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Palavras-chave

Sistemas aquosos bifasicos, liquidos i6nicos, acidos fendlicos, extracao, compostos naturais
bioativos.

Resumo

Os acidos fendlicos sdo metabolitos secundarios provenientes de plantas aromaticas e
amplamente espalhados por todo o reino vegetal. Uma vez que as suas propriedades bioldgicas
e farmacolégicas tém vindo a desempenhar um papel importante na fitoterapia, estdo a ser

estudadas e desenvolvidas técnicas para a separacéo e purificagcdo destes compostos naturais.

Esta tese tem como objetivo explorar novos processos de separacéo sustentaveis com base em
liguidos idnicos (LIs) para a extracao de &cidos fendlicos biologicamente ativos. Para tal, foram
selecionados trés acidos fendlicos com estruturas quimicas semelhantes: acido cindmico, acido
p-cumarico e acido cafeico. Nos Ultimos anos, tem sido demonstrado que os sistemas aquosos
bifasicos (SABs) baseados em liquidos ionicos séo alternativas vdlidas para extracao,
recuperacdo e purificacdo de biomoléculas, quando comparado com SABs convencionais ou
com extraces feitas com solventes organicos. As colinas representam um avan¢o em direcao a
uma quimica mais sustentavel, proporcionando meios para a implementacéo de técnicas mais

eficientes para a separacao e purificacdo de biomoléculas.

Neste trabalho, os sistemas aquosos bifasicos foram implementados utilizando colinas e usando
um sal inorganico de alta densidade de carga (KsPO4) ou um polimero de baixo peso molecular
— polietileno glicol (PEG) — para promover a separacdo de fases de solugbes aquosas que
contenham os trés acidos fendlicos. Estes sistemas permitem a avaliacéo do efeito da estrutura
guimica de anido sobre a eficiéncia da extracdo. Foi apenas utilizado um liquido iénico baseado
num catido imidazélio, de forma a avaliar o efeito da sua estrutura quimica. Foi também estudada
a extracao seletiva de um Unico acido. Em geral, observou-se que os acidos fendlicos exibem
comportamentos muito complexos em solu¢des aquosas, desde dimerizagdo a polimerizagédo
mas também associacdo com outras moléculas. Estes fendbmenos sdo bastante frequentes,
dependendo das condi¢Bes de pH, e consequentemente dificultam a correta quantificacio destes

acidos em solucéo.






Keywords

Aqueous biphasic systems, ionic liquids, phenolic acids, extraction, biologically active natural
compounds.

Abstract

Phenolic acids are aromatic secondary plant metabolites, widely spread throughout the plant
kingdom. Due to their biological and pharmacological properties, they have been playing an
important role in phytotherapy and consequently techniques for their separation and purification

are in need.

This thesis aims at exploring new sustainable separation processes based on ionic liquids (ILs)
in the extraction of biologically active phenolic acids. For that purpose, three phenolic acids with
similar chemical structures were selected: cinnamic acid, p-coumaric acid and caffeic acid. In the
last years, it has been shown that ionic liquids-based aqueous biphasic systems (ABSs) are valid
alternatives for the extraction, recovery and purification of biomolecules when compared to
conventional ABS or extractions carried out with organic solvents. In particular, cholinium-based
ILs represent a clear step towards a greener chemistry, while providing means for the

implementation of efficient techniques for the separation and purification of biomolecules.

In this work, ABSs were implemented using cholinium carboxylate ILs using either high charge
density inorganic salt (KsPOa) or polyethylene glycol (PEG) to promote the phase separation of
aqueous solutions containing three different phenolic acids. These systems allow for the
evaluation of effect of chemical structure of the anion on the extraction efficiency. Only one
imidazolium-based IL was used in order to establish the effect of the cation chemical structure.
The selective extraction of one single acid was also researched. Overall, it was observed that
phenolic acids display very complex behaviours in agueous solutions, from dimerization to
polymerization and also hetero-association are quite frequent phenomena, depending on the pH

conditions. These phenomena greatly hinder the correct quantification of these acids in solution.
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1. Introduction

1.1 Motivation

Separation and purification technologies play a central role in the chemical industry not only due
to their impact in the quality of the final product, but also to the high level of energy and enormous
amounts of solvent mixtures to separate. Typically, organic volatile solvents (VOCs) are mostly
used in separation processes due not only to their properties such as immiscibility in water, but
also to its low cost. As environmental concerns about VOCs increase and new more restrictive
regulations are imposed, there is a growing interest in finding novel environmental friendly
replacement solvents for the liquid—liquid separation processes. As alternatives to VOCs ionic
liquids have been emerging as a new class of solvents. lonic liquids belong to the organic salt
class and present an attractive combination of properties. Among these properties, the most
important is, perhaps, their flexibility to be designed and thus the possibility of tuning the chemical
structure and thus the properties given any specific application. The advantages of the
implementation of extraction techniques using these solvents was soon realized by the scientific
community and research on this topic has been proficuous. In particular, the development of
aqueous biphasic systems, systems where water is the major component in both phases, has

been reported as an attractive technique for the separation and purification of biomolecules.

The recent interest in compounds derived from natural sources, opposing compounds
synthesized through chemical routes, has been motivating a lot of research not only on the
benefits of natural compounds and extracts but also on the development of extraction techniques
suitable for natural matrices. In particular, phenolic acids present in fruits and vegetables, display
an important protective role against oxidative damage diseases (coronary heart disease, stroke

and cancers).

All these aspects motivated the research presented in this thesis. Consequently, new extraction
techniques, in this case aqueous biphasic systems, were chosen to be investigated in the
extraction of phenolic acids. Environmentally benign ionic liquids were chosen to implement this
technique and several experimental variables will be manipulated in order to understand the

mechanism of extraction and achieve the best separation performance.
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1.2 ABS - Agqueous Biphasic System

In industry, liquid—liquid extraction processes are important techniques used for the extraction
and purification of biomolecules due to their high versatility, ranging from an higher vyield,
improved purity degree, proper selectivity, technological simplicity and lower cost, to a good
combination between the recovery and purification steps.® The extraction of biomolecules is
typically carried out using volatile organic solvents because of their immiscibility with aqueous
media. The most commonly used organic solvents present some disadvantages, such as high
volatility and toxicity. Aiming at avoiding the use of organic volatile solvents as the extractive
phase, one of the potential methods relays on the implementation of aqueous biphasic systems
(ABSs). This technique is relatively simple and inexpensive, of easy operation allowing its scale-
up, and further ensures the purification and concentration stages to be integrated in a single step

procedure.

Since ABSs are mainly composed of water they were immediately recognized as biocompatible
processes. In the last decade (since the 1980’s), it has been extended to the separation of cells,
membranes, viruses, proteins, nucleic acids, enzymes and other added-value biomolecules.
Separation of biomolecules using ABSs as an alternative to traditional liquid—liquid extraction

techniques, dates to 1958 and was introduced by Albertson.®

An agueous biphasic system consist of two aqueous-rich phases containing typically polymer—
polymer, polymer—salt or salt—salt combinations that phase separate above a given concentration:
one of the agueous phases will be enriched in one of the solutes while in the other phase there is
prevalence for the second polymer or salt.(: 4 Traditionally, ABSs are formed by combining
aqueous solutions of two hydrophilic polymers, such as polyethylene glycol (PEG) and dextran,
or alternatively, a polymer and an inorganic salt, such as the PEG-sodium phosphate system.®)
Recently, other species, namely proteins or surfactants, have also been studied to induce the
formation of ABSs when mixed with polymers or salts. However, of all the solutes capable of
forming ABS, the recent application of ionic liquids (ILs) appears as one of the most attractive. In
2003, Rogers and co-workers® showed that ABSs could be formed by mixing a hydrophilic IL

and a high charge density inorganic salt.

Polymer-based systems usually exhibit two hydrophobic phases and the difference in polarities
depends essentially on the amount of water in each phase. On the other hand, polymer—salt ABS
have a hydrophobic phase constituted by the polymer and a hydrophilic (and more ionic) phase,
typically formed by high charge-density salts. The restricted difference in polarities between the
two phases prevents a vast use of polymer-based ABS for extraction purposes. By virtue of their
tenability, ionic liquids can “ideally” cover the whole hydrophilicity—hydrophobicity range. Even
when dealing with conventional ABS, the addition of small amounts of ILs as adjuvants allows the
adjustment of intrinsic properties of the coexisting phases and tuning of extraction efficiencies for

a given biomolecule. Polymer—salt ABS provide more advantages over systems formed by
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polymer—polymer combinations, such as a low interfacial tension, fast and high phase separation

rates and low cost, which makes them practical for downstream processing.(")
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1.3 lonic Liquids-based Aqueous Biphasic Systems

The study of a new group of environmentally friendly solvents, ionic liquids, has grew intensely
during the last decade and the implementation of ionic liquid-based ABSs for the effective
extraction and purification of the most diverse biomolecules, where results up to complete
extraction and concentration factors up to 100 times, were achieved.("-9

lonic liquids are commonly defined as organic salts composed entirely of ions, in contrast to
common electrolytes, with melting temperatures lower than 373 K (100 °C). They were originally
suggested as alternative solvents for the replacement of volatile organic compounds (VOC)
currently used in industrial processes. In addition, the tenability of the IL physicochemical
properties, resulting from a proper combination of their ions, allows the preparation of specific
solvents for separation and purification processes.® This means that all properties can be tuned
by varying the structure of the component ions to obtain desired characteristics, e.g. polarity,
density, viscosity, hydrophobicity, hydrogen-bonding capability, thermal stability or toxicity. This
aspect is indeed a major benefit of ionic-liquid-based ABS, given the difficulty of overcoming the
limited polarity range of polymer-based ABS as defined previously.

The interest in the applications of these fluids has led to the development of an extensive range
of IL ions, and to the exploitation of applications, including the use as electrolytes, lubricants,
biphasic chemical processes, or biomass processing.®?
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Figure 1.1 — Some commonly used cations and anions in ionic liquids.

A recent review on IL-based ABS addressed their phase diagrams and highlighted their excellent
performance in the extraction of a variety of biomolecules.® In particular, IL-based ABS shown
better extractive over conventional polymer-based systems, since the limited hydrophobic-
hydrophilic range exhibited by the coexisting phases formed by two polymers or one polymer and
an inorganic salt is overcome when employing ILs. On top of that, the addition of small amounts
of ILs as adjuvants in polymer-salt ABSs allows the adjustment of the intrinsic properties of the

coexisting phases and tuning of the extraction efficiencies for a given biomolecule.?
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Why are ionic liquids being used for “greener chemistry”? A handful of properties characterizes

these solvents, such as:

= No vapour pressure: low volatility and low flammability;

= Thermal and chemical stability;

= Liquid over large range of temperature;

= Electric conductivity;

= Tuneable solvating properties: density, viscosity, hydrophobicity, toxicity;

= Easy to buy and simple to prepare.

lonic liquid’s chemical diversity offers unique opportunities to develop solvents for specific
purposes by modifying the structures of both cation and/or anion. In bio-extraction and bio-
purification processes, their most important property in terms of clean chemistry is the negligible
vapour pressure of these fluids and their low toxicity by design, since these processes are all
carried out at low temperatures. Moreover, despite from the fact that the early ILs generations
were expensive and somewhat toxic, ILs can also be designed from affordable materials,
providing ILs that are easy to handle, less toxic and cheaper than the more commonly studied
ILs.

Considering the potential application of ABS for the extraction of added-value compounds and
their mandatory biocompatibility and biodegradability issues, a new class of ABS composed of
cholinium-based cations ([Ch]*) ILs and K3PO4 (as the inorganic salt) was recently proposed as
a valuable alternative.® The cholinium-based ILs/salts are constituted by the 2-hydroxyethyl-
N,N,N-trimethylammonium cation combined with anions as diverse as chloride, bicarbonate,
acetate, succinate, malate, among others. While the cation has a deciding role in the toxicity of
the IL, both cation and anion play an essential role in the ionic liquid’s physicochemical properties,
and it is known that the anion also to contribute to the overall toxicity, but its effect is usually
neglected. The ABS formation is controlled by the interplay of the relative strengths of the solute
(ions from the ionic liquid), the salting agent (ions from the inorganic salt) and the solvent (water),
with a significant contribution from hydration phenomena and thus specific hydrogen-bonding

between the IL and inorganic salt.

Chemical structures of the cholinium-based ABS employed in this work are shown in Figure 1.2.
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Figure 1.2 — Chemical structures, respective name and acronyms of all ILs investigated.

The possibility of forming polymer-IL-based ABS was also reported (10.13.14) glthough it seems to
be by far more complex. For example, for polyethylene glycol (PEG), the molecular phenomenon
which governs the formation of an immiscible is intricate with similar contributions from IL-water,
PEG-water and PEG-IL. Nevertheless, the use of polyethylene glycol is frequent because it
presents high biodegradability, low toxicity, low volatility, low melting temperature, large water
miscibility and low cost.

The efficient application of ABS for separation, extraction, or purification, requires the knowledge
of the specific mechanism behind the product partitioning between the two aqueous phases of an
ABS.

32



1. Introduction

1.3.1 Salting effects in lonic Liquid aqueous solutions

When a high charge density salt such as tripotassium phosphate (KsPOs) is dissolved in an
aqueous solution, the isolated ions are surrounded by a layer of water molecules, a phenomenon
known as ionic hydration.® Those water molecules are immobilized and their role as solvents to
other molecules or ions is reduced. When an inorganic salt such as potassium phosphate tribasic
is added to a solution of a hydrophilic ionic liquid, they compete with each other for the solvent
molecules. The competition is “won” by the inorganic ions (with a stronger affinity for the solvent),
conversely, those of the ionic liquid “lose”. There is a migration of solvent molecules away from
the ions of the ionic liquid to those of the inorganic salt, which, in turn, decreases the hydration
and hence the solubility of the ions of the ionic liquid. As a consequence, a phase-rich in ionic
liquid separates from the rest of the solution. This means that the salting-out effect must be

directly correlated to the hydration strength of the different ions of the inorganic salt.

During the partition of biomolecules there are several competing interactions between the IL, the
inorganic salt, the biomolecules and the water. Hydrogen—bonding, 1m — 11 interactions, dispersive
interactions, as well as electrostatic interactions between different compounds (complexations
interactions), are some examples of these interactions to be taken into account in the partitioning

coefficients.

To better understand the mechanism of the formation of agueous biphasic systems, it is important
to know the salting effects occurring during the phase separation of an ABS. A salting effect can
be defined as the process by which the solubility of a solute in a given solution is changed when

a salting agent is added to that solution.

If the solubility of the solute is decreased when the salting agent is added, which can lead to the
solute precipitation (separation from the solution), the process is called a salting-out effect.
Conversely, a salting-in effect occurs when the solubility of the solute increases upon addition of
the salting agent. Traditionally, salting effects have been studied in aqueous solutions in which
the solutes are non-electrolytes or low-solubility electrolytes and the salting agents are strong
electrolytes, namely soluble inorganic salts with high solubility in water.

Since ionic liquids are composed exclusively of anions and cations (although some non-charged
aggregates can also be found), they can be used either as salting agents, in the presence of a
non-electrolyte solute, or as solutes in the presence of an inorganic electrolyte. Meanwhile, IL are
liquid at room temperature and consequently they do not precipitate when “salted-out” from the
agueous solution by a strong salting agent; on the contrary, they form a second liquid phase in
equilibrium with the initial agueous solutions: they promote the formation of aqueous biphasic
systems. Thus, when using an inorganic salt, such as KsPOg, as salting-out inducing agents, the

ionic liquid behaves as a solute.

When dealing with polyethylene glycol — a polymer — the addition of a strong electrolyte will
decrease substantially the solubility of PEG in water (salting-out effect). When replacing the

traditional salting agents by ionic liquids, a new type of salting effect behaviour emerges.
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Depending on the nature of the ionic liquid one witnesses a whole range of salting-in (higher PEG
solubility) or salting-out effects (lower PEG solubility). However, ionic liquids can promote salting-
in effects and be used as switches to trigger miscibility in PEG aqueous solutions, in a way similar
to that of inorganic salts that are commonly used to trigger the opposite outcome. Therefore,

polyethylene glycol can be used as solute in salting processes involving ionic liquids.®
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1.3.2 Applications of ionic liquid-based ABS: extraction of biomolecules and added-
value compounds

The key elements of ILs are organic cations, which determine their chemical stability. They are
produced by alkylation of, for example, amines, imidazoles, pyridines or phosphines. Among
them, ammonium and imidazolium salts are especially stable. By varying the inorganic anions,
the physical properties of the IL can be optimized specifically. Therefore, ILs are sometimes called

“designer solvents”, as they can be custom designed to fit different requirements.

This opens up a wide range of possible applications in which ionic liquids can be used, for
example:

= Asreaction media in chemical processes;

= As process chemicals for separation processes;

= As liquid—liquid extraction or distillation;

= As cleaning agents;

= As process chemicals in metal treatment and cleaning;

= As electrolytes in batteries or capacitors.

Although many of these applications are still in the stage of basic research, a few ILs have already

been exploited in the chemical industry.("

Some ILs are suitable for conventional liquid—liquid water-based extractions because of their
immiscibility with water, which allows the formation of two immiscible phases, as well as the
partition of a vast solutes in aqueous solutions of ILs. However, the implementation of extraction
processes based on hydrophobic ionic liquids on a large scale will be limited due to monetary and
environmental costs, since these types of ionic liquids usually contain expensive and non-stable
anions. Given this limitation, the potential to apply hydrophilic ionic liquids in separation schemes
is much greater due to the availability of “greener” anions and less expensive materials. One way
to achieving a separation process using hydrophilic ILs is through the combined use of a salting
out agent, such a salt, a polymer, an aminoacid, a sugar. The design of safe and environmentally
benign separation processes plays an increasingly important role in the development of extraction

technology.(8)

Two main applications were found in the literature for ionic-liquid-based ABS and will be
presented in this thesis: the recovery of ionic liquids from aqueous media; and the extraction of a
wide range of biomolecules, from alcohols, through pharmaceuticals and proteins, and up to

phenolic acids.®

Although ionic liquid-based ABS are mostly used in the extraction of biomolecules, their intrinsic
nature also provides an effective direction for the recovery of hydrophilic ionic liquids from
agueous solutions. As the environmental impact of ILs is still an open issues, their removal from
water is especially important when dealing with their application on a large scale and in related
wastewater streams. In fact, for the industrial application of these ionic liquids, their recovery and

recycling are a very important step. The use of aluminium-based salts to form ABS, for removing
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and recovering ionic liquids from aqueous media, has been recently approached.®® Indeed,
aluminium-based salts are actually widely used as coagulants in drinking water treatment

processes.

The use of inorganic salts as salting-out agents, which usually contain highly charged anions
(mostly phosphate, hydroxide, and carbonate), can cause environmental risks due to the high
concentrations of salt required. Consequently, the introduction of these types of ions complicates
the recycling of the ionic liquids. However, as an alternative, carbohydrates can be introduced
and thus develop sustainable IL-based ABS, since they are non-charged, biodegradable, non-

toxic and a renewable feedstock.

The ability to control the aqueous miscibility of hydrophilic ionic liquids by implementing salting-
out phenomenon to induce phase separation is of particular importance for the recovery of this
type of ionic liquids from aqueous solutions, hence overcoming wastewater contamination issues

and promoting the industrial application of the novel solvents.

Extractions of added-value compounds have been studied in a vast range of literature and are

divided by four main classes of solutes: alkaloids, pharmaceuticals, amino acids and proteins.(0)

Freire and co-workers@b showed that the complete extraction of alkaloids, such as caffeines and
nicotine, is possible and achieved in a single-step procedure by a proper tailoring of the ionic
liquid employed in the ABS formulation. The results showed that complete extraction of each
alakaloid is attained at a partition coefficient greater than 120. Amino acids are a class of useful
bio-products which are lonic-liquid-based ABS have been successfully applied to the extraction

of amino acids.(- 22
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1.4 Phenolic Acids

Phenolic acids are aromatic secondary plant metabolites, with more than 8 000 structures known,
widely spread throughout the plant kingdom. There is an interest in phenolic acids because of
their biological roles as secondary metabolites and their function in food quality and they are
partially responsible for the organoleptic properties of plant foods. Recent interest in phenolic
acids stems from their potential protective role, through ingestion of fruits and vegetables, against
oxidative damage diseases (coronary heart disease, stroke and cancers).@ They are widespread
constituents of plant foods (fruits, vegetables, cereals, olive, legumes, chocolate, etc.) and

beverages (tea, coffee, beer, wine...).@%

Phenolic acids can also be raw materials for the synthesis of different molecules with industrial
interest, such as nutraceuticals, cosmetics, antioxidants, and flavours; they also can be used in
the preparation of resins, plasticizers, dyes and pharmaceutical products.(@)

The term phenolic acid, in general, designates phenols that possess one carboxylic acid
functionality. These naturally occurring phenolic acids contain two distinctive carbon frameworks:
the hydroxycinnamic and hydroxybenzoic structures, depicted in Table 1.1. Although the basic
skeleton remains the same, the numbers and position of the hydroxyl groups on the aromatic ring

make the difference and establish variety.?®

Table 1.1 — Structures of some prominent naturally occurring phenolic acids.

Hydroxybenzoic Acids Hydroxycinnamic Acids
H H
R, COOH Ry X _-COoH
Rs Ry Rj R;
Ry Ry
Name R1 R>» R3 R4 Name R1 R> R3 R4
Benzoic acid H H H H Cinnamic acid H H H H
b 0
Hydroxybenzoic H H H H o-Coumaric acid OH H H H
acid
Vanillic acid H OSH g H m-Coumaric acid H OH H H
Gallic acid H OH S OH | p-Coumaric acid H H OH H
Protocaf[echwc H OH O H Ferulic acid H OCHs: OH H
acid H
Salicylic acid OH H H H Caffeic acid H OH OH H
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Hydroxycinnamic acids and their derivatives are almost exclusively derived from p-coumaric acid,
caffeic acid, and ferulic acid whereas sinapic acid is, in general, less encountered. Caffeic acid
and its esterified derivatives are the most abundant hydroxycinnamic acids in a variety of fruits
and vegetables. Ferulic acid and its derivatives are the most abundant hydroxycinnamic acids
found in cereal grain. On the other hand, tea can be an important source of gallic acid which is a
hydroxybenzoic acid. Despite all this diversity in plants, only a minor fraction exists in the free
acid form. This variety is one of the factors contributing to the complexity of the analysis of

phenolic acids.

The phenolic acids studied in this work are three particular phytochemical compounds, they are:
cinnamic acid, p-coumaric acid and caffeic acid. These phenolic acids were chosen because of

their important role in the diet of humans.

\ O HO \ O
OH OH
cinnamic acid p-coumaric acid

HO

HO \ O
OH
caffeic acid
Figure 1.3 — Chemical structures of the phenolic acids investigated.

Cinnamic acid (3-phenyl-2-propenoic acid) has a particular place in plant metabolism. The
progenitor of the name is the spice cinnamon, known and used by humans for at least 4000 years.
Generally present in trace quantities, this compound may be the major constituents of certain
natural oils and resins, namely oils of basil and cinnamon.@7 28) Cinnamic acid is also used in

flavours and certain pharmaceuticals.

p-Coumaric acid (3-(4-hydroxyphenyl)-2-propenoic acid) is another phenolic acid of great interest
due to its chemoprotectant and anti-oxidant properties. This hydroxycinnamic acid related to

cinnamic acid is a phenolic phytochemical found in plants.?9

Caffeic acid (3-(3,4-dihydroxyphenil)-2-propenoic acid) is a well-known phenolic phytochemical
present in many foods and is one the most common phenolic acids frequently occurred in fruits,

vegetables, cereals, legumes and in beverage of plant such as wine, tea and coffee.®9 Recent
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studies suggested that caffeic acid exerts anticarcinogenic effects.®b It is found in all plants
because it is a key intermediate in the biosynthesis of lignin, one of the principal components of
plant biomass and its residues.®? Their chemical structures are shown in Figure 1.3.

The extraction of bioactive compounds from plant materials is the first step in the utilization of
phytochemicals in the preparation of dietary supplements or nutraceuticals, food ingredients,
pharmaceutical, and cosmetic products. Phenolics can be extracted from fresh, frozen or dried
plant samples. The selection of the detection method is influenced by their chemical nature, the

extraction method employed, sample particle size, as well as the presence of interfering
substances.

Schematic of strategies for the determination of phenolic acids in biological fluids, beverages,
plants, and food is shown in Figure 1.4.(23.24,26)

| iquid-liquid extraction
| iquid-solid extraction
sSoxhlet extraction
sSupercritical fluid
extraction (SFE)
*Solid-phase
microextraction {SPME)

Extraction

Instrumental Analysis

Figure 1.4 — Extraction techniques and instrumental quantification analysis for phenolic acids.

Liquid-liquid and solid-liquid extraction are the most commonly used procedures to extract
phenolics from natural plant matrixes. This is due to their ease of use, efficiency, and wide-ranging
applicability. Solvent extractions most commonly used are alcohols (methanol, ethanol), acetone,
diethyl ether, and ethyl acetate. Other conventional extraction methods such as soxhlet extraction
have shown low efficiency and potential environmental pollution due to large volumes of organic
solvent used and long extraction time required in those methods. Also, they cannot be easily

scaled-up.

In the last twenty years, HPLC has been the analytical technique that has dominated the
separation and characterisation of phenolic compounds. HPLC techniques offer a unique chance
to separate simultaneously all analysed components together with their possible derivatives
products. In many cases, they allow the determination of low concentrations of analytes in the

presence of many other interfering components.

However, phenolic acids are commonly detected using Ultraviolet/Visible (UV/Vis) spectroscopy,

once the existence of conjugated double and aromatic bonds, every phenol exhibits a higher or
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lower absorption in the UV/Vis region. Simple phenolics have absorption maximum peak between
220 and 320 nm but their absorption is affected by the nature of the solvent and the pH of the
solution. On top of this, the possibility of interference by UV-absorbing substances such as
proteins, nucleic acids, and amino acids should also be considered. Both UV and visible

spectroscopic techniques are used for the identification of isolated phenolic compounds.
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1.5 Objectives

In this work, the efficiency of aqueous biphasic systems in the extraction of three phenolic acids,
caffeic, cinnamic and p-coumaric, from aqueous solutions was evaluated. For that purpose, the
newly proposed ABS containing cholinium-based ILs were used.® The use of nontoxic ILs
represents a further step towards the implementation of greener processes. One imidazolium-
based lls was also used in order to verify possible effects arising from the aromaticity of these IL
family. Two different salting out agents were tested: KsPO4 and PEG-600. The choice of KsPO4
was due to its high salting out capacity. However, it should be kept in mind that this salt presents
severe pH experimental conditions (pH around 12). PEG-600 was also used in the extraction was

chosen since it provides milder extraction conditions.

For the quantification of the phenolic acids, the analytical method chosen here was the UV/vis
spectrophotometry due to its simplicity and easy analysis. The quantification of the acids was
always performed in both phases. A mass balance analysis was carried out in order to
evaluate/detect any possible loss of compounds arising from the separation of the phases in

equilibrium.

All the extractions were carried out at room temperature and atmospheric pressure. The effect of

the concentration of the biomolecules in the extraction efficiency was also evaluated.

Last, selective extractions of each one of the acids were carried out using aqueous solutions with

a mixture of two acids.
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2.1 Chemicals and equipment

Two different types of ABS were used in this work for the extraction of the three phenolic acids:
KsPO4 and PEG containing systems. The ionic liquids used were 1-butyl-3-methylimidazolium
chloride ([Camim]Cl]; >98.0 wt. % pure), provided by lolitec, cholinium chloride ([Ch]Cl; = 98.0 wt.
% pure), provided by Sigma-Aldrich, cholinium acetate ([Ch][Ac]), cholinium succinate,
([Ch][Suc]), cholinium glutarate, ([Ch][GIu]) and cholinium levulinate, ([Ch][Lev]). All the
cholinium-based ILs, with the exception of cholinium chloride, were synthesized in the laboratory.
In order to reduce the water content, the ILs were dried under constant stirring, at moderate
temperature around (318.15 K) and high vacuum conditions (0.01 mbar) for a time minimum of
24h. Their purities were additionally determined by *H and 3C NMR spectrums and are provided
in Appendix E. The IL’s chemical structures are shown in Figure 1.2. A brief explanation of the

synthesis of the ionic liquids is presented in Appendix C.

Potassium phosphate tribasic salt (KsPOa4) and poly(ethylene glycol), with an average molecular
weight of 600 g:-mol! (PEG 600) were purchased at Sigma-Aldrich and used as received.

The water content of all the ILs and the polyethylene glycol was measured with the Karl-Fisher
Coulometer’s equipment (831 KF Coulometer Metrohm) and was taken into account before the
preparation of the ampoules. In general, the water content of IL samples after the drying
procedure was found to be higher than 10.000 ppm, whereas the water content of PEG was lower
than 3000 ppm (1 437.700 — 2 510.837 ppm). The typical water content data obtained for used
ILs is depicted in Table 2.1.

Table 2.1 — Typical water content data obtained for all the ILs studied in this work.

lonic Liquid Water content / ppm Water content / wt%
[Camim]CI 2001.42 0.200
[Ch]CI 10 192.59 1.019
[Ch][Ac] 34 036.68 3.404
[Ch][Suc] 10 094.03 1.009
[Ch][Glu] 45 627.06 4.563
[Ch][LevV] 52 410.47 5.241

The phenolic acids used as partitioning solutes were cinnamic acid (CAS 140-10-3) =2 99.0% pure,
p-coumaric acid (CAS 501-98-4) 98.0% pure and caffeic acid (CAS 331-39-5) with a mass
percentage purity higher than 98.0%, supplied respectively by Fluka, Alfa Aesar and Sigma-

Aldrich. These three acids are solid at room temperature.

Double distilled water, passed through a reverse osmosis system and further treated with a Milli-

Q plus 185 water purification equipment, was used in all experiments.

In order to rank the hydration capacity of the ILs used, the water activity of aqueous solutions of

ILs are here considered. The water activities (aw) of the studied cholinium ionic liquids, namely
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[Ch]CI, [Ch][Suc] and [Ch][GIu], based on previous work, 3 are depicted on Figure 2.1. The water
activity of the choline [Ch][Ac] was measured using a Rotronic HygroPalm AW 1. Since cholinium
levulinate was not available in the laboratory, it was impossible to measure the water activity for
this ionic liquid. Aqueous solutions of each ionic liquid were prepared and their water contents
were determined by Karl Fisher Titration (831 KF Coulometer, Metrohm). Then, the prepared
solutions were placed in a sealed container connected to a probe. Each sample slowly exchanges
moisture with the air inside the sealed container until the equilibrium was reached. The water
activity values were considered constant when values were achieved in the thermo hygrometer.
The measurements were performed under controlled temperature (25 + 0.01 °C) with an accuracy

of £ 0.005 aw. The experimental water activity are also presented in Figure 2.1.

O [ch]cl X [Ch][Ac] [Ch][Suc] < [Ch][Glu]
1.05

100 { X %
005 { © [0
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0.70 >
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lonic Liquid [mol/Kg]
Figure 2.1 — Water activities at room temperature of cholinium-based ABSs: (O) [Ch]CI; (X) [Ch][Ac]; (O)
[Ch][Suc]; () [Ch][Glu].

Since the water activity describes the energy of water in a given system, the higher the depression
of the water activity, the more stable the hydration complexes are, and thus, the stronger the
interactions between water and the solute. Hence, the hydrophilicity follow the order: [Ch][Ac] >
[Ch]CI > [Ch][Suc] = [Ch][GIu].
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2.2 Methods
2.2.1 Physicochemical properties of IL-based ABS

The physical properties of ABS, such as pH, viscosity and density are important properties to use
these systems as extractive approaches in biotechnological applications, and particularly, when
envisaging their design and scale-up. Viscosity is a property with a great importance since it
provides information on mass transfers in ionic liquids. Therefore, pH, density and viscosity values

were measured on both of the top and bottom phases for all initial mixtures prepared.

Density and viscosity data of the coexisting phases in ABS composed of used cholinium-based
ILs + K3POas + H20 previously measured in literature® were used in this work for comparison.
However, for the [Csamim]Cl-based ABS and the cholinium-based ILs + PEG 600 + H20, the
density and viscosity of both the top and bottom phases were measured in this work. The mixtures
at specific compositions were prepared, vigorously shaken to reach equilibrium and allowed to
phase separate for at least 12h, at room temperature. After the separation of the immiscible
phases, viscosity and density measurements were performed for both IL-rich and salting-agent-
rich phases aqueous phases between 293.15 K and 303.15 K.

The pH values of both the ionic-liquid-rich and salt-rich phases were measured at room
temperature using a FE20 — FiveEasy™ pH meter from METTLER TOLEDO. The pH meter was
calibrated with two buffer (pH values of 4.00 and 7.00). After vigorous stirring and a subsequent
period of settling (at least 12h), the separation was carried out, and the pH values of the two
separate phases was measured. The pH values of the mixtures prepared with aqueous solutions

of phenolic acids and the inorganic salt were also measured.

Measurements of the viscosity and the density were performed in the temperature range between
293.15 K and 303.15 K and at atmospheric pressure using an automated SVM 3000 Anton Paar
rotational Stabinger viscometer-densimeter. The dynamic viscosity has a relative uncertainty of

0.35% while the absolute uncertainty on density is within 0.0005 g-cm-3.
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2.2.2 Partitioning coefficients and extraction efficiencies

Mixtures of each IL, salting-agent and the aqueous solution of each one of the acids were
prepared according to the compositions of the ternary mixtures used for the phenolic acids based
on the phase diagrams determined in previous works.® 8. These compositions were chosen
based on tie-line data obtained from the literature. The longer the tie-line, the larger the difference
in composition between the two co-existing phases and thus the more efficient the extraction
should be. An effort was made to use mixtures with initial compositions that are very similar to
each other so that a fair comparison could be carried out. Note, however, that due to the different
shape of the phase diagrams, some differences especially in the salt concentration could not be

avoided.

The concentration of each one of the acids in the aqueous solution used in the initial mixture was
0.147 g-dm= (9.95 x 104 mol-dm-) for cinnamic acid; 0.800 g-dm- (4.87 x 10-° mol-dm-3) for p-
coumaric acid and 0.672 g-dm-3(3.73 x 10-® mol-dm-3) for caffeic acid. The ampoules were let to
equilibrate for at least 12 h to achieve a complete separation of the two phases formed. After the
phase separation, the presence of each phenolic acid in each one of the phases was measured
by UV-vis absorbance spectroscopy using a UV-vis spectrophotometer, SHIMADZU UV-1700, at
the corresponding maximum absorption wavelengths. To better account for possible
interferences, ampoules with the same mass fraction composition were prepared for each
individual system, using pure water (Milli-Q) instead of the phenolic acids aqueous solutions, to
be used as blank samples. The calibration curves further established and listed in Table 3.3 were
used to quantify the acid in both phases. The effects of the inorganic salt were also taken into

account for p-coumaric and caffeic acids.

The mixtures were prepared and vigorously stirred in small ampoules of approximately 15 cm-3,
After stirring, the biphasic systems were allowed to equilibrate and to phase separate for at least
12h, at room temperature. After the separation of the phases, the concentration of phenolic acids

was quantified through UV-vis, using the calibration curves previously established.

The experimental set up used for the phenolic acid extraction is depicted in Figure 2.2 (a).
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Figure 2.2 — (a) Experimental set up used for the determination of the partition coefficients and extraction
efficiencies of phenolic acids and (b) macroscopic appearance of an ABS composed of an ionic liquid
(used in this work) and an inorganic salt (KsPOa).

At the conditions used in this work, the top layer is the IL-rich phase while the bottom phase is
the inorganic-salt-rich phase. As mentioned in the introduction, the addition of inorganic salt leads
to the salting-out (exclusion) of the ionic liquid creating another aqueous phase. Figure 2.2 (b)
shows the phase splitting process observed in the IL-based ABS used in this work. A flow sheet
of the extraction procedure (valid for both KsPOs- and PEG-600-based system) is depicted in the
next figure.

AQUEQUS SOLUTIONS PREPARATION
OF EACH PHENOLIC ACID

l

LIQUID—LIQUID EXTRACTION

l

PHASE SEPARATION

l

RECOVERY OF BOTH PHASES
(bottom phase and top phase)

l

REGISTER OF MASS (of each phase)

l

ANALYTHICAL DETECTION
(through UV/vis spectroscopy)

Figure 2.3 — Generalized flow sheet of the liquid—liquid extraction of phenolic acids.
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The partition coefficients of the studied biomolecules, Kcin for cinnamic acid, Kcou for p-coumaric
acid and Kcar for caffeic acid are defined as the ratio of the concentration of the biomolecules in
the IL and in the salting-agent-aqueous-rich phases, as described by the following equation:

[ACID],,
[ACID]salting agent

Kacia = (1)

where [ACID]i. and [ACID]sating agent, are respectively, the concentration of the acid in IL and in
salting-agent-aqueous-rich phases. The salting agent may be either the inorganic salt (KsPOa) or
the polyethylene glycol (PEG 600).

The extraction efficiencies of each biomolecule, EEcin% for cinnamic acid, EEcou% for p-coumaric
acid and EEcar% for caffeic acid, are defined as the percentage ratio between the amount of each

phenolic acid in the IL-rich phase and in the initial mixture, according to Equation (2),

IL

EEqeia% = Wacid x 100 2
acid 70 WIL- _I_Wsalting agent ( )
acid acid
where wik,, and w 3" %9e gre the weight of phenolic acid in the IL-rich and in the salting-

agent-rich aqueous phases, respectively.

Note that after the phase separation and recovery of the two phases, both IL and salting-agent-
rich phases were additionally weighted and density values of each IL and salting-agent were used
to convert the mass values obtained to volume values, since it is aqueous solutions.

The validation of the quantification of phenolic acids was made for all the systems studied through
a method denominated mass balance. The material balance is an application of conservation of
mass to the analysis of physical systems. By accounting for compounds entering and leaving from
the ampoule, the lost mass can be identified, which might have been unknown or difficult to

measure during the extraction.

The data from this mass balance are presented in Appendix D for the three studied acids.
Analysing the values obtained for each IL, it can be concluded that the material balance was
almost achieved in all cases, since there are some cases where small deviations (in the fourth
decimal place) were obtained. From these results it can also be concluded that the concentration
of the acid in the inorganic-salt-rich phase is always lower than the concentration in the IL-rich

phase.
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3.1 Cinnamic, p-Coumaric and Caffeic Acids

As stated in the Introduction chapter, phenolic acids are widely present in plants and vegetable
foods and also exert some biological activities, such as antioxidative and free-radical scavenging.
There are many analytical methods for quantitative study of these acids, such as HPLC or thin-
layer chromatography (TLC) among others. However, due to its simplicity, the most commonly
used method is the UV-vis spectroscopy. Phenolic compounds display characteristic UV spectra
which are useful for detection and quantification. Spectroscopic techniques offer a rapid and non-
destructive approach to determine concentration changes in solution. This method is going to be
adopted in this work, where the main objective is to study the extraction performance of ionic
liquid-based aqueous biphasic systems of three phenolic acids: cinnamic acid (CIN), p-coumaric
acid (COU) and caffeic acid (CAF) from aqueous solutions (see Figure 1.3 for the chemical
structures).

In Table 3.1 the water solubility and the dissociation constants of cinnamic, p-coumaric and caffeic
acid are presented. The dissociation constant together with the experimental pH conditions can
provide useful information about the speciation of the acids, in other words, if they are in their
neutral, cationic or anionic form. When in the anionic form (pH > pKa), phenolic acids can complex
with other molecules by hydrogen bonds.®% Chemical species and speciations of the phenolic
acids are depicted in Figure 3.1, Figure 3.2 and Figure 3.3.G9

Table 3.1 — Solubility in water (Sw) and dissociation constants of phenolic acids at 298.2 K ©5-37),

Phenolic Acid Solubility / g-dm™ pKa: pKaz pKas
Cinnamic Acid 0.23 4.51 - -
p-Coumaric Acid 1.02 4.00 9.52 -

Caffeic Acid 0.98 3.64 9.52 12.45
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Figure 3.1 — Chemical species and speciation of cinnamic acid.
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Figure 3.2 — Chemical species and speciation of p-coumaric acid.
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Figure 3.3 — Chemical species and speciation of caffeic acid.
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The interest in investigating these three phenolic acids is that they have identical chemical
structures, the only difference is the number of hydroxyl groups (-OH) attached to the benzene
ring. p-Coumaric acid has one hydroxyl group in para-substitution, occupying the opposite ends
(the carboxylic group) while caffeic acid possess two hydroxyl groups in meta- and para-
substitution and thus forming a catechol group (CeH4(OH)2). This is the reason why these two
phenolic acids complex with other molecules, namely with ions 4. The hetero-association of the
phenolic acids is a very frequent and important phenomenon due to hydrogen bonding
interactions of hydroxyl groups attached to the catechol group. These hydroxyl groups are more
unprotected because of the high charge of the phenol group whereas the OH- group of the
carboxylic group is protected by the resonance structure. Cinnamic acid does not have any
hydroxyl group attached to the catechol group, and therefore, it should not present any formation

of complexes between the acid and other ions.

The three acids were quantified analytically by UV-vis spectrophotometer and thus the electronic
absorption spectra’s were measured in the ranges of 190-400 nm. For that purpose, individual
solutions with a proper concentration of the three acids were prepared. The spectra, shown in
Figure 1.2, were obtained by subtracting the spectrum of pure solvent (water) from that of the

solutions containing the each one of the acids.

Cinnamic Acid p-Coumaric Acdd - — = Caffeic Acid
08
286 nm
0,6 e
1= 290 nm
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Figure 3.4 — Spectras of cinnamic, p-coumaric and caffeic acids in water at room temperature.

Analysing the overall bands of the spectra, it can be observed that bands are large and not very
detailed. This can probably attributed to the effect of water, as a solvent. Water, and other polar

compounds such as ethanol, can interact through hydrogen bonding with phenolic acids.

Comparing the spectra of the three phenolic acids, it is possible to verify that they are identical
since the three phenolic acids possess identical chemical structures, as referred above. The

electronic absorption spectrum of free cinnamic acid in water solution shows only one broad band
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with a maximum wavelength of 270.1 nm, which is going to be used to quantify the concentration
of the acid during the extraction procedure. The spectra of p-coumaric acid in water solution also
shown in Figure 3.4, is mainly characterized by double absorption band with two maximum
wavelengths at 286 nm and 209 nm. The quantification of this acid will be performed using the
most intense band (286 nm). Similarly to what happens to p-coumaric acid, caffeic acid also

exhibits a double band with maximum absorption intensities at 290 and 312 nm.

These bands at wavelengths of 270-290 nm correspond to the benzene ring since benzene
absorbs at 255 nm. An hydroxyl group (-OH) affects the spectra of benzene forming peaks at
longer wavelengths. This absorption shift to longer wavelength is called a bathochromic shift.
Bands at lowers wavelength (210 nm) correspond to the carboxylic acid and are not very useful
for analysis purposes, thus being disposed in the guantification of the phenolic acids. (8

The functional groups influence the conjugated systems, causing the absorption peaks to appear
at longer wavelengths than the band of benzene, although they do not go beyond 400 nm and
enter the visible region.®® The wavelengths of the functional group that constitute the phenolic

acids are show in Table 3.2.

Table 3.2 — Wavelengths of functional group constituents of phenolic acids.

Functional Group Al nm
Benzene 255
Phenol 270

Carboxylic Acid 210
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3.2 Calibration Curves

The method used to quantify the concentration of a compound in an aqueous solution is the UV-
spectroscopy method based on the propriety that many compounds absorb in the ultraviolet (UV)
and visible (vis) light. The Lambert-Beer law, establishes a linear relationship between the

concentration and the absorbance according Equation (3):

A=¢e-b-[C] 3)

where A represent the absorbance, ¢ is the molar absorptivity (in units of L-mol*-cm), b is the
path length of the sample (cells with 1 cm of path length were used in this work) and finally, C is

the concentration of the phenolic acid in solution.

In this way, a calibration curve needs to be established using solutions with varied concentrations
of the phenolic acids and their respective absorbances. Aqueous solutions of each phenolic acid
were prepared taking into account each one of the acids’s solubility: individual solutions with a
concentration of 0.147 g-dm-= (9.95 x 104 mol-dm-3) for cinnamic acid (CIN); 0.800 g-dm-3 (4.87
x 10-® mol-dm-3) for p-coumaric acid (COU) and 0.672 g-dm-3(3.73 x 10-3 mol-dm3) for caffeic acid
(CAF) were prepared. The acid’s initial concentration was carefully chosen after carrying out
some preliminary tests aimed at achieving absorbance values in an adequate range (0.3 < Abs <
1.3) so that the Lambert- Beer law holds. The solutions were then quantified through UV-
spectroscopy using a SHIMADZU UV-1800, Spectrophotometer (Figure 3.5).

Figure 3.5 — SHIMADZU UV-1800 Spectrophotometer (UV/vis) used in this work.

The extraction method used in this work requires the use of an ionic liquid together with an
inorganic salt, KsPOa, or a polymer, polyethylene glycol. The presence of these compounds might
cause significant interferences in the spectra of the phenolic acids under study and thus in the
analytical method, at the dilutions carried out.

For KsPOs, it was concluded that all systems studied influenced the spectra of the phenolic acid,
on the other hand, polyethylene glycol and cholinium containing ABSs did not cause interferences
in the spectras, except for [Ch][Suc] and [Ch][GIu].
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All the spectra were obtained by subtracting the spectrum of pure solvent from that of the aqueous

solution containing phenolic acid. This procedure will be followed during all UV-vis measurements

carried out during this work.

In particular, the use of KsPO4 might cause a significant interference since this salt changes the

pH of the solutions. This fact is most relevant when using solutes that are sensible to the pH such

as the case of acids. The UV-vis spectra of each one of the phenolic acids in water and in an

aqueous solution of KsPO4 (with a salt concentration corresponding to 40% of the total solution)

are shown in Figure 3.6, Figure 3.7 and Figure 3.8. The concentration used of the acids for both

aqueous solutions was the same. For cinnamic acid a concentration of 0.1 g-dm- was used, for

p-coumaric acid and caffeic acid it was used concentrations of 0.8 g-dm- and 0.5 g-dm-

respectively.
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Figure 3.6 — UV-vis spectra of cinnamic acid in water (full line) and in aqueous solution of 40% of KsPO4

(dashed line).
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Figure 3.7 — UV-Vis spectra of p-coumaric acid in water (full line) and in an aqueous solution of 40% of

K3PO4 (dashed line).
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Figure 3.8 — UV-Vis spectra of caffeic acid in water (full line) and in an aqueous solution of 40% of KsPO4
(dashed line).
Information on the wavelength corresponding to the maximum absorbance of each phenolic acid
in water and in an aqueous solution of KsPO4 as well as pH values of each solution gathered from
these Figures is systematized in Table 3.3.

Table 3.3 — Wavelengths corresponding to the maximum absorption and respective pH in water and in an
aqueous solutions of KsPOa.

Phenolic Acid Water pH K3POs(aq.) pH

Cinnamic Acid 270.1 3.98 270.1 13.29
p-Coumaric Acid 286 4.06 331 13.42
Caffeic Acid 290 3.73 267.5 13.44

Only cinnamic acid UV-vis absorbance spectra remains unchanged when K3POas is present in the
solution. The other two acids, p-coumaric and caffeic acids, have their spectra greatly altered by
the presence of this salt. For p-coumaric acid not only a deviation to higher wavelengths occurred
(bathochromic shift to 331 nm), but also the relative intensity of the two bands changed. In other
words, while in water the maximum wavelength corresponds to the first band in the group, in the
K3POs solution the maximum absorbance was registered for the second band in the group. The
caffeic acid spectra is the one that suffered larger changes, since there is a clear broadening of
the band, with the two peaks moving in opposite directions: a deviation of the most intense band
for lower wavelengths (hipsochromic shift to 267.5 nm) while the other band deviated to higher

wavelengths.“0

In order to further investigate the origin of the observed shifts, solutions with several pH were
prepared and the spectra were registered. The study of the influence of the salt is presented

forward.

According to Belay et. al. 44, solutions of caffeic acid and sodium hydroxide (NaOH) present a

complexation of the Na* cation with the caffeic acid, which coordinates at the catechol sites by
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replacing the H* in the hydroxyl group. A similar phenomenon probably happened in the present
work, with the potassium cation establishing strong interactions with the oxygen in the hydroxyl
group of p-coumaric acid and caffeic acid. This mechanism is presented in Figure 3.9 for p-

coumaric acid and Figure 3.10 for caffeic acid.

le) O
. .
— .
X oH + o—>P—0 =< X OH T HoO—P—oO
K* l- B o)
+ +
HO K o K
K+
(E)-3-(4-hydroxyphenyl)acrylic acid Tripotassium phosphate potassium (£)-4-(2-carboxyvinyl)phenolate Dipotassium phosphate

Figure 3.9 — Possible mechanism of p-coumaric complexation with KsPOa.

The hydroxyl group attached to the phenol releases the H* from the oxygen and binds to one of
the deprotonated oxygens of the KsPOQOs, thus forming dipotassium phosphate (K:HPO4%).
Meanwhile, K* connects to the deprotonated acid and form a salt termed as potassium-4-(2-

carboxyvinyl) phenolate.
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Figure 3.10 — Possible mechanism of caffeic acid complexation with KsPOa.
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Figure 3.10 show the possible reaction that occurs between caffeic acid and KzPOas. Since the
acid has several deprotonated species at a pH above its dissociation constants, there is a larger
list of possible species that can be formed after complexation with phosphate anions, including
dipotassium phosphate (K2HPO4?-), monopotassium phosphate (KH2PO4'"), and three inorganic
salts: potassium-4-(2-carboxyvinyl)-2-hydroxyphenolate, potassium-5-(2-carboxyvinyl)-2-

hydroxyphenolate and finally potassium-4-(2-carboxyvinyl)-benzene-1,2-bisolate.

The presence of all these compounds in the aqueous solution justifies the higher than the
expected affinity of the caffeic acid to the inorganic salt. Consequently, the extraction of caffeic
acid to the ionic liquid phase will be more difficult than that of the other two acids. The Figure 3.11

illustrates the possible partitioning of caffeic acid in IL + KsPO4 systems.

IL-RICH PHASE
IL-RICH PHASE
Alkaline medium
+ H; O + 1L + SALT -
SALT-RICH PHASE SALT-RICH PHASE

Figure 3.11 — Scheme of the partitioning of caffeic acid in alkaline medium.

Consequently, the changes observed in the p-coumaric and caffeic acids spectra can be
attributed to the complexation between the ligand (p-coumaric and caffeic acids) and the
phosphate anions. In order to further investigate the influence of the presence of KsPOain the p-
coumaric and caffeic acids UV-vis spectra, solutions with a fixed acid concentration, but variable
salt concentration were prepared. In Figure 3.12 and Figure 3.13 the effect of the concentration
(in mass percentage) of the inorganic salt (KsPOas) in p-coumaric and caffeic acid aqueous

solutions’s UV-vis spectra can be observed.
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Figure 3.12 — Experimental UV spectra of p-coumaric acid at different compositions of KsPOa4 (%wt.) and
respective pH values with [COU] = 0.0133 g-L™, at room temperature.
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Figure 3.13 — Experimental UV spectra of caffeic acid at different compositions of KsPO4 (%wt.) and
respective pH values with [CIN] = 0.0195 g-dm, at room temperature.

Information on the wavelength corresponding to the maximum absorbance of each phenolic acid
in water and in the aqueous solutions of KsPOa4 as well as the pH values of each solution gathered

from the these Figures is systematized in Table 3.3.

63



3. Quantification of Phenolic Acids

Table 3.4 — Effect of the compositions of KsPO4in the absorbance p-Coumaric acid and pH values, at
room temperature.

Composition Absorbance Ccou/ g:dm? Wavelength (nm) pH
0% K3POg4 1.35 1.17 x 102 286 7.28
5% K3POg4 1.56 3.09 x 1072 331 12.87
10% K3PO4 1.55 3.05 x 1072 331 12.96
20% K3POg4 1.41 2.77 x 102 331 13.20

Table 3.5 — Effect of the compositions of KsPO4in the absorbance p-Coumaric acid and pH values, at
room temperature.

Composition Absorbance Ccar / g:dm?® Wavelength (nm) pH
0% K3POg4 1.36 1.86 x 102 290.0 6.44
5% K3POg4 1.03 4.26 x 102 267.5 12.56
10% K3PO4 1.03 4.28 x 102 267.5 12.81
20% K3POg4 1.12 4.66 x 102 267.5 13.02

For both acids the presence of KsPOa, even if in very small concentrations, greatly alters the
spectra of both acids and the corresponding pH. When the composition of the inorganic salt is
null, the pH value is lower than the dissociation constant pKa: of the acids, suggesting that they
are in their neutral form and thus are not able to form a new species. Relatively to the other
compositions, with just only 5% of KsPO4 added there is an immediate change in the spectrum of

both phenolic acids due to the fact that pH value is higher than pKa..

The calibration curves for the three acids were carried out according to the information collected

above:
i) For the cinnamic acid only one calibration curve was used throughout the work since
the presence of KsPO4 and PEG did not affect the UV-vis spectra of this compound.
ii) For the other two acids, p-coumaric and caffeic acids, two calibrations curves were

used: one when KsPOs is not present in the solution (used in PEG containing
systems) and the other when Ks3POg4 is present. Since no significant effect was
observed between the absorbance of the acid and the concentration of KsPOa, only
one calibration curve for each system was measured, at a fixed KsPO4 concentration

(according to the compositions of the ternary systems based on the literature).

64



3. Quantification of Phenolic Acids

Table 3.6 presents a brief summary of the wavelengths used for each one of the phenolic acid
with both K3sPO4 and water (used for PEG 600 systems) and the respective extinction and

correlation coefficients used to determine the calibration curve.

Table 3.6 - Calibration curves for each phenolic acid in aqueous solutions with or without KsPOa.

Solute Cw;l?(;mc p-Coumaric Acid  Caffeic Acid
Water 286 290
Wavelength (nm) 270.1

K3POs(aq.) 331 267.5

Extinction Water 126.03 114.58 73.01

Coefficient KsPOa4(aq.) ’ 50.89 24.11
Correlation Water R = 0.9905 R2=0.9982 R2=0.9999
Coefficient KsPOa4(aq.) ' R2 =0.9996 R2=0.9979
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4.1 Implementation of KsPOs-based aqueous biphasic systems for the
extraction of phenolic acids

As stated in the Methodologies chapter, the compositions of the ternary systems were chosen
based on phase diagrams for the phenolic acids based on the phase diagrams determined in
previous works.® 8 The experimental phase diagrams for IL + KsPOs + H20 systems used in this
thesis are presented in Figure 4.1. The closer to the axis origin a bimodal curve is, the higher the
ionic liquid hydrophobicity is, i.e., the weaker affinity for water and the higher their ability for phase

split .

The composition of the mixtures (in mass percentage) used to carry out the extraction of the

solutes and the respective tie line length are presented in Table 4.1.

O[ChlCl +[Ch][Ac] OI[Ch][Suc] < [Ch][Glu] A [Ch][Lev] @ [C4mim]CI

60

40 A

(1Ll / (% w/w)

20 A

[KsPO,] / (% w/w)
Figure 4.1 — Phase diagrams of the ternary systems composed of KsPOa + ionic liquid + H20 at 298 K
(percentage weight fraction): (O)[Ch]CI; (+) [Ch][Ac]; (O) [Ch][Suc]; (0) [Ch][GIu]; (A) [Ch][LeV]; (®)

[Camim]Cl, literature data @841,

Table 4.1 — Composition of the initial mixtures used to prepare the ampoules.

lonic Liquid %wt. IL %wt. KsPO4 %wt. ACID (aq.) TLL
[Csmim]CI 25.02 15.02 59.96 47.01
[Ch]CI 20.65 34.33 45.02 70.97
[Ch][Ac] 30.04 23.00 46.96 66.92
[Ch][Suc] 30.28 30.00 39.72 92.39
[Ch][Glu] 29.64 30.03 40.33 84.19
[Ch][LeV] 30.15 20.22 49.63 53.52
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4.3 Physicochemical properties of IL-based ABS

For the sake of comparison, the pH, density and viscosity results of all systems studied at 298.15

K are reported in Table 4.2.

Table 4.2 — Comparison of the pH, density and viscosity at 298.15 K for the two phase in equilibrium in the
K3PO4 - based ABS used in the present work.

K3POs-rich phase lonic Liquid-rich phase

lonic Liquid
pH p(grem®)  n(mPas) pH p(grem?®)  n(mPas)

[Csmim]CI 12.53 1.355 3.744 12.63 1.034 1.826
[Ch]CI 13.80 1.493 8.616 14.00 1.126 5.859
[Ch][Ac] 13.22 1.487 9.271 13.43 1.142 6.012
[Ch][Suc] 10.15 1.538 20.874 10.30 1.289 14.308
[Ch][GIu] 11.54 1.620 28.342 11.41 1.223 14.929
[Ch][Lev] 13.15 1.522 10.233 13.29 1.123 8.219

Analysing the pH values, it is possible to conclude that all ABS used present alkaline phases due
to the presence of the KsPO4 salt. The pH of the coexisting phases ranges between 10.15 and
14.00, depending on the ionic liquid present in the system. Succinate and Glutarate-based
systems present somehow lower values than the other systems, which might be related to the

hydration nature of the ILs.

Figure 4.2 presents a comparison between the density and the viscosity of both phases, IL-rich

and K3POs - rich phases, in equilibrium for all the systems studied in this work.

W IL-rich phase A K3PO4-rich phase W |L-rich phase A K3PO4-rich phase

1.70 30 A
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Figure 4.2 — Density (p) and viscosity (n) of the coexisting phases in ABS composed of IL + KsPO4 + H20
at 298.15 K.

No significant differences in the density between the IL-rich and KsPOs-rich phases are observed.

In all the systems, the density of the inorganic salt-rich phase is higher than that of the

corresponding IL-rich phase. Moreover, these results also confirm that the bottom phase is the

inorganic-salt-rich phase while the top phase is the IL-rich phase. A large difference in densities
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values between the upper and the lower phase can be regarded as a main advantage when

envisaging large-scale applications.

Concerning the viscosities, the inorganic-salt-rich phase is always more viscous than the
corresponding IL-rich phase. The viscosity of the IL-rich phase ranges from 1.8 to 14.9 mPa-s,
whereas the viscosity of the salt-rich phase lies between 3.7 and 28.3 mPa-s. Regarding the
influence of the functional groups in the cholinium ILs on the viscosity order of respective phases,
it can be seen that both phases decrease in the same order: [Ch][Glu] (n = 14.93 mPa-s) >
[Ch][Suc] > [Ch][Lev] > [Ch][Ac] > [Ch]CI (n = 1.83 mPa's). The imidazolium-based ABS
([Camim]ClI) present the lowest values of viscosity due to its nature, in accordance to what has
been found for the pure ILs.

To be mentioned that [Ch][Suc] and [Ch][GIlu] are the systems that present the largest differences
between the viscosities of the two phases, which indicates that the low affinity for water
(hydrophobicity) of these two ILs complies with the hydration capacity referred in Chapter 2. The
other ILs have higher affinity for water and thus, both phases have higher percentage of water
decreasing the difference in viscosity between the two phases in equilibrium. Lowest differences
in viscosities values, therefore, there is some IL migration for KzsPOa-rich phase contributing for
these deviations. Basically, systems that possess low differences in viscosities data have an
easier phase separation and thus render aqueous biphasic systems that can be easily

implemented.
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4.4 Partitioning coefficients and extraction efficiencies

The partition coefficients and extraction efficiencies obtained for phenolic acids for the

implemented ABS are depicted in Table 4.3 and Figure 4.3.

Table 4.3 —Partition coefficient and extraction efficiencies of phenolic acids obtained in this work at room

temperature.

IL + K3POg4 Kein %EEcin Kcou %EEcou Kcar %EEcarF
[Camim]CI 49.97 99.13 77.82 99.41 11.09 96.31
[Ch]CI > 100 99.47 29.53 95.65 5.45 80.03
[Ch][Ac] > 100 99.78 8.79 95.20 2.49 84.47
[Ch][Suc] 9.32 95.61 6.04 95.57 3.05 87.88
[Ch][GIu] 19.34 97.66 19.74 97.58 5.05 91.99
[Ch][Lev] 30.05 98.61 48.12 77.56 22.72 55.22

Overall, it can be concluded that much higher partition coefficients were obtained for cinnamic
acid than for the other two acids. This is probably due to the establishment of preferential
interactions between these acids and the inorganic salt, hindering the subsequent separation.
Particularly high partition coefficients were obtained for systems composed of the most
hydrophilic ionic liquids (which has more affinity for water), specifically [Ch]Cl and [Ch][Ac] as
confirmed with the water activity (see Figure 2.1).

It is interesting to observe that both the anion and the cation play an important role in the
extraction, since for each one of the acids there is a specific ionic liquid that performs better than
the others. This indicates that these systems can be used to separate a mixture of these phenolic
acids. Yet, high partition coefficients were observed and even complete extractions were verified
for systems such as [Ch]Cl and [Ch][Ac] (K > 100) for cinnamic acid.

For cinnamic acid, the partition coefficients follow the order: [Ch]CI = [Ch][Ac] > [Camim]CI >
[Ch][Lev] > [Ch][GIu] > [Ch][Suc]. For p-coumaric acid and caffeic acid, the partition coefficients
follow the exactly same rank: [Camim]Cl > [Ch][Lev] > [Ch]CI > [Ch][GIu] > [Ch][Ac] > [Ch][Suc],
but [Ch][Lev] switches positions with [Camim]C and [Ch][Ac] with [Ch][Suc]l for caffeic acid.

For CIN the results indicate that the partitioning behaviour increased with the IL hydrophilic nature,
being [Ch]CI the most efficient in its extraction, followed by [Ch][Ac]. Cinnamic acid preferentially
migrates to the IL-rich phase (Kcin > 1) and it can be concentrated over 200 times (K > 200) using
these two ILs. Comparing results of cholinium-based ILs to those obtained when using [Camim]Cl,
the partition of CIN is significantly lower when using this last IL. This can probably be attributed

to the lower hydrophilic character of [Camim]* cation, when compared to cholinium cation.

The extraction efficiencies are very high for the three phenolic acids in all ABS studied, in
particular for cinnamic acid: a single-step extraction efficiencies of this acid to the IL-rich phase

were always higher than 99%, confirming the great potential of ILs to be applied in this extraction.
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Figure 4.3 — Partition coefficients (Kacip) and extraction efficiencies percentages (%EEacip) of cinnamic
acid (m), p-coumaric acid (=) and caffeic acid (=) for the systems composed of IL + K3PO4 at room
temperature.

For cinnamic acid the highest partition were obtained for [Ch]CIl and [Ch][Ac]. p-Coumaric acid

and caffeic acid were better extract with [Csmim]Cl and [Ch][LeV] respectively.

An explanation can be extrapolated to the lower partition coefficients observed with caffeic acid:
the fact of owning a chemical structure propitious to interferences with the inorganic salt, and thus

KsPO4 tend to attract the acid to its phase.

In summary, it can be established that high partition coefficients can be reached for cinnamic acid
using hydrophilic cholinium-based ionic liquids, and that these systems could be a successful
approach for the extraction of biomolecules and purification in industrial processes. Furthermore,
the large range obtained in the K values for the other acids by changing the IL indicates that the
individual biomolecules extraction efficiency from a mixture can be manipulated by the correct

choice of the IL.
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4.5 Influence of lonic liquid ions in phenolic acids partitioning

The influence of the ionic liquid on the partition coefficient for cinnamic acid is shown in Figure
4.4: particularly high partition coefficients were attained for systems composed of the most
hydrophilic ionic liquids, [Ch]CIl and [Ch][Ac]. On the other hand, the lowest partition coefficients
are observed for the systems constituted by [Ch][Glu] and [Ch][Suc], even though these systems
have greater amounts of KsPO4 which should promote the preferential migration of the acid to the

IL-rich phase.

[C4mim]CI [Ch]CI [Ch][Ac] [Ch][Suc] [Ch][Glu] [Ch][Lev]

100

80 A

60 -

40 +

20 A

Figure 4.4 — Influence of the IL on the partition coefficient of the cinnamic acid (0.747 g-dm3) using IL-
based ABS and KsPOas, at room temperature.
Figure 4.5 and Figure 4.6 are refer to the influence of the ILs studied on the partitioning of p-
coumaric acid and caffeic acid. Both these acids display very similar behaviours, probably due to
their similar chemical structure. The rank of the partition coefficients of p-coumaric acid is:
[Camim]Cl > [Ch][Lev] > [Ch]CI > [Ch][GIu] > [Ch][Ac] > [Ch][Suc], while for caffeic acid is:
[Ch][Lev] > [C4mim]CI > [Ch]CI > [Ch][Glu] > [Ch][Suc] > [Ch][Ac]. However, coumaric acid
presents higher partition coefficients than caffeic acid for all the systems. This can probably be
explained by the fact that caffeic acid has one extra hydroxyl group than p-coumaric acid, thus
enhancing the probability of being engaged in hydrogen—bonding interactions with phosphate

anions, forming new species.
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Figure 4.5 — Influence of the IL on the partition coefficient for p-coumaric acid (0.800 g-dm® using IL-
based ABS and K3POQOa4, at room temperature.
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Figure 4.6 — Influence of the IL on the partition coefficient for caffeic acid (0.672 g-dm3) using IL-based
ABS and K3POjs, at room temperature.
The partition coefficients of caffeic acid are relatively higher than unity (Kcar > 1), that is, CAF
migrates to the IL-rich phase. The low values obtained for caffeic acid are due to the fact that it
complex with PO43 and is more concentrated in the KsPOgs-rich phase, decreasing greatly the
partition coefficient. These suggest that the chemical structure of the acid and the properties of

the aqueous medium, namely the pH of the phases, has a main impact in the partitioning of CAF.

As it was referred in the Methodology chapter, both aqueous-rich phases were weighted and it
was possible to determine the concentrations (through the density of the acid) in each phase.
This process is usually called as mass balance (or mass transfer and it was found that the

disclosure of the balance was found to be positive. These balance are show in Appendix D.
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4.6 Effect of concentration of the phenolic acids in their partitioning

To test the influence of the concentration of phenolic acid, three ionic liquids were selected. For
this purpose, the cholinium ([Ch]*) anion was fixed and was combined with two anions, Cl- and
[Ac]. On the other hand, and regarding the structural variations at the cation, the chloride (CI)
anion was fixed and was combined with the following cations: [Ch]* and [Camim]*.

The range of concentrations used to study the influence of the concentration of each one of the
phenolic acids in their extraction can be seen in Table 4.4.

Table 4.4 — Concentration of the phenolic acids in two new aqueous solutions, at room temperature.

Cinnamic Acid p-Coumaric Acid Caffeic Acid

My / g'mol? 148.16 164.16 180.16
Concentration 1/ g-dm™ 0.071 0.657 0.521
Concentration 1 / mol-dm-3 4.79x10+ 4.00x103 2.89x103
Concentration 2 / g-dm 0.147 0.800 0.672
Concentration 2 / mol-dm- 9.95x104 4.87x103 3.73x103
Concentration 3/ g-dm 0.228 0.994 0.888
Concentration 3 / mol-dm-3 1.54x103 6.06x103 4.93x103

The extraction methodology for the phenolic acids described above in the Methodologies

chapter was adopted and the determination of the partition coefficients carried out. The partition
coefficients obtained are listed in Table 4.5, while the extraction efficiencies are shown in Table
4.6. The influence of the concentration of cinnamic, p-coumaric and caffeic acid in their partition

coefficients is shown in Figure 4.7, Figure 4.8 and Figure 4.9, respectively.
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Table 4.5 — Initial concentration and partition coefficient of phenolic acids obtained in this work at room

temperature.
Cinnamic Acid p-Coumaric Acid Caffeic Acid

lonic Liquid
Con/mol-dm®  Kcn  Ccou/molrdm=®  Kcou Ccar/ mol-dm=  Kcar
4.79x10+ 78.82 4.00x103 2.04 2.89x103 2.53
[Ch]CI 9.95x104 247.40 4.87x103 29.53 3.73x103 5.45
1.54x103 280.00 6.05x103 2.02 4.93x103 9.92
4.79x10+ 56.12 4.00x103 0.86 2.89x103 3.65
[Ch][Ac] 9.95%x104 227.50 4.87x10°% 8.79 3.73x103 2.49
1.54x103 51.36 6.05x103 0.79 4.93x103 88.88
4.79x104 12.74 4.00x103 38.89 2.89x102 21.55
[Csmim]Cl 9.95%x104 49.97 4.87x10% 77.82 3.73x103 11.09
1.54x103 13.97 6.05x103 39.92 4.93x103 58.85

Table 4.6 — Initial concentration and extraction efficiencies of phenolic acids (%EEacip) obtained in this
work at room temperature.

lonic Cinnamic Acid p-Coumaric Acid Caffeic Acid

T etame W s ERw  noctls  ER
4.79x10+ 98.20 4.00x103 59.54 2.89x103 63.45

[Ch]CI 9.95%104 99.47 4.87x103 95.65 3.73x103 80.03
1.54x103 99.49 6.06x103 59.30 4.93x103 87.20
4.79x10+ 99.18 4.00x103 36.21 2.89x103 85.85

[Ch][Ac] 9.95x104  99.78 4.87x10°3 95.20 3.73x103 84.47
1.54x10%  99.82 6.06x103 38.38 4.93x10%3 99.33

4.79x10%  96.47 4.00x103 98.89 2.89x103 98.02

[Camim]Cl  9.95x104  99.13 4.87x1073 99.41 3.73x103 96.31
1.54x10%  96.77 6.06x1073 98.92 4.93x10%3 99.26

Experimental data obtained for the partition coefficients of cinnamic acid are represented in Figure
4.7. For a given concentration, the partition coefficients, as well as the extraction efficiencies,
follow the order: [Ch]CI > [Ch][Ac] > [Camim]CI. The choice of the cation is crucial for the extraction
of cinnamic acid, since the ILs based on cholinum-cation always display much higher partition
coefficients than those obtained for the [C4amim]CI. Cinnamic acid presents the same tendency
for both cholinium-based ILs: the partition coefficient increases as the concentration of the solute
increases. In the case of [C4mim]Cl, the partition coefficient reaches the maximum value at an
intermediate concentration (9.95 x 10 mol-dm-). Comparing both cholinium and imidazolium-

based IL, the first class are more efficient in the extraction of cinnamic acid, probably due to the
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more hydrophobic nature of the imidazolium-cation. Between [Ch]Cl and [Ch][Ac], [Ch]CI displays

the best results.

H [Ch]CI m [Ch][Ac] u [C4mim]CI
300

250 A

200 A

150 A

100 A

50 H

4.79E-04 9.95E-04 1.54E-03

Concentration of the acid / mol-dm-3

Figure 4.7 — Influence of the concentration of cinnamic acid on the partition coefficient, Kcin, using ABS
based on IL: m — [Ch]CI; m — [Ch][Ac]; m — [Camim]CI. Th results were obtained with a concentration
between 4.79x10 and 1.54x10 mol-dm™ at room temperature.

In Figure 4.8, the influence of the p-coumaric concentration in the partition coefficient is presented.
For the three studied ILs, the partition coefficient for the p-coumaric acid shows a maximum for
at an intermediate concentration of 4.87 x 10-3 mol-dm- (0.800 g-dm-3). [Ch]CI and [C4amim]Cl are
more efficient in extracting p-coumaric acid than [Ch][Ac], indicating that in this particular case de
anion display a major role in the extraction. To a fixed concentration of 4.87 x 10-® mol-dm- of
COU, it is possible to compare the effect of IL on the extraction efficiency. On the other hand, it
can also be concluded that the cation is also important since very different K values were obtained
for [Ch]CI and [Camim]Cl, being this last IL the most efficient in the p-coumaric acid extraction.

[Ch]CI H [Ch][Ac] [C4mim]CI
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Figure 4.8 — Influence of the concentration of p-coumaric acid on the partition coefficient, Kcou, using ABS

based on IL: m — [Ch]CI; m — [Ch][Ac]; = — [Camim]CI. This results were obtained with a concentration
between 4.00x10-3 and 6.05x10- mol-dm® at room temperature.

Figure 4.9 presents the influence of the concentration of caffeic acid on the partition coefficient.

Different behaviours were obtained for the different ILs: while for the [Ch]Cl the partition coefficient
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always increases with concentration, in the studied concentration range, for the other two ILs the
K value reaches a minimum value at an intermediate concentration of 4.93 x 10-3 mol-dm-3(0.888
g-dm-3) for the system based on [Ch][Ac]. Nevertheless, for all the studied ILs the highest K values

were obtained for the highest concentration.

m [Ch]CI [Ch][Ac] B [C4mim]Cl
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Figure 4.9 — Influence of the concentration of caffeic acid on the partition coefficient, Kcar, using ABS

based on IL: m —[Ch]CI; m — [Ch][Ac]; m — [Camim]CI. This results were obtained with a concentration
between 2.89x103 and 4.93x10- mol-dm® at room temperature.
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5.1 Implementation of PEG-based ABS

The addition of polyethylene glycol (PEG) to hydrophilic ionic liquids solutions can also induce
phase separation. These systems confer very mild extraction conditions, compared to those
provided by inorganic salts, especially in what concerns pH. However, one of the main
disadvantages of PEG containing systems is their higher viscosity, hindering the mass transfer
between phases and taking a long time to reach equilibrium. In order to circumvent this problem,
low molecular weight PEGs are usually used. In this work, polyethylene glycol with a molecular

weight of 600 g:-mol! was employed.

Four ionic liquids were used to implement these ABS, namely cholinium chloride, cholinium
acetate, cholinium succinate and cholinium glutarate. PEG-600 was used as the phase splitting
agent. Phase diagrams of the systems composed of PEG 600 and ILs have been determined in

the literature and are presented in Figure 5.1. 13.33)

O[Ch]Cl + [Ch][Ac] [Ch][Suc] < [Ch][Glu]
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Figure 5.1 — Phase diagrams of the ternary systems composed of PEG 600 + ionic liquid + H20 at 298 K
(percentage weight fraction): (0)[Ch]CI; (+) [Ch][Ac]; (1) [Ch][Suc]; (0) [Ch][Glu]. 3. 33)

The compositions of the ternary mixtures used for the phenolic acids partitioning were also chosen
based on the phase diagrams determined in previous works. These compositions are presented

in Table 5.1 as well as their respective tie line lengths.

Table 5.1 - Compositions of ionic liquid and PEG at the initial mixture used to prepare the ampoules.

lonic Liquid [IL]m [PEG]m [ACID]m (aq.) TLL
[Ch]CI 34.93 54.94 10.13 115.65
[Ch][Ac] 39.82 49.79 10.39 123.64
[Ch][Suc] 43.87 41.26 14.87 105.38
[Ch][Glu] 42.14 42.62 15.24 100.86
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5.2 Physicochemical properties of IL-based ABS

The pH values of the coexisting phases of the systems shown in Table 5.2 range between 6.8

and 10.3, depending in the ionic liquid present in the system.

Table 5.2 — Experimental pH, density and viscosity for the cholinium-rich phase and PEG-600-rich phase
for systems composed by IL + PEG + H20 at 298.15 K.

S PEG-600-rich phase Cholinium-rich phase
lonic Liquid
pH p(gem®)  n(mPas) pH  p(gem?®)  n(mPas)
[Ch]CI 7.40 1.123 138.020 7.410 1.107 45.269
[Ch][Ac] 10.20 1.120 199.497 10.31 1.096 70.004
[Ch][Suc] 6.81 1.165 175.333 6.97 1.137 159.833
[Ch][Glu] 7.12 1.147 169.263 7.33 1.133 254.167

pH values are slightly higher in IL-rich phase comparing with the PEG 600-rich phase. The highest
value of pH (> 10) is obtained for the system composed by [Ch][Ac], either in IL-rich phase or
PEG 600-rich phase. Thus, it can be anticipated that phenolic acids in this ABS are mainly in its
deprotonated form (pH > pKaz = 10.20), while in the other systems they are in their neutral form
(pKa1 = 6.81 < pH < 7.41 = pKaz). Consequently, the acids can complex with other molecules,
namely with the cholinium succinate and form new species. However, after extracting both
phases, quantifying analytically the acids and analysing the spectrums, no interactions between

the biomolecules and the cholinium succinate were found.

Data for densities and viscosities of the PEG 600-based ABS are presented in Figure 5.2 and
Figure 5.3, in the temperature range between 293.15 K and 303.15 K, for all the systems studied.

Both density and viscosity for both phases of the prepared ABS are found to decrease with

temperature.
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Figure 5.2 — Experimental density (p) as a function of temperature for the PEG-rich phase (full symbols)
and IL-rich phase (open symbols) for systems composed by ILs: (m) [Ch]CI; (®) [Ch][Ac]; (m) [Ch][Suc]; (®)
[Ch][Glu].
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Figure 5.3 — Experimental viscosity (n) as a function of temperature for the PEG-rich phase (full symbols)
and IL-rich phase (open symbols) for systems composed by ILs: (m) [Ch]CI; (@) [Ch][Ac]; (m) [Ch][Suc]; (®)
[Ch][Glu].

In all the studied systems, the density of the PEG 600-rich phase is always higher than the
corresponding IL-rich phase, indicating that the bottom phase is composed of PEG 600 while the
top layer is the IL-rich phase. The densities of both PEG 600-rich phase and cholinium-rich phase
follow the same trend, [Ch][Ac] > [Ch][Glu].> [Ch][Suc] >[Ch]CI. Of all the systems studied, none

of them present large differences in the values of density between both phases.

As for the viscosity of IL-rich phase, it can observed from Figure 5.3 that there is a large difference
in the values among the different ILs. For IL-rich phase, the viscosities increase with the increase
from [Ch]CI (n = 45.269 mPa-s at 298.15 K) to [Ch][Glu] (n = 254.167 mPa-s at 298.15 K).
Regarding the PEG 600-rich phase the values of viscosities at 298.15 K range between 139.020
mPa-s for [Ch]Cl and 199.497 mPa-s for [Ch][Ac].

Viscosities of cholinium-based-rich phases are substantially lower than those observed for the
PEG 600-rich phase, except for the most viscous system based on [Ch][Glu], where there is an
inversion on the relative viscosities with the temperature.

Figure 5.4 shows the viscosity data of both aqueous-rich phases for cholinium containing ABSs.
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Figure 5.4 — Viscosity (n) of the coexisting phases in ABS composed of IL + PEG 600 + H20 at 298.15 K.
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Of all systems considered, differences between the viscosities of both phases for the system
composed by [Ch][Suc] are the smallest due to the low affinity for water as it is possible to see

in Figure 5.4. This could lead to a less favourable mass transfer and a tougher separation.

The viscosity of PEG/IL-based systems are significantly higher than those obtained for the
corresponding IL/Inorganic Salt-based ABS. Consequently, the mass transfer is more difficult and

the extraction of the phenolic acids is weaker.
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5.3 Partitioning coefficients and extraction efficiencies

It was impossible to determine the partition coefficients for p-coumaric acid in [Ch][Suc] and
[Ch][GIu], since the the UV-vis spectra of the aqueous solution of pure p-coumaric and the p-
coumaric in both the IL-rich phase and the PEG 600-rich phase were different. In order to solve
this problem, the ideal partition coefficients were calculated by means of the solubilities of the p-
coumaric acid in each phase. In order to validate this procedure, ideal partition coefficients using
the solubility of p-coumaric acid in both phases of [Ch]CI and [Ch][Ac] containing system were
calculated and compared to the real partition coefficients obtained using the usual procedure

described in the Methodologies chapter.

In order to measure the solubilities of the p-coumaric acid in both ABS phases, an ampoule with
[Ch][Suc] + PEG 600 + H20 (pure) was prepared, stirred and then the phases separated.
Afterwards, a known quantity of p-coumaric acid was added in both separated phases until the
solid-liquid equilibrium was achieved. Both phases were centrifuged to guarantee the separation
of the precipitate from the supernatant. Samples of the supernatant of each phases were diluted
and quantified through the UV-Vis. Calibration curves, shown in Figure 10.7 in Appendix B, were

established for these particular situations.

The concentration of p-coumaric acid was quantified in both phases at wavelength of 286 nm
using the calibration curves. The ideal partition coefficients were determined according to the
equation (4).
SIL
KipgaL = S (4)
PEG 600

where Si. represent the solubility of p-coumaric acid in the IL-rich phase and Spec 600 is the
concentration of COU in the PEG-600-rich phase.

The measured p-coumaric acid solubilities are presented in Table 5.3. Solubility in the IL-rich
phase is lower PEG 600-rich phase for the [Ch]CI containing system, while for that containing

[Ch][Ac] the solubilities are almost equal.

In order to establish the feasibility of this method, the ideal and the real K values were compared
in Table 5.3. It can be observed that the values are in good agreement with each other, providing
the correct trend of the p-coumaric acid phase affinity. Thus, it can be concluded that it is possible
to use the ideal partition coefficients for p-coumaric for comparison with the partition coefficients
for the other two acids. For consistency, and despite the fact that real K values were measured

[Ch]CI and [Ch][Ac] containing systems, always ideal K values were used for p-coumaric acid.
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Table 5.3 — Solubility of p-coumaric acid in both aqueous phases.

IL + PEG 600 S/ g-dm3  Speceoo / g-dm KipEAL-cou KREAL-cou
[Ch]CI 51.66 113.94 0.45 0.52
[Ch][Ac] 97.67 101.66 0.96 1.39
[Chl[Suc] 47.14 316.80 0.15 -
[Ch][GIu] 155.15 154.69 1.00 i

The values of the partition coefficients and extraction efficiencies obtained for the three acids with
the proposed PEG-ABS systems is presented in Table 5.4. The calculated associate errors to
these measurements are listed in Table 5.5.

Table 5.4 — Weight fraction composition of the initial mixture, TLL and partition coefficient of phenolic acids
obtained at room temperature.

IL + PEG 600 Kein %EEci Kcou %EEcou Kcar %EEchar
[Ch]CI 0.32 22.46 0.45 31.56 1.15 53.43
[Ch][Ac] 0.43 26.11 0.96 54.71 4.97 80.65
[Ch][Suc] 5.06 86.81 0.14 - 0.49 44.02
[Ch][Glu] 2.73 71.48 1.00 - 0.45 33.40

Table 5.5 — Standard deviations and errors obtained for the partition coefficients values at room

temperature.

Cinnamic acid p-Coumaric acic Caffeic acid
IL + PEG

o Error (%) o Error (%) pa Error (%)

[Ch]CI 0.012 3.81 0.008 1.57 0.010 0.84

[Ch][Ac] 0.034 7.97 0.175 12.63 0.283 5.69
[Ch][Suc] 0.900 17.79 - - 0.107 21.75
[Ch][Glu] 0.270 9.88 - - 0.024 5.47

Figure 5.5 illustrates the partition data obtained for phenolic acids in the PEG 600-based ABS
studied in this work. The extraction efficiencies of the acids are also shown to allow

comprehensive comparisons between different ILs.
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Figure 5.5 - Partition coefficients (Kacio) and extraction efficiencies percentages (%EEegio) of cinnamic acid
(m), p-coumaric acid (=) and caffeic acid (=) for PEG 600-based ABS at room temperature.

The first observation to be made is that the partition coefficient and the extraction efficiencies
values obtained here are very different from those previously observed for KsPOas-based systems.
Much lower partition coefficient values are obtained for the PEG-based systems indicating a less
efficient extraction. Also to be noted that, in some cases, K values bellow 1 were obtained
indicating that the acids are better extracted to the PEG 600-rich phase than to the IL-rich phase.

In order to better discuss these results, a log-scale representation of K values obtained is

presented in Figure 5.6.

89




5. lonic Liquid + Phenolic Acid (aq.) + Polyethylene Glycol systems
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Figure 5.6 — Logarithm representation of the phenolic acids partition coefficients (logKacip) for PEG 600-
based ABS at room temperature. The pH values of the top (IL) and bottom (PEG 600) phases are also
presented.

In Figure 5.6 it is very clear that, overall, there is a high affinity of the phenolic acids to the PEG
600-rich phase. p-Coumaric acid is better extract by the system containing [Ch][Suc] but it partite
more favourably towards the PEG 600 phase. Cinnamic acid prefers the cholinium-rich phase for
the systems composed of [Ch][Glu] and [Ch][Suc], and caffeic acid also shows a higher affinity
for the IL-rich phases when [Ch][Ac] is used. This variety of behaviours is very attractive for the
implementation of selective separation methodologies of these acids, as it will be discussed in

the next chapter.

Regarding the pH conditions offered by these systems, milder conditions can be attained in
comparison to the K3PO4-based systems, as expected. The pH of both phases in equilibrium is
very similar to each other and displays values around 7, with the exception of the system based
on [Ch][Ac].
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5.4 Influence of lonic liquid ions in phenolic acids partitioning

The set of results showed before allows the analysis of the impact of the IL on the partition
coefficients of the phenolic acids, as well as the nature of the solute and its partitioning pattern.
The partition coefficients (logKacip) in log-scale representation for each one of the three phenolic

acids alone are depicted in Figure 5.7, Figure 5.8 and Figure 5.9.

Cinnamic acid presents very different affinities for the PEG 600-rich or the IL-rich phase
depending on the IL used in the extraction. For the systems composed of [Ch]CI and [Ch][Ac],
this acid preferentially migrates for the PEG-rich phase while for the other two ILs, [Ch][Suc] and
[Ch][GIu], the opposite behaviour is observed. Nevertheless, the highest K value was obtained

for the systems containing [Ch][Suc].

[Ch]CI [Ch][Ac] [Ch][Suc] [Ch][Glu]
1.00
IL-rich phase
0.50
=]
(@]
< 0.00 ' ' '
g
-0.50 A
PEG 600-rich phase
-1.00

Figure 5.7 — Influence of the IL on the partition coefficient for cinnamic acid (0.747 g-dm3) using IL-based
ABS and PEG 600 at room temperature.
Figure 5.8 show the patrtition for both IL- and PEG 600-rich phases of p-coumaric acid. The affinity
trend for the different phases observed for cinnamic acid is also valid for the p-coumaric acid, with
the exception of the systems containing [Ch][Suc], which in this case show higher affinity for the
PEG 600-rich phase. Also to be mentioned, the results obtained for the systems containing
[Ch][Ac] and [Ch][Glu, where partition coefficients similar to the unit were obtained, indicating

that there is no preference for any phase.
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Figure 5.8 — Influence of the IL on the partition coefficient for p-coumaric acid (0.800 g-dm3) using IL-
based ABS and PEG 600 at room temperature.
Caffeic acid preferentially migrate to the cholinium-based-rich phase for the most hydrophilic ILs:
[Ch]CI and [Ch][Ac], being the patrtition coefficients obtained for this last IL the highest. For the
two other systems, CAF is transferred to the bottom phase constituted by PEG-600.
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Figure 5.9 — Influence of the IL on the partition coefficient for caffeic acid (0.672 g-dm3) using IL-based
ABS and PEG 600 at room temperature.

The validation of the quantification of phenolic acids methodology was achieved through the use
of a mass balance. The material balance for the PEG 600-based systems is described in Table

12.4,

Table 12.5 and Table 12.6 in Appendix D.
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Selective extraction

Several extraction techniques have been developed in the literature in an attempt to obtain more
efficient extraction of the analytes from the matrix by improving the selectivity for target
compounds, reducing of both extraction time and organic solvent consumption. Selective
extraction by means of partitioning of the biomolecules in ABS has been shown to be a feasible

alternative as suggested by J.F.B. Pereira et al.(4?

The migration of a target solute in an ABS depends on the physicochemical properties of the two
aqueous phases in equilibrium, so that specific interactions can be manipulated. Several
conditions, such as the chemical composition of the system, temperature, pH, and the inclusion
of adjuvants, affinity ligands or amphiphilic structures (- 43 44, can be used to control the
biomolecules partitioning. In the previous chapters, several aqueous biphasic systems comprising
ILs and K3PO4 or PEG were tested for the separation of each one of the studied phenolic acids.
As it can be seen in Figure 5.6, some of the PEG-based systems might allow for the selective
extraction of one phenolic acid to one phase and the other acids to the other phase. This chapter
focuses on the use of lonic Liquid + Phenolic Acid (ag.) + Polyethylene Glycol systems to establish

a selective extraction of the phenolic acids studied in this work.

The selectivity was calculated using the partition coefficients obtained according to Equations (5)
and (6).

Kcar

SCAF/CIN = K (%)
CIN
Kcar

Scin/cov = X (6)
cou

Where (Scaricin) and (Scaricou) are the selectivities of caffeic acid regarding cinnamic acid and

coumaric acid, respectively.

The calculated selectivity data is shown in Table 6.1 and allow the evaluation of the IL structural
influence in the selectivity, at room temperature. The selectivity data indicate that the IL chemical
structure has a huge influence on the selective separation of caffeic acid from the remaining

phenolic acids.
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Table 6.1 — Selectivities of caffeic/cinnamic (Scarcin) and caffeic/coumaric (Scaricou) considering all PEG
600-ILs-based ABS, tested at room temperature.

S Selectivity
lonic Liquid
Scarcin Scaricou
[Ch]CI 3.625 2528
[Ch][Ac] 11.540 5.176
[Ch][Suc] 0.175 3.303
[Ch][Glu] 0.097 0.463

It can concluded that [Ch][Ac] provides the best results regarding the implementation of a
system that would be selective towards caffeic acid, in particular for the separation of caffeic
and cinnamic acids. For this specific separation, caffeic acid would be concentrated in the IL-
rich phase while cinnamic acid would be concentrated in the PEG-600 rich phase. Similar
results in terms separation efficiency can also be obtained for the ABS composed of [Ch][Glu]
although the use of this IL would reverse the relative affinity of the acids for the two phases in

equilibrium.

Based on these ideal selectivity results, a system composed of IL + PEG 600 + an agueous
solution containing both caffeic (4.44 x 10- mol-L'1) and cinnamic acid (5.40 x 104 mol-L1) was
used — one of the systems leading to higher selectivity values. Initially, a 1:1 proportion was
used but the peaks of both acid overlapped when quantified through UV-Vis. Thus, a proportion
of 1:10 (CIN:CAF) was used. A proportion of 10:1 (CIN:CAF) was also studied but only the peak

of cinnamic acid at a wavelength of 270.1 nm was visible in the spectra obtained.

Only the most performant systems were chosen to implement the selective extraction.
Consequently, the systems containing [Ch]Cl and [Ch][Ac] were used for the selective extraction
of caffeic/cinnamic and [Ch][Ac] for caffeic/coumaric. Using a deconvolution technique to separate
the peaks of the spectra of the two compounds, the respective K values were calculated and the
experimental selectivity parameter were determined and their values are depicted in Table 6.2.

Table 6.2 — Partition coefficients of caffeic (Kcar) and cinnamic (Kcin), and selectivity parameters for the
caffeic + cinnamic (Scarcin) pair in the ABS composed of PEG 600 + [Ch][Ac] at 298.15 K.

lonic Liquid Phenolic aqueous solution Kcar Kein Scarcin
Caffeic 4.97 -
, _ 11.54
[Ch][Ac] Cinnamic - 0.43
Caffeic + Cinnamic 0.96 2.10 0.46
Caffeic 1.15 -
. . 3.62
[Ch]CI Cinnamic - 0.32
Caffeic + Cinnamic 0.99 1.11 0.89
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Figure 6.1 depicts the logarithmic function of cinnamic acid and caffeic acid partition coefficients

and consequently the migration of both acids.

[Ch]CI [Ch][Ac]
0.35
0.25 4 IL-rich phase
0.15
% 0.05 |
= | I
-0.05 -
PEG 600-rich phase
-0.15

B Cinnamic Acid Caffeic Acid

Figure 6.1 — Logarithmic function of cinnamic and caffeic acids partition coefficients (logKacid) in the ABS
composed of PEG 600 + [Ch]CI and [Ch][Ac] at room temperature.
Comparing the results in Table 6.2 for the separation of caffeic and cinnamic acids it can be seen
that the cinnamic acid is preferentially extracted to the cholinium-rich phase whereas caffeic acid
is mainly concentrated in the PEG-600-rich phase. This was the opposite of what was expected
from the partition coefficients obtained from the individual solutions of the acids. A possible
explanation is the occurrence of interactions between the two acids, due to the similarity of the
chemical structures, in other words, there is a hetero-association between cinnamic acid and
caffeic acid leading to the formation of complexes. The formation of hetero-complexes could
explain the change in the UV-vis spectra that was observed when the two acids are present in
the mixture. This indicates that a separation of these organic acids is in fact quite complex, and
that not only a more sophisticated analytical technique is in need, but also a speciation study

needs to be carried out before new separations experiments can be planned.

The results obtained for the mixture of phenolic acids (Scarcinchiac = 0.46 and Scaricin-chljac) =
0.89) show low selectivity values, lower than those obtained using the ideal partition coefficients.
This is due to the similar partition coefficients obtained when the acid mixture is used. The partition
coefficients of caffeic acid regarding p-coumaric acid and the respective selectivity values are

shown in Table 6.3.
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Table 6.3 — Partition coefficients of caffeic (Kcar) and p-coumaric (Kcou), and selectivity parameters for the
caffeic + p-coumaric (Scaricou) pair in the ABS composed of PEG 600 + [Ch][Ac] at room temperature.

Phenolic agueous solution Kecar Kcou ScaFicou
Caffeic 4.97 -
. 5.18
p-Coumaric - 0.96
Caffeic + p-Coumaric 0.18 1.29 7.18

Again, a change in the preferential migration of the acids towards each one of the phases is
observed, i.e., when mixtures of each one of the acids were prepared using PEG 600 and [Ch][Ac]
ABS, the caffeic acid preferred the IL-rich phase, while p-coumaric acid the PEG 600-rich phase.
In the case where a mixture of the acids was used, caffeic acid is mainly transferred to the PEG
600-rich phase and p-coumaric acid to the IL-rich phase. Nevertheless, it should be pointed out
that despite the lower K values obtained when the mixture of the acids is used, a higher selectivity
was also obtained. Contrary to what happened when solutions of a single acid were studied, the
K values obtained in this case are further apart leading to a large selectivity value. A log-scale

representation of the K values obtained is presented in Figure 6.2.
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Figure 6.2 — Logarithmic function of p-coumaric and caffeic acids partition coefficients (logKacid) in the ABS
composed of PEG 600 + [Ch][Ac] at room temperature.

Again, the switch of both phenolic acids phase affinity can be attributed to a possible hetero-
association between the p-coumaric acid and the caffeic acid, in a similar manner to what
happens to cinnamic and caffeic. Belay ¢4, suggested the existence of self-association of caffeic
acid due to hydrogen bonding of carboxylic or catechol groups due to a shift of maximum

absorbance relevant to the concentration of caffeic acid.

98



7. General Conclusions



7. General Conclusions

100



7. General Conclusions

General Conclusions

The overall objective of this work was to study the extraction efficiency in the liquid—liquid
separation of some cholinium-based ILs and an imadazolium of three phenolic acids, cinnamic
acid, p-coumaric acid and caffeic acid, due to their importance in their beneficial effects in the

human health.

The advantages of using ABS as extractions processes include the rapid mass transfer due to
low-interfacial tension, the facility in operation under continuous mode, the rapid and selective
separation, the biocompatibility, separation at room temperature and high yield of biomolecules.
Due to the nature of the ILs, these compounds can be tuned via different cation/anion
combinations to allow more efficient separations. In this work, imidazolium and choline-based ILs
were used, allowing the study of the influence of the cation and the anion chemical in the ABS

extraction capability.

Two different types of ABS were used: i) containing KsPO4 and ii) containing PEG-600. The first
system tested was the IL-K3sPOs-H20-Phenolic Acid (ag.) system. The order of the partition
coefficients of phenolic acids obtained was: [Ch]C/ = [Ch][Ac] > [Camim]CI > [Ch][LeV] > [Ch][GIu]
> [Ch][Suc] for cinnamic acid; [Camim]CIl > [Ch][Lev] > [Ch]CI > [Ch][GIu] > [Ch][Ac] > [Ch][Suc]
for p-coumaric acid; and [Ch][Lev] > [Camim]CI > [Ch]CI > [Ch][GIu] > [Ch][Ac] > [Ch][Suc] for
caffeic acid. Complete extractions were obtained for the cinnamic acid when systems composed
of [Ch]CI and [Ch][Ac] were used. The data obtained for the extraction of the phenolic acids
showed that cholinium-based ABS provide real and improved alternatives to extraction with
imidazolium- and phosphoniums-based ABSs. Compared to the low partition coefficients
observed in typical polymer-based ABSs, cholinium-salt based systems led to the complete
extraction of phenolic acids to the ionic liquid-rich phase in a single-step, by way of the targeted

manipulation of the phase-forming components and their concentration.

The evaluation of the extraction results lead to the conclusion that cholinium chloride is a good
choice of a solvent for the extraction of cinnamic acid, since beside its good efficient extraction it

is nontoxic and environmentally acceptable.

The second part of this work addressed the use of ABS containing polyethylene glycol 600/IL
systems, where phenolic acids may be recovered in both the bottom phase (PEG-rich phase) and
upper phase (IL-rich phase) depending on the ionic liquid nature, with Kacip values in the range
of 7 - 10.

Both examples suggest that, independently of the pH, the salting-out agent employed has a major
influence on the partitioning of phenolic acids. High extraction efficiencies of biologically active
phenolic acids are attained using a high charge inorganic salt (KsPQOa). Systems composed with
cholinium chloride and cholinium acetate, the most hydrophilic ionic liquids used in this work,
display high partition coefficients. Aqueous biphasic systems formed by PEG 600 show lower

partition coefficients and consequently lower extraction efficiencies.
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This work shows that the extraction of phenolic acids from aqueous solutions is not a trivial task.
Despite the existence of different species in solution, according to the different pKas, the
possibility of dimerization or other forms of self-association including polymerization, and
particularly hetero-association with other charged species present in solution, such as salts or
other acids, makes the extraction, purification and quantification a rather difficult task. ABS
showed that they are complex systems that can severely affect the phenolic acids extraction due
to their intrinsic characteristics. It is thus desirable to carefully choose not only a suitable IL to
carry out the extraction, but the nature of the salting out agent is also very important in success

of operation.
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Spectra of Phenolic Acids
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Figure 9.1 — Spectra of cinnamic acid absorbance at a wavelength of 270.1 nm in different diluted aqueous

solutions.
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Figure 9.2 — Spectra of p-coumaric acid absorbance at a wavelength of 286 nm in different aqueous
solutions.
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Figure 9.3 — Spectra of caffeic acid absorbance at a wavelength of 290 nm in different diluted aqueous

solutions.
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Figure 9.4 — Spectra of p-coumaric acid absorbance at a wavelength of 331 nm in different diluted
aqueous solutions of KsPOa.
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Figure 9.5 — Spectra of caffeic acid absorbance at a wavelength of 267.5 nm in different diluted aqueous
solutions of KsPOa.
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Figure 9.6 — Spectra of p-coumaric acid (286 nm) in IL-rich phase of system composed of PEG 600 +
Cholinium-based IL.
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Figure 9.7 — Spectra of p-coumaric acid (286 nm) in PEG 600-rich phase of system composed of PEG 600
+ Cholinium-based IL.
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Calibration Curves
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Figure 10.1 — Calibration curve for cinnamic acid (270.1 nm) in aqueous solution at room temperature.
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Figure 10.2 — Calibration curve for p-coumaric acid (286 nm) in aqueous solution at room temperature.
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Figure 10.3 — Calibration curve for caffeic acid (290 nm) in aqueous solution at room temperature.
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Figure 10.4 — Calibration curve for caffeic acid (312 nm) in aqueous solution at room temperature.
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Figure 10.5 — Calibration curve for p-coumaric acid (331 nm) in aqueous solution of KsPO4 at room

temperature.
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Figure 10.6 — Calibration curve for caffeic acid (267.5 nm) in aqueous solution of KsPO4 at room
temperature.
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Figure 10.7 — Calibration curve for p-coumaric acid in PEG 600 (®) and IL-rich (A) phases at room
temperature.
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Physicochemical Properties of lonic Liquids

Table 11.1 — Viscosity (n) and density (o) of the coexisting phases in ABS composed of cholinium-based
ionic liquid + PEG 600 + H20 at various temperatures.

PEG 600-rich phase Cholinium-rich phase
lonic (bottom phase) (top phase)
Liquid T/K , _
n/ mPa-s p/gcm?3 n/ mPa-s p/gcm?3
293.15 184.267 1.127 57.898 1.109
[Ch]CI 298.15 138.020 1.123 45.269 1.107
303.15 106.735 1.119 38.287 1.105
293.15 267.593 1.124 90.987 1.099
[Ch][Ac] 298.15 199.497 1.120 70.004 1.096
303.15 150.953 1.116 55.024 1.093
293.15 237.993 1.170 216.913 1.141
[Ch][Suc] 298.15 175.333 1.165 159.833 1.137
303.15 132.827 1.160 120.130 1.133
293.15 225.183 1.150 339.780 1.138
[Ch][Glu] 298.15 169.263 1.147 254.167 1.133
303.15 131.993 1.144 - -
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Experimental Data of the Partition Coefficients

Table 11.2 — Partition coefficients (K), respective standard deviations (g) and mixture compositions at
room temperature.

Weight fraction percentage / wt%

IL + K3POg4 TLL Kacid
[IL]m [K3POa]m [ACID]m (aqg.)
Cinnamic Acid
[Ch]CI 20.65 34.33 45.02 70.97 247.40
[Ch][Ac] 30.04 23.00 46.96 66.92 227.50
[Ch][Suc] 30.28 30.00 39.72 92.39 9.32
[Ch][Glu] 29.64 30.03 40.33 84.19 19.34
[Ch][LevV] 30.15 20.22 49.63 53.52 30.05
[Csmim]CI 25.02 15.02 59.96 47.01 49.97
p-Coumaric Acid
[Ch]CI 20.65 34.33 45.02 70.97 383.90
[Ch][Ac] 30.04 23.00 46.96 66.92 26.06
[Ch][Suc] 30.28 30.00 39.72 92.39 9.48
[Ch][Glu] 29.64 30.03 40.33 84.19 19.74
[Ch][LeV] 30.15 20.22 49.63 53.52 1.39
[Csmim]CI 25.02 15.02 59.96 37.32
Caffeic Acid
[Ch]CI 20.65 34.33 45.02 70.97 5.45
[Ch][Ac] 30.04 23.00 46.96 66.92 2.49
[Ch][Suc] 30.28 30.00 39.72 92.39 3.05
[Ch][Glu] 29.64 30.03 40.33 84.19 5.05
[Ch][LevV] 30.15 20.22 49.63 53.52 0.34
[Csmim]CI 25.02 15.02 59.96 11.09
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Table 11.3 — Partition coefficients (K), respective standard deviations (o) and mixture compositions at
room temperature.

IL EOPOEG Weight fraction percentage / wt% L ot
[IL]m [PEG 600]m [ACID]wm (aq.)
Cinnamic Acid

[Ch]CI 34.93 54.94 10.13 115.65 0.31+0.01
[Ch][Ac] 39.82 49.79 10.39 123.64  0.4310.03
[Ch][Suc] 43.87 41.26 14.87 105.38  5.06+£0.90
[Ch][Glu] 42.14 42.62 15.24 100.86  2.73+0.27

p-Coumaric Acid

[Ch]CI 34.93 54.94 10.13 115.65 1.15+£0.008
[Ch][Ac] 39.82 49.79 10.39 123.64  4.97 £3.15
[Ch][Suc] 43.87 41.26 14.87 105.38 0.49
[Ch][Glu] 42.14 42.62 15.24 100.86 0.45

Caffeic Acid

[Ch]CI 34.93 54.94 10.13 115.65 0.45%0.01
[Ch][Ac] 39.82 49.79 10.39 123.64 0.96+0.28
[Ch][Suc] 43.87 41.26 14.87 105.38  0.15+0.11
[Ch][Glu] 42.14 42.62 15.24 100.86  1.00 +0.02
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Synthesis of lonic Liquids

The ionic liquids/salts used in this work, namely the cholinium acetate ([Ch][Ac]), cholinium
succinate ([Ch][Suc]), cholinium glutarate ([Ch][Glu]) and cholinium levulinate ([Ch][lev]), were
prepared by dropwise addition of the corresponding acid (1:1) to aqueous cholinium bicarbonate,
following an established procedure.5 46) The mixtures were stirred at ambient temperature and
pressure for 12 h. The resulting products were washed with diethyl ether to remove unreacted
acid. Excess of water and traces of other volatile substances were removed first by rotary
evaporation, and then by stirring and heating under vacuum. The chemical structures and the
purities of the synthesized cholinium-based ILs were confirmed by 'H and 3C NMR. All the ionic
liquid samples were dried prior to their use by stir-heating under vacuum at moderate temperature
(40-50°C, > 48 h, ca. 0.01 mbar). Their water contents were determined by Karl Fischer titration

(831 KF Coulometer, Metrohm) and considered in all experiments.
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Mass Transfer

Mass Transfer in IL + Phenolic Acids (aq.) + KsPO4 systems

Table 12.1 — Validation of cinnamic acid quantification through mass balance.

lonic Liquid [Csmim]CI [Ch]CI [Ch][Ac] [Ch][Suc] [Ch][Glu] [Ch][LeV]

[Total CIN]/ g-dm™ 0.167 0.167 0.167 0.167 0.163 0.163
TOTAL men/ g 1.50x103 7.53x104 6.26x104 6.62x104 6.41x104 7.87x104

Dilution Factor - - - - - 1:50

[CIN],. at 270.1 nm / g:dm®3 0.081 0.243 0.149 0.093 0.127 0.012
[CIN]kspos at 270.1 nm / g-dm™ 1.61x103 9.82x104 6.54x104 9.96x103 6.59x103 1.93x1072
Mcin-e at 270.1nm / g 7.14x104 7.58x104 6.04x104 4.64x10* 6.20x104 3.20x103
Mcin-kspos at 270.1 nm / g 6.06x106 4.05x10° 6.54x107 9.96x10°6 6.59%x10°6 1.93x10°
Closure of balance 7.78x104 -8.78x10¢ 2.15x10° 1.88x104 1.44x10° -2.43x10°3
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Table 12.2 — Validation of p-coumaric acid quantification through mass balance.

lonic Liquid [Camim]CI [Ch]CI [Ch][Ac] [Ch][Suc] [Ch][Glu] [Ch][LeV]
[Total COU]/ g-dm 0.013 0.013 0.013 0.013 0.013 0.013
TOTAL mcou/ g 7.93x10% 5.98x10% 6.53x10° 5.07x10% 5.23x10% 5.07x10%
Dilution Factor - - - - - 1:50
[COU] at 331 nm / g-dm 0.010 0.032 0.020 0.012 0.009 0.001
[COU]kspo4 at 331 nm / g:dm™ 2.65%x104 1.07x103 2.32x10° 2.04x103 4.85x104 1.00x103
McouqL at 331 nm /g 1.22x10+4 9.80x10° 1.14x10+4 5.97x10% 4.61x10° 2.72x104
Mcoukspos at 331 Nnm /g 6.98x107 4.45x10¢ 2.32x106 2.04x106 4.85x107 1.00x106
Closure of mass balance -4.37x10° -4.27x10° -5.06x10° -1.11x10° 5.75x106 -2.22x104
Table 12.3 — Validation of caffeic acid quantification through mass balance.
lonic Liquid [Camim]CI [Ch]CI [Ch][Ac] [Ch][Suc] [Ch][Glu] [Ch][LeV]
[Total CAF]/ g-dm 0.022 0.017 0.017 0.022 0.022 0.022
TOTAL mcar/ g 1.29x10+4 6.29x10° 7.98x10° 4.22x10° 8.47x10° 1.04x10+
Dilution Factor 1:2 - - - - 1:50
[CAF],. at 267.5 nm / g-dm™ 0.006 0.045 0.022 0.023 0.026 0.005
[CAF]kspos at 267.5 nm / g-dm 0.001 0.008 0.009 0.008 0.005 0.010
McarL at 267.5nm /g 8.31x10°% 1.11x10* 1.18x10* 5.78x10°% 1.30x10* 1.32x103
Mcar-k3posa at 267.5nm / g 3.08x106 2.76x10° 8.83x10°6 7.59%x106 5.15%106 1.05x10%
Closure of mass balance 4.30x10% -7.52x10% -4.69x10° -2.32x10° -5.08x10° -1.23x10°3
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Mass Transfer in IL + Phenolic Acids (ag.) + Polyethylene Glycol systems

Table 12.4 — Validation of the quantification of cinnamic acid through mass transfer.

lonic Liquid [Ch]CI [Ch][Ac] [Ch][Suc] [Ch][Glu]
[Total CIN]/ g-dm™ 0.147 0.147 0.147 0.147
TOTAL men/ @ 1.14x10* 1.10x10* 1.06x104 1.56x104
Dilution Factor 1:4 1:3 1:3 1:3
[CIN],. at 270.1 nm / g-dm3 0.006 0.008 0.027 0.023
[CIN]pec at 270.1 nm / g-dm3 0.019 0.016 0.006 0.009
Mcin at 270.1/ g 2.01x10° 2.46x10° 6.30x10° 7.59%x10°
Mcin-peg at 270.1 nm /g 6.86x10° 6.43x10° 1.09%x10° 3.40x10°
Closure of balance 2.51x10° 2.16x10° 3.16x10° 4.65x10°

Table 12.5 — Validation of the quantification of caffeic acid through mass transfer.

lonic Liquid [Ch]CI [Ch][Ac] [Ch][Suc] [Ch][Glu]
[Total CAF]/ g-dm 0.672 0.672 0.672 0.672
TOTAL mcar/ g 5.49x104 5.03x104 4.86x104 7.13x104
Dilution Factor 1.5 1:3 1:10 1:10
[CAF]L at 290 nm / g:dm® 0.053 0.093 0.058 0.045
[CAF]pec at 290 nm / g-dm® 0.047 0.018 0.098 0.099
McariL at 290 nm / g 1.88x10+4 2.97x104 1.49x10*4 1.61x10*4
Mcar-pec at 290 nm /g 1.65x10* 6.78x105 1.55x104 3.18x104
Closure of balance 1.96x10* 1.38x10* 1.82x104 2.33x10*

Table 12.6 — Validation of the quantification of p-coumaric acid through mass transfer.

lonic Liquid [Ch]CI [Ch][Ac]
[Total COU]/ g:dm 0.800 0.800
TOTAL mcou/ g 5.90x10* 6.02x104
Dilution Factor 1.5 1:3
[COU]. at 286 nm / g-dm™ 0.015 0.030
[COU]pec at 286 nm / g-dm3 0.030 0.019
Mcou-L at 286 nm /g 4,98x10° 9.88x10°
Mcou-pec at 286 Nnm / g 1.09x10+4 7.22x10°
Closure of balance 4.31x10* 4.31x104
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NMRs spectrums of lonic Liquids
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Figure 13.1 — 'H-NMR spectrum of [Ch][Suc] in D20.
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Figure 13.2 — 1C-NMR spectrum of [Ch][Suc] in D20.
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Figure 13.3 — *H-NMR spectrum of [Ch][Glu] in D20.
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Figure 13.4 — *C-NMR spectrum of [Ch][Glu] in D20.
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