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1. Introduction

In recent years ionic liquids (ILs) have attracted considerable attention owing to their
potential use in a diversified range of applications. It is believed that ILs can successfully
replace volatile organic media in a wide range of chemical processes. They have been
studied and applied in organometallic catalysis, organocatalysis and biocatalysis, where
they provide unique reaction media offering better selectivity, faster rates and greater
catalyst or enzyme stability in comparison to conventional solvents (Buszewski &
Studziriska, 2008; Dupont et al., 2002; Liu et al., 2010; Mathews et al., 2000; Minami, 2009;
Welton, 1999). The applications of ILs also include areas such as electrochemical
transformation, fuel cells, solar cells, sensors and nanochemistry. They are emerging as
lubricants, modifiers of mobile and stationary phases in the separation sciences, and are
candidates for the dissolution of cellulose, starch and wood (Wassersheid & Welton, 2003).
ILs are characterized by properties such as negligible vapour pressure and non-flammability
under ambient conditions, high thermal conductivity, a wide electrochemical window and
high polarity. They also have the ability to dissolve a wide diversity of materials, including
salts, fats, proteins, amino acids, surfactants, sugars, polysaccharides and organic solvents.
However, the most important attribute of ILs is the possibility of designing their properties
to order. Thanks to the enormous number of cation and anion combinations, ILs can possess
a wide spectrum of physical and chemical properties (solubility, polarity, viscosity or
solvent miscibility), and they are already recognized by the chemical industry as new,
target-oriented reaction media.

The properties of ILs can be used for developing new processes that are technologically,
environmentally and economically advantageous. Listed benefits include the possibilities of
reusing and relatively easily recovering ILs, which effectively reduces the amount of waste
generated during technological operations. It is, however, important to remember that ILs
are still quite expensive media, and their recycling after regeneration or recovery makes
such a technology economically all the more justified. Among available technologies,
conventional processes such as distillation, membrane separation and extraction can be
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702 lonic Liquids: Theory, Properties, New Approaches

applied (Fernandez et al., 2010). Distillation in mild conditions may be the first choice for the
separation of volatile products owing to the negligible vapour pressure of ILs. For
separating non-volatile products, extraction and membrane processes such as nanofiltration
and evaporation can be used. The operations to recover ILs from aqueous solutions
described in this chapter are classified as phase addition (for example, salting-out), force
field (gravity settling) and barrier (membrane separation).

Since the recovery of ILs on a large industrial scale will consume a great amount of energy,
or if they are to be recovered from very dilute solutions where either investment or
operational costs can be so high that they make the recovery operation not feasible, effective
treatment is needed prior to the final application. Most ILs are not readily biodegradable, so
advanced oxidation processes (AOPs) are frequently suggested as effective processes
(Siedlecka et al., 2010 Stolte et al., 2010). The AOPs used for IL degradation, as well as a few
examples of biological degradation and adsorption removal processes, are described in this
chapter. The possibilities of reducing the amount of industrial waste containing ILs as well
as potential sources of environmental release are illustrated in Figure 1.

regeneration of IL

T+

wastewater
reuse of IL
sediment
recovery of IL []
wastewater removal of IL. effluent T
Application of IL from wastewater > ground water

>
L recycle of IL [€4—

accidentaly discharge of IL to environment —»

soil

Fig. 1. Reduction of wastes containing ionic liquids in industrial applications, and potential
sources of ILs released to the environment.

The non-measurable vapour pressure is a reason why ILs are frequently uncritically
regarded as inherently environmentally friendly compounds. The loss of ILs is low, so a
potential source of air pollution or inhalation is eliminated. Nevertheless, if one does classify
ILs as “green” chemicals, questions such toxicity and persistence in the environment must
also be addressed. The application of ILs on an industrial scale may pose an environmental
hazard as a result of their transport, storage, technical breakdown, discharge in wastewaters
etc. Therefore, in order to responsibly apply ILs in industrial processes, investigations of
their fate and behaviour in the relevant environmental compartments (degradation, sorption
etc.) and a proper risk assessment of ILs in the soil and aquatic environment (toxicity) must
be undertaken and taken into consideration. The biodegradability of ILs, their toxicity and
sorption in the environment are also briefly discussed in this chapter.
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2. Behaviour of ionic liquids in water

Knowledge of the impact of structural variations of ionic liquids on their solubilities in
water is of significance in relation to future applications, selecting the appropriate
wastewater treatment process, and understanding their environmental fate. The loss of ILs
into the aqueous phase may be an important factor in estimating the costs of recycling and
water treatment.

Studies on the behavior of ILs in water have been taken by some research groups. Studies in
which the cation and/or anion were changed were carried out by Freire et al. (Freire et al.,
2007; Freire et al., 2008). They demonstrate unequivocally that the size of ILs,
hydrophobicity and hydrogen bonding ability of both cation and anion are the most
important factor regarding the solubility of ILs in water. However the nature of the anions
largely determines the behaviour of IL-water mixture (Freire et al., 2008). Furthermore, ILs
possessing long aliphatic substituents have been reported to undergo micellization (Anouti
et al., 2009, Jungnickel et al., 2008, Luczak et al., 2008; Luczak et al., 2009). The formation of
micelles in aquatic solution is due to the nature of the ions making up the ILs, which
generally contain hydrophobic and hydrophilic domains. Hence the aggregation tendency
of surfactant-like ILs is dependent on the relative size of these domains (Luczak et al., 2008,
Siriex-Plener et al., 2004) - the larger the hydrophobic domain, the greater the tendency to
aggregate. Moreover, this tendency to aggregate increases in the presence of inorganic
entities (Rickert et al., 2007), which is of significance for industrial wastewater treatment.
Several examples of IL hydrolysis are described in the literature. It is mainly the anions used
in ILs that undergo hydrolysis - when reacting with water they generate mineral acids, e.g.
sulphuric acid, phosphoric acid and hydrofluoric acid) (Islam & Ohsaka, 2008, Swatlowski,
2003). Hydrolysis of ILs can cause corrosion by these acids: it has been reported that carbon
steel and stainless steel are corroded as a result of the dilution of ILs in water. A negative
effect is exerted by anions such as tosylate, dimethylphosphate, hexafluorophosphate etc.
(Uerdingen et al., 2005). Therefore, investigations into the recovery and removal of ILs from
wastewaters and the environmental fate of ILs should take the influence of both cation and
anion species into consideration.

3. Recovery operations of ionic liquids

According to the waste hierarchy developed by the European Union Directive 2008/98/EC
(European Union, 2008), the effort priorities for dealing with spent material are expressed as
“Re-duce, Re-use, Re-cycle”. This means that only minimum amounts of substances should
be used in a process. If possible, the substance should then be reused and reincorporated
into the system and eventually recovered from the waste stream. Different operations are
required in order to comply with the regulations.

Regeneration is often necessary if a substance cannot be reused directly. For the recycling of
waste, recovery operations are applicable. Removal operations are then the final step to
prevent a negative impact on the environment or human health when the final waste is
disposed of.

This procedure is also valid for ILs, not just for legislative reasons, but also because of their
relatively high production costs. However, the continual reuse of ILs will lead to a
concentration of contaminants. Regeneration can then enhance the reusability of the IL and
prolong its lifetime by separating it from the suspected contaminant. This was the first
operation to be used and developed. An overview is given in Fernandez et al. (2010).
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\

Fig. 2. Scheme of the effort priorities for dealing with spent ionic liquids. The spheres
starting with “reuse” are the overall treatment purposes requiring different technical
operations (in rectangles).

However, these regeneration processes are limited to the threshold concentration of
contaminants that make ILs unusable for a given purpose and turns them into IL waste.
Recovery operations of IL waste are then of special interest.

In view of the physicochemical properties and applications of ILs, the recovery of IL wastes
focuses mostly on wastewater streams. ILs adsorbed on solid surfaces can also enter the
waste stream; but most solid waste is treated thermally, and IL recovery from such waste
has not yet been undertaken.

Wastewater streams containing ILs are of concern when it comes to environmental aspects
on the one hand, e.g. (eco)toxicity and biodegradability, and technical aspects on the other
hand, e.g. operating costs for replenishing ILs lost from a process. The amounts of ILs that
can be expected in wastewater streams are roughly equivalent to their solubilities. Even
though hydrophobic ILs are poorly soluble in water, concentrations in water can be
relatively high. In this case, attempts should be made either to replace the IL used with a
less soluble substance or to develop processes to recover them from wastewater, preferably
in a closed system where recovery can be carefully controlled (McFarlane et al., 2005).

In this chapter the recovery operations of ILs from aqueous solutions are explained and
classified by their separation mechanism: (1) phase addition, (2) force field and (3) barrier.

3.1 Recovery by phase addition

Simple salting-out processes have been investigated for separating ILs from water.
Distillation, as applied to regeneration (Mathews et al., 2000), has not yet been applied to
recovery, probably because of the low IL concentration in wastewater in contrast to the
regeneration of spent ILs contaminated with water.
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The principle of salting out is relatively simple, although its mechanism is not completely
known, yet. To salt out an IL from an aqueous solution, an electrolyte is added as a solid or
as a saturated aqueous solution. The electrolyte withdraws some of the water present,
forming a second phase that can be removed by decantation; the energy penalty incurred by
the evaporation of the water is thus avoided. As the electrolyte used as the mass-separation
agent is not usually recoverable, its cost is an important factor to be taken into account. An
example has been given by Gutowski et al. (2003) of how this recovery operation works in
practice: a homogeneous mixture of 1-butyl-3-methylimidazolium chloride and water is
turned into a biphasic system when a concentrated solution of potassium phosphate is
added: (1) the upper phase - rich in IL; (2) the lower phase - rich in potassium phosphate.
Further studies on the recovery of ILs by the addition of other kosmotropic salts and carbon
dioxide were reported and reviewed by Fernandez et al. (2010). There is, however, still a
lack of information on which to base a definition of these phase systems before they can be
implemented in new technologies (Bridges et al., 2007).

3.2 Recovery using a force field

The standard use of a force field for the recovery of ILs is gravity settling, e.g. enhanced by a
centrifugal contactor. It has been applied with success to a dispersion of a hydrophobic IL
with common salt and with water (Birdwell et al., 2006).

When IL cations such as 1-butyl-3-methylimidazolium are coupled with an iron-containing
anion, e.g. tetrachloridoferrate, they show a strong magnetic response, which can be used
for their recovery (Hayashi & Hamaguchi, 2004; Lee et al., 2007). A magnetic field is thereby
induced on a biphasic system consisting of an IL-rich phase and water-rich phase, which can
then be separated easily. Together with other methods, e.g. ultracentrifugation, separation
could possibly be improved, although this might be impracticable in an industrial situation.

3.3 Recovery using a barrier

Besides the separation of ILs and water by phase addition and force field, membrane
filtration has been studied as a promising technology. The first report on the application of
nanofiltration to separate mixtures containing ILs was published in 2003 by Krockel et al.
Retentions of ILs of up to 82% and 95% were obtained for 1-butyl-3-methylimidazolium
tetrafluoroborate and 1-butyl-3-methylimidazolium sulphate, respectively, using
commercial Desal membranes. In a more recent study, lower retention values of only 60%
for 1-butyl-3-methylimidazolium tetrafluoroborate and 67% for 1-butyl-3-methyl-
imidazolium bromide as maximum values were obtained (Wu et al, 2009). Own
experiences, published in 2008 by Ferndndez et al., are reaching up to 99 % of ILs retention
from aqueous solutions. This means that depending on the initial concentration of the IL in
waste water the residual concentrations could still be too high for biological processes
during waste water treatment why the removal of ILs from waste water is then of great
importantance. In general, the use of membrane technology for IL recovery is regarded as
advantageous in comparison to the other two separation methods described. In membrane
technology no auxiliary substance as required for phase addition needs to be added, and it can
be applied to a variety of ILs, whereas separation by force field is limited to magnetic ILs.
Although membrane technology is an important step towards the effective recovery of ILs
from waste water, not all technological potentials have been fully tapped and research has
so far been based mainly on phase separation, barrier and forced field technologies. Further
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research is still going on to reduce IL waste. However, if ILs are not reusable and
recoverable any more, the removal of ILs can be applied as the final treatment step. Though
the last step in a series of treatment steps, it needs to be considered, because no infinitely
applicable regeneration and recovery techniques are available at the moment; up till now,
every product has eventually become waste.

4. Removal of ILs

4.1 Physicochemical removal

Adsorption is an important technology that is widely used to remove organic pollutants
from water. The effectiveness of sorption depends fundamentally on the characteristics of
the substance to be adsorbed and on the type of adsorbent. In addition, operational
requirements may lead to contact times that are too short to ensure equilibration.
Adsorbents such as activated carbon (Palomar et al., 2009), ion-exchange resin, activated
sludge and fermentation waste (Vijayaraghavan et al., 2009) have all been used to remove
ILs from aqueous solutions. The ion-exchange resin exhibits the best sorption efficiency
(98%) but the process is relatively slow (180 min.). Activated carbon gives a faster rate of
sorption (15 min.), but the affinity of ILs for this sorbent is much poorer compared to ion-
exchange resin. Adsorption on activated sludge and fermentation waste is insignificant
(Vijayaraghavan et al., 2009).

The affinity of ILs for activated carbon is the result of diverse intermolecular interactions
(polar, -11, van der Waals and hydrogen bonding). Ion exchange is minimal at acidic and
neutral pH, but is significantly enhanced at basic pH values, where deprotonation and the
generation of negatively charged functional groups takes place on the carbon surface
(Vijayaraghavan et al., 2009). There is a rise in the adsorption capacity of activated carbon
as imidazolium-based ILs are composed of hydrophobic cations (1-methyl-3-octyl-
imidazolium and 1-hexyl-3-methylimidazolium cations) and/or hydrophobic anions
(bis[(trifluoromethyl)sulphonyl]amide, hexafluorophosphate) (Palomar et al., 2009). The role
of van der Waals interactions between the non-polar groups of the cation and the organic
matter has also been investigated using soil and sediments (Beaulieu et al., 2008; Matzke et
al., 2009; Mrozik et al., 2008a; Mrozik et al., 2008b; Stepnowski, 2005; Stepnowski et al., 2007;
Studziniska et al., 2009). Physical adsorption phenomena have been effectively used for the
immobilization of hydrophobic ILs on other solid supports (Liu et al., 2010).

The results obtained on different activated carbons demonstrate that adsorbent porosity is
also an important factor in IL sorption. The higher average pore diameter in activated
carbon facilitates the comparatively easy diffusion of ILs into the pore structure, enhancing
its sorption (Vijayaraghavan et al., 2009).

4.2 Degradation methods

It is known that ILs are thermally, electrochemically and chemically relatively stable (Siedlecka
et al., 2010), but they will eventually decompose during technological operations. In recent
years numerous investigations have been carried out into IL toxicity and biodegradability
(Bailey et al., 2008; Bernot et al., 2005a; Bernot et al., 2005b; Docherty et al., 2006; Gathergood et
al., 2004; Gathergood et al., 2006; Gathergood & Scammells, 2002; Garcia et al., 2005; Latala et
al., 2005; Latata et al., 2009a; Latala et al., 2009b; Latata et al., 2010; Pernak et al., 2003; Pham et
al., 2010; Renke et al., 2003; Skladanowski et al., 2005; Stasiewicz et al., 2008; Stepnowski et al.,
2004; Stock et al., 2005; Stolte et al., 2008; Swatlowski et al., 2004).
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Degradation methods of ILs in wastewater

v v
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called “non- active” electrodes - BDD
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Fig. 3. ILs degradation methods proposed in literature

However, the toxicity and environmental resistance of their decomposition products is
totally unknown. For this reason, chemical, photochemical or electrochemical oxidation
have been put forward as processes for removing from wastewater both non-recoverable ILs
and their degradation products (Czerwicka et al., 2009; Li et al., 2007; Pernak & Branicka,
2004; Siedlecka et al., 2008; Stepnowski & Zalewska, 2005; Stolte et al., 2008) (Fig.2.).
Biological wastewater treatment is regarded as environmentally very friendly, and some
examples of this process are given in this chapter.

4.2.1 Chemical degradation

The chemical oxidation of aqueous solutions of ILs has been investigated. Information is
available on ozonation (Pernak & Branicka, 2004), the Fenton reaction and Fenton-like
reactions (Siedlecka et al., 2008a; Siedlecka et al., 2008b; Siedlecka et al., 2009).

Ozonation of 1-(alkoxymethyl)-3-hydroxypyridinium, 1-(alkoxythiomethyl)-3-hydroxy-
pyridinium and 1-(alkoxymethyl)-3-(dimethylamino)pyridinium chlorides was found to be
rapid and effective. In this process small amounts of decomposition products were
generated, with the drop in pH indicating that some of them could be organic acids.
Additionally, the ozonation products of 1-(tetradecyloxy)methylpyridinium chlorides
substituted by a hydroxyl group in position 3 or 5 or containing a dimethylamino group in
position 3, demonstrated no bacteriostatic or mycostatic effects. (Pernak & Branicka, 2004).
These authors conclude that the products formed are less harmful than parent pyridinium
compounds. The fact that pyridinium ILs without a hydroxyl group substituted at the
pyridinium head group do not lend themselves to ozonation confirms that ozone itself is a
highly selective oxidant (Hoigne et al., 1989).
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In Fenton (H»,O,/Fe?*) and Fenton-like (H2O,/Fe?*) systems the hydroxyl radical (*OH)
with a very strong oxidative potential (Eo=+2,8V) degrades non-biodegradable and
recalcitrant organic pollutants. In contrast to ozone, the hydroxyl radical is a non-selective
oxidant. Furthermore, the modification of Fenton-like reactions by the addition of a large
dose of H,O; promotes a series of propagation reactions that produce a perhydroxyl radical,
a superoxide anion, and a peroxide anion in addition to the hydroxyl radical (Walling,
1975). These radicals can lead to different pathways of IL degradation, products and display
different transformation kinetics (Siedlecka et al., 2009; Siedlecka & Stepnowski, 2009).
Fenton and Fenton-like systems are very effective in the degradation of 1-alkyl-3-
methylimidazolium ILs. It was demonstrated that the efficiency of oxidation is structurally
dependent. The lengthening of the alkyl chain from four to eight carbons in the 1-alkyl-3-
methylimidazolium cation significantly lowered the rate of degradation (Siedlecka &
Stepnowski, 2009). A comparative study of three 1-butyl-3-methylimidazolium salts leads to
the conclusion that anions can inhibit degradation by competition with cations for hydroxyl
radicals, or by undergoing complex reactions with ferric and ferrous ions (Siedlecka et al.,
2009). Moreover, the 1-butyl-3-methylimidazolium cation degradation rate was retarded
with the lengthening of the alkyl chain in the perfluorocarboxylic anions present in a
solution of 1-butyl-3-methylimidazolium chloride (Siedlecka et al., 2009). A high dose of
H>O, in a Fenton-like system accelerates the degradation of imidazolium-based ILs,
especially 1-butyl-3-methylimidazolium chloride, but slows down the degradation of 1-
butyl-3-methylpyridinium chloride. The authors conclude that increasing the H>O, dose in
Fenton-like systems changes the mechanism of IL degradation (Siedlecka et al., 2008a;
Siedlecka et al., 2008b; Siedlecka & Stepnowski, 2009).

Analysis of mixtures oxidized by Fenton-like systems shows that mono-, di- and amino-
carboxylic acids are probably degradation products. Effective degradation of the
imidazolium ring is achieved only for 1-butyl-3-methylimidazolium chloride (Siedlecka et
al., 2008b; Siedlecka & Stepnowski, 2009). tH-NMR spectra and GC-MS results showed that
radical attack is non-specific, with any one of the carbon atoms in the ring and the alkyl
chain being susceptible to attack. The products with some hydroxyl groups substituted at
different sites in the parent compounds are rather unstable and decomposed by two
pathways: the first is oxidative ring opening, the second is cleavage of the N-C bond in the
N-alkyl side chain. Unfortunately, all these chemical degradation investigations were
limited to imidazolium-based ILs, where a great number of pyridinium-, pyrrolidinium-,
phosphonium- or ammonium-based ILs are commercially available.

It seems that a hybrid system consisting of a Fenton-like process and a biological stage
should be considered for IL degradation, thereby accelerating the mineralization of ILs.
Therefore, systematic investigations of the toxicity and biodegradability of post-oxidation
mixtures should be conducted.

4.2.2 Photochemical degradation

In one of the first studies, Stepnowski & Zaleska compared the effectiveness of three
methods: UV photodegradation, UV photolysis of hydrogen peroxide, and photocatalysis
on UV-irradiated TiO,. For these investigations imidazolium ILs with different alkyl chain
length were chosen (1-butyl-, 1-hexyl-3-methylimidazolium, 1-methyl-3-octylimidazolium,
1-ethyl-3-ethylimidazolium chloride or tetrafluoroborate, methyl imidazole as reference).
The stability of these compounds with respect to all the photodegradation methods used
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appeared to be structure-related. The process that was most effective with all the
compounds was oxidation based on the UV/H>O, system, the degradation efficiency
decreasing in the order: 1-butyl-3-methylimidazolium<1-hexyl-3-methylimidazolium<
1-methyl-3-octylimidazolium<1-ethyl-3-ethylimidazolium cations. The 1-ethyl-3-ethyl-
imidazolium cation turned out to be the most stable compound, although in the case of
direct photolysis, the octyl- and hexyl- alkyl side chain cations were the least degradable
(Stepnowski & Zaleska, 2005). For confirmation of the results, the AOP degradation
products had to be identified. For these investigations 1-ethyl-, 1-butyl-, 1-hexyl-3-methyl-
imidazolium and 1-methyl-3-octylimidazolium chlorides were treated with the UV/H,O»
system. Identification was based on LC-MS/MS measurements. It was found that
modification (at least in the first stage of oxidation) occurred in the imidazolium ring, not in
the alkyl chain of the molecule. The longer the alkylated cation, the greater the probability of
oxidation of the alkyl chain (Czerwicka et al., 2009). The results tallied with those obtained
using a Fenton-like system (Siedlecka et al., 2008b) or after biodegradation (Stolte et al.,
2008). Nevertheless, the toxicity and biodegradability of the degradation products still need
to be analysed. The major objective of the work of Morawski et al. was to investigate
photocatalysis as a method of degrading different types of ILs (imidazolium, ammonium,
phosphonium, pyridinium). For that purpose those authors used UV light in the presence of
TiO,. They concluded that the lower the molar mass, the greater the IL stability, and also
that degradability depends upon the cation and anion, although to different degrees.
Phosphonium ILs were shown to be the most susceptible to this type of degradation
(Morawski et al., 2005).

Itakura et al. studied the efficacy of the photocatalytic decomposition of ILs using platinized
TiO; (Pt/TiO;) and bare TiO,, but unlike other authors, they also took anion degradation
into account. They tested three ILs: 1-ethyl-3-methylimidazolium bromide, 1-ethyl-3-methyl-
imidazolium hexafluorophosphate, 1-butyl-3-methylimidazolium tetrafluoroborate. There
was no significant difference between the degradation efficiencies obtained with TiO, or
Pt/ TiO,. It appears to be a perfect method for cation degradation, but it is unsuitable for
anions. To degrade these (especially hexafluorophosphate and tetrafluoroborate), another
method was needed: hydrothermal treatment with Ca(OH), mineralizer could serve this
purpose (Itakura et al., 2009).

Katoh & Takahashi studied photochemical degradation under pulsed laser irradiation in
order to examine the decomposition behaviour of 1-methyl-3-butylimidazolium
bis[(trifluoromethyl)sulphonyl]amide and iodide. They concluded that the excited state
1-butyl-3-methylimidazolium cation ([BMIM*]) underwent degradation efficiently and
suggested that the neutral 1-butyl-3-methylimidazolium radical ([BMIM]*) was relatively
stable (Katoh & Takahashi, 2009). The majority of studies have looked at the
photodegradation of imidazolium-based ILs. Nevertheless, there is some information on the
photochemical transformations of pyridinium salts, which could be a good starting point for
later IL degradation studies (Damiano et al., 2007).

It seemed interesting to use the ultrasonic chemical oxidative degradation method proposed
for 1,3-dialkylimidazolium ILs with different anions (chloride, bromide,
hexafluorophosphate and tetrafluoroborate). The oxidative decomposition of ILs was carried
out in aqueous hydrogen peroxide/acetic acid assisted by ultrasonic chemical irradiation.
Li et al. in 2007 achieved a high efficiency of degradation (93% after 12h, and 99% after 72h).
The degradation products were monitored using GC-MS. They demonstrated that hydrogen
atoms in the imidazolium ring are oxidized first, and that fragmentation leads to ring
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opening. This is in agreement with the results obtained by other authors (Czerwicka et al.,
2009; Li et al., 2007). They also found that there was no significant influence of either alkyl
chain length or anion type on the degradation pathway. The high degree of degradation
augurs well for this method (Li et al., 2007). Also the direct influence of sonification on pure
imidazolium based ILs decomposition was analysed. The first sign of degradation was the
darkening of their colour to an amber shade. It was shown that ultrasonic treatment led to
the decomposition of organic ILs. GC-MS, IR spectroscopy, and NMR spectroscopy were
used for monitoring the degradation process (Oxley et al., 2003).

4.2.3 Electrochemical degradation

ILs are thought to be electrochemically stable. They possess large electrochemical potential
windows from 2V to 6V, but these data are the result of rather short cyclic voltammetry
experiments (Galinski et al., 2006). It has been demonstrated that different reaction products
can be found when longer electrolysis experiments are performed (Kroon et al., 2006). The
differences in the electrochemical stabilities of ILs results from the presence of impurities. In
the presence of water the potential window of ILs narrows dramatically (Islam & Ohsata,
2008; Welton, 1999). Moreover, some reactions, e.g. the generation of a superoxide ion or a
hydroxide radical, which limits the chemical stability of ILs, may be affected by the presence
of water in ILs (Barnes et al., 2008).

Therefore, a very promising disposal strategy for toxic and recalcitrant ILs in aqueous
solutions is electrolysis using “non-active” anodes such as boron-doped diamond (BDD) or
PbO,. These anodes have the ability to generate quasi-free hydroxyl radicals during the
electrolysis of water, which are capable of efficiently oxidizing ILs. The electrochemical
oxidation of imidazolium ILs was carried out for the first time by Stolte et al. in 2008.
Almost complete degradation of 1-butyl-3-methylimidazolium chloride was achieved on a
bipolar BDD anode. The positively charged imidazolium core, responsible for the non-
biodegradability of imidazolium-based ILs, was completely destroyed after 4h of
electrolysis. In addition, the biodegradability improved in comparison to that of the parent
compound solution (Stolte et al., 2008). Further investigations carried out by our research
group indicate that another “non-active” anode - PbO, - also successfully degrades
imidazolium- and pyridinium-based ILs (data not published).

4.2.4 Other degradation methods

Thermal degradation could be an alternative method for degrading ILs, in spite of their
excellent thermal stability. Very promising is the fact that, despite their tolerance to short-
term high temperature treatment, longer exposure to such temperatures could induce
decomposition. Kroon et al. predicted the susceptibility of ILs to thermal degradation on the
basis of quantum chemical calculations. These authors stated that long-term thermal
stability depends on the cation type (imidazolium and phosphonium cations were found to
be the most stable), that the effect of alkyl chain length is not significant, and that highly
proton-abstracting anions (halides) are more susceptible, whereas poorly proton-abstracting
ones like bis[(trifluoromethyl)sulphonyl]amide are more resistant to high temperature
decomposition (Kroon et al., 2007). These conclusions are comparable with published
experimental data. The thermal degradation of some ILs is relatively easy, for example, that
of a water-HAN (80 wt. %, hydroxylammonium nitrate) mixture. The experiment was
performed using a dynamic reactor with mass spectrometry. The critical temperature had

www.intechopen.com



lonic Liquids: Methods of Degradation and Recovery 711

earlier been established as 120°C, but in this study a temperature of 200°C was used, at
which NO, NO;, N2O, Nz or O, were produced (Amariei et al.,, 2007). The thermal
decomposition behaviour of readily investigated imidazolium-based ILs was studied by
Ohtani et al. The thermal degradation products of 1-alkyl-3-methylimidazolium ILs (with
trifluoromethylsulphonate, hexafluorophosphate and tetrafluoroborate, chloride, or bromide
anions) were detected with Py-GC coupled to different analysers (FID, Nr-ECD, NPD, MS).
It was concluded that in the case of halides, the corresponding haloalkanes and 1-
alkylimidazoles were mainly formed, that from ILs containing the tetrafluoroborate anion,
the corresponding alkenes with smaller amounts of haloalkanes and 1-alkylimidazoles were
formed, that from 1-butyl-3-methylimidazolium trifluoromethylsulphonate, butene, 1-
methyl- and 1-butylimidazole, a few haloalkanes and CFzH and SO, were formed, that in
the case of the hexafluorophosphate anion, the products were similar to those obtained
from the tetrafluoroborate anion (additionally some phosphorus-containing compounds
were observed), and that the imidazole ring decomposed very little under the experimental
conditions at around 550°C (Ohtani et al., 2008).

The high-temperature decomposition of some ILs could be very dangerous. The problem
lies in the degradation products of, for example, cyano-containing ILs. Wooster et al.
examined the thermal degradation of different ILs with dicyanamide or tricyanomethide
anions using pyrolysis + GC-MS. They showed that under the influence of temperature
products were formed whose structure was strongly dependent on cation type. They found
that polymerization occurred in the case of cyano-containing anions and N-based cations (N-
butyl, N-methyl-pyrrolidinium, N-methyl, N-propyl-pyrrolidinium), whereas the presence
of the phosphonium cation (trihexyltetradecylphosphonium) led to complete decomposition
to volatile compounds (Wooster et al.,, 2006). All investigations involving the thermal
decomposition of ILs need to be supplemented by mass spectrometric analysis of the
degradation products in order to identify these products and to evaluate their toxicity. On
the other hand, if we take into consideration the matrix and the examples just mentioned,
thermal degradation does not appear to be a very suitable method for decomposing ILs
from wastewater.

There are rather few investigations covering the complete degradation of ILs, that is, both
cation and anion. Itakura et al. reported that a combination of two methods was needed to
achieve success. They investigated the combination of hydrothermal mineralization (HM)
and photocatalytic degradation (PD) to decompose 1-ethyl-3-methylimidazolium bromide
or hexafluorophosphate and 1-butyl-3-methylimidazolium tetrafluoroborate. As already
mentioned, PD did not decompose the anions to a sufficient extent. On the other hand,
hydrothermal treatment used on its own did not completely degrade the cations either.
Only the combination of both methods led to the detoxification of water contaminated by
the ILs being tested (Itakura et al., 2009).

4.3 Biological methods

The use of living organisms, especially microorganisms, for degrading ILs seems a natural
and obvious approach, one that appears at least potentially to be more friendly to the
environment. The results of primary biodegradation (using bacteria) studies using different
IL cations were very interesting. 27 ILs with different head groups (e.g. imidazolium,
pyridinium) and side chains were tested. LC-MS was used to identify the primary
biodegradation products. It was shown that the more toxic ILs with longer side-chains were
more susceptible to biodegradation. It was found that lipophilicity was the factor
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responsible for the increasing tendency towards toxicity and biodegradability, but
unfortunately it creates a conflict of interests in looking for biological degradable ILs (Stolte
et al. 2008). Markiewicz et al. showed that a level of 0.2mM 1-methyl-3-octylimidazolium
chloride is the terminal concentration threshold for primary biodegradation. Higher
concentrations led to sorption onto the sewage sludge flocs, although inhibition of cell
function as a consequence of decreased dehydrogenase activity was observed (Markiewicz
et al., 2009). This indicates that the toxicity of ILs towards activated-sludge microorganisms
should be taken into consideration. To predict this effect quantitative structure-property
relationship modelling could be helpful (Couling et al., 2006). Besides bacteria, fungi can
also be used for IL degradation. To this end, Esquivel-Viveros et al. tested Fusarium sp., and
demonstrated that 1-butyl-3-methylimidazolium hexafluorophosphate could be degraded
by these fungi. The results were obtained using a membrane-accelerated biofilm reactor as
well as tests on Petri dishes and in Erlenmeyer flasks (Esquivel-Viveros et al., 2009). Minimal
or zero degradation of 1-butyl-3-methylimidazolium-based ILs was confirmed by
Gathergood and co-workers ((Garcia et al., 2005; Gathergood et al., 2004; Gathergood et al.,
2006).

Comparative studies have also been carried out regarding the differences between the
biodegradabilities of various ILs. The biodegradability of ILs containing imidazolium and
pyridinium cations by an activated sludge microbial community were investigated by
Docherty et al. and Pham et al. (Docherty et al., 2007; Pham et al., 2007). They came to the
same conclusions, namely, that alkylpyridinium ILs are more rapidly biodegraded than
imidazolium ILs. It was also found that ILs with a pyridinium head group are less toxic
(Pham et al., 2007) and that the longer the alkyl chain, the faster the biodegradation
(Docherty et al., 2007). Only one of all the tested ILs - 3-methyl-1-octylpyridinium bromide -
fitted the criteria for DOC Die-Away, and could be designated as readily biodegradable
(Docherty et al., 2007). Excellent biodegradability is also shown by pyridinium cations
bearing an ester containing a substituent at positions 1 or 3 (Stolte et al., 2008).

From the toxicity point of view, the identification of products formed during biodegradation
is very important, because the toxic effect could interrupt the biodegradation process. For
this purpose, Pham et al. first studied the biodegradation pathway of 1-butyl-3-
methylpyridinium bromide, including the identification by LC-MS of the metabolites
formed. They found two pathways of degradation, one leading to 1-(2-hydroxybutyl)-3-
methylpyridinium and the other to 1-(2-hydroxyethyl)-3-methylpyridinium (Pham et al.,
2009). Unlike Pham et al., however, Docherty et al. found 1-butyl-3-methylpyridinium
bromide to be very poorly biodegradable: responsible for this was the different IL
concentration, another parameter to be taken into account when testing (Docherty et al.,
2007; Pham et al, 2009). Apart from imidazolium- and pyridinium-based ILs,
alkylammonium salts were also tested in the context of biodegradation in activated sludge.
The problem is that many quaternary ammonium salts possess biocidic properties.
Nishiyama et al. found the salt form of trimethylamine, dimethylamine and methylamine as
a result of biodegradation in the presence of activated sludge. They noticed that the
biochemical oxygen consumption needed for the degradation of alkylammonium salts with
long alkyl chains could reduce the antimicrobial activity. Despite this, however, the removal
of dissolved organic matter was almost complete (Nishiyama et al., 1995). The influence of
UV/H;0; peroxidation on the biodegradability of quaternary ammonium salts was also
tested. Adams et al. found this pretreatment to be very effective only in the case of
alkyldimethylbenzyl ammonium chlorides, whereas with dioctyldimethyl ammonium
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chloride there was no significant influence on biodegradability (Adams et al., 2000). It was
shown that perfluorinated IL ions were more susceptible to biodegradation than halides
(Gathergood & Scammells, 2002). Garcia et al. investigated the influence of imidazolium-
based IL anions on their biodegradation. They found that the octyl sulphate anion was
better biodegradable than hexafluorophosphate, bromide, tetrafluoroborate, and
bis[(trifluoromethyl)sulphonyllamide (Garcia et al., 2005). This was in agreement with the
results of Gathergood et al. (Gathergood et al., 2006) but contradicted the results obtained in
the same research group by Hartjani et al. These authors tested pyridinium ILs and did not
find any significant influence of the octyl sulphate anion on IL biodegradability (Hartjani et
al., 2008). It could be concluded that the anion on its own influences the biodegradability of
ILs to a minimal degree, but if combined with some other cations may alter the
susceptibility to biodegradation (Stolte et al., 2010). The results of comprehensive IL
biodegradability studies are collated in several valuable papers and reviews (Gathergood et
al., 2004; Garcia et al., 2005; Gathergood et al., 2006; Coleman & Gathergood, 2010; Stolte et
al., 2010).

5. The fate and degradation of ILs in the environment

So far, the majority of ILs have been used in research laboratories, but before long they are
going to be utilized in industry. Because of their potential toxicity, their behaviour and
possibility to degradation in the environment are very important factors in risk assessments
concerning their introduction as new industrial chemicals on to the market. Non-volatile ILs
will inevitably pollute the soil, sediments and ground waters as a result of accidental spills,
leaching of landfill sites or via effluents. Therefore, the sorption, biodegradability and
(eco)toxicity of ILs play a very important role in their environmental fate.

Sorption has a critical effect on the transport, reactivity and bioavailability of organic
compounds in the environment. Up till now, sorption studies have focused mainly on
imidazolium-based salts. Several experiments have examined sorption to a variety of soils
and sediments, indicating that these compounds are relatively strongly adsorbed (Matzke et
al., 2009; Mrozik et al., 2009; Stepnowski, 2005; Stepnowski et al., 2007). The sorption ability
and mobility of ILs in soil have been investigated in two ways: by batch testing or column
leaching experiments. Using batch tests, the interactions of ILs involved in sorption, the
strength of these interactions and the sorption capacity were studied on selected soils. The
column leaching experiments investigated both the sorption and transport of ILs (Studziriski
et al., 2009). All the studies confirmed that the sorption mechanism is a combination of
electrostatic interaction and physical sorption. However, the major type of interaction
between soil and ILs is electrostatic. The highly negatively charged moieties on the surfaces
of particles, e.g. of clay minerals, or on ionized carboxylic functional groups in biomolecules,
are able to interact with the positively charged head group of ILs. However, van der Waals
forces also play a significant role in sorption process. The content of clay, and to a small
extent that of organic matter, elevates the sorption capacity of ILs in soil (Matzke et al., 2009;
Stepnowski et al., 2007).

Lipophilicity and the side chain length of ILs are the main factors determining the rate of
their transport through the soil matrix. Elongating the alkyl chain increases affinity for soil
or sediment. Further, double layer sorption has been observed in the more hydrophobic,
long-chain ILs. In contrast, the presence of a hydroxyl group in the alkyl chain causes the
sorption ability of these ILs to be relatively poor (Mrozik et al., 2009).
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Desorption of ILs is inversely correlated with sorption strength: strongly bound long-chain
ILs are desorbed to a lesser extent than short-chain ones (Matzke et al., 2009; Stepnowski et
al., 2007). This means that the transport of ILs in the environment will be strongly related to
their hydrophilicity. Hydrophobic ILs in aquatic systems will be attenuated by sediments. In
contrast, more mobile, hydrophilic contaminants released into the environment are likely to
enter aquatic ecosystems. However, the anions present in the aqueous phase, with which
certain cations form ion pairs, also affect phase transfer (Matzke et al., 2009; Stepnowski et
al., 2007).

The presence of ILs in ground water will have an influence on living organisms, from
bacteria to human beings. Therefore, the tests that investigate IL toxicity towards
microorganisms, cells and animals, as well as their inhibitory effects upon enzymes, are of
particular interest. IL toxicity towards aquatic organisms - Lemna minor (Larson et al., 2008),
algae (Latala et al., 2005), the fresh water crustacean Daphnia magna (Bernot et al., 2005a), the
fresh water snail Physa acuta (Bernot et al., 2005b), the zebra fish Danio rerio (Pretti et al.,
2006) and the reef sponge (Kelman et al., 2001) - are discussed in detail by Pharm et al.
(Pham et al., 2010). The results suggest that toxicity is correlated with the hydrophobicity of
pyridinium-, imidazolium- and quaternary ammonium-based ILs. Moreover, pyridinium
and imidazolium cations containing nitrogen-bearing rings are more toxic than quaternary
ammonium cations (Couling et al., 2006).

The toxic effects of ILs on microorganisms in particular would limit their biodegradability.
Studies analysing the biodegradability of ILs were reviewed in the previous chapter
(Coleman & Gathergood, 2010; Gathergood et al., 2004; Gathergood et al., 2006; Garcia et al.,
2005; Romero et al., 2008; Stolte et al., 2008).

Imidazolium-based ILs can also be partially degraded in aerobic aqueous solution
inoculated with soil-bacteria (Kumar et al., 2006). Analysed by GC-MS, the breakdown
products found after the 12-day degradation of 1-butyl-3-methylimidazolium
tetrafluoroborate, degradation were m/z=97 and m/z=124.

The poor biodegradability and (eco)toxicity of some ILs are reasons why we should prevent
leakages of ILs to the environment by searching for effective means of removing and
recovering them from wastewater and minimizing their presence in waste streams.

6. Conclusion

ILs are a very promising class of organic solvent, potentially useful in many different areas
of the chemical industry. However, in view of their toxicity and poor biodegradability, they
have so far played a marginal role in commercial technologies. We therefore need to look for
such a technology using ILs that fulfils the criteria for a sustainable process. One of the aims
of sustainable processes is the minimization of waste - in the case of ILs, this can be
achieved by regenerating and recycling them after having been used in various processes,
operations that extend their whole life cycle. More attention must therefore be paid to the
recovery of ILs from wastewaters. Investigations should focus on searching for quick,
simple, cost acceptable and effective methods. At the same time, there should be progress in
wastewater treatment: advanced oxidative processes appear promising in this respect.
However, oxidation studies have been carried out only with aqueous solutions of ILs, which
are a much simpler matrix than an industrial effluent. In addition, more information on the
transformation pathways during chemical, photochemical, electrochemical and biochemical
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degradation processes is needed. The biodegradability and toxicity of the post-oxidation
products of ILs are still unknown.

Regardless of the application, method of recovery and restoration of ILs, to the system, some
of these compounds will sooner or later get into the environment as a result of uncontrolled
leakage. The discharge of ILs into environment may cause soil and groundwater
contamination. Therefore, the risk to human health and living organisms should be
precisely assessed before ILs are used by industry. The growing number of studies of the
biodegradability and (eco)toxicity of ILs indicates that they will probably be the first class of
chemicals to have been thoroughly investigated from the ecological point of view prior to
their application on an industrial scale. The study of the fate and behaviour of chemicals
used by industry should be a basic criterion of environmental friendly processes.
Additionally, this knowledge and the possibility of designing IL properties by changing the
cation and/or anion, makes it possible to select less toxic and more biodegradable ILs for
application.

7. Acknowledgments

Financial support was provided by Polish Ministry of Research and Higher Education under
grant N N523 42 3737, BW 8270-5-0465-0, DS 8270-4-0093-10.

8. References

Adams, C.D. & Kuzhikannil, J.J. (2000). Effects of UV/HO, preoxidation on the aerobic
biodegradability of quaternary amine surfactants. Wat. Res., 34, 668-672, ISSN 0043-
1354

Amariei, D.; Courthéoux, L.; Rossignol, S. & Kappenstein, C. (2007). Catalytic and thermal
decomposition of ionic liquid monopropellants using a dynamic reactor.
Comparison of powder and sphere-shaped catalysts. Chem. Eng. Process., 40, 165-
174, ISSN 0255-2701

Anouti, M.; Jones, J., Jacquemin, J.; Caillon-Caravanier, M. & Lemordant, D. (2009).
Aggregation behavior in water of new imidazolium and pyridinium
alkylcarboxylates protic ionic liquids. J. Coll. Inter. Scie., 340, 104-111, ISSN 0021-
9797

Barnes, A.S.; Rogers, E.L; Streeter, I.; Aldous, L.; Hardacre, Ch.; Wildgoose, G.G.; Compton,
R.G. (2008). Unusual voltammetry of the reduction of O, in [Cidmim][N(Tf);]
reveals a strong interaction of O,¢- with the [Cydmim]* cation. . Phys. Chem. C, 112,
13709-13715, ISSN 1932-7447

Bailey, M.M.; Townsend, M.B.; Jernigan, P.L.; Sturdivant, J.; Hough-Troutman, W.L.; Rasco,
J.F.; Swatloski, R.P.; Rogers R.D. & Hood R.D. (2008). Developmental toxicity
assessment of the ionic liquid 1-butyl-3-methylimidazolium chloride in CD-1 mice.
Green Chem., 10, 1213-1217, ISSN 1463-9262

Beaulieu, ].J.; Tank, J.L. & Kopacz, M. (2008). Sorption of imidazolium-based ionic liquids to
aquatic sediments. Chemosphere, 70, 1320-1328, ISSN 0045-6535

Bernot, R.J.; Brueseke, M.A.; Evans-White, M.A. & Lamberti, G.A. (2005a). Acute and
chronic toxicity of imidazolium-based ionic liquids on Daphnia magna. Environ.
Toxicol. Chem., 24, 87-92, ISSN 0730-7268

www.intechopen.com



716 lonic Liquids: Theory, Properties, New Approaches

Bernot, R.J.; Kennedy, E.E. & Lamberti, G.A. (2005b). Effects of ionic liquids on the survival,
movement, and feeding behavior of the freshwater snail, Physa acuta. Environ.
Toxicol. Chem., 24, 1759-1765, ISSN 0730-7268

Birdwell, ].F.; McFarlane, J.; Hunt, R.D.; Luo, H. & DePaoli, D.W. (2006). Separation of ionic
liquid dispersions in centrifugal solvent extraction contactors. Sep. Sci. Technol., 41,
2205-2223, ISSN 0149-6395

Bridges, N.J.; Gutowski, K.E. & Rogers, R.D. (2007). Investig contemporaneouslyation of
aqueous biphasic systems formed from solutions of chaotropic salts with
kosmotropic salts (salt-salt ABS). Green Chem., 9, 177-183, ISSN 1463-9262

Buszewski, B. & Studzifiska, S. (2008). A Review of ionic liquids in chromatographic and
electromigration techniques. Chromatographia, 68, 1-10, ISSN 0009-5893

Coleman, D. & Gathergood N.(2010). Biodegradation studies of ionic liquids. Chem. Soc.
Rev., 39, 600-637, ISSN 0306-0012

Couling, D.J.; Bernot, R.J.; Docherty, K.M.; Dixon, J.K. & Maginn, E.J. (2006). Assessing the
factors responsible for ionic liquid toxicity to aquatic organisms via quantitative
structure-property relationship modeling. Green Chem., 8, 82-90, ISSN 1463-9262

Czerwicka, M.; Stolte, S.; Miiller, A.; Siedlecka, E.M.; Gotebiowski, M.; Kumirska, J. &
Stepnowski, P. (2009). Identification of ionic liquid breakdown products in an
advanced oxidation system. |. Hazard. Mater., 171, 478-483, ISSN 0304-3894

Damiano, T.; Morton, D. & Nelson, A. (2007). Photochemical transformation of pyridinium
salts: mechanistic studies and applications in synthesis. Org. Biomol. Chem., 5, 2735-
2752, ISSN 1477-0520

Docherty, K.; Hebbeler, S.Z. & Kulpa Jr.,, C.F. (2006). An assessment of ionic liquid
mutagenicity using the Ames Test. Green Chem., 8, 560-567, ISSN 1463-9262

Docherty, K.M.; Dixon, J.K. & Kulpa Jr, C.F. (2007). Biodagradability of imidazolium and
pyridinium ionic liquids by an activated sludge microbial community.
Biodegradation, 18, 481-493, ISSN 0923-9820,

Dupont, J.; de Souza, R.F. & Suarez, P.A.Z. (2002). Ionic liquid (molten salt) phase
organometallic catalysis. Chem.Rev., 102, 3667-3692, ISSN 0009-2665

Esquivel-Viveros, A. Ponce-Vargas, F.; Esponda-Aguilar, P.; Prado-Barragan, L.A.;
Gutiérrez-Rojas, M.; Lye, G.J. & Huerta-Ochoa, S. (2009). Biodegradation of
[bmim][PF¢] using Fusarium sp. Revista Mexicana de Ingenieria Quimica, 8, 163-168,
ISSN 1665-2738

European Union (2008). Directive 2008/98/EC of the European Parliament and of the
Council of 19 November 2008 on waste and repealing certain Directives. Official
Journal of the European Communities, 51(L312), 3-30

Fernandez, J.F.; Chilyumova, E.; Waterkamp, D. & Thoming, J. (2008). Ionic liquid recovery
from aqueous solutions by cross-flow nanofiltration. Proc. 10t World Filtration
Congress, Vol. 11,. 528-532.

Fernandez, J.F., Neumann, J. & Thoming; J. (2010). Regeneration, Recovery and Removal of
Ionic Liquids, Curr. Org. Chem - in press, ISSN 1385-2728

Freire, M.G.; Santos, LM.N.B.F.; Fernandez A.M.; Coutinho, J.A.P. & Marrecho, I.M. (2007).
An overview of the mutual solubility of water-imidazolium-based ionic liquids
systems. Fluid Phase Equilibr., 261, 449-454, ISSN 0378-3812

www.intechopen.com



lonic Liquids: Methods of Degradation and Recovery 717

Freire, M.G.; Ventura, S.P.M.; Santos, L.M.N.B.F.; Marrucho, .M. & Coutinho, J.A.P.(2008).
Evaluation of COSMO-RS for the prediction of LLE and VLE of water and ionic
liquids binary systems. Fluid Phase Equilibr., 268, 74-84, ISSN 0378-3812

Galiniski, M.; Lewandowski, A. & Stepniak, I. (2006). Ionic liquids as electrolytes. Electrochim.
Acta, 5567-5580, ISSN 0013-4686

Garcia, M.T.; Gathergood, N. & Scammells, P.J. (2005). Biodegradable ionic liquids: Part II.
Effect of the anion and toxicology. Green Chem., 7, 9-14, ISSN: 1463-9262

Gathergood, N. & Scammells, P.J. (2002). Design and Preparation of Room-Temperature
Ionic Liquids Containing Biodegradable Side Chains. Aust. |. Chem., 55, 9, 557-560,
ISSN 0004-9425

Gathergood, N.; Garcia, M.T. & Scammells, P.J. (2004). Biodegradable ionic liquids: Part I.
Concept, preliminary tergets and evaluation. Green Chem., 6, 166-175, ISSN 1463-
9262

Gathergood, N.; Scammells, P.J. & Garcia, M.T. (2006). Biodegradable ionic liquids: Part III.
The first readily biodegradable ionic liquids. Green Chem., 8, 156-160, ISSN 1463-
9262

Gutowski, K.E.; Broker, G.A.; Willauer, H.D.; Huddleston, ]J.G.; Swatloski, R.P.; Holbrey, J.D.
& Rogers, R.D. (2003). Controlling the aqueous miscibility of ionic liquids: aqueous
biphasic systems of water-miscible ionic liquids and water-structuring salts for
recycle, metathesis, and separations. J. Am. Chem. Soc., 125, 6632-6633, ISSN 0002-
7863

Harjani, J.R.; Singer, R.D.; Garcia, M.T. & Scammels, P.J. (2008). The design and synthesis of
biodegradable pyridinium ionic liquids. Green Chem., 10, 436-438, ISSN: 1463-9262

Hayashi, S. & Hamaguchi, H. (2004). Discovery of a magnetic ionic liquid [bmim]FeCl,.
Chem. Lett., 33, 1590-1591, ISSN 0366-7022

Hoigne, J. (1989). Chemistry of aqueous ozone and transformation of pollutants by
ozonation and advanced oxidation processes. In: Hrubec,]. (Ed.), The Handbook of
Environmental Chemistry. Springer-Verlag, Berlin Heidelberg, 83-141, ISBN 1867-
979X

Islam, M.M. & Ohsako, T. (2008). Roles of ion pairing on electroreduction of dioxygen in
imidazolium-cation-based room-temperature ionic liquid. J. Phys. Chem. C, 112,
1269-1275, ISSN 1932-7447

Itakura, T.; Hirata, K.; Aoki, M.; Sasai, R.; Yoshida, H. & Itoh, H. (2009). Decomposition and
removal of ionic liquid in aqueous solution by hydroyhermal and photocatalytic
treatment. Environ. Chem. Lett., 7, 343-345, ISSN 1610-3653

Jungnickel, Ch.; Luczak ].; Ranke J.; Fernandez J.F.; Miiller A. & Thoming J. (2008). Micelle
formation of imidazolium ionic liquids in aqueous solution Colloid Surface A, 316,
278-284 ISSN 0927-7757

Katoh, R. & Takahasi, K. (2009). Photo-degradation of imidazolium ionic liquids. Radiat.
Phys. Chem., 78, 1126-1128, ISSN 0969-806X

Kelman, D.; Kashman, Y.; Rosenberg, E.; Ilan, M.; Ifrach, I. & Loya, Y. (2001). Antimicrobial
activity of the reef sponge Amphimedon viridis from the Red Sea: evidence for
selective toxicity. Aquat. Microb. Ecol., 24, 9-16, ISSN 0948-3055

www.intechopen.com



718 lonic Liquids: Theory, Properties, New Approaches

Krockel, J. & Kragl, U. (2003). Nanofiltration for the separation of non-volatile products from
solutions containing ionic liquids. Chem. Eng. Technol., 26, 1166-1168, ISSN 0930-
7516

Kroon, M.C.; Buij, W.; Peters, C.J. & Witkamp, G.]J. (2006). Decomposition of ionic liquids in
electrochemical processing. Green Chem., 8, 241-245, ISSN 1463-9262

Kroon, M.C.; Buijs, W.; Peters, C.J. & Witkamp, G.-J. (2007). Quantum chemical aided
prediction of the thermal decomposition mechanisms and temperatures of ionic
liquids. Thermochim. Acta, 465, 40-47, ISSN 0040-6031

Kumar, S.; Ruth, W.; Sprenger, B. & Kragl, U. (2006). On the biodegradation of ionic liquid
1-butyl-3-methylimidazolium tetrafluoroborate. Chim. Oggi, 24, 24-26 ISSN 0392-
839X

Larson, J.H.; Frost, P.C. & Lamberti, G.A. (2008). Variable toxicity of ionic liquid-forming
chemicals to Lemna minor and the influence of dissolved organic matter. Environ.
Toxicol. Chem., 27, 676-681, ISSN 0730-7268

Latata, A.; Stepnowski, P.; Nedzi, M. & Mrozik, W. (2005). Marine toxicity assessment of
imidazolium ionic liquids: acute effects on the Baltic algae Oocystis submarina and
Cyclotella meneghiniana. Aqua. Toxicol., 73, 91-98, ISSN 0166-445X

Latata, A.; Nedzi M. & Stepnowski P. (2009a). Toxicity of imidazolium and pyridinium
based ionic liquids towards algae. Bacillaria paxillifer (a microphytobenthic diatom)
and Phormidium amphibium (a cyanobacterium). Green Chem., 11, 1371-1376, ISSN
1463-9262

Latata, A.; Nedzi, M. & Stepnowski, P. (2009b). Toxicity of imidazolium and pyridinium
based ionic liquids towards algae. Chlorella wvulgaris, Oocystis submarina
(phytoplankton green algae) and Cyclotella meneghiniana, Skeletonema marinoi
(diatoms). Green Chem., 11, 580-588, ISSN 1463-9262

Latata, A.; Nedzi, M. & Stepnowski, P. (2010). Toxicity of imidazolium ionic liquids towards
algae. Influence of salinity variations. Green Chem., 12, 60-64, ISSN 1463-9262

Lee, SH.; Ha, SH,; You, CY. & Koo, Y.M. (2007). Recovery of magnetic ionic liquid
[bmim]FeCl4 using electromagnet. Korean J. Chem. Eng., 24, 436-437, ISSN 0256-1115

Li, X; Zhao, J.; Li, Q; Wang, L. & Tsang, S.C. (2007). Ultrasonic chemical oxidative
degradation of 1,3-dialkylimidazolium ionic liquids and their mechanistic
elucidation. Dalton Trans., 19, 1875-1880, ISSN 1477-9226

Liu, Y.; Zhang, S.; Yuang, J.; Shi, L. & Zheng, L. (2010). Dispersion of multiwalled carbon
nanotubes by ionic liquid-type Gemini imidazolium surfactants in aquous solution.
Colloids and Surfaces A: Physicichem. Eng. Aspects 359, 66-70, ISSN: 0927-7757

tuczak J., Hupka J., Thoming J., Jungnickel, Ch., (2008). Self-organization of imidazolium
ionic liquids in aqueous solution, Colloids Surface A:, 329, 125-133, ISSN 0927-7757

tuczak, J., Jungnickel, Ch.; Joskowska M., Thoming J., Hupka J. (2009). Thermodynamics of
micellization of imidazolium ionic liquids in aqueous solutions. Journal of Colloid
and Interface Science, 336, 111-116, ISSN 0021-9797

Markiewicz, M.; Jungnickel, C.; Markowska, A.; Szczepaniak, U.; Paszkiewicz, M. & Hupka,
J. (2009). 1-Methyl-3-octylimidazolium Chloride-Sorption and Primary
Biodegradation Analysis In Activated Sewage Sludge. Molecules, 14, 4396-4405,
ISSN 1420-3049

www.intechopen.com



lonic Liquids: Methods of Degradation and Recovery 719

Mathews, C.J.; Smith, P.J.; Welton & T. Palladium (2000). Catalysed Suzuki cross-coupling
reactions in ambient temperature ionic liquids. Chem. Commun., 14, 1249-1250, ISSN
1359-7345

Matzke, M.; Thiele, K. Miller, A. & Filser, J. (2009). Sorption and desorption of
imidazolium based ionic liquids in different soil types. Chemosphere, 74 ,568-574,
ISSN 0045-6535

McFarlane, J.; Ridenour, W.B.; Luo, H,; Hunt, R.D. & DePaoli, D.W. (2005). Room
temperature ionic liquids for separating organics from produced water. Sep. Sci.
Technol., 40,1245-1265, ISSN 0149-6395

Minami, I. (2009). Ionic liquids in tribology. Molecules, 14, 2286-2305, ISSN: 1420-3049

Morawski, AW.; Janus, M., Goc-Maciejewska, I, Syguda, A. & Pernak, ]. (2005).
Decomposition of Ionic Liquids by Photocatalysis. Polish ]. Chem., 79, 1929-1935,
ISSN 0137-5083

Mrozik, W.; Jungnickel, Ch.; Skup, M.; Urbaszek, P. & Stepnowski, P. (2008a). Determination
of the adsorption mechanism of imidazolium-type ionic liquids onto kaolinite:
implications for their fate and transport in the soil environment. Environ Chem., 5,
299-306, ISSN 1448-2517

Mrozik, W.; Nichthauser, J. & Stepnowski, P. (2008b). Prediction of the adsorption
coefficients for imidazolium ionic liquids in soils using cyanopropyl stationary
phase. Pol. |. Environ. Stud., 17, 383-388, ISSN 1230-1485

Mrozik, W.; Jungnickel, Ch.; Ciborowski, T.; Pitner, W.R.; Kumirska, J.; Kaczynski, Z. &
Stepnowski, P. (2009). Predicting mobility of alkylimidazolium ionic liquids in
soils. |. Soils Sediments, 9, 237-245, ISSN 1439-0108

Nishiyama, N.; Toshima, Y. & Ikeda, Y. (1995). Biodegradation of alkyltrimethylammonium
salts in activated sludge. Chemosphere, 30, 593-603, ISSN 0045-6535,

Ohtani, H.; Ishimura, S.; & Kumai, M. (2008). Thermal decomposition behaviors of
imidazolium-type ionic liquids studied by pyrolysis-gas chromatography. Anal.
Sci., 24, 1335-1340, ISSN 0910-6340

Oxley, ].D.; Prozorow, T. & Suslick, K.S. (2003). Sonochemistry and Sonoluminescence of
Room-Temperature lonic Liquids. J. Am. Chem. Soc., 125, 37, 11138-11139, ISSN
0002-7863

Palomar, J.; Lemus, J.; Gilarranz, M.A. & Rodriquez, J.J. (2009). Adsorption of ionic liquids
from aqueous effluents by activated carbon. Carbon, 47, 1846-1856, ISSN: 0008-6223

Pernak, J.; Sobaszkiewicz, K. & Mirska, I. (2003). Anti-microbial activities of ionic liquids.
Green Chem., 5, 52-56, ISSN 1463-9262

Pernak, J. & Branicka, M. (2004). Synthesis and aqueous ozonation of some pyridinium salts
with alkoxymethyl and alkyltiomethyl hydrophobic groups. Ind. Eng. Chem. Res.,
43, 1966-1974, ISSN 0888-5885

Pham, T. P. T,; Cho, C.-W. & Yun, Y.-S. (2007). Ecotoxicological Effects and Biodegradability
of Ionic Liquids Associated with Imidazolium and Pyridinium Cations. Applied
Chemistry, 11, 105-108

Pham, T. P. T; Cho, C.-W.; Jeon, C.-O.; Chung, Y.-J.; Lee, M.-W. & Yun, Y.-S. (2009).
Identification of Metabolites Involved in the Biodegradation of the Ionic Liquid 1-

www.intechopen.com



720 lonic Liquids: Theory, Properties, New Approaches

Butyl-3-methylpyridinium Bromide by Activated Sludge Microorganisms. Environ.
Sci. Technol., 43, 516-521, ISSN 0013-936X

Pham, T. P. T.; Cho, Ch.-W.; Yun, Y.-S. (2010). Environmental fate and toxicity of ionic
liquids: A review. Wat. Res., 44, 352-372, ISSN 0043-135

Pretti, C.; Chiappe, C.; Pieraccini, D.; Gregori, M.; Abramo, F.; Monni, G. & Intorre, L.
(2006). Acute toxicity of ionic liquids to the zebrafish (Danio rerio). Green Chem., 8,
238-240, ISSN 1463-9262

Ranke, J.; Molter, K.; Stock, F.; Bottin-Weber, U.; Poczobutt, J.; Hoffmann, J.; Ondruschka, B.;
Filser, J. & Jastorff, B. (2003). Biological effects of imidazolium ionic liquids in acute
(Vibrio fischeri) and WST1 cell viability assays. Ecotox. Environ. Safety, 28, 396-404,
ISSN 0147-6513

Rickert, P. G.; Stepinski, D. C.; Rausch, D. J.; Bergeron, R. M.; Jakab, S. & Dietz, M.L. (2007).
Solute-induced dissolution of hydrophobic ionic liquids in water. Talanta, 72, 315-
320, ISSN 0039-9140

Romero, A.; Santos, A.; Tojo, J. & Rodri’guez, A. (2008). Toxicity and biodegradability of
imidazolium ionic liquids. ]. Hazard. Mater., 151, 268-273, ISSN 0304-3894

Siedlecka, E.M.; Gotebiowski, M.; Kumirska, J. & Stepnowski, P. (2008a). Identification of 1-
butyl-3-methylimidazolium chloride degradation products formed in Fe(III) / H202
oxidation system. Chem. Anal. (Warsaw), 53, 943-951, ISSN 0009-2223

Siedlecka, E.M.; Mrozik, W.; Kaczynski, Z. & Stepnowski, P. (2008b). Degradation of 1-butyl-
3-methylimidazolium chloride ionic liquid in a Fenton-like system. |. Hazard.
Mater., 154, 893-900, ISSN 0304-3894

Siedlecka, E.M.; Gotebiowski, M.; Kaczynski, Z.; Czupryniak, J.; Ossowski, T. & Stepnowski,
P. (2009). Degradation of ionic liquids by Fenton reaction; the effect of anions as
counter and background ions. Appl. Cat. B: Environmental, 91, 573-579, ISSN 0926-
3373

Siedlecka, E.M. & Stepnowski, P. (2009). The effect of alkyl chain length on the degradation
of alkylimidazolium- and pyridinium-type ionic liquids in a Fenton-like system.
Environ. Sci. Pollut. Res., 16, 453-458, ISSN 0944-1344

Siedlecka, E.M.; Czerwicka, M.; Stolte, S.; Stepnowski, P.; (2010). Stability of Ionic Liquids in
Application Conditions. Curr. Org. Chem - in press, ISSN: 1385-2728

Siriex-Plener, J.; Gaillon, L. & Letellier, P. (2004). Behaviour of a binary solvent mixture
constituted by the amphiphilic ionic liquid 1-decyl-3-methylimidazolium bromide
and water. Potentiometric and conductiometric studies. Talanta, 63, 979- 986, ISSN
0039-9140

Sktadanowski, A.C.; Stepnowski, P.; Kleszczyniski, K. & Dmochowska, B. (2005). AMP
deaminase in vitro inhibition by xenobiotics. A potential molecular method for risk
assessment of synthetic nitro- and polycyclic musks, imidazolium ionic liquids and
N-glucopyranosyl ammonium salts. Environ. Toxicol. Pharmacol., 19, 291-296,
ISSN:1382-6689

Stasiewicz, M.; Mulkiewicz, E.; Tomczak-Wandzel, R.; Kurmirska, J.; Siedlecka, E.M.;
Golebiowski, M.; Gajdus, J.; Czerwicka, M. & Stepnowski, P. (2008). Assessing
toxicity and biodegradation of novel, environmentally benign ionic liquids (1-

www.intechopen.com



lonic Liquids: Methods of Degradation and Recovery 721

alkoxymethyl-3-hydroxypyridinium chloride, saccharine and acesulfamates) on
cellular and molecular level. Ecotox. Environ. Saf., 71, 157-165, ISSN 0147-6513

Stepnowski, P.; Skladanowski, A.C.; Ludwiczak, A. & Laczynska, E. (2004). Evaluating the
Cytotoxicity of Ionic Liquids Using Human Cell Line HeLa. Human Exp. Toxicol., 23,
513-517, ISSN 0960-3271

Stepnowski, P. & Zaleska, A.(2005). Comparison of different advanced oxidation processes
for degradation of room temperature ionic liquids. Photochem. Photobiol., 170, 45-50,
ISSN 0031-8655

Stepnowski, P. (2005). Preliminary assessment of the sorption of some alkyl imidazolium
cations as used in ionic liquids to soils and sediments. Aust. ]. Chem., 58, 170-173,
ISSN: 0004-9425

Stepnowski, P.; Mrozik, W. & Nichthauser, J. (2007). Adsorption of alkylimidazolium and
alkylpyridinium ionic liquids onto natural soils. Environ. Sci. Technol., 41, 511-516,
ISSN 0013-936X

Stock, F.; Hoffman, J.; Ranke, J.; Stormann, R.; Ondruschka, B. & Jastorff, B. (2005). Effects of
ionic liquids on the acetylcholinesterase - a structure-activity relationship
consideration. Green Chem., 6, 286-290, ISSN 1463-9262

Stolte, S.; Abdulkarim, S.; Arning, J.; Blomeyer-Nienstedt, A.-K.; Bottin-Weber,U.; Matzke,
M.; Ranke, J.; Jastorff, B. & Thoming, J. (2008). Primary biodegradation of ionic
liquid cations, identification of degradation products of 1-methyl-3-
octylimidazoliumchloride and electrochemical wastewater treatment of poorly
biodegradable compounds. Green Chem., 10, 214-224, ISSN 1463-9262

Stolte, S.; Steudte, S.; Igartua, A. & Stepnowski, P. (2010). The biodegradation of ionic liquids
- the view from a chemical structure perspective. Curr. Org. Chem. - in press, ISSN
1385-2728

Studziniska, S.; Kowalkowski, T. & Buszewski, B. (2009). Study of ionic liquid cations
transport in soil. |. Hazard. Mater., 168, 1542-1547, ISSN 0304-3894

Swatloski, R.P.; Holbrey, J.D. & Rogers, R.D. (2003). Ionic liquids are not always green:
hydrolysis of 1-butyl-3-methylimidazolium hexafluorophosphate. Green Chem., 5,
361-363, ISSN 1463-9262

Swatloski, R.P.; Holbrey, J.D.; Memon, S.B.; Caldwell, G.A.; Caldwell, K.A. & Rogers, R.D.
(2004). Using  Caenorhabditis elegans to probe toxicity of 1-alkyl-3-
methylimidazolium chloride based ionic liquids. Chem. Commun., 6, 668-669.

Uerdingen, M.; Treber, C.; Balser, M.; Schmitt, G. & Werner, Ch. (2005). Corrosion behavior
of ionic liquids. Green Chem., 7, 321-325, ISSN 1463-9262

Vijayaraghavan, K.; Pham, T.P.T.; Cho, C.-W.; Won, S.W.; Choi, S. B.; Mao, J.; Kim, S.; Kim,
Y.-R.; Chung, BW. & Yun, Y.-5. (2009). An assessment on the interaction of a
hydrophilic ionic liquid with different sorbents. Ind. Eng. Chem. Res., 48, 7283-7288,
ISSN 0888-5885

Walling, C. (1975). Fenton's reagent revisited. Acc. Chem. Res., 8, 125-131, ISSN 0001-4842

Wassescheid P. & Welta T. (2003). Some liquids in synthesis, Wiley-VCH, Weinheim

Welton, T. (1999). Room temperature ionic liquids. Solvents for synthesis and catalysis.
Chem.Rev., 99, 2071-2083, ISSN 0009-2665

www.intechopen.com



722 lonic Liquids: Theory, Properties, New Approaches

Wooster, T.J.; Johanson, K.M.; Fraser, K.J.; MacFarlane, D.R. & Scott, J.L. (2006). Thermal
degradation of cyano containing ionic liquids. Green Chem., 8, 691-696, ISSN 1463-
9262

Wu, B.; Zhang, Y.M. & Wang, H.P. (2009). Non-equilibrium thermodynamic analysis of
transport properties in the nanofiltration of ionic liquid-water solutions. Molecules,
14, 1781-1788, ISSN 1420-3049

www.intechopen.com



lonic Liquids: Theory, Properties, New Approaches
Edited by Prof. Alexander Kokorin

ISBN 978-953-307-349-1

Hard cover, 738 pages

Publisher InTech

Published online 28, February, 2011
Published in print edition February, 2011

lonic Liquids (ILs) are one of the most interesting and rapidly developing areas of modern physical chemistry,
technologies and engineering. This book, consisting of 29 chapters gathered in 4 sections, reviews in detail
and compiles information about some important physical-chemical properties of ILs and new practical
approaches. This is the first book of a series of forthcoming publications on this field by this publisher. The first
volume covers some aspects of synthesis, isolation, production, modification, the analysis methods and
modeling to reveal the structures and properties of some room temperature ILs, as well as their new possible
applications. The book will be of help to chemists, physicists, biologists, technologists and other experts in a
variety of disciplines, both academic and industrial, as well as to students and PhD students. It may help to
promote the progress in ILs development also.

How to reference
In order to correctly reference this scholarly work, feel free to copy and paste the following:

E.M. Siedlecka, M. Czerwicka, J.Neumann, P. Stepnowski, J.F Fernandez and J. Thdming (2011). lonic
Liquids: Methods of Degradation and Recovery, lonic Liquids: Theory, Properties, New Approaches, Prof.
Alexander Kokorin (Ed.), ISBN: 978-953-307-349-1, InTech, Available from:
http://www.intechopen.com/books/ionic-liquids-theory-properties-new-approaches/ionic-liquids-methods-of-
degradation-and-recovery

INTECH

open science | open minds

InTech Europe InTech China

University Campus STeP Ri Unit 405, Office Block, Hotel Equatorial Shanghai

Slavka Krautzeka 83/A No.65, Yan An Road (West), Shanghai, 200040, China

51000 Rijeka, Croatia FE EBHIERFEK6SS iEEPrRE ARG DA E4058TT
Phone: +385 (51) 770 447 Phone: +86-21-62489820

Fax: +385 (51) 686 166 Fax: +86-21-62489821

www.intechopen.com



© 2011 The Author(s). Licensee IntechOpen. This chapter is distributed
under the terms of the Creative Commons Attribution-NonCommercial-
ShareAlike-3.0 License, which permits use, distribution and reproduction for
non-commercial purposes, provided the original is properly cited and

derivative works building on this content are distributed under the same
license.




