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Summary 

The degradation of conventional lubricants has been extensively studied and it is known to be 

promoted by thermo-oxidative stress. On the other hand, the long-term stability of ionic 

liquids (ILs) as potential novel lubricants is scarcely investigated. Thus, the main aim of the 

thesis was to investigate how the IL stability is affected by common effects that can be 

expected in a tribosystem, such as temperature, air, water and presence of metals. 

Additionally, performance of selected ILs connected with surface interactions was evaluated 

by obtaining the information on their tribological behavior in the system concerned – such as 

friction coefficient, wear volume, surface tribo-film – and on corrosion. Within the scope of 

the presented work, IL environmental acceptability was assessed by means of selected ILs 

toxicity and biodegradability studies as ILs attempted to be used as lubricants have to fulfill 

REACH legislative requirements. 

The studied IL representatives were based on quaternary ammonium cations with and without 

side chain functionalization by incorporating polar oxygen containing groups. The IL counter 

anions were based on non-halogenated hydrophilic and halogenated hydrophobic moieties. In 

order to gain information about IL long-term stability under selected conditions, short-term 

laboratory experiments utilizing subsequent temperature increase to the same IL bulk, in order 

to accelerate the degradation processes were performed. Frequent sampling enabled to follow 

IL chemical changes on molecular level by use of several mass spectrometric techniques, 

namely, LDI, MALDI, ESI and EI mass spectrometry with different types of analyzer and 

tandem MS. Hence, degradation product formation in the IL liquid phase and evolution of 

volatile species into the gas phase was assessed. SRV tribometer with ball-on-disc contact 

was used to determine selected IL tribological performance. Toxicity tests of different 

biological complexity were performed together with ready biodegradability assay in order to 

determine IL environmental impact. 

The IL stability investigation using mass spectrometry as the main tool revealed that the IL 

cation and anion stability cannot be considered separately, as with particular cation moiety the 

IL could perform stable or be prone to degradation depending on IL anion. The proposed 

degradation mechanism requires presence of nucleophilic species, e.g., nucleophilic anions, 

and is based on thermally induced cross-methylation by anion-originating intermediates. Polar 

functional groups, such as ether also lead to decreased IL stability regardless of IL anion 

moiety. Following the IL degradation process by frequent sampling and quantification, it can 

be stated that the degradation reaction kinetics are slow and that no catalytic effect of metal or 

water was observed. Additionally, the abundant volatiles in the gas phase indicates that 
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caution should be taken once the ILs are used as lubricants in closed systems due to 

possibility of significant pressure build-up. It was also observed that evolved degradation 

product can negatively influence the intact IL tribological properties especially at higher 

temperatures, in terms of increased friction and wear. Care has to be taken when assessing 

environmental impact of only intact ILs as these can undergo chemical modification in the 

course of their use as lubricants due to degradation mechanisms taking place. Indeed, the most 

environmentally benign IL among the investigated ILs is transformed into a degradation 

product toxic to aquatic organisms and is not readily biodegradable. Hence, the joint 

interdisciplinary assessment is needed in order to develop truly high-performance and 

sustainable IL lubricants. 
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Zusammenfassung 

Die Schädigung konventioneller Schmierstoffe wurde extensiv untersucht und es ist bekannt, 

dass diese durch thermisch-oxidative Belastungen gefördert wird. Die Langzeitstabilität 

ionischer Flüssigkeiten (IF) als potenzielle neue Schmierstoffe wurde jedoch bisher kaum 

erforscht. Deshalb war die Hauptzielsetzung dieser Arbeit, die Einflüsse üblicher 

Bedingungen, die in einem Tribosystem zu erwarten sind, wie z. B. Temperatur, Luft 

(Sauerstoff), Wasser und Metalle auf die Langzeitstabilität ionischer Flüssigkeiten zu 

untersuchen. Außerdem wurde die Leistungsfähigkeit ausgewählter ionischer Flüssigkeiten 

bezüglich ihrer Oberflächenwechselwirkungen bewertet – durch Messung der tribologischen 

Eigenschaften wie z. B. Reibkoeffizient, Verschleißvolumen, Tribofilmbildung und 

Korrosivität. Im Rahmen dieser Arbeit wurde die Umweltverträglichkeit ausgewählter 

ionischer Flüssigkeiten durch Studien zu Toxizität und biologischer Abbaubarkeit untersucht, 

da potenzielle Schmierstoffe die Anforderungen der gesetzlichen REACH-Kriterien erfüllen 

müssen. 

Die untersuchten Vertreter ionischer Flüssigkeiten basierten auf quartären 

Ammoniumkationen mit und ohne Funktionalisierung der Seitenkette durch polare 

sauerstoffhaltige Gruppen. Die Anionen basierten auf nicht-halogenierten hydrophilen und 

halogenierten hydrophoben Gruppen. Um Informationen über die Langzeitstabilität unter 

verschiedenen Bedingungen zu erhalten, wurden Kurzzeit-Laborexperimente unter 

sequentieller Erhöhung der Temperatur an IF-Proben durchgeführt, um die Abbauprozesse zu 

beschleunigen. Häufige Probennahme ermöglichte die Verfolgung der chemischen 

Veränderungen auf molekularer Ebene durch massenspektroskopische Methoden, im 

Einzelnen LDI, MALDI, ESI und EI Massenspektroskopie mit verschiedenen Detektoren und 

Tandem-MS. Auf diese Weise wurden Abbauprodukte in der Flüssigkeit und gasförmige 

Produkte erfasst. Die tribologischen Eigenschaften ausgewählter IF wurden mittels SRV-

Tribometer mit Kugel-Scheibe-Kontakt untersucht. Verschiedene Untersuchungen zur 

Toxizität mit variabler biologischer Komplexität gaben zusammen mit Standardverfahren zur 

biologischen Abbaubarkeit Aufschlüsse über die Umweltverträglichkeit. 

Die Stabilitätsuntersuchungen mittels massenspektroskopischer Methoden als Hauptwerkzeug 

zeigten, dass die Stabilitäten von Kation und Anion nicht einzeln betrachtet werden können, 

da sich ein bestimmtes Kation mit unterschiedlichen Anionen stabil oder mit ausgeprägter 

Abbauneigung verhalten kann. Der vorgeschlagene Abbaumechanismus erfordert die 

Verfügbarkeit von nukleophilen Spezies, z. B. nukleophilen Anionen, und basiert auf der 

thermisch induzierten Kreuzmethylierung durch Intermediate des Anions. Polare funktionelle 
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Gruppen wie Ether führten ebenfalls zu einer Erniedrigung der Stabilität, unabhängig vom 

Anion. Aus der Betrachtung des Abbauprozesses mit häufiger Probennahme und quantitativer 

Analytik konnte geschlossen werden, dass die Reaktionsgeschwindigkeit des Abbaus langsam 

ist und kein katalytischer Effekt vorhandener Metalle beobachtet werden konnte. Außerdem 

gaben die zahlreichen flüchtigen Abbauprodukte in der Gasphase Hinweise darauf, dass 

Vorsicht geboten ist bei der Verwendung ionischer Flüssigkeiten als Schmierstoffe in 

geschlossenen Systemen, da ein signifikanter Druckanstieg möglich ist. Es wurde ebenfalls 

festgestellt, dass das Entstehen von Abbauprodukten die tribologischen Eigenschaften auch 

intakter IF negativ beeinflussen kann, speziell bei höheren Temperaturen, was sich durch 

erhöhte Reibung und Verschleiß äußert. Werden zur Bewertung der Umweltverträglichkeit 

ausschließlich intakte IF herangezogen, kann dies zu Fehleinschätzungen führen, da die IF im 

Laufe der Verwendung als Schmierstoffe chemischen Modifizierungen unterworfen sein 

können. Insbesondere die umweltverträglichste IF unter den betrachteten wird zu einem für 

Wasserorganismen toxischen und nicht biologisch abbaubaren Produkt transformiert. Aus 

diesem Grund ist eine interdisziplinäre Betrachtung und Bewertung erforderlich, um 

tatsächlich hochleistungsfähige und umweltverträgliche Schmierstoffe auf Basis ionischer 

Flüssigkeiten zu entwickeln.  
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1. Ionic liquids (ILs) 

1.1. IL origins and definition 

First deliberately prepared ionic liquids (ILs) emerged at the beginning of the 20th century in 

the work of P. Walden describing alkylammonium nitrate salts with melting points 

approximately up to 100 °C [1.1]. This temperature limitation in IL definition persisted until 

today although it is only arbitrarily chosen with no chemical or physical significance [1.2]. 

The IL development continued in the middle of 20th century with chloroaluminate systems 

(mixtures of alkali halides and aluminium chloride) towards more air and water stable ILs, 

firstly designed by J. Wilkes and M. Zaworotko and followed by so called functionalized 

“task-specific” ILs which are designed for particular applications, such as: solvents in organic 

synthesis and biomass processing, catalysts, engineering fluids, etc. [1.2-1.5]. 

Ionic liquids are a diverse group of salts composed of organic and usually asymmetric bulky 

cations combined with inorganic or organic anions where at least one of the ions features 

delocalized charge. In fact, ionic liquids differ from molten salts only by several means: (1) 

their wide liquid range lying at much lower temperatures; (2) their cations being of organic 

nature. 

 

1.2. IL classification and physico-chemical properties 

Due to vast IL structural variability, straight-forward classification of ILs is a difficult task. 

The most convenient IL division can be into protic and aprotic IL classes depending on 

presence of proton donor and acceptor site. Aprotic ILs are formed from cations based on 

organic molecular-ions and represent the majority of synthesized ILs. Protic ILs are formed 

by proton transfer between equimolar mixture of pure Bronsted acid and pure Bronsted base 

and hence can be more conductive than aprotic ILs [1.5]. Room-temperature ionic liquids 

(RTILs) represent separate sub-group defined solely on their melting point lying at or below 

room temperature. In Table 1 are summarized the most common cation and anion moieties 

used for IL structural design. 
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ammonium phosphonium imidazolium pyridinium pyrrolidinium

nitrate tetrafluoroborate hexafluorophosphate sulphonate bis(trifluoromethylsulfonyl)imide

Cations

Anions 
dkafdslja 

 

Table 1. Summarized common IL cation and anion moieties.  

Rn (n = 1 to 4) – organic group 

 

As ILs structural possibilities are enormous, there is almost no uniform property describing 

ILs as a class of compounds, apart from their ion conductivity. In fact the broadness of their 

physico-chemical properties covers often both extremes, as they can be: (1) negligible 

volatile, but also distillable, (2) non-toxic and even edible, but also poisonous, (3) non-

flammable however also combustible, etc. [1.6]. The particular IL physico-chemical 

properties depend strongly on the selected IL cation and anion combination, whereas anions 

affect chemical properties and cations mainly determine physical properties, and on the nature 

and strength of their interactions mostly based on the Coulomb and van der Waals forces. 

 

1.2.1. IL liquid range and melting point 

IL liquid range lies between IL solidification (crystallization, glassification) and 

decomposition temperature, as ILs are practically non-volatile. It can be considerably wide, in 

some cases up to 200 °C or 300 °C, in contrast to narrow liquid range of molecular solvents 

[1.6, 1.7].  

As ILs are composed of organic cations, they can exhibit melting points deep below zero 

temperatures. However, many ILs tend to glass formations or exhibit supercooling by cooling 

and hence obtained solidification (glass) temperatures do not correspond to their melting 

points. In order to obtain reproducible thermodynamic data, the small cooled IL sample 

amounts have to be slowly heated allowing for long equilibration times [1.8]. 

IL melting points are determined by both IL moieties, but the main reduction in melting point 

is due to bulky asymmetric cations as increasing ion symmetry increases melting points due to 

more efficient ion-ion packing. Additionally, increase in anion size causes melting point to 

decrease due to weaker Coulombic interactions. The effect of the alkyl chain length on IL 

melting points is more complex. Linear alkyl substituents have many rotational degrees of 
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freedom and hence are capable of conformational changes. Thus, cations with short alkyl 

chains (Cn ≤ 3) tend to form crystalline phases, while the intermediate chain lengths (4 ≤ Cn 

< 12) exhibit broad liquid range and tendency to supercool and the long alkyl chain lengths 

(Cn > 12) result in liquid-crystalline phases. Additionally, alkyl chain branching leads to 

higher melting points [1.5, 1.6, 1.8, 1.9]. 

The dominant force that influences the melting points in ILs is Coulombic attraction between 

ions in addition to hydrogen bonding ability and van der Waals interactions. To summarize, 

IL melting point is a result of cation and anion symmetry, alkyl chain flexibility and charge 

accessibility and can be strongly affected by presence of impurities [1.6-1.10]. 

 

1.2.2. IL viscosity  

ILs are generally viscous liquids with viscosities comparable to oils, and are 2 to 3 orders of 

magnitude more viscous than conventional organic solvents. For ILs with fixed anion and 

similar alkyl chain length, viscosity increases with cations following the order imidazolium < 

pyridinium < pyrrolidinium [1.6, 1.9, 1.11]. In general, ILs with symmetric or almost 

spherical anions are more viscous than those with asymmetric anions. Additionally, increase 

in alkyl side chain length causes viscosity increase. ILs viscosity is also strongly dependent on 

the temperature and decreases significantly with temperature increase. Presence of small 

amounts of impurities can also have remarkable impact on ILs viscosities as, e.g., chloride 

impurities can increase IL viscosity dramatically. The IL viscosity is mainly controlled by the 

factors related to hydrogen bonding, van der Waals interactions, molecular weight and 

bulkiness of their moieties [1.6, 1.11, 1.12]. 

 

1.2.3. IL density 

Majority of ILs is denser than water with values ranging from 1 g·cm-3 to 1.6 g·cm-3 at 293 ºK 

[1.9]. As with organic solvents, their densities are closely related to the IL molar mass, so ILs 

containing heavy atoms are found to be more dense. Additionally, increase in alkyl chain 

lengths causes density decrease [1.6, 1.9]. On the other hand, impurities in ILs have far less 

pronounced effect on IL densities. However, water saturated ILs have lower densities than 

dried ones. Similarly, increasing contents of halide contaminations lead to decrease of ILs 

density. The IL densities appear to be the least sensitive to variations in temperature among IL 

physical properties [1.6, 1.12, 1.13]. 
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2. Ionic liquids in tribology 

2.1. Applied methods for investigation of IL tribological performance 

Friction, wear, and lubrication phenomena are principal objectives of tribological 

investigations carried out within interdisciplinary science of tribology studying interacting 

surfaces in relative motion. Friction can be defined as a resistance to motion; wear represents 

a surface damage or removal of material from the moving contact, whereas lubrication serves 

the purpose of reducing the first two phenomena. Tribometry – the metrological system of 

tribology – enables evaluation of friction, wear and lubricant performance parameters 

(e.g., coefficient of friction, wear volume) using tribometer instruments. A tribometer 

simulates the contact conditions by utilizing material pairings of several geometries, such as 

pin-on-disk, ball-on-disk, disk-on-disk, etc. [2.1, 2.2]. 

It is of crucial importance to understand lubricant performance, lubricant-surface interactions 

and the tribofilm formations, thus several methods described below are commonly employed 

to investigate these research topics. 

 
2.1.1. White light confocal microscopy 

White light confocal microscopy is an optical imaging technique which applies a focused light 

beam from a point light source, such as Xe lamp, illuminating the studied specimen surface 

point. The object is imaged in a microscope objective focal plane and formed at the confocal 

pinhole located in front of the detector, e.g., photomultiplier. Thus, scattered background light 

from defocused surface locations is eliminated and optical resolution of the image is 

improved. By scanning the sequence of surface points a topography image of specimen is 

constructed [2.3-2.5]. 

 
2.1.2. Wear volume calculation 

The surface topographic data of tribocontact bodies can be obtained by white light confocal 

microscopy and used to determine wear volumes of specimens by MATLAB® based program 

developed at AC²T research GmbH. The wear volume calculation of ball on disc tribocontact 

uses the data from worn surface analysis of tribocontact bodies and from approximated ideal 

spherical ball and ideal plane as reference surfaces. The wear volume represents the 

difference between the measured surface after the triboexperiment and the corresponding 

reference surface [2.6]. 
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2.1.3. Scanning electron microscopy – energy dispersive X-ray spectrometry (SEM-

EDX) 

A scanning electron microscope is used to produce an image of surface topography providing 

information about the surface structure and spatial distribution of present microstructures, i.e. 

morphology. The surface image is obtained by applying focused electron beam on the 

examined conductive surface placed under vacuum. The primary electrons interact with the 

sample and lead to production of different signals out of which secondary and back-scattered 

electrons are detected and serve for sample imaging. Secondary electrons carry information 

about the surface morphology while back-scattered electrons provide composition contrast, as 

heavy elements appear brighter in the image [2.7-2.9]. 

Conjunction of SEM with energy dispersive X-ray detector enables determination of surface 

elemental composition. After surface bombardment by a focused electron beam, vacancies 

from ejected electrons become occupied by electrons from higher orbitals and the energy 

difference is compensated by X-ray emission. As the X-ray energy is element specific, the 

information about the surface elemental composition can be obtained [2.9]. 

 
2.1.4. X-ray photoelectron spectroscopy (XPS) 

XPS is a surface analysis technique investigating surface chemical composition with an 

information depth of maximum 10 nm and enabling lateral resolution down to a few 

micrometers. The analyzed surface is irradiated under ultra-high vacuum by X-ray photons 

which leads to emmison of core shell photoelectrons. The kinetic energy of photoelectrons 

corresponds to particular element characteristic electronic binding energies enabling 

qualitative elemental analysis. Even though the core electrons are not directly involved in 

chemical bindings, they are affected by bonding environment around the atom which is 

reflected in their binding energy shifts, called chemical shifts, hence the binding state of 

atoms can be determined [2.10, 2.11]. 

 
2.2. ILs as neat lubricants 

IL lubricants represent attractive alternative to conventional lubricants due to several of their 

unique properties: (1) negligible vapor pressure reducing air pollution, (2) non-flammability 

as an aspect of safety considerations, (3) higher thermal stability enabling long-term durability 

or application at elevated temperatures, (4) high thermal conductivity leading to longer 

machine maintenance intervals and (5) wide liquid range hence expanded operating 

temperature range. As many IL lubricants proved to be efficient in lowering friction and wear, 
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this leads to additional reductions of energy and material losses. Furthermore, they can be 

tailor-made, designed for particular application with desired viscosity-temperature behavior, 

viscosity index, liquid range, etc. 

First research on room temperature IL lubricants started in 2001 with imidazolium 

tetrafluoroborate ILs exhibiting remarkable friction and anti-wear properties together with 

high loading capacity which raised awareness of tribological community [2.12]. Since then 

imidazolium ILs with fluorine-containing anions, such as tetrafluoroborate [BF4]- and 

hexafluorophosphate [PF6]- have been mainly studied for various tribological contacts as they 

are easily synthesized, available at reasonable costs and easily structurally modified. Apart 

from imidazolium cations, ammonium and phosphonium based ILs were investigated as 

lubricants with promising tribological performance [2.13-2.15]. 

 

2.2.1. IL lubrication mechanism 

Tribological performance of conventional oils dependent among other on their interaction 

with surfaces and hence formation of films. IL lubrication mechanism follows the same 

principle, so adsorption on the sliding surfaces and creation of effective boundary films are 

crucial effects. As worn metallic surface exhibits positive charge, mostly the IL anions are 

adsorbed on the friction pairs and their counter cations assemble successively due to IL 

dipolar nature leading to friction and wear reduction under high loads. It has been also 

observed that irregular structure of the IL moieties leads to low shear stress, as the 

measurements of the IL film shear stress revealed significantly lower friction coefficients 

compared to hydrocarbon lubricants [2.16]. 

 

2.2.1.1. Tribological effects of IL alkyl chains 

Apart from IL anion role in adsorption processes, also cation alkyl chain lengths have 

significant effect on the IL tribological properties [2.17]. Alkyl chain length contributes to IL 

viscosity and due to this fact longer alkyl chains enable formation of densely packed 

structures leading to better tribological performance, e.g., to friction coefficient decrease 

[2.13, 2.14, 2.18, 2.19]. 

Even more impact on IL lubricant performance has functionalization of these alkyl chains, 

e.g., by ether, ester or carboxyl groups. These polar groups enable stronger interactions of ILs 

with the tribological surfaces leading to less friction and wear [2.17, 2.18]. 

Formation of compact chemisorbed film with good anti-wear ability on the metallic surface 

has been ascribed to IL with ester functional groups due to their hydrolyzation under contact 
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with atmospheric moisture [2.17]. Corrosion inhibiting property of vinyl functionalized ILs at 

elevated temperatures has been reported with proposed interaction of vinyl groups with iron 

surface leading to formation of protective layer [2.20]. ILs with phosphonyl groups on 

imidazolium ring proved to have superior tribological performance over their non-

functionalized derivatives and led to formation of FePO4 as the tribochemical reaction product 

[2.15]. Also molecular modeling studies contribute to understanding of IL functional groups 

effects on the friction coefficient. While using hydroxylated silicon surface, the friction 

decreases in the following order -CH2OH > -CN > -COOH group [2.21]. Therefore, the 

structurally flexible IL cations which are able to carry multi-functional groups in high number 

are of great interest. 

 

2.2.1.2. Tribological effects of IL tribochemical reactions 

Tribochemical reactions represent chemical reactions of lubricant at the rubbing surface 

interfaces. For IL lubricants these tribochemical reactions are ascribed mainly to reactions of 

IL anionic moieties [2.13, 2.18]. In order to investigate these processes X-ray photoelectron 

spectroscopy (XPS) is mainly applied to the rubbed surfaces together with time-of-flight 

secondary ion mass spectrometry (TOF-SIMS) to identify the formed compounds [2.22-2.24]. 

Beneficially, ILs contain tribologically interesting elements, such as B, F, S and P which can 

be found in present oil lubricant additives, too. Under severe sliding conditions, the IL anions 

can decompose and in dependency of material in contact they lead to; (1) [BF4]- forming FeB, 

BN and B2O3, (2) [PF6]- forming FePO4 and (3) [NTF2]- forming FeS; these formed species 

can prevent seizures and thus have efficient anti-wear properties [2.14]. TOF-SIMS analysis 

revealed the presence of FeF+ in case of [BF4]- and [NTF2]- anions in the inner area of the 

wear scar, suggesting the potential formation of FeF2 as protective film [2.13]. The FeF2 

formation has also been observed for imidazolium tetrafluoroborate IL lubricating steel-steel 

contact where the precipitated wear particles were analyzed by XPS after occurrence of sharp 

friction peak corresponding to formation of FeF2 [2.25]. Phosphate boundary films have been 

reported for IL containing phosphate, thiophosphate anion or phosphonium cation and 

exhibited better tribological performance over fluoride boundary films [2.26]. 

 

To summarize, IL lubricants are able to perform better in terms of friction and wear in 

comparison to conventional additivated oils. This is due to their dipole character enabling 

formation of boundary films, enhanced stability and their possibility to create protective 

surface tribo-layers [2.20, 2.27]. The IL surface tribochemistry, in particular between metal 
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and the reactive anion is of crucial importance [2.28]. The IL anions decomposition and their 

tribochemical reactions can lead to the formation of scratch resistant protective surface films 

such as B2O3, BN, FeF2, FeF3, FePO4 and FeS reducing the coefficient of friction and wear 

[2.19]. It turned out that some ILs could be used as high temperature lubricants even at the 

temperatures close to their thermal decomposition [2.29]. In general, tribochemical processes 

in ILs represent: dissociation of the anions, oxidation, and formation of metallic phosphates, 

oxides and fluorides as well as precipitation of ceramic phases such as boron and phosphorus 

fluorides, boron oxide, boron carbide and boron nitride [2.15]. Due to ILs specific 

characteristics, such as formation of stable surface adsorbed layers, they have also been 

effective in break-in period reductions leading to friction decrease [2.28]. 

 

2.2.2. Topics related to the application of ILs as lubricant 

2.2.2.1. Tribocorrosion 

IL tribochemical reactions can also lead to undesired effects, such as severe corrosion causing 

enhanced wear. For example, [BF4]- and [PF6]- anions can cause corrosion of steel under 

humid conditions due to HF generation during their decomposition [2.13, 2.14]. Hence, iron 

fluoride can be found on steel and can act as catalyst of lubricant degradation possibly causing 

further substrate corrosion [2.19]. In detail, this effect is ascribed to iron fluoride hydrolysis 

yielding iron hydroxides and iron oxides and hence resulting in iron rusting [2.26]. As high 

polarity of ILs enhances their humidity uptake, these anions should be replaced by more 

hydrophobic ones and preferably halogen-free anions [2.13, 2.14]. Additionally, longer alkyl 

side chains can contribute to increase of IL hydrophobicity. 

 

2.2.2.2. Additive availability for IL lubricants 

Developments in additive technology have been oriented towards conventional lubricants, 

e.g., mineral oils, hence are hardly soluble in polar IL lubricants. Benzotriazole, successfully 

applied anticorrosion additive showed good miscibility with imidazolium ILs and protective 

film formation consisting of Cu(C6H5N3) and Cu2O at copper alloy surfaces [2.13-2.15, 2.19]. 

However, benzotriazole usage is limited due to its sublimation point at about 100 °C, so the 

IL cannot benefit from it at elevated temperatures and under vacuum [2.14]. Among anti-wear 

additives, tricresylphosphate in ILs was found to reduce wear significantly due to tribo-film 

formation in comparison to neat IL or neat tricresylphosphate [2.15]. 

Also specially designed anti-wear additives for ILs based on tetraalkylammonium and 

tetraalkylphosphonium salts of N-protected aspartic acid dissolved in imidazolium NTF2 
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reduced wear and friction significantly [2.30]. More advanced solution is to design ILs with 

build-in additive functional groups. Lower corrosion has been observed in case of triazole-ILs 

as triazole ring chemically absorbs at the metallic surface and eliminates locally generated 

acid formed due to anion decomposition [2.14]. 

 

2.2.2.3. IL stability 

Even though ILs have generally superior thermo-oxidative stability than conventional oils, at 

severe conditions they undergo decomposition due to some of these effects; (1) heat generated 

during friction, (2) extreme pressure at the tribological contact, (3) emission of exo-electrons 

due to mechanical stress. Hence, chemical reactions, high-pressure reactions and 

electrochemical reactions can take place during IL lubrication [2.13]. 

During sliding of tribological contacts, nascent metallic surface is generated which can lead to 

metal and IL reactions, such as formation of FeF2 on the rubbed surface which as a Lewis acid 

can provoke degradation of IL lubricant and, as a consequence, friction and wear rapidly 

increase [2.13, 2.15]. Hence, halogen-free anions could eliminate IL decomposition risk due 

to tribochemical reactions and hydrophobic anions can improve their thermo-oxidative 

stability but longer alkyl chains, even though improving tribological properties can cause 

decline of IL stability [2.13]. 

To conclude, knowledge of potential decomposition mechanisms in IL lubricants is of crucial 

importance for the IL applicability in tribological systems in order to minimize their 

degradation during service life. 

 

2.3. ILs as additives 

Promising results showed even better friction and wear improvement for ILs applied as 

additives than for ILs as neat lubricants. The effect is ascribed to the fact that small amounts 

of IL are enough to effectively adsorb on the surfaces while avoiding severe tribo-corrosion 

[2.15]. However, the price of IL additives should be at least competitive or lower as the 

traditionally used additives. Due to IL self-organization creating polar and non-polar domains, 

they are able to be designed for polar and non-polar lubricants. 

 

2.3.1. ILs as additives in water 

In the first work of ILs applied as lubricants, it was noted that ILs in presence of water lead to 

improvement of the anti-wear behavior for some metal-metal contacts. This behavior was 
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ascribed to the surface smoothening due to mechanical wear and creation of IL electric double 

layer [2.12, 2.15]. 

ILs were also used as boundary lubricant additives in water for silicon nitride ceramic surface 

and lead among other to significantly shortened running-in periods, hence minimizing 

friction, wear and improving the load carrying capability. The mechanisms taking place were 

attributed to formation of transfer films on the surface and to the presence of an electric 

double layer due to negatively charged silicon nitride surface attracting IL cations [2.31]. 

Nevertheless, care has to be taken for application of IL additives in water in case of anions 

prone to hydrolysis. 

 

2.3.2. ILs as additives in mineral and synthetic oils 

In order to apply ILs as additives in conventional oils, their molecular design has to be taken 

into account for improvements of their mutual miscibility. In polyethylene glycol it was 

possible to reach 40 % solubility of NTF2 based IL with 3 wt.% optimal concentration leading 

to significant improvement of anti-wear performance with respect to the base oil [2.14]. Also 

imidazolium ILs at 1 wt.% in synthetic ester propylene glycol dioleate although exhibiting 

similar friction as neat ILs, have led to more pronounced wear reduction compared to the base 

oil and neat IL [2.15]. Another type of IL based additives is represented by ammonium and 

pyridinium cations with attached phosphazene ring group leading to enhanced solubility in 

conventional lubricants and improved organic oils miscibility in aqueous environments [2.19]. 

Controversially, long alkyl chains are more effective in case of neat ILs whereas shorter alkyl 

chains in ILs used as additives were more effective for wear reduction [2.15]. 
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3. Stability of lubricants and methods employed in lubricant analysis 

3.1. Stability of hydrocarbon based lubricants  

Hydrocarbon based lubricants are divided into five categories according to American 

Petroleum Institute (API). Group I to group III are mineral base oils and group IV are 

synthetic hydrocarbon base oils, such as polyalphaolefins (PAOs). These groups are classified 

by certain characteristics, such as viscosity index, amount of saturated hydrocarbons and 

amount of sulfur compounds. Group V base oils include every other oil type, such as polyol 

ester, polyglycol and phosphate ester and due to its diversity this group does not possess any 

specific classification characteristics [3.1]. 

Variety of service operating conditions can affect lubricant stability, such as temperature, air, 

moisture and contamination. Temperature represents the most significant factor, hence it is 

vital to know maximum operating lubricant temperature, as elevated temperatures increase the 

oxidation rate, additive consumption and cause irreversible viscosity changes. Deterioration 

of lubricating fluid can lead to equipment failure, as lubricant can no longer efficiently 

separate surfaces. The primary mechanisms of lubricant deterioration are oxidation and 

thermal breakdown of the base oil leading to changes in oil chemistry. As stability of a 

lubricant is mostly determined by its chemical composition, it is important to understand the 

oil degradation processes. 

Additionally, contaminations can have significant effect on lubricant stability, as they can 

alter degradation mechanisms taking place, by e.g., catalyzing diverse chemical reactions due 

to presence of metal wear debris, hydrolysis due to water (see 3.1.3.), accelerating additive 

and base oil degradation due acidic compounds originating from the lower quality fuels, 

polymer degradation due to shear stress. 

 

3.1.1. Oxidation stability 

Oxidation is the predominant process of oil degradation due to presence of dissolved or 

entrained air, thus antioxidants represent vital additives in oil formulations. Oxidation 

processes will vary with the base oil quality and the type of antioxidant additives used. 

Lubricant antioxidants, such as phenolic ones and aromatic amines are sacrificial. They 

deplete over the time by eliminating free radicals in order to protect the base oil from 

oxidation. Eventually, the antioxidants are consumed and the base oil oxidation is initiated 

and propagated by presence of free radicals. Synthetic hydrocarbon oils have better oxidation 
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stability than conventional mineral oils as they contain less reactive impurities, such as 

unsaturated hydrocarbons which react more readily with oxygen [3.2]. 

Common oxidation products formed are carboxylic acids causing depletion of oils basic 

reserve, followed by oil acidity increase, which leads to rust and surface corrosion. Other 

formed oxidation by-products are ketones, aldehydes, and esters. Products of oxidation 

reactions lead to formation of high molecular weight species such as polymers, which are 

precursors to sludge and varnish. This leads to viscosity rise due to increase in average 

molecular weight of compounds present in the used oil. 

Temperature greatly influences the rate of oxidation, as according to Arrhenius law, reaction 

rate increases exponentially with increasing temperature. So, as a rule of thumb, the oil 

oxidative life is reduced by half for every 10 °C temperature rise. The rate of oxidation is 

further accelerated by presence of water, acids and catalysts, such as copper and iron, which 

result from wear of tribological material [3.3]. 

 

3.1.2. Thermal stability 

Thermal stability of oil is its resistance towards degradation processes occurring in the 

absence of oxygen and is mainly dependent on the chemical structure of the base oil. 

Hydrocarbon based lubricants have generally higher thermal than oxidative stability. 

Undesired heat generation in tribosystems is mainly due to conversion of mechanical energy 

that can be accompanied by temperature increase due to insufficient heat dissipation. 

Excessive heat causes additive depletion or volatilization and base oil decomposition by 

providing activation energy for the degradation reactions. The most significant change caused 

by thermal decomposition is an increase in oils vapor pressure as volatile oil fractions 

vaporize. Lubricant thermal breakdown can also initiate side reactions, induce polymerization 

and generate insoluble by-products in the form of sludge and deposits resulting in distinct oil 

color change. However, effects of thermal decomposition are much less understood than 

oxidation [3.1, 3.2]. 

 

3.1.3. Hydrolytic stability 

Mineral base oils and polyalphaolefins (PAOs) have good hydrolytic stability but ester type 

base oils, such as polyol esters, diesters and phosphate esters are prone to hydrolysis 

decomposition. When exposed to water, these esters readily hydrolyze into alcohol and acid 

via de-esterification mechanism, increasing the oils acidity, hence causing corrosion or 

catalyzing further reactions [3.1, 3.3]. 
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3.2. Stability of IL lubricants 

Lubricant thermo-oxidative stability is one of the most important properties for practical 

applicability of lubricating fluid. In contrast to well understood degradation of conventional 

hydrocarbon based lubricants, ILs stability is scarcely investigated in depth. Due to vast IL 

structural variability, it is difficult to generalize IL properties, such as thermo-oxidative 

stability, hence tremendous research efforts are needed to understand their structure-property 

relationships. In general, ILs are considered to be more stable than conventional lubricants 

which often fail at temperatures above 150 °C, hence ILs are especially suitable for high 

temperature applications [3.4, 3.5]. 

 

3.2.1. IL cation derived stability 

The most reported degradation products of imidazolium based ILs are alkylimidazoles 

[3.6, 3.7]. Imidazolium ILs with halide anions decompose by nucleophilic attack of the halide 

ion to the cation alkyl groups generating haloalkanes in addition to alkylimidazoles [3.8, 3.9]. 

Thermal decomposition takes place mainly due to C-N bond cleavage at the cation side 

[3.10]. Thermo-oxidative decomposition of 1,3-dialkylimidazolium ILs is also described to 

proceed via carbon radical intermediates, originating from C-H bond thermal cleavage which 

leads to formation of 1-alkene and alkylimidazole [3.11]. Also IL cations with scrambled 

alkyl chains were detected due to suggested direct exchange of the alkyl chains between two 

cations [3.7, 3.12]. Additionally, thermal degradation of 1-alkyl-3-methylimidazolium ILs 

with acetate and chloride anions produced dimeric compounds of two imidazole moieties 

linked by a methylene group [3.13]. Another imidazolium decomposition pathway is due to 

deprotonation of its C2-atom by strong nucleophiles, resulting in reactive carbenes [3.12]. The 

replacement of the acidic C2 hydrogen by linear alkyl groups increases IL stability [3.14].  

It was reported that also 1-alkylpyridinium, dialkylpyrrolidinium and tetraalkylammonium 

based ILs can be decomposed via the same SN2 mechanism as imidazolium ILs [3.6]. 

Degradation mechanism of ammonium based ILs is mostly based on Hoffmann elimination 

induced by heating and producing tertiary amines and alkenes [3.15-3.17]. Another described 

thermal decomposition mechanism of ammonium ILs is reverse Menschutkin reaction 

generating amines [3.6, 3.18]. Dicationic ILs have reported higher thermal stability when 

compared to the monocationic ILs [3.19]. 
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3.2.2. Alkyl chain effects on IL stability  

Alkyl chain length does not have large impact on the IL thermal stability [3.6, 3.14]. In case 

of longer alkyl groups, some C-C bond cleavage can occur [3.10]. Generally, shorter alkyl 

chains lead to higher IL stability [3.6, 3.11]. Ether functional groups and branched cation side 

chains decrease IL stability in comparison to non-functionalized cation side chains [3.6, 3.20]. 

In contrast, fluorinated alkyl chains and allyl side chains on dialkylimidazolium cation seem 

to enhance IL stability [3.9, 3.21].  

 

3.2.3. IL anion derived stability 

Choice of the IL anion has more pronounced effect on IL stability in comparison to cation and 

alkyl chain contribution [3.4, 3.6, 3.18]. At elevated temperatures, more stable are anions with 

poor proton abstracting properties, such as bis(trifluoromethylsulfonyl)imide in contrast to 

nucleophilic anions, such as halides [3.7, 3.14-3.16, 3.22]. In fact, halides, as highly 

coordinating anions, are the least thermally stable anions used in IL design [3.6, 3.21]. 

Inorganic anions represented by [PF6]-, [BF4]-, or organic anions like [NTF2]- improve IL 

stability at elevated temperatures due to their lower coordinating nature [3.6]. However, 

[PF6]- and [BF4]- anions are sensitive to moisture and decompose by release of HF [3.12]. 

Thermal stability of IL decreases in case of more hydrophilic anions especially in the case of 

fluorinated anions [3.23, 3.24]. Anions containing CN groups in presence of N-based cations, 

such as pyrrolidinium, lead to decomposition via polymerization under high temperature 

conditions [3.22]. 

 

3.3. Methods employed in lubricant stability evaluation 

Established laboratory test methods are used to study lubricant performance under 

application-oriented conditions. However, it is difficult to predict lubricant stability from 

laboratory investigation as under the field conditions many complex effects determine 

lubricant life time, such as high temperature and pressure, wear particles, gases, etc. Lubricant 

degradation is accelerated by presence of metals which can act as catalysts and enhance 

reaction rates, especially in the case of oxidation. International standard tests such as ASTM 

(American Society for Testing and Materials) and DIN (Deutsches Institut für Normung) 

serve for relative comparisons of lubricants under the same conditions. 
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3.3.1. Standard test methods for investigation of conventional lubricants stability 

Universal oxidation test for hydraulic and turbine oils using the universal oxidation test 

apparatus described in ASTM D5846 [3.25] utilizes equipment which is defined in 

ASTM D4871 [3.26]. The oil sample is subjected to 135 °C in presence of air, copper and 

iron metal catalysts during this test. The test is based on evaluation of acid build-up or 

formation of insoluble solids resulting from oil’s thermo-oxidative degradation. The obtained 

test result is reported as time required for acid number to increase by 0.5 mg KOH/g in 

comparison to the new oil sample or time required until insoluble solids begin to form. 

Rotating pressure vessel oxidation test (RPVOT) described in ASTM D2272 [3.27] belongs to 

one of the most known tests for determination of oil oxidation stability. It is a controlled 

oxidation test performed at 150 °C under oxygen atmosphere, in presence of water and copper 

catalyst in order to accelerate oil’s degradation. Sample of oil is placed into a pressured vessel 

rotating at 100 min-1. Oil’s resistance to oxidation corresponds to the time needed for an 

oxygen pressure to drop from 620 kPa to at least 175k Pa lower. The remaining useful life 

(RUL) of lubricant, evaluated as a time, is determined by comparing the test results of oil in 

service and of a new oil sample. The decreasing RPVOT value indicates the oil’s additive 

package depletion and continuous oil’s oxidation. This test is not performed routinely as it is 

expensive, time consuming and does not take into account sludge or varnish formation which 

does not necessarily lead to pressure decrease. 

A standard test method for oxidation characteristics of inhibited mineral oils known as turbine 

oil stability test (TOST) is defined by ASTM D943- [3.28] and can be also applied to 

hydraulic and circulating oils, which are under risk of water contamination. This test is 

performed in the presence of oxygen, water, copper and iron metal catalysts at elevated 

temperature. The test result is reported as the time needed for the acid number to increase to 

2.0 mg KOH/g due to acid formation. As the TOST test requires significant time to be 

completed, with the current maximum testing time being 10 000 hours, it is impractical and 

rarely used for in-service oil testing. 

Testing of mineral oils for their susceptibility to ageing according to Baader is defined in 

DIN51554 [3.29] and represents a short-term test for prediction of lubricant performance. It is 

carried out for defined period of time in access to air and in the presence of copper wire being 

periodically immersed in the oil sample, which acts as ageing accelerator. Two specific 

temperatures are used, 95 °C in case of hydraulic oils and 110 °C for insulating oils. After the 

test duration, visual examination of the oil sample and wire is carried out. Additionally, 

sludge content is evaluated together with saponification number (mg KOH/g) according to 
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DIN51559 [3.30] and dimensionless dielectric dissipation factor according to DIN57370 

[3.31]. 

 

3.3.2. Commonly employed experiments for investigation of IL lubricants stability 

The above described standard test methods have been developed for comparison studies of 

conventional lubricants performance. As ILs can possess superior stabilities over even fully 

formulated lubricants, depending on their structural design, the conventional methods are not 

suitable for ILs stability evaluation. Apart from the metal catalysts, water and oxygen, these 

standard tests apply temperatures ranging from 95 to 150 °C, as conventional lubricating oils 

often fail above 150 °C temperature. 

Until now, the most applied technique for evaluation of IL stability is the thermo-gravimetric 

analysis (TGA), commonly carried out under inert atmosphere [3.32-3.37]. It is based on 

recording of the sample weight change throughout the applied temperatures using fast heating 

rates, e.g., 10 °C/min. However, these short-term experiments lead to significant data 

variances, as the results obtained depend among other on the material of sample pan used, 

sample amount applied and IL hygroscopicity. Additionally, TGA method will overestimate 

IL stability in case of slow degradation rate mechanisms due to fast heating rates applied or 

even fail to detect IL degradation in the case of degradation mechanisms not resulting in mass 

loss. 

In the work presented by Pisarova et al. [3.38, 3.39] for the investigation of IL long-term 

stabilities, combined experimental effects of the above described standard tests were utilized; 

(1) water and air presence, (2) copper and other alloys, such as CuSn8P and 100Cr6, 

employed in tribology (3) stepwise temperature increase applying temperatures at 150, 175 

and 190 °C with each subsequent temperature step of seven days duration applied to the same 

IL sample bulk. These severe conditions proved appropriate to observe the degradation 

processes taking place in the selected IL lubricants. 

 

3.3.3. Routine analysis for condition monitoring of conventional lubricants 

Standard test method for acid number (AN) evaluation belongs to one of the most common 

lubricant analysis and it is described by ASTM D974 [3.40] and ASTM D664 [3.41]. This 

analysis can serve for additive depletion monitoring, as some additives such as zinc 

dialkyldithiophosphate (ZDDP) cause initial AN decrease as they are being consumed. Once 

the additives are depleted, the AN starts to increase due to acidic compounds formation as the 
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oil oxidizes. Information about acid number is obtained by titration method either using color 

indicator or by potentiometric titration and the result is expressed in mg KOH/g. 

Measurement of oil viscosity is another way for oil degradation monitoring and is defined in 

the ASTM D445 [3.42] and ASTM D7042 [3.43]. As the oils average molecular weight 

increases, viscosity of the oil rises as it is related to the size of the molecules present. 

Viscosity changes can be also related to the shearing of viscosity modifier polymers or to the 

events of contamination, e.g., due to fuel dilution. Viscosity results are provided either in the 

form of dynamic viscosity determined commonly in milli-Pascal per second (mPa·s) or as 

kinematic viscosity in centi-Stoke (cSt). 

The water content in oil can be monitored by coulometric Karl Fischer titration described in 

ASTM D6304 [3.44]. It is important to follow the water level changes, as water can adversely 

affect lubricants by promoting oxidation reactions, corrosion processes and can lead to 

depletion of some additives. Obtained results are provided in mg/kg or as weight percents. 

Fourier transform infrared (FT-IR) spectroscopy described in ASTM E2412 [3.45] provides 

overall information about the oil condition and is complementary to physical and chemical 

property tests. This method is able to identify contaminants, such as water or soot, to monitor 

additive depletion and to follow the oil chemistry changes, such as oxidation and nitration 

processes. All covalent chemical bonds absorb IR radiation and exhibit characteristic IR 

absorptions. An IR spectrum is usually measured from 4000 to 600 cm-1, while oil oxidation 

provides characteristic signals around 1740 cm-1, the presence of nitration products is 

indicated by signals in the region of 1600 to 1640 cm-1 immediately next to the oxidation 

products. Sulphation process can be detected between 1180 and 1120 cm-1. As used oil IR 

spectra are very complex with some overlapping signals, it is often necessary to measure also 

the starting (i.e. mostly fresh) oil sample to obtain easier ways to show the changes of the IR 

spectra in the time course. 
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4. Applied analytical techniques for IL degradation studies 

The routine analysis applied for condition monitoring of conventional lubricants, apart from 

IR spectroscopy, are unspecific methods not applicable for lubricant degradation studies on 

the molecular level. Even though IR spectroscopy can reveal lubricant structural changes 

(e.g., functional group changes), its sensitivity is lower than that of mass spectrometry (MS) 

techniques. IR spectroscopy combined with MS analysis was employed in IL confined rapid 

thermolysis to study evolved species [4.1-4.4] and MS as the main analytical tool was applied 

in the most of other studies aiming to elucidate IL degradation processes which will be 

discussed further below. 

 

4.1. Time-of-flight mass spectrometry (TOF-MS) 

4.1.1. Laser desorption/ionization (LDI) 

Laser desorption/ionization technique was developed for solid or liquid samples that are not 

volatile under vacuum [4.5, 4.6]. Sample solution or the liquid itself is deposited directly by a 

syringe or glass/metal tip onto designated areas of usually stainless steel plate used as sample 

target; thus the technique requires only simple sample preparation. By transferring several 

samples at once into the ion source, the total analysis time is kept short. Prepared sample 

spots should be homogeneous, flat and thin to avoid decrease of mass spectrometric resolution 

and insufficient mass spectrum quality [4.7]. In case of inhomogeneous sample spots, mass 

spectra of insufficient quality are obtained and the operator has to search for so called “sweet” 

spots to obtain sufficient signal to noise ratio intensities. Therefore, automated approach using 

rastering for data acquisition to obtain reproducible mass spectra cannot be applied and the 

analysis time is prolonged. 

Analytes are ablated from the sample target surface by means of laser irradiation and sample 

desorption and ionization occurs in created plume [4.5]. Laser irradiation at a certain 

wavelength is either absorbed by the analyte or a thermal spike is generated in case of infrared 

lasers, hence the laser wavelength does not have to be matched to the sample [4.5, 4.6]. 

Focused laser pulses deliver energy packets (mJ to J) onto a small area (5 to 200 µm) in a 

very short time (ps to ns). Lasers employed either emit short pulses in ultraviolet region (UV); 

such as nitrogen laser with 337 nm wavelength and Nd:YAG laser with 355 nm (triplicated) 

and 266 nm (quadruplicated) wavelengths or longer pulses in infrared region (IR) are applied; 

with carbon dioxide laser using 10.6 µm wavelength and Er:YAG laser using 2.8 µm 

wavelength [4.7]. 
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LDI is suitable for many low to medium molecular mass analytes (<1 kDa) and produces 

mainly singly charged ions as well as derived fragment ions, hence produced mass spectra are 

beneficial for analysis of complex mixtures [4.5-4.8]. Oligosaccharides, peptides and 

polymers are commonly analyzed samples with LDI technique. Ionic liquids despite having 

inherited ionic character are scarcely analyzed by LDI approach. The work carried out by 

Zabet-Moghaddam et al. characterizing intact ILs [4.9], studies by Dessiaterik et al. of species 

evolved after IR and UV ablation of intact ILs [4.10] and analysis by Pisarova et al. 

investigating IL long-term stabilities [4.11, 4.12] have successfully applied LDI as 

desorption/ionization method of choice. LDI is a pulsed technique and is therefore well suited 

to be combined with a time-of-flight (TOF) mass analyzer to record mass spectra by 

simultaneous ion detection in a short time using micro-channel plate [4.5-4.7]. 

 

4.1.2. Matrix-assisted laser desorption/ionization (MALDI) 

MALDI technique extends the possibilities of LDI towards analysis of intact large molecules 

(of several kDa), such as peptides, proteins or polymers, and thermally labile compounds as it 

protects analytes from degradation and extensive fragmentation. In contrast to LDI, analytes 

do not absorb the laser irradiation themselves, but the desorption/ionization process is carried 

out by use of matrix molecules strongly absorbing at the applied laser wavelength [4.1, 4.2]. 

Therefore, matrix choice has to be matched with the type of laser applied.  

In case of the most widely used UV lasers, matrices are aromatic based small organic 

molecules with hydroxyl- and carboxyl-functional groups whereas in case of IR lasers, urea 

and alcohols are applied [4.5, 4.8, 4.13]. Matrices can be classified as acidic (H+ donors), the 

most popular being α-cyano-4-hydroxycinnamic acid (CHCA) and 2,5-dihydroxybenzoic acid 

(DHB) and as neutral ones, suitable for analytes with acid labile bonds, such as 

trihydroxyacetophenone (THAP) and Co nanoparticles in glycerol [4.6, 4.14]. Another matrix 

differentiation is based on the amount of energy transferred to analytes, where so called “hot” 

matrices deliver more energy leading to multiply charged ions whereas “cold” matrices 

support formation of singly charged ions and are more beneficial for labile compounds and in 

case of molecular weight determination. Additionally, a novel matrix type based on ionic 

liquids, being more homogenous than solid matrices, have been studied extensively in the last 

years with promising results for analysis of peptides, proteins, carbohydrates, polymers, etc. 

[4.15-4.19]. 

Appropriate matrix selection, matrix concentration and matrix to analyte mixing ratio together 

with sample preparation technique have to be optimized empirically [4.5]. For successful 
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sample preparation, vacuum stable matrix lacking chemical reactivity is a necessity, high 

quality volatile solvent miscible with both matrix and analyte have to be used and furthermore 

acid addition can be desirable for improved ionization in the positive ion mode [4.5, 4.6]. 

Generally, the sample is mixed with a large molar excess of matrix molecules in order to 

separate analyte molecules from each other and hinder the formation of aggregates and 

clusters. Correct sample deposition (≤ 1 µL) onto a sample holder is a critical preparation step 

as the crystallized surface morphology affects obtained mass spectra quality 

[4.5, 4.6, 4.8, 4.13]. Several sample spot preparation techniques have been established. In case 

of “volume technique”, matrix and sample solutions are pre-mixed before their mixture 

aliquot is placed on the sample target whereas during “dried droplet” preparation, separate 

matrix and sample solution aliquots are added onto the sample target and are mixed before 

drying at ambient temperature. “Thin layer” technique consists of applying first layer of 

matrix solution which is let to crystallize and subsequently sample solution is added on the 

top of matrix layer and dried at room temperature [4.5, 4.8]. 

The prepared sample target is loaded into the mass spectrometer and after sufficient vacuum 

is established the matrix-assisted laser desorption/ionization process takes place. The laser 

beam is focused on the sample spot and applied laser energy absorbed by the matrix is 

optimized for matrix threshold irradiance, so matrix excitation and desorption occurs. Due to 

localized sublimation, matrix and intact analyte expands into the gas phase “matrix plume”. 

The matrix assists in the sample ionization, which must contain easily ionized atoms or 

groups, via electron, proton transfer and chemical processes which occur in the gas phase 

[4.5, 4.6, 4.8, 4.13, 4.20]. These ionization processes are still not fully understood. 

The most common ions produced are singly charged radical cations [M]+˙, protonated 

molecules [M+H]+ and their [M-H]- negative deprotonated molecular analogues providing 

molecular weight information. Additionally, some adducts with alkali metal ions [M+Na]+, 

multiply charged ions, and very few fragments are created [4.5, 4.6, 4.13, 4.20, 4.21]. The 

mass spectrum is acquired for each laser pulse and to obtain a long-lasting stable signal, 

sample target is moved to continuously expose fresh sample. The acquired mass spectra are 

subsequently averaged for acquisition of reproducible mass spectra [4.5, 4.6, 4.20]. 

Among the advantages of MALDI technique is its high sensitivity, possibility to measure 

large intact biomolecules and potential sample re-analysis. Even though MALDI has good 

tolerance to low concentration of salts, but high concentrations can interfere with the sample 

desorption and ionization process. Other undesired effects are: large degree of chemical noise 
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at low m/z range, lower sensitivity and resolution for high m/z analytes, low shot-to-shot 

reproducibility and strong dependence on the sample preparation [4.5, 4.13, 4.21]. 

 

4.1.3. Time-of-flight mass spectrometer (TOF) and applied analyzing modes 

4.1.3.1 Linear time-of-flight (LTOF) mass analyzer 

The TOF analyzer is appropriate for separation of high molecular weight analytes, so it is best 

suited for so-called “soft” ionization techniques of pulsed nature having well-defined start 

time, such as LDI and MALDI [4.5, 4.13, 4.21]. 

The ions formed are expelled and accelerated from the source towards the field-free flight 

tube by acquiring the same kinetic energy. In the field free region the ions are separated 

according to their velocities due to their different mass to charge values and hence are 

dispersed in time. The lower the ion’s mass the higher its velocity and the faster it reaches the 

detector [4.5]. The schematic description of the MALDI-LTOF principle is presented in the 

Figure 1. 

As in all mass spectrometers, calibration is required to convert the measured physical property 

into a mass-to-charge (m/z) value. In TOF analyzers the m/z ratio is determined by measuring 

the time it takes for ion to move through the field-free region between the source and the 

detector [4.5, 4.13]. The better the flight time determination the better the m/z determination, 

currently nanosecond time resolution is a routine. In the most cases mass calibration with only 

two reference points of measured flight time for ions with known m/z ratio is sufficient to 

correlate the time scale with m/z values [4.5, 4.8, 4.21]. Hence, the ion’s m/z ratio can be 

calculated from a measurement of its flight time t according to the following equation: 

 

equation (1) 

where m/z means mass to charge ratio, e- stands for electron charge, Vs represents accelerating 

voltage, t is the time of flight and L is the flight path, whereas Vs and L are constant for given 

spectrometer. 

An advantage of TOF analyzers is its high ion transmission efficiency leading to very high 

sensitivity, as almost all ions formed are detected. Also the analysis speed is very high, so the 

mass spectra recorded are a sum of several hundred individual spectra. Resolution in mass 

spectrometry is defined as: R = m/∆m, where m stands for ion mass and ∆m represents peak 

width at the 50 % peak height. Mass resolution in TOF analyzer is proportional to the flight 

time, thus can be increased by longer flight tubes, but this has practical limitations (requires 

high and homogenous vacuum) or by lower acceleration voltage, however then sensitivity is 



 39 

reduced. To have sufficiently high resolution and high sensitivity, flight tube length of 1 to 2 

m and acceleration voltage of at least 10 kV is required. As mass resolution is also affected by 

ion’s time, space and kinetic energy distribution originating from applied pulsed 

desorption/ionization technique, delayed pulsed extraction and reflectron have been 

developed to obtain even higher resolutions and mass accuracy [4.5, 4.8]. 

 

 

Figure 1. Schematic description of MALDI-LTOF mass spectrometer principle [4.5]. 

 

4.1.3.2 Delayed (or pulsed) extraction 

To reduce kinetic energy dispersion of ions with the same m/z ratio formed in the ion source 

a time delay (ns to µs) is introduced before their extraction from the ion source. The 

extraction pulse transmits more energy to the ions which remained longer in the source, so 

these initially less energetic ions join the more energetic ones at the detector. Hence, energy 

dispersion is corrected and the resolution is improved by adjusting the time delay and pulse 

amplitude. As the optimal pulse voltage and time delay are mass dependent the mass 

calibration procedure becomes more complicated and can only be optimized for part of the 

mass range at a time [4.5, 4.8]. 

 

4.1.3.3 Reflectron time-of-flight (RTOF) mass analyzer 

Another way to improve TOF mass resolution is the use of an electrostatic reflector called 

reflectron. The reflectron lenses with a voltage cascade create retarding field that acts as an 

ion mirror deflecting the ions and sending them back through the flight tube in the opposite 

direction. The reflectron is located behind the field-free region opposed to the ion source and 

the reflectron detector is usually positioned adjacent to the ion source to capture the reflected 

ions [4.5].  
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The single-stage reflectron consists of equally spaced ring electrode series creating linear 

homogeneous electric field and corrects only for the initial kinetic energy dispersion of ions 

with the same m/z ratio as described in the Figure 2. The dual stage or curve field reflectron 

use is also important in the case of metastable ions. Ions with more kinetic energy penetrate 

reflectron deeper, consequently spending longer time in the reflectron and therefore reaching 

the detector at the same time as the slower ions with the same m/z. The reflectron thus 

improves resolution by flight path increase without changing the spectrometer dimension. 

However, the mass resolution increases at the expense of sensitivity and mass range limitation 

[4.5, 4.8]. 

The performance of the reflectron may be improved by use of the curved field reflectron 

which provides a retarding field increasing in a nonlinear manner and causing decrease of 

heavy ions penetration distance. The ions with broader kinetic energy range can be adequately 

focused at the same time, avoiding the need to adjust reflectron potential for particular m/z. 

However, curved field reflectron causes more ion losses than the linear field reflectron 

[4.5, 4.13]. 

 

 

Figure 2. Schematic description of RTOF mass analyzer principle [4.5]. 

 

4.1.3.4 Post-source decay (PSD) 

Post-source decay (PSD) occurs when intact ions leave the source with sufficient excess of 

internal energy causing them to decay in the field-free region. The process corresponds to 

metastable ion fragmentation. Activation of these ions occurs due to direct photon/molecule 

interactions or multiple collisions in the expanding matrix plume. These collisions can be 

controlled by extraction field strength, as its increase leads to rise of ion-neutral collision 

energy and thus the ion’s internal energy [4.5].  

When ions decay after acceleration and before entering the reflectron, created product ions 

have the same velocity as their precursor ion, thus have the same flight time. Therefore they 
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cannot be resolved in LTOF analyzer as they all reach detector at the same time, which leads 

to loss of mass resolution and sensitivity [4.5].  

Tandem TOF mass spectrometers consisting of short linear TOF and reflectron TOF as the 

second mass analyzer have been designed. Selection of the precursor ion is obtained by a 

deflection gate situated between the source and the reflectron or in front of the reflectron. 

Potential is applied to eliminate other than precursor and its fragment ions traveling at the 

same velocity. Reflectron induces kinetic energy focusing and time dispersion of fragment 

ions having different mass. The optimum reflectron potential has to be adjusted for each ion’s 

mass by subsequent voltage scanning unless a curved field reflectron is used, allowing single 

step recording of the complete PSD spectrum [4.5]. 

 

4.1.3.5 High-energy collision induced dissociation (HE-CID) 

When structure elucidation is desired, dissociation of analyte may also be induced by more 

controlled experiment such as collision-induced dissociation. Selected precursor ions are 

accelerated by a several kilovolt-potential and enter the collision cell placed between two 

analyzers. Precursor ions then collide with static neutral gas molecules and excitation occurs 

by energy transferred during collisions. If sufficient internal energy is gained, most of the 

structurally viable dissociations occur and product ions are formed. Helium is the most 

commonly used collision gas. However, more efficient transfer of energy is reached by using 

heavier gasses, such as argon and xenon, leading to collision yield increase [4.5, 4.6, 4.8]. 

 

4.2.  High performance liquid chromatography coupled to electrospray ionization 

linear ion trap orbitrap mass spectrometry (HPLC-ESI-LIT-orbitrap-MS) 

4.2.1. High performance liquid chromatography (HPLC) 

HPLC is differentiated from traditional liquid chromatography due to superior separation 

achieved by use of small diameter columns packed with small size particles and thus requiring 

high pressures (~ 150 bars). Typical analytical stainless steel HPLC column is 15 to 30 cm 

long, with internal diameter of 2 to 5 mm and particle size between 3 to 10 µm, which offers 

good compromise between column capacity, resolution and separation speed [4.22]. HPLC 

systems utilizing even smaller particles (< 2 µm) result in need of very high pressures (up to 

1000 bars) and are defined as ultra high performance/pressure liquid chromatography 

(UHPLC) due to increase in resolution and sensitivity. The advantage of using smaller 

particle size is greater surface area enhancing analyte-particle interactions, so efficient 
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separation is achieved in shorter time. UHPLC columns, having even smaller diameter, lead 

to decrease in solvent consumption however at the expense of limited loading capacity [4.23]. 

HPLC separation modes can be based on analyte differences in polarity (partition 

chromatography), size (size exclusion chromatography), charge (ion exchange 

chromatography), or specific affinity (affinity chromatography) towards the stationary phase. 

The most common HPLC separation mode is the partition chromatography based on 

differences in compound polarities. The column stationary phase is based on tightly packed 

very fine solid spherical beads of silica or polymer with bonded stationary phase of desired 

functional groups on their surface. In principle any compound that has affinity to the 

stationary phase can be separated on the column. HPLC is especially suitable for separation of 

non-volatile and thermally labile compounds [4.22-4.24]. HPLC as a method of choice was 

applied to study IL stability under gamma radiation by Rouzo et al. [4.25] and effect of H2O2 

and UV irradiation on imidazolium ILs was investigated by Czerwicka et al. [4.26]. The 

HPLC studies by Pisarova et al. [4.12] and Keil et al. [4.27] focused on IL long-term stability 

evaluation by degradation products detection and quantification. 

Sample solution, as a complex mixture, is introduced into the sample loop and injected as a 

narrow band onto the column head by the mobile phase flow. Separation of individual 

components along the column is achieved due to differences in their affinity towards the 

stationary and mobile phase. The analyte distributed between the mobile and stationary phase 

would reach equilibrium if not disturbed by continuous pumping of fresh solvent down the 

column. Sample components move further apart as they pass the column due to different time 

they spent in the stationary phase, acquiring different retention times. Analytes with the 

highest affinity towards the column packing stay longest on the column and elute as the last 

ones, as analyte movement occurs only in the mobile phase. Successful separation of all 

mixture components requires optimized analytical conditions, such as column packing and 

mobile phase type, column length and diameter, mobile phase flow and column temperature. 

Analytes exit the column as separated bands due to differences in their interactions and enter 

the detector. The time it takes for the analyte to travel from injection until the detector is 

defined as a retention time. The separated compounds appear in the detector as peaks at their 

different retention times. The signals obtained from the detector are plotted versus the 

analysis time in chromatograms used for qualitative and quantitative evaluations [4.8, 4.22-

4.24].  

The HPLC system is composed of some basic components, such as mobile phase reservoir, 

pump system, flow and pressure regulator, injection unit, column, detector and waste 
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reservoir, connective tubing and computer. Pumps have to ensure delivery of constant and 

pulse-free mobile phase flow. It is also important to use degassed solvents to avoid gas 

bubbles and highly purified reagents of HPLC grade to avoid impurities as these can ruin the 

analysis. Use of porous stainless steel disc filter (frit) keeps the possible impurities from 

entering the packed column. Additionally, zero dead volume column fittings have to be used 

to ensure minimal band broadening [4.23, 4.24]. 

 

4.2.1.1. Normal and reverse phase chromatography 

Normal and reverse phase chromatography are terms used to describe relative polarities of the 

stationary and mobile phase. Relative solvent polarities are determined using the polarity 

index. Separation can be optimized by varying either the polarity of the column or the mobile 

phase. If the solvent polarity is more alike the stationary phase polarity, then compounds will 

elute more rapidly. If the polarity difference is increased, then the retention time will decrease 

or increase depending on analyte affinity towards the mobile and stationary phase. Mobile 

phase additives used for pH modification and ion pairing reagents also modify the separation 

[4.23, 4.24]. 

In the normal phase HPLC highly polar stationary phase, such as alumina or silica is used 

with non-polar mobile phase such as hexane. Thus, the least polar analyte is eluted first and 

by increasing the mobile phase polarity the retention time is decreased [4.24]. 

In the reverse phase HPLC silica beads are modified to create a non-polar surface by 

attachment of longer hydrocarbon chains, commonly of C18 length. Polar mobile phase is 

used, such as water, methanol or acetonitrile. Hence, the most polar analyte is eluted first 

while the non-polar compound elution will be slowed down due to its van der Waals 

interactions with the stationary phase hydrocarbon groups. Stationary phase columns of 

intermediate polarity are also used, with functionalities based on phenyl, cyano, or diol-

groups offering additional separation selectivity [4.23, 4.24]. 

 

4.2.1.2. Isocratic and gradient separation mode 

A separation in which the mobile phase composition remains constant throughout the analysis 

is called isocratic elution. During isocratic separation the eluted peak widths are increasing 

linearly with the retention time. Gradient elution is used for more complex mixtures by 

applying increase of the mobile phase strength throughout the separation process. Highly 

retained analytes are eluted faster having narrower peaks, so the resolving power is not 

affected. The applied gradient can be of linear, step-wise, convex or concave nature. Solvent 
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gradient needs to be done slowly enough to be reproducible, and the column must be re-

equilibrated before the next injection [4.23, 4.24]. 

 

4.2.2. Electrospray ionization (ESI) 

ESI as another “soft” ionization technique is suitable for analysis of thermally labile samples 

and even of non-covalent biomacromolecular complexes which are ionized intact directly 

from their solutions at atmospheric pressure. High molecular mass analytes can be ionized by 

ESI, such as proteins, nucleic acids and polymers currently up to 18 MDa, if efficient 

desolvation is reached [4.28]. Analytes are either present in the solution as pre-formed ions or 

as neutral compounds which can be ionized by presence of electrolytes, such as Na+ ions via 

adduct formation. However, protonation/ deprotonation is the main source of charging for 

biological molecules with several protonation or deprotonation sites, hence pH optimization is 

important for their stabilization [4.5, 4.13, 4.20, 4.21, 4.29]. 

Sample solution passes through small conductive capillary held at high voltage, typically of 3 

to 5 kV relative to the counter-electrode. The required voltage has to be optimized as it 

depends on capillary diameter and the solvents used. Mostly polar solvents, such as methanol, 

acetonitrile or their mixtures with water are applied, while the higher the solvent boiling point 

the higher the capillary voltage is required. The counter-electrode is a plate with an orifice 

leading to mass spectrometric sampling system [4.5, 4.8, 4.20, 4.21, 4.29]. 

In the case of positive ion monitoring, the conductive capillary is held at the positive potential 

so the negative ions are held back and the positive ions are drawn away from the capillary. 

Low pH values can promote the positive ion formation. Due to potential difference between 

the capillary and the counter electrode an intense electric field is created at the capillary tip. 

Enrichment of positive charged analyte ions near the surface of the liquid meniscus occurs. 

Increase of a cone surface at the capillary tip is resisted by liquid surface tension. When the 

surface tension is disturbed by applied solvent dependent onset voltage, a Taylor cone is 

formed and sample solution is dispersed into a fine highly charged aerosol droplets. Coaxially 

flowing inert gas can enhance the nebulization process, which was frequently called ion spray. 

Created droplets of solvent and analytes possess a net positive charge and are dragged through 

a heated transfer capillary towards the mass analyzer entrance. The droplets formed 

continuously shrink due to solvent evaporation and ultimately form gas phase ions by two 

proposed mechanisms [4.5, 4.13, 4.20, 4.21, 4.29]. 
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4.2.2.1. Proposed models of gas phase ion formations 

In the case of smaller molecular weight analytes of less than 1 kDa mass, so-called ion 

evaporation model applies. Once the electric field on the droplet surface becomes large 

enough, ions located at the droplet surface are able to desorb. In the mixture of components, 

higher sensitivity is reached for those compounds located at the surface as these can mask 

those analytes which are soluble in the bulk. By this model mainly singly charged ions are 

generated [4.5]. 

Charge residue model applies to molecules larger than 1 kDa which are not able to desorb 

from the droplet surface. These larger molecules are able to carry multiple charges if they 

contain several ionizable sites. As the solvent evaporates, the droplet size is shrinking and 

hence the surface charge density increases. Once the charge repulsion overcomes the droplets 

surface tension, Coulombic explosion occurs resulting in production of smaller droplets that 

continue to undergo this process. Eventually multiply charged ions are completely desolvated 

due to entire solvent evaporation [4.5, 4.8, 4.13, 4.20, 4.29]. 

Multiply charged ions formed by the ESI process have advantage for high molecular weight  

compounds analyses by mass spectrometers with limited m/z range as they appear at much 

lower m/z values due to carrying higher number (z) of charges. Additionally, their molecular 

weight measurement can be based on each multiply-charged ion [4.5, 4.8, 4.13, 4.20, 4.21]. 

Advantage of ESI is its sensitivity to the concentration rather than to total quantity of sample 

injected in the ion source. The sensitivity is increasing when the flow entering the source is 

decreasing, so when flow rates above 500 µL/min are used, the sensitivity is reduced. Among 

ESI shortcomings is the continuous sample consumption, hence some of the sample is wasted 

and no re-analysis is possible. Also ion suppression effects are susceptible to occur in 

presence of high salt concentrations (>1 mM), hence especially biological samples need to be 

desalted [4.5, 4.21]. 

 

4.2.2.2. HPLC-ESI-MS on-line coupling 

ESI as a continuous ionization method is suitable for direct coupling to liquid separation 

methods such as HPLC. As ESI is a concentration dependent technique with linear correlation 

over several orders of magnitude between the ions yield and the analyte concentration, it does 

not have to be supplied with high flow rates. When ESI is coupled to nano-HPLC large 

sensitivity increase is gained [4.5, 4.8, 4.13, 4.23]. 

However, HPLC methods have to be modified when coupled to ESI, by means of avoiding 

high buffer concentrations, presence of salts and surfactants as these induce ion suppression 
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and cause source contamination. In order to maintain good sensitivity, the electrolyte 

concentration should not exceed 10 mM concentration limit. Indeed, volatile buffers and pH 

modifiers, such as formic or acetic acid should be preferred to avoid source deposits 

formation and problems in ionization processes. ESI does not tolerate well non-polar solvents. 

Mobile phase composition should be based on volatile organic solvents, such as acetonitrile, 

as solvent choice in HPLC will have an immense effect on the mass spectrum obtained. 

Hence, compromise between sufficient HPLC separation and efficient electrospray ionization 

should be reached [4.5, 4.8, 4.13]. 

As HPLC with ESI coupling can tolerate flow rates up to 1 mL/min, solvents have to be 

efficiently eliminated in order to produce gas-phase ions and maintain vacuum requirements 

of mass analyzers. If analyte ions are produced in form of clusters with solvent molecules, 

detection sensitivity and quantitative analysis are affected. To avoid cluster formation, 

enhance droplet desolvation has to be applied either by counter-current heated dry gas (curtain 

gas) or by ion passage through heated transfer capillary [4.5, 4.8, 4.29]. 

Special ESI-MS interface is necessary to transfer the ions from ionization chamber held at 

atmospheric pressure to the high vacuum region of mass spectrometer. Gradual pressure 

reduction is achieved by differential pumping system with intermediate vacuum and vacuum 

compartment being separated by use of skimmer lenses (cones) with very small orifices. The 

width of the orifices hast to provide for sufficient sensitivity while maintain the vacuum.  

ESI source can be oriented towards the mass spectrometer entrance (sampler cone) either in 

axis or orthogonal configuration, which is more compatible with higher flow rates but 

introduces discrimination based on mass or charge [4.5, 4.13]. 

 

4.2.3. Linear ion trap orbitrap mass spectrometry (LIT-orbitrap-MS) 

The formed gas-phase ions have to be separated according to their mass-to-charge ratio (m/z) 

in the mass analyzer. Upon entering the mass spectrometer, ions are focused by use of 

skimmer lenses and focusing multipoles (ion guides), e.g., octapoles. These multipoles are 

followed by gaiting lens which regulates the amount of injected ions as too many ions induce 

space charge effects and too few lead to sensitivity loss. For positive ions the gating lens is 

held under negative potential during ion injection and is switched to positive potential once 

the desired amount of ions is reached [4.5]. 
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4.2.3.1. Linear ion trap (LIT) mass analyzer 

Ion trap is a mass analyzer able to trap ions in two or three dimensions by use of oscillating 

electric field hence can be classified as 2D (linear) or 3D (Paul) ion trap. The advantage of 

later developed linear ion trap (LIT) is higher ion trapping capacity leading to less 

susceptibility to space charge effects as ions are focused along the central line rather than 

around a point which occurs in Paul ion trap. The trapping efficiency of LIT is more than 

50 % compared to 5 % for the Paul ion trap. Due to this fact, LIT offers increase of the 

sensitivity and the dynamic range [4.5, 4.30]. 

LIT geometry is more similar to quadrupole mass analyzer than to Paul ion trap as it is based 

on rods divided into 3 segments. Quadrupolar field restricts the ions oscillations in the radial 

dimension and the end segments reflect the ions forward and backward in the axial dimension. 

The LIT is held at 10-5 mbar as the present cooling gas (He) serves for ions cooling by means 

of their kinetic energy reduction as a result of collisions with neutral gas molecules. The ions 

stored in LIT can be either ejected radially through two slots in opposite rods or axially 

towards the orbitrap. By radial ejection two detectors are used to monitor all expelled ions at 

low (unit) resolution [4.5, 4.30-4.32]. The schematic description of LIT mass analyzer is 

provided in Figure 3. 

 

 

Figure 3. Schematic description of LIT mass analyzer with the central segment B enclosed by 

two end segments A and C. The central LIT segment enables radial ion ejection through two 

slots which are detected by two detectors D1 and D2 [4.5]. 

 

In the LIT, soft fragmentation in the time domain over several generations (MSn) can be 

performed by; (1) mass selective ejection of all ions apart from the precursor ones, (2) ions 

kinetic energy increase due to vibrational excitation and (3) ions fragmentation due to 

effective collisions with present neutral gas molecules. Hence, LIT can be used independently 

or in combination with orbitrap to obtain high resolution full or product ion mass spectra 

[4.5, 4.30-4.32]. 
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4.2.3.2. Orbitrap mass analyzer and integrated detection 

Ions from the LIT are accelerated into the transfer octapole and through the gate plate enter 

the ion trap called C-trap (bent quadrupole) which consists of hyperbolic rods and two end 

lenses with slits for ion transport [4.32]. The C-trap serves for ion cooling by collisions with 

nitrogen gas molecules and forms thin long thread of ions along its curved axis. Rapid (µs) 

and orthogonal ions ejection is followed by vertical ion beam deflection in order to eliminate 

transport of cooling gas (N2) into the orbitrap. The ions are accelerated to acquire high kinetic 

energy and form tight packets before entering the orbitrap [4.5, 4.30-4.32].  

The orbitrap is in principle electrostatic ion trap operating in pulsed fashion with large space 

charge capacity and trapping volume. It consists of barrel shaped outer electrode cut into two 

equal parts separated by a small gap which serves for ion injection and coaxially placed 

central spindle shaped electrode as described in Figure 4. In the case of positive ions, negative 

electrostatic voltage of several kilovolts is applied to the central electrode, while the outer 

electrode is held at ground potential. The tangentially injected ions are subjected to 

electrodynamic squeezing to prevent their collisions with the central electrode, which voltage 

is monotonically lowered. The electric field increase is applied until all ions of the desired 

m/z, arriving as short packets, are injected. The injected ions start to orbit and oscillate on the 

stable trajectories along the central axial electrode (z direction). The ion packets of different 

m/z coherently oscillate at their respective frequencies and have to remain in phase. Ion 

collisions with background gas molecules result in ion packet dephasing or even in ion loss, 

hence orbitrap is held at 10-10 mbar to avoid signal intensity decrease. The axial frequency of 

ions harmonic oscillations is directly linked to their m/z ratio and more importantly it is 

completely independent of the ions kinetic energy and spatial spread as can be seen below, 

 

equation (2) 

where ω is frequency of axial ions oscillations, z represents ions charge, m stands for ions 

mass and k describes field curvature [4.5, 4.30-4.32]. 
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Figure 4. Schematic description of orbitrap mass analyzer composed of outer barrel shaped 

electrode with coaxially aligned central spindle shaped electrode. The tangentially injected 

ions coherently oscillate on the stable trajectories around the central electrode [4.5]. 

 

The broadband image current induced by ions oscillations is detected once the central 

electrode is stabilized after electrodynamic squeezing process. The total image current is the 

sum of individual currents. The signal is detected by the outer electrodes, amplified and 

converted from the time domain by fast Fourier transformation into the mass spectrum. As the 

ions motion is very coherent, it enables sensitive detection as well as improvement in mass 

resolution and mass accuracy. The orbitrap resolution increases linearly with the acquisition 

time reaching a maximum mass resolution of over 100 000 FWHM. The mass accuracy has 

been demonstrated as 5 ppm based on external calibration and 2 ppm using internal 

calibration. Mass accuracy indicates how closely is the measured m/z related to the theoretical 

m/z and is expressed in millimass units (mmu) or in parts per million (ppm). High mass 

accuracy together with high resolution is significant for determination of elemental 

composition. The large dynamic range of orbitrap is over 103 within a spectrum and over 105 

between spectra. The mass range is limited by the use of the LIT and is either m/z 50-2000 or 

m/z 200-4000 [4.5, 4.30-4.32]. 

The normal acquisition cycle time in the orbitrap is 1 s and during this period other operations 

can be performed in LIT as a result of fast ion transmission. Hence, two LIT low-resolution 

spectra and one orbitrap high-resolution spectrum can be obtained within 1 s. Thus, the LIT-

orbitrap hybrid instrument combines the LIT tandem capability with the high resolution and 

mass accuracy of the orbitrap [4.5, 4.32]. 
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4.3. Headspace cold trap gas chromatography electron ionization mass 

spectrometry (HS-CT-GC-EI-MS) 

4.3.1. Headspace and cold trap techniques  

Headspace sampling is an auxiliary sample introduction technique of gas chromatography for 

analysis of volatile organic compounds. It is especially suitable for solid or liquid matrices 

from which volatile analytes can be released into the gas phase above the matrix (headspace). 

Thus, this technique enables increase of the analysis selectivity and sensitivity. Samples are 

placed into gas-tight closed headspace vials and exposed to optimized and controlled 

temperature for reproducible analysis. The analyte partition coefficient and volumes of both 

phases determine the amount of the analyte released into the gas phase. After the equilibrium 

is reached between the two phases or after a defined amount of time, the aliquot of the 

headspace phase is directly injected into the gas chromatograph for subsequent 

chromatographic analysis [4.33-4.35]. 

Cold trap provides cryogenic concentration (focusing) of the injected gas sample followed by 

rapid thermal desorption to deliver narrow sample vapor band into the column. This results in 

generation of sharp, well resolved GC peaks, reproducible retention times and peak areas. The 

cryo-trap consists of a small heating/cooling chamber installed inside the GC oven, just under 

the GC injection port. Liquid nitrogen is utilized to permit the trapping of volatiles down to -

180 °C [4.33-4.35]. 

 

4.3.2. Capillary gas chromatography (GC) 

Gas chromatography (GC) is analytical separation technique applicable for analysis of 

sufficiently volatile and thermally stable organic compounds. The analyzed sample, of liquid 

or solid form, is commonly introduced into the GC as a solution in volatile organic solvent, 

such as hexane or dichloromethane. Additionally, gaseous samples can be directly analyzed, 

solid samples can undergo pyrolysis and non-volatile or thermally labile compounds can be 

treated by chemical derivatization in order to become suitable for GC measurement. Ionic 

liquid analytes were studied by several authors using pyrolysis gas chromatography approach 

in order to identify volatile products evolved after short-term thermal treatment [4.36-4.38]. 

Thermal degradation products of 1-alkyl-3-methyl-imidazolium based ILs were studied by 

Liebner et al. [4.39] identifying imidazole, N-methylimidazole and N-alkylimidazoles as the 

main products, whereas dimeric substituted imidazoles carrying methylene bridge are 

elucidated as the secondary products. Degradation products evolved due to 1-butyl-3-methyl-
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imidazolium chloride treatment in Fenton-like system were studied by Siedlecka et al. [4.40] 

where imidazolones and their 18 hydroxyl substituted analogues were detected. Headspace 

gas chromatography analysis of volatile degradation products evolved under long-term 

thermo-oxidative stress of several ammonium based ILs revealed a presence of abundant 

gaseous species, such as oxidation products of IL side chains, alkylated IL anions and amines 

with their secondary degradation products, as stated by Pisarova et al. [4.41]. Qualitative and 

quantitative analysis of complex mixtures can be performed as GC offers wide applicability 

range and great instrumental versatility [4.22, 4.33, 4.42]. 

GC system consists of several components; gas supply system, injection port, column 

mounted into GC oven, detector and data acquisition system. GC mobile phase is an inert gas 

(He, H2) called “carrier gas” as it servers for transfer of analytes through the separation 

column. Apart from inertness, the carrier gas must be of high purity, as impurities and 

moisture adversely affect the separation process. To regulate the carrier gas flow and 

therefore applied pressure, appropriate regulators and controllers are used in the gas 

chromatograph [4.22, 4.33]. 

Several injection techniques have been developed to introduce the sample vapors into the 

column as a narrow band, using heated deactivated glass vaporization chambers called liners. 

These are inserted into the injection port which should be kept about 50 °C higher than the 

boiling point of the least volatile sample component in order to avoid discrimination during 

sample vaporization. Sample introduction is a crucial GC step affecting sensitivity and 

resolution of the analysis. Slow injections and oversized samples lead to peak broadening and 

hence to decrease in sensitivity and column capacity [4.22, 4.33]. 

 

4.3.2.1. Split and splitless injection techniques 

The carrier gas in the injector port is divided into three streams; (1) septum purge to sweep 

away any contamination from the sealing septum, (2) split flow directed outside from the 

chromatograph via split valve and (3) carrier gas flow portion transferring the remaining 

sample vapors towards the separation column [4.33]. 

The sample size is diminished during the split injection by eliminating most of the sample 

vapors via the split vent to acquire sample size compatible with the column capacity, 

preventing the column overload. Commonly applied split ratios range from 1:50 to 1:500 

depending on the column diameter and stationary phase thickness, so only a very small 

sample fraction reaches the column. A purge control valve has to ensure reproducibility of the 

sample portion arriving into the column for quantification purposes [4.22, 4.33]. 
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Splitless injection is especially beneficial for analysis of trace components in the sample 

mixture. During the sample injection the split vent is closed, so almost the entire volume of 

sample vapors is transferred into the column. After an optimized short amount of time, the 

split vent is opened again, so residual solvent vapors can be eliminated in order to prevent 

solvent peak tailing which can mask closely eluting analytes. Also solvent type and initial 

column temperature affect the separation efficiency; thus splitless injection requires 

optimization of several parameters [4.33]. 

 

In most gas chromatography applications the traditional packed columns were replaced by 

more efficient open tubular capillary columns. The open tubular capillary columns are 

generally made of fused silica quartz coated on the outside with a polyimide for improved 

durability. The GC column is characterized by the type of stationary phase used, its film 

thickness (µm), the column inner diameter (mm) and the column length (m). The carrier gas 

flows in the capillary columns can range from 1 to 25 mL/min [4.22, 4.33]. 

The sample separation in GC is based on the analyte interactions with the stationary phase as 

they are carried through the column in the flow of inert gas. The stationary phase selection is 

crucial and should be based on the character of sample components to be analyzed. The type 

of stationary phase determines the elution order of the analytes. If the appropriate stationary 

phase is selected, analytes will successively elute from the column due to their different 

affinities towards the stationary phase, while the least interacting analyte will exit the column 

as the first one [4.22, 4.33]. 

 

4.3.2.2. Gas-solid and gas-liquid chromatography  

The stationary phase in GC capillary columns is based either on solid porous or on viscous 

liquid material, so the sample separation in the column is due to either gas-solid or gas-liquid 

interactions in the column [4.33]. 

Porous layer open tubular (PLOT) columns are used in the case of gas-solid based 

chromatography. The separation mechanism occurs as a result of differences in analytes 

physical adsorption towards the solid adsorbent, such as aluminium oxide. The analytes 

separation is affected by their molecular weight, stereometry, the sorbent pores geometry and 

the column temperature. PLOT columns are mainly used where separation of low-molecular-

weight volatiles and gases is required, such as air components, carbon monoxide and nitrogen 

oxides [4.22, 4.33]. 
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In the case of separation based on gas-liquid interactions, the liquid stationary phase is either 

directly uniformly coated on the column walls (WCOT columns) or immobilized by use of 

solid support (SCOT columns). SCOT columns have greater sample capacity but worse 

separation efficiency than WCOT columns. The stationary film of liquid phase has to be 

nonvolatile, thermally stable and chemically inert. The most applied stationary phase material 

is polydimethyl siloxane with 100% methyl groups for non-polar interactions or with fraction 

of methyl groups substituted by functional groups, such as phenyl, cyanopropyl to obtain 

wider range of polarities. Polyethylene glycol based stationary phases offer additional 

selectivity. Generally applies, that the stationary phase polarity should match the sample 

polarity [4.22, 4.33]. 

Capillary columns can get contaminated due to impurities present in the gas supply or in the 

sample. Therefore column conditioning by periodical temperature increase or column solvent 

rinse is carried out. To avoid a loss of stationary phase due to this treatments, the stationary 

phase is either chemically bonded or cross-linked in order to avoid column bleeding [4.22]. 

To separate mixture of components, these have to possess sufficiently different affinities 

towards the applied stationary phase. The analyte retention time depends on its affinity to the 

stationary phase and its thickness, selected carrier gas flow and the column temperature. 

These parameters have to be optimized in order to achieve desired separation within the 

shortest time [4.22, 4.33]. 

 

4.3.2.3. Isothermal and gradient temperature program 

Column temperature has to be efficiently controlled to a several tenths of a degree by oven 

thermostat in order to obtain reproducible results. The optimal oven temperature is determined 

experimentally with the respect to separation efficiency required and range of analyte boiling 

points. Isothermal analysis, applying constant column temperature throughout the analysis, is 

sufficient for samples with narrow range of boiling points. When analyzing samples with 

wide boiling point range, gradient temperature program increasing either continuously or in 

step manner is applied. This provides shorter analysis time, and thus more efficient separation 

especially for the later eluting analytes. As the separated analytes elute from the column, their 

retention time is recorder and plotted versus their signal intensity in the obtained 

chromatogram [4.22, 4.33]. 
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4.3.3. Electron ionization (EI) 

Electron ionization is a “hard” ionization technique during which gas phase molecules 

ionization occurs via high-energy electron beam bombardment. These electrons are emitted 

from metal wire (filament) acting as a cathode which is heated by a passing current 

controlling the number of emitted electrons. The emitted electrons acquire certain energy, 

generally of 70 eV, depending on the potential difference applied between the cathode and the 

anode. The lowest potential difference during which the sample ionization occurs is called 

first ionization potential. The formed high-energy electrons are accelerated across the ion 

source towards the anode and collide with the gas molecules present in the ionization chamber 

[4.5, 4.8, 4.20, 4.22]. 

For most organic molecules the threshold energy leading to ionization is approximately 10 eV 

(1st ionization potential), but as not all of the electron energy is transferred to the molecule 

during collisions, higher electron energies of 70 eV are used. The transferred energy causes 

loss of the molecule (M) valence electron (e-) and so the formation of molecular ion (radical 

cation M+·) occurs. The molecular ion carries the information about the compounds mass. The 

excess of molecule internal energy can further lead to uni-molecular decompositions, hence 

variety of smaller fragment ions is observed in the mass spectrum. The extent of 

fragmentation depends on the molecule bond strengths and the fragment ions internal energy 

and stability [4.5, 4.20].  

The obtained fragment ions provide structural information for compound identification even 

in the absence of molecular ion due to extensive fragmentation. The obtained EI mass spectra 

are very reproducible and characteristic for a compound (molecular finger print); therefore by 

use of mass spectral libraries produced with electrons of 70 eV energy, the analytes can be 

easily identified based on pattern recognition [4.5, 4.20, 4.22]. 

 

4.3.3.1. Open split and direct GC-EI-MS coupling 

As the gas chromatography can separate complex mixtures with high resolution and mass 

spectrometry is able to efficiently identify separated compounds, the coupling of GC-MS is 

highly beneficial. As the mass spectrum of mixture is difficult to interpret, it is essential that 

the analytes are eluted and ionized subsequently in a stepwise manner. These complementary 

techniques both require samples in the gas phase; however they have to be properly interfaced 

as GC operates under pressure while MS works under vacuum. Currently, two approaches are 

applied to interface the GC-MS coupling, based on open-split and direct coupling systems 

[4.5, 4.8, 4.20, 4.22, 4.42]. 
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In the case of open-split coupling, the GC column and the MS deactivated interface capillary 

are inserted into small diameter tube held in a T-shaped housing kept at atmospheric pressure. 

This housing is filled with helium to avoid oxidation of eluting compounds and the MS 

capillary is heated to avoid sample condensation. The portion of GC eluent is pumped away 

and only part of the sample amount reaches the MS ion source. However, the amount of 

analyte entering the mass spectrometer is important as it affects the instrument detection limit. 

The advantage is the reduced gas load for the pump system, but at the expense of sensitivity 

and the possibility of column exchange without breaking the mass spectrometer vacuum 

[4.5, 4.8, 4.20]. 

Direct coupling enables passing of the entire eluent flow to the MS source, if compatible 

flows (1 to 2 mL/min) and high capacity vacuum pumps ensure low operating pressure in the 

ion source. The capillary column is directly inserted into the ion source via heated small 

diameter tube to avoid condensation. Since the gas chromatography is performed between the 

injector held at atmospheric pressure and the ion source held at vacuum, the column of 

sufficient length has to be used. As the entire flow is directed to the MS ion source, the 

detection sensitivity is increased, however the column exchange becomes more complicated 

[4.5, 4.8, 4.20, 4.42]. 

 

4.3.4. Quadrupole mass analyzer 

Quadrupole mass analyzer consists of four perfectly parallel aligned circular or hyperbolic 

metallic or metallized electrode rods. The two opposite quadrupole rods are connected into 

pairs and experience the alternation of positive and negative potentials. Schematic description 

of the quadrupole mass analyzer is provided in the Figure 5. As quadrupole acts as a mass 

filter, this oscillating electric field enables only resonant ions of a particular m/z to follow 

stable oscillating pathway along the z-axis and reach the detector. The m/z value transmitted 

is determined by the radio frequency (RF) and direct current (DC) voltages applied to the 

rods. All ions above or below the set m/z value are discharged on the quadrupole rods. To 

obtain a mass spectrum over selected m/z range, the RF and DC fields are scanned, either by 

potential or frequency, so all ions sequentially become resonant and reach the detector 

[4.5, 4.8, 4.13, 4.20].  
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Figure 5. Schematic description of quadrupole mass analyzer with four electrodes connected 

into two pairs subjected to alternating potentials [4.5]. 

 

In detail, the trajectory of an ion will be stable as long as its x and y coordinates remain less 

than r0, so until it does not collide with the quadrupole rods. Two functions a and q define 

ions stability areas across a range of varying direct current value U and a radiofrequency 

value VRF, as shown below, 

 

equation (3) 

 

equation (4) 
 

where r0 is a radius of an imaginary cylinder that fits in the center of the rods and ω is the 

angular frequency of the RF field. The last terms of both U and VRF equations are held 

constant for a given quadrupole instrument [4.5, 4.8].  

Graphical representation of q parameter, related to RF voltage versus a parameter, related to 

DC voltage is known as the Mathieu stability diagram, described in Figure 6. The regions 

below the obtained curves are the areas of stable ions trajectories. Ions of different m/z are 

successively scanned along the line by increasing the magnitude of the RF and DC voltages 

while keeping the U/VRF ratio constant to maximize the achievable mass resolution 

[4.5, 4.8, 4.13, 4.21]. 
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Figure 6. Mathieu stability diagram describing stability areas of ions with mass increasing in 

order m1 < m2 < m3. Ions are successively scanned along the operating line [4.5]. 

  

Quadrupole mass spectrometers usually operate at unit resolution over the whole mass range, 

so are able to separate two ions being 1 mass unit apart. This categorizes quadrupoles as low-

resolution instruments with mass accuracy reaching several hundreds of ppm. Depending on 

the quadrupole physical parameters, the upper m/z limit can reach maximum detectable m/z 

value of 4000 [4.5, 4.8, 4.13, 4.21]. 

 

Quadrupole is a real mass-to-charge ratio analyzer as it does not depend on the ions kinetic 

energy. The ions leaving the source are only accelerated by one to a few hundred eV to enable 

quadrupole scans to be obtained over the desired m/z range. The quadrupole scan speed is 

very high and can reach 1000 Da/s or more, so it is well suited for coupling with capillary 

GC, as around 10 mass spectra can be obtained throughout the capillary GC peak. Quadrupole 

analyzers are robust, easy to handle and low cost instruments [4.5, 4.8, 4.13, 4.21, 4.42]. 
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5. Applied methods for IL (eco)toxicity and biodegradability        

 assessment 

In order to implement IL lubricants into large scale applications, it is important to assess their 

impact on human and environment as not only technical requirements but also Registration, 

Evaluation, Authorization and Restriction of Chemicals (REACH) legislation requirements 

have to be fulfilled. Thus, the environmental impact of ILs have to be investigated by means 

of their (eco)toxicological impact on different biological test systems of varying complexity 

and their biodegradability has to be assessed. As the test batteries commonly applied to assess 

ILs are generally performed in water environments, the water solubility of ILs to the required 

level is a necessity. 

 

5.1. Acetylcholinesterase inhibition assay  

Acetylcholinesterase inhibition assay represents the least complex test system working on 

molecular level utilizing acetylcholinesterase enzyme, an important biomarker for central 

nervous system of higher organisms to study IL inhibitory potential. IL exhibit structural 

similarity to acetylcholine substrate as they are mainly based on quaternary ammonium 

cations and hence can act as acetylcholinesterase inhibitors. High throughput screening test 

with isolated acetylcholinesterase enzyme is based on colorimetric assay using 5,5'-dithio-bis-

(2-nitrobenzoic acid) (DTNB) dye reduction by enzymatically formed thiocholine moiety 

from the acetylcholine iodide substrate as described by Stock et al. [5.1].  

Studies carried out by Stock et al. [5.1], Ranke et al. [5.2] and Arning et al. [5.3] led to 

conclusion that IL cationic moieties with longer side chain length are those responsible for 

acetylcholinesterase inhibition and that the aromatic head groups, such as imidazolium and 

pyridinium are strong inhibitors whereas as stated by Stolte et al. [5.4] and Pisarova et al. 

[5.5] ammonium based ILs with short alkyl chains and with implemented polar functional 

groups show no inhibition effects. Apart from fluorine containing anions, such as [PF6]-, IL 

anion moieties do not contribute to the enzyme inhibition as concluded by Matzke et al. [5.6]. 

 

5.2. Cell viability assay with IPC-81 cells 

Cell viability assay is used to evaluate cytotoxicity of compounds by using mammalian cell 

culture and represents biological system with higher complexity. Cytotoxicity test using 

leukemia rat cell line IPC-81 is based on colorimetric assay measuring cells ability to reduce 
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2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulphophenyl)-2-H-tetrazolium monosodium salt 

(WST-1) reagent as described by Ranke et al. [5.7]. 

Ranke et al. [5.7, 5.8] and Torrecilla et al. [5.9] investigated the influence of IL cation side 

chain lengths and concluded that the ILs with longer alkyl side chains exhibit higher 

cytotoxicity due to their increased hydrophobicity, which is in consistency with studies of 

other chemicals. Also anions can contribute to the IL cytotoxicity by means of their 

hydrophobicity or hydrolytic instability as stated by Stolte et al. [5.5, 5.10]. Implementation 

of polar functional groups into the IL alkyl side chains, such as hydroxyl or nitrile groups, 

decreases the cytotoxicity effect of ILs [5.5, 5.11-5.13]. 

  

5.3. Luminescence inhibition assay with the marine bacterium Vibrio fischeri 

Luminescence inhibition assay uses marine bacteria Vibrio fischeri, a unicellular organism 

capable of emitting bioluminescence as part of its metabolism process, hence indicating cells 

viability. Changes in the bioluminescence intensity provide indication of chemicals 

cytotoxicity towards Vibrio fischeri bacteria and are detected photometrically as described in 

more detail within DIN EN ISO 11348 ecotoxicological standards [5.14]. Therefore, it is 

possible to study environmental effects of ILs towards aquatic organisms due to their potential 

breakthrough from wastewater treatment plants. 

Couling et al. [5.15] concluded that toxicity of ILs towards Vibrio fischeri decreases in the 

following order; imidazolium > pyridinium > ammonium as it correlates with the number of 

N atoms in the cation. The clear contribution of IL cation alkyl chain length increase to IL 

cytotoxicity was confirmed by Ranke et al. [5.7] and Pernak et al. [5.16] as the hydrophobic 

chains disrupts the cells lipophilic membrane. Not only the length of the alkyl chain but also 

the number of alkyl chains attached to the cation leads to IL cytotoxicity increase as stipulated 

by Docherty et al. [5.17], and Stolte et al. [5.18] assigned the organism membranes being the 

primary target of IL toxic action. General contribution of anion moiety towards Vibrio fischeri 

cytotoxicity is low [5.7, 5.19]. 

 

5.4. Acute immobilization assay with Daphnia magna 

Crustacean Daphnia magna serves as test organism for studies of toxicity effects towards 

invertebrates, hence represents an important link between microbial and higher trophic level. 

Aquatic toxicity of compounds can be determined following the Organization for Economic 

Co-operation and Development (OECD) guideline 202: Daphnia sp., acute immobilization 

test and reproduction test [5.20]. Animals not older than 24 h are incubated with the substance 
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for either 24 or 48 h. At the end of the test, the EC50 value of a substance is determined as a 

concentration needed to immobilize 50% of the Daphnia magna. 

Couling et al. [5.15] stated that the IL toxicity towards Daphnia magna increases with the 

amount of aromatic nitrogen atoms in IL cation, the link between the toxicity and the alkyl 

chain length was observed also by Yu et al. [5.21], additionally suggesting oxidative stress as 

the significant mechanism of IL toxic effect. Imidazolium based ILs were found to be much 

more toxic than non-chlorinated conventional organic solvents, such as methanol and also 

more toxic than chlorinated solvents, such as chloroform, however less toxic than 

imidazolium based cationic surfactants [5.22, 5.23]. Oxygen introduction to the IL cation side 

chain results in a large decrease of IL toxicity, which is thus lower than that of chlorinated 

solvents, however still higher than that of non-chlorinated solvents [5.24-5.26]. In the studies 

of Stolte et al. [5.4], it was shown that depending on the type of oxygen based functional 

group in IL cation side chain, the IL aquatic toxicity ranges greatly. Thus, ILs with ether 

functional group were classified as harmful and even toxic to aquatic organisms whereas ILs 

containing hydroxyl functional group were not harmful to aquatic organisms. 

 

5.5. Ready biodegradability according to OECD 301F manometric respirometry 

Ready biodegradability of compound is determined in an aerobic aqueous medium following 

the Organization for Economic Co-operation and Development (OECD) guideline 301F: 

manometric respirometry [5.27]. The investigated compound is inoculated by activated 

microbial sludge and incubated under aerobic conditions in the dark for 28 days or until the 

biodegradation curve reaches a plateau. The biodegradability is determined by the oxygen 

consumption and can be measured manometrically. A substance is classified as readily 

biodegradable when biodegradation reaches a minimum of 60% within 28 days. 

Pyridinium was evaluated as the most biodegradable IL cation moiety, fully mineralizing 

within 28 days and suitable for biodegradable IL structural design [5.12, 5.28-5.30], whereas 

imidazolium moiety was found to be only partially biodegradable [5.31]. The trend of 

biodegradation based on cation alkyl chain length is as follows; alkyl chains shorter than C4 

are not biodegradable, rate of biodegradation increases with alkyl chain elongation up to C12, 

while longer side chains show inhibitory effects towards the inoculum [5.22, 5.31, 5.32]. 

Polar functional groups incorporated into the short IL side chains do not always improve IL 

biodegradation in the same way [5.31], it was shown that hydroxyl group leads to ready 

biodegradability of ammonium ILs while ether functional group hinder the ammonium IL 

biodegradation [5.4, 5.5]. In contrary, ester groups were reported to increase imidazolium 
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based ILs biodegradation, as they represent sites susceptible to enzymatic attacks [5.33, 5.34]. 

Fluorinated anions like [NTF2] could not be readily biodegraded [5.22, 5.35], while 

octylsulfate anion is recommended in further IL structural design as readily biodegradable 

anion moiety [5.34]. 
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