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Abstract 

Ionic liquids (ILs), being related to the design of new environmentally friendly 

solvents, are widely considered for applications within the “green chemistry” concept. 

Due to their unique properties and wide diversity, ILs allow tailoring new separation 

procedures and producing new materials for advanced applications. However, despite 

the promising technical performance, environmental concerns highlighted in recent 

studies focused on the toxicity and biodegradability of ILs and their metabolites have 

revealed that ILs safety labels are not as benign as previously claimed. This review 

refers to the fundamentals about the properties and applications of ILs also in the 

context of their potential environmental effect. Toxicological issues and harmful effects 

related to the use of ILs are discussed, including the evaluation of their biodegradability 

and ecological impact on diverse organisms and ecosystems, also with respect to 

bacteria, fungi, and cell cultures. In addition, this review covers the tools used to assess 

the toxicity of ILs, including the predictive computational models and the results of 

studies involving cell membrane models and molecular simulations. Summing up the 

knowledge available so far, there are still no reliable criteria for unequivocal attribution 

of toxicity and environmental impact credentials for ILs, which is a challenging 

research task. 
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1. Introduction 

Over the past decades, the development of alternative sustainable technologies 

through green chemical practices has led to the design of new environmentally friendly 

solvents, which include ionic liquids (ILs). Over one century ago, in 1914, Paul Walden 

described the preparation of pure salt ethylammonium nitrate [EtNH3][NO3], the first IL 

reported, which was liquid near room temperature exhibiting electrical conductivity 

(Walden, 1914). Afterwards, a large number of publications related to the synthesis, 

characterization and applications of ILs was released, as demonstrated in Figure 1. 

Taking into account the variety of anions and cations and considering binary and ternary 

mixtures, a huge set of potential ILs structures are estimated (Holbrey and Seddon, 

1999). As Wilkes and co-workers (2008) stated  “Discovering a new ionic liquid is 

relatively easy, but determining its usefulness as a solvent requires a much more 

substantial investment in determination of physical and chemical properties. The best 

trick would be a method for predicting an ionic liquid composition with a specified set 

of properties”.  
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Figure 1. Number of publications from all databases of Web of Science (basic search Ionic-

Liquid in Title, accessed on 15th September 2020) (Number of revisions in italic and number of 

research articles including other publications in normal numbers for each decade). 

 

This critical review aims to discuss and describe limitations of ILs, namely on their 

hazardous effects to the environment and biodegradability as well as some cautions on 

their use in technological and pharmaceutical applications. Accordingly, part of the 

discussion will focus on the tools used to evaluate ILs toxicity and present the potential 

and limitations of such tools, including computational modelling methods to predict the 

ILs toxicity. 

2. Structure and properties of ILs 

ILs, also referred as room temperature molten salts, are organic salts made of ions 

(Wasserscheid and Welton, 2008). Most ILs are liquid at ambient temperatures due to 

their chemical structure in which the ion-ion interactions and symmetry are balanced. 

ILs can be classified as protic and aprotic ILs based on the division between proton-

donating (protic) and non-proton-donating (aprotic) molecular solvents, although other 

minor classes also exist based on distinct structural features (Hayes et al., 2015). 

Generally, an IL comprises an organic cation, which can include one or more alkyl 

chains substituted, such as alkylimidazolium [R
1
R

2
Im]

+
 and tetraalkylammonium 

[NR4]
+
, and an inorganic or organic anion, as illustrated in Figure 2 (Tokuda et al., 

2006, 2005, 2004; Welton, 1999). The wide diversity of possible cation-anion 

combinations allows tuning the properties of ILs to suit a specific application. Beyond 
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low melting point and negligible volatility, ILs possess other interesting properties such 

as thermal and chemical stability, high ionic conductivity, solubility (affinity) with 

many compounds, non-flammability, moderate viscosity and high polarity (Armand et 

al., 2009).  

 

 

Figure 2. Some chemical structures of representative cations and anions used in ILs synthesis. 

 

2.1 Physical and chemical properties of ILs 

Physical and chemical properties of ILs are governed by the nature and size of both 

cation and anion but also by the balance between Coulomb and van der Waals 

interactions as well as hydrogen bonding and π-π interactions (Angell et al., 2007; 

Hayes et al., 2015; Hu and Peng, 2014; Mu and Han, 2014). Hence, ILs should be 

regarded as complex systems where independent properties of ions combined with their 

interactions play a major role. In recent years, exhaustive work has been done to 

characterize and predict physical and chemical properties of ILs (Bhattacharjee et al., 

2015; Gardas and Coutinho, 2009; Hu and Peng, 2014; Mu and Han, 2014; Ventura et 

al., 2012; S. Zhang et al., 2006; Zhang et al., 2009), being their systematic knowledge 

essential for the choice and design of ILs for a particular application also contributing to 

the ILs toxicity and environmental impact. As examples of the most scrutinized are the 

thermal properties, density, viscosity, ionic conductivity, and enthalpy of vaporization.  

Thermal properties. ILs exhibit low melting points (Hu and Peng, 2014; L. Zhang 

et al., 2006; S. Zhang et al., 2006) some of them being below 0 ºC, as it is the case of 

[C2mim][NTf2] with a melting point of -17 ºC (Fredlake et al., 2004) and the acyclic 
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ammonium ILs based on the N,N-allyldimethylethylammonium (N112A
+
) cation, namely 

[N112A][DCA] and [N112A][OTf] with melting points of -33 ºC and -11 ºC, respectively 

(Hachicha et al., 2019). The low melting points are related to the structure and 

molecular packing of ions in ILs. As an example, considering the cation alkyl chain, it 

must be long enough to reduce Coulombic forces and disrupt the lattice packing but not 

too long (∼n < 12) since it will increase the salt melting point even with the enhanced 

asymmetry (Hayes et al., 2015; Hu and Peng, 2014). Numerous ILs, melting below 

ambient temperatures, exhibit negative glass transition temperatures ranging from -

111 ºC to -50 ºC (Castner and Wishart, 2010; Hachicha et al., 2019; Hu and Peng, 2014; 

Zhou et al., 2019). ILs deriving from natural products, such as cholinium-based ILs, 

display higher melting points ranging from 86ºC to 123ºC (Parajó et al., 2020). 

Imidazolium salts exhibiting different melting points depending on the imidazolium 

cation, tend to be thermally more stable than tetraalkylammonium cations and are not 

sensitive to the presence of oxygen (Hu and Peng, 2014; Ngo et al., 2000). Furthermore, 

dicationic imidazolium-based ILs are more stable than the monocationic ILs and the 

thermal degradation of mono- and dicationic ILs does not show a linear dependence on 

the alkyl chain length (Bender et al., 2019). On the other hand, halide anions drastically 

reduce the thermal stability of these salts (<300 ºC) (Hu and Peng, 2014; Ngo et al., 

2000). Mono-ether functionalized ILs with different structures (ME-FILs) are stable up 

to at least 250 ºC and the higher thermal stability of ME-FILs with [NTf2]
−
 may be 

attributed to stronger van der Waals forces between the cation and anion (Zhou et al., 

2019). Clearly, both cation and anion influence the thermal stability of ILs as well as the 

experimental conditions used (Chen and Mu, 2020; Maton et al., 2013). However, 

Parajó and co-workers have shown that the anion influence on the thermal stability of 

ILs is higher than the cation one, with ILs with [NTf2]
−
 and [OTf]

−
 anions are the most 

stable while dicyanamide, nitrate- and acetate-based ILs are least stable (Parajó et al., 

2019). Miran and co-workers (2019) showed that the thermal stability of [NTf2]-based 

protic ILs depended almost linearly with the ΔpKa values of the reactant acid–base pair.  

Density (ρ). At ambient temperature and atmospheric pressure, the densities of most 

ILs are included in the range of 0.9 - 1.7 g.cm
-3

 (Bhattacharjee et al., 2015; Fang et al., 

2019; Freire et al., 2011; Hachicha et al., 2019; Mu and Han, 2014; Wang et al., 2019; 

Zhou et al., 2019). For instance, bio-renewable matrinium-based ILs, comprising a 

series of long-chain fatty acid anions derived from vegetable oils, exhibit moderate 
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densities ranging from 1.00 to 1.07 g.cm
-3

 (Wang et al., 2019) while pure 1-alkyl-3-

methylimidazolium hexafluoride antimonite, [Cnmim][SbF6] (n = 4,5,6), display high 

densities ranging from 1.58 to 1.70 g.cm
-3 

(Fang et al., 2019). Based on a simple group 

contribution method (GCM), Paduszyński and Domańska (Paduszyński and Domańska, 

2012) developed a correlation for the estimation of densities of pure ILs over a wide 

range of temperature and pressure, using a comprehensive set of experimental data. 

Viscosity (η). The viscosities of ILs tend to be one to three orders of magnitude 

higher than those of conventional organic solutions (Bhattacharjee et al., 2015; Freire et 

al., 2011; Hu and Peng, 2014; S. Zhang et al., 2006; Zhou et al., 2019) and so may 

interfere with subsequent processing due to negative effects in the mass transport within 

solution and in the conductivity of the ionic salts. The viscosity of ILs is ruled by van 

der Waals interactions and hydrogen bonding increasing with alkyl chain lengthening, 

alkyl chain ramification or fluorination (Hu and Peng, 2014; Wang et al., 2019; L. 

Zhang et al., 2006). Additionally, the anion strongly influences the viscosity of ILs (Hu 

and Peng, 2014). Other factors like temperature and the presence of additives also 

influence the viscosity of ILs. In this sense, the viscosity will decrease when the 

temperature is slightly increased or in presence of a small amount of an organic solvent 

(Okoturo and VanderNoot, 2004; S. Zhang et al., 2006). For instance, by introducing a 

highly dissymmetric organic cation and selecting the most electronegative anions, 

Hachicha and co-workers (Hachicha et al., 2019) synthesised novel acyclic ammonium 

ILs based on the N,N-allyldimethylethylammonium (N112A
+
) cation exhibiting reduced 

viscosities (between 20 and 157 mPa.s). Viscosities of bio-renewable matrinium-based 

ILs featuring long-chain fatty acid anions vary between 325 and 489 mPa.s (Wang et 

al., 2019). 

Conductivity (Λ). Most of ILs conductivities range from 1 to 100 mS.cm
-1

 (Fang et 

al., 2019; Hu and Peng, 2014; Tomida, 2018; L. Zhang et al., 2006). Recently, studies 

have focused on the development of computational models to predict ILs conductivity 

(Chen et al., 2020; Nilsson-Hallén et al., 2019; Wileńska et al., 2015; Wu et al., 2016). 

Enthalpy of Vaporization (ΔH). ILs are nearly non-volatile due to their non-

detectable vapor pressure making them interesting candidates as more sustainable 

substitutes for classical volatile organic compounds in many applications. Their 

characteristic low vapor pressure is related to the arrangement of the ions in such a 

manner that each ion is surrounded by a symmetrical shell of the opposite charge 

Jo
ur

na
l P

re
-p

ro
of



7 

 

minimizing the electrostatic free energy (Mu and Han, 2014). Nevertheless, it has been 

shown that some selected families of common aprotic ILs can be distilled at 200-300 ºC 

at low pressure without decomposition, followed by IL re-condensation at lower 

temperatures (Earle et al., 2006). The authors eliminated the possibility of physical 

transfer and proposed that some ILs volatilized as neutral molecular species by a proton 

transfer mechanism while others as intact ions, either alone or aggregated (Earle et al., 

2006).  

2.2 The scientific evolution of ILs 

According to their properties and characteristics, ILs can be grouped into three 

generations as illustrated in Figure 3 (Hough et al., 2007). The first generation includes 

ILs possessing unique physical properties that can be customized facilitating their use as 

solvents. The second generation includes ILs with customized chemical and physical 

properties, which can be used in the production of new functional materials, such as 

energetic materials (explosives and propellant fuels), lubricants, metal ion complexation 

agents, just to mention a few, while maintaining their main properties. Finally, the third 

generation of ILs consists of ILs with biological properties combined with the 

appropriate physical and chemical properties. In sum, it is possible to customize the 

physical, chemical or biological properties of ILs by (i) changing the combination of 

cations and anions, (ii) introducing specific functionalities into the cations and/or 

anions, and (iii) mixing two or more ILs.  

 

Figure 3. The scientific evolution of ILs: 1st, 2nd and 3rd generations, adapted from (Hough et 

al., 2007). 
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2.3 The chemical stability of ILs 

In the last century, ILs were considered as inert solvents or non-participative 

chemicals. Wang and co-workers (Wang et al., 2017) reviewed the chemical stability of 

ILs and concluded that, due to their structural characteristics, under different conditions, 

the ensuing by-products change their chemical and physical properties. The authors 

exhaustively described the reactions that can occur at different positions of some ILs, 

e.g. imidazolium, due to their many reactive sites, as outlined in Figure 4 (Wang et al., 

2017). Various compounds can react with imidazolium salts at C2 position. As examples 

are the organic compounds in the presence of bases to form C2-adduct imidazolium 

compounds, and in the presence of transition-metal catalysts (for example, zerovalent 

Ni catalysts) to form azolium salts. At the C2 position, an imidazolium-based IL can 

react with biomass such as cellulose (giving rise to imidazolium adducts bearing 

hydroxyalkyl substituents) but also with inorganic compounds such as carbon dioxide, 

carbon disulphide and carbonyl sulphide. Additionally, cleavage of C−N bond at N1 and 

N3 positions of dialkylimidazolium salts may occur leading to the removal of N-

substituents and forming neutral imidazole compounds. Imidazolium ILs can also 

undergo reactions at C4 and C5 positions of imidazolium ring, such as nitration at room 

temperature as well as oxidations in the presence of O2. Finally, ring-opening reactions 

on the imidazolium ring can occur by nucleophilic attack of strong bases at the C2 

position of the imidazolium ring. It is evident, then, that special care is required when 

choosing an IL to meet application requirements. 

 

Figure 4. Reactions of imidazolium ILs at different positions, adapted from (Wang et al., 2017). 
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3. Applications of ILs 

Due to the large number of possible ILs that can be synthesized with unique and 

customised properties, ILs have been used in a wide range of applications among 

multidisciplinary areas such as (electro)chemistry, biotechnology, chemical engineering 

and pharmaceutical industry, as outlined in Figure 5.  

 

Figure 5. Possible applications of ILs [adapted from (Bubalo et al., 2014; Kudłak et al., 2015)]. 

 

ILs were primarily used as solvents for synthesis and catalysis (Welton, 1999), 

exhibiting a number of advantages over conventional solvents used in organic synthesis. 

For instance, their nearly non-volatile properties makes them suitable to replace volatile 

organic compounds (VOCs) widely used as solvents as well as catalysts and catalyst 

support in a wide range of organic reactions towards the development of greener 

catalytic technologies, although it has been shown that ILs are not completely inert 

under many reaction conditions (Chowdhury et al., 2007; Gupta et al., 2019; Hajipour 

and Rafiee, 2015; Kaur et al., 2018; Qureshi et al., 2014; Rao et al., 2020; Ratti, 2014). 

Additionally, ILs have also been employed as reaction media, monomers and additives 

in the synthesis, in chemical modifications and physical processing of polymers (He et 

al., 2019; Kowsari, 2011; Vijayakrishna et al., 2015). 
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Due to their non-volatility, high thermal stability, and high ionic conductivity, ILs 

have been used in electrochemical applications such as electrochemical solvents for 

metal/semiconductor electrodeposition, as electrolyte materials for batteries and fuel 

cells, as carbon precursors for electrode catalysts of fuel cells and electrode materials 

for batteries and supercapacitors (Balducci, 2017; Chapman Varela et al., 2018; 

Eftekhari, 2017; Haque et al., 2017; Rangasamy et al., 2019; Salanne, 2017; Thangavel 

et al., 2018; X. Wang et al., 2017; Watanabe et al., 2017; Yoo, 2018; Yu and Chen, 

2019).  

ILs have also drawn increasing attention as new promising surfactants. In particular 

and due to their self-aggregation properties and influence on the physicochemical 

properties of the system in which they are dissolved, imidazolium-based ILs have been 

used as surfactants in numerous applications related with nanotechnology, material 

science and biomedical science (Bhadani et al., 2016; Dutta et al., 2018; Turosung and 

Ghosh, 2017). More recently, new studies on this topic have been reported and more are 

likely to emerge. Experiments have shown that [C16mim]Br is more effective in 

reducing the interfacial tension between water/oil system, therefore recovering more 

trapped oil in the pores of the reservoir rock than conventional cationic surfactant 

cetyltrimethylammonium bromide (CTAB) (Nandwani et al., 2017). Shah and co-

workers designed a new ester-functionalized IL-based surfactant, [C8Emim]Br, which 

forms coacervates and works as a microreactor to encapsulate various molecules (Shah 

et al., 2018). These IL-based coacervates could be applied as a novel, efficient and 

environmentally benign alternative for the sequestration of synthetic and natural dyes 

from contaminated waters along with their recovery. Feng and co-workers (2019) 

applied IL-based surfactant [C4mim][C12SO4] as pseudo-stationary phase in 

combination with a chiral selector in micellar electrokinetic chromatography. The 

authors observed improved separation of tested drug enantiomers compared with 

conventional non-IL anionic surfactant. Zhang and co-workers studied the effect of six 

imidazolium-based IL surfactants on coal oxidation and structure for potential 

application as inhibition agents to change the oxidation activity of coal and control 

possible coal spontaneous combustion ensuring safe and sustainable development of 

coal industry (Zhang et al., 2019). 

In turn, the global rise in energy demands has led to an exponential increase in CO2 

emissions into the atmosphere from the combustion of fossil fuels. Hence, CO2 capture 
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from natural gas plants is of extreme importance aiming to moderate or even reduce the 

effects of global warming. Additionally, recovered CO2 could be used as efficient 

injection fluid for enhance oil recovery (EOR) in the petroleum reservoirs. In this 

context, due to their negligible vapor pressure and affinity to capture CO2 molecules, 

ILs are promising and efficient alternatives to conventional solvents, namely amines 

(Aghaie et al., 2018; Babamohammadi et al., 2015; Li and Zhang, 2019; Ramdin et al., 

2012; Shukla et al., 2019; Torralba-Calleja et al., 2013; Turosung and Ghosh, 2017). 

Promising results have also been achieved using ILs for the extraction of value-

added compounds from natural sources and food matrices, from fresh vegetables to 

industrial crops and products, that include alkaloids, terpenoids, flavonoids, natural dyes 

and lipids (Benvenutti et al., 2019; Mesquita et al., 2019; Passos et al., 2014) and also 

bioactive compounds, including small organic extractable compounds from biomass, 

lipids, amino acids, proteins, nucleic acids, and synthetic and bio-based 

drugs/pharmaceuticals (Ventura et al., 2017). Additionally, their use in combination 

with advanced extraction techniques, such as microwave-assisted extraction (MAE), 

ultrasound-assisted extraction (UAE) or subcritical water extraction (SWE), 

homogenate-assisted extraction (HAE), to extract bioactive compounds from natural 

sources and food by-products (namely polyphenols, essential oils, lipids, glycosides, 

alkaloids, and others) has noticeably been increasing (Benvenutti et al., 2019; Ramos et 

al., 2019).  

Recent studies recommend the use of amino-acid ILs (AAILs) as solvents for 

biological macromolecules such as proteins and lignocellulosic biomass, since they are 

halogen-free and safe solvents (Itoh, 2019; Verma et al., 2018). Some ILs effectively 

dissolve cellulose, the most abundant natural polymer on Earth, up to a high 

concentration of 30-40 wt%, providing a new and versatile platform for cellulose 

processing, functionalization and spinning (Bahadur and Phadagi, 2019; Nie, 2019; 

Ohno et al., 2019; Pinkert et al., 2009; Vitz et al., 2009; Wang et al., 2012; J. Zhang et 

al., 2017; Zhang et al., 2014). However, it has been shown that 1-alkyl-3-methyl-

imidazolium-based ILs, commonly used in cellulose chemistry, are not at all inert 

solvents for cellulose (Ebner et al., 2008; Schrems et al., 2011, 2010). These ILs react 

with cellulose at the C2 position and at its reducing end forming a carbon–carbon bond 

and causing a derivatization of cellulose (Ebner et al., 2008; Schrems et al., 2010). 

Additionally, progressing degradation of cellulose occurs over time due to loss in the 
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cellulose molecular weight (Schrems et al., 2011). The authors alert to the fact that these 

occurrences are of great importance for the processing of cellulose and cellulose 

derivatives used in medical and biological applications where minor impurities might 

induce adverse effects. More recently, Reyes and co-workers (Reyes et al., 2019) 

assessed the potential of some methylimidazolium-based ILs to dissolve and hydrolyze 

eucalyptus wood kraft pulp (mixture of Eucalyptus nitens and Eucalyptus globulus). 

During dissolution, the partial hydrolysis occurred and cellulose nanocrystals in the 

form of spherical aggregates were found in the regenerated pulp. In the authors' 

perspective, this work contributes to understand the potential of ILs for the production 

of products derived from regenerated or hydrolyzed cellulose. Lignin, a cross-linked 

aromatic biopolymer and the second most abundant plant biomass (Gellerstedt and 

Henriksson, 2008), has also been the focus of strategies towards the development of 

new designed ILs for its extraction from biomass (Ohno et al., 2019). Additionally, ILs 

are considered emergent solvents for the processing and conversion of biopolymers, 

such as cellulose and lignin, towards the fabrication of chemicals and lignocellulosic-

based materials (Hennequin et al., 2019; Khan et al., 2020).  

Chitin belongs to the most abundant natural polymers, after cellulose (Younes and 

Rinaudo, 2015), and has also been the focus of studies involving ILs (Hadad et al., 

2020; Nie, 2019; Shamshina, 2019; Shamshina et al., 2018). In fact, the start-up 

525 Solutions (525solutions, 2012) has emerged as a research and development (R&D) 

company. Nowadays, it focus the scale-up of the chitin recovery from crustacean shells 

using 1-ethyl-3-methylimidazolium acetate ([C2mim][CH3COOH]) (Barber et al., 2016, 

2013; Qin et al., 2010; Rogers et al., 2012; Shamshina et al., 2016). 

Using ILs in textile processes in order to achieve new cleaner processes presents a 

great potential (Meksi and Moussa, 2017). The development of new ILs-based dye 

adsorbents for the removal of toxic dyes from wastewater could help the textile industry 

towards the reduction of the water consumption converting it in a more sustainable 

industry (H. Ma et al., 2019; Meksi and Moussa, 2017). However, ILs limitations such 

as high cost, high viscosity and lack of scientific data on their toxicity and 

biodegradability are still issues to overcome (Meksi and Moussa, 2017). Recently, 

efforts have been made to develop analytical methods to remove heavy metal ions and 

organic pollutants from water including the application of new designed ILs and related 

sorbents (Tian et al., 2019). Furthermore, as reviewed by Gutowski (Gutowski, 2018), 
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the ILs’ peculiar properties make them unique for specific practical applications 

including chemical, polymer and metal processing, separation and functional fluids. 

Regarding industrial applications, one of the most successful examples of an 

industrial process using IL technology is the BASIL
TM

 (Biphasic Acid Scavenging 

utilizing ILs) process introduced by the BASF Company, which is used for the 

production of the generic photo-initiator precursor alkoxyphenylphosphines (Maase et 

al., 2008). Several companies supply ILs for chemical purposes, such as Merck and 

Sigma-Aldrich, just to mention a few (Plechkova and Seddon, 2008). While these 

companies commercialize ILs mainly for research, hence in quite small quantities and at 

considerable high prices, Proionic GmbH is a company that produces ILs in large 

quantities (from kg- to ton scale) through a safe, halide- and waste free- production 

process (Proionic, 2004). Founded in 2004 in Austria, Proionic is Europe's sole supplier 

of 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([C2mim][NTf2]) at 

ton-scale. The production range of [C2mim][NTf2] is between 1 and 10 ton per year and 

so the company was the first in Europe to get the European Regulation on Registration, 

Evaluation, Authorization and Restriction of Chemicals (REACH) registration for this 

IL. Proionic produces ILs for a wide range of applications namely as solvents, 

electrolytes, antistatic agents, lubricants, and hydraulic fluids, and for biomass 

dissolution.  

Although ILs have exceptional and diverse properties, making them interesting 

materials, ILs lack two main properties that are characteristic of solids, the mechanical 

integrity and long-lasting structure. Nevertheless, this situation can be overcome using 

ILs as functional additives in polymer electrolytes or as lubricants, plasticizers, as well 

as building blocks in a polymer matrix (Livi et al., 2015) or to produce polymeric ILs 

(PILs) (Farzin et al., 2015; Kitazawa et al., 2017; Lodge, 2008; Mecerreyes, 2011a; 

Yuan and Antonietti, 2011). PILs can be produced by polymerization, the strategies 

including controlled living radical polymerization allowing design and control of the 

macromolecular architecture of the IL species on a meso-/nanoscale within a polymer 

matrix (S. Chen et al., 2018; Farzin et al., 2015; Kitazawa et al., 2017; Yuan and 

Antonietti, 2011). Therefore, a nearly infinite range of composite materials can be 

prepared for applications in a variety of branches of materials and polymer science 

(Eshetu et al., 2019; Mecerreyes, 2011b; Muñoz-Bonilla and Fernández-García, 2018; 

Yuan and Antonietti, 2011; Zulfiqar et al., 2015). 
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The most recent advances related to the potential of ILs in pharmaceutics and 

medicine based on their biological activity have been reviewed (Egorova et al., 2017; 

Huang et al., 2019). The possible applications in drug synthesis and drug delivery 

systems are described and include the novel active pharmaceutical ingredient-ionic 

liquid (API-IL) concept (Egorova et al., 2017; Ferraz et al., 2011; Hough et al., 2007; 

Huang et al., 2019; Rogers et al., 2007; Stoimenovski et al., 2010), which suggests 

using traditional drugs in the form of IL species mainly for poorly soluble active 

ingredients. As an example, Hough and co-workers (Hough et al., 2007) synthesized 

several API-ILs including lidocaine docusate, illustrated in Figure 6. Lidocaine 

docusate is a hydrophobic IL salt with reduced or controlled water solubility and so it is 

expected to exhibit an extended residence time on the skin. Some studies have focused 

on the controlled preparation of drug nanocarriers using ILs either as media or as 

functional agents (Agatemor et al., 2018; Banerjee et al., 2018; Huang et al., 2019). 

Hence, ILs have shown potential for drug delivery by improving both the solubility and 

permeability of drug substances. ILs are also emerging as potent and broad-spectrum 

antimicrobial agents with activities that surpass many conventional antimicrobial agents 

(Agatemor et al., 2018; Banerjee et al., 2018; Huang et al., 2019). Much work still must 

be performed to overcome challenges such as manufacture, scale-up, purification, 

stability, toxicity, and controlled delivery of ILs, consequently delaying their entry into 

the markets.  

4. Environmental impact of ILs 

Considering the more generalist properties of ILs, namely their low vapor pressures 

(hence negligible volatility) and almost non-flammability, they are considered by the 

community as more benign solvents when compared with (at least some of) the 

conventional volatile organic solvents. Hence, air pollution is not expected since 

gaseous release is not a concern. Nevertheless, due to the possibility of protic ILs 

distillation (Earle et al., 2006), air pollution should not be completely discarded. On the 

other hand, the fact that several ILs are water soluble and exhibit high thermal and 

chemical stability, may contribute to environmental pollution through release via 

wastewater effluents. Therefore, the release of ILs into the soil or water is of great 

concern, probably causing persistent pollutants and so posing environmental risks. 

Recently, high levels of an imidazolium-based IL, 1-octyl-3-methylimidazolium IL 

(tested in the form of [C8mim]Cl and [C8mim]Br), were found in Newcastle (North East 
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of England) in soils close to a landfill location having the potential to cause an auto-

immune liver disease (Leitch et al., 2020; Probert et al., 2018). For that reason, hazard 

assessment of ILs has become an important area of experimental, but also predictive 

research. In the future, the prediction of the ILs’ impact on the aquatic environment and 

human’s health, as well as the evaluation of their sorption in soils, biodegradability, and 

toxicity, added to their degradation study including products and metabolites obtained 

needs to be deeply investigated.  

4.1 Assessment of ILs toxicity  

The evaluation of ILs toxicity and environmental impact has been carried out on 

test organisms (in vivo) and cell fractions (in vitro) varying from simple organisms to 

complex ones, as reviewed in Figure 6. This battery of tests on different trophic levels is 

necessary, since the test systems are not equally susceptible to ILs’ toxicity (Costa et al., 

2017; Flieger and Flieger, 2020; Mano et al., 2020).  

 

Figure 6. Scheme of a series of tests carried out to evaluate the toxicity of ILs including some 

examples of biological organisms tested [adapted from (Egorova and Ananikov, 2014; Kudłak 

et al., 2015)]. 
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 Since there are no protocols for measuring the hazard effects of ILs, several 

indices of toxicity are usually considered, namely the EC50 (effective concentration 

resulting in 50% reduction of target phenomena, such as growth or reproductive 

activity, of the exposed organisms relative to the control); IC50 (inhibitory concentration 

resulting in 50% inhibition of the activity of biological or biochemical systems); LC50 

(lethal concentration/dose that kills half the members of a population tested in a 

specified time); MIC (minimal inhibitory concentration); MFC (minimal fungicidal 

concentration), LOEC (lowest observed effect concentration, which stands for the 

lowest tested concentration where an effect has been observed compared with the 

control, within a given exposure time), and NOEC (no observed effect concentration, 

which represents the test concentration immediately below the LOEC that, when 

compared with the control, has no statistically significant effect, within a given 

exposure time) (Egorova and Ananikov, 2014; OECD, 2011).  

A compilation of a wide diversity of ILs toxicity data, including the biological 

system studied in each case is summarized in Table 1. The information is organized 

according to the ILs tested based on the cation head group, data for the toxicity of ILs 

and the toxicity assay procedure. In general, ILs exhibit negative effects on the tested 

systems, which include toxicity towards the aquatic system, enzymatic inhibition, 

toxicity towards microorganisms, cytotoxicity, phytotoxicity, toxicity towards 

invertebrates and finally towards vertebrates, as depicted in Figure 7. The probability of 

ILs discharge to wastewater effluents is already recognized as well as some of the tests 

for the licensing of new chemicals under the terms of REACH. Hence, toxicity assays 

on diverse specimen’s representative of the aquatic system have been performed, 

including different microalgae (Latała et al., 2009a; Ma et al., 2010; Stolte et al., 2007; 

Wells and Coombe, 2006), freshwater flea Daphnia magna (Vieira et al., 2019; Wells 

and Coombe, 2006), freshwater plant Lemna minor (Stolte et al., 2007; Vieira et al., 

2019), marine bacteria Vibrio fischeri (now Aliivibrio fischeri) (Delgado-Mellado et al., 

2019; Stolte et al., 2007; Ventura et al., 2012; Vieira et al., 2019; Zackiewicz et al., 

2015), marine diatoms (Latała et al., 2009a), protozoan ciliate Tetrahymena thermophile 

(Zackiewicz et al., 2015), zebrafish Danio rerio (Pretti et al., 2006; C. Zhang et al., 

2017a), goldfish Carassius auratus (Li et al., 2012b), common loach Paramisgurnus 

dabryanus (Nan et al., 2016), common carp Cyprinus carpio (Chang et al., 2020; Li et 
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al., 2012a), and silver carp Hypophthalmichthys molitrix (Li et al., 2013). Results 

demonstrated that several ILs were more ecotoxic than some organic solvents and 

highly toxic to biodegrading microorganisms, being thus classified as very toxic to 

aquatic organisms. Many studies confirmed the pronounced alkyl chain effect with all 

the organisms, the incubation and exposure time, the IL concentration and temperature 

as important factors, showing that some species are more sensitive to ILs than others. 

Recently, Silva and co-workers (e Silva et al., 2019) reviewed the aquatic toxicity of ILs 

and highlighted the case of cholinium-based ILs, which emerge as less toxic and more 

sustainable chemicals. 

Toxicity towards microorganisms. Marine bacteria Aliivibrio fischeri is the most 

common bioluminescent bacteria against which the toxic effects of ILs have been 

evaluated (Delgado-Mellado et al., 2019; Matzke et al., 2007; Stolte et al., 2007; 

Ventura et al., 2012; Vieira et al., 2019; Zackiewicz et al., 2015). Furthermore, other 

microorganisms have also been used in toxicity studies such as Gram-negative and 

Gram-positive bacteria (Florio et al., 2019; Ventura et al., 2012; Wang et al., 2019), 

fungi (Petkovic et al., 2012, 2010; Vraneš et al., 2019), and yeast Candida albicans 

(Ventura et al., 2012). Recently, Wang and co-workers (Wang et al., 2019) synthesized 

new bio-renewable matrinium-based ILs derived from the Chinese herb medicine 

matrine, combined with a range of long-chain fatty acid anions derived from vegetable 

oils. The ensuing ILs exhibited biological activity against Gram-negative and Gram-

positive bacteria. Vranes and co-workers (Vraneš et al., 2019) studied the effectiveness 

of various imidazolium and pycolinium-based ILs with chloride and antifungal anions 

(such as cinnamate, caffeate and mandelate) on Fusarium culmorum and Fusarium 

oxysporum growth rate. Pycolinium ILs displayed significantly lower toxicity 

comparing to imidazolium ones towards Fusarium genus growth rate. Additionally, ILs 

with cinnamate proved to be the most toxic to both fungi species. The results confirmed 

that the type of alkyl chain on cation ring is the most determining factor for the ILs’ 

toxicity. Research data from most studies suggest that ILs toxicity is directly correlated 

to cell membrane damage and that increasing the alkyl chain length of one of the alkyl 

substituents resulted in higher toxicity. Recently, Mondal and Bera reviewed numerous 

nontoxic ILs exhibiting antimicrobial activity that could be used as substitutes for 

conventional antimicrobial materials in the pharmaceutical field (Mondal and Bera, 

2019). In addition, Sivapragasam and co-workers (2020) reviewed the recent research 
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progress on the toxicological properties of ILs towards microorganisms including 

computational prediction of various toxicity models. The authors pointed out that ILs 

exhibited different levels of sensitivity to Gram-positive and Gram-negative bacteria 

and that the cationic components of the IL play a major role in the toxicity towards 

microorganisms. Furthermore, computational methods can be essential tools for the 

selection of biocompatible IL ions. 

Cytotoxicity. A series of studies have been focused on assessing ILs toxic effect 

on different live cells including mammalian cells (IPC-81) (Matzke et al., 2007), 

ovarian fish cell line CCO (Cvjetko et al., 2012), human tumor cell line HeLa (Cvjetko 

et al., 2012), the human lung carcinoma cell line A549 (Chen et al., 2014), and the 

human hepatocellular carcinoma (HepG2) cell line (Wan et al., 2018). Results showed 

that the viability of the cells depended on both ILs concentration and structural features 

(type of anion and alkyl side chain length) clearly indicating that some of the ILs are 

cytotoxic to humans. Hwang and co-workers (Hwang et al., 2018) investigated the 

dermal toxicity of ILs in monolayer-cultured skin cells and 3D reconstructed human 

skin models. Toxicity assessment of ILs on skin is extremely important since the skin is 

directly exposed to pollutants, acting as a barrier between the organism and the 

environment (Baudouin et al., 2002). The authors showed that ILs with the [NTf2]
-
 

anion exhibited significant dermal toxicity and their toxic effects were comparable to 

those of xylene (Hwang et al., 2018). In turn, novel bio-renewable matrinium-based ILs 

(Wang et al., 2019) displayed improved anticancer activity compared to the reactive and 

bioactive alkaloid matrine, since relatively lower cytotoxicity on normal cells (L929) 

was observed compared to tumor cells (HeLa and A549). Assessing the toxicity of ILs 

in cells is crucial. Still, understanding the mechanisms of action (MoA) of ILs in 

relation to cells is equally important, as reviewed by Kumari and co-workers (Kumari et 

al., 2020). ILs interact with cells in a variety of mechanisms, namely by the alteration of 

lipid distribution and cell membrane viscoelasticity, disruption of cell and nuclear 

membranes, mitochondrial permeabilization and dysfunction, generation of reactive 

oxygen species, chloroplast damage (in plants), alteration of transmembrane and 

cytoplasmatic proteins/enzyme functions, alteration of signaling pathways, and DNA 

fragmentation. The authors stressed that it is not always possible to assess whether a 

measured/mechanism of action effect is directly induced by ILs or is only a 
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consequence of an IL effect and, therefore, much work is still needed to complement the 

existing information. 

Phytotoxicity. Toxic exhibition of any chemical towards microalgae and plants can 

be considered a serious environmental concern, since it can affect the entire food chain 

from the primary trophic level moving to higher levels (Ma et al., 2010). Evaluation of 

the toxic effects of ILs towards a diversity of algae, aquatic and terrestrial plants, such 

as wheat Triticum aestivum (Chen et al., 2018; Matzke et al., 2008, 2007; Tot et al., 

2018; Xu et al., 2018), cress Lepidium sativum (Matzke et al., 2008), duckweed Lemna 

minor (Matzke et al., 2007; Stolte et al., 2007; Vieira et al., 2019), common radish 

Raphanus sativus (Biczak, 2017, 2016; Pawłowska et al., 2017), spring barley Hordeum 

vulgare (Biczak, 2017, 2016; Biczak et al., 2020; Pawłowska et al., 2017; Tot et al., 

2018), cucumber (cultivar Tajfun) (Tot et al., 2018), bean Vicia faba (Liu et al., 2016a; 

T. Liu et al., 2015; Xu et al., 2020a) and rice Oryza sativa L. (H. Liu et al., 2015) 

revealed that ILs toxicity was mostly determined by the ILs structural features 

(confirming the side chain length effect and the relevance of the cation structure) as well 

as the concentration of IL used, the exposure time, the nature of the targeted organism 

(Biczak et al., 2020; Guo et al., 2020; Latała et al., 2009a, 2009b; Liu et al., 2015; Ma et 

al., 2010; Matzke et al., 2007; Pawlowska et al., 2019; Stolte et al., 2007; Tot et al., 

2018; Vieira et al., 2019; Wells and Coombe, 2006) and the conditions under which 

such tests are conducted (Pawlowska et al., 2019). Indeed, for example for the case of 

Lemna minor, two main mechanisms of toxic action were disclosed and used to justify 

the higher impact of ILs in this aquatic plant. While the microalgae are affected only by 

a mechanism of cell disruption/penetration of the IL, the duckweed suffers from the 

conjugation of cell disruption and chemical uptake by its roots (Santos e t al. 2015). 

Some studies evaluated the phytotoxicity of ILs by introducing the ILs into the soil, thus 

replicating more truthfully the natural conditions for seeds germination and terrestrial 

plant growth. The main results have shown that the toxicity of ILs in plants is also 

dependent on the IL concentration and that there is a direct correlation between the 

plant’s toxicity and the concentration of the IL solution absorbed by soil colloids, 

especially at high IL concentrations. On the contrary, when ILs are applied in low 

concentrations, they act in the same way as plant growth hormones, therefore 

stimulating plant growth and development (Biczak, 2017, 2016; Guo et al., 2020; 

Pawlowska et al., 2019; Tot et al., 2018). Furthermore, it has been shown that, when 
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using higher ILs concentration, ILs tend to accumulate preferentially in the plant roots 

and the translocation and eventual accumulation of ILs in the aboveground part of the 

plant depended on the chemical structure and initial concentration of ILs (Guo et al., 

2020; Habibul et al., 2020, 2019). As ILs are toxic to terrestrial and aquatic plants, 

being associated with oxidative stress, this calls into question the "green character" of 

this class of compounds (Pawlowska et al., 2019).  

Toxicity towards invertebrates. The toxicological effects of ILs have also been 

assessed towards several invertebrates such as roundworm Caenorhabditis elegans 

(Swatloski et al., 2004), earthworm Eisenia fetida (Shao et al., 2018), the springtail 

Folsomia candida (Matzke et al., 2007), the freshwater snail Physa acuta (Bernot et al., 

2005), crustaceans (Zackiewicz et al., 2015), zebra mussel Dreissena polymorpha 

(Costello et al., 2009) and freshwater flea Daphnia magna (Wells and Coombe, 2006). 

The increase in toxicity was established along with the increase in the length of the 

alkyl chain with no surprise and, in some cases, acute toxicity occurred at IL 

concentrations comparable to those found for chemicals commonly used in 

manufacturing and disinfection, including the 1,2,4-trichlorobenzene and ammonia. 

Shao and co-workers investigated the chronic toxic effect of two different ILs, 

[C8mim]BF4 and [C8mim]Br, on earthworm Eisenia fetida and concluded that both ILs 

caused toxicity to earthworms with similar toxicity levels (Shao et al., 2018). The 

authors found that both ILs induced oxidative stress and DNA damage, which increased 

over long exposure time (28 days).  

Toxicity towards vertebrates. Landry and co-workers (2005) evaluated the acute 

oral toxicity of [C4mim]Cl on Fischer (F-344) rats and found that death of the rats 

occurred at IL concentration higher than 550 mg.kg
-1

. Li and co-workers (2009) 

evaluated the toxic effects of [C8mim]Br on frog Rana nigromaculata embryos and 

showed that their mortality depended on the stage of embryonic development and on the 

IL concentration. Since fish plays a key role in the aquatic ecosystem, some works have 

focused on determining the toxic effects of ILs on fish such as the zebrafish Danio rerio 

(Li et al., 2020; Pretti et al., 2006; C. Zhang et al., 2017a; Zhang et al., 2018), the 

goldfish Carassius auratus (Li et al., 2012b), the common loach Paramisgurnus 

dabryanus (Nan et al., 2016), the common carp Cyprinus carpio (Chang et al., 2020; Li 

et al., 2012a), and the silver carp Hypophthalmichthys molitrix (Li et al., 2013). Pretti 

and co-workers (2006) evaluated the acute toxicity of ILs to zebrafish Danio rerio and 
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concluded that different ILs can cause a completely different effect on fish, depending 

on their chemical structure. The authors assessed that imidazolium-, pyridinium- and 

pyrrolidinium-based ILs considered as non-highly lethal towards zebrafish. Instead, the 

ammonium-based ILs were considered harmful to zebrafish. Recently, Zhang and co-

workers analysed the toxicity of [C4mim]Cl and [C4mim][BF4] in livers of zebrafish and 

concluded that both ILs were nearly harmless (C. Zhang et al., 2017b). However, these 

ILs can show potential toxicity, since both ionic structures can cause oxidative and 

DNA damage in zebrafish. Likewise, Li and co-workers investigated the toxicity of 

three imidazolium-based task-specific ILs and concluded that one, [C2NH2mim][BF4], 

was practically harmless, while [MOC2mim][BF4] and [HOC2mim][BF4] were 

relatively harmless and all three produced varying degrees of oxidative stress and 

damage to zebrafish DNA (Li et al., 2020). The effects of long-term exposure of LIs to 

fish have been investigated, since LIs can remain in the water for a long period of time. 

Ma and co-workers studied the effects of [C8mim]Br on silver carp 

(Hypophthalmichthys molitrix) after 15, 30 and 60 days of exposure and have 

investigated the immunological effects of low doses of the IL on the fish (Ma et al., 

2019). The authors found that [C8mim]Br caused oxidative stress and an inflammatory 

reaction in fish spleen and studied the possible biochemical and molecular mechanisms 

underlying the chronic toxicity of the IL. Also, Chang and co-workers investigated the 

toxic effects of different concentrations of [C8mim][PF6] in common carp (Cyprinus 

carpio L.) after 30 and 60 days of exposure (Chang et al., 2020). The authors 

demonstrated that the IL could disrupt intestinal physical barrier, impair immunological 

barrier and alter intestinal microbiome in the fish, suggesting that ILs exhibit toxic 

effects on fish health.  

Enzymatic inhibition. Enzymes, as biological catalysts, are responsible for 

supporting numerous chemical reactions in all living organisms. Considering their key 

role, the hazard potential of chemicals to enzymatic activity will only be effective if 

chemicals, in this case ILs, reach the target site in the organism. For some organisms, 

70% inhibition of the enzyme leads to the organism death and it should be considered 

that enzymes levels in different parts of the organism may be different (Fulton and Key, 

2001). However, further studies should be performed to assess the ability of ILs to reach 

and inhibit the enzyme, which may vary for different organisms. Several studies have 

tested the toxic effect of different ILs on the enzymatic activity of Candida antarctica 
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lipase (Fan et al., 2016a; Ventura et al., 2012), lactic dehydrogenase (LDH) (Dong et 

al., 2016), trypsin (Fan et al., 2016b) and acetylcholinesterase (AChE) (Arning et al., 

2008; Matzke et al., 2007; Stock et al., 2004). Attracts attention the key role of AChE 

catalyzing the degradation of neurotransmitter acetylcholine and leading to various 

adverse effects in neuronal processes (Massoulié et al., 1993), which were not verified 

only for cholinium-derivatives (data not published), due to their higher similarity 

between the IL cation and the enzyme. Most studies concluded that both ILs 

concentration and structure had a negative impact on the enzyme activity, as well the 

hydrophobic nature of cations with longer alkyl chains, and in some cases, the negative 

effect of the anion was also confirmed. 

Discussion on ILs toxicity. Over the last decade, many researchers have focused 

their research on the evaluation of ILs toxicity and more new data have been revealed. 

Many different biological systems have been considered and tested resulting in a variety 

of data difficult to compare and analyze and, therefore, making it difficult to draw 

conclusions. Recently, ILs toxicity and (bio)degradability data as well as environmental 

impact of ILs in several fields of applications were thoroughly reviewed (Cho et al., 

2018; Costa et al., 2017; Egorova and Ananikov, 2014; Flieger and Flieger, 2020; 

Pawlowska et al., 2019).  

It is clear that the eco(cyto)toxicity of ILs is a complicated issue since it greatly 

depends on the nature of a biological system, meaning that an IL may not be toxic to 

certain cells or organisms, but may reveal high toxicity towards another target present in 

the environment. Therefore, the selection of biological activity data of ILs towards 

several distinct organisms is of upmost importance. The main contributors for the 

biological activity of ILs, which promotes their toxicity, are the chemical structural 

features of the IL, including the cation side chain length and composition, the cation 

core, and the nature of the anion moiety. Moreover, for some ILs, both exposure time-

toxicity and concentration-toxicity correlations are parameters to take into account. For 

instance, in the case of plants, the higher the IL concentration, the higher is the IL 

accumulation mostly taking place in the plant roots, thus inhibiting the plant growth. 

Besides, considering the interaction between ILs and cells, there is a variety of different 

mechanisms of toxic action. Long exposure times may inhibit seed germination and 

plant growth (Biczak, 2017, 2016; Guo et al., 2020; Pawlowska et al., 2019; Tot et al., 

2018) as well as negative health issues in fish (Chang et al., 2020; Ma et al., 2019). 

Jo
ur

na
l P

re
-p

ro
of



23 

 

Based on all these contributors, it is clear that various structural parameters contribute 

to the potential toxicity effects of ILs. Imidazolium-based ILs are the most widely 

studied, followed by pyridinium, phosphonium, ammonium-and cholinium-based ILs. 

Just a few ILs have already the REACH licensing. An example is [C2mim][NTf2] 

licensed to Proionic company 

(https://www.proionic.com/news/REACHregistrationEMIMTFSI.php), another is 

[C2mim][CH3COOH]), known for its capacity to dissolve biomass and biopolymers 

such as cellulose and chitin (ECHA Summary of Classification and Labelling of 1-

ethyl-3- methylimidazolium acetate, 2019). Although many studies on the toxic effects 

of this IL have been carried out, there is still a lack of reliable information on this topic, 

making it impossible to decide at a glance how toxic [C2mim][CH3COOH] is (Ostadjoo 

et al., 2018). Not to mention the fact that it has been estimated a huge set of potential 

ILs structures (Holbrey and Seddon, 1999) whose performance lacks experimental data 

on their toxicity which outlines the scope of the work ahead. Yet, taking into account 

this scenario, i.e., the need for safer and less toxic materials have boosted the 

development of new non-toxic and biocompatible ILs derived from cholinium, amino-

acids, glycine-betaine, glucose, carboxylic acids, and others, for a wide range of 

applications (Silva et al., 2019; Gomes et al., 2019; Mondal and Bera, 2019; Verma et 

al., 2018). 

 

Table 1. Summary of data from toxicity tests of ILs carried out on diverse biological 

organisms (identification of ILs based on the head cation group). 

Organism/biological 

systems 

Ionic liquid Toxicity Toxicity assay Ref. 

Enzyme inhibition     

Acetylcholinesterase Im 

Im, Py, Pip, 

QA, Mor, Pyr 

Im, Py 

EC50 = 40−100
10

 

μM 

IC50 = 5.1− >1000 

μM 

EC50 = 13−189 

μM 

Enzyme activity 

assay (Ellman et 

al., 1961; Stock et 

al., 2004) 

Enzyme activity 

assay (Stock et al., 

2004) 

Enzyme activity 

assay (Ellman et 

al., 1961) 

(Matzke et 

al., 2007) 

(Arning et 

al., 2008) 

(Stock et 

al., 2004) 

Lipase Im 

Im, Py,  

- 

IC50 = 50−100 

mM 

Enzyme activity 

assay 

Enzyme activity 

assay (Sónia P. M. 

Ventura et al., 

(Ventura et 

al. 2012b) 
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2012) 

Lactic 

dehydrogenase (LDH) 

Im IC50 = 50−570 

mM 

Enzyme activity 

assay  

(Dong et 

al., 2016) 

Trypsin from bovine 

pancreas 

Im IC50 = 0.07−0.39 

M 

Enzyme activity 

assay (Fan et al., 

2016c) 

(Fan et al., 

2016c) 

Toxicity towards 

microorganisms 

    

Bacteria Vibrio 

fischeri 

Im, Py, Pip, A, 

QA, Mor, Pyr 

 

QA 

 

Im, Py, P, G 

 

 

Fluorinated ILs 

Cholinium-

based ILs 

EC50 = 70− 

>20 000 μM 

 

┌IC50, 5min = 

0.43−0.84 mg/L 

└IC50, 10min = 

0.29−0.64 mg/L 

┌EC50, 5min = 

5.0−11482 mg/L 

│EC50, 15min = 

3.7−6310 mg.L
-1

 

└EC50, 30min = 

2.7−232 mg.L
-1

 

EC50 = 

1843−14496 

mg.L
-1

 

┌EC50, 5min = 

29−3457 mg.L
-1

 

│EC50, 15min = 

35−1868 mg.L
-1

 

└EC50, 30min = 

37−1498 mg.L
-1

 

┌Luminescence 

inhibition  

└(DIN 38412-

L34; ISO 11348-2) 

┌Luminescence 

inhibition  

└(DIN 38412–

L34; ISO 11348–

3) 

┌Luminescence 

inhibition  

└(Microtox® 

Toxicity Test) 

 

Luminescence 

inhibition 

┌Luminescence 

inhibition  

└(Microtox® 

Toxicity Test) 

(Matzke et 

al., 2007; 

Stolte et al., 

2007) 

 

(Zackiewicz 

et al., 2015) 

 

(Delgado-

Mellado et 

al., 2019; 

Ventura et 

al., 2012) 

(Vieira et 

al., 2019) 

(Ventura et 

al., 2014) 

Bacteria Escherichia 

coli 

Im, P 

Im, Py, Pyr, 

Pip, Mor 

 

Mat 

Qualitative 

evaluation  

MIC = 0.020− > 

10 mg.mL
-1

 

 

MIC = 12.2−41.2 

mM 

Adapted Agar 

Diffusion Test 

Acute toxicity 

(microdilution 

method (CLSI, 

2018)) 

Broth dilution 

method (Wang et 

al., 2019) 

(Ventura et 

al., 2012) 

(Florio et 

al., 2019) 

(Wang et 

al., 2019) 

Bacteria 

Staphylococcus 

aureus 

Im, P 

Im, Py, Pyr, 

Pip, Mor 

 

Mat 

Qualitative 

evaluation  

MIC = 0.0025− > 

10 mg.mL
-1

 

 

MIC = 10.5−38.9 

mM 

Adapted Agar 

Diffusion Test 

Acute toxicity 

(microdilution 

method (CLSI, 

2018)) 

Broth dilution 

method (Wang et 

al., 2019) 

(Ventura et 

al., 2012) 

(Florio et 

al., 2019) 

(Wang et 

al., 2019) 

Bacteria 

Photobacterium 

phosphoreum 

Im EC50, 15min = 

5−58 000 μM 

┌Luminescence 

inhibition  

└(Microtox® 

Toxicity Test) 

(Romero et 

al., 2008) 

Bacteria 

Staphylococcus 

Im, Py, Pyr, 

Pip, Mor 

MIC = 0.0025− > 

10 mg.mL
-1

 

Acute toxicity 

(microdilution 

(Florio et 

al., 2019) 
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epidermidis method (CLSI, 

2018)) 

Bacteria 

Enterococcus 

faecalis 

Im, Py, Pyr, 

Pip, Mor 

MIC = 0.005− > 

10 mg.mL
-1

 

Acute toxicity 

(microdilution 

method (CLSI, 

2018)) 

(Florio et 

al., 2019) 

Bacteria 

Pseudomonas 

aeruginosa 

Im, Py, Pyr, 

Pip, Mor 

MIC = 0.160− > 

10 mg.mL
-1

 

Acute toxicity 

(microdilution 

method (CLSI, 

2018)) 

(Florio et 

al., 2019) 

Yeast Candida 

albicans 

Im, P Qualitative 

evaluation  

Adapted Agar 

Diffusion Test 

(Ventura et 

al., 2012) 

Fungus Aspergillus 

nidulans 

P MIC = 

0.011−77.6 mM 

MFC = 

0.011−92.5 mM 

Growth inhibition 

Acute toxicity 

(Petkovic et 

al., 2012) 

Fungi from the 

Penicillium genus 

(P. brevicompactum, 

P. glandicola, P. 

corylophilum, P. 

diversum) 

Cholinium-

based ILs 

MIC = 1− > 1500 

mM 

MFC = 2.5− > 

2000 mM 

Growth inhibition 

Acute toxicity 

(Petkovic et 

al., 2010) 

Cytotoxicity     

Rat leukaemia cell 

line (IPC-81) 

Im EC50 = 

10
44
−3600

44
 μM 

WST-1 cell 

viability assay 

(Matzke et 

al., 2007) 

Human lung 

carcinoma cell line 

(A549) 

Im 

Mat 

EC50 = 

538−112 000 μM 

IC50 = 

0.29−16.9 mM 

WST-8 cell 

viability assay 

 

(Chen et al., 

2014) 

(Wang et 

al., 2019) 

Catfish ovarian CCO 

cell line  

Im EC50 = 

3260−10 320 μM 

MTT cell viability 

assay (Mosmann, 

1983) 

(Cvjetko et 

al., 2012) 

Human cervical 

carcinoma HeLa cell 

line  

Im 

 

Mat 

EC50 = 

3110−11 200 μM 

 

IC50 = 

0.28−15.8 mM 

MTT cell viability 

assay (Mosmann, 

1983) 

WST-8 cell 

viability assay 

 

(Cvjetko et 

al., 2012) 

(Wang et 

al., 2019) 

Human 

hepatocellular 

carcinoma HepG2 cell 

line 

Im 

([C16mim]Cl) 

IC50, 24h = 1.72 

μg.mL
-1

 

MTT cell viability 

assay 

(Wan et al., 

2018) 

Human skin 

keratinocyte 

(HaCaT)/ 

fibroblast (Hs68) 

cell lines 

Im, Py Relative cell 

viability 

MTT cell viability 

assay (Mosmann, 

1983) 

(Hwang et 

al., 2018) 

Phytotoxicity     

Algae Scenedesmus 

vacuolatus 

Im, Py, Pip, A, 

QA, Mor, Pyr 

EC50 = 0.4− 

>10 000 μM 

┌Reproduction 

inhibition 

(Altenburger et al., 

1990) 

└Sensitivity 

comparable to ISO 

(Matzke et 

al., 2007; 

Stolte et al., 

2007) 
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8692 

Algae Selenastrum 

capricornutum 

Im, Py, P, A EC50, 48h = 

1.1−100 000 μg.L
-

1
 

Growth Inhibition 

(OECD, 2011) 

(Wells and 

Coombe, 

2006) 

Algae Chlorella 

vulgaris/ Oocystis 

submarina 

Im, Py EC50 = 3.7−13573 

μM 

Growth Inhibition 

(ISO 8692; ISO 

10253) 

(Latała et 

al., 2009a) 

Algae Scenedesmus 

obliquus/ 

Chlorella 

ellipsoidea 

Im EC50, 96h = 

0.02−40 mg.L
-1 

 

IC50, 24-96h = 

0.0100−0.227 

mg.L
-1 

Acute toxicity 

 

Growth Inhibition 

(OECD, 2011) 

(Ma et al., 

2010) 

(Fan et al., 

2019) 

Bean Vicia faba Im EC50, 10 days = 

108−3886 mg.kg
-1

 

Acute toxicity (by 

statistical Probit 

analysis, SPSS 

software) 

(Liu et al., 

2016b; T. 

Liu et al., 

2015; Xu et 

al., 2020b) 

Common radish 

Raphanus sativus 

Im 

 

A 

 

QA 

EC50 = 

1716−3451 

mg.kg
-1 

 

EC50 = 

6924−28426 

mg.kg
-1 

 

┌LOEC = 80−400 

mg.kg
-1

 of soil 

└NOEC = 

40−200 mg.kg
-1

 of 

soil 

Growth inhibition 

(OECD, 2006) 

(Biczak, 

2017) 

(Pawłowska 

et al., 2017) 

(Biczak, 

2016) 

Cress Lepidium 

sativum 

Im EC50 = 400−3500 

μmol.kg
-1

 

Growth inhibition 

(ISO 11269-2) 

(Matzke et 

al., 2007) 

Duckweed Lemna 

minor 

Im, Py, Pip, A, 

QA, Mor, Pyr 

 

Fluorinated ILs 

EC50 = 3.4−5000 

μmol.kg
-1

 

 

 

EC50 = 210−588 

mg.L
-1

 

Growth inhibition 

(Drost et al., 2003) 

 

 

Growth inhibition 

(OECD, 2006) 

(Matzke et 

al., 2007; 

Stolte et al., 

2007) 

(Vieira et 

al., 2019) 

Microalgae 

Raphidocelis 

subcapitata 

Glycine-

Betaine 

derived ILs 

EC50, 72h = 

0.27−12.83 mg.L
-1

 

Growth inhibition 

(Santos et al., 

2015) 

( Parajó et 

al., 2019) 

Spring barley 

Hordeum vulgare 

Im 

 

 

 

A 

 

 

P 

 

QA 

EC50 = 112−281 

mg.kg
-1 

 

 

 

EC50 = 295−2798 

mg.kg
-1 

 

 

EC50 = 79−617 

mg.kg
-1 

Growth inhibition 

(OECD, 2006) 

(Biczak, 

2017; 

Biczak et 

al., 2020) 

(Biczak et 

al., 2020; 

Pawłowska 

et al., 2017) 

(Biczak et 

al., 2020) 

(Biczak, 

2016) 
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┌LOEC = 80−400 

mg.kg
-1

 of soil
 

└NOEC < 200 

mg.kg
-1

 of soil
 

Rice seeds Oryza 

sativa L. 

Im IC50, 5days = 

0.055−0.70 mg.L
-1 

Growth inhibition 

(OECD, 2006) 

(H. Liu et 

al., 2015) 

Wheat Triticum 

aestivum 

Im EC50 = 110−3500 

μmol.kg
-1

 

Growth inhibition 

(ISO 11269-2) 

(Matzke et 

al., 2007) 

Toxicity towards 

invertebrates 

    

Springtail Folsomia 

candida 

Im EC50 = 30−4400 

μmol.kg
-1

 

Reproduction 

inhibition (ISO 

11267) 

(Matzke et 

al., 2007) 

Water flea Daphnia 

magna 

Im, Py, P, A 

Fluorinated ILs 

EC50, 48h = 

0.0017−100 mg.L
-

1
 

EC50, 48h = 

121−2017 mg.L
-1

 

Acute 

immobilization 

(OECD, 2004) 

(Wells and 

Coombe, 

2006) 

(Vieira et 

al., 2019) 

Crustaceans Artemia 

franciscana 

QA LC50, 24h = 

12.3−24.5 mg.L
-1

 

Acute toxicity 

(ASTM E1440–

91) 

(Zackiewicz 

et al., 2015) 

Ciliate Tetrahymena 

thermophila 

QA IC50, 24h = 

0.35−5.20 mg.L
-1

 

Growth inhibition 

(Microbiotests 

Inc., 2004) 

(Zackiewicz 

et al., 2015) 

Roundworm 

Caenorhabditis elegans 

Im LC50, 96h >0.1−0.2 

mg.mL
-1

 

Acute toxicity (Swatloski 

et al., 2004) 

Freshwater snail 

Physa acuta 

Im, Py, P, A LC50, 96h = 

1.0−580 mg.L
-1

 

Acute toxicity (Bernot et 

al., 2005) 

Zebra mussel 

Dreissena polymorph 

Im, Py LC50, 96h = 

21.4−1290 mg.L
-1

 

Acute toxicity (Costello et 

al., 2009) 

Toxicity towards 

vertebrates 

    

Zebrafish Danio 

rerio 

Im, Py, Pyr 

└A 

Im 

([C4mim]Cl) 

Im 

([C4mim]BF4) 

Im 

 

 

 

Im-based 

TSILs 

┌LC50, 96h >100 

mg.L
-1

 

       └LC50, 96h = 

5.2−5.9 mg.L
-1 

┌LC50, 96h = 632.8 

mg.L
-1

 

└LC50, 96h = 604.6 

mg.L
-1 

┌LC50, 24h = 

5.90−7790 mg.L
-1

 

│LC50, 48h = 

5.40−7250 mg.L
-1

 

│LC50, 72h = 

3.90−3810 mg.L
-1

 

└LC50, 96h = 

3.60−2970 mg.L
-1

 

LC50, 96h = 

143.8−3087 mg.L
-

1
 

Acute toxicity 

(ISO 7346) 

 

Acute toxicity 

(OECD, 2019) 

 

Acute toxicity 

(statistical 

analysis, SPSS 

software) 

 

 

Acute toxicity 

(statistical Probit 

analysis, SPSS 

software) 

 

(Pretti et 

al., 2006) 

(C. Zhang 

et al., 

2017b) 

(Zhang et 

al., 2018) 

(Li et al., 

2020) 

 

Goldfish Carassius 

auratus 

Im 

([C8mim]Br) 

LC50, 24h = 87−244 

mg.L
-1

 
Acute toxicity 

(Li et al., 

2012b) 
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Common loach 

(Paramisgurnus 

dabryanus) 

Im 

([C8mim]Cl) 

┌LC50, 24h = 256 

mg.L
-1

 

│LC50, 48h = 197 

mg.L
-1

 

└LC50, 96h = 164 

mg.L
-1

 

Acute toxicity 

(Nan et al., 2015) 

(Nan et al., 

2016) 

Silver carp 

(Hypophthalmichthys 

molitrix) 

Im 

([C8mim]Br) 

LC50, 72h = 219 

mg.L
-1

 
Acute toxicity 

(OECD, 2019) 

(Li et al., 

2013) 

Common carp 

(Cyprinus carpio) 

Im 

([C8mim]Br) 

 

Im 

([C8mim][PF6]) 

LC50, 24h = 687.5 

mg.L
-1

 

 

LC50, 72h = 269 

mg.L
-1

 

Acute toxicity 

(Fawell et al., 

1999) 

 

Acute toxicity 

(Nan et al., 2016) 

(Li et al., 

2012a) 

(Chang et 

al., 2020) 

Embryos of frog 

Rana nigromaculata 

Im 

([C8mim]Br) 

LC50, 96h = 

42.4−85.1 mg.L
-1

 

Acute toxicity (Li et al., 

2009) 

Fischer (F-344) rats Im 

([C4mim]Cl) 

LC50, 24h = 550 

mg.kg
-1

 

LC50 = 800− 

>2000 mg.kg
-1

 

Acute oral toxicity 

(EPA, 2002) 

Acute dermal 

toxicity (EPA, 

1998) 

(Landry et 

al., 2005) 

Abbreviations: Imidazolium–Im; Quaternary Ammonium–QA; Phosphonium–P; Ammonium–A; 

Pyridinium–Py; Pyrrolidinium–Pyr; Phosphonium–P; Guanidinium–G; Piperidinium–

Pip; Morpholinium–Mor; Matrinium–Mat; TSILs–task-specific ILs 

 

4.2. ILs structure-toxicity relationship  

Several results confirmed that the toxicity of ILs is related to their structural 

features (Bubalo et al., 2017; Egorova and Ananikov, 2014; Fan et al., 2016a; Flieger 

and Flieger, 2020; Zhu et al., 2019), such as the side chain length and the type of anion 

in the ILs. In most cases, increasing the alkyl chain length on the cation (increasing 

hydrophobicity) increases the toxicity effect of the tested ILs, an effect called “side 

chain effect” (Arning and Matzke, 2011; Chen et al., 2014; Latała et al., 2009a; Matzke 

et al., 2007, 2008; Ventura et al., 2012; Zhu et al., 2019). Also, ILs with short or 

especially functionalized side chains, for instance, containing ester and ether side chains 

(reduced hydrophobicity) can exhibit low toxicities (Arning and Matzke, 2011; 

Morrissey et al., 2009; Tot et al., 2018; Zhu et al., 2019). Concerning the impact of the 

anion, in general, its toxic effects are not as distinctive as the effects caused by the side 

chain length and therefore no consistent conclusion has been drawn (Cho et al., 2008; 

Egorova and Ananikov, 2014; Zhu et al., 2019). At the same time, toxicity tests on the 

zebrafish Danio rerio were inconclusive to identify which part of the structure was 

responsible for the ILs toxicity (Pretti et al., 2006). In brief, the main factors that control 
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the toxicity of ILs are (i) the length of an alkyl chain in the cation, (ii) the degree of 

functionalization in the side chain of the cation, (iii) the anion nature, (iv) the cation 

nature, and (v) the combined influence of anion and cation.  

Evidently, other parameters contribute to the toxicity of ILs such as the IL 

concentration and the exposure time (Pawlowska et al., 2019; Zackiewicz et al., 2015). 

In the case of terrestrial plants, there is a direct correlation between plant toxicity and 

the concentration of the IL. High ILs concentration cause growth inhibition. Long 

exposure times may accentuate the negative impact of ILs such as inhibition of seed 

germination and plant growth (Biczak, 2017, 2016; Guo et al., 2020; Pawlowska et al., 

2019; Tot et al., 2018) and chronic detrimental health issues in fish (Chang et al., 2020; 

Ma et al., 2019).  

4.3 Biodegradability of ILs and their metabolites 

Although numerous studies concerning the toxicity of ILs and their environmental 

impact have already been published, much work is still needed to assess their 

environmental fate. Properties such as the high chemical, thermal and electrochemical 

stability, may contribute to the possible persistence of these chemicals in the 

environment, especially in natural waters and even in terrestrial soils. There are several 

factors that affect ILs’ biodegradability, such as their molecular structure, although 

other factors such as their exposure and environmental conditions may also play a 

significant role (Jungnickel and Łozińska, 2019; Stepnowski, 2019; Stolte et al., 2011). 

Accordingly, the biodegradability of ILs must be evaluated mostly for the (i) several 

types of biodegradation tests used, (ii)  structural features of ILs that promote and/or 

inhibit their biodegradation, and (iii) the importance of metabolites originated from the 

ILs’ biodegradation processes, which toxic effects should be estimated (Deng et al., 

2015; Docherty et al., 2010; Jordan and Gathergood, 2015; Stolte et al., 2011).  

Biodegradability test methods. By definition (DESIPA, 1997), “biodegradation is 

the process by which organic substances are decomposed by microorganisms (mainly 

aerobic bacteria) into simpler substances such as carbon dioxide, water and ammonia”. 

Hence, to assess the potential biodegradability of a product, several methodologies were 

developed by the Organization for Economic Co-operation and Development (OECD) 

(OECD, 2003). According to OECD guidelines, biodegradation can be classified as: (1) 

primary biodegradation, which consists on the loss of a specific structural moiety, for 

instance the hydrolysis of an ester bond; (2) inherently biodegradable, considered as 
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such if a compound biodegrades ca. 20% and so it is assumed that further degradation is 

possible; (3) readily biodegradable, which is when a compound biodegrades a specific 

percentage within a given timeframe; (4) ultimately biodegradable, when the complete 

compound’ breakdown occurs; and (5) mineralization, which involves the 

decomposition of a compound into molecules available to plants (OECD, 2003).  

In order to offer adequate and accountable data for environmental protection and to 

reduce costs related to the evaluation of the biodegradation profile of a compound, 

OECD (OECD, 2003) provides guidelines to organize the analysis of chemicals’ 

biodegradability into a general three-step testing strategy. The first step comprises the 

assessment of ready biodegradability through an aerobic screening test. The second 

step, in case of a negative result in the first one, consists of a simulation test that can be 

performed to describe the biodegradation rate in the environment. Alternatively, a 

screening test to assess inherent biodegradability can be carried to describe the potential 

biodegradability under optimized aerobic conditions. Finally, the third step comprises 

the evaluation of potential biodegradability under anoxic conditions through an 

anaerobic biodegradability screening test (OECD, 2003). 

To assess the ready biodegradability of chemicals, the OECD guidelines provide six 

methods carried out in an aerobic aqueous medium (OECD, 1993). Generally, these 

methods comprise the inoculation of a solution of the test substance in a mineral 

medium followed by incubation under aerobic conditions in the dark or in diffuse light. 

Then, the course of biodegradation is monitored by the determination of parameters 

such as dissolved organic carbon (DOC), CO2 production or biochemical oxygen 

demand (BOD). Usually, the test lasts for 28 days and the method selection is 

determined by the substance, which can be soluble or poorly soluble in water, volatile, 

just to mention a few. The standard methods commonly used are summarized elsewhere 

(Jordan and Gathergood, 2015; Ma and Li, 2019). 

Biodegradation evaluation of ILs. Jordan and Gathergood (2015) have deeply 

reviewed the biodegradation of ca. 300 ILs since 2010 and concluded that, overall, 

longer unbranched alkyl chains promote biodegradability as well as the presence of 

hydrolysable groups, such as esters, and groups that could be easily oxidized, namely 

alcohols, and carboxylic acids. Additionally, the use of ‘natural’ building blocks, such 

as cholinium and nicotinic acid for the cation, can give rise to biodegradable 

derivatives. However, slight changes to the chemical structure of a certain IL may lead 
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to a substance resilient to biodegradation, which is why in truth each IL is unique 

(Jordan and Gathergood, 2015). Also, since ILs consist of an anion and a cation, two 

different parts must be considered. Taking into account that part of the structure may 

not be degradable, then ready biodegradation tests can give rise to false positives 

(Jordan and Gathergood, 2015; Stolte et al., 2011). Considering the example of 

imidazolium cation, which is quite resistant to biodegradation, it is known that some 

imidazolium-based ILs have strong affinity for soils and sediments due to non-

hydrophobic interactions between polar groups (Stepnowski, 2005), are resilient to 

photodegradation (Stepnowski and Zaleska, 2005) and are not capable of rapid and 

ultimate biodegradation (Coleman and Gathergood, 2010; Romero et al., 2008; Stolte et 

al., 2013, 2011). Thus, in cases where biodegradable substituents and counter ions 

represent more than 60 % of the molar mass of the imidazolium-based IL, the IL can be 

considered readily biodegradable although it is not capable of “rapid and ultimate 

degradation” due to the recalcitrant imidazolium core. Accordingly, this strategy leads 

to the wrong conclusion that the IL is readily biodegradable (Jordan and Gathergood, 

2015; Stolte et al., 2011). Another example of a “false positive” is the case of 

pyridinium-based IL containing the anion (CF3SO2)2N
-
, which was classified as readily 

biodegradable (Harjani et al., 2008). As Stolte and co-workers (Stolte et al., 2011) 

pointed out 9 years ago, this anion is non-biodegradable and possibly persistent; 

furthermore, its carbon content does not contribute significantly to the overall carbon 

content of the ILs’ chemical structure.  

Since most of ILs biodegradation studies were carried out using microorganisms, in 

many cases, the complete breakdown of these products was not achieved leading to 

metabolites still persistent and non-biodegradable. Therefore, new methods are being 

studied to reach an efficient solution. An example is the Advanced Oxidation Processes 

(AOPs), which are usually used for the treatment of persistent contaminants in 

wastewaters based on the action of free radicals in aqueous solutions (Andreozzi et al., 

1999; Buthiyappan et al., 2015; Poyatos et al., 2009). One of the most used AOPs is 

based on the ultraviolet photolysis of hydrogen peroxide (H2O2/UV), where radiation 

(below 400 nm) promotes the cleavage of H2O2 molecule into hydroxyl radicals (•OH). 

Other AOPs frequently used are based on photocatalytic processes, where the 

interaction between a semiconductor and the UV radiation leads to redox reactions 

between the semiconductor surface and the organic compound and also to the 
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production of •OH radicals both promoting the degradation of the pollutant. As an 

example, Pieczyńska and co-workers (Pieczyńska et al., 2015) used an electrochemical 

AOP in aqueous solution to promote the degradation of imidazolium and pyridinium 

ILs. In this study, a boron-doped diamond (BDD) electrode was used, that considered as 

the most promising type of electrode for the degradation of ILs (Siedlecka et al., 2013). 

Based on these results, a degradation mechanism was proposed via oxidation of the 

cation side-chain; followed by the elimination of a side-chain from the cation and then 

the reaction between the aromatic head group and   
   radicals leading to the oxidative 

opening of imidazolium or pyridinium ring (Pieczyńska et al., 2015).  

Another example consists of Fenton oxidation, H2O2 and iron salts (Fe
2+

/Fe
3+

), as 

an efficient treatment for the degradation of ILs of different families in aqueous solution 

at 70 ºC (Munoz et al., 2015). Complete conversion of the starting ILs was achieved 

with a Total Organic Carbon reduction over than 60% after a reaction time of 4 h and 

the ensuing effluents exhibited negligible eco-toxicity values (Munoz et al., 2015). 

Also, the photocatalytic transformation of pyridinium-based ILs in water was assessed 

and regardless the alkyl chain or the number of substituents, the degradation involved 

an attack to the alkyl chain, originating harmless compounds (Calza et al., 2018). 

Mineralization was achieved within 4 h and the pyridinium ring was mostly released as 

ammonium ion, although the degradation route and the extent of mineralization were 

significantly affected by the type of inorganic ion (Calza et al., 2018). The authors 

concluded that ILs with anion bromide were only partially mineralized and highly 

persistent metabolites were produced (Calza et al., 2018). Another example employed a 

catalytic wet peroxide oxidation process in the presence of a Fe2O3/Al2O3 catalyst to 

enhance the biodegradability of 1-butyl-3-methylimidazolium-based ILs (Mena et al., 

2019). It was shown that the complete removal of the 1-butyl-3-methylimidazolium 

cation was achieved after 4 h at 80 °C with similar efficiency regardless the amount of 

H2O2 used. Additionally, the authors confirmed that the Fe2O3/Al2O3 catalyst exhibited 

long-term stability. More recently, Arellano and co-workers (Arellano et al., 2020) 

proposed a combined hybrid system for the remediation of toxic and/or refractory 

pollutants, such as the IL 1-butyl-1-methylpyrrolidinium chloride ([C4mpyr]Cl). The 

authors used the electro-Fenton process as a pre-treatment stage to break down the 

parent IL in a shorter time and generate intermediates than can be oxidized by 

microorganisms, thus improving the biodegradability of the IL.  
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Metabolites from ILs biodegradation. Biodegradation of a substance gives rise 

to metabolites that can be non-biodegradable, degrade at a slower pace or can even be 

toxic. Therefore, the detection and identification of these metabolites is particularly 

important. 10 years ago, the microbial biodegradation of three pyridinium-based ILs 

was assessed and reverse-phase HPLC/MS and MS/MS methods were used to identify 

several degradation products (Docherty et al., 2010). The authors determined that the 

ensuing metabolites were less toxic than the initial IL to Daphnia magna (Docherty et 

al., 2010). Other studies have shown that the metabolites from the biodegradation of 

imidazolium-based ILs are less toxic than the IL and that most degradation products 

comprise the imidazolium ring since its cleavage is a difficult task (Alisawi et al., 2017; 

Liwarska-Bizukojc et al., 2015). Seven years later, using MS/MS and 
1
H-NMR 

techniques, Alisawi and co-workers (2017) identified 1-methylimadazole as the 

predominant metabolite produced from the biodegradation of 1-butyl-3-

methylimidazolium chloride ([C4mim]Cl). To overcome the challenge of degrading the 

imidazolium ring, Pieczyńska and co-workers (2015) performed the electrochemical 

oxidation of imidazolium and pyridinium ILs and identified the intermediate 

degradation products by LC–(ESI)/MS and GC–MS methodologies. The authors 

assessed the toxicity of the initial ILs and of the ILs solutions after electrolysis 

employing green microalgae Scenedesmus vacuolatus and the aquatic plant Lemna 

minor as test organisms. In some cases, the decomposition products exhibited higher 

toxicity than the initial ILs species, in particular, the mixtures of [C4mim]Cl/NaCl 

(Pieczyńska et al., 2015). Also, Siciliano and co-workers (2019) assessed the chronic 

toxicity towards Daphnia magna of three imidazolium-based ILs and their oxidized by-

products generated by advanced oxidation treatment with UV254/H2O2. The results 

indicate that the generated oxidized by-products have, in some cases, higher chronic 

toxicity than their corresponding parent compounds. Lately, the transformation products 

of the photocatalytic treatment of several pyridinium-based ILs were identified by 

HPLC–MS and toxicity on marine bacterium Aliivibrio fischeri was evaluated (Calza et 

al., 2018). The results showed that ILs comprising the inorganic ion tetrafluoroborate 

(BF4]
¯
) produced harmless compounds, while chloride and bromide ILs were involved 

in the formation of hazardous products. 

Based on these examples, it is certainly true that the study of the biodegradation of 

ILs and their transformation products (metabolites) is crucial for understanding their 
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fate in the environment and for designing more sustainable and safer ILs. Taking into 

account that common biodegradation methods are often ineffective for their complete 

degradation especially in cases where no cleavage of the imidazolium and pyridinium 

rings is observed, there is a need for advanced degradation methodologies such as 

AOPs, which involves complex techniques and additional costs, but may be much more 

efficient for the mineralization of these products. 

4.3 Designing more sustainable and safer ILs 

Since the toxicological effects of ILs are related to their biodegradability and 

structural features, in theory, it may be possible to design safer ILs exhibiting lower 

hazard potential for the environment and human’s health with no detrimental effects on 

their properties. Indeed, and aiming the design of biodegradable chemicals, Boethling 

(Boethling, 1996) defined some structural features that may enhance the 

biodegradability of a chemical substance including the (i) presence of potential sites of 

enzymatic hydrolysis namely esters and amides; (ii) introduction of oxygen in the form 

of hydroxyl or carboxylic acid groups; and (iii) the presence of unsubstituted linear 

alkyl chains (especially with at least 4 carbons or more) and phenyl rings, which can be 

possible sites for attack by oxygenases. Hence, the incorporation of an ester 

functionality in the side chain of the cation combined with the selection of octyl 

sulphate anion in dialkylimidazolium- and pyridinium-based ILs resulted in a 

significant increase in the biodegradation of the IL (Gathergood et al., 2006; Harjani et 

al., 2009, 2008; Morrissey et al., 2009). The results of Matzke and co-workers (2007) 

suggest, for the design of safer ILs, the use of cations with a short side chain and to 

combine them with [BF4]
¯
 or Cl

¯
 as counter ions. Later, this conclusion was refuted, 

since it was proved the low stability of the fluorinated anions in water (e.g. [BF4]
¯
 and 

[NTf2]
¯
) caused by hydrolysis and allowing the formation of strong acids in solution 

(Freire et al., 2010). Ventura and co-workers (2013) synthesized a new class of low 

bacterial and algal toxicity imidazolium and pyridinium halide ILs, produced by a short 

synthesis from substituted mandelic acid derivatives. Costa and co-workers (2017) 

reviewed the structural features of ILs that may contribute to their lower or higher 

toxicity, as illustrated in Figure 7. Recently, the synthesis of safer ILs using 

biocompatible starting materials for both the anionic and cationic counterparts (such as 

amino-acids, sugars, and cholinium, among others) has been growing (Gomes et al., 

2019). For instance, cholinium-based ILs exhibit less toxicity to fungi than their 
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corresponding sodium salts (Petkovic et al., 2010) although not all can be considered 

harmless to all organisms (Ventura et al., 2014) (Table 1) demonstrating that their 

ecotoxicological profile is still poorly known and much work in this field is still needed. 

Stasiewicz and co-workers (Stasiewicz et al., 2008) synthesized a new group of novel 

and environmentally benign ILs (1-alkoxymethyl-3-hydroxypyridinium cations + 

acesulphamate, saccharinate and chloride anions) exhibiting very low acute biological 

activity towards acetylcholinesterase and the IPC-81 rat promyelocytic leukaemia cell 

line. Parajó and co-workers (2019) synthesized glycine-betaine-derived ILs and, for 

which the toxicity showed that the freshwater microalgae Raphidocelis subcapitata was 

more sensitive than the luminescent marine bacteria Aliivibrio fischeri. Based on these 

results, the authors considered these ILs hazardous to the aquatic environment alerting 

that not all ILs from natural compounds exhibit non-toxic and environmentally safe 

nature. Using data from computer model studies for IL toxicity, it was concluded that to 

obtain environmentally friendly ILs it is necessary to use morpholium or pyridinium 

cations with short linear and polar alkyl chains and avoid fluorine containing and 

hydrophobic anions with cations containing positively charged atoms and N atoms 

(Abramenko et al., 2020), which again was previously refuted by other authors showing 

contrary examples (Ventura et al., 2013). Again, these reports show the need for further 

analysis and research in the field of IL toxicity. 

 

Figure 7. Some guidelines to synthesize safer ILs. Adapted from (Costa et al., 2017)). 

 

5. Tools to predict ILs toxicity 

According to the European Union's REACH legislation (European Union., 2006), the 

registration of chemicals is based on the complete evaluation of their (eco)toxicological 

Jo
ur

na
l P

re
-p

ro
of



36 

 

and physico-chemical properties. However, these experimental tests are time-

consuming, expensive and sometimes complex, for instance when hazardous properties 

such as flammability and explosive properties must be assessed. Considering the 

toxicity and environmental impact of ILs, although the hazard assessment has 

considerably deepened the knowledge on this subject, these procedures are very time 

and material consuming turning impossible to take into consideration the huge amount 

of ILs structures. Therefore, computational modelling is necessary as a complementing 

tool to experimental procedures as it is faster, safer and less expensive (Abramenko et 

al., 2020; Cho et al., 2019, 2016). Computational modeling allows to fill data gaps and 

predict the toxicity of ILs, which lack experimental data. 

 

5.1 Toxicity prediction using (Q)SARs models 

OECD (Organization for Economic Cooperation and Development (OECD)., 2007) 

and REACH (European Union., 2006) recommend the use of (Quantitative) Structure-

Activity Relationship, (Q)SAR, as an approach to find relationships between chemical 

structure (or structural-related properties) and biological activity (or target property) of 

studied compounds. (Q)SAR models are mathematical equations that associate the 

chemical structure of compounds to a wide variety of their physical, chemical, 

biological and technological properties/activities (Das and Roy, 2013; Schultz et al., 

2003). The principal task of (Q)SARs is to get a reliable statistical model for the 

prediction of activities/properties of new chemical substances and analytical systems. 

These relationships also allow the identification and isolation of the most important 

structural descriptors that affect their physicochemical properties (Das and Roy, 2013; 

Schultz et al., 2003). There are mainly three important requirements for a (Q)SAR 

model: the data preparation, processing and validation (Das and Roy, 2013). Das and 

Roy (2013) summarized different QSAR studies performed on ILs including the 

prediction of different physicochemical properties and toxicity endpoints. More 

recently, new data on toxicity prediction using (Q)SARs models have been reported and 

some examples will be here presented and discussed. 

Peric and co-workers (Peric et al., 2015) used a QSAR model to predict the 

(eco)toxicity of short aliphatic protic ILs for five tests, namely bacteria Aliivibrio 

fischeri, Raphidocelis subcapitata and Lemna minor growth inhibition test, 
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acetylcholinestherase inhibition and viability assay with leukemia rat cell line of IPC-

81. The QSAR model was based on a group contribution method where molecular 

properties are considered as the sum of the contributions of atoms and/or fragments and, 

in the case of ILs, they can be divided into three basic fragments, namely the anion, 

cation and cation substitution. The analysis of the contributions of each one of the 

descriptors provides information on the influence of the structural groups on ILs 

toxicity. The QSAR model applied in this study confirmed the literature findings that 

the predominant influence on toxicity is related with the cation and an increase of 

toxicity is observed with growing of alkyl chains. This QSAR model allowed the 

prediction of ILs (eco)toxicity, demonstrating to be very helpful towards the synthesis 

of new and safer ILs. Usually, the descriptors used to build a quantitative structure-

toxicity relationship (QSTR) model were made up of anion and cation descriptors, and 

their interactions were often neglected to some extent. Recently, Yan and co-workers 

(Yan et al., 2019) proposed a new set of descriptors representing the anion/cation 

interaction and combining the cation/anion descriptors, with which a norm index-based 

QSTR model was designed to predict the ecotoxicity of ILs towards IPC-81 cells.  

Within the guidelines of the OECD for regulatory QSAR models, Roy et al (2015) 

developed and validated QSAR models to predict the toxicity of ILs against the green 

algae Scenedesmus vacuolatus using computed descriptors with definite 

physicochemical meaning. The developed partial least squares models support the 

already established mechanistic characteristics of toxicity of ILs in terms of a surfactant 

action of cations and chaotropic action of anions (Roy et al., 2015). Also, and for the 

first time, the authors attempted to develop interspecies (i-QSTR) models for the algal 

toxicity of ILs with Daphnia magna toxicity (Roy et al., 2015). The i-QSTR modelling 

provides a tool for extrapolating data for one toxicity endpoint to another when the data 

for the second species are unavailable (Kar et al., 2016). The authors concluded that, 

although the number of available data points was low, the developed models could 

provide an insight into the interspecies toxicity-toxicity relationships of ILs (Roy et al., 

2015). Last year, Cho and co-workers (Cho et al., 2019) summarized numerous QSAR 

studies and discussed the use of this modelling tool on the toxicities of ILs against 

enzymes, bacteria, crustaceans, and animal cells.  

The i-QSTR modelling allows the toxicity prediction of at least two species, while 

QSAR modelling is only efficient for the prediction for the same, single species and so, 
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for two species, two different QSAR models are required (Kar et al., 2016). The main 

advantages of the i-QSTR approach are the possibility to overcome the cost of multiple 

toxicity tests, to improve the understanding of the mechanism of toxic action of 

chemicals for different organisms and endpoints and, also very useful, it allows to fill 

the data gaps where the toxicity value for a particular compound is unknown for a 

specific endpoint. The investigation of interspecies relationships of toxicity supports the 

‘three Rs’ principle of “Replacement, Reduction and Refinement” of animals by using a 

single model for the toxicity prediction of two different species. (Kar et al., 2016). As 

an example, based on a comprehensive toxicity prediction model with unified linear 

free-energy relationship descriptors to address the single parameter for predicting 

toxicities (Cho et al., 2016), Cho and Yun (Cho and Yun, 2019) demonstrated that the 

model can calculate the general toxicological effect of ILs. In order to validate that 

theory, the values calculated by the model were correlated with four different datasets 

from an insect cell line (Spodoptera frugiperda 9), earthworm (Eisenia fetida), 

nematode (Caenorhabditis elegans), and fish (Danio rerio). The results definitely 

revealed that the calculated values are in good agreement with each dataset.  

Lately, Abramenko and co-workers (2020) reviewed the current state of the art in 

the field of design of computational models of ILs toxicity towards different species and 

cell lines. The overview of the data from QSAR studies confirmed that the toxicity of 

ILs depends mainly on the cation and increases with the cation alkyl chain length and 

for the more branched cation chain groups. Also, the presence of a polar group such as 

hydroxyl or nitrile groups in the cationic substituent chain, as well as the presence of 

short polar side chains linked to the cations, reduces the toxicity and increases the 

efficiency of biodegradation. On the contrary, the anion displays a minor effect on 

toxicity of ILs. Based on this knowledge, the authors believe in the possibility of 

controlling the toxicity of these chemicals. Therefore, the development of reliable 

QSAR / QSTR toxicity models is essential to reduce the time and cost of experimental 

research and, thus, can lead to the understanding of the most appropriate strategy for the 

synthesis of green ILs. 
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5.2 Cytotoxicity prediction using model cell membrane 

Biomembranes are complex biological supramolecular structures that regulate the 

diffusion of chemical species into cells, namely by absorption into their phospholipids 

and disruption/penetration of the cells. Phospholipid bilayers are a well-accepted first-

order model of biomembranes and so, they can be considered as the “skeleton” of any 

biomembrane into which biocomplexes, such as proteins, extra lipids, and others, can be 

absorbed. Therefore, assessing the effect of ILs on phospholipid bilayers is considered 

as the first step for the molecular-level understanding of the biological effects of ILs on 

biomembranes, hence in cells. Recently, Benedetto (2017) reviewed the state-of-the-art 

of the few nano-biotechnology studies related to the interactions of ILs with 

biomembranes aiming to identify the molecular mechanisms behind the ILs toxicity. As 

an example, Jing et al. (2016) investigated the interaction of amphiphilic 3-

methylimidazolium-based ILs with a lipid bilayer as a model cell membrane to 

understand their cytotoxicity at a molecular level. The authors observed morphological 

changes of the lipid bilayers, namely IL-induced lipid aggregation and bilayer 

disruption, which strongly depended on the IL concentration and the length of the 

hydrocarbon side chain. Both membrane swelling and disruption are attributed to 

membrane perturbation and could lead to the death of living cells. The authors found 

that the lower critical IL concentration for the swelling of the lipid bilayer overlaps with 

the reported EC50 for leukemia rat cell line IPC-81, suggesting that the ILs cytotoxicity 

could correlate with the IL-induced swelling of the cell membrane. Therefore, the 

authors concluded that when interacting with lipid membranes, amphiphilic ILs 

essentially behave like ionic surfactants. As such, this study also suggests that the 

cytotoxicity of amphiphilic ILs could be predicted from the assessment of the 

environmental safety of commonly used ionic surfactants of similar alkyl chain 

structures and lengths. Sharma and Mukhopadhyay (2018) reviewed the different 

biophysical methods that can be used to characterize interactions between ILs and the 

phospholipid membranes. These are the pressure area isotherm, differential scanning 

calorimetry (DSC), reflectivity, neutron scattering, and molecular dynamic (MD) 

simulations. The results showed that ILs strongly interact with the lipid bilayer and 

modify the structure, microscopic dynamics, and phase behavior of the membrane, and 

so, in general, this strong interaction between ILs and the lipid bilayer could be the 

major cause of amphiphilic ILs toxicity. Despite the significant data contribution, a 
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deep knowledge on the nature of the interactions between ILs and the cell membrane is 

still required, namely in what concerns the biochemistry behind some of these 

interactions.  

To shed light on the toxicity mechanism of ILs in living organisms, Mendonça and 

co-workers (2018) evaluated the interactions of different alkylimidazolium-based ILs 

([Cnmim]Cl) with Langmuir monolayers of phospholipids and also of cholesterol, used 

as simplified cell membrane models. In this study, the authors evaluated the effect of 

the chain length n of the IL as well as the anion. Pressure area isotherms were measured 

and Brewster angle microscopy (BAM) was used to investigate morphology changes. 

Additionally, polarization-modulated infrared reflection absorption spectroscopy (PM-

IRRAS) was applied to identify the functional groups involved in the phospholipids/IL 

interactions. The first general conclusion was that penetration of ILs in the 

phospholipids monolayer, i.e. insertion of ILs’ cations within the monolayer, occurs 

mostly during the initial stages of the compression, while the surface density is still low. 

Also, the results showed that different imidazolium-based ILs have distinct effects on 

the cell membrane and that long alkyl chains (with n > 6 carbons) and more 

hydrophobic anions can cause the monolayers disruption. More recently, Kumar ad co-

workers (Kumar et al., 2019, 2018) studied the effect of amphiphilic ILs on the structure 

and dynamics of model lipid membranes using solid-state NMR spectroscopy and 

biophysical techniques. The authors showed that ILs can induce cytotoxicity by 

disrupting the cell membrane and/or by altering the cell metabolism. Overall, these 

studies demonstrated the potential of the use of Langmuir monolayers and model lipid 

membranes to obtain information related to the interactions of different types of ILs 

with cell membrane components, which can support (Q)SAR models, thus validating 

the molecular simulations.  

 

6. Concluding remarks and future perspectives 

Ionic liquids (ILs) are neoteric solvents that can be used in a wide range of 

advanced technological and pharmaceutical applications. Despite their unique 

characteristics and application prospects, there are serious limitations associated with 

the environmental effects of ILs. Different IL families revealed to be eco(cyto)toxic, 

fairly resistant to biodegradation and able to produce harmful secondary metabolites. 
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Indeed, ILs are not “green chemicals” and thus, a comprehensive assessment of their 

hazardous effects is necessary to assure their safe use. In addition, the better 

understanding of ILs’ biodegradability and their metabolites is crucial to infer their fate 

in the environment and for designing safer ILs and more sustainable processes. 

Considering the market’s demands as well as the health and environmental concerns, a 

strategy must be followed to design ILs that can address both the issues: (i) elimination 

of their toxicity and (ii) maximization of their property benefits according to specific 

applications. In this context, computational modelling, such as QSAR and i-QSTR, 

provided good quality models that can be cost efficient and time effective complements 

to in vivo and in vitro testing, therefore reducing animal experimentation and ensure 

human, animals and environment safety. According to the literature overview, most 

model studies on ILs involve the use of imidazolium or pyridinium-based ILs, therefore 

QSAR/i-QSTR modelling is encouraged to involve other types of ILs. Another 

promising field of research, still in its infancy, is the study of the mechanisms of toxic 

action, for example by the analysis of interactions of ILs with lipid bilayers as models 

of cell membranes that can be used to understand the ILs cytotoxicity at a molecular 

level thus contributing to the improvement of the models discussed above. While 

membrane disruption is certainly a major hurt to cells, this is not certainly the single, 

universally applicable, mechanism of toxic action of all ILs. There are already some 

studies exploring more broadly this topic and complementing the understanding of the 

metabolic processes that may be affected by exposure of biological systems to ILs, and 

this is the way forward in the field so that knowledge can actually advance (Mano et al., 

2020). A typical example is the use of oxidative stress biomarkers, based on 

biochemical assays that target general biological responses to stress at the sub-cellular 

level. Jeremias and co-workers (2020) investigated the effects of IL structural changes 

using RNA-sequencing following Daphnia magna exposure to imidazolium- and 

cholinium-based ILs. The authors identified common mechanisms of toxicity shared by 

the tested ILs as well as unique gene expression signatures for each IL, enlightening 

specific mechanisms of toxicity. Moreover, broader views can be gained by applying 

advanced techniques in the omics field, as recently approached in literature (Jin et al. 

2020). 

Despite all efforts made so far, the use of ILs and the interpretation of their 

“environmentally friendly” credentials needs to consider new strategies under the 
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umbrella of Green Chemistry and the Metrics of Sustainability. Until recently, ILs were 

generally and incorrectly classified as “green” and later as “greener” solvents. However, 

nowadays, this classification was abandoned, due to its wrong generalist nature, but 

more importantly, because it is not true. As discussed in this work, the ILs’ safer 

character needs to be evaluated by considering the chemical structure of the solvents, 

but also the microorganism trophic level, structure and metabolism. In this sense, much 

wider approaches need to be applied, particularly those under the umbrella of the Green 

Chemistry Principles allied with the Metrics of Sustainability. Green Chemistry is 

defined as the “design of chemical products and processes to reduce or eliminate the use 

and generation of hazardous substances” (Anastas and Warner, 1998). In 1998, Anastas 

and Warner (1998) introduced The Twelve Principles of Green Chemistry, which are 

guidelines to design safer chemicals and chemical processes with the main goal of 

achieving sustainability (Anastas and Eghbali, 2010; Anastas and Warner, 1998), which 

were later translated also to the congener Twelve Principles of Green Engineering 

(https://www.acs.org/content/acs/en/greenchemistry/principles/12-design-principles-of-

green-engineering.html). Briefly, the global impact of the Green Chemistry principles 

relies mostly on driving the resource efficiency and waste minimization in chemical and 

related industries. Considering the whole course of ILs, concerns have emerged from 

the ILs’ synthesis process often using harmful reagents and conventional solvents until 

the significant lack of data regarding (eco)toxicity, but mainly terrestrial toxicity, 

phytotoxicity, bioaccumulation, persistence and biodegradation. Recently, this so 

important integrative perspective is being briefly assessed. The work of Rauber and co-

workers (2019) is an example where the ecological and economic benefits of using ILs 

in a smart process design compared to conventional procedures were investigated. The 

authors described advantageous consequences on reactions when using ILs in the 

context of the Green Chemistry principles and showed that the exploration of the 

potential of designing functional/task-specific ILs as high-performance chemicals 

instead of “simple solvents” enhances the prospects of a more sustainable chemical 

production.  

However, other perspectives should also be considered, mainly when these ILs are 

designed for some specific applications. In this sense, one of the approaches to follow 

we believe, is the use of guidelines related with the Life Cycle Assessment (LCA), 

regarding not only the ILs synthesis but also the processes in which they have been 
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applied. LCA is defined as the "compilation and evaluation of the inputs, outputs and 

potential environmental impacts of a product throughout its life cycle" (ISO 14040, 

2006). This analytical tool is used to evaluate the environmental aspects and potential 

environmental impacts throughout all stages of a product's life cycle – from raw 

material acquisition through production, use, end-of-life treatment, recycling and final 

disposal. Hence, a LCA study involves four phases, starting with (i) goal and scope 

definition, then proceeding with (ii) life cycle inventory analysis (LCI), (iii) life cycle 

impact assessment (LCIA) and, finally, (4) life cycle interpretation, as shown in 

Figure 10 (ISO 14040, 2006).  

Considering its iterative nature, LCA arises as a suitable tool to assess the 

environmental suitability of ILs as a task-specific solvent for a defined application 

(Hospido and Rodríguez, 2019). However, attention must be taken to the whole life 

cycle of the IL, which is not only its purpose and context of usage but also the different 

features related to the IL itself, from the IL synthesis procedure (and every parameter 

involved in the process) to its final fate after usage. Additionally, the quality of the LCA 

studies must be improved by increasing the quantity and the quality of the data handled 

in the LCA process (and this is not exclusive to ILs, in fact this should be applied to all 

types of substances). In order to achieve a reliable LCA evaluation, data from laboratory 

and pilot scale measurements must be combined (when possible) with data from 

industrial process simulation software. Also, efforts should be made to develop 

alternative “greener” synthetic methods to some of the ILs precursors in order to reduce 

the negative environmental impact. An example is the synthesis of 1-methylimidazole, 

which is used in the preparation of dialkylimidazolium-based ILs. Furthermore, most 

studies have assessed the impact level based on the energy demand and global warming 

potential as well as toxicological related impact categories (at least the most relevant 

ones such as the complex synthesis of ILs and their recovery as well as the impact of 

their direct release into the environment) (Hospido and Rodríguez, 2019; Maciel et al., 

2019). However, and as pointed out by Maciel and co-workers (2019), there are several 

limitations to implement LCA in all steps. The authors mentioned the scarcity of data 

characterizing the different steps of the life cycle of an IL, namely reuse and recycle of 

ILs, the definition of intermediates on the process, the yield of the process, just to 

mention a few. In fact, the number of existing LCAs of ILs in the literature is quite 

scarce when compared with the amount of ILs investigated up to now, a number even 
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bigger considering the ILs possible to synthesize. Different studies assume different 

methods of LCA and so the use of data quality analysis should be included for building 

LCA of ILs. Hence, each of the LCA stages must be completed as far as scientific 

progresses permit, which is also a drawback to overcome in the future of ILs-based 

processes. Another facet neglected on the context of ILs is the sustainability. Today, the 

sustainability means the analysis and control of the environmental indicators, e.g. 

energy, emissions, water, materials, wastes and effluents, but also enclose economic and 

social indicators, enabling the industrial processes to meet as much as possible the 

demands of the Development Sustainable Goals underlined by The United Nations. 

Despite the lack of studies on the subject, some of researchers are already prospecting 

the crosslink between the process efficiency, environmental and economic analysis 

(Colombo et al., 2020; Martins et al., 2021). Efforts have been made, hopefully in the 

near future, reaching other researchers about the importance of analysing the whole 

picture, from the synthesis of ILs, through the analysis of the process, whenever 

possible contemplating the reuse of solvents and thus avoiding their disposal (Colombo 

et al., 2020). This route is in line with the principles of Green Chemistry, hopefully 

networking academia and industry for a more sustainable future.  
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