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Chapter 1

Introduction to Innovative
Solvents



Chapter 1. Introduction to Innovative Solvents

1.1 Why do we need innovative solvents?

It is generally accepted that the use of organic solvents is of great environ-
mental concern.! Specifically if they are particularly hazardous and increase
the carbon footprint, while a reduction in carbon footprint is needed, as ac-
knowledged by the European Union. For 2020 the EU introduced rules on
“climate and energy package’,> which states that their should be a 20% cut in
greenhouse gas emissions, 20% of energy via renewables and 20% improve-
ment in energy efficiency. Before 2050 the EU desires a "low-carbon economy’
via a cut in greenhouse gas emissions of 80%.>

Leading starting points to reduce environmental hazards are the twelve
principles of Green Chemistry, which were established by Anastas and Warner

in their book ‘Green chemistry: theory and practice’.* These principles are:

1. Prevention
It is better to prevent waste than to treat or clean up waste after it has

been created.

2. Atom Economy
Synthetic methods should be designed to maximize the incorporation of
all materials used in the process into the final product.

3. Less Hazardous Chemical Syntheses
Wherever practicable, synthetic methods should be designed to use and
generate substances that possess little or no toxicity to human health

and the environment.

4. Designing Safer Chemicals
Chemical products should be designed to affect their desired function

while minimizing their toxicity.

5. Safer Solvents and Auxiliaries
The use of auxiliary substances (e.g., solvents, separation agents, etc.)
should be made unnecessary wherever possible and innocuous when

used.
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10.

11.

12.

. Design for Energy Efficiency

Energy requirements of chemical processes should be recognized for
their environmental and economic impacts and should be minimized. If
possible, synthetic methods should be conducted at ambient temperature

and pressure.

Use of Renewable Feedstocks
A raw material or feedstock should be renewable rather than depleting
whenever technically and economically practicable.

. Reduce Derivatives

Unnecessary derivatization (use of blocking groups, protection/depro-
tection, temporary modification of physical /chemical processes) should
be minimized or avoided if possible, because such steps require addi-
tional reagents and can generate waste.

. Catalysis

Catalytic reagents (as selective as possible) are superior to stoichiometric
reagents.

Design for Degradation

Chemical products should be designed so that at the end of their function
they break down into innocuous degradation products and do not persist
in the environment.

Real-time Analysis for Pollution Prevention
Analytical methodologies need to be further developed to allow for
real-time, in-process monitoring and control prior to the formation of

hazardous substances.

Inherently Safer Chemistry for Accident Prevention
Substances and the form of a substance used in a chemical process should
be chosen to minimize the potential for chemical accidents, including

releases, explosions, and fires.
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These can be summarized as “the design, development, and implement-
ation of chemical products and processes that reduce or eliminate the use
and generation of substances hazardous to human health and environment.”*
As mentioned before, one of the main hazardous constituents of chemical
processes are solvents. Thus, from the viewpoint of Green Chemistry more
environmentally friendly solvents, termed designer or innovative solvents,
should be developed to replace the ones currently used in industrial processes.

Active research has been performed in recent years into replacing solvents.
Two categories of innovative, designer solvents have been investigated. These

are ionic liquids (ILs) and deep eutectic solvents (DESs).

1.2 Ionic liquids and deep eutectic solvents: definition
and preparation methods

Ionic liquids are considered as the first generation of innovative solvents. ILs
are salts composed of an organic cation and an organic/inorganic anion with
a melting temperature below 373 K. They may even be often liquid at room
temperature.® ILs are regarded as designer solvents due to the large number
of possible combinations of cations and anions to prepare ILs, which leads
to a wide tunability of their physicochemical and toxicological properties.®
Compared to conventional organic solvents, unique properties such as the low
volatility of ILs favors their use in a variety of applications, for example in
synthesis and catalysis, electronic devices, thermal fluids and separations.®~'

The field of ILs can be subdivided into two classes, i.e. aprotic ionic
liquids (AILs) and protic ionic liquids (PILs). Depending on the type of IL, the
synthesis is conducted by different procedures, which have been reviewed in
the literature. Several detailed synthesis methods have been devised,>% 11715
but the most common synthesis of AlLs is the quaternization of an amine,
phosphine or sulfide with haloalkanes upon the formation of a halide salt.
The second step is the anion metathesis reaction by addition of a metal salt,
whereby the halide anion is exchanged for the salt anion. In Figure 1.1 the

most widely used cations and anions of AILs are shown.
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Figure 1.1: Commonly used cations and anions for aprotic ionic liquids.

PILs are easily prepared by proton transfer from a Brensted acid to a

Bronsted base, in equimolar proportions.'®> The preparation of a PIL is most

commonly an exothermic reaction, so cooling is necessary. For PILs it has to

be considered that there is a possibility that they are not only composed of

ions, but may also contain neutral molecules (<1%) due to the dependence
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on the acid-base equilibrium.'® In Figure 1.2 some representative cations and
anions for PILs are presented.

At H 0

HN N HsC—C_ _
\—/ 0
R H

=
o]
|
N
© I

N
| I
+ 2 —Q —
’\ll HO ISI 0
H
. ,
N
o 055, 520
3 R, F3C b O’ CF3

Figure 1.2: Commonly used cations and anions for protic ionic liquids.

Major disadvantages of ILs are their toxicity, complicated synthesis and
need for purification. This makes them expensive and not preferable for the
chemical industry, so there was a clear need for other innovative solvents.
Preferably, such solvents should have similar physicochemical properties
as ILs, but can be easily prepared from readily available compounds. This
explains the interest leading to the development and focus on deep eutectic
solvents (DESs).

DESs are a combination of two solid components that undergo entropy
of mixing, hydrogen bonding and Van der Waals interactions, lowering the
melting point of this complex. It is generally stated that one component be-
haves as a hydrogen bond donor (HBD) and one as a hydrogen bond acceptor
(HBA). DESs are generally easy to prepare. In the most easy and commonly
used preparation method, the heating method, the two solid constituents of
the DES are mixed together and heated until a liquid is formed. No additional
solvent is needed and no reaction occurs. Consequently, no purification steps
are needed, making them promising and economically viable alternatives for

conventional organic solvents and ILs.!6-18
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Other methods reported for the preparation of DESs are the vacuum evap-
orating, grinding and freeze-drying methods. In the evaporating method, the
components are dissolved in water, after which the majority of water is evapor-
ated at 323 K under vacuum. The final mixture is kept inside a desiccator with
silica gel until it reaches a constant weight.!” In the grinding method the two
solid components are added to a mortar, after which they are grinded until a
clear, homogeneous liquid is formed, typically under a nitrogen atmosphere
and inside a glovebox.?’ In the freeze-drying method, both the HBD and the
HBA are dissolved in approximately 5 wt% of water. These two solutions are
mixed, frozen and subsequently freeze-dried to form a clear, homogeneous
liquid.?! Figure 1.3 illustrates some of the HBDs and HBAs that have been
used to prepare DESs.
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Figure 1.3: Structures of some hydrogen bond donors and hydrogen bond acceptors used to
form deep eutectic solvents.

1.3 Physicochemical properties of deep eutectic solvents
as compared to ionic liquids
Since it is often noted that DESs are the next generation of designer solvents,

the successors of the ILs, here some physicochemical properties of both de-
signers solvents are presented.
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1.3.1 Density

The density of a material depends on how lightly the molecules can pack
together, which in turn is related to the size mass and shape of their molecules
and intermolecular interactions. The densities of most of the ILs range between
800 and 1600 kg - m—3.22% Literature reviews of thermophysical properties
have been published, describing the main aspects of the effect of the cation or
anion, impurities and methodologies.> 2330

DESs have densities within the same range as ILs. Following the trend
that was observed for ILs, the densities of DESs decrease with an increase
of the alkyl chain lengths of their components.?>31-3¢ Tt was also observed
that the densities decrease as the relative ratio of a salt as HBA to HBD is

increased 3”38

1.3.2 Viscosity

The shear viscosity is an important property, which describes the internal
resistance of a fluid to shear stress. At ambient temperature, ILs have a higher
viscosity (around 10 mPa - s to 103 mPa - s) than typical molecular liquids
(around 0.2 mPa - s to 10 mPa - 5).>233 The viscosity of an IL depends on the
combination of the cation and anion and on impurities present, effects that
are well studied in the literature.> 234042 For example, the presence of very
low concentrations of chloride drastically increases the viscosity, whereas the
presence of water significantly reduces it.*>*8

DESs exhibit relatively high viscosities. Depending on the combination
of the HBD and HBA viscosities above 10* mPa - s can even be reached.*’
The viscosity of a DES is mainly affected by the chemical nature and ratio
of its components, the temperature and the water content. Recently, the
addition of water has been presented as a method to tailor the viscosity of
DESs.21:%0.51 However, it should be noted that individual DES components
can be fully solvated at water contents between 25 and 50 wt%.°%>! Hence, if
the specific DES properties are to be preserved, there are limits to the addition
of water to tailor the viscosity. In general, in a IL or a DES, the decrease of
viscosity with increasing temperature is more pronounced than in a molecular
liquid.2%-23,26,31,32,35,52,33 The higher viscosities are directly related to their
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intermolecular interactions. The increase of the temperature will considerably
decrease their intensity and consequently decrease the viscosity.

1.3.3 Thermal phase behavior

Both AILs and PILs exhibit a wide liquid range, which depends on the lower
temperature limit (glass formation or crystallization) and the upper temperat-
ure limit (usually the thermal decomposition temperature) of the liquid win-
dow. For many ILs, the cooling of the liquid phase goes through a metastable
state (supercooling), and later to a glass transition, which is detected typic-
ally in the region between 173 and 213 K. In some cases multiple solid—solid
transitions have been observed.>*5¢

DESs are usually composed of asymmetric components contributing to
a decrease of the lattice energy and consequently attain lower melting tem-
peratures than the pure components.”” The melting temperature of DESs is
related to the interactions between the HBD and HBA. DESs are characterized
by having a lower melting temperature than the individual components. DESs
that are liquid at room temperature are the focus of current increasing research
activities in the field %%~

Like ILs, some room temperature DESs do not crystallize readily, but
undergo a supercooled state or glass transition.!”2%32 In other cases, their
thermal behavior is quite complex and they can exhibit multiple solid-solid
transitions or plastic crystal behavior.®Y The glass transition of DESs is typically
detected in the region between 173 and 213 K, as observed for ILs.!7-20-31,32,57,58,61
Regarding the thermal stability, most of the reported DESs present a decom-

position temperature near 473 K or below, being relatively less stable than
ILs.19.31,32,57,58

1.3.4 Toxicity

ILs and DESs are usually regarded as ‘green’ solvents, especially due to their
low volatility. However, the high solubility in aqueous media represents
a risk to the aquatic environment. The stability of ILs makes them poorly

62-65

decomposable by microorganisms, persisting in the environment for some

time.% The antimicrobial activity towards microorganisms in a wide range

10
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of ILs was investigated.®’-®® Most importantly, an increase of toxicity with
the increase of the cation alkyl chain length was observed. One of the main
advantages of DESs is the promising low toxicity compared to ILs. DESs
have usually been considered as non-toxic solvents, due to the use of natural
and safe components that are readily available. The toxicity of phosphonium
based DESs was evaluated and it was found that the toxicity depends on the
composition, viscosity and molar ratio of the two components.®® Additionally,
the toxicity of the DESs was compared with that of the individual constituents,
and it was found that the studied DESs presented either higher or lower
toxicity.®” Thus, most likely it will all depend on the components that are
used for the DESs and the effects that the mixing of the two components has
on their toxicity. More information on toxicity of DESs can be found in the

literature.>-66:70

1.4 Can DESs be considered as ‘green’ solvents?

A main question that has to be answered for DESs is whether they can be
considered as ‘green’ solvents. In general, it is accepted that DESs are denoted
as the next generation of solvents, overcoming disadvantages of ILs.”® The
biggest disadvantage of ILs is the fact that they are expensive due to their
preparation by a chemical reaction of the components followed by extensive
purification.

However, as also mentioned in section 1.3.4 only a few papers discussed
the toxicity of the DESs so far. Moreover, the topic of performing measure-
ments on the biodegradability of DESs is hardly touched in the literature.
These two aspects will become key for the future of the field of DESs. Even
if DESs can be used for the most elegant applications, it is their toxicity and
biodegradability that will determine whether they can truly be a worthy
replacement for the solvents currently used in the industry.

Most likely a first estimation for the toxicity and biodegradability of a DES
can be made from the pure components. As demonstrated for DESs prepared

from natural Compomen’cs,71'72

often denoted as natural deep eutectic solvents
(NADES), it are these components that make a DES a more sustainable solvent

in comparison to conventional ones. Even when ignoring synergistic effects, it

11
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is a strong asset that ‘green” DESs can be produced from natural components,
provided that these natural components are biodegradable and low toxic.

1.5 Applications of hydrophilic deep eutectic solvents

The field of DESs is expanding rapidly, which is also shown from the amount of
DESs reported in the literature. In total 1860 publications have been presented
in the field of DESs, of which 544 were presented in 2017 (Scopus May 2018).
New applications of DESs arise nearly every day. Here, a short overview will
be given of some applications that have been extensively investigated with
DESs. For broader overviews in the field of DESs the reader is directed to the

available literature.31-57,58

Arguably, the most investigated application so far, is the use of DESs for
the processing of metals, the field where DESs were first applied. It was shown
that DESs can be used for metal electrodeposition of metals such as chrome,
aluminium, copper, nickel and zinc. Moreover, the deposition of alloy coatings
and composite coatings were also investigated.”’

Another field in which DESs have shown their potential is synthesis. Ex-
amples include polymerizations, base- and acid-catalyzed reactions, transition
metal-catalyzed reactions and bio-catalysis.’!

It has also been suggested that lignin derivatives can dissolve in DESs,
which opens the field of biomass processing with them.!” Recently, a few
papers claimed that lignin can be extracted with DESs.”®

A field that is not yet much explored much is liquid-liquid extractions,
especially not from water. Arguably, this is due to the fact that extractions
from the water phase are not possible since there were no hydrophobic DESs
reported, so far.

1.6 Outline of the thesis

The main focus of this thesis is on the design and applications of hydrophobic
DESs. This thesis is organized in such a way that after the introduction it
systematically informs the reader more about hydrophobic DESs. Starting

12
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with the discovery of DESs, it follows with the search of more sustainable ones
and applications that can be performed with them.

Chapter 2 introduces hydrophobic DESs and their physicochemical prop-
erties including the cross-contamination of the DES and water phase in liquid-
liquid extractions. The removal of volatile fatty acids from water is investig-
ated as potential application.

Chapter 3 describes a systematic search into more sustainable hydrophobic
DESs, based on terpenes. Many combinations were tested to obtain more
hydrophobic DESs. After this initial screening four criteria are set to test their
sustainability after use for extraction.

Chapter 4 is about the capture of carbon dioxide (CO;) with hydrophobic
DESs. Decanoic acid based hydrophobic DESs as presented in Chapter 2
were used for this application. The influence of different parameters such as
the molar volume, the type of anions and the temperature on CO; solubility
are studied. The results of the hydrophobic DESs are compared with ILs.
A predictive model based on Perturbed Chain Statistical Associating Fluid
Theory (PC-SAFT) is used to predict solubilities of CO, in hydrophobic DESs
and is compared to the experiments.

In Chapter 5 hydrophobic DESs are tested for metal ion extraction from
water. Transition and alkali metal ions are studied. Further, different concen-
trations of Co?" in the water and different mass ratios of DES-to-water are
investigated. It is also tested within how much time Co?* is removed from
the water phase. Finally, the extraction mechanism is evaluated.

Chapter 6 reveals how hydrophobic DESs can be used for the preparation
of oil-in-water emulsions. Light scattering is used for measuring the evolution
of the droplets over time. Different parameters such as the concentration of
the surfactant and the mass fractions of the DES were studied to check their
influence on the droplet growth. Moreover, the addition of salt on the droplet
evolution is tested.

Finally, a summary of the main results obtained in this thesis and an
outlook is presented in Chapter 7.
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Hydrophobic Deep Eutectic
Solvents

Abstract

Hydrophobic deep eutectic solvents (DESs) are presented. They consist of
decanoic acid and various quaternary ammonium salts. The effect of the
length of the alkyl chains on the hydrophobicity and the equilibrium of the
two-phase DES-water system were investigated. It is shown that these DESs
can be used for the recovery of volatile fatty acids from diluted aqueous
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Chapter 2. The Introduction of Hydrophobic Deep Eutectic Solvents

2.1 Introduction

The field of deep eutectic solvents (DESs) was developed around 2002 and
since then the focus has been on hydrophilic DESs.16-31:58 These DESs are not
applicable in a water rich environment, for certain applications such as extrac-
tions, since they would dissolve in the aqueous environment. A hydrophobic
variant widens the field of applications to include water-immiscible solvents.
Many processes have the possibility to become more effective by using these
hydrophobic solvents, due to their advantages over ionic liquids (ILs) and
conventional solvents. Moreover, an ionic character of the hydrogen bond
acceptor (HBA) of these hydrophobic DESs could offer an advantage in many
liquid-liquid extraction processes, as was shown before for ILs.10.7476

This chapter discusses the first hydrophobic DESs presented as such in the
literature. It is however debatable if earlier reports of hydrophobic DESs have
been presented in the literature. In Chapter 5 we use combinations of decanoic
acid and lidocaine for the removal of metal ions from non-buffered water.””-”8
A combination of solids that is mentioned in the literature as a deep eutectic
mixture, not stating if it is hydrophilic or hydrophobic.77' 78 While in this thesis
different hydrophobic DESs and applications will be discussed, we would like
to supply the reader with some additional information regarding hydrophobic
DESs as presented in the literature. A few months after the work of this
chapter was presented, menthol based hydrophobic DES were presented in
the literature, which were used for the removal of caffeine, tryptophan, vanillin
and isophthalic acid from water.”

In the meanwhile, hydrophobic DESs have shown their value in the sci-
entific literature for a range of applications. These include metal ion removal
from pH adjusted water,®’ and the removal of furfural and hydroxymethyl-
furfural with a hydrophobic DES membrane.8! Moreover, hydrophobic DESs
were used for performing microextractions,®>8 and for the task-specific ex-
traction of components from leaves.3*%

In this chapter hydrophobic DESs are presented that consist of a fatty acid
and a quaternary ammonium salt. Decanoic acid (DecA) was chosen as hydro-
gen bond donor (HBD) for its high hydrophobic behavior in combination with
its limited ability to undergo hydrogen bonding interactions. The solubility
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2.1. Introduction

of DecA in water is only 0.15mg - g~ ! at 293 K. As HBAs, 6 quaternary am-
monium salts were chosen, namely tetrabutylammonium chloride (N4444—Cl),
methyltrioctylammonium chloride (Nggs; —Cl), tetraheptylammonium chlor-
ide (Ng444 —Cl), tetraoctylammonium chloride (Ngsgg —Cl), methyltrioctylam-
monium bromide (Nggg; —Br) and tetraoctylammonium bromide (Ngggs —Br).
Their physicochemical properties will be discussed, followed by the cross-
contamination of the DES and water phase, which depends on the length of
the carbon chains of the quaternary ammonium salts. Finally, the studied
DESs will be evaluated as extractants for volatile fatty acids (VFAs) from dilute
aqueous solutions. The obtained extraction efficiencies at room temperature
(295 K) will be compared with trioctylamine (TOA) as extracting agent.
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Chapter 2. The Introduction of Hydrophobic Deep Eutectic Solvents

2.2 Experimental section

2.2.1 Materials, preparation and extraction method
Materials for the preparation

Tetrabutylammonium chloride (Ng444 —Cl) was purchased from Merck with
a purity >95%, tetraheptylammonium chloride (N7777—-Cl) was obtained
from Acros Organics with a 95% purity and methyltrioctylammonium chlor-
ide (Nggg1 —Cl), tetraoctylammonium chloride (Ngggg —Cl), methyltrioctylam-
monium bromide (Nggs1 —Br) and tetraoctylammonium bromide (Nggss —Br)
were acquired from Sigma-Aldrich with purities of 97%, 97%, 97% and 98%,
respectively. Decanoic acid was purchased from Sigma-Aldrich with a purity
higher than 98%. The chemical structures are presented in Figure 2.1.

[o]

A~~~
decanoic acid
‘\_\ ‘\_\_\_\ BN N YN
SN KCI\'/\ SeseSsN

Br-
tetrabutylammonium chloride \_\_\_\; \/\/\/\/’\lh\/\/\/\/

tetraoctylammonium chloride tethyltrioctylammonium bromide

e T b

tetraheptylammonium chloride tetraoctylammonium bromide tethyltrioctylammonium chloride

Figure 2.1: Chemical structures of the components used for the preparation of the hydrophobic
DESs.

Materials for the mixing with water and the extraction

The volatile fatty acids (VFAs) propionic acid (>99.5%) and butyric acid
(>99%) were acquired from Sigma-Aldrich. Acetic acid (glacial, 100%) was
obtained from Merck. These chemicals were used as provided. MilliQ water
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2.2. Experimental section

was used for the preparation of the solutions and for the mixing of the DESs
with water, which was obtained from a Millipore Milli—Q® biocel, which used
a Q-grade® column.

Preparation

The six deep eutectic solvents (DESs) were all prepared following the same
experimental method. The hydrogen bond donor (HBD), decanoic acid, was
first weighted in a flask. The hydrogen bond acceptors (HBAs), the quaternary
ammonium salts, were first weighted in a weighing boat. The amount of HBA
was mixed with the amount of HBD in the flask. The flask was then heated in
an oil bath at a temperature of 323 K until it was a clear liquid. The wall of
the flask was rinsed with the DES inside the flask to ensure that all the solid
was in the liquid phase. After rinsing the flask was again heated up to 323 K
until again a clear liquid was obtained. Afterwards, the DES was maintained
at room temperature (295 £ 1 K) overnight.

Mixing with water

All the DESs were mixed with water to investigate the amount of water they
would uptake. Centrifuge tubes (CELLSTAR®) of 50 mL were used, in which
6 grams of water and 6 grams of DES was added. The mixture was vigorously
stirred with a vortex mixer for 1 minute (VWR, analog Vortex Mixer) and
afterwards placed in the centrifuge (Sigma 2-16 KL) for 30 min at 12000 rpm.
The phases were separated and further analyzed. From the top phase (DES-
rich phase) the water content was determined using Karl Fischer titration and
the bottom phase (water-rich phase) was analyzed with ion chromatography
(IC).

Liquid-liquid extraction method

Liquid-liquid extractions were conducted using the prepared hydrophobic
DESs as extractants at room temperature (295 + 1 K). Solutions of 1 wt% VFA
in water were prepared, with a final pH of 3.3. In centrifuge tubes, 2 mL
aliquots of VFA solutions were mixed with 2 mL of hydrophobic DES. The
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Chapter 2. The Introduction of Hydrophobic Deep Eutectic Solvents

mixtures were initially mixed for 10 s using a vortex mixer and later for 2 hours,
at room temperature, using an incubating shaker (IKA KS 4000 I). The samples
were centrifuged (Sigma 2-16 KL) for 30 min at 3500 rpm. Thereafter, the
DES-rich phase and water-rich phase were taken using a needled syringe. The
concentration of the VFAs in the aqueous phase was determined by analysis
of 1 mL samples using high performance liquid chromatography (HPLC).
The same experimental methodology was used for the extraction experiments

using trioctylamine.

2.2.2 Analytical methodologies
Water content determination

The water content in the prepared DESs was measured with the Karl Fischer
titration method (795 KFT Titrino Metrohm Karl Fischer).

Density and viscosity

Density, p, and dynamic shear viscosity, 77, were measured with an Anton
Paar SVM 3000 Stabinger Viscometer. The measurements were performed
in the temperature range of (288.15 - 323.15) K at atmospheric pressure. The
temperature uncertainty in the temperature range of the equipment (288.15 to
378.15 K) is £ 0.02 K and the relative uncertainty of the dynamic viscosity is
=+ 0.35 %, while the absolute uncertainty in the density is 0.5kg - m—3.

Thermal gravimetric analysis (TGA)

The decomposition temperatures of all the studied hydrophobic DESs were
determined using a thermogravimetric analyzer (Perkin Elmer TGA 4000).
The samples were heated in a ceramic crucible under a continuous nitrogen
flow 20mL - min~') and a gas pressure of 0.2 MPa. The thermal stability was
determined by scanning in the temperature range of (303 - 673) K at a heating
rate of 5K - min~!. The sample masses were typically between 15 and 30 mg
and the weighing precision and sensitivity of the balance are £ 0.01% and 1
pg, respectively. The spectra are presented in paragraph 2.5.1.
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Nuclear magnetic resonance (NMR)

Proton Nuclear Magnetic Resonance ('H-NMR) spectra were recorded on a 400
MHz Bruker BZH 400/52. All samples were diluted with deuterated dimethyl
sulfoxide (DMSO-de) without further pretreatment inside 8” Wilmad precision
tubes with an outer diameter of 5 mm. A relaxation time of 3 s was applied
and the spectra were recorded in 16 scans. The signals were automatically
Fourier transformed with recording software Vnmr]. Further adjustments were
performed with software package MestreNova, version 9.1.0-14011. Phase
corrections and integrals were done manually, while baselines were corrected
with the Bernstein polynomial (6 parameters). The spectra are presented in
paragraph 2.5.2.

Differential scanning calorimetry (DSC)

The melting point and solid-solid transition temperatures of the prepared
DESs were studied using differential scanning calorimetry (TA instruments,
DSC Q100). The measurements were conducted within a temperature range
of 193 to 323 K at a heating rate of 5K - min~—!. The temperature measurement
is accurate within £ 0.1 K. The calorimeter precision and sensitivity are =+ 0.1
% and 0.2 nW, respectively.

Fourier-transform infrared (FTIR) spectroscopy

All Fourier transformed infrared (FTIR) spectra were recorded on a PerkinElmer
Spectrum Two spectrometer equipped with a Spectrum Two UATR (univer-
sal attenuated total reflectance) module. All samples were scanned over a
wavenumber range of 450 - 4000 cm ™. The spectra of the DESs were recor-
ded in 16 scans, for the pure components 4 scans were sufficient. Prior to
each measurement, the quality of the background signal was evaluated and a
background spectrum was recorded using the same settings as for the sample
measurement if necessary (residual peaks after cleaning >0.2 % transmittance).
For liquids, the crystal of the UATR module was completely covered with a
small drop of the sample. Solids were pressed on the crystal until a maximum
signal of at least 50 % transmittance was obtained. The spectra were submitted
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to an automatic baseline correction performed with the PerkinElmer Spectrum
software, Application version 10.03.08.0135, 2012. The spectra are presented
in Appendix 2.5.3.

High-performance liquid chromatography (HPLC)

The aqueous phases after extraction were analyzed using an Agilent Technolo-
gies 1260 Infinity HPLC system, with a 300 mm x 7.8 mm Aminex HPX-87H
column, using a UV detector operating at a wavelength of 210 nm. The in-
jection volume was 10 pL, the temperature of the column was kept at 323
K and 5 mM aqueous sulphuric acid was used as eluent with a flow rate
of 0.6mL - min—!. Based on the concentrations in the water, the distribution
coefficients (K), were calculated from the VFA concentration in the water-rich
phase before, C'{l,% A0 and after the extraction, Cf,cllz AL

Codr g — Cod
K — —VEAD — “VEA1 2.1)

aq
CVFA,O

Ion chromatography (IC)

The chloride and bromide concentrations were measured with a Metrohm 761
Compact IC and 762 IC interface with a detection limit of 0.1 mg - L.
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2.3. Results and discussion

2.3 Results and discussion

2.3.1 The production of hydrophobic DESs

For the production of hydrophobic DESs it was chosen to use decanoic acid,
a long fatty chain acid, and six quaternary ammonium salts. These six
quaternary ammonium salts are: tetrabutylammonium chloride (N4444—Cl),
tetraheptylammonium chloride (N7777 —Cl), methyltrioctylammonium chlor-
ide (Nggg1 —Cl), tetraoctylammonium chloride (Ngggg —Cl), methyltrioctylam-
monium bromide (Nggg; —Br) and tetraoctylammonium bromide (Ngggs —Br).
Their chemical structures are presented in Figure 2.1.

All hydrophobic DESs were prepared in a 2:1 molar ratio of the decanoic
acid:quaternary ammonium salt. Thus, six hydrophobic DESs were prepared.
To investigate their hydrophobicity, they were mixed with water in a 1:1 mass
ratio. An example of one of the hydrophobic DESs upon mixing with water is
shown in Figure 2.2.

Figure 2.2: DecA:Ngggs —Br (2:1) after mixing with water. A 1:1 mass ratio of DES and water
was used.
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2.3.2 Physicochemical properties of the hydrophobic DESs

In Table 2.1 some physicochemical properties (densities, dynamic viscosities,
decomposition temperatures, melting points and water contents) of the newly
prepared hydrophobic DESs are presented, while Figures 2.3 and 2.4 show the

densities and viscosities as a function of temperature.

Table 2.1: Physicochemical properties of the prepared deep eutectic solvents (DESs). Density
(p) and viscosity (17) data are measured at 298.15 K. The water contents correspond to the DES
after preparation.

DES Whefore,H,0O P Ui Tm T4

[wt %] [kg - m3] [mPa-s] [K] K]
DecA:Nygq4—Cl1(2:1) 0.81 916.8 265.26  261.2 467.79
DecA:Nggg; —Br (2:1) 0.32 942.2 576.53  282.1 459.31
DecA:Nggg1 —CI (2:1) 0.26 896.4 783.41  273.1 472.41
DecA:Nyz777—CI (2:1) 0.77 890.7 172.87  256.5 472.37
DecA:Ngggg—Br (2:1) 0.09 929.8 636.86 282.1 465.24
DecA:Ngggg—Cl (2:1) 0.46 888.9 472.58 275.1 480.81

The onset decomposition temperatures (Table 2.1 and paragraph 2.5.1)
as measured by TGA are rather high, which allows the use of the DESs at
elevated temperatures. In combination with the low melting points, this
results in a wide range where the DES is a liquid. In contrast to an earlier
reported DecA based DES,”® no deprotonation of the acid could be observed
for any of the solvents presented here. From FTIR analysis, it can be seen that
the stretch vibration of C=0O stretch corresponds to a single sharp peak for
pure DecA, which is broadened due to hydrogen bonding, but maintained
for all quaternary ammonium salt based DESs (see the figures in paragraph
2.5.3). This could be justified by the fact that the ammonium cation is unable
to accept a proton from the decanoic acid.

The densities at 298.15 K are within the range of 889 to 942 kg - m~3, which
is considerably lower than found for most hydrophilic DESs and water.® The
low densities of these DESs can be explained by the low densities of both
constituents used to prepare the DESs. The viscosities are moderate, varying

24



2.3. Results and discussion

between 173 and 783 mPa - s at 298.15 K.

It is hypothesized that the large differences between the viscosities can be
associated with the strength of interaction between the HBD and the HBA.
Furthermore, the following trends are observed: (i) the longer the alkyl chain
length, the higher the viscosity, and (ii) salts containing a bromide anion have
higher viscosities compared to those containing a chloride anion. This is in
agreement with the trend observed in ILs.2%”

The densities and viscosities were also investigated over a temperature

range of 288.15 K to 323.15 K as shown in Figure 2.3 and 2.4.
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Figure 2.3: Densities over temperature. The lines are added for clarification purposes.

The variation in densities can be described with the following linear cor-

relation.88 87

p=a+bT (2.2)

Where p is the density in [kg - m~3], T the temperature in [K] and 4, and b
are fitting parameters. These parameters are obtained via a fit of the experi-

mental data, shown in Table 2.2.
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Table 2.2: Fitting parameters of the linear equation for the density as depicted in equation 2.2.

DES a b
[kg - m™3] [kg-m 3 -K!]
DecA:N4444—Cl (2 1) 1105.34 -0.63
DecA:Nggg1 —Br (2:1)  1139.30 -0.66
DecA:Nggg1 —CI (2:1)  1084.29 -0.63
DecA:N7777—Cl (2:1)  1082.04 -0.64
DecA:Ngggg—Br (2:1)  1124.18 -0.65
DecA:Ngggs—Cl (2:1)  1077.32 -0.63

There are several (semi)-empirical expressions to quantify the temperat-
ure dependence of the (shear) viscosity. Here, the Vogel-Fulcher-Tammann
equation is applied since it is often used to describe the variation of viscosities
over temperature for ILs.3%% The Vogel-Fulcher-Tammann equation reads:

B
n=Ay Texp UC (2.3)

Where 7 is the viscosity in [mPa-s], T is the temperature in [K] and
Ay [mPa-s], B, [K] and C; [K] are the fitting parameters. The obtained
parameters are depicted in Table 2.3.

Table 2.3: Fitting parameters of the Vogel-Fulcher-Tammann (Equation 2.3).

DES A, B, C,

[mPa - 5] [K] [K]

DecA:Ngus—Cl (2:1)  0.033  1267.18 -157.17
DecA:Nggg1 —Br (2:1)  0.111 108744 -171.01
DecA:Nggs1 —Cl (2:1) 0202 94949 -183.14
DecA:N7777—Cl (2:1)  0.069  1138.60 -152.82
DecA:Nggss—Br (2:1) 0020  1647.57 -139.02
DecA:Ngggs—Cl (2:1)  0.043  1372.65 -150.58
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Figure 2.4: Temperature dependence of the shear viscosity for various DESs. The lines are
added for clarification purposes.

2.3.3 Cross-contamination between the DES and water phase

An important aspect when working with a two-phase system of a hydrophobic
solvent and water is the cross-contamination. It was investigated how much
DES transfers to the water phase and vice versa. Since decanoic acid has a low
solubility in the water phase, the transfer of DES to the water phase was based
on the quaternary ammonium salts. It was expected that DecA:Ny444 —CI (2:1)
had the most cross-contamination, since it had the shortest carbon chains.
Analysis of the DES phase after mixing with water showed an increase of the
water content in the DES phase from approximately 0.81 wt % to 6.94 wt %.
Ion chromatography (IC) showed that around 34.8 % (11441t Jeached /msalt, DES) Of
the Ny444 —Cl leached to the water phase, a phenomena that occurs due to the
high solubility of Na444—Cl in water.

The leaching of the quaternary ammonium salts into the water phase was
confirmed using 'H-NMR spectroscopy of the top (DES rich) phase (appendix
2.5.2). For comparison the DESs before mixing with water were also analyzed.
The molar ratio obtained from NMR between the DecA (peak at 2.1 ppm)
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and specific peaks of the quaternary ammonium salt (peak at 3.1 ppm) was
calculated for all DESs, before and after mixing with water. A deviation from
the expected ratio, before mixing, gives indication of possible occurrence of
reactions between the components, while a deviation after mixing, indicates
leaching of (one) the components to the water phase.

For the DecA:Ny444 —Cl DES prepared in the theoretical molar ratio of 2:1,
upon comparing Figure 2.6 and Figure 2.7, the estimated molar ratio between
the integrals of the peaks at position 2.1 ppm (for DecA) and 3.1 ppm (for
Nya44 —Cl) is 2.07:1 before mixing with water, while after mixing a ratio of 1.08:1
was found. This indicates that no reaction occurred between the components,
but after mixing with water, approximately 49% of the Ny44 —Cl leached to
the water phase. This value is even higher than the one obtained from the IC
analyses and clearly shows that there is an extensive transfer of this particular
salt to the water phase, as expected. Based on similar calculations from the
NMR spectra (appendix 2.5.2) no reaction between the components or leaching
of the salt was detected for all the other DESs.

Table 2.4: Cross contamination values between the DES and water phase. The water contents
correspond to the DES mixing with water. Cg,; is the salt concentration in the water-rich
phase after mixing the DES with water. gt leached /msalt,DES i the mass fraction of quaternary
ammonium salt that leached to the water phase.

DES Wafter, H,O Csalt ( Mgalt leached /msalt, DES )
[Wt%]  [mgsale/ Gwater] [g-g']
DecA:Nyga4 —Cl (2:1) 6.94 155.21 0.3475
DecA:Ngsgg —Br (2:1) 4.24 13.08 0.0231
DecA:Ngggi —Cl (2:1)  6.22 16.19 0.0300
DecA:N7777-Cl (2:1) 2.34 13.09 0.0232
DecA:Ngsggs —Br (2:1) 2.00 14.23 0.0523
DecA:Ngggs—Cl (2:1)  1.78 11.44 0.0193

To reduce the solubility in water of the quaternary ammonium based DESs,
quaternary ammonium salts with higher hydrophobicity were investigated.
The quaternary ammonium salts Nggg; —Br and Nggg; —Cl as HBA were stud-
ied. It was anticipated that these quaternary ammonium salts were more
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hydrophobic due their longer carbon chains. For Nggg; —Br it was shown that
only 2.3 % leached to the water phase, while this was 3.0 % for Nggg1 —Cl. This
is more than an order of magnitude smaller than the leaching of Ny444 —CL
Nevertheless, this is still a concentration in the water phase that needs to be re-
covered. The water contents of the DES prepared with Nggg; —Br and Nggg; —Cl
after mixing with water increased to 4.24 and 6.22 wt %, respectively. These
are slightly lower than the water content of DecA:Nyq44 —Cl (2:1) but still rather
high. It was anticipated that this was caused by the non-symmetrical shape of
the quaternary ammonium salt Nggg; —Cl, inducing less steric hindrance for
the water to have contact with the charged groups at the methyl group.

Since these results were not satisfactory, it was decided to shift to qua-
ternary ammonium salts with alkyl chain lengths of 7 or 8 carbon atoms.
These DESs were expected to be more hydrophobic due to the longer alkyl
chains and the symmetrical shape of the cation. This is related to the en-
hancement of the steric hindrance avoiding the accessibility of water to the
charged core of the salt. The DESs DecA:Ny444 —Cl (2:1), DecA:Ngggg —Br (2:1)
and DecA:Ngggs —Cl (2:1) contained water contents, after mixing, of 2.34, 2.00
and 1.78 wt %, respectively. These were results as expected, since the carbon
chains of (N7777—Cl) are shorter than those of the octyl based quaternary am-
monium salt and CI™ is slightly more hydrophobic than Br™. A different trend
is observed for the leaching; salts with the anion CI™ have less transfer to the
water-rich phase. As mentioned previously, it is hypothesized that the C1™ is
more hydrophobic than Br~.

29



Chapter 2. The Introduction of Hydrophobic Deep Eutectic Solvents

2.3.4 Application: extraction of volatile fatty acids

It was verified whether the prepared hydrophobic DESs could be used for the
extraction of the volatile fatty acids (VFAs) acetic, propionic and butyric acid
from diluted aqueous solutions. Amine-based extractants, e.g. trioctylamine
(TOA), are conventionally used for the extraction of carboxylic acids.”® Usually,
these long-chain aliphatic amines are dissolved in water-immiscible diluents,
such as octanol, in order to increase their extracting power. In this work, pure
TOA was used as extractant in order to compare with the newly prepared
hydrophobic DESs. A solution of 1 wt % of VFA in water (2 mL, pH = 3.3) was
brought in contact with DES/TOA (2 mL) during 2 h, after which both phases
settled in a centrifuge for 30 min and the phases were analyzed with high
performance liquid chromatography (HPLC). A more detailed description
of the extraction procedure together with the adopted methodology can be
found in paragraph 2.2.1. The distribution coefficient of the DESs and of the
pure TOA for each VFA at room temperature are listed in Table 2.5.

Table 2.5: Distribution coefficients at room temperature of acetic, propionic and butyric acids
from diluted aqueous solutions with the reported DESs and trioctylamine as reference. The
calculation of the distribution coefficient is given in Equation 2.1.

DES Aceticacid Propionic acid Butyric acid
DecA:Nggg —Br (2:1) 0.30 0.63 0.83
DeCAZNgggl -Cl (2:1) 0.38 0.71 0.90
DecA:Nyz777-Cl (2:1) 0.32 0.77 0.92
DeCAtNgggg—BI‘ (21) 0.31 0.66 0.87
DecA:Ngggs —Cl (2:1) 0.25 0.53 0.81

Trioctylamine 0.19 0.46 0.74

The studied hydrophobic DESs show higher extraction efficiencies for
the VFAs compared to TOA. Due to the hydrogen accepting ability of the
quaternary ammonium salt, the DES favors the extraction of VFAs. When
hydrophobic DESs are used as extractants, the extraction efficiency increases
with the alkyl chain length of the VFA, due to the increase of the dispersive
interactions between the used solvents and the VFAs. The highest extraction
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efficiencies for all the VFAs were found when using DecA:Nggg; —Cl (2:1)
(asymmetric ammonium) as solvent. This can be related to the lower steric
hindrance effect of the alkyl chains, which increases the accessibility not
only of the VFAs but also of water. This is in agreement with the lower
hydrophobicity of this DES. By replacing Ngsg; —Cl with symmetrical salts
(such as Ngggg —Cl and Ny7777—Cl), the extraction efficiencies decrease with the
increase of the alkyl chain of the salt, due to the higher contribution of steric
hindrance. Exceptional cases were found for the extraction of propionic and
butyric acids using DecA:N7777—Cl (2:1), where higher extraction efficiencies
are observed compared to the ones obtained using DecA:Nggg —Cl (2:1) as
extracting agent. For this DES no proper phase separation could be achieved,
the DES was still turbid even after 90 min of centrifugation, which leads to
VFAs still present in the DES phase. The difficulties with the separation of the
phases might be related with the viscosity of the DES, which hinders the mass
transfer and the phase separation.

As previously described for Aliquat 336 and Alamine 336,°! which are
combinations of quaternary ammonium salts, both dissociated and undis-
sociated forms of the acid might be removed, broadening the application
of hydrophobic DESs for different pH environments. Yang and co-workers
explored the effect of pH on the extraction of acetic, propionic and butyric
acids using a tertiary amine (Alamine 336) and a quaternary amine (Aliquat
336).! The studied amines had been used as single extractants and were also
dissolved in two water-immiscible organic solvents (kerosene and 2-octanol).
It was found that Aliquat 336 has the capability of extracting both dissociated
and undissociated forms of the acids, whereas Alamine 336 only extracts the
dissociated form of the acids.
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2.4 Conclusions and outlook

Hydrophobic DESs were developed by combining decanoic acid and quatern-
ary ammonium salts. That the developed DESs are indeed hydrophobic can
be concluded from the phase separation between the DES and water, the low
water contents after mixing with water (~1.8 wt %) and the low leaching of
the quaternary ammonium salts (~1.9 wt %). Generally, water content and
salt leaching decrease with increasing carbon chain length. The extraction
efficiencies increase with increasing chain length, and thus hydrophobicity, of
the VFAs. The extraction efficiencies of the VFAs showed that the hydrophobic
DESs in all cases perform better than the conventional extraction medium
trioctylamine.

Despite that this discovery opens a new field of research, follow-up re-
search should be performed to find more sustainable hydrophobic DESs.
Especially aspects as a lower viscosity, easy separation of the two phases and
cross-contamination between the DES and water phase should be lowered.
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2.5 Appendices

2.5.1 TGA spectra of the DESs
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Figure 2.5: TGA curves for all the studied DESs.
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2.5.2 NMR spectra of the DESs upon preparation
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Figure 2.6: TH-NMR spectrum of DecA:Ny444 —Cl (2:1) before mixing with water.
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Figure 2.7: TH-NMR spectrum of DecA:Nyg44 —Cl (2:1) after mixing with water.
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Figure 2.8: IH-NMR spectrum of DecA:Nggg1 —Br (2:1) before mixing with water.
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Figure 2.9: IH-NMR spectrum of DecA:Ngggi —Br (2:1) after mixing with water.
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Figure 2.10: TH-NMR spectrum of DecA:Nggg1 —Cl (2:1) before mixing with water.

/EHS 4567,
24

14151620212223.2431,23,4.353%5
o \
. e
e ‘
54 ® I
z‘z
o
s
| or g
5. 27 5.
Hﬁﬁ\ls/‘ \“/13\17/”\,0/’}‘\7/3\4/ \6/7\8/9'3
Hy
2
_ _— - —
21018
CoHiSO
RSN JE— e JE—
35 34 33 32 31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 15 14 13 12 11 10 09 08
f1 (ppm)

Figure 2.11: IH-NMR spectrum of DecA:Nggg1 —Cl (2:1) after mixing with water.
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Figure 2.12: 'H-NMR spectrum of DecA:N7777—Cl (2:1) before mixing with water.
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Figure 2.13: IH-NMR spectrum of DecA:N7777—Cl (2:1) after mixing with water.
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Figure 2.15: IH-NMR spectrum of DecA:Ngggg —Br (2:1) after mixing with water.
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Figure 2.16: TH-NMR spectrum of DecA:Ngggg —Cl (2:1) before mixing with water.
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Figure 2.17: IH-NMR spectrum of DecA:Ngggg —Cl (2:1) after mixing with water.
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2.5.3 FTIR spectra of the DESs
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Figure 2.18: Stacked FTIR spectra of DecA:Ny444 —Cl (2:1) and its starting components.
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Figure 2.19: Stacked FTIR spectra of DecA:Nggg1 —Br (2:1) and its starting components.
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Figure 2.20: Stacked FTIR spectra of DecA:Nggg1 —Cl (2:1) and its starting components.
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Figure 2.21: Stacked FTIR spectra of DecA:N7777—Cl (2:1) and its starting components.

41



Chapter 2. The Introduction of Hydrophobic Deep Eutectic Solvents

T[]

NgggsBr
DecA:NggggBr (2:1)
DecA

T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
vem™]

Figure 2.22: Stacked FTIR spectra of DecA:Ngggg —Br (2:1) and its starting components.
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Figure 2.23: Stacked FTIR spectra of DecA:Ngggg —Cl (2:1) and its starting components.
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Chapter 3

A Search for Sustainable
Hydrophobic Deep Eutectic
Solvents

Abstract

The aim of this work is the identification and characterization of hydrophobic
deep eutectic solvents (DESs), based on terpenes. 507 combinations of solid
components are tested, which results in the identification of 17 new hydro-
phobic DESs. Four criteria are introduced to assess the sustainability of these
hydrophobic DESs, i.e. a viscosity at least lower than 100 mPa - s, a density
difference between DES and water of at least 50 kg - m 3 upon mixing of the
DES and water, low transfer of the DES to the water phase and minor to no
pH change. The results show that five new hydrophobic DESs; Thy:Cou (2:1),
Thy:Men (1:1), Thy:Cou (1:1), Thy:Men (1:2) and 1-tdc:Men (1:2), satisfy these
criteria and thus are promising hydrophobic DESs. These new DESs can be
considered as natural deep eutectic solvents, which are commonly accepted
as environmentally friendly. A selected group of the hydrophobic DESs were
used for the extraction of riboflavin from water. They show higher removal of
riboflavin in comparison to decanoic acid:tetraoctylammonium bromide (2:1)
(see Chapter 2).

Dannie ].G.P. van Osch!, Carin H.J.T. Dietz!, Jaap van Spronsen, Maaike C.
Kroon, Fausto Gallucci, Martin van Sint Annaland, Remco Tuinier,
submitted to ACS Sustainable Chem. Eng.

lcombined first authorship
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3.1 Introduction

In the near future, conventional solvents should be replaced by designer
solvents to obey the 12 principles of Green Chemistry, introduced by Anastas
and Warner.* Currently, the best studied designer solvents have been ionic
liquids (ILs), which are defined as salts that consist of a cation and an anion
with a melting temperature lower than that of water, preferably lower than
room temperature.” Advantages of ILs over conventional solvents include
their low volatility, their ability to tune their physicochemical properties by se-
lecting different constituting components, good solvability for a wide range of
organic and inorganic solutes and high polarity due to their poor coordination
of the ions.” Thus, ILs provide a strong alternative for conventional solvents in
both one and two-phase systems, but their wide exploitation is still hindered
by the very high production costs and their possible toxicity.”?

In 2003 another class of designer solvents, called deep eutectic solvents
(DESs), were reported. The first DESs reported in literature were composed
of combinations of amides and choline chloride.”* DESs consist of two or
more components, which most likely interact via hydrogen bonding and
Van der Waals interactions.””->® These physical interactions are supposed
to induce a dramatic decrease in the melting temperature of the mixture, as
opposed to the melting temperature of the pure components, by stabilizing the
configuration of the liquid. DESs have similar advantages as ILs, but overcome
their disadvantages such as their expensive synthesis and purification.

DES research initially focused on hydrophilic DESs. In 2015 hydrophobic
DESs were reported in the literature for the first time, see Chapter 2. These
were tested for the extraction of volatile fatty acids (VFAs) and biomolecules,
such as caffeine and vanillin, from an aquatic environment.””*> Although
the field of hydrophobic DESs is new, already quite some papers about their
use were published. These include the removal of metal ions, 3% furfural
and hydroxymethylfurfural by the use of membrane technology,' and pesti-
cides from H,O.% Furthermore, hydrophobic DESs were applied to study

97,98

CO; capture, and their use for microextractions was investigated.gz'83

Moreover, the extraction of components from leaves using hydrophobic DESs

was studied 848>

44



3.1. Introduction

The hydrophobic DESs currently presented in the literature are promising,
especially application-wise, but several improvements are needed. These
include lowering the cross contamination of the DES and water phase when
used for extraction. Furthermore, the constituents of the DES should be more
sustainable, e.g. biodegradable, non-toxic and non-volatile, to ensure the
production of truly ‘green” hydrophobic DESs.

This chapter describes the investigation on the search for and characteriza-
tion of new hydrophobic DESs that are more sustainable, achieved by overcom-
ing the disadvantages of the small group of currently available ones. For this
reason, a group of plant extracts called terpenes were selected for this research
to investigate their ability to form eutectic liquid mixtures. Recently, terpenes
showed great promise for the formation of eutectics. The combination of these
components can be considered as natural deep eutectic solvents (NADES),
which are generally accepted as environmentally friendly.”>* The following
components were used as DES constituents in this work: decanoic acid (DecA),
dodecanoic acid (DodE), menthol (Men), thymol (Thy), 1-tetradecanol (1-tdc),
1,2-decanediol (1,2-dcd), 1-10-decanediol (1,10-dcd), cholesterol (Chol), trans-
1,2-cyclohexanediol (1,2-chd), 1-napthol (1-Nap), atropine (Atr), tyramine
(Tyr), tryptamine (tryp), lidocaine (Lid), cyclohexanecarboxaldehyde (Chcd),
caffeine (Caf) and coumarin (Cou). Some components were used as hydrogen
bond donors (HBDs), while others were used as hydrogen bond acceptors
(HBAs). A few of these components can both donate and accept hydrogen
bonds. Some of the combinations with lidocaine, shown in Table 3.2, were

100-102 Gince there is

previously presented in the literature as eutectic mixtures.
no proper definition and boundary conditions for DESs, these binary mixtures
containing lidocaine were considered as DESs.

To investigate the sustainability of these hydrophobic DESs four paramet-
ers are investigated: the viscosity, the density, pH of the water phase and the
amount of organics that is transferred to the water phase coexisting with the
DES. Density and viscosity values are selected as relevant criteria because
these quantities have an influence on the separation behavior of the DES and
H,O phase and determine the amount of energy needed to pump these fluids.
For ease of processability, the viscosity should be as low as possible, while
the difference of the density between the DES and water should be as large
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as possible. To accelerate the extraction process, the amount of DES that is
transferred to the water phase and the pH are chosen since cross contam-
ination of water and DES phase should be minimized. There should be a
limited change in pH, because the amounts of the DES that transfers to the
water phase should be as low as possible. Ideally, the components of the
DESs should also be cheap, biodegradable and non-toxic. To account for the
points of biodegradable and non-toxic aspects of hydrophobic DESs, terpenes
are chosen as components. In this chapter the focus is on several physical-
chemical properties of the new DESs. More detailed investigations on their
sustainability and toxicity should be further addressed with specific methods

69,70,103 eyen as these DESs based on natural compon-

as stated in the literature,
ents are generally accepted as environmentally friendly.”>* Next to the main
criteria before mixing, water contents and thermogravimetric analysis (TGA)
are measured. Nuclear magnetic resonance (NMR) of the DES is performed to
investigate whether the DES remains an unreacted mixture.

To investigate the application potential of these hydrophobic DESs their
capability to extract compounds from the water phase is studied. Riboflavin
(vitamin B2) was chosen because it is an essential vitamin and it is not easy to
extract from aqueous solutions. The results of the novel hydrophobic DESs
presented in this study are compared to the hydrophobic DES composed of
decanoic acid and tetraoctylammonium bromide in a 2:1 molar ratio, which is

one of the first hydrophobic DESs presented in the literature.
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3.2 Experimental section

3.2.1 Materials and preparation
Materials

All chemicals were ordered from Sigma-Aldrich, expect for riboflavin which
was purchased from TCI Chemicals. Their purities (as stated by the supplier)
and CAS numbers are depicted in Table 3.1 .

Table 3.1: Components that were used in this investigation with their purities (as stated by the

supplier).
Component CAS Purity [wt%]

Decanoic acid (DecA) 334-48-5 > 98

Dodecanoic acid (DodE) 143-07-7 >99

Menthol (Men) 89-78-1 >99

Thymol (Thy) 89-83-8 >99

1-tetradecanol (1-tdc) 112-72-1 >97

1,2-decanediol (1,2-dcd) 1119-86-4 >98

1,10-decanediol (1,10-dcd) 112-47-0 > 98
Cholesterol (chol) 57-88-5 >925

trans-1,2-cyclohexanediol (1,2-chd)  460-57-7 > 98

1-Napthol (1-Nap) 90-15-3 >99

Atropine (Atr) 51-55-8 >99

Tyramine (Tyr) 51-67-2 > 98

Tryptamine (Tryp) 61-54-1 > 98
Lidocaine (Lid) 137-58-6 > N.A.

Cyclohexanecarboxaldehyde (Chcd) 2043-61-0 > 97

Caffeine (Caf) 58-08-2 > 98

Coumarin (Cou) 91-64-6 > 99
Riboflavin 83-88-5 > N.A.
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Preparation of the hydrophobic DESs

The formation of hydrophobic DESs was tested by mixing two solid compon-
ents at three different molar ratios, e.g. 2:1, 1:1 and 1:2, with a total weight
of 2 g. A Mettler Ax205 balance with an uncertainty of 20 ng was used for
weighing the chemicals. The first component was weighed directly in the
flask, in which a magnetic stirrer was already present. The second component
was first weighed on a weighing boat, after which the correct amount was
transferred into the flask. The components in the flask were premixed on a
VWR Analog Vortex Mixer and heated in a metal heating block. An IKA RCT
basic was used for monitoring the stirring speed and temperature. An IKA
ETS-D5 temperature controller with an uncertainty of 4= 0.1 K was used for
temperature control.

The formation of the hydrophobic DESs was investigated via a standard
procedure. After preparation and premixing, the flasks were heated and
stirred for 2 h at a temperature of approximately 313 K. In case a homogenous
liquid sample was produced, the flask was kept at room temperature for 24
h to check its stability. The sample was considered a DES if no crystals were
visually present in the liquid after 24 h. The samples that formed no liquid
were further heated to 333.15 K. The same procedure as explained before was
used. If no liquid was formed at 333.15 K the temperature was heated to 353.15
K, after which the same procedure was used.

The combinations of components that formed a DES on the 2-gram scale,
were scaled up to form 50 g of DES. For the 50-gram scale it was investigated
whether the DESs were also formed at room temperature. Only the DESs that
were also stable at a 50-gram scale were further analyzed. During the analyses,
crystals appeared in some DESs within the timeframe of a month. Those DESs
were discarded from the investigation and not further analyzed.

Mixing with water

18.0 g of MilliQ water was weighed in a 50 mL Centrifuge tube (CELLSTAR®),
after which 18.0 g of hydrophobic DES was added. Proper mixing was induced
via an IKA KS 4000 I incubating shaker (500 RPM, RT). After shaking, the
DES and water phase were separated via centrifugation with a Sigma 2-16 KL
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centrifuge. The DESs DecA:Men (1:1), DecA:Men (1:2), Men:Lid (2:1), Thy:Lid
(2:1), Thy:Cou (2:1), Thy:Men (1:1), Thy:Lid (1:1), Thy:Cou (1:1), Thy:Men (1:2),
1-tdc:Men (1:2), 1,2-ded:Thy (1:2), 1-Nap:Men (1:2) were centrifuged for 10 min
at 6000 RPM, while the DESs DecA:Lid (2:1), DecA:Atr (2:1), DodE:Lid (2:1),
DodE:Atr (2:1) and Atr:Thy (1:2) were centrifuged for 60 min at 12.000 RPM.
After centrifugation, the DES and water phase were taken with a needled
syringe. For the DESs DodE:Lid (2:1) and DodE:Atr (2:1) no proper phase
separation could be achieved. Thus, these were excluded from analysis after
mixing with H,O.

3.2.2 Analytical methodologies
Water content

The water contents of the DESs were measured with a Mettler Toledo D39
Karl Fischer titration apparatus (coulometer). The DESs DecA:Lid (2:1) and
DecA:Atr (2:1) had a high water content (>10 wt%) and could not be prop-
erly measured on the Toledo equipment. Those samples were measured on
a Metrohm type 899 coulometer. The coulometers were filled with 20 mL
chloroform and 80 mL Hydranal Coulomat AG. The DES 1-Nap:Men (1:2)
could not be measured on a coulometric Karl Fischer, so it was measured on
a volumetric Karl Fischer apparatus. A Metrohm type 795 KFT volumetric
Karl Fischer was used. Before use of the Karl Fischer apparatuses, they were
checked with water standards of 0.01, 0.1 and 1.0 wt% of water.

Viscosity and density

The measured physicochemical properties of the hydrophobic DESs are the
density and the viscosity. The density was determined with an Anton-Paar
DMA 4500 M with a deviation of the density of + 0.05kg - m~ and a temper-
ature variation of & 0.05 K. The discrepancy of the density from the several
reference oils that were measured was not more than 4 0.01kg - m~3. The
viscosity was measured with an Anton Paar Lovis 2000 ME rolling ball vis-
cometer. All hydrophobic DESs, except for Atr:Thy (1:2), were measured in a
glass capillary with an inner diameter of 1.8 mm equipped with a gold-coated
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ball. The coefficient of variation was below 0.2%, while the forward /back-
ward deviation was at its most 1.0%. The capillary was calibrated with a N26
synthetic base o0il, which was supplied by Paragon scientific Itd. For the DES
Atr:Thy (1:2) the viscosity measurement before mixing was performed on
an Anton Paar Physica MCR 301 rheometer, because of its high viscosity. A
concentric cylinder system (CC27) was used. The inner diameter is 26.66 mm,
while the outer diameter is 28.92 mm. Measurements and calibration were
performed as presented elsewhere.8! After mixing with H,O, the capillary of
2.5 mm was used for Atr:Thy (1:2), also equipped with a gold-coated ball. The
variation coefficient for this capillary was below 0.5%, while the forward/-
backward deviation was at most 1.0%. The capillary was calibrated with a
N100 synthetic base oil.

Thermogravimetric analysis (TGA)

The decomposition temperatures of the DESs were measured with a TGA Q500
from TA Instruments. The weight accuracy is 0.1%, while the temperature
accuracy is 1 K. A heating rate of 10K - min~! was used from 298.15 to 873.15 K.
The degradation temperature is the weight loss onset temperature determined
via the step tangent method. The thermograms were analyzed with the TA
Instruments Universal Analysis 2000 software (version 4.5A, Build 4.5.0.5).

Nuclear magnetic resonance (NMR)

Both proton (*H) and carbon (*C) nuclear magnetic resonance (NMR) were
performed. A Bruker 400 automatic NMR was used with 128 scans and a
relaxation time of 3 s for the 'H and 1000 scans with a relaxation time of
3 s for the >C. 8” Wilmad NMR tubes with an outside diameter of 5 mm
were used for the measurements, in which DES diluted with chloroform was
added. Analysis of the spectra was conducted with Mestrenova (version
v11.0.4-18998) and ChemBiodraw (version 348-208690-1653).

For the analysis of the 'H NMRs it was checked whether all peaks of the
protons were in the theoretical molar ratio to investigate whether no reactions
between the components of the DES occurred. Therefore, the integral of a
specific peak of the molecule used as HBD was compared to the integral of a
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specific peak for the molecule used as HBA. For the 1>C NMRs it was checked
whether extra peaks were present, which is an indication of reactions between

the two components of the DES.

pH of the water whase after mixing the DESs with water

The pH of the water phase was measured with a Mettler Toledo seven compact
pH/Ion meter (5220). A 5 point calibration was performed in the range of
a pH of 2 to 7. Standards with higher pH, up to a pH of 10, were tested for
calibration and also gave adequate results. The pH measuring range of the
meter is from -2 to 20. The pH accuracy is £ 0.002, while the accuracy of
the temperature is &= 0.5 K. The probe connected to the pH meter is an InLab
Micro 51343160.

Total Organic Content (TOC)

The total organic carbon (TOC) of the water phase was determined by a
Shimadzu TOC-L CPH/CPN with auto sampler ASI-L (24 mL vails). The
amount of TOC was calculated by two calibration curves (0-10 ppm and
0-100 ppm). The vial was filled with a 100 times diluted sample and 0.5
wt% 1 mol - L~! hydrochloric acid was automatically added before injection.
The injection volume was set to 50 uL. The TOC amount was measured in

duplicate with an uncertainty <1.5%.

NMR of the water phase

The molar ratio between the two components of the hydrophobic DES that
transferred to the water phase was investigated with 'H NMR. After mixing
water with the DES, a sample of the water phase was taken and added to a
Wilmad-LabGlass 528-pp-7 tube containing a coaxial insert (Wilmad- LabGlass
WGS-5BL) with D,O. The measurements were performed with a Bruker 400
automatic NMR and the water peak was suppressed, by using the software
program Bruker NMR. A relaxation time of 3 s was used and 100 scans were
performed. This adjustment allowed analyzing the spectra of the low con-
centrated DESs in the water phase, as follows. The 'H NMR spectra showed
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the protons of the components of the hydropobic DES present in the water
phase. Well defined peaks of the HBD and HBA were integrated. By dividing
the integral of specific peaks obtained for the HBD and HBA component,
the molar ratio at which the two components of the DES were present in the
water phase could be estimated. The localization of the DES components
peaks in the water phase was based on the NMRs of the pure components in
CDCl3. The results showed a standard deviation within the same molecule of

approximately 10%.
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3.3 Results and discussion

The tested combinations for this search are presented in Table 3.2, where the
molecules expected to behave as hydrogen bond donors (HBDs) are depicted
on the left side (first column) and the hydrogen bond acceptors (HBAs) on
top (first row). Ratios of 2:1, 1:1 and 1:2 between the HBD and HBA were
chosen and all ratios were tested on a 2 gram scale. Components that formed
no DESs are excluded. Of the 507 initial experiments, 29 mixtures liquefied
upon mixing and leaving the samples at room temperature for 24 h, which at
that point were assumed to be hydrophobic DESs (green cells in Table 3.2).

From these expected hydrophobic DESs a batch of 50 gram was produced,
of which some of them showed some minor to major crystal formation on
the bottom of the glass after storage for some time (up to 30 days). These
were excluded from the screening, which resulted in a final amount of 17
hydrophobic DESs that were further investigated. These are: DecA:Lid (2:1),
DecA:Atr (2:1), DecA:Men (1:1), DecA:Men (1:2), DodeE:Lid (2:1), DodE:Atr
(2:1), Men:Lid (2:1), Thy:Lid (2:1), Thy:Cou (2:1), Thy:Men (1:1), Thy:Lid (1:1),
Thy:Cou (1:1), Thy:Men (1:2), 1-tdc:Men (1:2), 1,2-dcd:Thy (1:2), 1-Nap:Men
(1:2) and Atr:Thy (1:2).
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Table 3.2: Combination of substances that formed liquids (marked cells) on a 2 g scale. Com-
ponents that formed no liquid with another substance were excluded from the table.

HBA Men Lid Thy Atr Cou

HBD ratio
DecA 2:1
DecA 1:1
DecA 1:2
DodE 2:1
DodE 1:1
DodE 1:2
Men 2:1 -
Men 1:1
Men 1:2
Thy 2:1
Thy 1:1
Thy 1:2
1-tdc 2:1
1-tdc 1:1
1-tdc 1:2 - -
1,2-ded 2:1
1,2-ded 1:1 .
1,2-ded 1:2
1,10-ded  2:1
1,10-ded  1:1 .
1,10-ded  1:2
1-Nap 2:1
1-Nap 11 ]
1-Nap 12 [
Atr 2:1
Atr 1:1
Atr 1:2 -
Tryp 2:1
Tryp 1:1 .
Tryp 1:2
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3.3.1 Densities and viscosities

Of the 17 hydrophobic DESs selected, the water contents, densities and viscos-
ities were measured after preparation, which are presented in Table 3.3.

Table 3.3: Water content, density and viscosity for each hydrophobic DES after preparation.
The water contents were measured at room temperature (295 + 1 K), while the densities and
viscosities are measured at 298 K. For the water contents three or four consecutive measure-
ments were performed, while for the densities and viscosites duplicates were measured from
the same batch. !Measured only once at a shear rate of 43.457 1.

DES Water content 1Y 1
[ppm] [kg - m~3] [mPa - s]
DecA:Lid (2:1) 2538 £3.6  961.30 £0.005  360.60 &= 0.10
DecA:Atr (2:1) 5963 +£14.2  1026.50 £ 0.00  5985.0 £ 7.00
DecA:Men (1:1) 2233+ 7.1 899.77 £ 0.030 20.03 £ 0.04
DecA:Men (1:2)  278.64+23  899.51 £ 0.010 27.67 £ 0.01
DodE:Lid (2:1) 151.7 £ 21 949.50 £ 0.005  370.55 £ 0.15
DodE:Atr (2:1) 4783 £74  1008.75 £ 0.005 5599.5 £ 116.50
Men:Lid (2:1) 265.7 £2.6  939.18 £ 0.005 68.05 £ 0.08
Thy:Lid (2:1) 2551 £32  989.08 £0.005  122.05 £ 0.05
Thy:Cou (2:1) 233.0£09  1050.47 & 0.005  31.35 4 0.01
Thy:Men (1:1) 306.8 4.8  936.56 £ 0.005 53.14 £ 0.00
Thy:Lid (1:1) 296.0+25 99312 +0.005 177.15+0.15
Thy:Cou (1:1) 2173 £6.3  1091.80 & 0.005  29.16 £ 0.03
Thy:Men (1:2) 313.6 =44  923.84 £ 0.005 67.85 £ 0.03
1-tdc:Men (1:2) 2579+29  872.06 £ 0.005 43.86 £ 0.01
1,2-ded:Thy (1:2) 3509 £5.5  952.33 4 0.005 64.25 £ 0.06
1-Nap:Men (1:2) ~ 200.0 £8.2  971.10 £ 0.005  120.90 & 0.20
Atr:Thy (1:2) 1105.6 £13.2  1062.29 £ 0.005 86800!

The water contents of the DESs after preparation vary between approx-

imately 200 to 1100 ppm, which are all low amounts of water, especially
compared to the hydrophobic DESs based on quaternary ammonium salts
described in Chapter 2. These had water contents between 920 to 8140 ppm.
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Presumably, these low amounts of water in the hydrophobic DESs will only
have small effects on the densities and viscosities. Of the 17 hydrophobic DESs
tested, the densities of Dec:Atr (2:1), DodE:Atr (2:1), Thy:Cou (2:1), Thy:Cou
(1:1), and Atr:Thy (2:1) are higher than that of water. The other 12 hydrophobic
DESs have densities lower than water.

As mentioned before, a viscosity that is too high will lead to larger energy
costs upon use in the industry. In Chapter 2 viscosities in the range of 173
to 783 mPa - s were reported, while Ribeiro et al.” presented viscosities in
the range of 10 to 220 mPa-s.”%> The 17 hydrophobic DESs presented in
this chapter have viscosities ranging from 20 to 86800 mPa - s. Preferably, the
viscosity should be as low as possible and comparable to water (1 mPa - s). Still,
viscosities up to 100 mPa - s are acceptable for industrial applications. From
Table 3.2 it follows that the following DESs satisfy this criterion: DecA:Men
(1:1), DecA:Men (1:2), Men:Lid (2:1), Thy:Cou (2:1), Thy:Men (1:1), Thy:Cou
(1:1), Thy:Men (1:2), 1-tdc:Men (1:2) and 1,2-dcd:Thy (1:2).

3.3.2 TGA

It is useful to quantify the temperature over which a DES can be used without
solidification or degradation. Measuring melting temperatures for DESs is
challenging since instead of a melting point a glass-transition temperature is
often found.>®

Hence, thermograms were measured to determine the degradation tem-
peratures of the hydrophobic DESs. They represent the weight loss of a DES
as a function of temperature. Thermograms selected with the criterion of a
DES viscosity lower than 100 mPa - s are presented in Figure 3.1 and Figure
3.2.
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Figure 3.1: Thermograms of the DESs Men:Lid (2:1), DecA:Men (1:2), 1-tdc:Men (1:2),
1,2-ded:Thy (1:2) and DecA:Men (1:1). The x-axis shows an increase in temperature [K], while

the y-axis shows the loss in weight [%].
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Figure 3.2: Thermograms of the DESs Thy:Men (1:2), Thy:Men (1:1), Thy:Cou (1:1), Thy:Cou
(2:1) The x-axis shows an increase in temperature [K], while the y-axis shows the loss in weight

[%].
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The thermograms of the selected hydrophobic DESs all show a single-step
decay of weight loss, except for Men:Lid (2:1). For this DES also a second
plateau is observed. Most likely this second plateau is caused by significantly
different degradation temperatures of the two components that form the DES.
From Figure 3.1 it can be seen that the difference between the hydrophobic
DESs DecA:Men (1:2) and DecA:Men (1:1) is large. Despite the fact that the
same components are used for these two hydrophobic DESs, the thermogram
for DecA:Men (1:1) has a much more delayed decay in weight loss than
DecA:Men (1:2), which is quite remarkable. It is anticipated that this effect is
due to a combination of a higher volatility of Men and a more preferred liquid
structure in a DecA + Men mixture at the 1:1 ratio. For the hydrophobic DESs
Thy:Men (1:1) and Thy:Men (1:2) and for Thy:Cou (1:1) and Thy:Cou (2:1) the

differences in thermograms are only small.

Table 3.4: Degradation temperatures of the newly developed hydrophobic DESs.

DES Tyeg [K]
DecA:Lid (2:1) 443.1+2.6
DecA:Atr (2:1) 4448 +45
DecA:Men (1:1) 410.2 +2.0
DecA:Men (1:2) 3829+ 1.7
DodE:Lid (2:1) 459.8 +4.1
DodE:Atr (2:1) 477.0 £ 3.7
Men:Lid (2:1)  363.6 =04

Thy:Lid (2:1) 4129 + 4.5
Thy:Cou (2:1)  390.8 £2.9
Thy:Men (1:1)  381.9 +4.9
Thy:Lid (1:1) 4244+ 49
Thy:Cou (1:1) 3929 + 2.1
Thy:Men (1:2)  378.7 3.8
1-tdc:Men (1:2) 386.3 + 84
1,2-dcd:Thy (1:2) 395.7 £ 5.0
1-Nap:Men (1:2) 388.5 £+ 6.9
Atr:Thy (1:2) 429.6 + 2.1
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Table 3.4 gives an overview of the degradation temperatures (Tgeg) from
the thermograms of the hydrophobic DESs. The results show that most of the
T4eg values are lower than those of comparable ILs, which typically have a Ty
of 473 K and higher.!%*1% Moreover, in comparison with previously reported
hydrophobic DESs based on decanoic acid and quaternary ammonium salts
the Tyeg values are lower.” It is assumed that these lower T4eg values do not
present degradation, but reflect sublimation/evaporation of the components
of the DESs. Components such as menthol, thymol, and coumarin have a high
odor and it is known that they have the ability to sublimate.

Men:Lid (2:1) has a rather low Ty, of 363.6 K, although it should be
mentioned that this temperature is based only on the first decay and not
on the second one. All hydrophobic DESs based on thymol, menthol and
coumarin have a melting point lower than 429.6 K. The combination of these
3 components have degradation temperatures between 378.7 K and 390.8
K. Thus, it can be observed that the combinations of the three most volatile
components, thymol, menthol and coumarin, give lower Teg than one of these
components is mixed with a less volatile component such as decanoic acid,
dodecanoic acid, lidocaine or atropine, ranging from 443.1 K to 477.0 K.

These results show that the degradation temperature and volatility highly
depend on the components that are chosen. This is an important aspect one
should account for when designing a DES for a certain application and holds
for both hydrophilic and hydrophobic DESs. For aprotic ionic liquids it is gen-
erally known that they all have a moderate to high degradation temperature
and a low volatility, less dependent on the types of components and composi-

tion 104,105

For DESs, both the volatility as well as the degradation temperature
should be properly investigated to quantify the boundary conditions when

applying such solvents.
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NMR on the DESs

NMR analysis was performed on the developed hydrophobic DESs. An
example of an analyzed 'H and 3C NMR is shown in Figure 3.3 and Figure
3.4 for Thy:Cou in a theoretical 2:1 molar ratio. 'H NMR was used to verify
the experimental molar ratio of the DESs and to check whether reactions occur
between the components. The ratio of the DES was determined by taking a
specific peak of Thy and Cou and divide the integrals of these peaks. The
peak of Thy at 3.25 ppm, labeled with number 19, has integral 2.00, while at
6.4 ppm, labeled with number 4 the peak of Cou has an integral of 1.00. Thus,
the molar ratio of the Thy:Cou DES is indeed 2:1. Similar calculations were
performed for the components of the other DESs and it is shown that they are
all in the expected theoretical molar ratio, which is also an indication that no
reaction occurred between the components.

13C NMR was also performed to investigate whether the two components
of the DES reacted with each other, which would lead to extra peaks in the
NMR spectrum. As can be seen in Figure 3.4 for the DES Thy:Cou (2:1), the
peaks attributed to the original components are clearly identified and no
further additional peaks were found. Similar analyses performed in all the
other DESs showed that the calculations of the experimental molar ratios
match the theoretical expectations which confirmed that no reactions took
place between the components of the DES.
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Figure 3.3: 'H NMR of the DES Thy:Cou in a 2:1 molar ratio.
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Figure 3.4: 13C NMR of the DES Thy:Cou in a 2:1 molar ratio.

3.3.3 Density and viscosity after mixing with water

The developed hydrophobic DESs are interesting solvents for the removal
or extraction of components from water, so it is useful to investigate how
their properties change after mixing with water. Ideally, a fully separated
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system should be achieved with a pure DES phase in contact with a pure
water phase, separated by a sharp interface. First, the water contents, densities
and viscosities of the DESs after mixing with water are investigated. For the
hydrophobic DESs composed of DodE:Lid (2:1) and DodE:Atr (2:1), no proper
phase separation could be achieved after mixing the DESs with water, which
is probably due to a combination of the density that is too close to that of
water, a relatively high viscosity of the DES and a DES that is less hydrophobic.
The results for the other hydrophobic DESs are depicted in Table 3.5. Since
there is a finite solubility in water, the water contents of all DESs increase after
mixing with water. Typically, DESs have a low to moderate water content after
mixing with water, which varies from 1.64 to 5.14 wt%. The DES composed of
1-Nap:Men (1:2) has a rather low water content, of only 0.13 wt%. Two of the
developed DESs have a high water content. DecA:Lid (2:1) has a water content
of 20.6 wt%, while this is 33.9 wt% for DecA:Atr (2:1). It is hypothesized that
this is attributed to the their less hydrophobicity and the fact that they easily
form complexes with water.

The densities change slightly due to the uptake of water. The largest
changes occur for DecA:Lid (2:1) and 1-Nap:Men (1:2). When these hydro-
phobic DESs are used in combination with water, complete phase separation
is a necessity. In theory, phase separation gets more difficult (slower) when the
density of the hydrophobic DES is closer to the density of water. The densities
of DecA:Lid (2:1), DecA:Atr (2:1), Thy:Lid (2:1) and Thy:Lid (1:1) are very
close to the density of water, which can delay phase separation and enhance
emulsification. Preferably, the density between the DES and water is as large
as possible, at least 50 kg - m~3 and larger, such as for the DESs DecA:Men
(1:1), DecA:Men (1:2), Men:Lid (2:1), Thy:Cou (2:1), Thy:Men (1:1), Thy:Cou
(1:1), Thy:Men (1:2) and 1-tdc:Men (1:2).

The addition of water to a hydrophobic DES normally leads to a decrease
in viscosity, due to a small amount of water uptake combined with the fact
that the viscosity of pure water is smaller. For most of the hydrophobic DESs
tested here this applies. A small increase in viscosity is however observed for
the DES DecA:Men (1:1). A thorough explanation for this behavior lacks, but
one of the possibilities is that water is to some degree emulsified. For most
DESs there is only a tiny decrease of the viscosity. Apparently, the increase
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of water content from ppm levels to approximately 1.64 to 5.14 wt% induces
only minor changes. For example, DecA:Lid (2:1) has only a minor change
in viscosity, while the increase in water content is large. The large decrease
in viscosity for DecA:Atr (2:1) however does correspond to the increase of its
water content. Moreover, the Atr:Thy (1:2) DES has a considerable decrease in
the viscosity when water is added. To summarize, the DESs that satisfy the
viscosity of 100 mPa - s or lower after mixing with water are: Deca:Atr (2:1),
DecA:Men (1:1), DecA:Men (1:2), Men:Lid (2:1), Thy:Cou (2:1), Thy:Men (1:1),
Thy:Cou (1:1), Thy:Men (1:2), 1-tdc:Men (1:2), 1,2-dcd:Thy (1:2), 1-Nap:Men
(1:2) and Atr:Thy (1:2).

Table 3.5: Water contents, densities and viscosities of the hydrophobic DESs after mixing with
water. The water contents of the water saturated DES were measured at room temperature
(295 £ 1 K), while the densities and viscosities were measured at 298 K. For the water contents
three or four consecutive measurements were performed, while for the densities and viscosites
duplicates were measured from the same batch.

DES Water content 1Y n
[wt%] kg - m~3] [mPa - s]
DecA:Lid (2:1) 20.63 £ 0.5 983.48 £ 0.165  141.6 &= 0.00
DecA:Atr (2:1) 33.86 £ 0.64 1025.47 £0.005 80.59 £ 1.69
DecA:Men (1:1) 2.10 £ 0.01 902.94 £ 0.005  20.47 4 0.00
DecA:Men (1:2) 2.07 £0.01 902.34 +£0.010  26.24 £ 0.04
Men:Lid (2:1) 2.41 £+ 0.02 942.19 £ 0.00 59.00 = 0.00
Thy:Lid (2:1) 1.64 £0.01 990.85 £ 0.005  100.20 =% 0.00
Thy:Cou (2:1) 2.48 £ 0.01 1050.0 £ 0.005  26.78 £ 0.01
Thy:Men (1:1) 1.81 £0.01 938.12 £ 0.010  42.01 £ 0.02
Thy:Lid (1:1) 1.77 £ 0.03 994.37 £0.005  149.80 &= 0.70
Thy:Cou (1:1) 254+0.02  1090.24 = 0.005  25.82 4= 0.01
Thy:Men (1:2) 1.69 £ 0.01 925.56 £ 0.00 52.17 £ 0.02
1-tdc:Men (1:2) 1.73 £ 0.01 874.22 + 0.00 36.63 + 0.01
1,2-ded:Thy (1:2) 514 +£0.02  956.31 £0.005  42.57 4= 0.02
1-Nap:Men (1:2)  0.13 £ 0.01 981.94 +£0.005 7443 +£0.13
Atr:Thy (1:2) 3.00 £0.05  1061.02 +0.110 9255.5 & 264.5
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3.3.4 NMR after mixing with water

NMR analysis is also performed on the hydrophobic DESs after mixing with
H»O. For the DES Dode:Lid (2:1) and DodE:Atr (2:1) no suitable NMR analysis
after mixing with water could be achieved due to difficulties with separating
the two phases. As an example, for the DES composed of Thy and Cou the
integrals of the peaks at 3.25 and 6.4 ppm give a molar ratio of 2:1 Thy:Cou,
showing that the ratio of the DES is still the same. Moreover, all the other
integrals are also in the expected ratio. A small peak around 1.8 ppm is present,
which is not related to the pure DES components, hence it could be attributed
to a small contamination, in this case by water, that is present either in the
DES phase or the solvent CDCl;.

In the 3C NMR no extra peaks were observed, a sign that no reaction oc-
curred between the two components of the DESs. All other NMRs of the DESs
after mixing with water were analyzed in the same manner and showed molar

ratios as expected. Thus, no reactions occurred between the components.

45 40
1 (ppm)

Figure 3.5: 'H NMR of the DES Thy:Cou in a 2:1 molar ratio after mixing with H>O.
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Figure 3.6: 13C NMR of the DES Thy:Cou in a 2:1 molar ratio after mixing with HO.

3.3.5 pH of the water phase

When applying hydrophobic DESs for extraction purposes it is useful to verify
whether the pH of the water phase upon mixing of the two phases is affected,
since the change of pH indicates whether there is DES transfer to the water
phase. A pH change can have a negative result on an extraction and if micro-
organisms are present in the water phase, it can even lead to their destruction.
Furthermore, acidification or basification of water can have an undesirable
effect on equipment. Thus, as a boundary condition the pH of the water phase
after mixing with the hydrophobic DES should be between 6 and 8. From
Table 3.6 it can be observed that eight hydrophobic DESs satisfy this criterion,
namely DecA:Lid (2:1), DecA:Atr (2:1), Thy:Cou (2:1), Thy:Men (1:1), Thy:Cou
(1:1), Thy:Men (1:2), 1-tdc:Men (1:2), Atr:Thy (1:2). Surprisingly, DecA:Lid
(2:1) has a neutral pH, while all water phases mixed with a DES composed of
decanoic acid are acidic and all water phases mixed with a DES containing
lidocaine become basic. Most likely the acidic and basic effect cancel each
other out. The same also applies for DecA:Atr (2:1), where decanoic acid
contains a carboxylic group and atropine contains an amine group. Moreover,
it is remarkable that Atr:Thy (1:2) has a pH of 7.53. Atropine contains an amine
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group, while thymol has no groups that should induce a pH change so upon
transfer of the components to the water phase it is expected they induce a pH
> 7. Finally, it is peculiar that the pH of the water phase after contact with
1,2-dcd:Thy (1:2) is 4.64. Both components of these DES are alcohols, so the
pH is expected to be close to 7 upon transfer to the water phase.

Table 3.6: pH of the water phases after mixing for 2 h with the hydrophobic DES.

DES pH of the water phase

DecA:Lid (2:1) 6.96
DecA:Atr (2:1) 6.54
DecA:Men (1:1) 4.16
DecA:Men (1:2) 4.29
Men:Lid (2:1) 10.04
Thy:Lid (2:1) 9.15
Thy:Cou (2:1) 7.64
Thy:Men (1:1) 7.24
Thy:Lid (1:1) 9.29
Thy:Cou (1:1) 6.97
Thy:Men (1:2) 7.34
1-tdc:Men (1:2) 7.14
1,2-dcd:Thy (1:2) 4.64
1-Nap:Men (1:2) 5.95
Atr:Thy (1:2) 7.53
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3.3.6 Total organic carbon content in the water phase

The total organic carbon (TOC) content was measured to quantify the amount
of dissolved organic molecules in the water phase (Table 3.7). The TOC value
of DecA:Lid (2:1) is considerably higher than the amounts measured previ-
ously. This can be explained by the difficult sampling of the water phase
after centrifugation. All DESs prepared with atropine led to high TOCs in
the coexisting water phase. The water phases in contact with hydrophobic
DESs prepared with menthol had TOC values lower than 0.1 wt%, except
for Men:Lid (2:1). It is hypothesized that this is caused by a complexation of
menthol with lidocaine, leading to a complex that becomes slightly more hy-
drophilic in comparison with its pure component. Remarkably, also the DESs
composed of thymol and coumarin have slightly higher TOC values. Overall,
it can be concluded that the amount of organics that transfer to the water
phase is rather low in comparison to the previously reported hydrophobic
DESs in Chapter 2.

The amount of the organic phase that transfers to the water phase should
be as low as possible. The field of ILs shows different ranges of transfer of
the organic phase to the water phase. Parmentier et al.!® showed that the
water phase (0.05 M NaCl) contained approximately 31.5mg - L1 of the IL
[Pgsss][oleate] and values lower than 25 ppm for the tetraalkylammonium
oleate and linoleate based ionic liquids in the water phase. In mole fractions
this gives 7.41 x 1077 ([Pssss][oleate]) and 6.02 x 107 ([Nggss][oleate]).10- 106
Freire et al.'% showed that for the IL [C4;mim][C(CN3)] a mole fraction of
5.62 x 1072 is present in the water phase, while for fluorinated ILs these
mole fractions vary between 1.01 x 10~3 ([C4mim][PF4]) to 3.54 x 10~* for
([Cemim][PF4]).1% In comparison, for the DES Thy:Cou (1:1) the mole fraction
of total organic carbon that is dissolved in the water phase is 1.43 x 1074,
while this is 2.80 x 107> for 1-tdc:Men (1:2). Thus, the amount of the newly
developed hydrophobic DES that transfers to the water phase is comparable
to what was found for fluorinated ILs, except for DecA:Lid (2:1), DecA:Atr
(2:1), Men:Lid (2:1), and Atr:Thy (1:2).
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Table 3.7: TOC values in the water phases measured with a Shimadzu TOC-L CPH/CPN (see
also the experimental section).

DES TOC value

[ppm]

DecA:Lid (2:1) 58489
DecA:Atr (2:1) 6475
DecA:Men (1:1) 276
DecA:Men (1:2) 390
Men:Lid (2:1) 2108
Thy:Lid (2:1) 777
Thy:Cou (2:1) 1162
Thy:Men (1:1) 583
Thy:Lid (1:1) 1175
Thy:Cou (1:1) 1596
Thy:Men (1:2) 474
1-tdc:Men (1:2) 273
1,2-dcd:Thy (1:2) 898
1-Nap:Men (1:2) 795
Atr:Thy (1:2) 4917

3.3.7 NMR analysis of the water phases

Since the TOC only gives information regarding the amount of total organic
carbon in the water phase, NMR analysis was performed to investigate the
relative amount of the components of the hydrophobic DES that transfer to
the water phase. Hence, 'H NMR spectra were taken of the water phase after
mixing with DES, as discussed previously.

An example is given in Figure 3.7 for the water phase after mixing it with
the hydrophobic DES Thy:Men (1:1). The specific peaks for Thy were located
between 6.6 and 7.2 ppm, while Men had peaks just before 2.0 ppm and
between 3.0 and 3.5 ppm. For example, the integral of the peak of Thy at 7.2
ppm can be divided by the integral of the peak of Men at 3.4 ppm. This gives
a molar ratio of Thy:Men in the water phase of 3.0:1.0. The spectrum also
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shows that within the same molecule there is a difference in the estimated
integrals, as is shown for Thy between 6.6 and 7.2 ppm. This could be caused
by impurities present in the original components of the DESs that at these low
concentrations may still be visible.

Despite the fact that this method gives no precise ratios of which compon-
ent transfers to the water phase, it gives a good indication of the different
molar ratios of the components in the water phase. The estimated ratios in
water are given in Table 3.8. It is clear that the portioning of the two DES
components over the DES-rich and water-rich phases is rather asymmetric
and random. Further detailed analyses or interpretation of the current data is
not viable, neither within the scope of the current work, but certainly worth

exploring in future works.

MO //\‘ ~H
| I

N, N,

45 40
1 (ppm)

Figure 3.7: 'H NMR of the water phase after mixing with Thy:Men (1:1) with a suppression of

the water peak.
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Table 3.8: Molar ratio between the components that transfer to the water phase determined via
'H NMR of the water phase.

DES Molar ratios of DES in H,O
[ppm]
Men:Lid (2:1) Men:Lid - 1.0:7.1
Thy:Lid (2:1) Thy:Lid - 1.6:1.0
Thy:Cou (2:1) Thy:Cou - 1.0:1.3
Thy:Men (1:1) Thy:Men - 3.0:1.0
Thy:Lid (1:1) Thy:Lid - 1.0:6.0
Thy:Cou (1:1) Thy:Cou - 1.0:2.9
Thy:Men (1:2) Thy:Men - 1.6:1.0
1-tdc:Men (1:2) 1-tdc:Men - 1.0:3.2
1,2-dcd:Thy (1:2) 1,2-dcd:Men - 1.0:2.9
1-Nap:Men (1:2) 1-Nap:Men - 5.3:1.0
Atr:Thy (1:2) Atr:Thy - 24.2:1.0
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3.4 Application: extraction of riboflavin from water

To verify whether the selected hydrophobic DESs are capable of extracting com-
pounds from water, the removal of rifoblavin (vitamin B2) from the aqueous
solutions is investigated. Riboflavin was chosen because it is one of the
most necessary vitamins for humans and challenging to extract from aqueous
solutions. High performance liquid chromatography (HPLC) was used to
measure the concentration of riboflavin before and after extraction. From the
concentrations the distribution coefficient (K) can be calculated:

ini fin
_ Gl — Ciitg

K Cini
vitB2

(3.1)

In Equation 3.1, C‘i]ri‘iBz is the initial concentration of the riboflavin in H,O
in wt% and C‘f}ir;Bz is the final concentration of riboflavin in H,O in wt% after
mixing with the DES. This implies that complete extraction corresponds to K
=1 and no extraction implies K = 0. K values between 0.3 and 0.7 can be seen
as moderate, while > 0.7 can be seen as good K. The results are presented in
Table 3.9.

Table 3.9: DES-water distribution coefficients (K) of riboflavin for HO for the different selected
hydrophobic DESs.

DES K
[ppm]
DecA:Men (1:1) 0.21 £+ 0.02
Thy:Lid (2:1)  0.32 £ 0.05
DecA:Lid (2:1) 0.81 + 0.04
1-tdc:Men (1:2)  0.61 £+ 0.01
Thy:Cou (2:1)  0.71 £ 0.01
Thy:Cou (1:1) 0.48 £ 0.01
Thy:Men (1:2) 0.54 £ 0.01
Thy:Men (1:1)  0.54 £ 0.01
DeCA:Ngggg-Br 0.19 £ 0.01
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The results of the selected hydrophobic DESs as presented in Table 3.9 were
compared with one of the first developed ones, the DES composed of decanoic
acid and tetraoctylammonium bromide in a 2:1 molar ratio (see Chapter 2).
This DES had a K of 0.19, while DecA:Men (1:1) extracted the lowest amount
of the new hydrophobic DESs with approximately a K of 0.21. Thus, all new
hydrophobic DESs had a higher distribution coefficient than the one composed
of decanoic acid and tetraoctylammonium bromide that in Chapter 2 was used
for the extraction of volatile fatty acids. The highest extraction efficiency
was achieved with the hydrophobic DES DecA:Lid (2:1), a DES which is also
very capable of extracting metal ions from water (see Chapter 5). Varying
the ratios of the DES had no influence on the distribution coefficients for
the DES consisting of thymol and menthol, while a difference in distribution
coefficient of approximately 0.23 was observed for the DES that was prepared
from thymol and coumarin. In general, all newly developed hydrophobic
DESs showed moderate to good distribution coefficients in comparison to
the DES as presented in Chapter 2. A precise reason for this is not clear, but
it is hypothesized that different factors play a role in this, e.g. pH change
of the water phase due to certain solubilities of the pure components, the
hydrophobicity of the DES and interaction between the DES and riboflavin.
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3.5 Conclusions and outlook

In this work a series of new, sustainable, hydrophobic DESs was reported.
From 507 combinations of two solid components, 17 became a liquid at room
temperature, which were further assessed for their sustainability via four
criteria. These criteria are based on the use of the hydrophobic DESs as
extractants and include a viscosity below 100 mPa-s, a density that should
be rather different than the density of the water phase, a limited pH change
of the water phase upon mixing with water and a low amount of DES that
transfers to the water phase.

More than 10 DESs follow the viscosity criterion below 100 mPa - s. Re-
garding the density, the criterion was set at a density difference between the
DES and water as large as possible (0 > 50 kg - m~3). The hydrophobic DESs
Deca:Men (1:1), DecA:Men (1:2), Men:Lid (2:1), Thy:Cou (2:1), Thy:Men (1:1),
Thy:Cou (1:1), Thy:Men (1:2) and 1-tdc:Men (1:2) satisfy this criterion.

Furthermore, the criterion of a limited pH change (between 6 and 8) of
the water phase coexisting with the DES showed that the hydrophobic DESs
DecA:Lid (2:1), DecA:Atr (2:1), Thy:Cou (2:1), Thy:Men (1:1), Thy:Cou (1:1),
Thy:Men (1:2), 1-tdc:Men (1:2) and Atr:Thy (1:2) have a negligible pH change.
The amount of organics that transfers to the water phase was comparable for
all developed hydrophobic DESs, except for DecA:Lid (2:1), DecA:Atr (2:1),
and Atr:Thy (1:2), which had considerably higher TOC values.

In general, the newly developed DESs Thy:Cou (2:1), Thy:Men (1:1),
Thy:Cou (1:1), Thy:Men (1:2) and 1-tdc:Men (1:2) satisfied all four criteria.
Therefore, these hydrophobic DESs may be considered as relatively sustain-
able, hydrophobic designer solvents. These DESs were used for the removal of
riboflavin from an aqueous environment. All new hydrophobic DESs showed
moderate to high extraction yields.

In the future, these hydrophobic DESs should be further investigated to
fully understand their solid-liquid equilibria and their liquid-gas equilibria.
These fundamentals will give us a deeper understanding of these complex
eutectic mixtures and enable to quantify the range of molar ratios where the
mixtures are a liquid. Moreover, their biodegradability and toxicity should be
addressed.
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3.6 Appendix: NMRs of the water phases after mixing
with the hydrophobic DESs
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Figure 3.8: 'H NMR of the water phase after mixing with Men:Lid (2:1) with a suppression of
the water peak, which is the broad peak around 4.75 ppm.
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Figure 3.9: 'H NMR of the water phase after mixing with Thy:Lid (2:1) with a suppression of
the water peak, which is the broad peak around 4.75 ppm.
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Figure 3.10: 'H NMR of the water phase after mixing with Thy:Cou (2:1) with a suppression of
the water peak, which is the broad peak around 4.75 ppm.
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Figure 3.11: 'H NMR of the water phase after mixing with Thy:Men (1:1) with a suppression
of the water peak, which is the broad peak around 4.75 ppm.
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Figure 3.12: 'H NMR of the water phase after mixing with Thy:Lid (1:1) with a suppression of
the water peak, which is the broad peak around 4.75 ppm.
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Figure 3.13: 'H NMR of the water phase after mixing with Thy:Cou (1:1) with a suppression of
the water peak, which is the broad peak around 4.75 ppm.
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Figure 3.14: 'H NMR of the water phase after mixing with Thy:Men (1:2) with a suppression
of the water peak, which is the broad peak around 4.75 ppm.
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Figure 3.15: 'H NMR of the water phase after mixing with 1-tdc:Men (1:2) with a suppression
of the water peak, which is the broad peak around 4.75 ppm.
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Figure 3.16: 'H NMR of the water phase after mixing with 1,2-dcd:Thy (1:2) with a
suppression of the water peak, which is the broad peak around 4.75 ppm.
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Figure 3.17: 'H NMR of the water phase after mixing with 1-Nap:Men (1:2) with a suppression
of the water peak, which is the broad peak around 4.75 ppm.
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Figure 3.18: 'H NMR of the water phase after mixing with Atr:Thy (1:2) with a suppression of
the water peak, which is the broad peak around 4.75 ppm.
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Chapter 4

The Solubility of CO; in
Hydrophobic Deep Eutectic
Solvents

Abstract

The aim of this chapter is to evaluate the solubility of CO; in hydrophobic deep
eutectic solvents (DESs). Six decanoic based hydrophobic DESs are tested and
compared to conventional solvents. The results show that hydrophobic DESs
have CO; capture ability comparable to fluorinated ionic liquids. Theoretical
modeling of the solubilities is performed with the PC-SAFT “pseudo-pure’
approach. Only liquid density data is needed to obtain the segment number,
the temperature-independent segment diameter and the dispersion-energy
diameter to model the CO, solubility in hydrophobic DESs. The results show
that the solubilities of the hydrophobic DESs can be predicted with the PC-
SAFT model with parameters only fitted to liquid densities.

This chapter is a modified version of:

Lawien E. Zubeir!, Dannie J.G.P. van Osch!, Marisa A.A. Rocha, Fawzi Banat,
Maaike C. Kroon, Carbon Dioxide Solubilities in Decanoic Acid-Based
Hydrophobic Deep Eutectic Solvents, J. Chem. Eng. Data, 2018, 63, 913-919
and
Carin H.J.T. Dietz!, Dannie ].G.P van Osch!, Maaike C. Kroon, Gabriele
Sadowski, Martin van Sint Annaland, Fausto Gallucci, Lawien F. Zubeir,
Christoph Held, PC-SAFT modeling of CO, solubilities in hydrophobic deep
eutectic solvents, Fluid Phase Equib., 2017, 448, 94-98
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Chapter 4. The Solubility of CO, in Hydrophobic Deep Eutectic Solvents

4.1 Introduction

Carbon dioxide (CO,) is one of the greenhouse gases contributing to global
warming. It is estimated that more than 60 % of the global warming is caused
by the emission of CO,. To avoid any further global warming, the capture
of this greenhouse gas should be addressed.!”® The steps for the capture
and storage of CO; that are already developed and are economically feasible
are transportation, compression and storage. However, the main costs, ap-
proximately two-thirds, come from the capture stage. Especially the solvent
regeneration has a major impact on the costs.!®

Two methods used for the capture of CO; are chemical and physical ab-
sorption.!” Chemical absorption is used at low CO, concentrations with
alkanolamine solutions, but has major drawbacks. These include a large
volume of absorber needed, high equipment corrosion rates and high energy
consumption.!® Physical absorption is used at higher CO, concentrations
with solvents such a dimethylether, propylene glycol and methanol.!® Disad-
vantages of physical absorption are low CO, absorption capability and low
yields by the uptake of high amounts of hydrocarbons. Commercial processes
based on physical absorption are the Selexol-, Rectisol-, Purisol-, Morphysorb-,
and the Fluor-process.!®

Recently, more innovative solvents have been tested for their ability to
capture CO;, i.e. ionic liquids (ILs). Due to their non-volatility and tunable
physicochemical properties they have shown to be excellent solvents for CO,
capture.'® However, their synthesis and purification still makes them to
expensive for use in the industry. ILs that show high solubility of CO, are
[C4mim][TF;N] and[Csmim][BF,].110

More recently, CO; solubilities in hydrophilic DESs were presented in the
literature. Hydrophilic DESs investigated for their CO, solubilities include
urea:choline chloride (2:1),!!! ethylene glycol:choline chloride (2:1),''? lactic
acid:tetramethylammonium chloride (2:1),%? lactic acid:tetraethylammonium
chloride (2:1),%? lactic acid:tetrabutylammonium chloride (2:1) and many
more.%! 113 Despite that hydrophilic DESs were investigated in depth, none of
them showed CO; solubilities comparable to ILs.

In this chapter solubilities of CO; in hydrophobic DESs are presented.
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The hydrophobic DESs composed of decanoic acid in combination with
tetrabutylammonium chloride (N4444 —Cl), methyltrioctylammonium chlor-
ide (Nggg1 —Cl), methyltrioctylammonium bromide (Nggs; — Br), tetraoctylam-
monium chloride (Nggsg —Cl), and tetraoctylammonium bromide (Nggss —Br)
are investigated. The hydrogen bond donor (HBD) to hydrogen bond ac-
ceptor (HBA) ratio, the effect of the halide, and the effect of the quaternary
ammonium salts on the CO; solubility are evaluated. Furthermore, the CO,
solubilities in hydrophobic DESs are compared with ILs and conventional
organic solvents.

This chapter also presents the Perturbed-Chain Statistical Associating Fluid
Theory PC-SAFT “pseudo-pure” component approach for predicting CO, solu-
bilities in hydrophobic DESs. Due to the many combinations of hydrophobic
DESs possible it would become time-consuming and costly to investigate all of
them experimentally. Thus, it is of importance that a simple, robust model is
developed that can predict solubilities of CO, in hydrophobic DESs. Recently,
PC-SAFT was used for modelling CO, solubilities in hydrophilic DESs.!4
Two approaches were used, the ‘pseudo-pure’ component approach and the
‘individual-component approach’. For the ‘individual-component” approach
solubilities of the pure components in water are needed. Thus, it was chosen
to use the ‘pseudo-pure’ component approach.
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4.2 Experimental section

4.2.1 Materials and preparation method
Materials
Table 4.1 gives an overview of the chemicals used throughout the investigation.

Table 4.1: CAS number, purity and supplier of the chemicals used in this investigation.

Component CAS Purity Supplier
[%]

Decanoic acid (2:1)  334-48-5 >98 Sigma Aldrich

Nyg44-Cl 1112-67-0 >95 Merck
Nggg1 — Br 35675-80-0 >97 Sigma Aldrich
Nsgsgg1 —Cl 5137-55-3 >97 Sigma Aldrich
Ngggg — Br 14866-33-2 >97 Sigma Aldrich
Ngggg —Cl 3125-07-3 >98 Sigma Aldrich
CcO, 124-38-9  >99.995 Sigma Aldrich

Preparation of the DES

The DESs were prepared in a capped glass bottle. First, the quaternary am-
monium salt (HBA) was added to the glass bottle, after which the decanoic
acid (HBD) was added via a weighing boat. A Sartorius extended ED224S
balance with 0.1 mg readability was used. The two solid components were
thoroughly shaken with a VWR Analog Vortex Mixer for approximately 10
s to mix the two solids properly, after which they were heated at 308 K in a
thermostatic oil bath to obtain a liquid phase. The temperature was controlled
with an IKA ETS-D5 temperature controller with an uncertainty of &= 0.1 K. An
IKA RCT basic was used for monitoring the stirring speed and temperature.
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Karl-Fischer measurements

The water contents were measured via Karl-Fischer titration with a 795 volu-

metric KFT Tritrino from Metrohm.

Density measurements

An Anton Paar SVM 3000 Stabinger Viscometer was used for determining the
density (o) at 298 K. The absolute uncertainty in the density is 0.5kg - m~3,
while the temperature uncertainty is £ 0.2 K.

Procedure for mixing the DES with water

10 grams of hydrophobic DES and 10 grams of milliQ H>O were added to a
50 mL centrifuge tube (CELLSTAR®). The samples were mixed on an IKA
KS 4000 I incubating shaker (500 RPM, RT) for 2 hours. After shaking, the
samples were centrifuged for 10 minutes at 10000 RPM. The water phase was
taken with a needled syringe, after which the pH was measured.

pH measurements

The pH measurements were performed with an inoLab pH 730.

Carbon dioxide solubility measurements

Carbon dioxide measurements were performed with a magnetic suspension
balance (MSB, Rubotherm GmbH), which determined the bubble-point curves.
It can be used within the temperature range of 273.15 to 423.15 K and pressures
varying from ultrahigh vacuum to 15 MPa. The temperature was regulated
with a Julabo FP50-ME that externally pumps silicon oil through the Rubo-
therm. The temperature is measured with a platinum resistance probe (Pt-100).
For a more in depth explanation of the Rubotherm equipment we would like
to redirect you to the literature.>
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4.3 Modelling

PC-SAFT has been first introduced by Gross and Sadowski.!'>11¢ It is based
on statistical thermodynamics from Barker and Henderson in 1967.117/118 pC-
SAFT is a perturbation theory, which accounts for association and dispersive
forces. SAFT commonly calculates the residual Helmholtz energy based on
the difference between the total molar Helmholtz energy and the Helmholtz
energy of an ideal gas. In PC-SAFT the residual molar Helmholtz energy is
calculated by the sum of hard-chain interactions, energy contribution due
to dispersion forces and site-site specific bonding interactions. For more in-
formation regarding PC-SAFT, the corresponding formulas and the modeling
of gas solubilities an interested reader is referred to some comprehensive
literature. 15116

The pure component parameter estimation and the applied modeling

strategy was inherited from Zubeir et al.}14

with the understanding that only
the pseudo-pure modeling strategy is used in this work. This strategy is
briefly summarized here. The estimated parameters are: the segment number
(Mseg,i), the temperature-independent segment diameter (0;), the dispersion-
energy parameter (u;/kg), the association-energy parameter (¢ /kp) and
the effective volume of an association site (x51) . As these parameters were
not available in literature, they were estimated in this work by fitting to
experimental liquid density data from literature.”® In contrast, the association-
energy parameter (e8! /kp) and the effective volume of an association site
(kAiBl) were not fitted to density data, as density data is inappropriate for
fitting these association parameters. Thus, they were set to constant values
according to suggestions from previous works.3? 119121 For the formation of
the DES, self-association via hydrogen bonding between the hydrogen bond
acceptor (HBA) and the hydrogen bond donor (HBD) was considered. Thus,
two association sites were accredited to the DES.
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4.4 Results and Discussion
4.4.1 Influence of molar volume on CO» solubilities

Table 4.2: Molar mass [g - mol 1], density [kg - m 3] and molar volume [em® - mol~1] of the

reported hydrophobic DESs.

Component M Y Vi
[g-mol™!] [kg-m™3] [ecm®-mol!]
DecA:Nggq4—Cl (2:1) 207.41 916.8 226.2
DecA:Nggg —Br (2:1) 264.31 942.2 280.5
DecA:Nggg1 —Cl (2:1) 249.49 896.4 278.3
DecA:Ngggs —Br (2:1) 297.04 929.8 319.5
DecA:Ngggg—Cl (2:1) 282.22 888.1 317.5
DecA:Ngggg—Cl (1.5:1) 304.23 888.9 342.6

Five different hydrophobic DESs, described in Table 4.2 with their molecular
weight, densities and molar volumes, were investigated for their CO, solu-
bility. Solubilities of CO, up to 2 MPa pressure were tested at three different
temperatures, e.g. 298, 308 and 323 K. It was anticipated that the hydrophobic
DESs physically absorb CO, such as for ILs.!?> The amount that can be solu-
bilized depends on the free volume in the solvent, e.g. the molar volume. The
higher the molar volume, the higher the amount of CO, that can be absorbed.
Figure 4.1 shows that this assumption indeed applies for the decanoic acid
based hydrophobic DESs since at a pressure of 2.0 MPa there is a gradually
increase of the mole fraction of CO,. A similar increase as is shown in Table
4.2.

Another factor investigated was the influence of the halide of the quatern-
ary ammonium salt, -Br or —Cl, for Nggss and Nggg1. Only minor differences
in CO» solubilities were measured, which can be attributed to slight changes
in their molar volumes. Changing the quaternary ammonium salt from the
methyltrioctylammonium to tetraoctylammonium increased the solubility of

COs,, due to an increase of molar volume.
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Figure 4.1: Solubility isotherms of CO» in the hydrophobic DESs as a function of pressure.

In the literature it was shown that changing the ratio between the hydrogen
bond donor (HBD) and the hydrogen bond acceptor (HBA) induced a change
in the solubility.>? Thus, it was investigated what the lowest molar ratio of
DecA:Ngssg —Cl was, where still a liquid was formed. It was found that this
molar ratio was 1.5:1. As predicted, this hydrophobic DES has the highest
solubility of CO, (Figure 4.1).
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4.4.2 Influence of temperature on the CO; solubilities

Next to investigating the influence of changes in the DES structure, it was also
decided to vary the temperature. Figure 4.2 shows the influence of temperature
on the solubility of CO; in DecA:Ngggg—Cl (1.5:1). As expected, increasing the
temperature lowers the solubility of CO,. This can be explained by a decrease
in the density, which leads to a lower molar volume.
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Figure 4.2: Solubility isotherms of CO; in the hydrophobic DESs as a function of temperature
for the DES DecA:Ngggg—Cl (1.5:1).

4.4.3 Regeneration

An important aspect in case of physical absorption is the regeneration of the
CO;,. At a temperature of 308 K and reduced pressure all the CO; could be
regenerated without sample loss. (Figure 4.3).

13C NMR was investigated before and after CO, absorption and regenera-
tion to investigate whether CO; reacts with the hydrophobic DESs (Paragraph
4.6.1). No additional peaks appeared in the 1*C NMR spectrum after absorp-
tion and regeneration of the DESs. Thus, these two methods prove that the
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Figure 4.3: Cycles of CO; absorption for DecA:Ngggg —Br (2:1) (4.3a) and DecA:Ngggg —Br (1.5:1)
(4.3b). Absorption is performed at 298.15 K and 1 MPa, while regeneration of the solvent was
done at 308.15 K under vacuum.

hydrophobic DESs are stable under the experimental conditions and can be
used for both the absorption and the regeneration of CO,.

4.4.4 The Henry’s law constants

Henry law’s constant was determined from the solubility data, which gives

more information regarding the solubility of a solute in a solvent. This constant
only applies at low solubilities of CO; in the hydrophobic DESs. According to

Henry’s law the fraction of gas dissolved in the liquid phase is proportional to
its fugacity in the gas phase as depicted in Equation 4.1:

f2 (Teq, Peq,
Hy: (T,P) = lim f2 (Tea Peqy 22)

XZ%O

_ 432 (Teq/ Peq/ X2)

Py P 4.1)
In this equation Hp; (T, P) is Henry’s constant, x; is the mole fraction of

CO, in the hydrophobic DES, f, is the fugacity of the CO,, ¢, is the fugacity
coefficient calculated with the Peng-Robinson equation of state and Peq is the
CO; pressure at phase equilibrium.!* It was assumed that the fugacity of
the hydrophobic DESs is negligible at the experimental conditions since their
volatilities are low, which is also shown from the TGAs in paragraph 2.5.1.

Thus, the fugacity of the DES+CO, equals the fugacity of CO;. The values of
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the Henry’s constants determined in this study are given in Table 4.3, together
with some literature values of solvents used for the capture of CO,. The higher
the value of the Henry constant, the lower the solubility.

Table 4.3: Henry’s law constants for the prepared hydrophobic DESs and literature values for

ILs and conventional solvents.

Hy
[MPa]

Solvent 298.15 K 308.15 K 318.15K
DecA:Nyqaq —Cl (2:1) 7.554+0.08 8744004 10.7140.35
DecA:Ngsg —Br (2:1) 7.15 * 7.98 * 9.43 *
DeCAZN8881 -Cl (221) 7.18* 8.27 * -k
DecA:Ngggg —Br (2:1) 6.26 £0.07 7.15+0.01 8.4940.16
DecA:Nggss —Cl (2:1) 6.17 £0.20 6.96+0.07 8.4240.14

DecA:Ngsgs —Cl (1.5:1) 590+ 0.09 6.55+0.07 7.70 +0.09
Urea:choline chloride (2:1)!1 - - 15.1
Lactic acid:Nyqqq —Cl (2:1)32 - 14.46 -
[Cymim)][BF4]1° 5.90 & 0.26 - 8.86 & 0.19
[C4mim][TF,N]10 3.30 £+ 0.03 - 4.87 4 0.09
Selexol!23 3.57 - 5.62
Hept.a\ne124 8.43 - -
Benzene!?* 10.4 - -

* only measured one time, ** not measured

The results in Table 4.3 show that the hydrophobic DESs have a much
higher solubility of CO, than hydrophilic DESs and the conventional solvents
heptane and benzene. The results for CO, solubility are comparable to
[C4mim][BF4], which has the second best solubility of CO, in ILs. The results
show that the IL [C4mim][TF;N] and the industrial process selexol still out-
perform the hydrophobic DESs. However, it should be noted that these are
only the first presented hydrophobic DESs. Improvements in these systems
are still possible and should be made.
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4.4.5 PC-SAFT modeling of the CO; solubilities

For further investigations of CO, solubilities in hydrophobic DESs, a model
that enables to predict the solubilities of CO, would allow for fast screen-
ing. In this chapter it was chosen to test the PC-SAFT model based on the
‘pseudo-pure” approach for the DESs DecA:Nyy44 —Cl, DecA:Ngggs —Br (2:1),
DecA:Ngggg—Cl (2:1) and DecA:Ngggs —Cl (1.5:1) as previously described by

Zubeir et al. 114

An advantage of the “pseudo-pure” approach is the fact that
only liquid density data is needed to obtain different parameters for the
model. These parameters are the segment number (seg,i), the temperature-
independent segment diameter (c;) and the dispersion-energy parameter
(ui/kp).

The fits for the densities are shown in Figure 4.4. They show slight overes-
timation at low temperatures and slight underestimation at high temperatures.

950 T T T T T T T T T
A DecA:Ngggg-Br (2:1)
B DecAiNy,-Cl(2:1) |
®  DeCA:Ngggs-Cl (2:1)
925 |- V¥ DecA:Ngggs-Cl (1.5:1)7
@
g
o) 900 - B
= ’
Q
875 - B
L . | | . | | . ]
280 290 300 310 320 330

T[K]

Figure 4.4: Densities of Deca:Ngggg —Br (2:1), Deca:Nag44 —Cl (2:1), Deca:Ngggg —Cl (2:1) and
Deca:Ngggg —Cl (1.5:1), as function of the temperature. The symbols represent the experimental
data and the solid curves represent the PC-SAFT results.
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The absolute average relative deviation, AARD (%), between experimental
densities of the DESs and PC-SAFT correlation are calculated via Equation 4.2.

y?XP 7ycalc

i

AARD (%) — %Z

-100% (4.2)

calc

Yi

In this equation y is a property determined via experiments and modeling
of component i, while 7 is the number of experimental data points. The
AARD (%) DecA:Nygqq —Cl (2:1), DecA:Ngggs —Br (2:1), DecA:Ngggs—Cl (2:1)
and DecA:Ngggs—Cl (1.5:1) were 0.008, 0.103, 0.150 and 0.135, respectively.
The AARD(%) show a good agreement between the densities determined via
experiments and PC-SAFT.

The pure-component PC-SAFT parameters for CO, were obtained from
literature.!? The parameters Mg, 03, and u;/kp are presented in Table 4.4,
while N was set to 1+1, €281 /kB to 0 and «*B! to 0.1. For the hydrophobic
DESs, N was set to 1+1, €28l /kB to 5000 and x41B! to 0.1. Induced asso-
ciation according to Kleiner and Sadowski'® was applied for the CO,+DES
mixtures. The pure component parameters, Mseg i, 01, and u; / kg were fitted to
their liquid densities.”
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Table 4.4: PC-SAFT pure component parameters for CO, and DESs. The parameters for CO,
and the two hydrophilic DESs were obtained from literature.

Component M Mseg,i oy u;/ kg
[gmol '] [A] (K]
CO, 44.01 2.073 27852 169.21

DecA:Nygyy—Cl (2:1) 207.41  10.908 3.1535 311.30
DecA:Ngggs —Br (2:1) 297.04 15482 3.1583 317.42
DecA:Ngggs—Cl (2:1) 282.22 15322 3.1533 307.11
DecA:Ngggs—Cl (1.5:1) 30423  14.800 3.2400 382.09
LA:TBA-CI (2:1)114 152.69  11.730 2.6760 303.76
LA:TBA-CI1 (3:1)1 137.04  10.533 2.6760 338.00

Table 4.4 shows the comparison between PC-SAFT parameters for hydro-
philic and hydrophobic DESs, determined in this work. It can be observed
that the three pure component PC-SAFT parameters (1seg i, 03, and u;/kg) are
in the same order of magnitude for the hydrophobic and hydrophilic DESs, as
was expected.

Figure 4.5 shows the correlation between the molar mass (M,,) of the DESs
and their segment volume (mseg . 03). The higher the M,, of the DES, the
higher #1geg - 0°. For comparison, the hydrophilic DESs modeled by Zubeir et
al.11* are also included in Figure 4.5. A strong linear correlation with a R? of
0.9973 is found between the e - o2 and M,,. This linear correlation allows

us to predict the segment number for other DESs.
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Figure 4.5: Correlation between the molecular weight (Myy) and the segment volume (seg - )
obtained with PC-SAFT from Table 4.4 for hydrophobic DESs modeled in this work and

hydrophilic DESs modeled elsewhere.

114

Based on the PC-SAFT parameters listed in Table 4.4, CO; solubilities were
predicted for the considered hydrophobic DESs. For all DESs, the VLE data of
the binary DES + CO, systems were predicted without adjusting any binary

interaction parameter. Table 4.5 shows the percentage AARD (%) between the

experimental and the predicted VLE of the DESs + CO; systems, which was
determined with equation 4.2. Figures 4.6a to 4.6d show the VLE data of all
hydrophobic DESs + CO; systems studied in this work.
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Table 4.5: Absolute average relative deviation, AARD (%), of the VLE data at various temper-
atures for the examined DES + CO» systems.

Component T Number of data points  k; AARD

[K] (%)

DecA:Nygqs—Cl (2:1)  298.15 12 0 392
308.15 12 0 760

323.15 12 0 1094

DecA:Ngggg—Br (2:1)  298.15 9 0 1201
308.15 9 0 737

323.15 9 0 415

DecA:Ngsss—Cl (2:1)  298.15 12 0 401
308.15 12 0 467

323.15 12 0 793

DecA:Ngggs—Cl1 (1.5:1)  298.15 11 0 870
308.15 11 0 508

323.15 11 0 227

PC-SAFT underestimates the CO, solubilities in the DES DecA:Ny444 —Cl
(2:1), where the AARD (%) increases for increasing temperatures. At 298.15
K the model slightly overestimates the experimental pressure. PC-SAFT
overestimated the isotherms for the DecA:Ngggg—Br (2:1) + CO; system. The
overestimation increased with temperature. The predictions of PC-SAFT
for the DES DecA:Nggss —Cl (2:1) + CO, show a good comparison with the
experimental data at a temperature of 298.15 K and 308.15 K with an AARD (%)
of 4.01% and 4.67%, respectively.”® At 323.15 K the PC-SAFT underestimates
the system pressure of DES + CO, system resulting in a higher AARD (%) of
7.93%. For the 1.5:1 molar ratio of the DES DecA:Njgggs —Cl the predictions at
308.15 K and 323.15 K are reasonable to good with AARD (%) values of 5.08%
and 2.27%, respectively. Underestimation and overestimation is caused by the
fact that no interactions are taken into account as also shown in 4.5, ki]- is zero
for all DESs and temperatures. This could improve the model.
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Figure 4.6: VLE of different hydrophobic DES + CO» systems at three isotherms. (squares:
323.15 K, circles: 308.15 and diamonds: 298.15). The lines are results obtained with PC-SAFT
using the parameters in Table 4.4. The following DESs are shown: (4.6a) DecA:Ny44—-Cl
(2:1) + COg; (4.6b) DecA:Ngggg—Br (2:1) + CO»; (4.6c) DecA:Ngggg—Cl (2:1) + COp; (4.6d)
DecA:Nggss —Cl (1.5:1) + CO».
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4.5 Conclusions and outlook

In this chapter it is shown that hydrophobic DESs based on decanoic acid
and quaternary ammonium salts have moderate to good CO, solubilities. The
results show that the solubility occurs via physical absorption and depends on
the molar volume of the DES. The higher the molar volume, the more CO, the
DES can solubilize. Changing the anion has negligible effect on the solubility,
while changing the methyl chain to an octyl chain increases the amount of
CO; that can be absorbed, due to changes in molar volume.

Henry’s law constants were determined to compare the CO; solubilities
in the hydrophobic DESs to solubilities in ILs and conventional solvents.
The results show that the DES DecA:Nggggs —Cl (1.5:1) can solubilize similar
amounts of CO, as [C4mim][BF4], which is one of the most promising ILs
used for the capture of COs,.

The PC-SAFT modeling shows that reasonable to good predictions can
be made of CO; solubilities in the hydrophobic DESs by estimating the para-
meters, for which only the liquid densities are needed. This allows for fast
screening into even more promising hydrophobic DES for solubilizing CO,,
saving significant time compared to experimental methods.

Since these are the first results of CO, solubilities in hydrophobic DESs
more research should be performed to find even more suitable hydrophobic
DESs for CO; capture. DESs that have a higher solubility can be found via the
use of the PC-SAFT model. Also, the solubility of components such as CHy in
DESs should be tested in order to find distribution coefficients between the
different components in natural gas.
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4.6 Appendix

4.6.1 NMRs of the DESs
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Figure 4.7: 13C NMR of the DES decanoic acid with tetrabutylammonium chloride in a 2:1
ratio as prepared.
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Figure 4.8: 13C NMR of the DES decanoic acid with tetrabutylammonium chloride in a 2:1
ratio after CO, solubility measurements and regeneration.
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Figure 4.9: 13C NMR of the DES decanoic acid with tetraoctylammonium bromide in a 2:1
ratio as prepared.
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Figure 4.10: 13C NMR of the DES decanoic acid with tetraoctylammonium bromide in a 2:1
ratio after CO» solubility measurements and regeneration.
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Figure 4.11: 13C NMR of the DES decanoic acid with tetraoctylammonium chloride in a 2:1
ratio as prepared.
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Figure 4.12: 13C NMR of the DES decanoic acid with tetraoctylammonium chloride in a 2:1
ratio after CO» solubility measurements and regeneration.
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Figure 4.13: 13C NMR of the DES decanoic acid with tetraoctylammonium chloride in a 1.5:1
ratio as prepared.
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Figure 4.14: 13C NMR of the DES decanoic acid with tetraoctylammonium chloride in a 1.5:1
ratio after CO» solubility measurements and regeneration.
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Chapter 5

Metal Ion Removal from Water
with Hydrophobic Deep
Eutectic Solvents

Abstract

Hydrophobic deep eutectic solvents were used for the removal of metal ions
from non-buffered water. It was shown that the extraction occurs via an ion
exchange mechanism in which the transition metal ions could be extracted
with high distribution coefficients, even for high Co*" concentrations and
low DES/water mass ratios. Maximum extraction efficiency could be reached
within 5 s and regeneration of the DES was possible.

This chapter is a modified version of:
Dannie ].G.P. van Osch, Dries Parmentier, Carin H.].T. Dietz, Adriaan van den
Bruinhorst, Remco Tuinier, Maaike C. Kroon, Chem. Commun., 2016, 52,
11987-11990



Chapter 5. Metal Ion Removal from Water with Hydrophobic Deep Eutectic Solvents

5.1 Introduction

The contamination of water with high metal salt concentrations makes water
non-potable, while for some metals (e.g. Cd, Pb, As) even traces are highly
toxic.126:127 To avoid this environmental and health issue, the removal of metal
salts from water is of major importance. Moreover, their extraction from water
can be of interest from an economical perspective, since certain metal salts are
getting scarce (e.g. Pd, Au, Ag), making them expensive. For these reasons, it
is important to remove metal salts from aquatic environments.

A generally accepted and often applied technique for the removal of metal
salts from water is liquid-liquid extraction with hydrophobic solvents.!?8
Extraction offers advantages over other methods such as the possibility of
conducting the removal in a continuous mode, the use of rather easy to operate
equipment, simple reactor design and the need for only small amounts of
extractant.!?

Most investigations into the extraction of metal salts from an aquatic en-
vironment have focused on the use of conventional organic water-immiscible
solvents such as dodecane, toluene and kerosene. The main disadvantages of
these solvents are their toxicity, volatility and flammability.!*

A hydrophobic DES that could enable the removal of metal salts or metal
ions from water is of interest for many industries. For example, in the pulp
and paper industry this might introduce the removal of transition metals, such
as Mn and Fe, from fibre suspensions prior to peroxide bleaching, which al-
lows for replacing the use of ethylenediaminetetraacetic acid (EDTA), diethyl-
enetriaminepentaacetic acid (DTPA), and other acidic environments.!3!:132
Moreover, the newly developed DESs have the possibility to be used for regu-
lating the final metal contents of dissolving pulp and for the removal of metal
ions from wood raw material.1*1132 Furthermore, it might be of interest to
investigate whether silica and calcium ions can be removed from water and/or
from equipment, avoiding precipitations inside the equipment. Finally, it is
interesting to investigate whether these DESs are usable in ion exchangers.

This chapter focuses on the extraction of different metal chloride salts from
an aquatic environment using hydrophobic DESs. Studies into the extraction

mechanism of hydrophobic ionic liquids (ILs) produced from fatty acids
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and quaternary ammonium salts indicated that the metal part of the metal
salt forms complexes with the deprotonated acid groups, while negatively
charged chloride interacts with the positively charged nitrogen of the IL.1%
Hence, a DES was chosen that consists of decanoic acid (DecA) and lidocaine
(Lid) since it was recently shown that approximately 25 % of the decanoic
acid/lidocaine DES in a 2:1 molar ratio was ionized.””"”® The components
DecA and Lid were used in 2:1, 3:1 and 4:1 molar ratios. The pH of the
water phase was not changed to improve extraction efficiency as published
recently for metal salts in acid solutions.?9 Thus, only metal salt and water
were present in the aqueous phase, which to the best of our knowledge has
not been investigated before. The measured distribution coefficients (D) for
the ions of the metal chloride salts; cobalt (CoCl,), nickel (NiCly), iron (FeCl,),
manganese (MnCl,), zinc (ZnCl,), copper (CuCl,), sodium (NaCl), potassium
(KCl) and lithium (LiCl) were reported. Furthermore, different concentrations
and DES/water mass ratios (¢pgs) were tested for the metal salt CoCl,. Finally,
the regeneration of the DESs was investigated.
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5.2 Experimental section

5.2.1 Materials, preparation and metal salt extraction method

Materials

Decanoic acid (DecA) and lidocaine (Lid) were both purchased from Sigma-
Aldrich with purities of >98 % and >99 %, respectively (see Figure 5.1 for the
chemical structures of the components of the DESs). CoCl,-6 H,O was ordered
from Alfa Aesar with a purity of >98 %. NiCl,-6 HO and MnCl,-2 H,O were
supplied by Boom laboratory with purities of >99 %. CuCl,-2 H,O, NaCl and
KCI were purchased from VWR Chemicals with purities of, respectively, >99
%, >99.99 % and >99.99 %. FeCl,-4 H,O and LiCl (Merck) had purities >99
%, while ZnCl, was supplied by Sigma-Aldrich with a purity of >99 %. All
chemicals were used as supplied.

0 \ 0
M ~_N \)J\N
OH H
Decanoic acid Lidocaine

Figure 5.1: Chemical structure of the starting components of the DESs.

Preparation of the DES

The three DESs were all prepared by the following procedure. DecA (for
DecA:Lid (2:1) 89.28 g, DecA:Lid (3:1) 103.20 g and DecA:Lid (4:1) 111.93 g)
was weighed in a 250 mL flask and Lid (for DecA:Lid (2:1) 60.72 g, DecA:Lid
(3:1) 46.80 g and DecA:Lid (4:1) 38.07 g) was added via a solid funnel or via
weighing it in a weighing boat, after which it was added to the DecA. The
flask was closed with a cap and parafilm was wrapped around the cap and
the flask to ensure that the DESs were not able to uptake water. Next, the
flask was heated to 308 K in an oil bath until a clear liquid appeared. The
inside of the flasks was rinsed with the DES to ensure that all solids were in
the liquid phase, after which the DESs were heated again to 308 K until a clear
homogenous mixture was formed. Before use, the DESs were left, in their

106



5.2. Experimental section

flask with the screw cap on it, overnight at room temperature to investigate if
recrystallization occurred.

Determination of the water solubility in the DESs and their viscosity/dens-
ity

The DESs were mixed with water to determine the amount of water they
would take up. Approximately 23 g of DES was mixed with 23 mL of water
in centrifuge tubes of 50 mL (CELLSTAR®), which were shaken in an IKA
KS 4000 I incubating shaker and centrifuged for 30 min at 12.000 RPM in a
Sigma 2-16 KL centrifuge. The top-phase, DES phase, was analyzed for its
water content with a Karl-Fischer 899 coulometer titration apparatus. The
density of the DES was measured with an Anton-Paar SVM 3000 Stabinger
Viscometer and viscosity with an Anton Paar Physica MCR 301 rheometer.
The bottom-phase was analyzed for its total organic carbon (TOC).

Metal salt extraction method

Five different stock solutions were prepared. Four stock solutions constituted
of a single metal complex, being CoCl,-6 H,O, FeCl,-4 H,O, MnCl,-2 H,O,
NiCly-6 H,O ZnCl,, CuCl,-2 H,O, NaCl, KCl, LiCl. The specific reasons for
this are listed below and these numbers correlate to the experiment numbers
as depicted in Table 5.7: 1) The stock with CoCl,-6 H,O was also used for
further research into extraction times and regeneration. 2) For FeCl,-4 H,O it
was checked whether a precipitation would form as was shown in literature
for ionic liquids (ILs). 3) MnCl,-2 H,O showed from initial experiments the
formation of a gel like DES phase. 4) Analysis showed that in some cases
the values of sodium and potassium showed similar peaks in analysis with
induced coupled plasma (ICP). 5) The stock with a combination of the salts
was used to test the versatility and selectivity of the extraction method. The
results of experiment 3 led to the exclusion of MnCl, from this stock. For
all the experiments a concentration of 1.0g - L™! of metal ion was used. For
experiment 5, the measurement of the chloride concentration after extraction
was considered unreliable. The deviations were probably caused by the
cumulative variations in distribution coefficients of the alkali cations.
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For the extraction, first an approximate amount of 10 g of DES was weighed
and added to a centrifuge tube (CELLSTAR®) of 50 mL to which 10 mL of
metal salt solution was added. The mixture was shaken for 1 h on a Heidolph
multireax multivortex shaker with 1800 RPM (T = 295 K) and centrifuged for 10
min at 3000 RPM with a Beckmann Coulters centrifuge. The water phase was
analyzed with TOC for the amount of organic substance, ion chromatography
(IC) for the chlorides and ICP for the metal ions. It should be noted that
sampling of the water phases was extremely difficult, which could have
influenced the results of the TOC values slightly.

Determination of the volumes of the water phase

The volumes of the water phase were determined by estimating the heights
of the two phases by the use of a ruler. The volume of the water phase after
extraction was calculated by multiplying the ratio between the two volumes
based between the two bars times that volume.

Regeneration experiment

For the regeneration experiment first 1.0g - L~! Co®* from HO was extracted
as also mentioned in paragraph 5.2.1 The DES phase was sampled after centri-
fugation for further use. In the regeneration step 10 g of 0.1 M sodium oxalate
(NapC204) was added to 10 g of DES with metal ions in it. This mixture was
shaken for 1 h on a Heidolph multireax multivortex shaker with 1800 RPM (T
= 295 K) and centrifuged for 10 min at 3000 RPM with a Beckmann Coulters
centrifuge. After the centrifugation step the DES and H,O phase were separ-
ated, after which again an extraction experiment was conducted as explained
in paragraph 5.2.1.

5.2.2 Analytical methodologies

Karl-Fischer

Karl Fischer analysis with an 899 Coulometer (Metrohm Karl Fischer) was
used for measuring the water content of the DESs after preparation and after
mixing with water.

108



5.2. Experimental section

Density

An Anton Paar SVM 3000 Stabinger Viscometer was used for measuring the
density of the developed DESs between 293.15 to 323.15 K at atmospheric
pressure. In the range of 288.15 to 378.15 K the temperature uncertainty is
listed as 0.02 K. The absolute uncertainty of the density is approximately
0.5kg - m~3.

Viscosity

The viscosity between 293.15 to 323.15 K was measured with an Anton Paar
Physica MCR 301 rheometer.

Thermogravimetric analysis (TGA)

A thermogravimetric analyzer (Perkin Elmer TGA 4000) was used for studying
the decomposition temperature of the DESs. The mass of the samples varied
from 7 to 13 mg. The precision and the sensitivity of the balance are £ 0.01
% and 1 ng. For the heating of the samples a ceramic crucible was used. The

1

conditions for heating were a heating rate of 10K - min™" over a temperature

range of 303 to 873 K where a continuous flow of nitrogen, 20mL - min~?,

with a pressure of 0.2 MPa was used.

Nuclear magnetic resonance (NMR) of the DESs

Nuclear Magnetic Resonance was used for recording both hydrogen (H) and
carbon (13C) NMR spectra. A Bruker 400 automatic NMR was used. The DES
samples were added to an 8” Wilmad NMR tube (outer diameter of 5 mm)
and mixed with deuterated chloroform (CDCl3). The spectra for the 1*C NMR
were recorded in 1000 scans with a relaxation time of 3 s. The "TH NMR were
recorded with 128 scans and a relaxation time of 3 s. The NMR spectra were
used as obtained and analyzed with MestreNova (version 9.1.0-14011) and
ChemBiodraw (version 14.0.0.117).
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Nuclear magnetic resonance (NMR) of the water phases after the extraction
experiments

Undiluted samples of the water phase after extraction were studied using a
'H NMR water suppressing pulse sequence. The samples were each added to
an 8” Wilmad NMR thin-walled tube (outer diameter of 5 mm) and equipped
with an 8” Wilmad insert with an inner capacity of 60 uL, stem height of 50
mm and stem outer diameter of 2 mm filled with D,O as lock reference. The
water peak was suppressed by using a NOESY-presaturation pulse sequence,
Bruker 1D noesygpprld, at the peak maximum of the water peak (WATER
program in Bruker TopSpin™).

The spectra were normalized setting the two protons from the lidocaine
molecule, (CH3-CHj), -N-CH2-(C=0)-NH-R, to 2.00. The ratio between
DecA and Lid was calculated by dividing the resulting integral of the CHjs of
DecA by 3.

Fourier transform infrared (FTIR)

A PerkinElmer Spectrum Two spectrometer equipped with a Spectrum Two
UATR (universal attenuated total reflectance) module was used for meas-
uring the Fourier transformed infrared (FTIR) spectra. The measurements
were conducted over a wavenumber range of 450-4000 cm~!. For the pure
component 4 scans were used, while 16 scans were used for measuring the
DESs. Of every sample a background spectrum was recorded, with which a
baseline correction was performed with the PerkinElmer Spectrum software
(application version 10.03.08.0135, 2012).

Ion chromatography

The chloride concentrations were measured with a Metrohm 761 Compact ion
chromatograph (IC). The column in the IC is a Metrohm Metrosep A Supp 5,
150/4.0 mm. The pre-column is a Metrohm Metrosep A Supp 4/5 Guard. The
conductivity detector, chemical suppressor from Metrohm, CO, suppressor
(Metrohm, type 853) are all built into the ion chromatograph.

The reagents of the mobile phase are 3.2 mM sodium carbonate and 1
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mM sodium bicarbonate solution in combination with 1 % of acetone. The
suppressor liquids are 0.5 M H3PO4 with 1 % acetone and Milli-Q water with
1 % of acetone.

The mobile phase had a flow of 0.7mL - min~! and the flow of the sup-
pressor solutions had a flow of 0.4 mL - min~!. The injection volume is 20 uL
and the runtime is 20 min. The detection limit is 0.05-0.10 mg - L1, while the
upper limit is 80 mg - L.

Induced coupled plasma (ICP)

The ICP is a Perkin Elmer from the type Optima 5300 DV with a Perkin Elmer
autosampler of the type ESI-SC-4 DX fast. The watercooler used for the ICP is
the type 6106 P from Polyscience. The internal standard solution is 10 mg - Lt
Yttrium and the rinse solution is 2 % nitric acid. The detection limit varies
from 25-750 ng L ! and the upper limit is 10000 pg L. The >’ in Table 5.7
means that the values for that metal ion were lower than the detection limit.

Total organic carbon (TOC)

A Shimadzu TOC-Lcpy with an ASI-L Autosampler was used for the analysis
of the total organic carbon (TOC) in the water phase. The reagents that are
used are 2 M hydrochloric acid and 25 % phosphoric acid. The detection limit
is80mg- L1
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5.3 Results and discussion

5.3.1 Physicochemical properties

Table 5.1: Physicochemical properties of the investigated DESs, where p is the density and
1 is the viscosity measured at 298 K before mixing with water. wyy,o are the water contents
measured at room temperature (295 £ 1 K) before mixing with water. Ty is the degradation

temperature of the DES.

DES Wpefore,H,O Pbefore,H,0 MTbefore,H,O Tq

[wt %] [kg - m~3] [mPa - s] K]
DecA:Lid (2:1) 731.3 +4.2 958.25+ 0.05 2375+45 465.6
DecA:Lid (3:1) 280.1 4.8 949.70+£0.0 208.5+35 4557
DecA:Lid (4:1) 2427 £32 94190+0.0 142.0+£2.0 459.8

Table 5.2: Physicochemical properties of the investigated DESs, where p is the density and # is
the viscosity measured at 298 K after mixing with water. wyy,o are the water contents measured
at room temperature (295 + 1 K) after mixing with water. Cpgg in water is the concentration of
DES in the water phase after mixing determined with TOC.

DES Wafter,H,0 Pafter,H,O Nafter,H,0 Cpes
[wt %] [kg - m~3] [mPa-s] [mg- gfl]
DecA:Lid (2:1) 20.34+0.3 980.0 0.0 106.0 £ 1.0 16.1
DecA:Lid (3:1) 9.2+0.01 961.35+0.05 1245+ 1.5 10.6
DecA:Lid (4:1) 7.0£0.01 95095+0.5 103.0+1.0 7.9

Various physicochemical properties of the synthesized hydrophobic DESs
were investigated (Table 5.1 and 5.2 ). The results show that the water con-
tent for the prepared DESs varied from approximately 243 ppm to 731 ppm.
Furthermore, the water content decreased with an increase of the decanoic
acid to lidocaine ratio. Thus, the more decanoic acid is present in the DESs,
the more hydrophobic it is. The densities of the DES were lower than that
of water, but very close to it. The operation window was determined via
comparing the melting temperature and the degradation temperature. In
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the literature a glass transition temperature was given, which was 207 K.”8
The degradation temperatures were measured and are between 445.2 and
466.2 K. The difference between these two ensures the use of the three DESs
at a large temperature operating window. NMR analyses showed that the
two components of the hydrophobic DESs underwent no chemical reaction
(Appendix 5.5.1). The density after mixing with water varied only slightly,
while the viscosity dropped considerably. This drop can be explained by the
increase of the water content after mixing with water, which rose to 7-20 wt %.
The concentration of organic substance in the water phase after mixing with
water varied from 8 mg - L~! to 16 mg - L. These values are lower than the
amount of organics transferred to the water phase for the hydrophobic DESs
composed of decanoic acid and quaternary ammonium salts.
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Figure 5.2: Densities as a function of temperature. The solid curves depict the DESs before
mixing with water, while the dashed curves are the DESs after mixing with water.

The densities and viscosities of the pure DESs and the DESs after mixing
with water over a temperature range are plotted in Figures 5.2 and 5.3. Both

the densities and the viscosities decrease over an increase of temperature. A

88,89

correlation for the density that is often used for ILs, is given in Equation
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5.1 as:

p=a+bT 6.1)

Table 5.3: Fitting parameters of the densities before mixing with HyO (equation 5.1).

DES a b
[kg-m3] [kg-m3.-K!]
DecA:Lid (2:1) 1211.44 -0.85
DecA:Lid (3:1)  1206.11 -0.86
DecA:Lid (4:1) 119299 -0.84

Table 5.4: Fitting parameters of the densities after mixing with H>O (equation 5.1).

DES a b
[kg - m 3] [kg - m3.-K1]
DecA:Lid (2:1)  1290.79 -1.05
DecA:Lid (3:1)  1220.07 -0.87
DecA:Lid (4:1)  1190.56 -0.80
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Figure 5.3: Viscosities as a function of temperature. The solid symbols and curves depict the
DESs before mixing with water, while the dashed symbols and curves are the DESs after mixing
with water.

The following expression for the viscosities is often used for ILs:3%8

B

7
=AM ep e

(5.2)

Table 5.5: Fitting parameters of the Vogel-Fulcher-Tammann for the DESs before mixing with
water (Equation 5.2).

DES A, B, C,

[mPa - s] [K] [K]
DecA:Lid (2:1) 6.84x 1073 136438 -167.46
DecA:Lid (3:1) 418 x 1073 1509.29 -158.33
DecA:Lid (4:1) 637 x 1073 142674 -155.32
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Table 5.6: Fitting parameters of the Vogel-Fulcher-Tammann equation for the DESs after mixing
with water (Equation 5.2).

DES A, B, C

[mPa - s] [K] [K]
DecA:Lid (1) 839 x 1074 2621.16 -75.20
DecA:Lid (3:1) 9.52x 1073 149642 -140.18
DecA:Lid (4:1) 119 x 1073 2250.66 -99.94

The density and viscosity can be described accurately using equation 5.1
and 5.2 for the three hydrophobic DESs, both before and after mixing with
water. As expected, the densities after mixing with water increase, while the
viscosities decrease.

5.3.2 Extraction experiments

The distribution coefficients of the metal ions over the water and hydro-
phobic DES phases were determined using five separate experiments and are
presented in Table 5.7. For all experiments reported in Table 5.7 an initial
concentration of 1.0 g - L™! metal ion was used. The measured D values were
calculated based on analysis of the water phase using equation 5.3:

Caq Caq Vla q
ion,0 ~ “ion,1° Voaq
D= . (5.3)
ion,0
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Table 5.7: Distribution coefficients (D) of metal cations and chloride anions over the hydro-
phobic DESs and water phases. For D — 0, the ion remains in the aqueous phase, while the ion
is completely extracted into the DES when D — 1. The pH values of the aqueous phase before

and after extraction can be found in Table 5.8 and 5.9.

DecA:Lid (2:1)

DecA:Lid (3:1)

DecA:Lid (4:1)

Expl. Co** >0.99640.001 >0.99640.001 0.983 4 0.002
Cl~ 0.113 £ 0.002 0.078 £+ 0.008 0.101 £ 0.0059
Exp2. Fe?* >099240.001 >0.99140.001 > 0.991 =+ 0.001
Cl~ 0.197 £+ 0.003 0.080 + 0.001 0.113 £ 0.007
Exp3. Mn?t >0.99240.001 >0.99140.001 0.983 & 0.004
Cl™ 0.086 + 0.002 0.081 + 0.027 0.065 £+ 0.011
Exp4. K' >0457+£0.001 >0.397+0.001 > 0.457 + 0.001
Co?*  >0.1414+0.001 > 0.078 +0.031 > 0.072 £ 0.002
Exp5. Co** 0.990 £ 0.001 0946 £ 0.012 > 0.777 = 0.008
Ni* > 0.996 +0.001  0.983 + 0.001 0.880 + 0.004
Zn?>t  >0.995+0.001 >0.995+0.001 > 0.995 -+ 0.001
Cu’t  >0996 £0.001 > 0.996 +0.001 > 0.996 & 0.001
Na™ 0.195 £ 0.001 0.140 £ 0.009 0.127 £ 0.040
K* 0.211 £ 0.028 0.161 £ 0.018 0.134 £ 0.005
Lit 0.266 + 0.015 0.166 + 0.001 0.128 £+ 0.036

As shown in Table 5.7, most metal cations are extracted with high effi-
ciencies (D — 1). The experiments with only single metal salts in the water
phase all show high D for the cationic metal ions, except for K*, which can be
explained by the preference of fatty acids to bind with transition metals and
not with alkali metals.'>® Two observations should be mentioned.

Some small precipitations were observed in the water phase after extraction
of Fe?", which can be explained by the fact that it precipitates at higher pH.1%
After extraction of Mn?* the DES phase formed a gel/solid like phase, which
is most likely caused by the interaction of the manganese cation with one of
the constituents of the DES. For K*, the reported hydrophobic DESs show a
decrease in D with an increase of the decanoic acid to lidocaine ratio. This
might be caused by the increase of hydrophobicity with an increase of decanoic
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acid in the DES. The experiment in which a combination of metal ions is
extracted, experiment 5, shows high D for all transition metal ions, although
the D values of Ni>* and Co?" decrease with an increase of the decanoic acid
to lidocaine ratio. Furthermore, it can be observed that the extraction of the
alkali metal ions in such a mixture of metal ions is rather low. This was already

expected from the literature on the extraction of metal salts with ILs.106-133

Table 5.8: pH of the water phase before the extraction.

Metal salt present in the water phase pH
CoCly 5.471
FeCl, 2.848
MnCl, 5.787

CoCly, NiCly, ZnCl,, CuCl,, NaCl, KCl, LiCl  4.372

Table 5.9: pH of the water phase after the extraction. For the combination experiment the
following metal salts were extracted: CoClp, NiClp, ZnCl,, CuClp, NaCl, KCl, LiCl.

Metal salt pH pH pH
DecA:Lid (2:1) DecA:Lid (3:1) DecA:Lid (4:1)
CoCl, 6.306 5.740 5.184
FeCl, 6.829 6.324 5.838
MnCl, 6.773 6.278 5.792
CoCly, NiCly,
ZnCl, CuCly, 6.772 6.295 5.806
NaC(Cl, KCl
LiCl

Table 5.8 shows the pHs of the water phase upon addition of metal salts.
The addition of metal salts to the water phase resulted in the decreases of pH.
Upon removal of the metal salts the pH increased as is clearly given in Table
5.9. The higher the DecA:Lid molar ratio, the smaller the change in pH.

118



5.3. Results and discussion

5.3.3 Variation in initial Co?t concentration

Figure 5.4 shows that with an increase in the concentration of the metal ion
Co?t, D decreases. The higher the decanoic acid to lidocaine ratio, the higher
the decrease in D.
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Figure 5.4: Distribution coefficient (D) with increasing concentration of Co?*. The curves are
added for clarification purposes.

For the chloride ions it was found that the D is small, which was not
expected from previous research into the extraction mechanism of metal salts
with similar fatty acid based ILs.!%1% The low distribution coefficient of the
DESs for the extraction of chloride ions may be explained by the interaction
of the protonated lidocaine with chloride anions. Most likely, lidocaine hy-
drochloride is formed, which has a higher water solubility in comparison
to lidocaine itself (50 mg - mL~! for lidocaine chloride vs. 0.41 mg - mL~! for
lidocaine). Thus, upon extraction of the metal ion into the DES phase, pro-
tonated lidocaine is transferred simultaneously to the water phase (forming
lidocaine hydrochloride), which is an ion exchange process, as presented by
Equation 5.4 and 5.5:

DecAHorg + DecAHorg <+ DecAg, + LiclH(frg (5.4)
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2LidHg,, +M**Cly,, ¢ 2LidH Cl; + M3, (5.5)

org

5.3.4 TOC values over a variation of initial Co?** concentration
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Figure 5.5: TOC values over the initial concentration of Co?* in the water phase. The curves

are added for clarification purposes.

This hypothesis was tested by varying the initial concentration of the metal
ion to investigate if the concentration of the total organic carbon (TOC) in
the water phase increased with an increasing amount of Co?". The change in
TOC values with initial Co?>* concentration, as shown in Figure 5.5, supports
that most likely Co?* is exchanged with the positively charged lidocaine.
To strengthen this assumption, NMR analysis was performed on the water
phases after extraction (Appendix 5.5.2). Table 5.10 is based on the NMR in
Appendix 5.5.2, which shows that with an increase of extracted metal ions the
amount of lidocaine relative to the amount of decanoic acid in the aqueous
phase becomes higher, indicating that indeed an ion exchange mechanism
occurs. A small amount of decanoic acid will always dissolve in the water
phase, in spite of its limited water solubility. This amount does not increase
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with an increase in the amount of metal ions that are extracted, which explains
the relatively high amount of decanoic acid compared to lidocaine for the
extraction of 0.5g - L~! Co?*.

Table 5.10: Mole ratio of Lid:DecA for all the water phases measured.

Water phase after extraction of ~ Molar ratio of Lid:DecA
0.5 gL~! Co?" with DecA:Lid (2:1) 1:0.34
0.5 gL~! Co?" with DecA:Lid (3:1) 1:0.26
0.5 gL~! Co?" with DecA:Lid (4:1) 1:0.19
2.0 gL~ Co?" with DecA:Lid (2:1) 1:0.05
2.0 gL~! Co?" with DecA:Lid (3:1) 1:0.02

)
)
)
)

2.0 gL~! Co*" with DecA:Lid (4:1 1:0.03
4.0 gL~ Co*" with DecA:Lid (2:1 1:0.01
4.0 gL~! Co*" with DecA:Lid (3:1 1:0.01
4.0 gL~ Co*" with DecA:Lid (4:1 1:0.00

5.3.5 Variation of DES/water mass ratios

¢pEs, which is defined as the DES/water mass ratio, is varied in order to
examine its influence on the D of Co?*" (Figure 5.6). The results show that
even for low ¢pgs (¢pes < 0.1), D values of 0.796 and higher can be achieved.
The molar ratios of the DecA:Lid induce significant changes especially for
the lower mass ratios. It was anticipated that this is caused by a change of
hydrophobicity over an increase of the molar ratio of DecA:Lid.
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Figure 5.6: Distribution coefficient (D) over different DES/water mass ratios (¢pgs). The lines
are added for clarification purposes.
5.3.6 Variation of extraction time

Moreover, it was found that high D for Co?" as reported here could be
achieved within 10 s for all the 3 DES ratios as shown in Figure 5.7.
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Figure 5.7: Distribution coefficient (D) over a variation of extraction time (t.y¢). The curves are
added for clarification purposes.

5.3.7 Regeneration of the DES

Finally, it was investigated whether regeneration of the DES could be achieved.
Sodium oxalate (0.1 M Nay;C,04) was used for the regeneration of the DES,
since previous research into ILs showed that this was an efficient stripping
solution.!3*135 This solution was shaken with an equal mass ratio of DES for 1
h. Analysis of the water phase shows that D becomes approximately 0.85-0.90
for the regeneration of Co?" into the water phase (see also Table 5.11). After
regeneration with the DES, it was verified whether Co?t extraction from the
water phase was still feasible, even though the DES cannot be reused infinitely
due to leakage to the water phase. The results show that for the 3:1 and 4:1
ratios of decanoic acid to lidocaine extraction was still possible with high D. It
is noted that the water phase now became turbid after extraction, even after
centrifugation. The most plausible explanation for this is a slight increase in
the density of the DES. For the 2:1 ratio of decanoic acid to lidocaine the D
was only 0.706 after regeneration and it is noted that the volume of the DES
phase decreased for the extraction after regeneration.
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Table 5.11: Distribution coefficients (D) for the extraction and regeneration of Co?* for the
DESs.

DecA:Lid (2:1) DecA:Lid (3:1) DecA:Lid (4:1)

Extraction ~ Co?* > 0.996 > 0.996 0.983
Regeneration Co?* 0.848 0.867 0.899
Extraction
after Co?* 0.706 0.994 0.995
regeneration

5.3.8 Comparison to ther Solvents

The ability of the hydrophobic DESs to extract metal ions is comparable with
ILs based on fatty acids and quaternary ammonium salts.!% 1% Experiments
without pH control of the water phase showed metal ion extraction lower than
in our case, while they extracted more chloride ions.!? This can be explained by
the difference in the extraction mechanism, which is full metal salt extraction
in the case of the ILs.!3® When for ILs the pH of the water phase is adjusted,

similar metal ion removal could be achieved as with the DESs.10
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5.4 Conclusions

In this chapter it was demonstrated that hydrophobic DESs can be used for the
removal of metal ions from a non-buffered aquatic environment. All transition
metal ions could be removed with high distribution coefficients, as well in a
pure metal salt solution as in a mixed metal salt solution. Even at low mass
fractions of DES, distribution coefficients for Co?" were close to unity.

An ion exchange process occurs, in which the positively charged metal ion
is most likely exchanged with the partially positively charged lidocaine. This
claim is supported by an increase of the TOC value upon increasing the metal
salt concentration and NMR spectra of the water phase after mixing. These
analyses show that only small amounts of decanoic acid were present in the
water phase after extraction. Moreover, the concentration of lidocaine in the
water phase increases over an increasing starting concentration of Co**. A
time experiment shows that within 10 s the same distribution coefficient can
be achieved as after shaking for 1 h. Finally, it was proven that regeneration
with a NayC,0Oy4 solution is possible. However, efficient reuse is only possible
for the DES with a higher decanoic to lidocaine ratio (3:1 and 4:1).

Overall, the results show the potential of the use of hydrophobic DESs
for the removal of metal ions from water. Further research can be directed
into two routes. One route can aim at finding other cheaper and greener
constituents that can act as ion exchange constituents. Probably, the most
preferable route is finding a constituent that is able to be protonated without
becoming hydrophilic when taking up a chloride anion and so conduct a
complete metal salt extraction.
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5.5 Appendix

5.5.1 NMR spectra of the DESs after preparation

. . s . I
ne” N NN N N
wg\T 0”3“4\“:/\‘;‘
ir
e NI N e
g Wy .
|
S i
i / /A
- 229
‘ | XJ
o TN R
o g 2 zz gl
6 15 1 13 12 11 10 9 8 7 6 4 3 2 1 0 1 2 3
f1 (ppm)

Figure 5.8: 'H NMR of the DES DecA:Lid in a 2:1 molar ratio.
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Figure 5.9: 13C NMR of the DES DecA:Lid in a 2:1 molar ratio.
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Figure 5.10: 'H NMR of the DES DecA:Lid in a 3:1 molar ratio.

o o
I e

= \Zx o = 7 \:5
[ T |
N e W
1 ‘
o,

|

210 200 19 180 170 160 150 140 130 120 110 100
1 (PPm)

Figure 5.11: 13C NMR of the DES DecA:Lid in a 3:1 molar ratio.
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Figure 5.12: 'H NMR of the DES DecA:Lid in a 4:1 molar ratio.
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Figure 5.13: 13C NMR of the DES DecA:Lid in a 4:1 molar ratio.
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5.5.2 NMRs of the water phases after mixing with the DESs
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Figure 5.14: NMR spectrum of the water phase (water peak suppressed) after the extraction of
0.5gL~1 Co?* with DecA:Lid (2:1).
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Figure 5.15: NMR spectrum of the water phase (water peak suppressed) after the extraction of
0.5gL~! Co?* with DecA:Lid (3:1).
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Figure 5.16: NMR spectrum of the water phase (water peak suppressed) after the extraction of
0.5gL~1 Co®>* with DecA:Lid (4:1).
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Figure 5.17: NMR spectrum of the water phase (water peak suppressed) after the extraction of
2.0gL~1 Co?* with DecA:Lid (2:1).
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Figure 5.18: NMR spectrum of the water phase (water peak suppressed) after the extraction of
2.0gL~1 Co®* with DecA:Lid (3:1).
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Figure 5.19: NMR spectrum of the water phase (water peak suppressed) after the extraction of
2.0gL~1 Co?* with DecA:Lid (4:1).
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Figure 5.20: NMR spectrum of the water phase (water peak suppressed) after the extraction of
4.0gL~! Co?* with DecA:Lid (2:1).
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Figure 5.21: NMR spectrum of the water phase (water peak suppressed) after the extraction of
4.0gL~! Co?* with DecA:Lid (3:1).
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Figure 5.22: NMR spectrum of the water phase (water peak suppressed) after the extraction of

4.0gL~! Co?* with DecA:Lid (4:1).

133






Chapter 6

Oil-in-Water Emulsions
Prepared with a Hydrophobic
Deep Eutectic Solvent

Abstract

Hydrophobic deep eutectic solvents (DESs) are used for the preparation of
oil-in-water emulsions. Light microscopy is used to confirm that droplets are
formed and zeta potential measurements enable to determine the net charge at
the surface of the droplets. The influence on the droplet growth of surfactant
concentration, amount of DES, addition of salt and sonication time is investig-
ated with dynamic light scattering. Ostwald ripening of the two-component
DES solvent system in water is compared with the single component solvent
decane in water. A higher surfactant concentration in the water phase reduces
Ostwald ripening, while an increase of the amount of DES leads to an increase
of the ripening rate. Moreover, it is shown that sonication times lower than
10 minutes induced a higher Ostwald ripening of the droplets with DES as
oil phase. Addition of KCl and NaCl to the aqueous phase only has minor
effect on the Ostwald ripening of the emulsion droplets. The results show that
hydrophobic DESs can be used to replace conventional oils for the production

of oil-in-water emulsions.

Dannie J.G.P. van Osch, Jaap van Spronsen, A. Catarina C. Esteves, Remco
Tuinier, and Mark Vis, in preparation
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6.1 Introduction

An emulsion is a liquid-liquid two phase system of droplets of a dispersed

phase in a continuous phase that are stabilized by an emulsifier.'?

138

Examples
of emulsifiers include surfactants,'3® polymers and colloids such as silica,'*
and magnetite particles. Emulsions can be divided into three categories,
namely microemulsions, nanoemulsions and macroemulsions. Microemul-
sions form spontaneously and are considered to be thermodynamically stable
emulsions, with a diameter of approximately 10-100 nm.!*® Macroemulsions
are emulsions with droplet sizes that vary from 1 to 100 um, which are, at
best, kinetically stable and not thermodynamically stable.!4! Nanoemulsions
are a class of emulsions between macroemulsions and microemulsions with a
droplet size of 0.1-1 pm.'! They are kinetically more stable than macroemul-
sions, due to the higher amount of energy that is used to disperse the droplets
in the other phase.

In 2003 Binks et al.'¥? reported emulsions prepared with ionic liquids
(ILs) and investigated both IL-in-H,O as well as HyO-in-IL emulsions with
1-ethyl-3-methylimidazolium tetrafluoroborate ([EMIM][BFy]) as oil and silica
particles as emulsifier. Previously, emulsions were also prepared from a deep
eutectic solvent (DES). Cyclohexane was stabilized with sodium dodecyl
sulfate (SDS) to form an emulsion in the hydrophilic DES reline, which is the
combination of urea and choline chloride in a 2:1 molar ratio.!*3> The major
advantage of using these solvents is the fact that they are considered more
sustainable than conventional solvents.

In the previous chapters multiple hydrophobic DESs were presented,
which were used for the extraction of volatile fatty acids and metal ions from
water.”>? Furthermore, it has been shown in Chapter 4 that hydrophobic
DESs are capable of capturing CO,.81%® The literature shows that hydrophobic
DESs can also be used for other applications such as the removal of furfural
and hydroxymethylfurfural from water,” liquid-liquid microextractions,®
and the selective removal of extracts from plants.®# An unexplored field
with hydrophobic DESs is their use for the formation of oil-in-H,O emul-
sions, while this could extend the range of possible applications. Thus, the
goal of this chapter is the exploration of hydrophobic DES-in-H,O emulsions.
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Since a DES is composed of two components it was interesting to investigate
whether the two-component nature of a DES affects the properties of such
emulsions. In this Chapter it is studied whether Ostwald-ripening theory can
also describe the emulsion droplet size in case of a DES.

Here, the first results on oil-in-H,O emulsions with a hydrophobic DES
as oil phase are presented. The effects of surfactant concentration, mass
fraction of oil (DES) droplets, the addition of salt and sonication time on
the droplet size evolution are studied. The hydrophobic DES composed
of 1-tetradecanol and menthol in a 1:2 ratio, see Chapter 3, is used for the
production of these emulsions. This DES is chosen since it is composed of
natural products and satisfies all the criteria set in Chapter 3. The minimum
amount of SDS needed to cover the entire DES-water interface is estimated
to prevent coalescence of oil droplets in the emulsions. These calculations
are based on decane as oil since the necessary data on the hydrophobic DES
consisting of 1-tetradecanol (1-tdc) and menthol (Men) in a 1:2 molar ratio
was not available. The Lifshitz-Slyozov-Wagner (LSW) theory was used to
quantify the Ostwald ripening of the hydrophobic DES in H,O emulsions.
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6.2 Theory

6.2.1 Calculation of the minimum concentration of surfactant to sta-
bilize oil droplets

To avoid coalescence of oil droplets in the emulsion, the minimum amount
of surfactant needed to stabilize was estimated as follows. We consider an
emulsion of N; droplets in a volume V. The volume fraction of droplets is

ba= - (6.1)

The total surface area of oil droplets reads

Ar=r1T- dZ - Ny, (62)
where, At is the total surface area , 4 is the diameter of the droplets and Ny is
the number of droplets present in the emulsion. The total volume of droplets
(V1) can be calculated from:

T 3

Vi=Ng- g -d (6.3)

It follows that the minimum concentration needed to cover the surface area of
all oil droplets can be calculated from:

Mgyrf _ 6'r'§bd
1% da '’
where, Cgy.f is the overall molar concentration of the surfactant needed to

Court = (64)

cover all surfaces of the oil droplets. The quantity mg is the number of
moles of the surfactant on the surface and I' is the adsorbed amounts of SDS.
It is stated in the literature that the area of an SDS molecule at the decane-

water interface is approximately o~ molecules/ m? for SDS.!* Hence,

1

10~
it follows from Equation (6.4) that for a mass fraction of decane of 103 and
a droplet diameter of 160 nm a mininum concentration of 0.18 mM should
be present in the water phase after dilution. This is in comparison with the

145 The area of an SDS molecule for

concentrations calculated in the literature.
the DES 1-tdc:Men(1:2) is not known, but it is estimated that is it similar to the

one of decane.
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6.2.2 Lifshitz-Slyozov-Wagner theory

The growth of droplets in case of Ostwald ripening can be described using the

Lifshitz-Slyozov-Wagner (LSW) theory.!4¢ By assuming steady state kinetics

the change of the droplet volume in time follows as:!%"/146

_d(@) _ 8DCateYM

YT At T 9p%RT (65)

In this equation w is the rate of Ostwald ripening in [m? - s71], t is the time
in [s], D is the diffusion coefficient of the dispersed phase in the continuous
phase in [m?-s71], Csat 0 15 the solubility of the dispersed phase in the con-
tinuous phase in [kg - m ™3], v is the oil-water interfacial tension [N - m~1], M
is the molar mass of the disperse phase [kg - mol~!], p is the density of the
dispersed phase [kg - m~3], R is the universal gas constant [J - K~! - mol~!]
and T is the temperature in [K].

Integration of 6.5 gives:

8DCsat oYM

3 _ 43
= di+

(6.6)

Despite the fact that this theory is confirmed experimentally, in most
cases the experimental growth rates are higher then the theoretical ones.!*”
Moreover, it should be noted that the samples should be in a dilute solution to
apply the LSW theory, which was achieved here by diluting our samples with

a factor of 10 upon preparation.

6.3 Experimental section

6.3.1 Materials and preparation
6.3.2 Materials

1-tetradecanol, menthol, sodium dodecyl sulfate, decane, rhodamine B, KCl
and NaCl was purchased from Sigma-Aldrich with purities of > 97% , > 99%
and > 98.5%, > 99%, > 95%, > 99.0% and > 99.5%, respectively.
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Preparation of the DES

The DES composed of 1-tetradecanol and menthol in a 1:2 molar ratio was
prepared on a 5 gram and a 100 gram scale. A Mettler Ax205 balance was
used for weighing the chemicals. 1-tetradecanol was directly added to the
glass vial or jar, while menthol was first proportioned in a weighing boat. The
amount of menthol was transferred to the 1-tetradecanol phase, after which
the solids were properly mixed with a VWR Analog Vortex Mixer. Finally, the
DES was stirred until all the solids were transformed into a liquid. The solids
that were stuck on the wall were rinsed with the DES in the glassware, after
which the DES was stirred until all the solids became part of the liquid. An
IKA RCT basic was used for monitoring the stirring speed and temperature.
An IKA ETS-D5 temperature controller with an uncertainty of + 0.1 K was
used for temperature control.

Mixing with water

The DES 1-tdc:Men (1:2) was mixed with water to investigate the amount of
water it would uptake. Centrifuge tubes (CELLSTAR®) of 50 mL were used,
in which 15 grams of water and 15 grams of DES was added. The mixture
was vigorously stirred with a vortex mixer for 120 minutes on a IKA KS 4000
I incubating shaker (500 RPM, RT) and afterwards placed in the centrifuge
(Sigma 2-16 KL) for 10 min at 6000 rpm. The phases were separated and the
DES phase was further analyzed for its water content, density and viscosity.

Preparation of the emulsions

To prepare the emulsions, first stock solutions of 2 and 5 mM sodium dodecyl
sulphate (SDS), with or without salt (NaCl of KCl), were prepared with milliQ
water. MilliQ water was obtained from a Millipore Milli-Q® biocel, which
used a Q-grade® column The weights of the solutions were determined on
a Mettler Ax205 balance. An amount of 10 grams of the 2 or 5 mM SDS
solution was added to a vial and the corresponding mass fractions of DES
oil (me;) from 1.0 x 1072 to 2.5 x 1072 were added to the vial. The aqueous
solution and DES phase were mixed on a VWR Analog Vortex Mixer, after
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which the dispersion was sonicated for 5, 10 or 15 minutes with a Vibra-
CellTM ultrasonic liquid processor of the type VCX 130. An amplitude of 80%
was used and alternation of 10 seconds occurred between sonicating and not
sonicating to avoid excessive heating. Moreover, the vial was placed in an ice
bath to surpress heating.

Dilutions of the emulsions for measurements with DLS

The emulsions were diluted with milliQ water. For determination of the size of
the droplets, the samples were diluted 10 times to end up with mass fractions,
(M) or (mpgs), ranging from 1.0 x 1072 to 2.5 x 103 and Cspg ranging from
0.2 mM to 0.5 mM. For the zeta-potentials a dilution factor of 50 was used
to prevent effects of many body double layer interactions, which resulted in
mass fractions, (114;1) or (mpgs) of 2.0 x 10~ and Cgps ranging from 0.04 mM
to 0.1 mM.

6.3.3 Analytical methodologies
Water content

Water contents were measured with a Mettler Toledo DL39 coulometer. As
titer, 20 v% chloroform with 80 v% Hydranal Coulomat AG was used. Before
measuring the samples, the accuracy of the apparatus was checked with water
standards of 0.01, 0.1 and 1.0%.

Density/viscosity measurements

The density of the DES 1-tdc:Men (1:2) was measured with an Anton-Paar
DMA 4500 M. The density meter has a temperature variation of + 0.05 K and
an accuracy of the density of 4 0.05 kg - m 3. Reference oils were used to meas-
ure the discrepancy of the density, which was not more than + 0.01 kg - m™3.

An Anton Paar Lovis 2000 ME rolling ball viscometer was used for measur-
ing the viscosity. A glass capillary with an inner diameter of 1.8 mm was used.
This capillary was equipped with a golden ball. The maximum coefficient

of variation was below 0.2%, while the forward /backforward deviation was
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less than 1.0%. A N26 calibration oil supplied by Anton-Paar was used for
calibration of the capillary.

Dynamic light scattering measurements

Dynamic light scattering (DLS) measurements were performed with a Malvern
Zetasizer under an angle of 173° to measure the z-average hydrodynamic
diameter of the oil-in-water emulsion droplets. A point in the graphs responds
to 20 measurements of 20 seconds. All systems where prepared and measured
for at least two times, which represents the standard deviations in the graph.

Microscopy

Samples were dyed using rhodamine B for observation using fluorescence
microscopy on a Nikon Eclipse Ti-E inverted microscope. A spatially point of
rhodamine B was added after preparation of the emulsions. This microscope
was equipped with a Nikon CFI Apo TIRF objective (100x magnification, N.A.
1.49), Hamamatsu ORCA-Flash4.0 V2 camera, Nikon Intensilight C-HGF1
mercury lamp and a Semrock TRITC-B fluorescence filter.

Surface tension measurements

Surface tension measurements were performed with a Kriiss K11 MK4 ten-
siometer via the Wilhelmy plate method. A Wilhelmy plate from platinum
with dimension of 19.9x0.2x10 mm (WxDxH) was used. The tensiometer has
a measuring range between 1 and 999 mN - m~! and a temperature range
of 263.15 to 403.15 K. The resolution is 0.1 mN - m !, while it has a standard
deviation of 0.03mN - m~1.

For the surface tensions three consecutive measurements were performed.
After each measurement the Wilhelmy plate was burned with a Bunsen burner
to remove the DES and placed back. Before a new measurement, the system
is equilibrated for at least 15 minutes. All samples were stirred properly to

enhance equilibration.
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6.4 Results and discussion

6.4.1 Physicochemical properties

In Chapter 3 a vast amount of the physicochemical properties of the DES
composed of 1-tetradecanol and menthol in a 1:2 molar ratio was reported.
The degradation temperature of this DES is 113.1 4 8.4 °C. Before mixing with
water, the density at 20 °C is 872.1 kg - m~3, while after mixing with water
the density is 874.2kg - m™>. Here, the density is investigated as function
of temperature to get some detailed insights. The correlation between the
densities and temperature is found to be linear:

p=a+bT (6.7)

Table 6.1: Fitting parameters for the density as depicted in equation 6.7.

DES a b
[kg - m~3] [kg - m—3. K]
Before mixing with water ~ 1081.44 -0.71
After mixing with water 1085.31 -0.72

As shown in Figure 6.1 this expression accurately describes the measured
densities of the DES before and after mixing with water. The fit parameters a
and b are presented in Table 6.1.

We describe the viscosity using the Vogel-Fulcher Tamman (VFT) expres-

sion:

n=A; exp (6.8)

Ui
The change in viscosity of the DES before and after mixing with water is
given in Figure 6.2. The fit parameters for the VFT equation are given in Table

6.2.
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Figure 6.1: Temperature dependence for the density of 1-tdc:Men (1:2) before (closed symbols)
and after (open symbols) mixing with water. The water content before mixing (closed symbols)
is 289.0 & 1.0 ppm, while after mixing (open symbols), this is 1.77 & 0.01 wt%.

Table 6.2: Fitting parameters of the Vogel-Fulcher-Tammann (Equation 6.8).

DES Ay B, Cy

[mPa - s] [K] [K]
Before mixing with water 9.797 x 1073 1025.63 -171.30
After mixing with water  3.854 x 102 71551 -188.27
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Figure 6.2: Viscosity as a function of temperature for 1-tdc:Men (1:2) before (closed symbols)
and after (open symbols) mixing with water. The water content before mixing is 289.0 & 1.0
ppm, while after mixing it is 1.77 £ 0.01 wt%.

Another physicochemical property of the DES 1-tdc:Men (1:2) that was
investigated is the surface tension between DES and air. The surface tension
gives indirect information on the intermolecular forces within the liquid.
The surface tension for the DES at 293.15 K is 29.33 4+ 0.06 mN - m~!. This
is slightly higher than decane, which has a surface tension of 24.47 £ 0.06
mN - m 1,1 but also somewhat higher than most organic solvents. Most
likely, the DES 1-tdc:Men (1:2) has stronger intermolecular attractions, such
as hydrogen bonding between the alcohol groups, which induces the higher
surface tension.
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Figure 6.3: Temperature dependence of the air-DES surface tension with the fit v = aT + B.

In Figure 6.3 we plot the temperature dependence of the surface tension.
This enables to calculate the surface entropy, S = —d<y/dT, which gives
more information on the orientation of the surface. For the DES 1-tdc:Men
(1:2) d/dT was found to be —0.089 mN m~! K~1. In literature for the hydro-
phobic solvents decane and hexadecane surface entropies of -0.094 and -0.091
mNm~! K™}, respectively, were found.'¥” Thus, the surface entropy of the
DES 1-tdc:Men (1:2) matches to the one of these two conventional solvents.
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6.4.2 Microscopy

Before measuring the time evolution of the droplet size with DLS, light micro-
scopy was used to confirm that droplets are formed, and not particles with
anisotropic shapes. Figure 6.4 shows a representative microscopy image that
confirms that droplets are formed after dispersing DES into water.

Figure 6.4: Light microscopy image of the emulsion droplets. The bar indicates the length scale.
The droplets were labeled with Rhodamine B. The concentrations of SDS in H>O used after
dilution with a factor 10 are, 0.5 mM and the mass fraction my; was 1 X 1073,
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6.4.3 Influence SDS concentration on the droplet growth

DLS measurements are performed over the first two hours after preparation of
the DES-in-H,O emulsions to investigate the growth of droplets over time. The
measured diffusion coefficients were converted to z-averaged hydrodynamic
diameters using the Stokes-Einstein equation. The resulting hydrodynamic
diameter for emulsions prepared with decane and DES are plotted in Figure
6.5, where the effect of SDS concentration is illustrated.
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Figure 6.5: Time evolution of the average droplet volume calculated expressed as d® from the
z-average diameter obtained via DLS. In Figure 6.5a the DES 1-tdc:Men (1:2) is used as oil
phase, while in Figure 6.5b decane is the oil phase. The concentrations of SDS in H,O used
after dilution with a factor 10 are, 0.2 and 0.5 mM and for all experiments the mass fraction
Mgy was 1 X 103,

The LSW theory predicts that the droplet growth scales as d ~ £3, 50

SDCsat,oo')/M As
902RT °

expected, for both the DES and decane a steeper growth of the droplets is

all experimental data was fitted to d = g - t3 + do where g is

observed upon a decrease of SDS concentration from 0.5 mM to 0.2 mM. For
decane as oil the linear slope is similar for the 0.2 and 0.5 mM SDS, while for
DES as oil the slope is slightly higher for the 0.2 mM SDS. It may be that a DES
droplet is not completely covered with SDS at these surface concentrations
since SDS covers a different area per molecule in comparison to decane. It is
also possible that SDS dissolves better into the DES, so fewer DES is available
at the interface. Furthermore, it seems that the DES-in-water emulsions have a

lower droplet growth rate in comparison with the decane-in-water emulsions.
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As follows from LSW theory three factors that can influence the droplet growth
rate are: 1) the oil-water interfacial tension, (2) solubility of the organic phase
in the water phase and (3) the diffusion coefficient of the organic phase to the
aqueous phase. Calculations of the theoretical droplet ripening rates with the
LSW theory are presented in 6.4.8

6.4.4 Influence of sonication on droplet growth

The influence of the sonication time on the droplet growth for both decane-in-
water and the DES-in-water emulsions was investigated as shown in Figure
6.6. The conventional solvent decane as oil shows no clear differences in
growth rate upon variation of the sonication time. For 10 minutes sonication a
steeper slope was detected, but the standard deviation of this measurement is
also bigger in comparison with 5 and 15 minutes of sonication. For the DES as
oil, 5 minutes sonication time shows a larger slope in comparison with 10 and
15 minutes sonication time. It is assumed that within 5 minutes the solution
is not fully emulsified due to the higher viscosity of the 1-tdc:Men (1:2) in
comparison to decane. This motivated us to sonicate the dispersion for 10

minutes.
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Figure 6.6: Average droplet z-average droplet diameter obtained from DLS measurements over
time for different sonication times used, namely 5, 10 and 15 minutes. In the figure on the left,
Figure 6.6a, the DES 1-tdc:Men (1:2) is used as oil phase, while in the right figure, Figure 6.6b,
decane is the oil phase. Upon dilution with a factor 10, a surfactant concentration of 0.5 mM
SDS in water was used, while mppg was 1 x 1073,
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6.4.5 Influence of DES mass fractions

In Figure 6.7 the effect of mass percentage of the DES phase is plotted, where
upon dilution 0.5 mM SDS was present in the aqueous phase. The evolution
of the droplet size is quite similar for nmpgs = 1 x 1072 and 1.5 x 1072. It is
hypothesized that at these low mass fractions of DES a dilute solution is
made, in which the LSW theory is applicable. Similar mass fractions were
also applied in the literature for decane, which verifies our hypothesis.!*> The
growth rate of the droplets increase with the amount of DES in the water
phase above mpgs = 1.5 x 1073, which is most likely caused since the system
is not a dilute one anymore.
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Figure 6.7: Time evolution of the average droplet volume calculated expressed as d° from
the z-average diameter for different mass fractions mpgg of 1-tdc:Men(1:2) as oil phase. A
concentration after dilution of 0.5 mM of SDS in water was used as concentration.
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6.4.6 Influence salt addition on the droplet growth

Furthermore, the addition of different salt concentrations was investigated.
Figure 6.8 illustrates the effect of the different salt concentrations on the droplet
growth. It is clear that there is no perceptive influence on salt concentration.
The differences fall within the reproducibility margins of the two to three
different experiments.
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Figure 6.8: Influence of salt concentration on the average droplet z-average diameter obtained
via DLS. A surfactant concentration after dilution of 0.5 mM SDS in water was used, while
mpgg was 1 X 103. For KCl, Figure 6.8a, concentrations of 0.1 and 0.2 mM were present in the
water phase upon dilution, while for NaCl, Figure 6.8b, the concentrations were 0.1 and 1 mM,
compared to the experiments in absence of salt.
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6.4.7 Zeta-potentials

The zeta-potentials at the droplet surfaces in the different emulsions were
measured to investigate the sign and magnitude of the surface charge of
the droplets (Table 6.3). The results show that all the prepared emulsions are
negatively charged, which may be expected due to the negatively charged SDS
surfactant at the oil-water interface. Most of the emulsions we prepared have a
zetapotential close to -60 mV. Emulsions prepared with 0.04 mM SDS solution
or with the addition of 0.02 mM KCl contain droplets with slightly larger zeta
potentials. It is hypothesized that for the latter cases the SDS coverage of the
droplets is slightly lower, which leads to a lower zeta-potential.

Table 6.3: Zeta-potentials of emulsions measured after dilution with a factor 50, 1 =2 x 10~4.

Csps Oil phase Salt addition  Zeta potential
(after dilution)

[mM] [mV]
0.04 1-tdc:Men (1:2) No -54.6 + 0.69
0.1 Decane No -58.4 + 1.96
0.1 1-tdc:Men (1:2) No -59.0 £ 0.59
0.1 1-tdc:Men (1:2)  0.02 mM KC1 -53.6 + 0.98
0.1 1-tdc:Men (1:2)  0.04 mMKCI -60.2 £ 1.25
0.1 1-tdc:Men (1:2)  0.02 mM NaCl  -59.6 + 2.89
0.1 1-tdc:Men (1:2) 0.2 mM NacCl -60.7 +0.77
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6.4.8 Comparison with the LSW theory

We estimated the ripening rates of emulsion droplets prepared with decane
and DES as oil phase based on the growth rates as presented in Figure 6.5 to
6.8. The ripening rates for the decane-in-water emulsions were compared with
literature values. As proposed in literature, the growth rate is calculated by di-
viding the linear correlations presented in Figure 6.5 to Figure 6.8 with (1.14)3
to transform the z-average diameters to number-average diameters.!48149
These growth rates are presented in Table 6.4.

The growth rates of the emulsions with decane as oil phase are comparable

to the experimental results of Soma et al.,1*°

who also presented results of Ost-
wald ripening with 0.5 mM solution of decane. They used a volume fraction
of 2 x 1073 decane, which is a mass fraction of approximately 1.46 x 1073.145
This is an approximate value of 1.46 times larger than the oil mass fraction
used throughout our investigation, which most likely will have no influence
on the growth rate since it is in the diluted region. Despite, their growth rate
is approximately 9.5 times smaller. It should be mentioned that they divide
their z-average diameter with 8 - (1.14)3.14

The experimental ripening rates of the emulsions prepared with the hydro-
phobic DESs are compared to the ripening rates of decane-in-water emulsions.
The results show that the ripening rates of the DES-in-water emulsions are
lower than the decane-in-water emulsions. Future research should be directed
into finding the parameters of the LSW theory so that the theoretical ripening
rate can be calculated and a comparison between theoretical and experimental

rates can be made.
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Table 6.4: Experimental Ostwald ripening rates of the different experiments performed through-
out this work.

Csps Mol Oil phase Salt addition w

[mM] [m®s']
02 1x1073% 1-tdc:Men (1:2) No 9.12 x 10°%
0.2 1x1073 Decane No 1.55 x 102
0.5 1x 103 Decane No 1.53 x 10~%*
05 1x1073% 1-tdc:Men (1:2) No 6.89 x 1075
05 15x107% 1-tdc:Men (1:2) No 711 x 1075

05 1x10% 1-tdcMen(1:2) 0.1mMKClI 8.04 x 1072
0.5 1x107% 1-tdcMen (1:22) 02mMKCI 8.25x 1072
05 1x1073 1-tdc:Men (1:2) 0.1 mMNaCl 7.41x107%
05 1x1073 1-tdc:Men (1:2) 1.0mMNaCl 6.63 x 1072

The theoretical ripening rates can be determined with Equation 6.5. The
parameters for decane are found in the literature. These parameters are given
in Table 6.5 together with the parameters known for the DES. The unknowns
for the DES are the diffusion coefficient and the interfacial tension. They were
estimated at 5 x 107 m?-s7! and 8 x 1073 N- m~!. Values in the range of

hexane to hexadecane.!®Y

Table 6.5: Parameters for the LSW theory for decane!®? and 1-tdc:Men (1:2).

Parameters Decane 1-tdc:Men (1:2)
D [m?-s71] 7.15 x 10710 5x 10710
Csateo [kg-m™3] 520 x 1075 0.273
y[IN-m™1] 8.41 x 1073 8 x 1073
M[kg-mol~1] 14228 x 1073 175.64 x 102
p [kg - m3] 727 872
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This gives a theoretical growth rate of decane of 3.1 x 1072 m? - s71, while

this is 9.2 x 1072 m?3 - s7! for 1-tdc:Men (1:2). The difference in theoretical
and practical growth rate for decane is in the same order as observed in the
literature.!*’ The difference for the DES is larger than observed in the literature.
It is anticipated that the DES behaves differently in an emulsion and so the
saturated concentration as measured in Chapter 3 is differently.
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6.5 Conclusions

Oil-in-water emulsions prepared with a hydrophobic deep eutectic solvent
(DES) were presented. As oil phase it was chosen to use a binary mixture
composed of 1-tetradecanol and menthol in a 1:2 molar ratio was used, while
the surfactant used to stabilize the emulsion was sodium dodecylsulphate.

We tested whether the DES-based emulsion followed classic Ostwald ripen-
ing to verify whether the nature of a two-component solvent such as a DES
affects the properties of the emulsion. It can be concluded that Ostwald ripen-
ing indeed applies to oil-in-water emulsions prepared with a hydrophobic
deep eutectic solvent.

The influence of different SDS concentrations was tested. A higher SDS
concentration leads to a lower ripening rate of the droplets. A higher DES
mass fraction increases the growth rate of the droplets, while the addition of
the salts KCl and NaCl had no influence on the growth rate. It should also
be mentioned that for the case of the hydrophobic DES as oil phase a shorter
sonication time induced a higher ripening rate of the droplets than in the case
of 10 minutes. Further investigation of the ripening rates led to the conclusion
that they are similar to those of decane-in-water and of other hydrocarbons,
as presented in the literature.

Overall, it can be concluded that DES-in-water emulsions behave simil-
arly as conventional oil-in-water emulsions and the droplet growth can be
described by Ostwald ripening. Despite, the LSW theory does not predict the
ripening rates accurately. The next step would be the formation of emulsions
with a hydrophobic DES as oil phase that avoids Ostwald ripening to form
droplets with a stable diameter in the water phase. Since the solubility of the
oil phase plays a major role, finding an oil phase with a lower solubility in the
water phase could be useful, as well as the addition of an insoluble oil that
can prevent Ostwald ripening.
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Chapter 7

Summary and Outlook

71 Summary

Design and Applications of Hydrophobic Deep Eutectic Solvents

Solvents play a crucial role in the chemical industry. They act as medium for
many chemical reactions, enable the application of separation technology such
as extractions and membrane separations, but are also key elements in the
production of emulsions. A disadvantage of many solvents is their hazardous
influence on the environment and the health of human beings. Ideally, these
environmentally harmful solvents should be replaced by more sustainable
and innovative ones. A group of more sustainable (and innovative) solvents
that have been investigated for the replacement of conventional ones are ionic
liquids (ILs). These ILs are typically prepared via a chemical reaction and
need purification, making them expensive and not preferable for the chemical
industry.

In 2003 a new class of innovative solvents, deep eutectic solvents (DESs),
were introduced in the literature. DESs have similar physicochemical proper-
ties as ILs, but need no purification step since they can be easily prepared by
simply mixing the two components of the DES. By avoiding this purification
step they are cheaper in comparison to ILs, making them interesting solvents
for future use in the chemical industry.

DES research has focused mainly on hydrophilic DESs. This thesis focuses
on the investigation, design and application of hydrophobic DESs, a new class
of sustainable and innovative hydrophobic solvents. A hydrophobic deep eu-
tectic solvent consists of two hydrophobic solid substances, that form a liquid
due to mixing entropy, hydrogen bonding, and/or Van der Waals interactions.
In comparison to the melting point of the two pure components, the melting
point of the DES should be exceedingly lower. Chapter 1 gives an introduction
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into (more) sustainable solvents, while Chapter 2 is based on the first reported
investigation on the preparation of hydrophobic DESs. These hydrophobic
DESs consist of decanoic acid and a variation of quaternary ammonium salts,
varying from tetrabutylammonium chloride to tetraoctylammonium bromide.
Their physicochemical properties are measured after preparation and com-
pared to those of hydrophilic DESs. The cross-contamination between the DES
and water phase is assessed to obtain more information on the amounts of
DES that transfers to the water phase and how much water these hydrophobic
DESs absorb. To investigate the potential of these new DESs on practical
industrial applications they were successfully evaluated for the recovery of
volatile fatty acids from diluted aqueous solutions.

In Chapter 3, a thorough study evaluated 507 combinations of solid com-
ponents based on terpenes, from which 17 systems were classified as new
hydrophobic DESs. From these 17 hydrophobic DESs their water content,
density and viscosity is measured after preparation. Nuclear magnetic reson-
ance analysis is performed to assess whether the DES remained an unreacted
mixture, while thermogravimetric analysis is used to measure the degradation
temperature of the developed hydrophobic DESs. Their sustainability and
future use for academia and industry is investigated via four main criteria.
These criteria include the difference in density with water > 50 kg m 3, a vis-
cosity as low as possible (< 100 mPa - s), a small amount of DES that transfers
to the water phase and a pH that remained between 6 and 8. The results show
that 5 hydrophobic DESs satisfy these criteria. Finally, a selected group of
these DESs are applied for the removal of riboflavin (vitamin B2) from the
aquatic environment with moderate to good extraction ability.

In Chapter 4 the hydrophobic DESs composed of decanoic acid and qua-
ternary ammonium salts, as introduced in Chapter 2, are used for the capture
of CO;,. The results show that the solubilities of CO, in hydrophobic DESs
depend on the molar volume of the DES. The higher the molar volume, the
higher the solubility of CO, in them. Moreover, different cycles of absorp-
tion and regeneration show no signs of degradation of the DESs. Henry’s
law constant is used for comparing the CO; solubilities in the DES with con-
ventional solvents and ionic liquids. DESs composed of decanoic acid and
the ammonium salts tetraoctylammonium chloride and tetraoctylammonium
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bromide have a similar CO; solubility as the IL ([C4mim][BF4]). The solubil-
ities of the hydrophobic DESs could be predicted with the Perturbed Chain
Statistical Associating Fluid Theory (PC-SAFT) model with parameters only
fitted to liquid densities. The results show that reasonable to good predictions
can be made with this model.

Chapter 5 shows the use of hydrophobic DESs consisting of decanoic acid
and lidocaine for the removal of metal ions from water. A 2:1, 3:1 and 4:1
decanoic acid to lidocaine molar ratio of the hydrophobic DESs is investig-
ated. The results show that transition metal ions can be extracted with high
efficiency, while for alkali metal ions the extraction efficiency is moderate. In
a batch experiment with both transition and alkali metals, the alkali metals
are removed from the water phase with low efficiency, while the efficiency
remains similar for the hydrophobic DESs. Higher starting concentrations
of Co*" and higher DES to H,O mass ratios still give high efficiencies. A
maximum extraction efficiency is achieved within 5 s and it was demonstrated
that regeneration was possible. The extraction mechanism is based on ion
exchange.

Chapter 6 introduces hydrophobic DES-in-water emulsions. The hydro-
phobic DES oil phase of the emulsion is 1-tetradecanol+menthol in a 1:2 molar
ratio, while the stabilizing surfactant is sodium dodecyl sulphate. Physico-
chemical properties such as the density, viscosity and surface tension of the
DES are measured to characterize the hydrophobic DES. Microscopy is used to
show that DES-in-water emulsion droplets are formed. The size and growth
of these droplets is analyzed using dynamic light scattering. The evolution
of the droplet size can be described using Ostwald ripening. The influence of
concentration of sodium dodecyl sulphate, the mass fraction of DES and the
addition of salt on the droplet size were tested. An increase of SDS concen-
tration reduces the droplet growth rate. Mass fractions up to 1.5 x 1073 show
similar growth rates due to the fact that a dilute solution is made. The addition
of salt to the emulsions has no influence on the droplet growth. Calculations
of the droplet ripening rates show similar growth rates as in the literature.

The developed hydrophobic DESs presented in this thesis open up a new
field of research for the investigation of water-immiscible solvents. The hy-
drophobic DESs developed can be considered as sustainable and innovative
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due to lower viscosities, easier separation of DES and water, lower cross-
contamination and the use of natural components. Future research is expec-
ted to demonstrate their potential for further use in academic research and
whether they are suitable solvents for use in the chemical industry.

7.2 Outlook

In this thesis hydrophobic eutectic solvents and their properties are presen-
ted. Further, comprehensive steps towards application are made for these
sustainable and innovative hydrophobic DESs. In the following paragraphs
an outlook will be presented for future research that may help to realize the
next steps in the field of hydrophobic DESs. An important next step in the
field of hydrophobic DESs would be fundamental research to understand their
formation and the intermolecular interactions that influence this formation.
Theoretical insights should be obtained via density functional theory calcula-
tions and molecular dynamics simulations, but also more practical work such
as the formation of phase diagrams of both the solid-liquid equilibrium and
the liquid-gas equilibrium should be considered to obtain more fundamentals
and insights in their thermodynamic properties.

Knowledge about the formation of hydrophobic DESs from the two solid
components and the future potential applications will accelerate future ex-
perimental work. It would be of use to develop models that, with as less as
free parameters as possible, can predict the phase behavior of DESs so that
without performing experiments it can be predicted whether two components
would form a DES. Moreover, models should be developed that predict the
requirements and performance of a DES in a certain application. In this thesis
a predictive tool is used for the prediction of solubilities of CO, in hydro-
phobic DESs based on decanoic acid and quaternary ammonium salts, but
more predictive models should be developed. A combination of such models
would give a tool that would save us tremendous amounts of labor work and
time.

Throughout this thesis a vast amount of data and results on physico-
chemical properties of DESs and applications of DESs are obtained, but also
knowledge on the formation of hydrophobic DESs. Next to the before men-
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tioned theoretical models that should be developed, it is of importance to
investigate many parameters for newly developed hydrophobic DESs after
preparation and after mixing with water. Parameters of importance are:

e The water contents, density and viscosity of the hydrophobic DES before
and after mixing with water.

e Chemical analyses of the DES phase to investigate whether the compon-
ents did not undergo a reaction.

e DES phase transferred to the water phase via analytical techniques that
give more information on:

(i) The pH of the water phase.
(ii) The amount of DES components transferred to the water phase (For
example by measuring total organic carbon, ion chromotagraphy,

nuclear magnetic resonance).

In the case of emulsions also the following parameters should be con-
sidered:

e Surface tension of the DES.

¢ Interfacial tension of the DES phase with water.

¢ Interfacial tension of the DES phase and water with surfactant.

Despite the fact that it is not investigated in this thesis, it should become
standard to also determine biodegradability and toxicity of newly developed
hydrophobic DESs. Moreover, it is of importance to measure the volatility of
the DES ratio that will be used.

After the development of solid fundamental knowledge of DESs the future
of these liquids will be determined by their efficiency in future applications.
More research has to be dedicated to find out whether these DESs perform
better than ILs and conventional solvents. On a lab scale it is already clear

that many examples will follow and their is a bright future for the field of
hydrophobic DES.
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Chapter 8

Samenvatting en Suggesties
voor Verder Onderzoek

8.1 Samenvatting

Bij veel chemische reacties, het toepassen van scheidingstechnologie (zoals
voor extracties en membraanscheidingen), en bijvoorbeeld de productie van
emulsies spelen oplosmiddelen nog steeds een essentiéle rol. Een nadeel
van veel van de huidige oplosmiddelen is de belasting van het milieu en de
volksgezondheid. Idealiter worden deze milieubelastende oplosmiddelen
vervangen door duurzamere (en innovatievere) oplosmiddelen. Een groep
van oplosmiddelen die onderzocht zijn om conventionele oplosmiddelen
te vervangen zijn ionische vloeistoffen (ILs), deze zijn bereid door middel
van een chemische synthese en moeten dus worden opgezuiverd om bijpro-
ducten en startproducten te verwijderen. Dit maakt ze duur en dus minder
geschikte vervangers voor conventionele oplosmiddelen die op grote schaal
in de chemische industrie worden gebruikt.

In 2003 verschenen de eerste artikels over een nieuwe klasse van innov-
atieve oplosmiddelen, diep eutectische oplosmiddelen (DESs). Deze DESs
hebben vergelijkbare fysisch-chemische eigenschappen als ILs, maar ze ho-
even niet opgezuiverd te worden doordat ze eenvoudig gemaakt kunnen
worden door de vaste componenten van de DES te mengen. Het voornaamste
voordeel is dat ze goedkoop zijn.

Het DES onderzoek in de literatuur concentreerde zich voornamelijk op
hydrofiele DESs. Hydrofiele DESs zijn niet of nauwelijks mengbaar met water.
Hydrofobe DESs zijn pas in de literatuur geintroduceerd in 2015; werk dat
wordt beschreven in hoofdstuk 2 van dit proefschrift. Het centrale thema van
dit proefschrift is de ontdekking, het ontwerp en het toepassen van hydrofobe
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DESs, een nieuwe klasse van duurzame en innovatieve niet-water oplosbare
oplosmiddelen. Een hydrofobe DES bestaat uit twee niet-water oplosbare
vaste stoffen die waarschijnlijk een vloeistof vormen door waterstofbruggen,
mengentropie en/of Van der Waals interacties tussen de twee componenten.
Hierdoor wordt de smelttemperatuur verlaagt ten opzichte van de smelttem-
peratuur van de individuele stoffen. Hoofdstuk 1 geeft een eerste inleiding
in het veld van DESs, terwijl hoofdstuk 2 is gebaseerd op de eerste publicatie
in de literatuur over hydrofobe DESs. Deze DESs bestaan uit decaanzuur
en een quaternair ammonium zout. Als anionen van deze zouten zijn zowel
bromide als chloride gebruikt. De fysisch-chemische eigenschappen zijn be-
paald na bereiding en vergeleken met hydrofiele DESs. De verdeling van de
componenten over de DES en waterfase is onderzocht om meer informatie te
vinden over de hoeveelheid water die de DES opneemt en de hoeveelheid van
de DES componenten die naar de waterfase gaat. Als mogelijke toepassing
is onderzocht of deze hydrofobe DESs gebruikt kunnen worden voor het
verwijderen van vetzuren uit water.

In hoofdstuk 3 zijn 507 combinaties van vaste stoffen getest die bestaan
uit terpenen. Hieruit zijn 17 hydrofobe DESs geproduceerd. Van deze 17
hydrofobe DESs zijn de hoeveelheid water, dichtheid en viscositeit bepaald.
Met behulp van nucleaire magnetische resonantie is onderzocht of de twee
componenten met elkaar reageren. Thermo-gravimetrische analyse is gebruikt
om de ontledingstemperatuur van de DESs te onderzoeken. De duurzaamheid
en het toekomstige gebruik werd gekwalificeerd op basis van vier criteria.
Deze criteria zijn een dichtheidsverschil met water > 50 kg m 3, een viscositeit
lager dan 100 mPa - s, overdracht van DES naar de waterfase die zo laag
mogelijk is en een verwaarloosbare verandering van de pH van de waterfase
tussen de 6 en 8. De resultaten leiden ertoe dat vijf hydrofobe DESs voldoen
aan deze voorwaarden. Als laatste is een selectie van deze ontwikkelde
hydrofobe DESs gebruikt voor het verwijderen van riboflavine (vitamine B2)
uit water. De DESs die in hoofdstuk 2 en 3 zijn ontwikkeld, zijn in de komende
hoofdstukken gebruikt voor toepassingen.

Hoofdstuk 4 laat zien dat DESs gemaakt door middel van decaanzuur met
een combinatie van quaternaire ammoniumzouten kunnen worden gebruikt
voor het afvangen van CO;. De resultaten laten zien dat de oplosbaarheden
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van CO; athankelijk zijn van het molair volume van de hydrofobe DESs. Hoe
hoger het molaire volume, hoe hoger de oplosbaarheid. Verschillende cycli
van absorptie en regeneratie zijn getest waarbij geen verlies van massa van
de DES werd waargenomen. De Henry constante werd bepaald om de oplos-
baarheden van CO; in verschillende oplosmiddelen te bepalen. De resultaten
laten zien dat DESs bestaande uit decaanzuur en de ammoniumzouten tetraoc-
tylammonium bromide en tetraoctylammonium chloride een vergelijkbare
CO; oplosbaarheid hebben als de één na beste ionische vloeistof. Deze oplos-
baarheden konden worden voorspeld door een model waarin de onbekende
parameters zijn bepaald op basis van dichtheden van de DES. De resultaten
laten zien dat het model de oplosbaarheid van CO, redelijkerwijs voorspellen.

Hoofdstuk 5 laat het gebruik zien van hydrofobe DESs geproduceerd van
decaanzuur en lidocaine voor het verwijderen van metaal ionen uit water.
De resultaten laten zien dat transitie metaal ionen efficiént kunnen worden
verwijderd met behulp van deze DES, terwijl het verwijderen van alkali metaal
ionen minder makkelijk is. Een experiment waarin een combinatie van trans-
itie en alkali metaal ionen werd onderzocht, laat zien dat de verwijdering van
de transitie metaal ionen nog steeds efficiént is, maar de verwijdering van
alkali metaal ionen nog steeds moeizaam is. Maximale verwijdering gebeurt
al binnen 5 seconden en er is aangetoond dat regeneratie mogelijk is. Het
extractie mechanisme is gebaseerd op ionenwisseling.

Hoofdstuk 6 gaat over het bereiden van olie-in-water emulsies met hydro-
fobe DES als oliefase. Een emulsie is een verdeling van kleine oliedruppels in
water. In dit geval is een zeep gebruikt die met één kant van zijn molecuul
graag in de waterfase zit en met de andere kant van het molecuul in de oliefase
om de emulsie te stabiliseren. Een bekend voorbeeld van een emulsie is may-
onaise. De oliefase van de emulsie is de hydrofobe DES bestaande uit een
binair mengsel van 1-tetradecanol en menthol, terwijl natriumdodecylsulfaat
is gebruikt als surfactant om de emulsie te stabiliseren. De fysisch-chemische
eigenschappen dichtheid, viscositeit en oppervlaktespanning zijn bepaald om
deze DES te karakteriseren. Met behulp van microscopie is allereerst geil-
lustreerd dat er zich DES druppels bevinden in de olie-in-water emulsie. De
grootte van de druppels is bepaald met behulp van dynamische lichtverstrooi-
ing. De druppelgrootte neemt toe ten tevolge van Ostwaldrijping. Om inzicht
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te krijgen in de factoren die Ostwaldrijping beinvloeden is de concentratie van
de natriumdodecylsulfaat, de massa fractie van de DES gevarieerd en is de to-
evoeging van zout op de groeisnelheid van de druppels getest. Een verhoging
van de concentratie van natriumdodecylsulfaat verlaagt de groeisnelheid van
de druppels. Massafracties tot 1.5 x 1072 laten vergelijkbare groeisnelheden
zien doordat er in dit regime sprake is van een verdunde oplossing. Verder
laten de resultaten zien dat het toevoegen van zout geen effect heeft op de
groeisnelheid van de druppels. Berekeningen van de groeisnelheid van de
olie-in-water druppels laten zien dat er vergelijkbare groeisnelheden worden
gevonden als in de literatuur.

Door het ontdekken van hydrofobe DESs in 2015 is een nieuw onderzoekge-
bied gestart op het gebied van niet met water mengbare oplosmiddelen. In
dit proefschrift zijn nieuwe hydrofobe DESs ontwikkeld, die als duurzaam
kunnen worden beschouwd door hun lage viscositeit, de makkelijke scheiding
tussen de DES en water fase, de beperkte uitwisseling van DES en water en
het gebruik van natuurlijke componenten. De toekomst zal moeten tonen of
ze potentie hebben voor verder gebruik in wetenschappelijk onderzoek en/of

ze gebruikt zullen worden door de chemische industrie.
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8.2 Suggesties voor verder onderzoek

In dit proefschrift zijn nieuwe, hydrofobe eutectische vloeistoffen en hun ei-
genschappen beschreven. Tevens zijn er stappen gezet richting het toepassen
van deze duurzamere, hydrofobe vloeistoffen. Hieronder worden enkele
suggesties gedaan voor vervolgonderzoek dat kan helpen om verdere techno-
logische doorbraken te realiseren. Een belangrijke volgende stap om inzicht
te krijgen in de werking van hydrofobe DESs is het doen van fundamenteel
onderzoek om beter begrip te creéren omtrent de invloed van intermoleculaire
interacties op de vorming van deze DESs. Theoretisch inzicht kan worden
verkregen door bijvoorbeeld dichtheidsfunctionaaltheorie berekeningen en
moleculaire dynamica simulaties. Daarnaast is systematisch experimenteel
werk zoals het construeren van fase diagrammen van zowel het vast-vloeistof
evenwicht en het vloeistof-gas evenwicht essentieel om fundamentele kennis
van de thermodynamica van DESs te verkrijgen.

Begrip over de vorming van een DES uit twee vaste stoffen en de bijbe-
horende toepassing zal toekomstig experimenteel onderzoek versnellen. Het
is nuttig om modellen te ontwikkelen die met zo weinig mogelijk inform-
atie het fasegedrag van een DES kunnen voorspellen zodat op voorhand kan
worden aangegeven welke twee componenten een DES vormen en welke
niet. Daarnaast is het nuttig om modellen te ontwikkelen die het gedrag van
een DES in toepassingen kunnen voorspellen. In dit proefschrift wordt dit
geillustreerd op basis van een model voor de oplosbaarheid van CO; in de
hydrofobe DESs. Een model dat kan voorspellen of een DES wordt gevormd
in combinatie met een model dat gedrag van DESs in een toepassing, zoals
extractie, kan voorspellen zal onderzoekers veel informatie verschaffen en
veel tijd besparen.

In dit proefschrift zijn reeds fysisch-chemische eigenschappen en toep-
assingen van DESs gerapporteerd, maar er is ook kennis over de vorming
van DESs gegenereerd. Naast de reeds gemelde modellen zal het echter van
belang blijven om systematisch parameters van nieuw ontwikkelde hydrofobe
DESs te bepalen, zowel voor als na menging met water. Parameters die van

belang zijn:
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Chapter 8. Samenvatting en Suggesties voor Verder Onderzoek

e De hoeveelheid water in de hydrofobe DESs voor en na mixen met water.

¢ De dichtheid en viscositeit van de hydrofobe DES voor en na mengen
met water.

e Chemische analyse van de DES fase om te onderzoeken of de twee
componenten niet met elkaar gereageerd hebben.

e Overdacht van de DES fase naar de water fase via analytische technieken
die meer informatie geven over:

(i) De pH van de water fase, en

(ii) De hoeveelheid van de DES componenten die naar de waterfase
zijn overgedragen (totale organische koolstof, ion chromatografie,
nucleaire magnetische resonantie).

Indien emulsies worden gemaakt, moeten de volgende parameters ook
worden bepaald:

e Oppervlaktespanning van de DES.

¢ Grensvlakspanning tussen de DES en de water fase.

e Grensvlakspanning tussen de DES fase en de water fase in aanwezigheid

van surfactant.

Ondanks dat het niet onderzocht is in dit proefschrift zou een studie naar
de biologische afbreekbaarheid en de toxiciteit van DESs 'standaard” moeten
worden. Daarnaast zou ook de vluchtigheid moeten worden onderzocht van
de DES ratio die wordt gebruikt voor toepassingen.

Na de ontwikkeling van solide fundamentele kennis van DESs zal de
toekomst van deze vloeistoffen worden bepaald door de efficiéntie van deze
vloeistoffen in toepassingen. Meer onderzoek is noodzakelijk om erachter te
komen of de DESs beter presteren dan ionische vloeistoffen en conventionele
oplosmiddelen. Op labschaal is het reeds duidelijk dat vele voorbeelden nog
zullen volgen en dat het hydrofobe DES veld een mooie toekomst tegemoet
gaat.
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