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Abstract: The objective of this review is to evaluate the toxicological profiles and 

environmental sustainability of Ionic Liquids for chemical applications. Data from in vitro 

assays, Danio rerio embryo tests and computational models were herein analyzed. The 

development and properties of 'green' Ionic Liquids were also assessed. Safety evaluations 

indicate that Ionic Liquids exhibit various toxicological behaviors, challenging the 

assumption that they are categorically safe for environmental exposure. 'Green' Ionic 

Liquids show enhanced biodegradability and lower ecotoxicity but are not universally 

benign. Some Ionic Liquids present toxicological properties that conflict with being 

environmentally safe. It is, therefore, essential to conduct comprehensive assessments 

before deeming them environmentally safe. Lifecycle management strategies incorporating 

circular economy principles are promising but require further validation and detailed 

analysis for sustainability confirmation. 
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Chemistry, Danio rerio Embryo Tests, Computational Toxicity Models. 

 

Introduction 

Overview of Ionic Liquids and Their Growing 

Use across Industries 

Ionic liquids (ILs), formally known as room-

temperature molten salts, have witnessed an 

exponential increase in research focus, 

particularly in the field of chemistry, due to their 

unique physicochemical attributes such as low 

volatility, high thermal stability and solvation 

capabilities for a wide range of solutes
[1]

. 

Comprised solely of ions, typically featuring a 

large, asymmetric cation and a versatile selection 

of inorganic or organic anions
[2]

, ILs have 

proven indispensable in diverse chemical 

applications. These applications range from their 

role as solvents in synthetic reactions
[3]

, 

electrolytes in electrochemical cells
[4]

, chemical 

demulsification
[5]

, and media for catalysis
[6,7]

 to 

advanced materials in energy storage systems 

such as supercapacitors and batteries
[8]

. More-

over, ILs find utility in extraction processes for 

bioactive compounds
[9–11]

, as well as in 

biocatalysis and targeted drug delivery
[12]

. 

Additionally, ILs have been explored in 

therapeutic deep eutectic systems for pharma-

ceutical applications, such as the system of 

capric acid and menthol
[13]

. Beyond drug 

delivery, ILs have also shown promise in other 

health-related applications. Recent work has 

revealed the potential of deep eutectic liquids as 

topical vehicles for substances like Tadalafil, 

with preliminary findings indicating both wound 
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healing and antimicrobial activities
[14]

. As an 

adjunct to the discussion on ionic liquids, it is 

worth noting that deep eutectic systems have 

also been under investigation for their potential 

in transdermal delivery, particularly concerning 

medications like Risperidone
[15,16]

. While deep 

eutectic systems are not ILs, they share certain 

pharmacokinetic challenges and opportunities, 

making them a relevant consideration in 

comprehensive safety evaluations. Despite these 

advantages, the employment of ILs in chemical 

processes requires rigorous safety evaluations. 

The aqueous toxicity of ILs towards aquatic 

organisms has been established
[17]

 and challenges 

remain in their sustainable disposal
[18]

. 

Physicochemical Properties of ILs and Their 

Implications for Safety and Hazard 

Assessment 

ILs have gained recognition as an alternative 

to conventional solvents due to their unique 

physicochemical properties
[19]

 as shown in 

Figure 1. However, the potential risks posed by 

ILs on human health and the environment have 

raised concerns about their safety and hazard 

assessment
[20–22]

. A systematic evaluation of 

these properties is imperative for ensuring the 

safe utilization of ILs in various chemical 

applications. 

Figure 1. Physicochemical properties of Ionic Liquids and associated safety risks. 

Solubility 

The solubility of ILs is a key physico-

chemical property that must be taken into 

account for safety and hazard assessments. This 

factor has a direct effect on the distribution, 

toxicity and bioaccumulation potential of ILs in 

the body and environment
[23]

. A variety of 

conditions, such as temperature
[24]

, pressure
[25]

 

and the presence of other substances, can 

influence its solubility in water or other solvents 

like organic compounds or soils
[26,27]

. Moreover, 

chemical structure features, including functional 

groups, provide further complexity to this 

process when designing ILs with specific 

properties suitable for various applications such 

as hydrophobic/hydrophilic solutions tailored 

towards water/organic solvent needs respec-

tively
[28]

. Studies have also provided new 

insights into the single-phase formation of 

specific eutectic mixtures, enhancing our 

understanding of IL solubility
[29,30]

. 

Recent studies have demonstrated 

correlations between high levels of ILs water 

soluble content resulting in elevated aquatic 

organism toxicity hazards
[18]

 and low degrees 

leading to reduced bioaccumulation risks
[31]

. For 

these reasons, it is essential to thoroughly 

evaluate solubility along with any associated 

toxicological implications prior to utilization. 

Doing so will ensure safety during usage while 

simultaneously promoting sustainability through 

effective management practices. 
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Flammability and Explosivity  

The non-flammability of ILs is often 

highlighted as a safety advantage over volatile 

organic compounds. However, the fact that many 

ILs are not flammable themselves does not mean 

that they are safe to use near fire and/or heat 

sources; a large group of ILs are combustible 

due to the nature of their positive heat of 

formation, oxygen content and decomposition 

products
[32]

. 

Flammability and explosivity are key aspects 

to consider when performing a safety and hazard 

evaluation of ILs. ILs have become popular 

substitutes for traditional organic solvents due to 

their reduced flammability and explosive 

properties
[33]

. However, certain characteristics of 

ILs can still lead them to be combustible or 

dangerous under extreme temperatures, pressures 

or contact with air or other reactive materials. 

The potential for an ILs to ignite is determined 

by its chemical composition
[34]

, functional 

groups such as nitro, halide and peroxide which 

increase the risk of oxidization/reduction 

reactions
[35]

, degree of saturation
[36]

, as well as 

the presence of hazardous impurities like water 

or oxygen
[34,37]

. On the contrary, alkyl and aryl 

group based compounds tend not catch fire 

easily
[38]

. To understand more deeply how 

different conditions affect an individual ILs 

reactiveness, further research has been 

conducted on experiments related to ignition 

behavior, combustion and explosion. Through 

this data set, researchers were able to analyze the 

kinetic mechanisms behind this process better, 

thus enabling predictions about each compound's 

behaviour given specific scenarios
[39]

. A 

comprehensive approach should be taken into 

account when assessing the hazards posed by ILs 

taking into account both their flammability and 

explosivity properties. 

Thermal Stability and Decomposition 

Thermal stability and decomposition are 

essential elements to consider when evaluating 

the safety and potential hazards of ILs. Such 

properties can significantly impact the risks 

associated with fire, explosion or toxic gas 

release during their handling, storage or use. 

Recent research has demonstrated that a range of 

factors may alter ILs thermal stability and 

decomposition behavior, such as chemical 

structure
[40,41]

, functional groups
[42]

 or contami-

nants from synthesis/handling/storage pro-

cesses
[19,32]

. For instance, ILs containing 

halogenated/nitro-containing functional groups 

often exhibit lower thermal stability due to an 

increased risk of oxidation/reduction catalyzed 

decomposition. On the other side, alkyl or aryl 

functional groups tend to be more thermally 

stable with less hazardous degradation products 

as reported in Handa's study published in 

2022
[43]

. However, not only is purity key for 

overall performance, but also impurities can 

decrease this property drastically. To ensure the 

safe utilization of this class of compounds, 

experimental studies alongside modeling 

approaches have been developed which analyze 

them under various conditions, i.e., heating
[44]

, 

exposure to air
[12]

 and contact with other 

chemicals
[45]

. By providing a deeper understand-

ing of kinetic mechanisms, we can anticipate and 

predict behaviors. This paves the way for the 

development of uniform standards in quality 

control. These methods are essential for ensuring 

the sustainability of future applications.  

Toxicity and Environmental Impact of Ionic 

Liquids: Current Understanding and 

Knowledge Gaps  

The toxicity and biodegradability of ILs are 

critical factors to consider when assessing their 

safety and potential hazards, particularly in the 

realms of energy storage, drug delivery and 

green solvent industries. Unfortunately, some 

ILs can be highly toxic or resistant to biodeg-

radation by natural microbial communities 

leading to detrimental effects on human health as 

well as environmental pollution. To counter this 

issue, safer alternatives were developed (Table 

1), such as choline-based or amino acid derived 

ILs. Such classes of ILs showed improved 

biodegradability by hydroxyl or carboxyl func-

tionalization
[46,47]

. Incorporating both toxicity 

and biodegradability into our hazard assessment 

protocols for ILs applications across various 

industries, including biotechnology, pharma-

ceutical sciences and agriculture, enhances the 

promotion of these safe and sustainable 

solutions. Ultimately, this approach contributes 

to a more secure and sustainable future. 

Therefore it is essential that all stakeholders 

involved pay close attention towards these 

properties when evaluating the risks posed by 

various types of ILs, especially those containing 

halide/ammonium cations which show greater 

levels of toxicity than others
[48]

. However, this 
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characterization is not unidimensional; some 

ionic liquids have exhibited antimicrobial 

properties, which could have both beneficial and 

adverse environmental implications. This dual 

nature complicates their risk assessment and 

necessitates a multi-faceted evaluation ap-

proach
[49]

. With careful consideration taken 

towards both aspects combined with increased 

efforts from research teams worldwide, there is 

hope that cleaner and greener technologies will 

prevail over time.  

In Vitro Assays Analyzing the Cytotoxicity of 

Ionic Liquids in Various Cancer Cell Lines 

The investigation of the impact of ILs on 

biological systems has become a significant area 

of study in toxicology, highlighting the 

importance of understanding their cytotoxic 

properties. These investigations are relevant due 

to the increasing use of ILs in biomedical 

applications, such as their potential in cancer 

therapy and drug delivery systems. The 

assessment of ILs cytotoxicity on cancer cell 

lines through in vitro assays is crucial for 

understanding the molecular mechanisms of ILs-

cell interactions and determining their suitability 

and safety in clinical settings. The assays cover a 

wide range of cellular functions and markers 

related to metabolic activity, membrane 

integrity, apoptotic induction, and genotoxic 

effects. Table 2 presents a summary of 

significant findings obtained from a range of in 

vitro assays with varying methodologies. The 

table emphasizes the varying cytotoxic effects of 

different ILs on multiple cancer cell lines. This 

data compilation offers valuable insights into the 

structure-activity relationships that govern the 

interactions between ILs and cellular systems. 

As a result, it informs the strategic design of ILs 

and facilitates the prediction of their potential 

systemic effects. 

In Silico Methodologies for Elucidating the 

Toxicological Profile of Ionic Liquids 

Advancements in computational toxicology 

have enhanced our understanding of the 

toxicological profiles of ILs. This section 

focuses on the advanced computational 

techniques that significantly contribute to the 

predictive toxicology of ionic liquids, as outlined 

in Table 3. The methodologies mentioned in this 

research involve advanced QSAR models that 

incorporate new molecular descriptors, machine 

learning algorithms for intricate pattern recogni-

tion, and molecular docking studies to 

understand the interaction dynamics between ILs 

and biological targets. These approaches, 

including high-throughput screening, adverse 

outcome pathway mapping, toxicogenomic 

profiling and metabolomics analyses, create a 

comprehensive computational arsenal. The table 

summarizes the innovative contributions and 

specific applicability of the stated contributions 

to ILs toxicity prediction. 

Exposure Pathways and Risk Assessment for 

Ionic Liquids in the Occupational Exposure 

and Beyond  

The use of ILs in the occupational exposure 

(toxicity) can be hazardous to workers, 

particularly those employed in industries that 

involve potential aerosol exposure or skin 

contact
[50]

. To protect employees and reduce risk, 

it is essential to evaluate the risks posed by these 

substances and create effective risk management 

plans. It is necessary to thoroughly assess all 

associated dangers and develop appropriate 

strategies for minimizing or eliminating any 

potential health hazards. To ensure the safety of 

workers and minimize risk in industries with 

potential aerosol exposure or skin contact, it is 

essential to evaluate the dangers posed by ILs 

and implement rigorous risk management plans. 

Employers should conduct thorough assessments 

of all associated hazards, create effective 

strategies for minimizing them, provide staff 

with comprehensive training on how to safely 

handle such materials, as well as regularly 

monitor relevant areas. Taking these precautions 

when working with ILs can help businesses 

significantly reduce risks while promoting a 

secure environment for their workforce
[50]

. This 

could include establishing exposure limits and 

standards, implementing engineering controls 

such as ventilation systems, and supplying 

adequate personal protective equipment. Also, 

periodic health surveillance is crucial in 

conjunction with these strategies. Routine 

physical exams, which include liver and renal 

function tests, as well as pulmonary function 

assessments, are integral to occupational health 

monitoring. Screenings aid in early detection of 

ILs exposure's adverse effects, enhancing safety 

protocols and ensuring continuous workforce 

protection. Despite these challenges, there have 

been some assessments conducted for specific 

ILs used industrially; for example, 1-butyl-3-

methylimidazolium chloride (BMIM Cl) was
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Table 1. A comparison of the toxicity profiles of ILs, outlining their constituent elements and toxicological effects.  

Ionic Liquid Cation Anion Toxicity Description References 

1-ethyl-3-methylpyrrolidinium 

bromide 
Pyrrolidinium Bromide 

Moderate toxicity due to the lipophilic nature of the 

cation and the potential for bioaccumulation. 
[51] 

N, N-dimethyl-N-propyl-N- 

propylammonium tetrafluoroborate 
Ammonium Tetrafluoroborate 

Low to moderate toxicity; persistence of the 

fluorinated anion can lead to bioaccumulation. 
[52] 

Cholinium acetate Cholinium Acetate 
Low toxicity due to the natural occurrence of the 

cation and biodegradable anion. 
[53] 

N-butyl-N-methylmorpholinium Morpholinium Bromide 
Moderate toxicity due to the lipophilic nature of the 

cation and the potential for bioaccumulation 
[54] 

1-butyl-1-methylpyrrolidinium 

bis(trifluoromethylsulfonyl)imide 
Pyrrolidinium 

Bis(trifluoromethyl-

sulfonyl)imide 

Moderate to high toxicity due to the lipophilic cation 

and persistence of the fluorinated anion. 
[55] 

1-hexyl-3-methylimidazolium 

hexafluorophosphate 
Imidazolium Hexafluorophosphate 

Moderate toxicity due to the lipophilic nature of the 

cation; persistence of the fluorinated anion can lead 

to bioaccumulation. 

[56] 

1-butyl-3-methylimidazolium 

dicyanamide 
Imidazolium Dicyanamide 

Moderate toxicity due to the lipophilic nature of the 

cation and the potential for bioaccumulation. 
[57] 

L-alanine methyl ester sulfate 
Amino acid-

based 
Methyl ester sulfate 

Low toxicity due to the biodegradable nature of the 

amino acid-based cation and the sulfate anion. 
[58] 

1-butyl-3-methylimidazolium 

thiocyanate 
Imidazolium Thiocyanate 

Moderate toxicity due to the lipophilic nature of the 

cation and the potential for bioaccumulation. 
[59] 

1-butyl-3-methylimidazolium 

chloride 
Imidazolium Chloride 

Moderate toxicity due to the lipophilic nature of the 

cation and the potential for bioaccumulation. 
[60] 
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Table 2. Summary of in vitro assays analyzing the cytotoxicity of Ionic Liquids in various cancer cell lines. 

Assay Type Description 
Cancer Cell 

Line 
Endpoint Measured IL Example Key Findings Ref 

MTT 

Assay 

Assesses cell metabolic activity as an 

indicator of cell viability. 

MCF-7 

(Breast) 

Viability (Cell 

Metabolism) 

1-butyl-3-methylimidazolium 

chloride 

Reduced cell viability with 

increasing IL concentration. 
[61] 

Caspase 

Activity 

Assay 

Quantifies apoptosis by measuring 

the activity of caspases, enzymes that 

play a role in programmed cell death. 

HeLa 

(Cervical) 

Apoptosis (Enzyme 

Activity) 

N-butyl-N-methylpyrrolidinium 

bis(trifluoromethylsulfonyl)imide 

Activation of caspase-3 and -

7, suggesting apoptotic 

pathways. 

[62] 

Annexin 

V/PI 

Staining 

Differentiates between live, early 

apoptotic, and late apoptotic or 

necrotic cells via flow cytometry. 

A549 (Lung) 

Apoptosis and 

Necrosis (Membrane 

Phospholipid 

Binding) 

Cholinium acetate 

High proportion of early 

apoptotic cells at lower IL 

concentration. 

[63] 

Comet 

Assay 

Detects DNA damage via single-cell 

gel electrophoresis. 

PC-3 

(Prostate) 

Genotoxicity (DNA 

Damage) 

1-decyl-3-methylimidazolium 

chloride 

DNA strand breaks indicative 

of genotoxicity. 
[60] 

JC-1 Assay 
Assesses mitochondrial membrane 

potential, indicative of apoptosis. 

SGC-7901 

(Gastric) 

Mitochondrial 

Dysfunction 

(Membrane Potential) 

1-octyl-3-methylimidazolium 

tetrafluoroborate 

Mitochondrial membrane 

depolarization suggesting 

early apoptosis. 

[64] 

Trypan 

Blue 

Exclusion 

Viable cells exclude the dye, whereas 

dead cells do not. 

MIA PaCa-2 

(Pancreatic) 

Viability (Membrane 

Integrity) 

1-hexyl-3-methylimidazolium 

chloride 

Elevated levels of dead cells 

reveal high cytotoxic 

potential. 

[65] 

ROS 

Generation 

Assay 

Measures reactive oxygen species as 

stress markers. 

U87MG 

(Glioblastoma

) 

Oxidative Stress 

(ROS Levels) 

1-butyl-3-methylimidazolium 

tetrafluoroborate 

Increased intracellular ROS, 

signifying oxidative stress. 
[66] 

BrdU 

Assay 

Incorporates BrdU into DNA during 

replication; a measure of 

proliferation. 

K562 

(Leukemia) 

Proliferation (DNA 

Synthesis) 

1-butyl-3-methylimidazolium 

bromide 

Inhibited DNA synthesis, 

suggesting anti-proliferative 

activity. 

[67] 
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Table 3. Overview of contemporary In Silico strategies for Ionic Liquid toxicity prediction: Novel contributions and applications with 

key bibliographic references. 

In Silico Approach Novel Contribution Application to Ionic Liquids Ref 

Enhanced QSAR 

Models 

Incorporation of novel molecular descriptors and 

hybrid algorithms to improve prediction accuracy. 

Application to predict specific toxicity endpoints of ionic 

liquids, such as mutagenicity and aquatic toxicity. 
[68] 

Machine Learning 

Algorithms 

Use of deep learning techniques to understand complex 

biological interactions. 

Deep neural networks applied to predict the 

pharmacokinetics and toxicodynamics of ionic liquids. 
[69] 

Molecular Docking 

Studies 

Advanced simulation techniques to model ionic liquid 

interactions with biomolecular targets. 

Use in assessing the potential enzyme inhibition caused 

by ionic liquids. 
[70] 

High-throughput 

Screening (HTS) 

Automation and miniaturization of assays combined 

with computational analysis. 

High-throughput virtual screening of ionic liquids to 

rapidly identify potential toxicological properties. 
[71] 

Adverse Outcome 

Pathways (AOPs) 

Development of detailed mechanistic pathways from 

molecular interactions to adverse outcomes. 

Construction of AOPs for ionic liquids to systematically 

predict their effects on health and environment. 
[72] 

Toxicogenomics 
Integrating genomic data to understand the effects of 

chemicals on gene expression. 

Application to ionic liquids for predicting their impact on 

cellular pathways and potential carcinogenicity. 
[73] 

Metabolomics 

Approaches 

Analysis of small-molecule metabolites to understand 

the metabolic changes induced by chemicals. 

Studying the metabolomic profile changes induced by 

ionic liquids to predict their toxicity. 
[74] 
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found not likely to cause any health problems 

when concentrations remained below 1 

mg/m
3[75]

. Nonetheless, more detailed toxicologi-

cal studies are needed on different types of ILs 

along with ways how best we can manage their 

risks. The use of such compounds continues 

increasing across industries but understanding 

their effects is critical if we want them utilized 

safely everywhere, from occupational exposure 

(toxicity) onwards. Considering this compelling 

need for action we must conduct further research 

into hazardous properties related to these 

materials plus establish exposure thresholds & 

directions alongside deploying successful hazard 

mitigation plans, all ensuring the safe utilization 

of such chemicals in a wide range of settings. 

Regulatory Frameworks and Safety 

Standards for Ionic Liquids 

As the utilization of ILs in multiple industries 

continues to expand, it becomes increasingly 

essential to develop regulatory frameworks and 

safety standards for their secure management 

and application. Currently, regulations such as 

the Toxic Substances Control Act (TSCA) in 

America and Registration, Evaluation, 

Authorization and Restriction of Chemicals 

(REACH) within Europe govern ILs. 

Additionally, organizations like the American 

Chemical Society and International Organization 

for Standardization provide guidelines and safety 

protocols concerning this matter. To ensure 

standards are upheld, these rules have been 

established to protect people from hazardous 

conditions associated with ILs. Even though 

there are no specific laws regarding ILs yet 

implemented at the present time, we must 

continue establishing policies while augmenting 

them with advanced techniques so that they can 

be applied safely. 

Case Studies: Examples of Safety Challenges 

and Successful Risk Mitigation Strategies in 

Ionic Liquids Applications 

This section shows several case studies to 

illustrate the potential safety issues related to ILs 

use and the methods that have been developed 

for risk mitigation. An example of such a case 

study is the utilization of ILs as electrolytes in 

lithium-ion batteries, which has demonstrated 

superior performance compared with traditional 

ones
[41,76,77]

. However, certain types can react 

dangerously with lithium metal
[78]

, so researchers 

are utilizing ceramic membranes and optimizing 

electrolyte composition to ensure safety. Another 

example involves using these liquids for natural 

product extraction. While they excel in this area, 

environmental toxicity and impact concerns 

exist. To address these worries, scientists created 

biodegradable variants and adjusted extraction 

parameters to reduce environmental footprint 

while maintaining sustainability standards. Addi-

tionally, pharmaceutical industry professionals' 

apprehension about human health impacts when 

using them as solvents in drug synthesis has 

resulted in safer options being developed along 

with optimized reaction conditions plus stringent 

laboratory protocols establishment for safe usage 

assurance. These cases highlight why it is 

essential to identify possible risks associated 

with employing ILs then establishing efficient 

countermeasures accordingly as shown in (Table 

4). By following best practices learned from 

these examples and applying sufficient effort 

into their implementation, experts continue 

unlocking advantages from such materials 

without compromising on security aspects at all 

costs. 

Assessing the Safety Profile of Ionic Liquids: 

A Comprehensive Overview 

Standard protocols must also be established 

for the safe handling and disposal of these 

compounds, including guidelines concerning 

personal protective equipment (PPE), ventilation 

systems, storage methods, spill response plans 

etc. Moreover, emerging trends include 

incorporating these liquids into novel hybrid 

materials such as ILs-polymer composites which 

can enhance mechanical properties/stability
[79–81]

. 

Similarly, they are being explored for nano-

material synthesis
[82]

, electrochemistry
[83]

 and 

energy storage systems
[84,85]

. Finally, there has 

been a shift towards integrating them into 

circular economy models through green 

chemistry approaches aimed at eliminating waste 

and the continual use of resources. Circular 

methods facilitate recycling, reuse, and 

remanufacturing, thus extending the lifecycle of 

products. In the context of ILs, circular economy 

strategies involve the design, application, and 

recycling of ILs in a manner that maximizes 

their efficiency while minimizing environmental 

impact. This may involve the creation of 

recyclable ILs or the implementation of closed-

loop systems for ILs recovery and reuse. The 

integration of ILs in circular economy models 

can enhance industrial practices to align with  
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Table 4. A list of case studies that highlight the nature of risk associated with different ILs used in various industrial or academic 

settings, along with the corresponding mitigation strategies employed to minimize these risks. 

Nature of Risk ILs Used Industry/Academic Setting Mitigation Strategies Ref. 

Material incompatibility [AMIM][OAc] Chemical processing Material compatibility testing, equipment selection [86] 

Resource depletion [BMIM][Ac] Cellulose processing Resource management, recycling, process optimization [87] 

Inhalation toxicity [HMIM][Tf2N] Carbon capture PPE, closed systems, engineering controls [88] 

Combustion hazard [HMIM][Tf2N] Fuel cell electrolyte Inert atmosphere, fire suppression system [89] 

Gas emissions [Pyr14][Br] Absorption refrigeration Leak detection, closed systems, proper ventilation [90] 

Eye irritation [BMIM][TFA] Analytical chemistry PPE (safety goggles), training, emergency eyewash stations [91] 

Corrosion [EMIM][Cl] Metal surface coating Equipment selection, PPE, ventilation [92] 

Thermal stability [EMIM][Tf2N] Solar energy storage Temperature control, closed systems [93] 

Toxicity [BMIM][Cl] Nanoparticle synthesis PPE, closed systems, waste treatment [40] 

Accidental ingestion [EMIM][Lactate] Food packaging Employee training, proper labeling, and storage [94] 

Terrestrial ecotoxicity [TEA][Tf2N] Soil remediation Ecotoxicity testing, risk assessment, mitigation measures [95] 

Explosive hazards [EMIM][NTf2] Chemical synthesis Ventilation, explosion-proof equipment [96] 

Health hazards [DMIM][DMP] Biomedical research PPE, engineering controls, ventilation [97] 

Skin irritation [BMIM][BF4] Chemical manufacturing Personal protective equipment (PPE), ventilation, training [98] 

Fire hazard [OMIM][BF4] Lithium-ion battery electrolyte Inert atmosphere, fire suppression system [99] 

Environmental impact [TEA][Lactate] Chemical industry Waste treatment, closed systems [100] 

Toxicity [Proline][NO3] Biotechnology PPE, closed systems, engineering controls [52] 

Fire hazard [EMIM][Ac] Energy industry Inert atmosphere, fire suppression system [101] 

Health hazards [Choline][OAc] Pharmaceutical industry PPE, ventilation, training [102] 

Thermal stability [DBU][Pro] Environmental engineering Temperature control, closed systems [96] 

Corrosion [Choline][Lev] Polymer industry Equipment selection, PPE, ventilation [52] 

Occupational exposure [DEME][Gly] Textile industry PPE, training, engineering controls, ventilation [103] 

Reactive hazards [Pyr14][DCA] Chemical synthesis Inert atmosphere, reaction monitoring, temperature control [104] 

Waste generation [EMIM][BF4] Metal extraction Waste minimization, closed systems, proper waste disposal [105] 

Environmental impact [BMIM][PF6] Pharmaceutical synthesis Closed systems, waste treatment [106] 

Combustion hazard [EMIM][EtSO4] Bioenergy Inert atmosphere, fire suppression system [107] 

Inhalation toxicity [AMIM][Br] Chemical industry PPE, closed systems, engineering controls [108] 

Explosive hazards [Pyr14][TFSI] Energy industry Ventilation, explosion-proof equipment [109] 

Groundwater contamination [Choline][NO3] Agrochemicals Waste treatment, closed systems, spill containment [110] 

Skin irritation [Choline][Gly] Textile industry PPE, training, ventilation [111] 
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global sustainability goals
[112,113]

. Overall, it is 

clear that further research needs to be done in 

order to ensure safer use of ILs while taking 

advantage of all their beneficial qualities. ILs 

have been the focus of much research in recent 

years due to their unique features and potential 

applications across numerous sectors
[114]

. 

Nevertheless, like any other chemical substance, 

ILs can possibly cause harm to humans and the 

environment when not used correctly
[18,115]

; thus 

making it essential for a safety profile evaluation 

prior to widespread utilization. To evaluate this 

safety profile, various methods can be utilized 

including acute toxicity studies
[37]

, chronic 

toxicity studies
[116]

, genotoxicity tests
[117]

 and 

ecotoxicity assessments
[118]

, as shown in Figure 

2, as well as biodegradation testing
[119]

. 

 

Figure 2. Classification of Ionic Liquid Toxicity Types for Safety Assessment. 

Acute Toxicity Testing 

One of the most commonly employed 

techniques for assessing potential risks 

associated with ILs is acute toxicity testing, 

which entails exposing test organisms to varying 

concentrations of these compounds over a 

limited time frame and observing their 

response
[37]

. It is defined as the adverse effects 

that occur within a short period of time 

following oral or dermal administration of a 

single dose of a substance or multiple doses 

given within 24 hours
[120]

, or an inhalation 

exposure of 4 hours
[121]

. Such tests can furnish 

useful information on the hazards that ILs may 

pose to people and nature
[122]

 while helping in 

devising appropriate safety protocols for proper 

handling of such substances. Nevertheless, the 

outcomes of acute toxicity studies are subject to 

several factors including species and age of test 

subjects
[123]

, mode/route of exposure
[124]

, as well 

as physicochemical properties related to the 

tested ILs
[125]

. It is thus essential that one takes 

an exhaustive yet prudent approach when 

evaluating the risk profile presented by these 

chemicals. Various other methods must also be 

used like chronic toxicity studies, genotoxicity 

analyses, or ecotoxicity evaluations alongside 

acute toxicology examinations. Although 

valuable in gauging short-term effects due to 

exposure, certain drawbacks exist within this 

framework; it does not take into consideration 

the chances of bioaccumulation or long-term 

repercussions caused by extended contact. To 

address such limitations researchers have taken 

up initiatives in developing novel tactics like 3D 

cell culture models
[126]

, zebrafish embryo 

toxicological assessments
[127]

 along with 
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computer modeling simulations based on In 

Silico methodologies
[126]

. In contrast, Chronic 

Toxicology Studies probe deeper into possible 

consequences arising out of extensive durations 

spent under exposed conditions whereas 

Genotoxic evaluations assess the possibility of 

genetic mutations brought about via chemical 

agents, whilst ecotoxicological scans delve deep 

into likely environmental side effects posed by 

said exposures. Biodegradation experiments 

measure the capacity possessed to breakdown 

into simpler components. 

Chronic Toxicity Testing 

Ionic Liquids have been widely heralded as 

a promising source of compounds for industrial 

and consumer purposes, however it is critical to 

examine the potential risks posed by these 

substances before they enter widespread use. 

Chronic toxicity refers to the adverse health 

effects resulting from long-term exposure to a 

substance, where the duration can extend across 

a significant portion of the organism's 

lifetime
[128]

, which may result in gradual, 

cumulative damage to specific organ systems. 

Chronic toxicity testing provides invaluable data 

on the effects of long-term exposure to ILs and 

recent studies have yielded remarkable progress 

in this area
[116]

. It has been found that chronic 

contact with certain ILs can cause considerable 

damage to organs such as the liver and 

kidneys
[18]

, changes in blood chemistry
[129]

 and 

modifications to behaviour or reproduction 

rates
[130]

. This underscores the importance of 

further research into identifying effective 

methods for assessing chronic toxicity. 

Advanced techniques like in vitro models or 

computer simulations are being actively 

explored, due their ability to assess impact upon 

various biological systems with greater 

precision. Additionally, evaluations must be 

made concerning any environmental 

implications associated with using ILs, since 

traditional solvents may be more hazardous than 

expected, particularly when considering aquatic 

lifeforms which could suffer from significant 

harm caused by these chemicals
[17,131]

. Thus, 

ongoing investigation is needed if safe 

application of ILs is ever going to become 

commonplace. 

Genotoxicity Studies 

Genotoxicity studies are a vital part of 

determining the safety of ILs. The tests provide 

key information about the potential for ILs to 

cause genetic damage, which can lead to cancer 

and other health issues
[117]

. Recent research has 

indicated that certain ILs containing halogenated 

anions may induce DNA damage and mutations 

in bacterial and mammalian cells
[132]

, leading to 

concerns regarding their safety. Moreover, some 

ILs have been linked with chromosomal 

aberrations and other genetic harm in fish 

species
[133,134]

, suggesting possible environmen-

tal risks. The degree of genotoxicity differs 

among ILs compounds because it depends on 

factors such as chemical structure
[134]

, 

concentration
[134]

, exposure duration
[135]

 or route 

of exposure
[136]

. Scientists use several types of 

assessments including in vitro assays using cells, 

in vivo studies employing animal models or 

molecular biology techniques for evaluating 

genotoxicity caused by these substances
[37]

. 

Advances in high-throughput screening have 

also enhanced both accuracy and efficiency 

when conducting such experiments
[34]

. These 

findings emphasize the need for ongoing 

investigations into this matter and developing 

effective systems for testing and managing risk 

related to utilizing them. To ensure safe 

utilization thereof across various applications, 

future research should focus on creating better 

strategies based upon current data gathered from 

reliable sources. 

Ecotoxicity Studies 

The potential ecological risks posed by ILs 

have raised serious concerns in recent years, 

prompting the need for an improved 

understanding of their ecotoxicity. To this end, 

researchers have developed innovative testing 

methods such as omics-based approaches to 

better assess ILs toxicity and its effects on 

organisms
[137]

. The results suggest that several 

factors influence ILs ecotoxicity, including 

chemical structure
[138]

, concentration levels and 

duration of exposure
[139]

. In particular, 

halogenated anions are more toxic than non-

halogenated ones. Furthermore, bioaccumulation 

has been observed with certain types of ILs 

which can lead to detrimental environmental 
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outcomes. In addition to traditional laboratory 

tests for assessing ecotoxicity risk profiles 

associated with these materials, predictive 

models based on physicochemical properties and 

toxicity data have recently been developed in 

order to identify potentially hazardous 

substances from a larger collection of samples 

quickly and efficiently without the need for 

additional experimentation or analysis. These 

powerful tools enable scientists not only to 

screen numerous compounds but also provide 

vital information regarding their fate as well as 

possible impacts they might cause if released 

into the environment
[34,140]

. It is essential that we 

continue our efforts towards developing novel 

strategies based on combining modern technolo-

gies with advanced mathematical techniques so 

that we can effectively manage risks related to 

the use of ILs while simultaneously advancing 

sustainable development initiatives
[140]

. 

Biodegradation Testing 

The use of ILs as alternatives to volatile 

organic solvents in industrial applications 

requires a thorough assessment of their 

biodegradability to address potential health and 

environmental concerns. Biodegradation is the 

natural microbial process of breaking down 

complex compounds into simpler, non-toxic 

substances. This property is a crucial 

determinant of an intelligent system's environ-

mental compatibility
[119]

. Studies have shown 

that there is variability in the biodegradation 

profiles of ILs. Some ILs decompose quickly, 

while others are resistant to microbial 

breakdown
[119]

. Recent research has shed light 

on how certain factors may influence 

biodegradation rates: shorter chain-length 

alkanes and smaller cations tend to enhance 

breakdown due to increased water solubility and 

microbial accessibility
[141]

, while anions such as 

bis(trifluoromethanesulfonyl)imide can inhibit 

degradation completely
[142]

. Despite advances 

made in this field, there still exist several issues 

when attempting to accurately predict how a 

given ILs will behave within natural environ-

mental settings
[126]

. Additionally, more studies 

need be done to assess long-term effects of non-

biodegradable ILs on ecosystems or human 

health. Table 5 presents the assays used in 

biodegradation studies, as well as upcoming 

techniques that have the potential to improve the 

ability to predict outcomes in real-world 

situations.  

Advancing Sustainable Practices with Green 

and Eco-friendly Ionic Liquids  

Green and eco-friendly ILs can offer a viable 

solution, providing the same advantageous 

properties as conventional ILs with reduced 

hazards. Design strategies that prioritize these 

solutions focus on low toxicity, high 

biodegradability and minimized environmental 

impact, while maintaining the desired physico-

chemical characteristics. Such green alternatives 

are developed through choline-based or amino 

acid-derived synthesis processes which further 

incorporation of functional groups/molecular 

structures to enhance biodegradation or reduce 

toxicity levels. Sustainability and hazard 

mitigation remain key goals when developing 

green ILs for use in industry applications. The 

potential of green and eco-friendly ILs is 

highlighted in Table 6, highlighting their diverse 

uses across a range of industries. By using these 

alternatives instead of conventional ILs, safety 

risks and environmental hazards can be mini-

mized while promoting greener technologies
[143]

. 

Despite the promising future for green ILs, 

challenges remain to develop them further and 

integrate them into regulatory frameworks and 

safety standards
[144]

. To maximize their benefits, 

more research should be conducted on 

improving the performance of eco-friendly ILs 

and to extend beyond their safety profiles to 

encompass their overall functionality in indus-

trial applications. Enhancing the performance of 

ILs is vital to ensure they not only meet safety 

standards but also offer competitive efficacy, 

cost-effectiveness, and stability. Research aims 

to optimize ILs for higher catalytic activity, 

improved physical stability under diverse 

operational conditions, and cost reduction in 

synthesis and recycling processes. Additionally, 

customization of ILs for specific industrial uses 

is essential. Progress in these areas will support 

the adoption of ILs as economically and 

environmentally sustainable alternatives within 

various sectors, aligning safety with superior 

performance.  
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Table 5. Biodegradability of ionic liquids (ILs), providing information on constituent components, test durations and standard methods. 

Ionic Liquid Cation Anion Timeframe Conditions/Method Ref. 

1-hexyl-3-methylimid-azolium acetate Imidazolium Acetate 28 days OECD 301C (MITI Test - I) [119] 

1-butyl-3-methylimid-azolium lactate Imidazolium Lactate 28 days Zahn-Wellens/EMPA Test (OECD 302B) [145] 

1-butyl-3-methylimid-azolium glycolate Imidazolium Glycolate 28 days Modified Sturm Test (OECD 301A) [146] 

N-butyl-N-methyl piperidinium bromide Piperidinium Bromide 28 days 
Aerobic and Anaerobic Transformation in 

Soil (OECD 307) 
[147] 

1-butyl-1-methyl pyrrolidinium acetate Pyrrolidinium Acetate 28 days 
Modified OECD Screening Test (OECD 

301E) 
[119] 

Cholinium butyrate Cholinium Butyrate 14 days 
Anaerobic Biodegradability of Organic 

Compounds (ISO 11734) 
[119] 

Cholinium propionate Cholinium Propionate 14 days 
Ultimate Aerobic Biodegradability Test 

(ISO 9888) 
[148] 

1-butylpyridinium chloride Pyridinium Chloride 28 days Manometric Respirometry Test (ISO 9408) [140] 

N, N-dimethyl-N-ethyl-N-propyl 

ammonium acetate 
Ammonium Acetate 21 days 

Activated Sludge Respiration Inhibition 

Test (OECD 209) 
[149] 

1-butyl-3-methylimid-azolium formate Imidazolium Formate 28 days OECD 301B (CO2 Evolution Test) [107] 
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Table 6. Comprehensive overview of ILs, including their constituent components and applications in various sectors. 

Ionic Liquid Cation Anion Application Description / Benefits Ref. 

1-butyl-1-methyl-

pyrrolidinium 
Pyrrolidinium Glutarate 

Biopolymer 

processing 

Facilitates the processing of biodegradable polymers, 

development of sustainable materials 
[150] 

1-butyl-3-methyl-

imidazolium 
Imidazolium Oxalate 

Nanomaterial 

synthesis 

Provides a green and low-toxicity medium for the 

synthesis of nanomaterials with various applications 
[151] 

Cholinium lysinate Cholinium 
Lysinate  

(amino acid) 

Pharmaceutical 

industry 

Green solvent used for the synthesis of pharmaceuticals 

with reduced environmental impact 
[152] 

Tetrabutylphosphonium 

glycinate 
Phosphonium 

Glycinate 

(amino acid) 

Carbon capture 

and gas separation 

Demonstrates high CO2 absorption capacity and low 

viscosity, contributing to energy-efficient systems 
[153] 

Cholinium acetate Cholinium Acetate 
Biodegradable 

solvents 

Eco-friendly solvent with low toxicity, used in 

extraction processes, catalysis and drug delivery 
[154] 

1-butyl-3-methylimid-

azolium levulinate 
Imidazolium Levulinate 

Catalysts for 

organic reactions 

Offers high catalytic activity, selectivity and 

recyclability, reducing waste in chemical processes 
[101] 

Triethyl sulfonium 

methane sulfonate 
Sulfonium 

Methane 

sulfonate 
Electroplating 

Provides a less toxic and environmentally friendly 

alternative to traditional electroplating baths 
[155] 

Betainium bis(trifluoro-

methyl sulfonyl)imide 
Betainium 

trifluoromethyl 

sulfonyl imide 
Energy storage 

Exhibits high ionic conductivity and non-flammability, 

used in safer and more efficient batteries 
[156] 

1-ethyl-3-methylimid-

azolium thiocyanate 
Imidazolium Thiocyanate Solar cells 

Enhances the performance of dye-sensitized solar cells 

due to its high ionic conductivity 
[157] 

Cholinium malonate Cholinium Malonate Organic synthesis 
Green and biodegradable solvent with low toxicity, 

suitable for a variety of organic reactions 
[158] 

N-methyl pyrrolidinium Pyrrolidinium Dicyanamide 
Corrosion 

protection 

Provides an environmentally friendly and non-toxic 

alternative for corrosion protection applications 
[159] 

Tetrabutylammonium 

saccharinate 
Ammonium Saccharinate Metal processing 

Low-toxicity ionic liquid suitable for metal processing 

applications, such as dissolution and recovery 
[160] 

1-butyl-3-methyl-

imidazolium 
Imidazolium 

Taurinate 

(amino acid) 
Protein extraction 

Provides efficient protein extraction with low environ-

mental impact, promoting sustainable bioprocessing 
[161] 

N, N-dimethyl-N-ethyl-

N-propyl lactate 
Ammonium Lactate 

Cleaning and 

degreasing 

Biodegradable and low-toxicity IL, suitable for clean-

ing and degreasing applications in various industries 
[162] 

1-ethyl-3-methyl-

imidazolium 
Imidazolium Benzoate 

Polymer 

processing 

Promotes efficient dissolution of cellulose, enabling the 

production of eco-friendly polymer materials 
[163] 
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Ionic Liquid Cation Anion Application Description / Benefits Ref. 

N-butyl-N-methyl 

pyrrolidinium 
Pyrrolidinium Dicyanamide 

Heat transfer 

fluids 

Offers high thermal stability and low viscosity, suitable 

for use in thermal management systems 
[164] 

Tetrabutylammonium Ammonium Citrate 
Bio-based 

plasticizers 

Environmentally friendly alternative to traditional plas-

ticizers, with high biodegradability and low toxicity 
[165] 

1-ethyl-3-methyl-

imidazolium 
Imidazolium Tartrate Chiral catalysis 

Facilitates asymmetric synthesis in organic reactions, 

promoting sustainable chemical processes 
[166] 

1-butyl-1-methyl-

pyrrolidinium 
Pyrrolidinium Adipate Textile dyeing 

Eco-friendly solvent for textile dyeing processes, 

contributing to reduced water and energy consumption 
[167] 

Tri-hexyl-tetra-decyl-

phosphonium 
Phosphonium Ascorbate Antioxidants 

Exhibits antioxidant properties with low toxicity, 

suitable for use in food, cosmetics and pharmaceuticals 
[54] 

1-butyl-3-methyl-

imidazolium 
Imidazolium 

Methane 

sulfonate 
Electrodeposition 

Offers a less toxic and more environmentally friendly 

alternative for metal electrodeposition processes 
[168] 

N, N-dimethyl-N-ethyl-

N-propyl gluconate 
Ammonium Gluconate 

Enzyme 

stabilization 

Provides a biodegradable and low-toxicity medium for 

stabilizing enzymes in biocatalysis applications 
[169] 

1-butyl-3-methyl-

imidazolium 
Imidazolium Salicylate Green catalysis 

Sustainable and efficient catalyst for various organic 

reactions, including esterification and condensation 
[170] 

Cholinium 

phenylacetate 
Cholinium Phenylacetate 

Antimicrobial 

agents 

Demonstrates antimicrobial activity with low toxicity, 

suitable for use in healthcare and food industries 
[171] 

Trihexyltetradecyl-

phosphonium 

bis(oxalate)borate 

Phosphonium 
Bis(oxalato)-

borate 
Lubrication 

Exhibits excellent lubrication properties, low toxicity 

and high thermal stability for use in lubrication 

applications 

[172] 

1-ethyl-3-methylimid-

azolium 
Imidazolium Perchlorate 

Electrolytes for 

supercapacitors 

Offers high ionic conductivity and wide electrochemi-

cal stability, enhancing supercapacitor performance 
[173] 

1-ethyl-3-methylimid-

azolium 
Imidazolium 

Alaninate 

(amino acid) 

Pharmaceutical 

formulations 

Demonstrates low toxicity and high biocompatibility, 

used as a drug carrier in pharmaceutical formulations 
[174] 

N, N-dimethyl-N-ethyl-

N-propyl Ammonium 

Formate 

Ammonium Formate 
CO2 capture and 

utilization 

Exhibits high CO2 solubility and low viscosity, 

enabling efficient and environmentally friendly CO2 

utilization 

[175] 

1-ethyl-3-methylimid-

azolium dihydrogen 

phosphate 

Imidazolium 
Dihydrogen 

phosphate 
Electrochemistry 

Exhibits high ionic conductivity and thermal stability, 

used in electrochemical devices 
[171] 

1-ethyl-3-methylimid-

azolium lactate 
Imidazolium Lactate 

Biomass 

pretreatment 

Provides efficient biomass dissolution and low toxicity, 

promoting sustainable biofuel production 
[176] 
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Conclusion  

In conclusion, the assessment of ILs through 

toxicity testing, genotoxicity studies, ecotoxicity 

assessments and biodegradation tests is essential 

to guarantee their safe utilization in a variety of 

applications. The increasing interest in ILs due 

to their unique properties highlights the need for 

assessing their safety beforehand. Recent 

advancements, such as 3D cell culture models, 

zebrafish embryo toxicological assessments and 

in silico approaches, have enabled us to gain 

insight into potential hazards associated with 

ILs. In addition, establishing green alternatives 

has become an encouraging prospect when it 

comes to managing environmental and health 

concerns usually linked with traditional ILs; 

these ‘green’ versions focus on low toxicity 

levels that are also highly biodegradable while 

preserving required physicochemical characteris-

tics without compromising performance or 

security. In addition, incorporating hybrid 

materials containing ILs for nanomaterial 

synthesis applications like electrochemistry and 

energy storage systems further underlines the 

importance of continuing research on its safety 

profile. Finally, integrating these substances into 

circular economy models via sustainable means, 

including recovery/recycling processes, illus-

trates great potential towards an eco-friendlier 

future ahead. To sum up, conducting thorough 

evaluations about ionic liquid's risks alongside 

developing environment friendly variants is 

imperative for leveraging its benefits whilst 

minimizing any possible dangers. By empha-

sizing responsible use along with making green 

substitutes available, we can create pathways 

towards an improved tomorrow across many 

industries through sustainability initiatives. 
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