in Table 9-3 of the Appendix.

Looking at Figure 6-2 b, three solubility trends in the EtOH/aroma mixtures were

predicted when regarding the chemical potential of the phytochemical:

3 Strongly decreasing the curcumin solubility
©3 Hardly any effect of the mixtures on the solubility

@3 Improving the curcumin solubility

Starting with the first case, limonene was responsible for the bad solubility. In
comparison to all the other tested molecules, limonene showed no positive solubility
synergy with EtOH. The other mixtures managed to have a solving synergy with a
maximum curcumin content between 70-90 wt% of the aroma additive, whereas
limonene had a quasi-linear curve progression, worsening the curcumin solubility with
increasing contents. The experiment could be validated using COSMO-RS

calculations, which also predicted a continuously worse solubility. This indicated, like
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proven by V. Huber et al., when looking at hexanoic acid [158], that the absence of

functionalities affects the solubility of curcumin in a negative way [169].

Anethole and benzyl benzoate make up the second case. At low contents, they
managed to enhance the curcumin solubility in the mixture approximately by a factor
of 5 in comparison to EtOH. They also show a similar curve progression in the
predictions with a positive trend of the chemical potential, which is an indication for a
bad solubility. However, especially the solubility in the pure aromas was not as bad
during the experiments as it was predicted. Overall, both the ester and the ether group

seemed to have a decent effect when solving curcumin [169].

The third group is comprised of all aldehydes. Cin, Bza, and citral have an almost
identical curve progression concerning the prediction of the chemical potential. A
positive solubility synergy is predicted as the mixtures of the aromas with EtOH should
have a lower chemical potential. The experiments, on the other hand, do not deliver
such similar results. Citral mixtures already yielded a 10-fold solubility improvement
in comparison to pure ethanol, while mixtures of Bza and Cin with EtOH almost
doubled and tripled citral’s effects respectively. Thus, Bza and Cin must interact with
the solute in a way which COSMO-RS could or would not consider. n-r interactions
or stacking come to mind. Looking at the two molecules’ structures, both are planar,
aromatic molecules with Cin having a bigger conjugated system and looking roughly
like half the structure of curcumin. It is possible to imagine that both aromas may stack

with curcumin, forming a complex which is preferentially soluble in EtOH [169].

To summarize, the improved solubility of curcumin in EtOH upon addition of natural
flavors was found to be dictated by two effects. The lesser one was the solubility of
curcumin in the flavors themselves, depending on their functionalization, which could
be ranked as follows: Aromatic system in conjugation with an aldehyde > aldehyde in
simple conjugation > ester > ether > non-functionalized molecules. Secondly, and
more importantly, preferential interactions between the additives and the solute lead

to very high solubilities of curcumin [169].

Cinnamaldehyde fulfilled both necessary prerequisites and yielded the highest
solubility of curcumin. A natural product rich Cin was found in cinnamon bark oil,
which can achieve Cin contents of up to 80% [174,175]. However, before considering

natural products, derivatives of Cin were examined in order to be able to predict their
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effect on the curcumin solubility as well. The corresponding UV/Vis and COSMO-RS
results in ethanolic solutions are presented in Figure 6-3, while solubility data
depending on the weight content can be seen in Figure 9-52 of the Appendix. The
examined derivatives, which could most likely also occur in natural cinnamon oils
[178], included cinnamyl acetate (marron circles), 3-phenylpropyl acetate (orange
triangles), a-hexyl cinnamaldehyde (golden down-facing triangles), and
hydrocinnamaldehyde (HCi, yellow diamonds) [169]. To see the molecular structures,

regard Table 9-3 of the Appendix.
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Figure 6-3: UV/Vis (a) and COSMO-RS (b) examination of the solubility and chemical potential of curcumin in
ethanolic solutions of natural flavors (n/n) respectively. Cinnamaldehyde is presented by brown squares,
cinnamyl acetate by marron circles, 3-phenylpropyl acetate by orange triangles, a-hexyl cinnamaldehyde by
golden down-facing triangles, and hydrocinnamaldehyde by yellow diamonds [169].

Just like in the screening above, cinnamaldehyde held the highest position regarding

the solubility of curcumin, while its derivatives showed rather mediocre
improvements. This was also validated by the COSMO-RS predictions. However,
particularly interesting was the effect of hydrocinnamaldehyde. While COSMO-RS
predicted its solving effect to be similar to the effect of Cin, no positive solubility
'H NMR

measurements in MeOD were made to find an explanation for this unexpected

synergy between EtOH and hydrocinnamaldehyde was observed.

behavior. A spectrum of solely curcumin in MeOD was recorded as a reference (cf.
Figure 9-47) [169].

It was assumed that a reaction between the aldehyde and the alcohol took place and
would lead to the formation of a hemiacetal. By consulting the *H NMR spectra (cf.
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Figures 9-48 and 9-49), indeed peaks appeared, indicating the presence of hemiacetals
in both cases. In total, a hemiacetal content of 16% and 89% were found in the Cin
and HCi samples respectively. These reactions also served as an explanation for the
incorrect COSMO-RS predictions of the curcumin solubility in the binary HCi/EtOH
mixtures. As only small amounts of HCi were present in the solution eventually, the
solubilization was rather driven by the high abundance of hemiacetal instead of HCi
itself. In the Cin samples, hardly the hemiacetal but mostly the aldehyde was present.
Through the conjugated system and resonance stabilization of Cin, the aldehyde group
was protected, and the equilibrium of the hemiacetal formation stayed strongly on the
aldehyde side [182]. Since hydrocinnamaldehyde does not have a conjugated n-System
that extended to reach its aldehyde group, the equilibrium must have been shifted to
the hemiacetal side. Due to this side reaction, ensuing a drastic solvent change, the

diverging trend in curcumin solubility could be explained [169].

However, this was not the only information the NMR spectra presented. Successively,
the chemical shifts of curcumin’s signals in the binary mixtures of Cin or HCi with

MeOD, which are presented in Table 6-2, were investigated.

Table 6-2: Chemical shift of curcumin’s hydrogen atoms (the assignment of the protons can be seen in Figures
9-47 to 9-49 of the Appendix)in methanol-d4 mixed with the aroma, either Cin or HCi, in a ratio of 70:30 (n/n).
An upfield shift of the signals is marked in blue, while a downfield shift is signified in red [169].

#H 1,4 27 21,24 10,13 11,12 7,16 19,20 3,6 22
Methanol-d4 391 - 6.63 6.82 711 722 7.57 - -
Cin 3.76 - 6.88 - 7.02 - 7.60 - -
HCi 3.73 597 6.66 6.96 - - 7.74 - -

No changes of the chemical shift of the signals given by the aroma compounds were
observed. However, shifted signals were found for curcumin. The shift of signals,
downfield (marked in red) or upfield (marked in blue) due to a depletion or enrichment
of electron density, respectively, are an indication of mesomeric effects of functional
groups [183,184]. While the allylic hydrogen atoms of curcumin (21,24 and 19,20) as
well as the phenylic protons (10, 13) experienced a slight downfield shift in presence
of HCin, the phenylic hydrogen atoms (11, 12) were shifted upfield in the presence of
Cin. In both solvent mixtures, curcumin’s methoxy groups (1, 4) experienced an

upfield shift. The combination of these results with the cross-peaks found in the

122



Cinnamomum Cassia Essential Oil as Green Solvent

respective NOESY spectra (cf. Figures 9-50 and 9-51 of the Appendix) also gives an
indication about the difference of solubility in both cases [169].

Cross-peaks between all protons of cinnamaldehyde and the methoxy groups of
curcumin could be found in the respective NOESY spectrum (cf. Figure 9-50).
Through their positive mesomeric (+ M) effect, the electron density of the aromatic
ring was amplified, while the electron density at the methoxy groups was decreased.
Thus, interactions of the electron-depleted methoxy protons and all rather electron-
rich hydrogen atoms of the aromatic, allylic, and aldehyde groups of cinnamaldehyde
were possible. This was also in accordance with the changes of the chemical shifts.
Through the high electron density surrounding the methoxy protons, the + M effect
could be intensified leading to even higher electron densities in the aromatic ring of
curcumin, resulting in a downfield shift of the aromatic protons (11 and 12). This
effect, however, could not be seen for the hydrogen nuclei (10, 13 and 7, 16) as they
overlapped with the cinnamaldehyde signals. The protons conjugated to the carbonyl
group, which has a negative mesomeric effect, were shifted downfield. While only a
slight shift was experienced by the hydrogen nuclei (19, 20), the signal of the protons
(21, 24) was shifted by + 0.25 ppm. The remaining cross-peaks found in the NOESY
spectrum show only interactions between the cinnamaldehyde and curcumin species
themselves [169].

Looking at the effects of HCi, curcumin’s methoxy groups (1, 4) in the presence of
HCi were shifted upfield as well. When regarding the NOESY spectrum (cf. Figure
9-51), however, no cross-peaks between curcumin and HCi were found. This was
unexpected, as it was assumed that at least hydrocinnamaldehyde’s aromatic ring
should still be able to interact with the electron-poor methoxy groups. The only weak
cross-peaks that indicate an interaction of these two groups could easily be mistaken
as the background. This find is in accordance with the observed solubility of curcumin
in ethanolic solutions of HCi (cf. Figure 6-3), as a slight increase of solubility was
indeed visible. Additionally, no interactions between the aldehyde proton and the
methoxy groups were found, as mostly the hemiacetal was present. Yet, no cross-peaks
between the hemiacetal and the methoxy groups were found either. The newly formed
methoxy and hydroxy groups of the hemiacetal both exhibit a + M effect, which would
increase the electron density at the hemiacetal itself. In theory, these effects should

lead to favorable interactions with curcumin’s methoxy groups. However, as
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determined by V. Huber et al. [158], hydroxy groups affect the solubility of curcumin
in solution in a negative way and it can be suspected that they also prevent further
interactions. A further evaluation of this, however, would exceed the scope of this
study [169].

Following these insights, adding up to cinnamaldehyde being the most promising of
the investigated aromas, three natural cinnamon bark oils were examined with regard
to their quality of enhancing the solubility of curcumin: Cinnamomum cassia oil by
PCW (cassia), and two Cinnamomum verum oils, one by PCW (verum) and one by
Jean Pitz (zeylanicum). Before the solubility tests, the oils were characterized
concerning their overall Cin content via GC-FID, and the side ingredients apart from
Cin were identified via GC-MS. The chromatograms and mass spectra can be viewed
in Figures 9-53 to 9-87 [169].

The cassia oil was richest in cinnamaldehyde with 79%, followed closely by the
zeylanicum oil with 74%, and verum oil containing 62% Cin. The pure Cin reference,
with which the curcumin solubility curve in EtOH was recorded had a content of 97 %.
Thus, it was expected that none of the oils could meet its high curcumin solubility.
However, when regarding Figure 6-4, the cassia oil matched the curve progression of
pure Cin almost perfectly and enhanced the solubility of curcumin in ethanolic

solutions approximately in the same way [169].
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Figure 6-4: Comparison of the curcumin solubility in ethanolic solutions of the cinnamon oils, Cinnamomum

cassia oil by PCW (yellow circles), Cinnamomum zeylanicum by Jean Ptz (blue triangles), and Cinnamomum
verum (green down-facing triangles), with cinnamaldehyde (brown squares) as a reference [169].

Even though the zeylanicum oil contained only 5% less Cin than the cassia oil, it

performed worse in solubilizing curcumin, and only managed to solubilize ~ 65% of
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the amount that was possible to achieve with cassia oil. The difference in solubilizing
quality between the zeylanicum and verum oil, however, was less pronounced, even
though their Cin content differed by 12%. This could be explained easily when looking
at the GC-MS data (cf. Figures 9-57 to 9-87). In contrast to the cassia oil, which mostly
contained Cin derivatives, the other two oils exhibited high contents of terpenoids.
Coming back to Figure 6-2, it was shown that limonene, as a representative of terpenes,
worsened the solubility of curcumin. Thus, since the terpene/terpenoid content in both
Cinnamomum verum oils was high, the curcumin solving ability of the solvent mixture
was diminished and the quantity of Cin was not enough to balance their effects. On
the other hand, the Cinnamomum cassia oil did not contain any terpenes, but aromatic
esters and aldehydes. As determined before, functionalized aromatic compounds were
able to improve the curcumin solubility in solution, which is the reason why a good
solubility could be achieved. Since the cassia oil with a Cin content of 79% showed an
almost equal power to solve curcumin like the pure Cin reference, the Cin content
alone could not be solely responsible for the enhancement of the curcumin solubility
in ethanolic solutions. It could be assumed that the combination of all ingredients
inside the oil were able to create their own solubility synergy, providing a suitable
solvent environment for curcumin. Thus, for the purpose of this study, the following

experiments were conducted using the Cinnamomum cassia oil by PCW [169].

This, however, should be taken with a grain of salt. Regarding the mass spectrum
shown in Figure 9-63, the cassia oil also contained coumarin. Coumarins are known
to cause liver disease in rats and dogs. Even though the metabolomic pathway in the
human body is different, coumarins and their metabolites can still cause harm.
Therefore, the United States Food and Drug Administration banned coumarins as a
food flavoring agent. In Europe, on the other hand, the Food Safety Authority approved
a tolerable daily intake of 0.1 mg/kg body weight. Nevertheless, the regulations about
coumarins already occurring in foodstuffs, like the oil of cinnamon bark, are
ambiguous. As such, there is still no problem when using Cinnamomum cassia oil in
any application [176,179,185]. If coumarins are undesirable in any process, the
problem could be bypassed by processing the oils in question. Either by removing the
coumarin from the Cinnamomum cassia oil or by rectifying Cinnamomum verum oils
in order to remove the terpenoid contents, oils of high curcumin solving power without

coumarins should be obtained [169].
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6.3.2 Preparation for Extraction Experiments — A Proof of Concept

After determining the oil of Cinnamomum cassia to be the most capable of solving
curcumin, while also being food approved, a ternary phase diagram was recorded. It is
presented in Figure 6-5. Although the cassia oil is a mixture of multiple components,
it will be seen as one entity, allowing the denomination as ternary. Reminiscent of C.
Benkert et al., who used spear mint essential oil [9], the cinnamon bark oil served as
the oil phase, which was mixed with water by aid of EtOH as a solubilizer. A large
two-phasic domain was found between the hydrophobic and hydrophilic compounds.
Neither water nor the cinnamon oil were soluble in each other at any proportion.
Although it cannot be seen in the diagram, water and EtOH are fully miscible. But
only one small drop of the cinnamon oil was enough to turn the binary water/EtOH
mixtures containing less than 40 wt% EtOH turbid. Eventually, a content of ~ 40 wt%
of EtOH was necessary to achieve full miscibility of all compounds at all proportions.
Via DLS measurements (cf. Figure 9-88), the critical point located on the oil side of
the system could be determined [169].
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Figure 6-5: Ternary phase diagram of water, ethanol, and Cinnamomum Cassia oil (PCW). The heat map of the

monophasic domain shows the solubility of curcumin with red indicating a high solubility, while purple shows a

low one. The black area labelled 2@ identifies the miscibility gap and the critical point of the mixture is signified
by the turquoise circle labeled CP [169].

The contour map of the monophasic domain characterizes the curcumin solubility in

different ternary mixtures, where red identifies a high solubility and purple a low one.
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The highest solubility was found in the lower right corner, the cinnamon oil apex while
the binary water/EtOH edge exhibited the lowest curcumin solubility. However, the
highest solubility did not correlate with the critical point of the mixture but rather
depended on the cinnamon oil content. The higher the amount of oil was in the
mixtures, the higher was the solubility. Additionally, according to the direction in
which the solubility decreased (from high oil contents to low ones), it seemed as if the
solubility was predominantly dictated by the amount of cassia oil. This again supported
the finds of the NMR analysis that curcumin and Cin (and potentially its derivatives)
share special interactions which are responsible for the preferential solubility. While
an optimum oil content of ~ 80 wt% has been found before in binary mixtures during
the aroma screening (cf. Figure 9-46), this find was confirmed as well in the ternary
ones. Even though water was the limiting factor of curcumin solubility in the previous
studies [47,70,126], it seemed to have a positive influence in this case. Just like P.
Degot et al. reported in the ternary mixture of water/sodium salicylate/ethyl acetate
[186], an addition of a small amount of water, in this case 5 wt%, achieved an even
higher solubility of curcumin, yielding an optimum composition of water/EtOH/cassia
of 5:22:73 (w/w/w). This marked, as well, the solvent composition which was used for
the extraction experiments [169].

Cycle extractions were performed to prove that an enrichment of curcuminoids in a
ternary system of water/EtOH/cassia oil was indeed possible. The problem with the
cycle extractions in the previous studies by P. Degot and V. Huber et al. [48,126] was
that either the solubility in the systems was too low, saturating the solvent only after a
few cycles, or that the solvent was changed by interacting with the plant material. In
lights of this, cycle extractions were trialed using the ternary cinnamon oil solvent.
The analysis of the extracts was performed via optical density measurements using
UV/Vis according to P. Degot et al. [48]. No distinction between the single
curcuminoids was possible, of course, as they all have a similar wavelength of highest

absorption. The results are presented in Figure 6-6 [169].

A fairly linear increase of absorbance was detected, signifying that the concentration
of curcuminoids could be increased after every cycle of extraction in the
water/EtOH/cinnamon oil system. The divergence from the perfect linear behavior
could be attributed to environmental conditions as the extractions were performed at

room temperature over the course of two days. The negative deviations may have been
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a product of temperature variations, which could not be controlled. These deviations
are not visible when looking at the reference systems of water/EtOH/TriA as saturation
was reached earlier. Since less cycles were necessary to achieve saturation, the
extractions did not take such a long time, which means effects during the day did not
affect them as strongly. In any case, the curcuminoids could be concentrated in all

three systems similarly, which proved the concept of cycle extraction [169].
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Figure 6-6: Absorbance of curcuminoid extracts in water/EtOH/oil cassia (black squares), water/EtOH/TriA (red
circles) [48], and ChCI+Lev/EtOH/TriA (blue triangles) [126] after several cycles of extraction [169]. The
references in red and blue given by P. Degot and V. Huber et al. were determined according to the calibration
curve given in Figure 9-89 of the Appendix.

When looking at the total curcuminoid content (cf. Figure 6-6 b), it was found that,
just as in the experiments with natural deep eutectic solvent [126], a saturation
occurred after ten cycles, even though the limit of solubility should not have been
reached. In the previous study, this premature saturation was attributed to the change
in solvent due to a loss of choline chloride in the plant matrix. This may very well still
be true, as the slope of the absorbance in Figure 6-6 a is lower in the NADES samples
than it is for the ternary cassia oil system. In the present case, however, such a loss
should not ensue. The explanation for the fast saturation came from looking at the
solvent loss during the cycle experiments. When extracting 2 g of rhizomes in each
cycle, a volume of ~ 2 g of solvent was lost. Since the amount of solvent to solid ratio
has a significant impact on the quality of extraction [2], this may certainly play a role
when conducting these experiments. In the following Equation (6-1) a theoretical
model was proposed to determine the maximum mass of curcuminoids before

saturation, depending on the number of cycles [169].
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A -
m(n) =" (V = n¥y) 1)

With m(n) = curcuminoid mass after n cycles, n = number of
cycles, A = absorbance, in this case the mean increase of
absorbance per extraction cycle, ¢ = extinction coefficient,
I = illuminated layer thickness, V = initial solvent volume,

and V2 = volume loss of solvent after one cycle of extraction.

Regarding this model, the extracted mass of curcumin is effectively limited by Va, the
solvent loss after every cycle of extraction. V. is the only variable which can be
influenced during the process. By decreasing the lost volume, the number of cycles
should be enhanced, and as such, the effectivity of the solvent could be taken
advantage of. Reviewing the extraction process, replacing the centrifugation with a
more effective method, or changing the batch process to a continuous one could be
ideas to reduce the lost amount of solvent. Proving this theory and ameliorating the

process, however, could be the topic of a follow-up study [169].

6.4 Conclusion

The focus of this study was to find alternative natural solvents for the solubilization
and extraction of curcuminoids from their plant matrix. This study is one of the few
ones considering essential oils as solvents. UV/Vis examinations along with COSMO-
RS predictions, NMR measurements, and GC analysis were employed to find natural
aromas suitable of solving curcuminoids. Two breakthroughs could be presented

during these examinations.

By screening six natural flavors found in large amounts in natural sources, a trend in
the functionalization of natural molecules was found to determine their ability to
solubilize curcumin. Molecules, like terpenes, without functionalization worsened the
curcumin solubility, while the presence of an aromatic, conjugated system combined
with an aldehyde function yielded the highest solubility results. An up to 30-fold
solubility enhancement in binary aroma/EtOH mixtures compared to pure EtOH could
be achieved using cinnamaldehyde as the aroma. NMR measurements also confirmed
that interactions between the conjugated systems of cinnamaldehyde and curcumin
might be the reason for the high solubility. Following these results, cinnamon bark oil,

a natural source of cinnamaldehyde, was examined as a natural solvent.
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Three different cinnamon oils were investigated. Via GC-FID and GC-MS analysis, it
was found that a content of 79% cinnamaldehyde in Cinnamomum cassia oil was
enough to achieve solubilities as good as the reference. This could be justified as the
side ingredients of this oil were only structural analogues of cinnamaldehyde, which
had similar positive effects on the solubility of curcumin. The Cinnamomum verum
oils, on the other hand, possessed higher terpene contents, which, as determined above,
were responsible for limiting the curcumin solubility. Their presence was the reason
for the worse performance of the Cinnamomum verum oils. These finds mark the first
innovation, as essential oils could indeed be used for the solubilization of curcumin

while their composition was responsible for modulating their solving capacity [169].

Successively, extraction experiments with focus on taking advantage of the full solving
capacity were performed. To this purpose, the maximum curcumin solubility was
searched in ternary mixtures and found at a composition of 5:22:73 water/EtOH/oil
cassia. While the concentration of curcuminoids could be increased continuously in a
linear way, their maximum mass was extracted only after ten cycles before losing some
amount of curcuminoids to the plant matrix again. To explain this behavior, a
theoretical model was proposed that relates the premature saturation of the solvent to
the loss of solvent after each cycle. In future studies, this model should be verified

while also proposing ideas to amend the process [169].

In the following, the extraction of phytochemicals using essential oils of natural
sources should as well be examined in more detail. The influence of water on the
extraction of the single curcuminoids should be regarded before trying to apply the
system for extractions of other phytochemicals as well. However, a basis for the
assessment of novel extraction processes of various phytochemicals, which rely solely

on sustainable and renewable sources, could be made [169].
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Collective Conclusion

7 Collective Conclusion

The preceding Chapters 3-6 each gave an insight into the possibilities of green
chemistry in extraction. From the presented results above, one can see that there is a
broad field, in which sustainability and greenness play a role and should be taken into

account.

This study focused especially on the examination of alternative solvents. Interestingly,
nature provides a plethora of compounds, which can be employed as solvents. Chapter
3 showed that it is possible to extract fragrances by using a fatty acid, which was
already part of the plant matrix from which the target compounds should be extracted.
Natural deep eutectic solvents, which are mixtures of small, naturally occurring
molecules with high abundance throughout nature, were investigated in Chapters 4 and
5. Understanding the mechanism with which the natural deep eutectics interacted with
the solute curcumin was an important step. These studies opened the door to
investigate extractions of even more phytochemicals by employing these solvents.
Lastly, essential oils were examined in terms of their effectivity of solving and
successively extracting curcumin in Chapter 6. Essential oils are easily overlooked
when searching for alternative solvents. However, they showed to be very promising

in terms of solving and extracting.

These experiments laid some foundation stones that will hopefully drive future

innovations and applications using green alternative solvents.
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9 Appendix

9.1 Important Chemicals and their Structures

Table 9-1: Chemicals of Section 3 with their corresponding abbreviations and structures.

Name

cis-y-lrone

a-lonone

cis- & trans-a-

lrone

Myristic Acid

Abbreviation

HMyr

Structure

\6@/3\
i ; |
Z O < O
\éf/u\ M, A

(o}

/\/\/\/\/\/\)J\OH

Table 9-2: Chemicals of Sections 4 and 5 with their corresponding abbreviations and structures.

Name

Curcumin

Demethoxy-

curcumin
Bisdemetoxy-

curcumin

Triacetin

Acetylcholine

Abbreviation

Cur

DC

BDC

TriA

AcCh

Structure

The curcuminoids can be distinguished
from one another by the number of

methoxy groups
(o}
\[(0\)\/0\[(
[0}
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Choline Chloride

Proline

Citric Acid

Lactic Acid

Levulinic Acid

Malic Acid

Betaine

Carnitine

Pyruvic Acid

Mandelic Acid

2-Oxobutanoic
Acid

ChClI

Pro

Cit

Lac

Lev

Mal

Bet

Car

Pyr

Man

Obu

0} OH
(0] [0}
HO OH
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o
o
o
T

2-Oxovaleric Acid Ova
o} o
Acetylbutyric Acid Aba )J\/\)J\
OH
(0]
Diacetyl - )‘\’(
(0]

Table 9-3: Chemicals of Section 6 with their corresponding abbreviations and structures.

Name Abbreviation Structure

3-Phenylpropyl
Acetate

]

3-Phenylpropoinal
Hydro- HCi

cinnamaldehyde

?

Anethole -

Benzaldehyde Bza

\O

Benzyl Benzoate -

%
"

Cinnamaldehyde Cin

;3
"4

Cinnamic Acid -

/§
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Cinnamyl Acetate

Citral

Limonene

a-Hexyl

cinnamaldehyde
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9.2 Supplementary Information of Chapter 2

9.21

«3

The 12 Principles of Green Chemistry [6]

Waste Prevention: The prevention of generating waste is preferred over
cleaning it up afterward.

Atom Economy: Reactions should be improved by reducing waste at a
molecular level. The number of atoms from all reagents should be found in the
final product

Less Hazardous Chemical Synthesis: The hazard level in terms of toxicity
towards the environment or human health of synthetic pathways, solvents, and
products should be reduced.

Designing Safer Chemicals: While keeping the efficacy, safer and healthier
alternatives to the commonly used chemicals should be found.

Safer Solvents and Auxiliaries: The number of solvents and auxiliaries
should be minimized. If any are necessary, the least hazardous alternative
should be chosen.

Design for Energy Efficiency: Processes should be reevaluated concerning
their consumption of energy. In the optimum case, heating, cooling, and
pressurizing should be avoided.

Use of Renewable Feedstocks: Chemicals with natural and renewable origins
are preferred over petrochemical resources.

Reduce Derivatives: Derivatization in terms of temporal protection groups
should be avoided as those additional reaction steps consume energy.
Catalysis: Selectivity and turnover rate of reactions should be enhanced using
the right catalysts.

Design for Degradation: Chemicals and their reaction products should be
designed in a way that they are easily biodegradable. Neither them nor their
degradation products should be harmful to the environment, toxic or
accumulative, and persistent in any way.

Real-Time Pollution Prevention: Reactions should be monitored constantly
to prevent the release or formation of any harmful products.

Safer Chemistry for Accident Prevention: Procedures and reactions should

be chosen thoughtfully regarding their safety and low risk of accidents.
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9.2.2 Comparison of lonic Liquids and Deep Eutectic Solvents

Table 9-4: Characterizing differences and similarities of ionic liquids and deep eutectic solvents. Inspired by Y.
Liuetal. [72,73].

lonic Liquids Deep Eutectic Solvents
Differences
Salts, sugars, organic acids,
Constituents Salts amino acids, quaternary

ammonium compounds

Composition Single salt Mixture
Intermolecular Force lonic bonding Hydrogen bonding
Molecular Force Strong Weak
Intermolecular Distance <12A 2-5A
Cytotoxicity Often Hard to detect
Similarities

Vapor Pressure Negligible

Thermal Stability High
Conductivity Moderate to poor, depending on the constituents

162



Appendix

9.3 Supplementary Information of Chapter 3

9.3.1 GC Chromatogram of the Technical Mixture of Irone Isomers

FIC1 B, Back Signal
10754
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a-
&7 8-
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Figure 9-1: GC-FID chromatogram of the technical irone mixture by Sigma Aldrich (Darmstadt, Germany).

Table 9-5: Assignment of the peaks, found in the chromatogram depicted in Figure 9-1.

Retention time
(min)
9.735
9.973
10.087
10.596

Area

149.3785
4.0133
131.6931
11.2144

Area%o

50.4147
1.3545

44,4460
3.7848

Name

trans-alpha-irone
lauric acid methyl ester
cis-alpha-irone

lauric acid
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9.3.2 Clausius-Clapeyron Calculations
The values presented in Table 9-6 were calculated according to the

Clausius-Clapeyron equation (3-6) presented in Section 3.3.2.

Table 9-6: Clausius-Clapeyron Calculations of a-ionone, a-irone, and y-irone at 120 °C, 123 °C, and 126 °C.
The bold values corresponding to a-ionone were used as the starting point of the screening and the ones
corresponding to y-irone were used to distillate the real sample in Section 3.3.2.

Compound AvapHT (kJ/mol)  Temperature (°C)  Pressure (mbar)

120 0.97

a-lonone 51.16 123 1.09
126 1.23

120 1.25

a-lrone 53.05 123 1.41
126 1.59

120 1.13

y-lrone 52.28 123 1.27
126 1.43

fAvapH values were taken from Cheméo [124].

9.3.3 Distillation Results

Table 9-7: Relative distilled amount of y-irone after different distillation steps compared to the respective
extraction yield.

Extraction Distillation 1 Distillation 2
y-Irone content 0.018+0.003% 0.054 +0.002% 0.32+0.02%
Distilled amount - 51+ 7% 78 £ 12%

Yield regarding the
total y-irone content of 88 + 16% 44 + 3% 34 + 4%
1mg/g in the rhizomes

164



Appendix

9.4 Supplementary Information of Chapter 4
All figures and tables presented in this chapter were reprinted from the supplementary
material of the studies by P. Degot and V. Huber et al. [126,186]. For convenience

reasons, the reference is stated in this paragraph as a disclaimer.

9.4.1 Curcumin Solubility in Binary Mixtures of Water with ChCl and NADES

®  ChCl+Lac
® ChCl
"
40 -
—~ 30
S
8
©
g 20
g !
2
o
(%)
o
<€ 10 4
, ¢
0 e = ® = ® §
T T T T T T T T T T 1
0 20 40 60 80 100

Mass fraction of Additive in Water (wt%)

Figure 9-2: Curcumin solubility in a binary mixture of ChCl and ChCl+Lac with water. The scaling on the y-axis
does not correspond to the scaling in the main text. The values were calculated as if the samples had not been
diluted instead of applying the 1:5000 dilution factor which would make the results unreadable [70].
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9.4.2 Dynamic Light Scattering Examination
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Figure 9-3: a) Ternary phase diagram of ChCl+Lev/EtOH/TriA with the ternary and binary points examined via
DLS and b) correlation curves in the ternary system ChCl+Lev/EtOH/TriA close above the two-phasic region
[126].

——50% ChCl+Lac

—— 43% ChCl+Lac
044 ——40% ChCl+Lac
: \ —— 33% ChCl+Lac|
30% ChCl+Lac
034 23% ChCl+Lac
T — 20% ChCl+Lac|
g
B i
g I |
8 0.1 | I |
0.0 |
‘\
0.1 T
1E-6 1E-5 1E-4 0.001 001 01 1 10 100 1000 10000
TriA (Wt%) Lag Time (ms)

Figure 9-4: a) Ternary phase diagram of ChCl+Lac/EtOH/TriA with the ternary and binary points examined via
DLS and b) correlation curves in the ternary system ChCl+Lac/EtOH/TriA close above the two-phasic region

[126].
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Figure 9-5: a) Ternary phase diagram of H.O/EtOH/TriA with the ternary and binary points examined via DLS
and b) correlation curves in the ternary system H.O/EtOH/TriA close above the two-phasic region [126].
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Figure 9-6: Correlation curves in the binary system ChCl+Lev/EtOH. The respective points can be viewed in
Figure 9-3 [126].
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Figure 9-7: Correlation curves in the binary system ChCIl+Lac/EtOH. The respective points can be viewed in
Figure 9-4 [126].
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Figure 9-8: Correlation curves in the binary system EtOH/TriA. The respective points can be viewed in Figure
9-5. The data were provided by P. Degot et al.[47].
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9.4.3 Prediction of the Ethanol/Triacetin Phase Diagram
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Figure 9-9: Temperature-dependent phase diagram of the binary mixture of EtOH/TriA with LLE points at -
20 °C and -30 °C, contextualized within the ternary phase diagram at 25 °C. No LLE points were found at -20 °C
but at -30 °C there were. The hatched area in the binary phase diagram is a representation of the uncertain area

in which the phase transition should occur [126].

9.4.4 HPLC Calibration Curves

Curcumin
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| | —a— Bisdemethoxycurcumin y = 901847 + 0.577
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Figure 9-10: Calibration curve in acetonitrile of curcumin (orange square), demethoxycurcumin (red dot), and
bisdemethoxycurcumin (blue triangle) obtained by HPLC using an ACE Equivalent 3 C18-Column (300 A,
150 x 2.1 mm), plotting the concentration in mg per mL against the peak area [186].
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Figure 9-11: Calibration curves of curcumin (orange square), demethoxycurcumin (blue circle), and
bisdemethoxycurcumin (red triangle) obtained by elution via HPLC using a Knauer Eurospher 5 C18-Column
(100 A, 250 x 4.6 mm) [126]. The concentration in mg per mL is plotted against the peak area.

9.4.5 Extraction Yields in Numbers

Table 9-8: Extraction yields of the curcuminoids in mg/g.

Extraction System

Soxhlet”
EtOH®
TriAP
H>O/EtOH/TriA
40:24:36°
Pressure-controlled Soxhlet
ChCl+Lac/EtOH/TriA
35:27.5:37.5
Optimum Composition®
+ 5% H,0°
+ 10% H,0°
+ 15% H,0°
ChCl+Lac/EtOH/TriA
20:32.5:47.5°

ChCl+Lac/EtOH/TriA

30:28:42¢
ChCl+Lac/EtOH/TriA

50 :35:15°¢
ChCIl+Lev/EtOH/TriA

30:40:30

Curcumin
(mg/g)

11.64 +0.70
4.34 +0.08
3.13+0.21

9.21+0.32
14.53 + 0.62

11.80 £ 0.29
11.28 + 0.08

10.90 + 0.26
9.87 +0.67

11.21 +0.05
11.72 + 0.37
11.69 + 0.04

12.04 +0.36

Demethoxy-

curcumin
(mg/g)
3.82+0.21
1.34 £ 0.05
0.94 £ 0.06

3.18+0.23
425+0.14

2.73+0.13
2.73+0.13

3.01+0.06
3.02+0.20

2.63 +0.05

2.74 £ 0.15

2.081 +0.004

4.09 +0.13

curcumin
(mg/g)
1.67 +0.26
0.92+0.04
0.51+0.06

2.89+0.38
3.82+0.41

3.26+£0.14
3.12 +0.04

3.15+0.07
3.96 +0.19

3.09 +0.03
3.31+£0.15
3.23+0.02

2.83 £ 0.07

Bisdemethoxy-
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Optimum Composition®
ChCIl+Lev/EtOH/TriA
25:30:45¢
ChCl+Lev/EtOH
55:45¢
ChCl+Lac/EtOH/TriA
35:27.5:37.5
Cycle 7°
ChCl+Lev/EtOH/TrIA
30:40:30
Cycle 74
ChCl+Lev/EtOH/TriA
30:40:30
Cycle 12¢

11.78 + 0.15

12.13+£0.29

119.0+ 2.0

116.8+ 1.9

103.9+2.6

3.94 +0.04

410+0.11

31.4+0.7

39.1+24

36.3+1.1

b Data taken from P. Degot et al. [47].

¢ Published in V. Huber et al. [70].

4 Published in V. Huber et al. [126].

9.4.6 Curcuminoid Content after Every Cycle of Extraction
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Figure 9-12: Curcuminoid cycle extraction in the system ChCl+Lac/EtOH/TriA 35:27.5:37.5 with the reference
being cycle 4 of the water/EtOH/TriA 40:24:26 system as provided by P. Degot et al. [48,70].
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Figure 9-13: Curcuminoid cycle extraction of the ChCl+Lev/EtOH/TriA 30:40:30 system with the reference
being cycle 7 of the system ChCl+Lac/EtOH/TriA 35:27.5:37.5 as provided by V. Huber et al. [70,126].

9.4.7 Curcuminoid Concentration after Different Extraction Cycles
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Figure 9-14: Curcuminoid concentration in mg/g solvent after 7, 10, and 12 extraction cycles. The grey squares
represent the amount of solvent remaining after every cycle [126].
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9.4.8 NMR Spectra of the Extraction Solvent over Time
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Figure 9-15: 13C-NMR spectrum of the ternary extraction solvent of ChCl+Lev/EtOH/TriA (30:40:30) in weight
fresh after preparation [126].

ChCl+Lev/EtOH/TriA (30:40:30): 3C-NMR (400 MHz): ppm 18.12, 20.30, 20.49,
28.14, 29.54, 38.04, 54.13, 54.16, 54.20, 56.24, 57.24, 62.49, 68.01, 69.56, 170.55,
170.89, 174.71, 208.12.
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Figure 9-16: 1*C-NMR spectrum of the ternary extraction solvent of ChCl+Lev/EtOH/TriA (30:40:30) in weight
one day after preparation [126].

ChCl+Lev/EtOH/TriA (30:40:30): 3C-NMR (400 MHz): 8ppm 18.23, 20.41, 20.60,
28.25, 29.65, 38.15, 54.24, 54.27, 54.31, 56.35, 57.35, 62.60, 68.12, 69.67, 170.65,
171.00, 174.82, 208.23.
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Figure 9-17: 13C-NMR spectrum of the ternary extraction solvent of ChCl+Lev/EtOH/TriA (30:40:30) in weight
three days after preparation [126].

ChCl+Lev/EtOH/TriA (30:40:30): 3C-NMR (400 MHz): 8ppm 18.13, 20.31, 20.50,
28.16, 29.56, 38.05, 54.14, 54.18, 54.21, 56.25, 57.25, 62.50, 68.01, 69.57, 170.56,
170.90, 174.72, 208.13.
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9.5 Supplementary Information of Chapter 5
All figures and tables were reprinted from the supplementary material belonging to the

study by V. Huber et al. [158]. For the sake of convenience, the reference is stated in

this paragraph as a disclaimer.

9.5.1 Curcumin Solubility in EtOH Depending on Additive Content in mol%
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Figure 9-18: Solubility of curcumin in ethanolic solutions in mol% of choline chloride (grey), betaine (red),
carnitine (blue), and tetrapropylammonium bromide (green) [158].
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9.5.2 'H-NMR spectra of Curcumin and the QAs
The peaks were characterized as singlet (s), doublet (d), doublet of doublets (dd),
triplet (t), quartet (q), quintet (quint), and multiplet (m).
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Figure 9-19: *H-NMR of curcumin in DMSO-ds [158].
Curcumin: *H-NMR (DMSO-ds, 400 MHz): §ppm 3.84 (s, 3H), 6.02 (s, 1H), 6.71 (dd,
1H), 6.86 (dd, 1H), 7.14 (d, 1H), 7.30(d, 1H), 7.58 (dd, 1H), 9.66 (s, 1H),
16.51 (s, 1H).
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Figure 9-20: 'H-NMR of curcumin in methanol-das [158].

Curcumin: 'H-NMR (Methanol-ds, 400 MHz): Sppm 3.91 (s, 3H), 6.61 (d, 1H),
6.81 (d, 1H), 7.09 (dd, 1H), 7.21 (d, 1H), 7.55 (d, 1H).
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{H ChCl in DMSO-D6 E‘
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Figure S 1: *H-NMR of choline chloride in DMSO-ds [158].

Choline chloride: *H-NMR (DMSO-ds, 400 MHz): 8ppm 3.16 (s, 3H), 3.44 (d, 2H),
3.9 (s, 2H), 5.72 (s, 1H).
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Figure 9-21: *H-NMR of curcumin and choline chloride (1:1 n/n) in DMSO-ds [158].

Curcumin + choline chloride: *H-NMR (DMSO-ds, 400 MHz): Sppm 3.12 (s, 3H),
3.41 (quint, 2H), 3.80 (s, 2H), 3.82 (s, 3H) 5.51 (s, 1H), 6.05 (s, 1H), 6.73 (d, 1H),
6.85 (d, 1H), 7.12 (dd, 1H), 7.30 (d, 1H), 7.51 (d, 1H), 9.77 (s, 1H), 16.38 (s, 1H).
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Huber, 1H, Cur+ChCi saf. in MeCQD
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Figure 9-22: *H-NMR of curcumin and choline chloride saturated in methanol-ds [158].
Curcumin + choline chloride: *H-NMR (methanol-ds, 400 MHz): 8ppm 3.23 (S, 3H),
3.50 (quint, 2H), 3.91 (s, 3H), 3.99 (m, 2H) 5.51 (s, 1H), 6.64 (d, 1H), 6.83 (d, 1H),
7.10 (dd, 1H), 7.23 (d, 1H), 7.55 (d, 1H).
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Figure 9-23: 'H-NMR of betaine in DMSO-ds [158].

Betaine: 'H-NMR (DMSO-ds, 400 MHz): 8ppm 3.12 (s, 3H), 3.51 (s, 1H).
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Figure 9-24: *H-NMR of curcumin and betaine (1:1 n/n) in DMSO-ds [158].
Curcumin + betaine: tH-NMR (DMSO-ds, 400 MHz): 8ppm 3.14 (s, 3H), 3.59 (s, 1H),
3.82 (s, 3H), 6.05 (s, 1H), 6.72 (d, 1H), 6.83 (d, 1H), 7.12 (dd, 1H), 7.31 (d, 1H),
7.52 (d, 1H), 9.84 (s, 1H), 16.40 (s 1H).
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Figure 9-25: 'H-NMR of carnitine in DMSO-ds [158].
Carnitine: tH-NMR (DMSO-ds, 400 MHz): ppm 1.73 (m, 2H), 3.10 (s, 3H), 3.20 (m,
2H), 4.15 (quint, 1H), 8.81 (s, 1H).
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Figure 9-26: *H-NMR of curcumin and carnitine (1:1 n/n) in DMSO-ds [158].

Curcumin + carnitine: H-NMR (DMSO-ds, 400 MHz): 8ppm 1.91 (m, 2H),
3.11 (s, 3H), 3.25 (m, 2H), 3.82 (s, 3H), 4.24 (quint, 1H), 6.04 (s, 1H), 6.72 (d, 1H),
6.82 (d, 1H), 7.12 (dd, 1H), 7.30 (d, 1H), 7.51 (d, 1H), 9.60 (s, 1H), 16,37 (s, 1H).
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Figure 9-27: 'H-NMR of Na333Br in DMSO-ds [158].

Tetrapropylammonium bromide: *H-NMR (DMSO-ds, 400 MHz): 8ppm 0.86 (t, 3H),
1.60 (m, 2H), 3.18 (quint, 2H).
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Figure 9-28: 'H-NMR of curcumin and tetrapropylammonium bromine (1:1 n/n) in DMSO-ds [158].

Curcumin + tetrapropylammonium bromide: *H-NMR (DMSO-ds, 400 MHz):
Sppm 0.88 (t, 3H), 1.60 (m, 2H), 3.11 (quint, 2H), 3.83 (s, 3H), 6.06 (s, 1H), 6.73
(d, 1H), 6.81 (d, 1H), 7.13 (dd, 1H), 7.31 (d, 1H), 7.51 (d, 1H), 9.65 (s, 1H),
16.39 (s, 1H).
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Figure 9-29: 'H-NMR of levulinic acid in DMSO-ds [158].
Levulinic acid: *H-NMR (DMSO-dg, 400 MHZz): 8ppm 2.21 (s, 3H), 2.49 (t, 2H),
2.76 (t, 2H), 12.17 (s, 1H).
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Figure 9-30: *H-NMR of curcumin and levulinic acid (1:1 n/n) in DMSO-ds [158].
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Curcumin + levulinic acid: *H-NMR (DMSO-ds, 400 MHz): Sppm 2.08 (s, 3H),
2.37 (t, 2H), 2.64 (t, 2H), 3.83 (s, 3H), 6.05 (s, 1H), 6.72 (d, 1H), 6.81 (d, 1H), 7.13
(dd, 1H), 7.31 (d, 1H), 7.52 (d, 1H), 9.64 (s, 1H), 12.07 (s, 1H), 16.38 (s, 1H).
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Figure 9-31: 'H-NMR of lactic acid in DMSO-ds [158].

Lactic acid: 'H-NMR (DMSO-ds, 400 MHz): &ppm 1.20 (s, 3H), 4.0 (g, 1H),
12.49 (s, 1H).

° -5 tppm]

The uncharacterized peaks stem from isomers, oligomers, and degradation products.

Huber, 1H, Pyruvic Aeid in DMSO-D8 L ?
rau_sPROTON_ 16 DMSO {C\BrukedTopSpin3 5pir) AK_Kunz 20 L g
= = @
& & 3
o = <
2 < o
e
Lo
w0
N | doh °
=] = o]
= &) =
r—/J 'ﬁ_!‘ s LgJ
o o

T T T T T T T T T
15 10 5 [ -5 [ppm]

Figure 9-32: *H-NMR of pyruvic acid in DMSO-ds [158].

Pyruvic acid: *H-NMR (DMSO-dg, 400 MHz): 8ppm 2.49 (s, 3H), 13.81 (s, 1H).

The uncharacterized peaks stem from isomers and degradation products.
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9.5.3 Determination of the Keto-Enol-Ratio
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Figure 9-33: Determination of the keto-enol-ratio of curcumin in DMSO-ds [158].
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Figure 9-34: Determination of the keto-enol-ratio of curcumin in methanol-ds [158].
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1H Cur+ChCl 1.1 (n:n) in DMSO-DE :
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Figure 9-35: Determination of the keto-enol-ratio of curcumin with choline chloride as an additive in DMSO-ds
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Figure 9-36: Determination of the keto-enol-ratio of curcumin with choline chloride as an additive in
methanol-ds [158].

Table 9-9: Ratio of the enol conformation of curcumin [158].

DMSO-ds Methanol-d4
Curcumin 99% 94%
+ ChClI 99% 93%
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9.5.4 NOESY Spectra of Curcumin and the QAs
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Figure 9-37: NOESY spectrum of curcumin and ChCl 1:1 (n/n) (blue/green), curcumin (pink), and ChCI (purple)
in DMSO-ds [158].
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Figure 9-38: NOESY spectrum of curcumin and ChCl 1:1 (n/n) (blue/green) and curcumin (pink/red) in
methanol-d4 [158].
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Figure 9-39: NOESY spectrum of curcumin and Bet 1:1 (n/n) (blue/green), curcumin (pink), and Bet (purple)
DMSO-ds [158].
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Figure 9-40: NOESY spectrum of curcumin and Car 1:1 (n/n) (blue/green), curcumin (pink), and Car (purple)
DMSO-ds [158].
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Figure 9-41: NOESY spectrum of curcumin and Nass33Br 1:1 (n/n) (blue/green), curcumin (pink), and Nzzs3Br
(purple) DMSO-ds [158].

9.5.5 Curcumin Solubility in EtOH Depending on the Acid Content in mol%
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Figure 9-42: Solubility of curcumin in ethanolic solutions in mol% of lactic acid (red squares), levulinic acid
(blue circles), pyruvic acid (green up-facing triangles), 2-oxobutyric acid (yellow diamonds), 2-oxovaleric acid
(turquoise left-facing triangles), and 4-acetylbutyric acid (brown right-facing triangles), with references
hexanoic acid (beige hexagons) and triacetin (orange stars). The solubilities in pure TriA, Lac, Lev, and Pyr are
depicted as well [158].
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9.5.6 Hansen Space

@Lactic Acid (dI)

|
|
|
|
25 7] ‘\
|
|
I |
< |
o @FEthanol |
S 20 |
. |
«Q 2 |
C:D @Pyruvic Acid \l
|
o8 |
o |
=] B @Mandelic Acid “

(l_ 15 @Levulinic Acid

>
o) |
(2] .
Enol
T @Hexanoic g{;ﬂcumm no)/, I
101
/-/Oélﬁzerm Triacetate i
P “@Butadione

Figure 9-43: Hansen space surrounding curcumin in the enol form [158].

Table 9-10: Hansen Solubility Parameters and corresponding distance to curcumin in the 3D Hansen Space

[158].
Solvent oD op OH Distance
Curcumin Enol 17.46 3.66 13.84

Hexanoic Acid 16.3 4.2 115 3.34
Lactic Acid (dI) 17 8.3 28.4 15.31
Levulinic Acid 17.34 10.37 13.84 6.71
Pyruvic Acid 17.77 13.05 16.95 9.91
Mandelic Acid 19.19 7.86 17.79 6.72
Triacetin 16.5 4.5 9.1 5.18
Butadione 15.7 5.1 6.8 8.00
Ethanol 15.8 8.8 19.4 7.75

The parameters were acquired via the Hansen Solubility Parameters in Practice

software. The distance was calculated according to Equation (2-13).
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9.5.7 Chemical Potential of Curcumin Solubility via COSMO-RS
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Figure 9-44: Chemical potential of the cyclic conformations of levulinic acid (blue triangles) and pyruvic acid
(green down-facing triangles) as predicted via COSMO-RS calculations [158].
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9.5.8 Curcumin Solubility in EtOH Depending on the Acid Content in wt%
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Figure 9-45: Curcumin solubility in mixtures of a) lactic acid, b) levulinic acid, and c¢) pyruvic acid-based
NADES depending on the acid content in wt% where the grey squares represent the choline chloride NADES, the
red dots betaine NADES, and the blue triangles the carnitine NADES [158].
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9.6 Supplementary Information of Chapter 6

All figures and tables of this chapter will be released in the supplementary material of
the publication titled Towards a Sustainable and Green Extraction of Curcuminoids
Using the Essential Oil of Cinnamomum Cassia by V. Huber and M. Schmidt et al.
[169], planned in Sust Food Tech. For convenience reasons, the reference is stated as

a disclaimer in this paragraph.

9.6.1 Screening of Natural Aromas in wt%
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Figure 9-46: UV/Vis examination of the solubility of curcumin in ethanolic solutions of natural flavors (w/w).
Cinnamaldehyde is presented by brown squares, benzaldehyde by purple circles, citral by orange triangles,
trans-anethole by red down-facing triangles, benzyl benzoate by green diamonds, and limonene by blue left-

facing triangles [169].
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9.6.2 'Hand NOESY NMR spectra of Curcumin with Cin and HCi
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Figure 9-47: 'H NMR spectrum of curcumin in MeOD [169].

Curcumin: 'H-NMR (Methanol-ds, 400 MHz): Sppm 3.91 (s, 6H), 6.63 (d, 2H),
6.82 (d, 2H), 7.11 (dd, 2H), 7.16 (d, 2H), 7.57 (d, 2H).
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Figure 9-48: 'H NMR of curcumin in cinnamaldehyde and MeOD at a ratio of 30:70 (n/n). The protons of
curcumin are assigned at the top and the ones of Cin on the bottom [169].

Curcumin: *H-NMR (Methanol-ds, 400 MHz): 8ppm 3.76 (d, 6H), 6.88 (d, 2H),

7.02 (dd, 2H), 7.60 (d, 3H).

Cinnamaldehyde: H-NMR (Methanol-da,

9.52 (d, 1H).

400 MHz):
6.09 (dd, OH), 6.58 (dd, 1H), 7.11 (m, OH), 7.21 (m, 2H), 7.33 (d, 1H), 7.38 (m, 2H),

Oppm

4.84 (dd, OH),
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Figure 9-49: 'H NMR spectrum of curcumin in hydrocinnamaldehyde and MeOD at a ratio of 30:70 (n/n). The
protons of curcumin are assigned at the top and the ones of HCi on the bottom [169].

Curcumin: 'H-NMR (Methanol-ds, 400 MHz): 8ppm 3.73 (d, 6H), 5.97 (s, 1H),

6.66 (d, 2H), 6.96 (d, 2H), 7.74 (d, 2H).

Hydrocinnamaldehyde: *H-NMR (DMSO-ds, 400 MHz): §ppm 1.79 (M, 2H), 2.47 (m,
2H), 2.72 (t, 2H), 2.76 (t, OH), 4.53 (t, 1H), 7.04 (m, 5H).
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Figure 9-50: NOESY NMR of curcumin in cinnamaldehyde and MeOD at a ratio of 30:70 (n/n) [169].
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Figure 9-51: NOESY NMR of curcumin in hydrocinnamaldehyde and MeOD at a ratio of 30:70 (n/n) [169].
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9.6.3 Screening of Cinnamaldehyde Derivatives
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Figure 9-52: UV/Vis examination of curcumin in ethanolic solutions of natural flavors (w/w). Cinnamaldehyde is
presented by brown squares, cinnamyl acetate by marron circles, 3-phenylpropyl acetate by orange triangles, a-
hexyl cinnamaldehyde by golden down-facing triangles, and hydrocinnamaldehyde by yellow diamonds [169].
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9.6.4 GC-FID Chromatograms

FIC B, Back Signal
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Figure 9-53: Chromatogram of the pure, synthetic cinnamaldehyde as obtained via GC-FID [169].
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Figure 9-54: Chromatogram of Cinnamomum cassia oil by PCW as obtained via GC-FID [169].
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Figure 9-55: Chromatogram of Cinnamomum zeylanicum oil by Jean Plitz as obtained via GC-FID [169].
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FID B, Back Signal
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Figure 9-56: Chromatogram of Cinnamomum verum oil by PCW as obtained via GC-FID [169].

Table 9-11: Retention time of Cinnamaldehyde and purity as determined via GC-FID [169].

Retention Reference ) )
) ) ) Cassia Zeylanicum Verum
Time (min)  Cinnamaldehyde
6.71 97% 79% 74% 62%
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9.6.5 GC-MS Data of the Cinnamomum Oils
In this section, the GC-MS results of cinnamaldehyde as the reference and the three
different cinnamon oils will be presented. The mass spectra were matched to the

compounds via the NIST database.

Table 9-12: Retention time of all analyzable ingredients of the different cinnamon oils as assessed via GC-MS

[169].

Retention Time ) )
(min) Cassia Zeylanicum Verum
3.38 - - a-Pinene
3.52 - - Camphene
3.59 Benzaldehyde -
3.75 - - B-Myrcene
3.94 - - a-Phellandrene
4.07 - 0-Cymene 0-Cymene
4.12 - Limonene Limonene
4.15 - - B-Phellandrene
4.16 - Eucalyptol -
4.62 - Linalool Linalool
5.98 Cinnamaldehyde Cinnamaldehyde Cinnamaldehyde
6.51 - Eugenol Eugenol
7.05 - Caryophyllene Caryophyllene
7.11 Cinnamyl acetate =~ Cinnamyl acetate =~ Cinnamyl acetate
7.15 Coumarin -
267 2-Methoxy- ]

cinnamaldehyde
9.1 - Benzyl-benzoate -
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9.6.5.1 Cinnamaldehyde Reference

TICC / hubel54181-Centroid / El+ / Zimtaldehyd, GC-MS (EL 70 eV) / (3641844
agh 4007 600
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Figure 9-57: Chromatogram of cinnamaldehyde as obtained by GC-MS [169].

Hit 2 : Cinnamaldehyde, (E)-
CSHB0O; MF: 958; RMF: 958; Prob 32 3% CAS: 14371-10-9; Lib: replib; |D: 20946.
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Figure 9-58: Mass spectrum of cinnamaldehyde corresponding to the peak at a retention time of 5.98 min of the
chromatogram of pure, synthetic cinnamaldehyde [169].

9.6.5.2 Cinnamomum Cassia Oil by PCW

TICC / hube154183-Centroid / El+ / Zimtrindenoel China, GC-MS (EL 70 eV) / (4343438)
x10° ] 6.00
a00
200
= ]
2 ]
z ]
= 200
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Figure 9-59: Chromatogram of the Cinnamomum cassia oil by PCW as obtained by GC-MS [169].

202



Appendix

Hit 1 : Benzaldehyde
C7HEO; MF: 899; RMF: 916; Prob 73.9%; CAS: 100-52-7; Lib: replib; 1D: 10911.
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Figure 9-60: Mass spectrum of benzaldehyde corresponding to the peak at a retention time of 3.59 min of the
chromatogram of Cinnamomum cassia by PCW [169].

Hit 2 - Cinnamaldehyde, (E)-
CSHB0; MF: 959; RMF: 959; Prob 31.9%:; CAS: 14371-10-9; Lib: replib; 1D: 20946,
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Figure 9-61: Mass spectrum of cinnamaldehyde corresponding to the peak at a retention time of 5.98 min of the
chromatogram of Cinnamomum cassia by PCW [169].

Hit 1 - Acetic acid, cinnamyl ester
C11H1202; MF: 8388; RMF: 889; Prob 64.6%; CAS: 103-54-8; Lib: mainlib; 1D: 11373.
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Figure 9-62: Mass spectrum of cinnamyl acetate corresponding to the peak at a retention time of 7.11 min of the
chromatogram of Cinnamomum cassia by PCW [169].
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Hit 1 : Coumarin
CO9H502; MF: 937; RMF: 951; Prob 48.7%; CAS: 91-64-5; Lib: replib; I1D: 18483,
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Figure 9-63: Mass spectrum of coumarin corresponding to the peak at a retention time of 7.1 min of the
chromatogram of Cinnamomum cassia by PCW [169].

Hit 2 : (Z)-2-Methoxycinnamaldehyde
C10H1002; MF: 929, RMF: 941; Prob 37.5%; CAS: 76760-43-3; Lib: mainlib; 1D: 115636.
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Figure 9-64: Mass spectrum of 2-methoxycinnamaldehyde corresponding to the peak at a retention time of
7.67 min of the chromatogram of Cinnamomum cassia by PCW [169].

9.6.5.3 Cinnamomum Zeylanicum QOil by Jean Ptz

TICC / hubel54182-Centroid / El+ / Zimtrindenoel Jean Puetz, GC-MS (EL 70 eV) / (6617287}
108 4 6.00
5.00 o
- 4
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z 4
= 4
250 o
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0.0 25 50 75 100 125 150
Tirme [min]

Figure 9-65: Chromatogram of the Cinnamomum verum — zeylanicum oil by Jean Ptz as obtained by GC-MS
[169].
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Hit 2 : o-Cymene
C10H14; MF: 909; RMF: 910; Prob 21.6%; CAS: 527-84-4; Lib: replib; 1D: 18731
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Figure 9-66: Mass spectrum of o-cymene corresponding to the peak at a retention time of 4.0 min of the
chromatogram of Cinnamomum zeylanicum by Jean Piitz [169].

Hit 1 : D-Limonene
C10H16; MF: 868; RMF: 868; Prob 61.1%; CAS: 5989-27-5; Lib: replib; ID: 8354.
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Figure 9-67: Mass spectrum of limonene corresponding to the peak at a retention time of 4.12 min of the
chromatogram of Cinnamomum zeylanicum by Jean Ptz [169].

Hit 1 - Eucalyptol
C10H180; MF: 938; RMF: 941: Prob 91.0%; CAS: 470-82-6; Lib: mainlib; 1D 9537.
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Figure 9-68: Mass spectrum of eucalyptol corresponding to the peak at a retention time of 4.16 min of the
chromatogram of Cinnamomum zeylanicum by Jean Ptz [169].
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Hit 1 : Linalool
C10H180; MF: 924; RMF: 925; Prob 72.3%; CAS: 78-70-6; Lib: mainlib; ID: 39161.
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Figure 9-69: Mass spectrum of linalool corresponding to the peak at a retention time of 4.62 min of the
chromatogram of Cinnamomum zeylanicum by Jean Piitz [169].

Hit 2 : Cinnamaldehyde, (E)-
COHB0; MF: 952; RMF: 952; Prob 29.2%; CAS: 14371-10-9; Lib: replib; ID: 20946.
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Figure 9-70: Mass spectrum of cinnamaldehyde corresponding to the peak at a retention time of 5.98 min of the
chromatogram of Cinnamomum zeylanicum by Jean Ptz [169].

Hit 1 : Eugenol
C10H1202; MF: 934; RMF: 234: Prob 31.1%; CAS: 97-53-0; Lib: mainlib; ID: 153183.
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Figure 9-71: Mass spectrum of eugenol corresponding to the peak at a retention time of 6.51 min of the
chromatogram of Cinnamomum zeylanicum by Jean Ptz [169].
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Hit 1 : Caryophylleng
C15H24; MF: 953; RMF: 954; Prob 36.1%; CAS: 87-44-5; Lib: mainlib; 1D: 66572.
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Figure 9-72: Mass spectrum of caryophyllene corresponding to the peak at a retention time of 7.05 min of the

chromatogram of Cinnamomum zeylanicum by Jean Pitz [169].

Hit 1 - Acetic acid, cinnamyl ester
C11H1202; MF: 933; RMF: 933; Prob 67.7%!. CAS: 103-54-8; Lib: mainlib; ID: 11373.
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Figure 9-73: Mass spectrum of cinnamyl acetate corresponding to the peak at a retention time of 7.11 min of the

chromatogram of Cinnamomum zeylanicum by Jean Ptz [169].

Hit 1 : Benzyl Benzoate
C14H1202; MF: 929; RMF: 929; Prob 96.2%; CAS: 120-51-4; Lib: replib; ID: 16232.
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Figure 9-74: Mass spectrum of benzyl benzoate corresponding to the peak at a retention time of 9.10 min of the

chromatogram of Cinnamomum zeylanicum by Jean Ptz [169].
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9.6.5.4 Cinnamomum Verum Oil by PCW

TICC [ hubel54184-Centroid / EI+ / Zimtrindenoel Cylon, GC-MS (EL 70 &V) / (5811422)
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Figure 9-75: Chromatogram of the Cinnamomum verum oil by PCW [169].
Hit 1 : (1R)-2.6,6-Trimethylbicyclo[3.1.1]hept-2-ene
C10H16; MF: 917; RMF: 917; Prob 15.3%; CAS: 7785-70-8; Lib: mainlib; ID: 66241.
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Figure 9-76. Mass spectrum of a-pinene corresponding to the peak at a retention time of 3.38 min of the

chromatogram of Cinnamomum verum by PCW [169].

Hit 1 : Camphene
C10H16; MF: 894; RMF: 895; Prob 28.0%; CAS: 79-92-5; Lib: mainlib; 1D: 66500.
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Figure 9-77: Mass spectrum of camphene corresponding to the peak at a retention time of 3.52 min of the

chromatogram of Cinnamomum verum by PCW [169].
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Hit 1 B-Myrcene
C10H16; MF: 879; RMF: 886; Prob 28.5%: CAS: 123-35-3: Lib: replib; 1D: 14068.
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Figure 9-78: Mass spectrum of -myrcene corresponding to the peak at a retention time of 3.75 min of the
chromatogram of Cinnamomum verum by PCW [169].

Hit 1 : a-Phellandrene
C10H16; MF2 911, RMF: 914, Prob 50.2%; CAS. 99-83-2; Lib: replib; 1D 14115,

100} 93
50 |
77 91 =
| 136
27 41 51 65 79 . :
0 ||. ||| ||5559 | 11y 8|9| I[|]5 1IIE:: |
LU L L L L L L L L LN L LA (L L N LN R L L™ L L |
20 30 40 50 50 70 80 a0 100 110 120 130 140 150

Figure 9-79: Mass spectrum of a-phellandrene corresponding to the peak at a retention time of 3.94 min of the
chromatogram of Cinnamomum verum by PCW [169].

Hit 1 : 0-Cymene
C10H14; MF: 935; RMF: 935; Prob 27.1%; CAS: 527-84-4; Lib: replib; 1D: 18731.
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Figure 9-80: Mass spectrum of o-cymene corresponding to the peak at a retention time of 4.07 min of the
chromatogram of Cinnamomum verum by PCW [169].
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Hit 1 : D-Limonene
C10H16; MF: 923; RMF: 923; Prob 49.8%,; CAS: 5989-27-3; Lib: replib; 1D: 8354,
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Figure 9-81: Mass spectrum of limonene corresponding to the peak at a retention time of 4.12 min of the
chromatogram of Cinnamomum verum by PCW [169].

Hit 2 : B-Phellandrene
C10H16; MF: 925; RMF: 926; Prob 37.3%; CAS: 555-10-2; Lib: mainlib; 1D: 66050.
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Figure 9-82: Mass spectrum of p-phellandrene corresponding to the peak at a retention time of 4.15 min of the
chromatogram of Cinnamomum verum by PCW [169].

Hit 1 : Linalool
C10H180; MF: 928; RMF: 928; Prob 75.3%; CAS: 78-T0-5; Lib: mainlib; 1D: 39161.
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Figure 9-83: Mass spectrum of linalool corresponding to the peak at a retention time of 4.62 min of the
chromatogram of Cinnamomum verum by PCW [169].
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Hit 1 : 2-Propenal, 3-phenyl-
CoOHa0; MF: 960; RMF: 960; Prob 35.8%; CAS: 104-55-2; Lib: mainlib; 1D: 115882,
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Figure 9-84: Mass spectrum of cinnamaldehyde corresponding to the peak at a retention time of 5.98 min of the
chromatogram of Cinnamomum verum by PCW [169].

Hit 1 - Eugenol
C10H1202; MF: 929; RMF: 929 Prob 26.4%; CAS: 97-53-0; Lib: replib; ID: 25335.
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Figure 9-85: Mass spectrum of eugenol corresponding to the peak at a retention time of 6.51 min of the
chromatogram of Cinnamomum verum by PCW [169].

Hit 1 : Caryophyllene
C15H24; MF: 963; RMF: 964; Prob 42.2%; CAS: 87-44-5; Lib: mainlib; 1D: 66572
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Figure 9-86: Mass spectrum of caryophyllene corresponding to the peak at a retention time of 7.05 min of the
chromatogram of Cinnamomum verum by PCW [169].
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Hit 1 : Acetic acid, cinnamyl ester
C11H1202; MF: 928; RMF: 928; Prob 80.7%; CAS: 103-34-8; Lib: mainlib; ID: 11373.
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Figure 9-87: Mass spectrum of cinnamyl acetate corresponding to the peak at a retention time of 7.11 min of the
chromatogram of Cinnamomum verum by PCW [169].

9.6.6 Characterization of the Ternary Phase Diagram
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Figure 9-88: Ternary phase diagram of water/ethanol/oil cassia with corresponding correlation curves [169].
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9.6.7 Calibration Curves of Curcumin in Ethanol and Acetone
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Figure 9-89: Calibration curve of curcumin in EtOH [169].
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