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Abstract

Since the foundation of ‘green chemistry’ new ways are being searched to reduce waste generation
and minimize the hazards in manufacturing processes. lonic liquids fit perfectly in this ideology,
making them a big field of interest. Their high thermal stability, absence of vapor pressure, relatively
undemanding manufacture etc. makes them an excellent replacement for molecular solvents in many

cases.

In this work, several ionic liquids were investigated regarding their electrochemical and catalytic

properties as well as their ability to extract and oxidize different pigments.

Seven room-temperature ionic liquids formed from a combination of cations 1-alkyl-3-
methylimidazolium (alkyl = butyl, hexyl or octyl, [Comim]*, n = 4, 6 or 8),
trinexyl(tetradecyl)phosphonium ([Ps.s.6.14]*) or N-methyl-N,N,N-trioctyloctan-1-ammonium, and anions
bis(trifluoromethylsulfonyl)imide ([(CF3SO2)2N]), [NTf]), dicyanamide ([DCA]) or chloride, were
investigated by cyclic voltammetry. The usable potential range of the said ionic liquids as well as the

effect of their water content and the behavior of ferrocene in those media were investigated.

The applicability of trihexyl(tetredecyl)phosphonium dicyanimide, [Psee6,14][DCA], to the selective
oxidation of cyclohexane to the cyclohexanol and cyclohexanone mixture catalysed by ferrocene,

under mild conditions, was explored for the first time.

Moreover, liquid-liquid extraction of eight pigments by [P6,6,6,14][DCA] and the effectiveness of the
extraction was examined in several conditions, such as exposure to the sun and in the presence of

30% hydrogen peroxide.

Keywords: lonic liquids, electrochemistry, catalytic oxidation, cyclohexane, pigments, liquid-liquid
extraction



Resumo

Desde o aparecimento da "quimica verde" estdo a ser investigadas novas metedologias para reduzir
a geracao de residuos e minimizar os riscos nos processos de fabrico. Os liquidos i6nicos encaixam-
se perfeitamente nesta ideologia, tendo-se tornado numa area de grande interesse. A sua elevada
estabilidade térmica, auséncia de pressao de vapor, fabrico relativamente pouco exigente, etc., torna-

os frequentemente excelentes substitutos de solventes moleculares.

No presente trabalho foram investigadas as propriedades electroquimicas e cataliticas de varios

liquidos i6nicos bem como a sus capacidade para extrair e oxidar diferentes pigmentos.

O comportamento electroquimico de sete liquidos idnicos a temperatura ambiente, formados pela
combinacgdo dos catibes 1-alquil-3-metlimidazoélio (alquil = butil, hexil ou octil, [Cnmim]*, n = 4, 6 ou 8),
trinexil(tetradecil)fosfénio  ([Pses.14]') ou  N-metil-N,N,N-trioctiloctan-1-amoénio, e  anides
bis(trifluorometilsulfonil)imida (([CFsS0O2)2N];, [NTfz]), dicianamida ([DCA]) ou cloreto, foi investigado
por voltametria ciclica. Foi determinada a gama de potential Gtil dos referidos liquidos i6nicos, bem
como o efeito do teor de agua nessa gama de potencial e o comportamento electroquimico do

ferroceno nesses meios.

Foi também explorada, pela primeira vez, a aplicabilidade da dicianamida de
trinexil(tetradecil)fosfénio, [Pse6,14][DCA], na oxidacdo seletiva de ciclohexano a mistura de

ciclohexanol e ciclohexanona catalisada pelo ferrocene, sob condi¢cdes moderadas.

Foi ainda examinada a eficiéncia da dicianamida de trihexil(tetradecil)fosfonio, [Ps,s,6,14][DCA], para a
extragdo liquido-liquido de oito pigmentos em diferentes condi¢cdes operatorias, tais como a exposicao

ao sol e na presenca de perdxido de hidrogénio.
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Chapter 1:INTRODUCTION

1.1 lonic liquids

To meet the demands of a growing population, the chemical processing industry has used vyield
oriented procedures, without including in the process design a way of minimizing the waste production.
One of the major sources of waste is solvent losses that end up in the atmosphere or in ground water
[1-6]. Solvent use has been reported to account for about 60% of the overall energy in pharmaceutical
production, and it has been responsible for 50% of post-treatment greenhouse gas emissions [7,8].
The use of these materials has a detrimental effect on human health, safety and the environment. This
combined with their volatility and flammability led to increasing pressure for minimizing their use.
Therefore, solvent selection should be considered systematically to improve synthesis conditions
within the framework of green chemistry principles, [9] and there are a number of solvent selection
guides available in the literature [1-8]. Chemically, the solvent would have a high capacity to dissolve
the solute, in a little amount of volume. It would need to be inexpensive to produce, recyclable and
robust, to face various processing environments [9-11]. In fact, a large quantity of organic solvents is
used as liquid media for chemical reaction, extraction and formulation. Various methods and tools

have been developed for the identification and selection of appropriate solvents for synthesis.[1-8]

Recently, however, a new class of solvent has emerged that fit perfect in the idea of green chemistry,
namely ionic liquids. These solvents are often fluid at room temperature, and consist entirely of ionic
species. They’re non-flammable, have high thermal stability and are relatively undemanding and
inexpensive to manufacture. Another big advantage is the absence of a measurable vapor pressure,
with no emission of toxic, volatile organic compounds (VOC). Their special properties make them a
field of interest for chemists. Although ILs display many advantages, they have a high viscosity
compared with molecular solvents. This will have to be taken into account during experiments and
further use. [9,12,13]

1.1.1 Structure

lonic liquids exist in two main categories, simple salts that consist of a single anion and cation, and

binary ionic liquids, where more than one cation or anion is present. [9,12,13]

The cation is an organic species, such as 1-butyl-3-methylimidazolium ([Csmim]*), 1-methyl-1-propyl-
pyrrolidinium ([Campyr]*), trihexyl(tetradecyl)phosphonium ([Pse6.14]*), 1-methyl-1-butyl-pyrrolidinium
([Campyr]*) and trioctyl(methyl)Jammonium ([OMA]*) as shown in. The anion can be organic or
inorganic. Examples are bis(trifluoromethylsulfonyl)imide ([NTf2]), hexafluorophosphate ([PFe]),
dicyanimide ([DCAY), tetrafluoroborate ([BF4]) and ethyl sulfate ([C2SOa4]), Table 1.1. [1]



Table 1.1 Common cations and anions of ionic liquids.
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ILs are called “designer solvents” because it is possible to tune the properties of the IL by changing
one of the components. In this way, the solvents can be designed with a particular end use in mind.
Melting point, density, hydrophobicity and also miscibility of water in ionic liquids can be changed
dependent on the structure. Preferentially ILs which are liquid at ambient temperature are used; they
are referred to as room temperature ionic liquids RTILs. [9,12,13] The reason why these salts are
liquid bellow 100 °C, is the low symmetry and bulkiness of the cation. This lack of symmetry promotes
a reduction of the lattice energy of the crystalline form of the salt, lowering their melting points. The
anion on the other hand, mostly controls water miscibility, but the cation can also influence the

hydrophobicity or hydrogen bonding ability.

Since ILs are ionic, they will bear a charge. This charge is not localized on an atom, but it is distributed
all over the molecular structure. There is one exception on this matter and that is IL’s with a halogen

anion. The charge is worn by the halogen function itself. [14]

Supposedly ILs demonstrate a structural heterogeneity, where the aspects of chemical physics of ILs

can be ascribed to; this includes solvation, dynamics and transport. [15]

Phosphonium-based ILs are more recent than the imidazolium- and pyridinium-based ILs, and
cheaper to produce. They are more thermally stable (in some cases up to nearly 400°C!) [16] in
comparison with ammonium and imidazolium salts, and this remarkable property makes them suitable
for reactions that are carried out at temperatures greater than 100°C. Phosphonium- based ILs are
used as the catalyst and solvent for hydroformylation [17], palladium-catalyzed Heck reactions [17]
and palladium-mediated Suzuki cross-coupling reactions. [17] In addition, they are also powerful
phase-transfer catalysts for the Halex reaction [18]. Recently, phosphonium-based ILs have been
used for CO2 capture. [19].Along with their application in the synthesis of the styrenic derivatives of
phosphonium-based ILs, they are used as monomers in the synthesis of phosphonium-containing
random copolymers. [20]



1.1.2 Physicochemical properties

The nature and size of both anion and cation are determinative for the physicochemical properties of
IL’s.

1.1.2.1 Electrical Conductivity

ILs are molten salts at room temperature, which means they are conductive liquids. As published
previously [21] the electrical conductivity of pure ILs is relatively low, which is an impediment to
progress in numerous fields of the proposed electrochemical applications. In Figure 1.1 the trend of

imidazolium based ionic liquids is present.

The electrical conductivity dramatically increases with temperature, changing 1 order in magnitude in
the liquid state in a temperature increase of about 200 K. The theoretical analysis of the temperature
dependence of the electrical conductivity in liquid state indicates that most of the imidazolium and
phosphonium based ILs follows Vogel-Tamman-Fulcher (VTF) equation. The increase in the
conductivity with temperature also depends on the size of the anion and cation. The ratio in size of
both species and their interaction with one another seems to be the base for this behavior.

Unfortunately, there is still an unfilled gap in this area, giving space for new studies in this field.
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Figure 1.1 A comparison of electrical conductivity versus temperature for ionic liquids with 1-
butyl-3-methylimidazolium ([Csamim]*) as the cation and several anions, namely
bis[(trifluormethyl)sulfonyllimide ([NTfz]"), hexafluorophosphate ([PF¢]) and tetrafluoroborate
([BFa]) [21]



1.1.2.2 Density

Density is an important factor in defining the nature of an ionic liquid. Usually ILs show a linearly
decrease in density with an increase in temperature. This is common in both phosphonium and
imidazolium based ionic liquids, over a wide range of temperature. As is determined in previous
studies on different ILs over a wide range of temperatures. [22-23] This is a logical consequence,
since an increase in temperature makes the molecules more mobile, resulting in a thermal expansion.
The differences in density, for very similar structures of ionic liquids are attributed to the presence of
additional hydrogen bonds. [22-23]

The evolution of the density vs. temperature is given for trihexyl(tetradecyl)phosphonium [Ps.e.6.14]*
based and dicyanamide based lIs, in respectively Figure 1.2 [24-27] and Figure 1.3 [24,25,28,29]. A

linear decrease with an increase in temperature is observed in both cases.

Figure 1.2 demonstrates the impact of several anions on the density of
trihexyl(tetradecyl)phosphonium ([Ps.s.6.14]*) ILs. The density decreases in the following order; [NTf2],
[DCAJ, [CI] and [Br]-.
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Figure 1.2 A comparison of density versus temperature for ionic liquids with [Psss.14]" as the
cation and several anions with a mentioning of the water content in percentages; [DCA]" [24]
(0.01 %), [CI]" (0.03 %) [27], [NTf2]" (0.04 %) [24] and [Br] (0.02 %) [27]

In Figure 1.3 the impact of the cation on the density of dicyanimide ([DCA]) based ILs is exhibited.

The density decreases in the following order; [Czmim]*, [Camim]*, [Campyr]*, and [Ps.c.6.14]".
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Figure 1.3 A comparison of density versus time for ionic liquids with [DCA]" as the anion and
several cations with a mentioning of the water content in percentages; [Camim]* (0.00 %) [29],
[Campyr]* (<0.15 %) [29], [Ps.s.6.14]* (0.01 %) [24] and [Comim]* (0.17 %) [28]

Both the anions as the cations have a considerable impact on the denisty of the ionic liquids, which

can be attributed to the presence of additional hydrogen bonds. [21,22]

1.1.2.3 Viscosity

Viscosity is an important macroscopic property of ionic liquids. This property is of considerable
importance for fluid flow calculations and equipment design. It determines the possibility of using fluids
as reaction media or solvents for transportation purposes. Mapping these values precisely, can reduce
the energy requirements for processing these fluids drastically. [21] It results from several microscopic
interactions such as van der Waals, columbic, hydrogen bonding and is considerably dependent upon
the size and shape of the ions. IL’s have a relatively high viscosity, which can be explained by IL
structure. [21,23]

The effect of both the anion as the cation on the viscosity is analyzed in Figure 1.4, using several ionic
liquids; [Ps.6.6.14][DCA], [N4.1.1.1][NTf2], [OMA][NTf2], [Camim][NTf2], [C2mim][DCA] and [C2mim][C2SO4].
[30-33] The structure of the anion has a tremendous impact on the viscosity of an ionic liquid. When
[NTfz]- is taken as the anion, and only the cation is differed a considerable difference is seen. The
viscosity of the IL decreases in the order of [OMA]*, [Na1.1.1]" and [Camim]* with values, respectively
676.3, 140,7 and 38.6 mPa.s at 293.15 K. Considering [DCA]- as the anion, the same phenomenon is
seen with [Pe.s.6.14]* and [C2mim]*, giving viscosities of 532.45 and 140.7 mPa.s at 293.15 K.

In order to determine the effect of the anion on the viscosity of ionic liquids, [C2mim]* is considered as
the cation, and the anion is altered. If [NTf2], [DCA] and [C2SO4] are compared a smaller change is

observed, with viscosities, being respectively 22.8, 38.6 and 125.6 mPa.s at 293.15K.
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Figure 1.4 Viscosity versus time for ionic liquids with a mentioning of the water content in
percentages; [Pss.6.14][DCA] (0.01 %) [31], [N41.11][NTf2] (0.01 %) [30], [OMA][NTf2] (0.05 %) [33],
[Comim][NTf2] (0.05 %) [33], [C2mim][DCA] (0.19 %) [33] and [Comim][EtSO,] (0.01 %-0.04 %) [33]

Water and other impurities change the viscosity of ILs drastically. It can be assumed that polar water
molecules modify the properties of the ions, which decreases the viscosity tremendously. [34] Another
reason is the lowering of the electrostatic attractions among the ions and thus the cohesive energy of
the system. [23] In IL’s with alkylimidazolium as a cation, the addition of chloride will, even in low
concentrations, decrease the viscosity of ionic liquids substantially. This is due to the interaction via

hydrogen bonds between the protons and the chloride of the imidazolium ring [34]

1.1.3 Electrochemical behavior

In electrochemical experiments, the conductivity of a solvent is of vital importance. ILs have inherent
ionic conductivity thereby eliminating the need for using an additional supporting electrolyte in
electrochemical devices. The conductivity of a pure ionic liquid depends on the mobility of the ions,
which is influenced by the ion size, ion association and viscosity (a decrease in viscosity enhances the
mass transport of analyte to the electrode surface).

In general, an ideal electrolyte should have high ionic conductivity (>10-* S/cm), fast ion mobility
during redox reactions (>10-1* m2.(V.s)1), large electrochemical potential windows (>1 V) and low
volatility. ILs exhibit many of these properties and characteristics. [35]

In fact, it has been shown that ionic liquids are highly effective electrolytes making possible their
applications in batteries [36-39], capacitors [40-42], solar [43-48] and fuel cells [49]. The non-volatility

and non-combustibility should contribute to the long-term durability and safety of these devices.

Most properties of ILs relevant to electrochemistry are centrally based on the above-mentioned

conductivity and viscosity, and on electrochemical potential windows.



The electrochemical potential window of stability of an ionic liquid is generally characterized by the

reduction potential of its cation and the oxidation potential of its anion.
Potential window = Eanodic limiting potential - Ecathodic limiting potential Q)

These limits are tunable based on the cation and anion selection, and the electrochemical window can
be widened or narrowed to include or exclude certain potential window ranges, an indication of the

versatility of ionic liquids in different applications. [9]

It is currently known that some electrodepositions, that are not possible to be studied in aqueous or

inorganic electrolyte solutions, are possible in IL’s, due to their wide electrochemical window. [9,12,13]

The major impurities contained in ILs are water and oxygen, even in highly pure samples, since these
molecules are dissolved easily into the ILs from the atmosphere. Their electrochemical activity makes

the removal of these molecules essential before any voltammetric measurement. [9]

The water miscibility and hydrophobicity is influenced by the identity of the anion of the IL. This needs
to be taken into account when drying an IL and it also determines the difficulty that comes with
reaching very low moisture contents. Certain precautions will have to be taken, to get the water
content to a very low level. An example is the use of an imidazolium-based IL with a hydrophilic anion.
When it is mixed with water a micelle is formed. If the cation contains a long side chain, it is more likely
for the cation to get included in a micelle, because of the hydrophobicity of the alkyl side chain. By
exchanging the anion for a hydrophobic one, the structure becomes non-micellar, thus excluding water
out of the IL. [9,50]

The effect of water on the electrochemical window of trihexyl(tetradecyl)phosphonium dicyanamide
[Ps.6.6.14][DCA] has not yet been reported while has been thoroughly studied [51] at room temperature,
for 1-alkyl-3-methylimidazolium based ILs [Cnmim][X], with the n being 4 or 6, making it a 1-butyl- or 1-
hexyl-3methylimidazolium salt with the [X]- being [NTf2]- or [PFe]-.

More hydrophobic IL’s such as [Cnmim][PFe] will form a biphasic system with water, when saturation is
reached. The concentration in which this happens depends again on the alkyl chain length of the
cation and on the anion type. [51]

It should be kept in mind that ionic liquids are in fact hygroscopic. An experiment wherein IL's got
exposed to the atmosphere at ambient temperature showed the water uptake in function of time,
Figure 1.5. The hydrophobicity of the anions decreases in the following order; [PFe]" > [BF4]- > [NO3s] >
CI. It turned out that even the considered ‘hydrophobic’ ones such as [Chrmim][PFs] extract 1w/w%
over a 3 h period of exposition. In the water-soluble IL’s, the water uptake will be even more severe.
[51] It should also be noted that the presence of water in [PFs]- can lead to decomposition reactions,

producing e.g., HF. [52]
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Figure 1.5 Absorption of water from atmospheric air at ambient temperature and moisture, with
constant stirring as a function of exposure. (A) corresponds to [Csmim][NO3], (*) to [Csmim]ClI,
(0) to [Camim][BF4] and (o) to [C.mim][PF¢]. [51]

The presence of water may have a rather dramatic effect on the reactivity of ILs. The influence of
water on hydrogen bonds between ionic liquids and cellulose was investigated. [9] It was found that
water gets included in the hydrogen bond-accepting sites of the anions. In other words, if a hydrogen-
bond between an anion and cellulose breaks, the chance that it will be replaced by a water molecule
increases. Therefore, to make results comparable it is very important to take note of the water content
in the ILs used. [53]

The ferrocene/ferrocenium [Fe(CsHs)2 / Fe(CsHs)2*, Fc®/Fc*] couple is widely used as an internal
standard in voltammetric studies in conventional non-agqueous media containing electrolytes. In order
to make a comparison in RTIL’s, the IUPAC recommends the use of the same couple as an internal
potential reference. [54] However, in many ionic liquids the solubility of ferrocene is rather low.
Heterogeneities in the ionic liquids can cause the measured current to differ from the normal situation
due to, for example, the accumulation of ferrocene on the electrode surface. [54] Moreover, since the
oxidation potential of Fc° is very close to the anodic potential limit of some IL’s, the reversibility of the
Fc°l*process can be negatively influenced. Some irreversible voltammetric behavior was observed,

probably due to the reaction of Fc* with the IL itself or the oxidation products of the IL. [54]

To date, the electrochemical behaviour of ferrocene in trinexyl(tetradecyl)phosphonium dicyanamide,
[Pe.6.6.14][DCA] (IL105), has not been reported. The behavior of ferrocene in other ionic liquids, on the
other hand, is already tested [55-56]. As an example, the cyclic voltammogram of the common ionic
liquid [Camim][BF4] is shown in Figure 1.4.



| (A)

00

Figure 1.4 Cyclic voltammogram of Fc in [Csamim][BF4] at a scan rate of 0.100V/s at 298K:
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Potentials are vs. an Ag/AgCl reference electrode. [55]

The electrochemical potential values for the Fe(CsHs)2 / Fe(CsHs)2*, Fc°/Fc* redox couple in different

ionic liquid media is presented in Table 1.2.

Table 1.2 Cyclic voltammetric data for ferrocene at a Pt electrode, in different ionic liquids.

lonic liquid Ei™ /mV? | Reference
[Comim][BF] 410 [56]
[Camim][BF.] 313 [55]
[Camim][PFs] -0.03 [57]
[Cemim][PFs] 248 [55]
[Camim][N(SO>CF3);] | -0.02 [57]
[C4mim][CF3S03] -0.01 [57]

a Reference electrode: Ag(l)/Ag; counter electrode: Pt

When comparing results it is important to keep in mind that, the formal potential is dependent on

multiple factors, such as the ionic liquid and the working and reference electrodes used.
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1.1.4 Catalytic application for the oxidation of cycloalkanes

Selective partial oxidation of alkanes is an important topic with potential in terms of economic and
ecological perspectives of sustainable chemistry [21,58-67]. However, efficient catalytic oxidation of
alkanes [68-69] still remains a challenging topic. The development of more active catalysts, under mild
conditions, at room temperature and using low toxicity media and oxidizing agents is needed.
Hydrogen peroxide is one of the best options in this regard since H20 is the sole by-product. Thus,

peroxidative alkane oxidations were the selected reactions for the present study.

Cyclohexane was the chosen substrate in view of the significance of the oxidized products
(cyclohexanol and cyclohexanone, Figure 1.6) for the manufacturing of adipic acid, Nylon-6,6’ and
polyamide-6 [58-66]. Moreover, the industrial process of cyclohexane oxidation needs to be improved,
since it requires considerably harsh conditions (150 °C) and leads to low yields (ca. 4%) to assure a
good selectivity (ca. 85%)[67]. The difficulty finds its origin in the activation of the C(sp3)-H bond in
such unreactive saturated hydrocarbons, thus inhibiting their wider use for the direct use of added-

value chemical products. [70]

Catalyst
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Figure 1.6 Peroxidative oxidation of cyclohexane to cyclohexanol and cyclohexanone.

It has been a pursuit for many years now, to replace the classical process by other systems that can

catalyze the selective oxidation of alkanes at ambient temperature. [71-73]

The oxidation reaction of cyclohexane to cyclohexanol and cyclohexanone was investigated in
[Comim][BF4] with titanium silicate 1 (TS-1), which is a titanium-containing molecular sieve, as a
catalyst and tert-butyl-hydroperoxide (‘BuOOH, TBHP) as oxidant. The maximum conversion and yield
was found at a mole ratio of 2:1 of TBHP to cyclohexane at 90 °C, with a conversion of 13.20 %, a
yield of 12.88 % and 97.6 % selectivity for the oxidation of cyclohexane to cyclohexanol and
cyclohexanone. It was found that the yield and conversion increased with an increasing temperature,
while the selectivity lowered slightly at high temperatures (between 70 °C and 100 °C). No significant
increase in oxidation was found between 90 °C and 100 °C, conceivably due to the decomposition of
TBHP. [72]
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1-Glycyl-3-methyl imidazolium chloride was used as a complex with Cu(ll) ([Gmim]CI—-Cu(ll) complex),
for the C-H oxidation reaction on several alkyl-arenes. A 70% yield was obtained for the oxidation of
cyclohexane to cyclohexanone, when the reaction oxidation reaction was performed for 12 hours with
0.1 mmol of catalyst at ambient temperature. The recyclability of the catalyst was tested for the
oxidation of ethylbenzene to acetobenzene. A decrease from 85% to 82% yield was observed after 6
reaction cycles for the oxidation of ethylbenzene to acetobenzene specifically, when extracted and

dried under vacuum. [71]
Only a few studies on ferrocene for the cyclohexane oxidation have been done. [75,76]

The combination of ferrocene as a catalyst with potassium persulfate (K2S20g) as a co-catalyst
dissolved in acetonitrile when exposed to 20 atm of CO was tested. A yield of 18.3, 0.8 and 0.3 for
respectively cyclohexylperoxide, cyclohexanol and cyclohexanone at 60 °C with a reaction time of 4

hours, was obtained. [75]

Ferrocene, in combination with pyrazine carboxylic acid ([PCA])in a 1:2 molar ratio catalyzes the
homogeneous oxidation of cyclohexane and benzene with H202 as an oxidant in an acetonitrile
medium. [76]

The combination of ferrocene derivatives and ionic liquids are being used for several catalytic
purposes, such as the oxygen reduction reaction [77], Suzuki Miyaura reaction [78] and the

isomerization of allylic alcohol [79].

To the best of our knowledge, no research on the catalytic oxidation of cyclohexane in ionic liquid
media is found. In this work, the oxidation of cyclohexane in trihexyl(tetradecyl)phosphonium

dicyanamide ([Ps.s.6.14][DCA], IL105) with ferrocene as a catalyst will be studied.

1.1.5 Possible ecological effects

The major concern in the use of ILs related to the fact that some anions are not so green, and the risk
of hydrolysis stability of the anion with the formation of an acid can occur. Lower homologues of
alkylsulfate anions for example, namely methanesulfate and ethanesulfate may be sensitive to
hydrolysis, with the formation of the corresponding alcohol and hydrogensulfate as a consequence.
[3,21]. The antimicrobial activity increased as the alkyl chain length of pyridinium, imidazolium, and
guaternary ammonium salts increased, thus increasing the toxicity for bacteria. [80-85]

Cho et al. showed that the toxicity of ILs increased with an increase in alkyl chain length, when
investigation series of imidazolium based ionic liquids. [86] In the investigation for the toxicity of 1-
butyl-3-methylimidazolium, 1-butyl-3methylpyridinium, tetrabutylammonium, 1-butyl-1-
methylpyrrolidium and tetrabutylphosphonium bromides a toxicity between two and four orders of
magnitude greater than those of organic solvents was found. [87] Varying the anion has a minimal
effect on the toxicity of imidazolium and pyridinium salts, which suggests that toxicity is largely driven
by the cation. [81,88-90]
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1.2 Pigments

1.2.1 Hazards

Dyes are an important class of synthetic organic compounds used in many industries, especially
textiles. Consequently, they have become common industrial environmental pollutants during their
synthesis and later, during fiber dyeing. Textile industries are facing a challenge in the field of quality
and productivity due to the globalization of the world market. The textile industry utilizes about 90% of
all dyes, while the remaining 10% are used in food, printing, and plastics. The greatest amounts come
from Asia, with China as the largest producer. This big release of major quantities of dyes has a
significant detrimental effect on the environment, due to the high chemical oxygen demand (COD) and

toxicity of these effluent streams. [88]

Pigments are organic compounds that consist of two main groups, chromophores and auxochromes. A
chromophore is the structural part that gives the dye its characterizing color. It consists of conjugated
double bonds and a delocalized electron group. Double-bonded carbons, cyano, carbonyl groups and
double bonded nitrogen groups are the more typical examples of this kind. The color intensity exists
because of the presence of an auxochrome. This is usually an electron-donor such as an amine, a
carboxylic acid, a sulfate or a hydroxyl group. In Figure 1.7 violet is taken as an example to show the

presence of auxochromes (blue) and chromophores (red). [89]
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Figure 1.7 The structure of Indigo and the presence of auxochromes (blue) and chromophores
(red).

Textile wastewaters, containing dyes tend to be high in chemical oxygen demand (COD), biochemical
oxygen demand (BOD), total organic carbon (TOC), suspended solids (SS), turbidity, and toxicity. The
characterization of wastewater and setting of regulatory levels is often done by the first four factors.
Turbidity of water will cause clouding of water, blocking the sunlight and thus inhibiting photosynthetic
processes of plants in water. [88] Some pigments are toxic, not only for the aquatic environments, but
also for a variety of organisms, ranging from bacteria to humans. Even when dyes are marketed as
being safe, they can be potentially dangerous due to their degradation products. Since natural colors
are not as uniform, stable etc. synthetic dyes are still being used in big quantities, even though there

are a lot of detrimental effects connected to their use. [90]
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1.2.2 Treatment of wastewater

The development of techniques for the removal of dyes from aqueous waste streams has become a
big field of interest for researchers, for the reasons mentioned in 1.2.1. Most of the removal methods
consist of a physical, biological and chemical step. The used approaches are found to be expensive
and ineffective.

The parameters of wastewater can vary significantly, depending on the different dyeing and washing
processes used. Consequently the characteristics and treatment of wastewater will be altered, when a
change of these factors is present. With pH being a very important factor, this needs to be taken into

account

Pang et al. found that a combination of a chemical treatment, coupled with a physical treatment,
followed by a biological treatment, ending with another physical treatment to be ideal. Physical
treatments usually separate the different components in the wastewater, with adsorption, ion
exchange and filtration being the main ones. Micro-organisms such as bacteria, plants or fungi are the
basis of the biological treatment. They will breakdown the organic compounds in wastewater and
convert them to water and carbon dioxide under aerobic and/or anaerobic conditions. In most cases
pretreatment is required, because most dyes aren’t biodegradable. [88] Another problem occurring in
this method is the toxicity of the dyes, causing the extinction of most plant types. [91]

The chemical processes embody a wide range of techniques. The generic way includes coagulation or
flocculation process as well as an oxidation. Alternatives have been investigated as a replacement for
oxidations reactions. This is due to the increased toxicity of the products in comparison to the
reactants used. Therefore it needs to be used in combination with other techniques. Coagulation or
flocculation is mostly used in co-operation with physical methods as it is the purpose to remove

suspended particles. [88]

One of the techniques being researched is the liquid-liquid extraction (LLE). Here in dye-containing
wastewaters are brought in contact with an immiscible organic solvent, into which the dyes dissolves.
In 2007, Mahmoud et al. [92] examined a variety of more environmentally-friendly solvents for liquid-
liquid extraction. Specifically, various plant oils were used in an attempt to extract the dye Remazol
Brilliant Blue (an anionic dye). These authors concluded that the increase in the extraction efficiency

observed is directly proportional to the viscosity of the liquids.

This new method, employing ionic liquids has already been tested in several dyes. [92-98] Being a

topic of interest, LLE will be further investigated in this work.
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1.2.3 Characterization of dyes

Amaranth (C.l. 16185) is a dark red to purple azo dye, that's used as a food and cosmetics dye. It is
anionic and can be applied to natural and synthetic fibers, leather, paper and phenol-formaldehyde
resins. Since 1976 Amaranth has been banned in the USA, due to carcinogen effects, but it is still
used in some countries. Another dye that belongs to the anionic ones is indigo (C.I. 73015 A). It is
commonly used as a pH indicator, because of the dependence of the color on the pH. This pigment is
found to be blue below the first pKa (11.4) and yellow above its second pKa (13.0). When used as a

redox indicator indigo turns yellow upon reduction.

Tartrazine (C.l. 19140) is a synthetic anionic lemon yellow azo dye, mostly used as a food coloring,

but can also be used in cosmetics and medication.

Malachite green (C.l. 42000) is an organic compound which owes its color to the presence of a cation.
It find its use as a pH indicator with a yellow color below pH is 0.2 and green between a pH of 1.8 and

11.5. Aloss in color will appear above a pH of 13.2.

Methyl violet (C.I. 42535) is a cationic dye that is mostly used as a purple dye for textiles and also, to
give deep violet colors to paint. It is mutagen and mitotic poison, therefore concerns exist when it

comes to the impact it has on the environment.

Methylene blue (C.l. 52015) is a heterocyclic aromatic chemical compound, used as a cationic dye in a
big range of fields, such as biology and chemistry. It is frequently found in biological stains and
occasionally as a redox indicator. In the health care industry methylene blue can battle certain

cancers, when combined with other drugs.

Rhodamine 6G (C.I. 45160) is highly fluorescent, thus is often used as a cationic tracer dye within
water to determine the rate and direction of flow and transport in water. The fluorescent behavior make
them usable in an extensive range of biotechnology applications such as fluorescence microscopy,

flow cytometry and fluorescence correlation spectroscopy.

Chrysoidine (C.I. 11270) also named basic orange 2, is a cationic azo dye that changes color
depending on the pH. It will shift from orange at pH 4.0 or bellow to yellow at pH 7.0 or above.

Photographic material, inks, toners and detergents are some of the application.

The structures of the dyes used in this work can be found in Figure 1.8.
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COONa
Tartrazine
N(CHj3)
Cationic dyes
COOC,Hg Ccl-
H3;C \ CH3 \
cr
(H3C)2N
C,HsHN (e} NH*C,Hs NH*(CHs),
Rhodamine 6G Methyl violet
N H,N
X cr
(H3C)2N S N(CHs),
Methylene blue Chrysoidine
(HsC)oM Cl-
Malachite green N*(CHs).

Figure 1.8 Structure and designation of the considered dyes.
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1.2.4  Extraction of dyes from aqueous solution with ionic liquids

Several works have been conducted on the use of ionic liquids in the extraction of dyes. [93-100] For
these extraction to be feasible, the dye components need to dissolve into the ionic liquid, withdrawing
it from the wastewater. It is very important for the ionic liquid not to dissolve into the aqueous layer in

significant amounts, as it would have an even more detrimental effect on the environment.

To quantify the extracted amount, the distribution ratio (D), defined in 2 is used. Therein the dye

concentration in the IL is divided by the dye concentration in the aqueous layer.

— [dye]org (2)
[dyelaq

If the D value is greater than 10 it is considered efficient and inefficient when it is less than 1. [99]

Pei et al. found that when cationic dyes and [PFe]- based ionic liquids were brought in contact,
associates were formed between the cationic dye and the anion of the IL in a ratio that came close to
1:1. Aqueous solutions of malachite green and methylene blue formed precipitates, when a [PFg]
based ionic liquid was added. After agitation, these precipitates dissolved into the ionic liquids. A

strong enough interaction between ionic liquids and cationic dyes is thus implied. [100]

The dye-IL associates were investigated, and association constants were calculated utilizing
theoretical models established by the determination of the deviation from linear behavior. It was found
that the association reached values as high as 10% (L.mol?)?, which is a sign of a strong
interconnection. An exothermic nature was ascribed to the formation process of the association, which

was implied by the thermodynamic results found by Y. Pei et al. [100]

No actual research was done on the use of IL105 in the liquid-liquid extraction of pigment out of
aqueous media. More commonly used IL’s are those, containing a 1-alky-3-methylimidazolium cation.
Ali et al. attempted to extract several dyes into [Camim][PFs], [Camim][BF4], [Camim][NTf;], and
[Cemim][Br]. The cationic dyes studied included Methylene blue among others. The extraction
efficiencies were as high as 99%. No mechanism was determined, but the researchers concluded that

hydrophobicity of an ionic liquid has no effect on extraction efficiency. [95]
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1.2.5 Effect of physical properties on the LLE of dyes

A work by Mahmoud et al. suggested that the more viscous a solvent, the higher Daye got. In other
words, the more viscous an IL, the more efficient it would extract dyes. [92,101] As already mentioned
in 1.1.2.3 the viscosity is influenced by several factors. An increase in cation size is normally
accompanied by an increase in viscosity. In addition the choice of anion can significantly influence
viscosity as well.

Zhang et al. on the other hand, found that the least viscous IL’s extracted the cationic dyes the most
efficiently, with Daye being slightly higher for [Cemim][NTf2] than for [Cemim][PFe]. For anionic dyes the
opposite is true, the most viscous IL’s extracted the anionic dyes the most efficiently. The relationship
between viscosity and extraction efficiency appears to be strong but is possibly coincidental. A more
precise way to approach the difference in extraction ability is the hydrophobicity of its constituent
cation and anion. [101]

In this work, several anionic and cationic dyes will be tested, using an ionic liquid. Most of these

pigments have not been reported previously in a LLE experiment.
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Chapter 2: EXPERIMENTAL PROCEDURE

2.1 Material

Different ionic liquids are used, including [Ps.6.6.14][Cl], IL105 ([Ps.6.6.14][ DCA which were kindly donated
by cytec industries inc. Alliquat336 was acquired at Alfa Aesar and [Cemim]Cl, [Cemim][NTfz],
[Camim][NTf2] and [Cemim][NTf2] were homemade using the synthesis procedure as described in 2.53.
The ionic liquids are being dried for 12 h, using the vacuum line, with Edwards RV3 pump. When this
is done they need to be put under nitrogen, using the vacuum line. Ferrocene, 99 % dichloromethane,
sodiumtetrafluoroborate, acetone and acetonitrile were purchased at Sigma- Aldrich. The ultra-pure
water, used for calibration, was purified at Faculdade de Ciéncias da Universidade de Lisboa. The
distilled water, used for extraction, was purified in Centro de Quimica Estrutural I.S.T. University of

Lisbon.

The dyes; Amaranth, Rhodamine 6G, Chrysoidine, Indigo, Tartrazine, Malachite green, methyl violet
and Methylene blue were purchased at Sigma-Aldrich as well as hydrogen peroxide solution (30%
H2032). 100mL of a 40mg/L basic solution of all the pigments was made, dissolving 4mg of pigment in
100mL of distilled water. When altering the pH a 1.0M solution of sodium hydroxide was used to obtain
a pH of 12 and 0.1M of hydrochloric acid was used to obtain a pH of 2. Both the granulated NaOH as
the 37% HCL solution, used to make the diluted solutions, were acquired at Sigma-Aldrich. pH-papers
were used to test measure the pH of the pigment solutions and the pH adjusted by adding either acid

or base.

2.2 Equipment

The DSA 5000M Anthon Paar densitymeter was used for the density measurements. The accuracy of
the apparatus needs to be checked every day, before being used. Here for ulta-pure degassed water

is used.

Figure 2.1 The DSA 5000 M Anthon Paar densitymeter
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Potentiostat/Galvanostat Model 273 A by EG&G Princeton Applied Research (Figure 2.2) with
PowerSuite software is used for all the experiments. A three electrode system (Figure 2.3) is utilized
with a Platinum quasi-reference electrode and a Platinum auxiliary- and working electrode. The cyclic
voltammetry (CV) cell was made in Centro de Quimica Estrutural 1.S.T. University of Lisbon. The water

content of every ionic liquid was measured with the Karl Fischer 831 Coulometer.

Figure 2.2 Nitrogen bottle, with a valve connected to a three electrode electrolyses cell,
connected to the Potentiostat/galvanostat Model 273 A by EG&G Princeton Apllied Research

Figure 2.3 A three electrode system with a Silver pseudo-reference electrode and a Platinum

auxiliary- and working electrode.
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A heating plate with a set temperature and an agitation function was used, Figure 2.4, to keep the
reaction at a constant temperature, making convection possible and thus preventing diffusion to
become a restrictive factor. The gas chromatograph MFC 8000 from Fisons instruments, was utilized
for the analysis of the product containing water phase. It is a GC with flame ionization detector and
capillary column (DB-WAX, column length: 30 m; internal diameter: 0.32 mm) and the Jasco-Borwin
v.1.50 software. 0.045 pL of the sample got injected and subsequently analyzed. A temperature
program with an initial temperature of 100 °C (1 min) and a ramp of 10 °C/min with a final temperature
of 180 °C (1 min)

Figure 2.4 Oil bath on a heating plate

The pH was tested using a pH-paper. Different UV-VIS spectrometers were used. PerkinElmer's
Lambda 35 UV-VIS spectrophotometer, Jasco 7800 and the UV-3101 PC, UV-VIS-NIR Scanning
spectrophotometer Shimadzu were used. Hellman quartz cells, with 1cm path length, were utilized for

all the measurements.

The vacuum line, Figure 2.5, has multiple use, as it can be used to add nitrogen or create a vacuum.

In this work all of the drying steps were performed in this line.

Figure 2.5 Vacuum and inert atmosphere line
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Figure 2.6 Karl Fischer 831 Coulometer

The 831 Karl Fischer Coulometer, as shown in Figure 2.6 is used to measure the water content of the

ionic liquids, when doing electrochemistry experiments

2.3 Procedure

2.3.1 Density

To get reproducible results IL105 is to be degassed and preheated to the starting temperature of the
measurements, being 50°C. The measuring cell is to be filled carefully to prevent the appearance of

bubbles in the cell.

Several measurements have to be done in order to have a reproducible result. If the density starts to
stagnate, the temperature can be adjusted. The final value is the average of all the results, excluding
the extremely aberrant ones. In order to get a clear view of the evolution of density versus
temperature, values are taken between 50 °C and 15 °C; starting at 50 °C decreasing the temperature

in steps of 5°C.

The results are to be compared with data found in the literature.

23.2 Cyclic voltammetry

The cyclic voltammetric experiments were performed using an EG&G PAR 273A

potentiostat/galvanostat connected to a personal computer through a GPIB interface.

The studies were conducted at a platinum disc working electrode (d = 0.5 mm) and at room
temperature, in a three-electrode-type cell with a Luggin capillary connected to a silver wire pseudo-
reference electrode (to control the working electrode potential) and a Pt wire as the counter electrode
for the CV cell. The solutions were saturated by bubbling N2 before each run. The redox potentials of

the complexes were measured by CV in the presence of ferrocene as the internal standard.
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Room - temperature ionic liquids are usually prepared from a variety of organic and inorganic salts.
Because both ionic liquids and halide salts are hygroscopic in most cases, they must be dried under

vacuum at elevated temperatures and handled in a dry atmosphere.

Cyclic voltammetry is a very sensitive technique, so when the setup is done, one needs to make sure
that every piece of equipment that is involved in the measurement is properly cleaned. All experiments
were carried out at ambient temperature in a Nz2-atmosphere, saturating the ionic liquid with N2 before

every measurement.

5 mL of dried ionic liquid is added to the electrochemical cell withdrawing the IL from a schlenk, using
a syringe. Both the cyclic voltammetry cell as the schlenk are to be under a N2-atmosphere. Cyclic
voltammetry is applied as a technique to measure the electrochemical window, which ranges from the

potential of the catodic peak to the potential of the anodic peak of the ionic liquid.

The water content of the ionic liquid will be studied as an influential factor. Therefor a CV-scan will be
taken of the dried IL and subsequently after the addition of 100 mg of water. This process will be
repeated until the electrochemical window remains the same. A sample needs to be taken after every
measurement, followed by the determination of the water content of every sample by Karl Fischer

titration.

The same procedure as mentioned above will be used, for the addition of ferrocene to the IL. The
characteristic peak potential will be caluculated out of the potential of both the catodic as the anodic
peak of the reversible ferrocene oxidation. Ferrocene will be added to several ILs and the peak

potential is to be compared.

233 Peroxidative oxidation of cyclohexane

IL105 is being used in combination with ferrocene as catalyst for the oxidation of cyclohexane to
cyclohexanol and cyclohexanone. A solution of ferrocene in ionic liquid will be made with a differing

concentration, given in Table 3.4.

Making use of a magnetic stirrer, the solution will be stirred until homogeneity is reached. The reagent,
cyclohexane namely, is added to the homogeneous solution at a concentration of 129.68 g/L.

Afterwards an addition of 486.2 g/L of the oxidant TBHP takes place after homogenizing the solution.

The flask was placed in an oil bath and kept at 50°C. A reaction time of 2 hours was used, combined
with stirring. After two hours the flask is taken out of the oil bath and cooled down by rinsing it with tap

water.
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The ionic liquid has a very small vapor pressure, therefore cannot be evaporated. 3mL of water was
added to extract the products. Since water and IL105 are immiscible, a biphasic solution will get
formed, Figure 2.5. It will be stirred thoroughly, by a magnetic stirrer, to make all the products migrate
to the aqueous phase. The water phase is separated from the ionic liquid, making use of a glass pipet.
IL105 is then dried under vacuum overnight and stored in a N2 atmosphere.

Figure 2.7 Biphasic mixture of IL105 and H>O
234 Pigments

2.3.4.1 Calibration curves

Dye solution of different concentration where made, by adding different quantities of the stock-solution
and supplementing it to create a 3 mL solution. The quantity of this addition depends on the
absorbance of the dyes at that certain concentration. Absorbance values were kept bellow one. Three
solutions for each pH (2, 7 and 12) were measured. The volumes were converted to concentration via
molar mass and density. Subsequently first order graphs of absorbance versus concentration were
made.

2.3.4.2 Sun exposure
A dilution was made adding 100uL of the 40mg/L pigment solution and 2.9mL of water to a flask,
followed by a homogenization. Pictures were taken before and after 5, 10 and 30min of sun-exposion.
2.34.3pH

The difference in color of all the dyes at different pH’s (2, 7 and 12) was investigated. Making a
solution of different volumes of pigment solution 40 mg/L, depending on the absorbance of the
pigment and diluting it to 3 mL with distilled water. The addition of 1 M NaOH brought the pH to 12 and
0.1 M HCI to 2. The pH was analysed using a pH-paper. Photos were taken and the color/intensity

between the different samples were compared.
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2.3.4.4 Advanced oxidation procedure using H>O> (30%)

A dilution was made adding 100 pL of the 40 mg/L pigment solution and 2.9 mL of water to a flask,
followed by a homogenization. 150 uL of the solution is to be replaced by 150 uL of 30 % H202. The
evolution of the color was visualized making pictures before and after the addition of the hydrogen

peroxide. When 5, 10, 30 min and 72 h passed, pictures were taken again.

To quantify the change in intensity of the pigments with the addition of hydrogen peroxide, the
PerkinElmer’s Lambda 35 UV-VIS spectrophotometer was used. Solutions were prepared according to
method in the previous paragraph, subsequently measuring the absorbance over the 700-200 nm
range before and then immediately after the addition of 30 % H20.. Spectra’s need to be taken after 5,

10 and 30 minutes as well. The exact absorbance of the pigment can be read at the isosbestic point.

The values are to be used to calculate the rate of reaction (k) for the oxidation of the dye by 30 %
hydrogen peroxide. A linear behavior is seen after the induction period, the first 10 minutes, where a
change in reaction rate is seen. Therefor the first order integrated rate law (3) can be used with A

being the absorbance at the endpoint of the graph and Ao the initial point of the linear behavior.

In(A) = —kt + In(4,) 3)

2.3.4.5 Liquid-liquid extraction

The influence of the sun on the intensity of the pigment with exposure to the sun is to be tested.
Therefor a dilution was made, adding 100 pL of the 40 mg/L pigment solution and 2.9 mL of water to a
flask, followed by a homogenization. 300 pL of this solution was subtracted, followed by an addition of
300 pL of IL105. It was mixed rigorously, in order to start the extraction of the dye out of the aqueous

solution. Pictures were made before and after 5, 10 and 30 min of sun-exposure.

A gqualitative investigation was done on the impact of ionic liquid on the color intensity of the pigments.
100 pL of the 40 mg/L pigment solution was diluted with distilled water until a volume of 3 mL was
reached. The subtraction of 150 uL of the aqueous solution and subsequently the addition of 150 pL of
hydrogen peroxide followed thereafter. The evolution was visualized making pictures before and after
the addition of the hydrogen peroxide. When 5, 10, 30 min and 72 h passed, pictures were taken
again.

For the dyes that were found to have a great affinity for the considered ionic liquid, quantification of the
extraction capacity was done, making use of the UV-3101 PC, UV-VIS-NIR Scanning
spectrophotometer by Shimadzu. Dilutions of different dye concentrations were made. The
absorbance in function of the wavelength was measured. In order to compare the difference in
intensity (absorbance) of the dye in the agueous solution before and after the addition of ionic liquid;
300 pL of the 3 mL diluted solution was subtracted, followed by the addition of the same amount of the
ionic liquid. Spectra of 10 %IL solution were taken 30 minutes after the ionic liquid is added, in order to
give the ionic liquid time to extract the dye. The exact absorbance of the pigment can be read at the

isosbestic point.
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The distribution coefficient (D) can be calculated by converting the absorbance at the isosbestic points
to concentration determined via the calibration curve. Subsequently equation 4 will be used by filling in
the initial- and final concentration with the liquid-liquid extraction. Since a solution of 3 mL was used,
containing 2.7 mL of dye solution and 0.300 mL of IL105 (9:1 phase-to-volume ratio), a factor nine

needs to be added to the equation.

D = [Initial concentration in aqueous layer]—[Final concentration in aqueous luyer]x9 (4)

[Final concentration of aqueous layer]

Different volumes of dye-solution were added to the cell, depending on the intensity of the dye at that
certain concentration. The absorbance can’'t be greater than 1. All the solutions were diluted to a
volume of 2.7 mL with distilled water. A measurement is done without the addition of the ionic liquid
and there after 300 pL of IL105 will get added to the solution. Spectra are taken immediately after the
addition and at 5, 10, 30 and 60 minutes, with the Jasco 7800 UV-VIS spectrophotometer.

The percentage of extraction (E) was calculated by the following equation (4) where [dye]aqo the initial
dye concentration of aqueous phase (mg.L?), and [dye]aq the dye concentration of aqueous phase

after extraction (mg.L?).

E =100 * l[dyelago—ldyelaq (5)
[dyelaqo

235 Synthesis CemimBF4

The [Cemim][BF4] was synthesized using the procedure published by Dupont et al. [71]

Before the actual synthesis starts, the ionic liquid needs to be dried. Therefore 30 mL (0.0513 mol) of

[Csmim][CI] is added to a round bottom flask, which needs to get dried under vacuum at 60 °C.

The actual reaction consists of the reaction of 1-Hexyl-3-methylimidazolium chloride with an aqueous
sodiumtetrafluoroborate solution. Since it is a 1:1 reaction, both of the reagents need to be present in

the same molar quantity. These reagents are stirred for 20 hours, with a magnetic stirrer.

Figure 2.8 The byphasic solution generated at the synthesis of [Cémim][BF.]
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99,9% dichloromethane (30 mL) is used to extract the ionic liquid from the aqueous biphasic solution.
Afterwards the two layers are separated by decantation. The upper layer is clear and needs no further
removal of solid compounds, while as the bottom, [Csmim][BF4] containing, layer will need to be
filtrated, making use of a Bichner funnel under vacuum. Both of the solutions are to be purified by

evaporation, so the solvents are removed out of the solution.
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Chapter 3: RESULTS AND DISCUSSION

In this chapter results of the experiments will be given and discussed. Starting with a comparison of
density vs temperature for the ionic liquid trihexyl(tetradecyl)phosphonium dicyanimide ([Ps.6.6.14][DCA],
IL105). Subsequently, cyclic voltammetry will be used as a technique to investigate the
electrochemical properties of several ionic liquids. The influence of water on the usable potential
window will be investigated. The behaviour and peak potential of ferrocene in some of the previously

handled ILs is presented.

The catalytic activity of ferrocene with IL105 as a medium, as was applied in the electrochemical

studies is also used for the oxidation of cyclohexane. The effect of different influential factors is shown.

The adsorption of multiple pigments by the ionic liquid trihexyl(tetradecyl)phosphonium dicyanimide is
examined in several conditions, such as exposure to the sun and change in acidity/basicity of the
aqueous pigment solution. Oxidation of those pigments by 30 v/v% hydrogen peroxide and the effect

of the ionic liquid on this process is shown.

3.1 Density

In Figure 3.1 a comparison is shown between densities of trihexyl(tetradecyl)phosphonium
dicyanamide, [Pe.6.6.14][DCA], at several temperatures. Therein the values indicated by a red dot are

measurement obtained in this work. [24,25,27,31]

[P6.6,6.14][DCA] ® Klomfar et. al
0,92 Diogo et al.
@ Tariq. et al.
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Figure 3.1 Density plotted against the temperature; a comparison between literature results by
Klomfar et al. [139], Diogo et al. [140], Tariq et al. [141], Neves et al. [142] and measurements
using the DSA 5000M Anthon Paar density meter.
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Density measurements for [Ps.s.6.14][DCA] were done in trifold or more in order to get reproducible
results, thus diminishing the chance of errors occurring. The result obtained is situated in the

uncertainty range of the literature results. [24,25,27,31]

3.2 Electrochemical behaviour of ionic liquids

The use of ionic liquids as electrolytes for electrochemical applications has been investigated in this

study.

An initial carried out to establish the electrochemical window and stability against oxidation and
reduction processes of selected ILs characterisation was (Table 3.1). The cathodic and anodic
potential limits, that is, the electrochemical stability window, of seven room-temperature ionic liquids
formed from a combination of cations 1-alkyl-3-methylimidazolium (alkyl = butyl, hexyl or octyl,
[Camim]*, n = 4, 6 or 8), trihexyl(tetradecyl)phosphonium ([Pes.6.6.14]*) or N-methyl-N,N,N-trioctyloctan-1-
ammonium  ([Nsss.1]*), and anions bis(trifluoromethylsulfonyl)imide (([CF3SO2)2N],, [NTf]),
dicyanamide ([DCA]) or chloride, were investigated by cyclic voltammetry (CV, scan rate 200 mV s1)

at a platinum working electrode, under dinitrogen and at room temperature.

Table 3.1 Structures and common designations of ionic liquids used for electrochemical

stability window studies.

Formula Structure
[Pees[DCA] | M %\ /},—;}’,-IN
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Formula Structure
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The limits of the useful potential range are indicated by a sharp and steady rise in the current (see
Figure 3.2) due to the electrochemical decomposition of the IL ions. These limits and the width of the
stable potential windows determined under the experimental conditions used (see 2.3.2) are listed in
Table 3.2.



Table 3.2 The oxidation potential, the reduction potential and the electrochemical window
available in [P6_6,6_14][DCA], [P5,6_6,14][C|], AIquuat 336, [C4mim][NTf2], [Camim][Nsz],
[Csmim][NTf;] and [Cemim][CI] at a platinum disk working electrode; v, 200 mVst. Potentials

are vs. an Ag quasi-reference electrode (QRE).

IL E>/V vs. Ag QRE E*/Vvs. Ag QRE | AE/V
[P6.6.6.14][DCA] 1.7 -1.8 3.5
[Ps.6:6.14]Cl 1.0 -3.0 4.0
Alliquat 336 1.0 2.1 3.1
[Camim][NTf2] 1.0 -1.7 2.7
[Cemim][NTf2] 1.8 -1.5 3.3
[Csmim][NTf2] 1.5 -2.0 3.5
[Cemim]ClI 0.9 -1.5 2.4

The range of potentials available for the electrochemical processes not affecting the solvent potential

window covers in each case a somewhat different region of the potential spectrum.

As an example, cyclic voltammograms presented in Figure 3.2, shows the differences on the
electrochemical stability range existing between [Camim][NTfz] and [Csmim][NTfz], two ILs with a
common anion, where the cations present different length of methylimidazolium alkyl chains. Also, the
flatness of the imidazolium ring seems to allow a higher conductivity than in commonly used cations,

such as, the ammonium salts.

31



[C,mim][NTf,]

= [C8Mim][NTf2]
> e [CAmim][NTf2]
4
3
2
1
S o
%425 2
T2
-3
-4
5
-6 E (V)

Figure 3.2 Cyclic voltammograms of [CAmim][NTf2] (blue) and [C8mim][NTf2] (red), at a
platinum disk working electrode; v, 200 mVs-1. Potentials are vs. an Ag quasi-reference
electrode (QRE).

Hydrophobicity of an ionic liquid increases with increasing alkyl chain length. Adding CH: groups to the
alkyl chain on the imidazolium cation promotes a larger surface area with more hydrogen available,

making the interaction with the water molecules less relevant.

As expected, the ILs with halides, and in particular the ones with the chloride anion (Table 3.2), are
limited for oxidation applications above ca. 1 V, since the chloride undergoes oxidation at that
potential. [102]

The best overall stability is delivered by [Pes.6.6.14][DCA] which exhibits similar, and wide, useful limits at

both positive and negative potentials (Figure 3.3).
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[P6.6.6.14] [DCA]

E(V)

Figure 3.3 Cyclic voltammogram of [P6.6.6.14][DCA] (0.19 % water) at a platinum disk working

electrode; v, 200 mVs-1. Potentials are vs. an Ag quasi-reference electrode (QRE).

The electrochemical potential window of room temperature ionic liquids is sensitive to impurities. As
mentioned in section 1.1.3, a change in the water content of an ionic liquid will affect conductivity: as

the water content increases, so does conductivity, whereas viscosity decreases.

A decrease in viscosity with the increase of the water content (section 1.1.2.3) and subsequent
increase in conductivity of a RTIL used as solvent may appear to be advantageous for an
electrochemical experiment. However, the performed cyclic voltammetric studies, as well as previous
ones found in the literature, [102] have shown that an increase in water content significantly narrows
the electrochemical window of each ionic liquid, as can be observed in Figure 3.4, e.g., for
[Camim][NTT].
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Figure 3.4 Cyclic voltammograms of [CAmim][NTf2] for different water contents; 1.00 % (red),
1.50 % (green), 3.12 % (purple), 4.95 % (light-blue) and 6.34 % (dark-blue) at a platinum disk

working electrode; v, 200 mVs-1. Potentials are vs. an Ag quasi-reference electrode.
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For the series [Cnmim][NTf2] (n = 4, 6, or 8) a small increase in the water content of the IL leads to a
considerable reduction on the potential range available for electrochemical stability of the IL (Figure
3.5), [Camim][NTf2] being the most affected. That can be due to the fact that [Csmim] is the smaller and

more symmetric of the three, so it as the less surface area to interact with the water molecules.

[C,mim][NTf,]
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Figure 3.5 Potential window available in [C4mim][NTf2], [C6mim][NTf2] and [C8mim][NTf2] for
different water contents at a platinum disk working electrode; v, 200 mVs-1. Potentials are vs.
an Ag quasi-reference electrode (QRE).

34



A similar behaviour was found for the ILs containing [CI]- as an anion at which the cation was differed.
Trihexyl(tetradecyl)phosphonium ([Pses.14]*), methyl(trioctyl)lammonium ([Nisss]*) and 1-hexyl-3-
methylimidazolium ([Cemim]*), where ([N1.sss]*) is the cation in Aliquat 336, are being used, Figure
3.6. However, these ILs are not so sensitive to the presence of water as the series [Cnmim][NTf2], what
can be rationalized in terms of the large size of the cationic part, that promotes hydrophobicity, and

therefore, less sensitivity to the presence of water molecules.
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Figure 3.6 Potential window available in ILs consisting of [Cl] as an anion and [P6.6.6.14],
[N1.8.8.8] (in Aliquat 336) and [C6mim] as a cation for different water contents at a platinum

disk working electrode; v, 200 mVs-1. Potentials are vs. an Ag quasi-reference electrode

A bigger decrease in electrochemical window is seen at [Pes.6.6.14]Cl as is in [Pe.6.6.14][DCA], Figure 3.7.
The difference between the two [Ps.s.6.14] ILS with changing anion is not comparable to the change that

is seen when the cation is changed.

[P6.6.6.14]Jr

4,5
40 ®
3,5 °
3,0 °
2,5 ®
2,0 ® [P6.6.6.14][Cl]
1,5
1,0
0,5
0,0

0,0 2,0 4,0 6,0 8,0 10,0

@ [P.6.6.6.14][DCA]

Electrochemical window (V)

Water content (%)

Figure 3.7 Potential window available in ILs consisting of [P6.6.6.14]+ as a cation and [CI]- and
[DCA]- as an anion for different water contents at a platinum disk working electrode; v, 200

mVs-1. Potentials are vs. an Ag quasi-reference electrode (QRE).
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In figure 3.8 the influence of the anion on the potential window is investigated at different water
contents. [Cemim]* is considered as cation and the anions are respectively [NTf2]- and [CI]. A
significant decrease in potential range for an increasing water content is seen in both cases. If the

evolution of the two is compared on the other hand, no significant difference is seen.

O’'Mahony et al. did not see a change in the potential window (3.3 V), when increasing the water
content from 0.22 % to 6,10 %, when measuring at a Pt working electrode. This is opposed to the
results that are found in this work, which are showing a considerable decrease in the potential window
when water is added.

26 [Ccmim]*
3,4
3,2
3,0

® ComimCl

2,8 .
@ CoMImNTF2

2,6 [ ]
2,4 ([ ]
2,2 ®

Electrochemical window (V)

1,8
0,0 5,0 10,0 15,0 20,0 25,0
Water content (%)

Figure 3.8 Potential window available in ILs consisting of [C6mim]+ as a cation and [Cl]- and
[NTf2]- as an anion for different water contents at a platinum disk working electrode; v, 200

mVs-1. Potentials are vs. an Ag quasi-reference electrode (QRE).

The anion, in particular, was found to affect the level of water uptake. The hydrophobicity of the anions
adhered to the following trend: [NTf2]] > [DCA]J > [CI].

The process [Fe(CsHs)2]*0 of the traditionally used reference compound ferrocene has been studied at
a platinum disk electrode in the ionic liquids [Cemim][Br], [Csmim][NTfz] and [Pe.6.6.14][DCA].

A reversible, one-electron reduction process was observed (a typical cyclic voltammogram is shown
on Figure 3.9), and the measured half wave potential versus a silver quasi-reference electrode are

presented in Table 3.3.
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Table 3.3 Half-wave potential values for the[Fe(C5H5)2]+/0 redox process in different ionic

liquids.

lonic Liquid | E1®*/V® | Ipalipc Water content %

[Comim][NTf;] | 0.25 1.1 0.08
[Poes.14][DCA] | 0.52 1.0 0.24
0.57 1.5 0.19

a Potentials are vs. an Ag quasi-reference electrode (QRE).

[Cemim][NTf,]

| (A*107)
A WN R ORNMNWREOGO®

0,45

E(V)

Figure 3.9 Cyclic voltammograms of ferrocene in [C6mim][NTf2] at a platinum disk working

electrode; v, 200 mVs-1. Potentials are vs. an Ag quasi-reference electrode (QRE).
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3.3

Peroxidative oxidation of cyclohexane

The catalytic activity of ferrocene in trihexyl(tetradecyl)phosphonium dicyanimide, [Ps.s.6.14][DCA], was

tested as catalyst for the oxidation of cyclohexane with aqueous tert-butylhydroperoxide (ButOOH,

TBHP) as oxidizing agent, at 50 °C. Results are given in Table 3.4.

Table 3.4 Selected data for the catalytic oxidation of cyclohexane to cyclohexanol and

cyclohexanone catalyzed by ferrocene in [Pess.6.14][DCA].

Catalyst . 11 osb Total
ety amount Additive Yield % Total TOR¢
-1 } i} TON¢
(mol L™ (mol L-1) Cyclo Cyclo Total (h)
hexanone hexanol
1 30 1.5 0 1.5 91.1 182.2
2 60 0.7 0 0.7 44.6 44.6
3 2.47x104 - 120 7.2 0 7.2 448.6 224.3
4 180 10.1 0 10.1 629.9 210.0
5 360 10.2 0 10.2 639.2 106.5
Na2COs3
6 120 14.3 0 14.3 892.9 446.5
(7.30x10?)
2.47x104
HNOs
7 120 15.7 0 15.7 980.0 490.0
(1.60x10Y
8 1.32x102 120 5.8 0 5.8 7.2 3.6
9 3.70x102 - 120 7.7 0 7.7 3.3 1.7
10 4.94x1072 120 6.9 0 6.9 2.2 1.1

aYield and TON determined by GC analysis (upon treatment with PPhs). °Molar yield (%) based on substrate, i.e.

moles of product (alcohol (OL) or ketone (ONE)) per 100 mol of cycloalkane.cTurnover number = number of moles

of products per mol of catalyst. ¢ TOF = TON per hour.

Only cyclohexanone was produced by oxidation of cyclohexane in the above-mentioned conditions

(cyclohexanol was not detected, not even traces). A maximum cyclohexanone vyield of 15.7% was

obtained (entry 7, Table 3.4) in the presence of acidic medium. This selectivity is rare, being the

cyclohexanol and cyclohexanone mixture the common products obtained.

Interestingly, both acidic and basic additives led to an enhancement of the amount of cyclohexanone

produced.

Martins et al. also found that the addition of HNOs promotes the activity of the [FeClx{n3-

HC(pz)s}l//CNT-Oxi-Na combination for the catalytic conversion of cyclohexane to both cyclohexanol

as cyclohexanone. [70]
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G.B. Shul’pin et al. showed that the addition of a base can have an accelerating-, retardation- or
inhibiting effect on the decomposition of hydro peroxides. It is dependent on the composition of the
base, oxidant and the catalyst used. Some complexes, heterocyclic N-bases for say, probably play the
role of proton transfer reagent in a lot of oxidations. Thus stimulating the oxidation of alkanes. In other
cases, however, a base can deprotonate a reactive species, which leads to its inactivation. If a base is
added to manganese complex, the H202 decomposition will be greatly enhanced, accelerating the

oxidation rapidly. [75]

A reaction pathway for this reaction as is suggested by Nowotny et al. [103] is the direct-oxidation
reaction via the free-radical chain reaction pathway, Figure 3.10. It is the presumed mechanistic
pathway for the one-pot oxidation of cyclohexane with TBHP as an oxidant. This was the proposed
way of reaction with both the use of cobalt carboxylate complexes and vanadium exchanged zeolite Y.
In this case TBHP would be initiated by the combination of ferrocene and IL105, forming a
butylperoxide- and butyloxide radical. The exact change in the structure of both, causing the
radicalization isn’t sure, but the conversion from Fe(ll) to Fe(lll) seems the most probable. In the
propagation step these radicals would deprotonate cyclohexane, resulting in a cyclohexyl radical
which immediately converts to a cyclohexyl peroxy radical by oxygen dissolved in the reaction
medium. Nowotny et al. proposed a conversion to both cyclohexanone and cyclohexanol, but since
only cyclohexanone is formed the alcohol formation step can be discarded. As a termination step the
cyclohexyl peroxy radical will combine with butylperoxide radical to form cyclohexanone releasing both
oxygen and tert-butanol as byproduct. [103,104]
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Initiation step:

Fell(CsHs)2 .
'Bu.0-.0 Bu-0-O-H
+H
'‘Bu-0-0-H 'Bu-O + OH"

Propagation step:  Fe(CsHs):z

'Bu-0-0" + O ——— 'Bu-0-OH 4 O
s R (]

o —%O

Mixed Russell Termination step:

(O + w00 —— P S»
BNy

0, +C>-o+'au-cw

Figure 3.10 Proposed mechanism for cyclohexane oxidation via free-radical reaction pathway

over ferrocene as catalyst, making use of TBHP as oxidant. [104]
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3.4 Pigments

For determining the influence of the concentration and pH for each pigment, a calibration curve was
made for the working range of concentration and with the pH values used in the studies. (See section
2.3.4.3 for procedure and Annex 1 for figures). In all the pigments studied, a linear behavior for

absorbance vs concentration was found at all the pH values studied.

Therefor UV- spectra were taken, reading the absorbance’s at the highest point in the absorbance vs
wavelength graph. A linear behavior was observed for all the pigments. Table 3.5 Shows the

absorbance’s at the highest point determined for each pigment at the different pH values.

Table 3.5 Wavelength of Maximum Absorbance for the pigments at the studied pH values

Pigment A (pH=2) /nm A (pH=7) Inm A (pH=12) /nm
Amaranth 521 521 493
Rhodamine 6G 524 524 524
Chrysoidine 455 450 403
Indigo 610 610 610
Tartrazine 421 423 425
Malachite green 616 616 /
Methyl violet 582 582 /
Methylene blue 662 662 662

A gqualitative experiment subjecting both pigment, as a mixture of pigment and ionic liquid to the sun is
done to investigate the evolution of the color intensity of the aqueous pigment solution. The ultimate
goal is to see which pigment will migrate from the aqueous phase to the ionic liquid, comparing the
color intensity of the aqueous phase as a function of time. To complement the study, examination of
the change in color of the ionic liquid before and after the addition to the pigment solution by UV
measurements was performed. Only values above 1% are mentioned. This value was chosen

because it represents the minimum average value, in color variation, detected by a human eye.
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For the liquid-liquid extraction, the pigments that showed a decrease in color intensity of the aqueous
phase and an increase in color intensity of the ionic liquid phase, were subsequently investigated. The
UV-spectra of several concentrations of pigment solution were taken. IL105 was added to the solution
and left untouched for 30 minutes at room temperature for the pigment to migrate from the aqueous
phase to the ionic liquid phase. UV-spectra were taken again and the absorbances were read at the
predefined wavelength showed in Table 3.5. The distribution ratios were calculated, as well as the
percentage of extraction. All the measurements were put in a graph of absorbance versus time. This
was done at a pH of 2, 7 and 12. pH is a measure of acidity (pH< 7) or basicity (pH> 7) of an aqueous
solution. The pH factor is very important in the adsorption process especially for dye adsorption. The
pH of a medium will control the magnitude of electrostatic charges which are imparted by the ionized
dye molecules. As a result the rate of adsorption will vary with the pH of an aqueous medium [106].
The effect of pH solution on the adsorption process can be studied by preparing adsorbent-adsorbate
solution with fixed adsorbent dose and dye concentration but with different pH by adding NaOH (1 M)

or HCI (0.1 M) solutions and then shaken until equilibrium.

The evolution of the color intensity of the aqueous solution and thus the magnitude in which the
pigment gets adsorbed out of the aqueous solution by the ionic liquid is recorded.

Therefore the absorbance of the pigment solution was measured at the maximum absorbance
wavelength point before the addition of IL105 and directly afterwards. Subsequently the mixture was
stored in an ambient environment and after 5, 10 and 30 minutes the absorbance was measured
again. Furthermore, the four aliphatic chains present in phosphonium-based IL (IL105) also confer a

higher hydrophobicity to the IL and a consequent higher capability for phase separation.

Recently, advanced oxidation processes (AOPs) has been developed to oxidize organic pollutants into
carbon dioxide, water and inorganic ions or transform into less complex structures. AOPs are based
on the generation of highly reactive species such as hydroxyl radicals (*OH), which have strong
oxidation potential and oxidise a large number of organic pollutants using hydrogen peroxide. The
influence of 30% H202, as oxidant, was explored visually at different times. The color intensity of the
aqueous phase of both the samples with as without IL105 were compared. The change in color of the

ionic liquid before and after the addition to the pigment solution was examined as well.

For the quantification, in the case of the oxidation with hydrogen peroxide (30%, v/v) the absorbances
were determined before and after the addition of the oxidant to the mixture of water and IL105. In
order to examine the evolution of the absorbance in time, measurements at different times are done.

Then the reaction rate was calculated. For amaranth this is given in Figure 3.11.
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3.4.1.1 Influence of the pH

A visual comparison of the color at different pH’s is given in Table 3.6. For amaranth only a basic pH
of 12 has an influence on the color of the dye. This can be due to an alteration in the auxochromes of
Amaranth, Figure 1.8, being the hydroxyl group. If this group gets deprotonated a loss in color intensity

can be the consequence.

The influence of the pH on the color of Rhodamine 6G shows no difference between the samples is

seen at respectively pH is 2, 7 and 12.

The color of samples Chrysoidine at respectively pH is 2, 7 and 12 are visually compared. No
difference is seen between the samples at different pH’s, but the intensity of the pigment solution at a
pH of 12 decreased after 2.5 hours. This can be due to the change in the structure of chrysoidine. The
higher pH causes the loss of protons at the amine-functions of chrysoidine, Figure 1.8, thus causing a
loss in color intensity. In 1.2.1 amine-functions are mentioned as an auxochromic group, which

determine the color intensity. A change in their structure can change the color intensity tremendously.

For indigo no difference in color is seen between pH=2 and pH=7. When increasing the pH to a value
of twelve on the other hand, the color becomes yellow instead of blue and the intensity decreases
slightly in time. The change in color is due to Indigo being a pH indicator, which by definition a
halochromic chemical compound added in small amounts to a solution so the pH (acidity or basicity) of
the solution can be determined visually. Hence, a pH indicator is a chemical detector for hydronium
ions (H3O*) or hydrogen ions (H*) in the Arrhenius model. The decrease in color intensity can be

clarified by the amine functions getting deprotonated.

The qualitative investigation on the influence of pH on the color intensity of Tartrazine shows that no

visual difference in color is seen at any of the pH’s (2, 7 and 12).

Table 3.6 shows a visual comparison of Malachite green at several pH’s, being 2, 7 and 12. A change
in color is seen when raising or lowering the pH, to respectively 2 and 12. A complete disappearance
of color at pH 12 is observable. In 1.2.3 it was mentioned that the pigment is green between a pH of
1.8 and 11.5 and loses its color above a pH of 13.2. The early disappearance of color is probably due
to the pH being slightly higher than 12. As the pH decreases the color shifts more to a blue-green as

opposed to blue, when neutral. The change in color is due to Malachite green being a pH indicator.

The influence of the pH on Methyl violet is shown in Table 3.6. The increase in acidity to a pH of 2,
does not have a visual impact on methyl violet. When NaOH is added, the aqueous solution clears out
gradually, with a complete loss of color after 2.5 hours. Since Methyl violet is a protonated amine it is
to be suspected that the color intensity of the pigment would decrease tremendously with an increase

in pH, resulting in the formation of a neutral dye.

For methylene blue, at different pH’s (2, 7 and 12), it can be concluded that the pH does not have an

influence on the color of the dye, Table 3.6.
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Table 3.6 Visual comparison of respectively Amaranth, Rhodamine 6G Chrysoidine, Indigo,
Tartrazine, Malachite green, Methyl violet and Methylene blue at a pH of 2, 7 and 12 after 5

minutes and 2.5 hours.

Time Amaranth Rhodamine 6G Chrysoidine Indigo
(h) 0.083 0.083 0.083 0.083 25
81T
- A
Time Tartrazine Malachite green Methyl violet Methylene blue
(h) 0.083 2.5 0.083 2.5 0.083 25 0.083 25
pH=12
pH=7
pH=2




3472 Amaranth C.l. 16185

3.4.2.1 Sun exposure

In Table 3.7 Table 3.7 Sun exposure of Amaranth with and without IL105the behavior of amaranth is
analyzed when exposed to the sun. No change is seen when the dye is affected by the sun for 30
minutes. With the addition of IL105 on the other hand a migration of pigment to the ionic liquid is
observed, thus clearing out the aqueous solution. The sorption of pigment by the IL mostly takes place

directly after its addition, proceeding until 30 minutes with a stagnation of the sorption afterwards.

Table 3.7 Sun exposure of Amaranth with and without IL105 at pH=7

Time (min) | O 5 10 30 60

Sun

exposure

=

Sun
exposure
+ |L105

3.4.2.2 Extracted concentration

In order to quantify the magnitude in which the pigment is desorbed by the ionic liquid, the distribution

ratio is calculated and the values are given in annex 2.1.
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3.4.2.3 Evolution of the extraction in time

Figure 3.11 shows the magnitude in which Amaranth migrates to the ionic liquid in function of time at
different pH’s. We can see in the figure that the maximum (15%) is achieved by pH=12. Immediately
after the addition of IL105, at pH=2, promotes an 8% extraction while at pH= 7 or 12, the value is
smaller. Until 10 minutes the acid and basic form of the pigment have similar values of extraction, but
at 30minutes the highest values belongs to the basic form of the pigment. This is due to the anionic
form prevailing over the acidic one. As can be seen, higher values of extraction are obtained at higher

pH than at low, consistent with the preferential extraction of the anionic, since pKa is 10.36.

B
SRS

Extraction rate, %
onNn s O KO

Figure 3.11 The evolution of the liquid-liquid extraction of amaranth by IL105 in time at pH’s of
2,7 and 12.

3.4.2.4 Oxidation by 30% H-O.

The influence of IL105 on the intensity of Amaranth is investigated, when influenced by 30% hydro
peroxide. In Table 3.8 Table 3.8 Oxidation of Amaranth by 30% H202 with and without IL105the result
is given. It is noticeable that the color intensity of the pigment decreases gradually, with a total
disappearance at the end. In the presence of ionic liquid on the other hand, the change in intensity is
much slower than it is in the absence of IL. The amount of hydrogen peroxide was not sufficient to
cause the disappearance of the coloring effect of the pigment entirely. The ionic liquid ensures a
protection against the oxidative effect of the hydrogen peroxide. This is due to the IL withstanding the
effect of hydrogen peroxide almost completely. A decrease in color intensity is seen, but only in a
small magnitude. The aqueous phase in the same sample undergoes the same effect as the one
without ionic liquid, losing its color completely.
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Table 3.8 Oxidation of Amaranth by 30% H»O> with and without IL105 at pH=7

Time (h) 0 0.166 0.5

30%H202

Time (h)

30%H202
+ IL105

72
P
72

Figure 3.12 shows the evolution of the dye intensity after the addition of hydrogen peroxide.
Qualitatively it wasn’t clear that the dye already showed that much of a difference after 30min.
In order to quantify this decrease, UV-VIS was used as a technique. After 30 minutes the
absorbance of the pigment solution already reduced from 0.054 to 0.040, making it a significant

degradation of the pigment.

In the same figure a graph is shown that displays the speed in which the oxidation reaction of
amaranth by 30% hydrogen peroxide occurs. The slope presents the first order reaction rate for the

oxidation of Amaranth.

Amaranth 0
0,06

0,05
Time (min)

0,04

0,03

Absorbance

0,02

0,01

O T T T T T 1
400 450 500 550 A (nm) 600 650 700

e Pigment e==150ul H202 5 min 10 min === 30min

Figure 3.12 The evolution of the absorbance of Amaranth in time when influenced by 30 % H,0O-
at pH=7, Right corner: The Napierian logarithm of the ratio of absorbance and the initial

absorbance of Amaranth vs. time
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343 Rhodamine 6G C.l. 45160

3.4.3.1 Sun exposure

In Table 3.9 the behavior of Rhodamine 6G is analyzed when exposed to the sun. No change is seen
when the dye is affected by the sun for 1 hour. With the addition of IL105 on the other hand a small
migration of dye from the aqueous solution to the IL is seen. The extraction by the ionic liquid is not as

strong as the one found in 3.4.2.1, but it is considerable.

Table 3.9 Sun exposure of Rhodamine 6G with and without IL105

Time (min) | O 5 10 30

Sun

exposure

Sun
exposure
+ |L105

3.4.3.2 Evolution of the extraction in time

In Figure 3.13 the extraction of Rhodamine 6G by the ionic liquid, IL105 is displayed. A big increase
extraction occurs, when the basicity is increased to a pH of 12. It shows a big initial increase of 15%

and increases until 30 minutes.

The migration of pigment from the aqueous solution to the IL in a neutral solution has a small
magnitude, with a stagnation of this process after 10 minutes. In acid media, no decrease in
absorbance is seen whatsoever. In other words, acidity is detrimental for the sorption process of
Rhodamine 6G to IL105.
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Extraction rate, %

Time, min

Figure 3.13 The evolution of the liquid-liquid extraction of Rhodamine 6G by IL105 in time and
pH.

As already mentioned the acidity of the pigment solution interferes in the sorption process of
Rhodamine 6G from the aqueous solution to the IL, thus explaining the value being close to 0. In a
neutral medium the extraction is found to be smaller (approximately 10%), with an average efficiency
in basic media at a pH of 12 (32%).

3.4.3.3 Oxidation by 30% H»>0

The influence of IL105 on the intensity of Rhodamine 6G is investigated, when influenced by 30%
hydrogen peroxide. In Table 3.10 the evolution is given. It is noticeable that the fortitude of the
pigment gradually decreases, with a total disappearance at the end. The same effect is seen in the
presence of ionic liquid. A small migration of pigment to IL105 is seen ones again, as was already
found in the sun exposure test, 3.4.3.1.

Table 3.10 Oxidation of Rhodamine 6G by 30% H,0O, with and without IL105

Time(h) |0 0.166 0.5 72

30%H.0.
L —

Time (h) 72

30%H,0;

+1L105 E
=
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Figure 3.14 shows the evolution of the pigment intensity without IL105, after the addition of hydrogen
peroxide. The graph shows that the decrease in intensity is gradual, as was suspected out of the
gualitative tests. Another graph is shown in the right corner that displays the speed in which the

oxidation reaction of rhodamine 6 G by 30% hydrogen peroxide occurs.

Rhodamine 6G 0
0,12 - _ 10 20 30
< 01
<
0,1 Z 0,2
(] -0,3
g 008 Time (min)
2
S 0,06
o)
<
0,04
0,02
O - T T T T T 1
400 450 500 550 600 A(nm) @50 700
e Pigment e=150uL H202 5min e=——=10min e=—30min

Figure 3.14 The evolution of the absorbance of Rhodamine 6G in time when influenced by 30 %
H>0O; at pH=7, Right corner: The Napierian logarithm of the ratio of absorbance and the initial

absorbance of Rhodamine 6G vs. time.
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3.4.4 Chrysoidine C.I. 11270

3.4.4.1 Sun exposure

Table 3.11 shows a visual comparison between the behavior of Chrysoidine in an aqueous solution in

the absence and in the presence of IL105. It behaves the same as Amaranth, as is explained in
3.4.2.1.

Table 3.11 Sun exposure of Chrysoidine with and without 1L105

Time (min) | O 5 10 30

Sun

exposure

~ =

4

Sun
exposure
+ |L105

3.4.4.2 Evolution of the extraction in time

In Figure 3.15 the evolution of the absorbance of Chrysoidine by the ionic liquid, IL105, at a pH of 2, 7
and 12 is displayed. A big increase of the extraction, from 5 to 10 minutes occurs, when basicity is
increased to a pH of 12. The extraction after 30 minutes was 55%, which is more than considerable

compared to the extraction ratios of the other pigments in IL105; excluding Indigo since it has a higher
extraction ratio at a pH of 12.

Extraction rate, %

Time, min

Figure 3.15 The evolution of the liquid-liquid extraction of chrysoidine by IL105 in time.
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No comparison is possible because the use of ionic liquids with this pigment never been

tested before.

3.4.4.3 Oxidation by 30% H»>0,

The influence of IL105 on the intensity of Chrysoidine is investigated, when influenced by 30%
hydrogen peroxide, in Table 3.12 the evolution is given. Same behavior is seen as with Amaranth,
3.4.2.4, with the only difference that the IL withstands the effect of hydrogen peroxide completely. No
degradation of Chrysoidine in the IL is seen at all. This could be explained by a stronger association

between IL 105 and Chrysoidine.

Table 3.12 Oxidation of Chrysoidine by 30% H202 with and without IL105

Time(h) |0 0.166 0.5 72
30%H.0; _
T
Time (h) 0.5 72
30%H.0; =
+IL105 "
‘- ==

Figure 3.16 shows the evolution of the dye intensity after the addition of hydrogen peroxide. No
measurement directly after the addition of 30% H202 was done. Since this addition will dilute the
pigment solution slightly, the initial effect of the hydrogen peroxide can only be estimated. The
comparisons will have to be done for the measurements after 5, 10 and 30 minutes, in order to

decently compare the results.

The graph shows that the decrease in dye intensity is little with an absorbance of 0.1265 after 5 and

0.1108 after 30 minutes, thus only decreasing 12.41%.

In Figure 3.16 a graph is shown on the right, which displays the speed in which the oxidation reaction
of Chrysoidine by 30% hydrogen peroxide occurs, with the slopes being of the first order reaction

rates.
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Figure 3.16 The evolution of the absorbance of Chrysoidine in time when influenced by 30 %
H.O, at pH=7, Right corner: The Napierian logarithm of the ratio of absorbance and the initial
absorbance of Chrysoidine vs. time

3.4.5 Indigo C.I. 73015 A

3.4.5.1 Sun exposure

Table 3.13 shows a visual comparison between the behavior of Indigo in an aqueous solution in the
absence and in the presence of IL105, when exposed to the sun. It behaves the same as Amaranth,
as is explained in 3.4.2.1.

Table 3.13 Sun exposure of Indigo with and without IL105

Time (min) | O 5 10 30

Sun

exposure

Sun
exposure
+ IL105
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3.4.5.2 Extracted concentration

The absorption of Indigo is given at concentrations of pigment solution, both in the presence as
absence of IL105. The behavior of Indigo in contact with IL105 is comparable with the behavior of
Amaranth, 3.4.2.2.

Preceding the concentrations of indigo extracted by the ionic liquid can be calculated out of the
difference in absorbance between both. The distribution ratios, directly linked to the extraction of the

dye, out of the ionic liquid are given in annex 2.2.

3.4.5.3 Evolution of the extraction in time

In Figure 3.17 the extraction of indigo by the ionic liquid IL105 at a pH of 2, 7 and 12 is displayed. A
big increase of the extraction rate occurs in both basic and acidic medium. An extraction with a small
to non-existent magnitude is seen in neutral media. It is quite peculiar that no real extraction is to be
seen at pH is 7, a significant distribution ratio was found (annex 2.2) plus a extraction rate is seen in
basic aqueous solutions (63%), only after 30 minutes.

Extraction rate, %

Time, min

Figure 3.17 The evolution of the liquid-liquid extraction of indigo by IL105 in time and pH.

As explained in the previous paragraph, no significant decrease in absorbance is seen at pH = 7 .
This makes the sorption process inefficient in those conditions. Both at a pH of 2 as 12, on the other
hand, the extraction ratios increase significantly with values being respectively 42% and 63% after 30
minutes.
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3.4.5.4 Oxidation by 30% H20-

Table 3.14 shows the influence of 30% H20: on the discoloring of indigo. A gradual change is
noticeable in the one without ionic liquid, with a complete disappearance of color after 72 hours. If
IL105 is added, the same thing is seen, with the only difference that the pigment migrates to the ionic
liquid, making the aqueous solution colorless. The IL-phase shows no decrease in color after 30
minutes, but when the period is extended to 72hours; no color remains. A complete degradation of
Indigo is seen after 72 hours.

Table 3.14 Oxidation of indigo by 30% H»O; with and without IL105

Time (h) |0 0.166 0.5 72

30%H202

Time (h) |0 0.166

30%H202
+1L105

In Figure 3.18 the change in intensity of the color can be seen, when 30% hydrogen peroxide is added
to the pigment solution. It is a gradual decrease over time. The same figure, contains a graph
displaying the speed in which the oxidation reaction of Indigo by 30% hydrogen peroxide occurs, with
the slope of graphs being the first order reaction rate constant.
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Figure 3.18 The evolution of the absorbance of Indigo in time when influenced by 30 % H,0, at
pH=7, Right corner: The Napierian logarithm of the ratio of absorbance and the initial

absorbance of Indigo vs. time
3.46 Tartrazine C.I. 19140

3.4.6.1 Sun exposure

Table 3.15 shows a visual comparison between the behavior of Tartrazine in an aqueous solution in
the absence and in the presence of IL105. It behaves the same as Amaranth, as is explained in

3.4.2.1, with the only difference that the extraction is slower and only partial.

Table 3.15 Sun exposure of Tartrazine with and without IL105

Time (min) | O 5 10 30

Sun

exposure

Sun
exposure
+ [L105
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3.4.6.2 Evolution of the extraction in time

In Figure 3.19 the extraction of Tartrazine by the ionic liquid, IL105 is displayed. A decrease in
absorbance and thus the migration of pigment to the ionic liquid is seen at all the pH values studied.
The magnitude in which it appears is the highest at a pH of 7. The alteration of the pH affects the
sorption process of pigment from the aqueous phase to the ionic liquid negatively.

Extractionrate, %

Time, min

Figure 3.19 The evolution of the liquid-liquid extraction of tartrazine by IL105 in time and pH.

As was expected in the previous paragraph, the distribution ratio is the highest in neutral media
(7.1909). The D-values at a pH of 2 and 12 are comparable, with values of respectively 2.5358 and

1.8878 (See annex 2.2). Since the ratios are in the 1-10 range the sorption process is of average
efficiency.
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3.4.6.3 Oxidation by 30% H20-

In Table 3.16 the influence of ionic liquid on the oxidation of Tartrazine with and without IL105 is
visually presented. The impact seems the same as was seen in Amaranth, 3.4.2.4. When a closer look
is taken, it is clear that the color of the pigment remains partially in the sample where no IL was added

as opposed to Amaranth where it disappears completely.

Table 3.16 Oxidation of Tartrazine by 30% H202 with and without IL105

Time(h) |0 0.166 0.5 72
30%H202 ﬂ
b —
Time (h) 72
30%H202 5
+ IL105
v e

The presence of 30% hydrogen peroxide barely has influence on Tartrazine, which can be concluded
by the small decrease in color intensity, Figure 3.20. The absorbance is 0.06259 after the addition of
hydrogen peroxide and 0.05814 after 30 minutes. On the right a graph is shown, that displays the
speed in which the oxidation reaction of Tartrazine by 30% hydrogen peroxide occurs. The rate of
reaction was calculated, as explained in the last paragraph of 2.3.4.4; the evolution will be shown in
section 3.4.10.
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Figure 3.20 The evolution of the absorbance of Tartrazine in time when influenced by 30 % H.O-
at pH=7, Right corner: The Napierian logarithm of the ratio of absorbance and the initial

absorbance of Tartrazine vs. time.

3.4.7 Malachite green C.l. 42000

3.4.7.1 Sun exposure

Table 3.17 shows a visual comparison between the behavior of Malachite green in an agueous
solution in the absence and in the presence of IL105. Malachite green is distributed over both the
aqueous phase as the IL phase. No preference for any of the phases is visually noticeable, while

Rhodamine 6G clearly prefers the IL phase.

Table 3.17 Sun exposure of Malachite green with and without IL105

Time (min) | O 5 10 30

Sun

exposure

Sun
exposure
+ IL105
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3.4.7.2 Evolution of the extraction in time

In Figure 3.21 the extraction of malachite green by the ionic liquid, IL105 is displayed. Since the
agueous solution, becomes colorless immediately after the base is added and the pH of 12 is reached,
no curve is shown. The addition of acid boosts the decrease in absorbance, since no significant
reduction of the absorbance is seen without.

25
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10

Extraction rate, %

5
Time, min

10

30

Figure 3.21 The evolution of the liquid-liquid extraction of malachite green by IL105 in time

The calculation of extraction ratios is especially useful for the extraction in an acidic environment.
Therein an extraction ratio of 20% is found after 30 minutes, making it a sorption process of pigment
from the aqueous phase to the IL of average efficiency, while in a neutral medium the distribution

ration is only 5%, making it inefficient.

3.4.7.3 Oxidation by 30% H»0

The influence of IL105 on the intensity of Malachite green is investigated, when influenced by 30%
hydrogen peroxide; in Table 3.18 the evolution is given. The pigment starts oxidizing almost
immediately after the oxidizing agent is added. No real difference is seen between the measurement

with and without ionic liquid present.
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Table 3.18 Oxidation of Malachite green by 30% H.O, with and without IL105

Time (h) 0 0.166 0.5

30%H.0-

Time (h)

30%H.0:
+1L105

Out of the visual representation of the solution of malachite green and hydrogen peroxide one could
conclude that the color already disappears after 10 minutes. When UV-VIS measurements are done
on the other hand, it is seen that a longer time is needed to fully degrade Malachite green, thus
retaining its color partially. This change in absorbance versus time, can be seen in Figure 3.22. A
graph displaying the speed in which the oxidation reaction of Malachite green by 30% hydrogen

peroxide occurs is shown in the right hand corner.
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Figure 3.22 The evolution of the absorbance of Malachite green in time when influenced by 30
% H,0- at pH=7, Right corner: The Napierian logarithm of the ratio of absorbance and the initial

absorbance of Malachite green vs. time.
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3.4.8 Methyl violet C.l. 42535

3.4.8.1 Sun exposure

Table 3.19 shows a visual comparison between the behavior of methyl violet in an agueous solution in
the absence and in the presence of IL105. No difference is seen between both, since Methyl violet
does not show any affinity for the ionic liquid.

Table 3.19 Sun exposure of Methyl violet with and without 1L105

Time (min) | O 5 10 30

Sun

exposure

Sun
exposure
+ |L105
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3.4.8.2 Evolution of the extraction in time

Methyl Violet (MV) is a protonated amine. Not unexpectedly then, MV partitioning is more sensitive to
changes in the aqueous pH than is the distribution of the other cationic dyes, like methylene blue.
Specifically, increasing pH, which would be accompanied by deprotonation of MVH* to yield the
neutral dye, results in a decrease in the extraction. In Figure 3.23 the evolution of the absorbance in

time is given for the contact between IL105 and Methyl violet.

»
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Extraction rate, %
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o
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Figure 3.23 The evolution of the liquid-liquid extraction of methyl violet by IL105 in time and
pH.

Because Methyl violet is a protonated amine it is not unexpected that the methyl violet partitioning is
sensitive to changes in the aqueous pH. Increasing the pH, would be accompanied by deprotonation
of the amine-function, yielding a neutral dye, results in a decrease of the distribution ratio, annex 2.2.
In this case it is seen indeed, that in an acidic medium the sorption of methyl violet by IL105 is of more

significance than in a neutral medium.

3.4.8.3 Oxidation by 30% H»0

The influence of IL105 on the intensity of methyl violet is investigated, when influenced by 30%
hydrogen peroxide; in Table 3.20 the evolution is given. The pigment starts oxidizing quite rapidly after

the oxidizing agent is added, almost losing its color after 30 minutes.

Extraction of the dye by IL105 is seen after Sminutes. The aqueous phase will lose its color even
faster than it does without the presence of ionic liquid. In the ionic liquid phase on the other hand, the
degradation of Methyl violet is much slower compared to the speed of degradation in the pigment

solution without IL added.
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Table 3.20 Oxidation of Methyl violet by 30% H202 with and without IL105

Time(h) |0 0.166 0.5 72
30%H,0, -
Time (h) |0 0.166 0.5 72
30%H,0, =
+ |L105 = =

If only Table 3.20 would be examined, it would appear that almost all the pigment is degraded after 10

minutes. If Figure 3.24 is taken into account it can be seen that, that is not entirely true. The intensity

of the dye decreases gradually. The graph also contains a graph displaying the speed in which the

oxidation reaction of Methyl violet by 30% hydrogen peroxide occurs. It is shown in the right hand

corner.
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Figure 3.24 The evolution of the absorbance of Methyl violet in time when influenced by 30 %

H.O, at pH=7, Right corner: The Napierian logarithm of the ratio of absorbance and the initial

absorbance of Methyl violet vs. time.
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3.4.9 Methylene blue C.I. 52015

3.4.9.1 Sun exposure

Table 3.21 shows a visual comparison between the behavior of methyl violet in an agueous solution in
the absence and in the presence of IL105. Methylene blue is distributed over both the aqueous phase
and the IL phase, with a preference for the IL phase.

Table 3.21 Sun exposure of methylene blue with and without IL105

Time (min) | O 5 10 30

Sun

exposure

B
‘a
Sun
exposure
+ [L105 ‘

3.4.9.2 Evolution of the extraction in time

In Figure 3.25 the evolution of the absorbance in time is given for the contact between IL105 and
methylene blue. It is noticeable that no real extraction of Methylene blue out of the aqueous phase by
IL105 takes place at a pH of 2 nor 7. This can be seen by the lack of extraction in the qualitative
investigation of sun exposure, 3.4.9.1. With the addition of a base (pH=12) on the other hand, a
considerable decrease in absorbance is seen.
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Figure 3.25 The evolution of the liquid-liquid extraction of methylene blue by IL105 in time

65



The extraction ratio of Methylene blue between water and IL105 is only useful for the extraction in a
basic environment, pH is 12. Therein an extraction ratio of 8% is found after 30 minutes, making it a
sorption process of pigment from the aqueous phase to the IL of small efficiency. The changes in the
behavior of the dye could be attributed to the hydrolysis or aggregation at these pH conditions [106]. In
both neutral as acidic (pH=2) medium the extraction was below 2%.

3.4.9.3 Oxidation by 30% H-O-

The influence of IL105 on the intensity of methylene blue is investigated, when influenced by 30%
hydrogen peroxide; in Table 3.22 Table 3.8 Oxidation of Amaranth by 30% H20: with and without
IL105the evolution is given. No real difference is seen between both. The pigment is divided evenly
over the two liquids. The dye still retains its color after a period of 72 hours when exposed to the

oxidizing agent.

Table 3.22 Oxidation of Methylene blue by 30% H202 with and without IL105

Time (h) |0 0.166 0.5 72
30%H-0;

Time (h) |0 0.166 0.5 72
30%H-20;

+ IL105

Figure 3.26 confirms what is seen on the pictures in Table 3.22, little to no decrease in pigment
intensity is seen with the addition of 30% hydrogen peroxide. In the right hand corner a graph is
shown, that displays the speed in which the oxidation reaction of Methylene by 30% hydrogen
peroxide occurs. The slope of the curve, and thus the first order reaction rate is found to be very low,
which was expected, since the absorbance was 0.2568 directly after the addition of hydrogen peroxide
and 0.2283 after 30 minutes.
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Figure 3.26 The evolution of the absorbance of Methylene blue in time when influenced by 30 %
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3.4.10 Rate of reaction
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Figure 3.27 First order reaction rate vs. time for the oxidation of pigments with 30% hydrogen

peroxide with respectively Amaranth

The first order reaction rate is given in function of time for the oxidation of pigments, Figure 3.27.
Methyl violet, Chrysoidine, Methylene blue and Rhodamine 6G show a linear behavior, thus being a
first order reaction. The oxidation of Amaranth, Indigo and Malachite green on the other hand show a

second order equation and will go through via a second order reaction. Tartrazine has more complex

10

Reaction rate

15
t(s)

reaction rate, that will need to be futher investigated.
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3.5 Discussion

3.5.1 Density

Density measurements for [Pss.6.14][DCA] were done in trifold or more in order to get reproducible
results, thus diminishing the chance of errors occurring. The result obtained is situated in the

uncertainty range of the literature results.

3.51 Electrochemical behaviour of ionic liquids

As expected, the ILs with halides, and in particular the ones with the chloride anion, are limited for
oxidation applications above ca. 1 V, since the chloride undergoes oxidation at that potential. [14]

The best overall stability is delivered by [Ps.6.6.14][DCA] which exhibits similar, and wide, useful limits at

both positive and negative potentials.

The electrochemical potential window of room temperature ionic liquids is sensitive to impurities. A
change in the water content of an ionic liquid will affect conductivity: as the water content increases, so

does conductivity; thus decreasing the electrochemical potential window.

Hydrophobicity of an ionic liquid increases with increasing alkyl chain length. Adding CH2 groups to the
alkyl chain on the imidazolium cation promotes a larger surface area with more hydrogen available,
making the interaction with the water molecules less relevant. For the series [Cormim][NTf2] (n = 4, 6, or
8) this theory is confirmed. [Camim][NTfz] is being the most affected. The magnitude in which ILs
containing [CI]- as an anion and different cations got influenced by the water content is to be put in
order as follows; [Ps.s.s6.14]*, [N1.s.s.8]", [Csmim]*. An increase in the size of the cationic part, showed to

promote hydrophobicity and therefor lowered the sensitivity of the presence of water molecules.

A bigger decrease in electrochemical window with an increase in water content is seen at [Pe.6.6.14]Cl

as compared to [Pes.6.6.14][DCA].

The process [Fe(CsHs)2]*° of the traditionally used reference compound ferrocene has been studied at
a platinum disk electrode in the ionic liquids [Cemim][NTf2] and [Pe.s.6.14][DCA]. A reversible, one-

electron reduction process was observed.
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352 Peroxidative oxidation of cyclohexane

The catalytic activity of ferrocene in trihexyl(tetradecyl)phosphonium dicyanimide, [Pss.6.14][DCA], was
tested as catalyst for the oxidation of cyclohexane with aqueous tert-butylhydroperoxide (ButOOH,
TBHP) as oxidizing agent, at 50 °C.

Only cyclohexanone was produced by oxidation of cyclohexane in the above-mentioned conditions
(cyclohexanol was not detected, not even traces). A maximum cyclohexanone yield of 15.7% was
obtained in the presence of acidic medium. This selectivity is rare, being the cyclohexanol and
cyclohexanone mixture the common products obtained. Interestingly, both acidic and basic additives

led to an enhancement of the amount of cyclohexanone produced.

Martins et al. also found that the addition of HNOs promotes the activity of the [FeClx{n?-
HC(pz)3}]//CNT-Oxi-Na combination for the catalytic conversion of cyclohexane to both cyclohexanol

as cyclohexanone. [15]

G.B. Shul’pin et al. showed that the addition of a base can have an accelerating-, retardation- or
inhibiting effect on the decomposition of hydro peroxides. It is dependent on the composition of the

base, oxidant and the catalyst used. [16]

A reaction pathway for this reaction as is suggested by Nowotny et al. [103] is the direct-oxidation
reaction via the free-radical chain reaction pathway. It is the presumed mechanistic pathway for the

one-pot oxidation of cyclohexane with TBHP as an oxidant.

3.5.3 Pigments

The distribution ratios (annex 2.2) of the pigment between the aqueous phase and IL105 is to be used

as a way of comparing the sorption capacity of the ionic liquid for that specific pigment.

Generally, at low pH solution, the percentage of dye removal will decrease significantly for cationic dye
adsorption, with Malachite green and methyl violet being exceptions. Since the extraction of methyl
violet was of such a small order, it is excluded. At a high pH solution the distribution ratio of the dyes
increase significantly, with Malachite green showing a comparable distribution ratio compared to a

neutral solution.

If the results of the high pH solutions of the anionic dyes are compared to the low pH solutions, an
increase in the distribution ratio is seen in all the anionic dyes. The migration of Tartrazine to 1L105
shows to be the most efficient at a pH of 7. This finding is opposed to the finding of Osma et al. [107]
that found a decrease in the adsorption of reactive black 5 by seed shells with an increase in pH. It
was attributed to the fact that the adsorption was driven by electrostatic attraction between the positive
charge at the solution interface and the adsorbent surface that appeared to be negatively charged. An
increase in pH will thus decrease the positive charge at the solution, subsequently decreasing the

extraction rate.
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The increased distribution ratio in cationic dyes could be attributed by the increase in negative charge
at the solution interface, caused by the electrostatic interactions between OH- groups and the cationic
dyes. As for anionic dyes further investigation needs to be done, since a repulsive effect between the

anionic dyes and the hydroxyl groups would be expected, taking only this explanation into account.

The extent in which the sorption process of the pigment to the aqueous phase appears at a neutral pH
was determined using the results of annex 2.1 and the sun exposure tests. The pigments can be
ordered as follows; Chrysoidine > Indigo > Amaranth > Tartrazine > Rhodamine 6G > Malachite green
> Methylene blue > Methyl violet. With Methylene blue and Methyl violet showing no affinity for the
ionic liquid at all. Only at a basic pH a small extraction of the pigment by IL105 is seen. The raise in
the distribution ratio is not to be searched in a structural change of Methylene blue, with the increase

in basicity as is stated by Oplawski. [108]

Amaranth, Chrysoidine and Tartrazine belong to the family of the azo dyes, whom are composed of
an R-N=N-R' functional group. The sorption of those dyes by IL105 is superior compared to the other
dyes, with one dye being extremely favorable, namely Chrysoidine. The distribution ratio shows values
of up to 100 for this sorption process. Migration of Tartrazine to IL105 seems inferior to the absorption
of the other two, if only visually compared. When comparing the distribution ratios, on the other hand,
no difference is seen between Amaranth and Tartrazine. The inferiority of both Amaranth as Tartrazine
to Chrysoidine can’t be ascribed to the ionicity, which is used as a way of comparing the sorption
capacity in several sources. [108-109] Adak et al. and Adak and Pal stated that Alumina has a lower
affinity for anionic pigments as opposed to cationic pigments. The presence of the negative charge in

anionic pigments makes a better interaction with the positively charged alumina feasible.

If the charge of the pigment would determine the absorption by the ionic liquid a bigger difference
would be seen between the migration of Tartrazine and Amaranth to the IL. This means that the liquid-
liquid extraction by IL105 does not occur by chemical sorption, which would form covalent and/or ionic
bonds. Physical sorption on the other hand is more conceivable, since both Tartrazine and Amaranth
show the same ability of hydrogen bonds formation. This capability is due to the presence of one
hydroxyl group in both the pigments. The hydrogen bonds are expected to be established between the

dicyanamide and the hydroxyl group.

Same accounts for Chrysoidine, where the presence of two primary amine functions, create a greater
range of possibilities for hydrogen bond formation. Whereas Tartrazine and Amaranth only have one
possible hydrogen bonding site, Chrysoidine has two primary amine groups and thus four sites at

which this physical sorption process can take place.

The partial attribution of the improved absorption of the pigments, discussed in the previous
paragraphs, by IL105 may not be due to the presence of the azo group. Considering that Indigo has a
distribution ratio with a greater value than Tartrazine and Amaranth, and does not have the azo group.
Physical sorption, as used for explanatory means in the previous paragraphs, is a better way of
clarifying the bigger magnitude in which Indigo gets absorbed. Two secondary amines and thus an

extra hydrogen bonding site is embodied in the structure. Hence the raise in distribution ratio.
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Chapter 4: CONCLUSIONS AND FUTURE WORK

The use of ionic liquids is already a step in the right direction, when it comes to being ‘green’. Of
course it is preferred to search for the ones that are inherently non-toxic, such as Pes.6.14Cl. If the
synthesis can be effected by a route involving non- or less toxic starting, it is even a bigger
improvement. For example, it is shown that hydroxyl-functionalized analogs of the imidazolium cation

can be synthetized from fructose, which occurs naturally.

The densities of IL105 at several temperatures were in the uncertainty range of the values obtained in

the literature.

The alteration in water content of the ionic liquids showed to have an influence on all of the ionic
liquids tested. Therein an increase in the length of methylimidazolium alkyl chains showed to decrease

both the usable potential range as the magnitude in which the ILs get influenced by water addition.

Trihexyl(tetradecyl)phosphonium dicyanamide (IL105) showed to have a wide potential window, which
was greatly influenced by the addition of water. A reversible, one-electron reduction process was
observed with the addition of ferrocene, which is mostly used as an internal standard in molecular

solvents.

More research needs to be done on the influence of water on the electrochemical behavior of ILs.
Therein the field of search needs to be broadened to the alterations that are seen with other
impurities, since they can greatly influence the usability of ionic liquids in electrochemical experiments.
Ferrocene did not seem to be affected by the ionic liquids tested, namely
trihexyl(tetradecyl)phosphonium dicyanamide and 1-hexyl-3-methylimidazolium

bis(trifluoromethylsulfonyl)imide. Its behaviour in a broader range of ILs will have to be investigated.

As for the catalytic cyclohexane oxidation by ferrocene in an IL105 medium; a considerable yield was
found. The interactions between ionic liquids and ferrocene and more specifically the catalytic
oxidation of alkanes are to be investigated. The oxidation of cyclohexane and the reaction pathway in
which the corresponding alcohols and ketones get formed, and the influence the pH has on this

process, needs to be the furtherly investigated.

The ionic liquid IL105 was examined as an adsorbent for several pigments out of an aqueous pigment
solution. A considerable extraction of several pigments by the IL was seen, with the extraction of
Chrysoidine being the most successful. The pH of the aqueous pigment solution showed to be an
influential factor of great importance. An alteration in the pH, can either promote or depress the
adsorption process significantly. As for the oxidation of the pigments by hydrogen peroxide 30 v/v%; a
considerable protective effect of the ionic liquid against the pigment oxidation was seen in Amaranth,

Chrysoidine and Indigo.
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It would be useful to examine the extraction efficiencies of a variety of ILs on different dyes. More
commonly used pigments can be tested, to get a precise idea of which ionic liquids have the ability to
adsorb which dyes. If all the data were to be categorized, an idea of interactions between both the IL
and the dye and influences on the extraction capacity of the IL can be formed. Concerning the dyes,
different dyes with a broad spectrum of properties should be utilized; those involve cationic-, anionic-,
azo-dyes etc. In ionic liquids the influence of the length of the alkyl chain, hydrophobicity, viscosity,
density, anion, cation and so on will be investigated.

Most beneficial would be tests on real wastewater samples with a variety of ionic liquids. Naturally,
these experiments would create issues with measurements as it would be difficult to create calibration
standards due to the variety of colors and color combinations that would be encountered.
Instrumentation other than UV-VIS spectrometers could potentially be used, once a measurement
methodology can be established.
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Annex 2

Annex 2.1

Table Al Distribution ration of several pigments, namely Amaranth, Chrysoidine, Indigo and
Tartrazine in IL105.
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Amaranth Chrysoidine
Cinitial (MM) D Cinitial(MM) D
0.00602 | 0.86553 0.00788 | 104.1702
0.01198 | 3.16818 0.01958 | 68.1166
0.01420 | 3.03921 0.03928 | 40.5294
0.02366 | 2.65108 0.05012| 35.0169
Indigo Tartrazine
Cinitiat(mM) D Cinitiat(mM) D
0.01028 | 0.4974 0.00772 2.8531
0.01693| 4.0983 0.01578 3.0111
0.02623| 4.1677 0.02173 2.7186
0.03470| 3.0269
0.03979 | 4.1433
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Annex 2.2

Table A2 Distribution ratios at a pH of 2, 7 and 12 of respectively Amaranth,

Rhodamine 6G, Chrysoidine, Indigo Tartrazine, Malachite green, Methyl violet and

Methylene blue

Amaranth Rhodamine 6G
Time 0 5 10 30 0 5 10 30
pH value
20 0.79 111 1.20 121 0.00 0.01 0.02 0.05
7.0 0.07 0.11 0.17 0.17 0.58 0.81 0.89 0.90
12.0 0.41 0.94 1.19 1.50 1.88 1.92 2.26 4.66
Chrysoidine Indigo
Time 0 5 10 30 0 5 10 30
pH value
20 0.09 0.11 0.11 0.22 2.20 3.24 3.82 5.36
7.0 1.79 2.78 3.33 4.67 0.20 0.26 0.43 0.47
12.0 1.95 2.62 13.38 14.71 1.74 3.23 3.13 6.16
Tartrazine Malachite green
Time 0 5 10 30 0 5 10 30
pH value
2.0 1.04 1.49 1.70 2.08 0.64 1.48 2.13 2.96
7.0 1.64 3.11 4.20 6.18 0.01 0.14 0.21 0.21
12.0 0.18 1.00 1.66 2.46 / / / /
Methyl violet Methylene blue
Time 0 5 10 30 0 5 10 30
pH value
2.0 0.37 0.27 0.27 0.35 0.05 0.13 0.10 0.11
7.0 0.35 0.20 0.06 0.11 0.14 0.11 0.08 0.08
12.0 / / / / 0.14 0.35 0.46 0.82
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Annex 2.3

Table A3 Extraction ratios at a pH of 2, 7 and 12 of respectively Amaranth,

Rhodamine 6G, Chrysoidine, Indigo Tartrazine, Malachite green, Methyl violet and

Methylene blue

Amaranth Rhodamine 6G
Time 0 5 10 30 0 5 10 30
pH value
20 8.4 11.5 12.3 12.3 0.0 0.1 0.0 0.5
7.0 0.8 1.3 1.8 1.8 5.2 7.1 7.7 7.9
12.0 4.7 10.0 12.4 15.1 16.0 16.3 18.6 31.6
Chrysoidine Indigo
Time 0 5 10 30 0 5 10 30
pH value
20 0.8 1.0 1.0 2.0 22.2 30.0 33.8 42.3
7.0 3.8 7.5 9.3 13.2 24 3.2 5.2 5.6
12.0 15.7 19.8 52.5 545 25.4 41.4 40.4 63.5
Tartrazine Malachite green
Time 0 5 10 30 0 5 10 30
pH value
2.0 104 14.2 15.9 18.8 54 11.7 15.8 20.5
7.0 12.0 20.0 24.8 317 0.1 1.5 2.2 2.2
12.0 2.0 105 162 224 / / / /
Methyl violet Methylene blue
Time 0 5 10 30 0 5 10 30
pH value
20 3.4 2.5 2.5 3.2 15 1.0 1.0
7.0 1.9 1.1 0.3 0.1 1.5 11 0.9 0.9
12.0 / / / / 1.5 3.7 4.8 8.2
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