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Abstract

A meta-analysis was conducted to compare the total amount of ionic liquid (IL) literature (n =
39,036) to the body of publications dealing with IL toxicity (n = 213) with the goal of establishing
the state of knowledge and existing information gaps. Additionally, patent literature pertaining to
issued patents utilizing ILs (n = 3,358) or dealing with IL toxicity (n =112) were analyzed. Total
publishing activity and patent count served to gauge research activity, industrial usage and
toxicology knowledge of ILs. Five of the most commonly studied IL cations were identified and
used to establish a relationship between toxicity data and potential of commercial use:
imidazolium, ammonium, phosphonium, pyridinium, and pyrrolidinium. Toxicology publications
for all IL cations represented 0.55% + 0.27% of the total publishing activity; compared with other
industrial chemicals, these numbers indicate that there is still a paucity of studies on the adverse
effects of this class of chemical. Toxicity studies on ILs were dominated by the use of in vitro
models (18%) and marine bacteria (15%) as studied biological systems. Whole animal studies (n =
87) comprised 31% of IL toxicity studies, with a subset of in vivo mammalian models consisting
of 8%. Human toxicology data were found to be limited to in vitro analyses, indicating substantial
knowledge gaps. Risks from long-term and chronic low-level exposure to ILs have not been
established yet for any model organisms, reemphasizing the need to fill crucial knowledge gaps
concerning human health effects and the environmental safety of ILs. Adding to the existing
knowledge of the molecular toxicity characteristics of ILs can help inform the design of greener,
less toxic and more benign IL technologies.
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1. Introduction

Interest in ionic liquids has risen sharply in the last fifteen years as emerging technologies
have begun to focus more deliberately on environmentally friendly processes, and as
existing technologies have been adapted to reduce the output of harmful chemicals. lonic
liquids (ILs) are celebrated for their low volatility and ability to reduce the use of volatile
organic compounds (VOCSs) as solvents in industry, and also for their numerous other
physical properties, including low melting point, low flammability, high thermal and
electrochemical stability, interesting phase behavior, and high electrical and ionic
conductivity [1].

As a result of the push to replace volatile organic solvents and seek greener process
chemistries, ILs have been investigated and implemented as solvents, phase transfer
catalysts, surfactants, and liquid electrolytes [2]. Compared with traditional solvents, ILs
offer many benefits to the reactions they support, including (i) greater stability of
intermediate species; (ii) higher product yields; (iii) flexibility to be used and recycled
multiple times in syntheses; (iv) tailored solubility characteristics, and (v) reduced
processing and/or reaction temperatures [3]. The extensive versatility of cation and anion
arrangements enables ILs to be custom designed for specific needs, thereby positioning them
as ideal candidates in applications including dissolution of biomass [4], refrigeration [5],
CO», capture from coal plants [6], liquid separations [7], aliphatic/aromatic separations [8],
dye sensitized solar cells [9], batteries [10], fuel cells [11], supercapacitors [12],
electroplating [13], and pharmacology [14].

As with many chemicals of future, current, or past use, ILs are at risk of entering into
commercial mass production before in-depth toxicity analyses are conducted and pertinent
adverse effects are fully understood [15, 16]. With the effects of
dichlorodiphenyltrichloroethane (DDT) [17], polychlorinated biphenyls (PCBs) [18],
chlordane [19], and many other toxic and persistent chemicals lingering on long after
implementation of bans and throttling down of environmental releases [20], it would be
desirable and prudent to screen new chemicals judiciously and thoroughly prior to
commercial mass production and large-scale environmental release [21]. However, toxicity
studies are lengthy and expensive, and the desire to take advantage of and produce novel
chemicals may outpace the process of fully characterizing their risk profiles. To gauge the
importance of such an analysis, ILs are already being manufactured (e.g., loLiTec, Cytec,
Sigma-Aldrich, and Acros; >350 ILs in total) and sold in quantities up to five kg for “in
stock ILs,” custom syntheses can scale as high as 10 kg, pilot scale syntheses can reach 100
kg, and staple ILs are manufactured on the metric ton scale [22, 23]. Additionally, large-
scale chemical companies are using ILs in various processes (e.g., BASF, Degussa, and
loLiTec/Wandres have commercial-scale processes using ILs) [24], which would indicate
that production volumes and demand would continue to increase.

Chemosphere. Author manuscript; available in PMC 2017 May 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Heckenbach et al.

Page 3

The present analysis of the scientific literature was designed to identify trends in publishing
activity for the purpose of determining whether and to what degree toxicity studies are
keeping pace with the utilization of IL technologies. Specifically, IL toxicity data were
compared to the total body of IL literature to determine if the ratio was consistent with the
publishing activity of comparable chemical classes. Relevant IL toxicity data were analyzed
to understand the representation of model organisms in IL toxicity studies and to determine
whether the range of IL compounds tested for toxicity was consistent with industrial usage.
Patent literature pertaining to IL usage was utilized to form an understanding of the
industrial attitude toward IL toxicity.

2. Materials and Methods

2.1 Literature search

Peer-reviewed scientific literature was searched for up until March 2015 using SciFinder
online database software (v2014). The initial screening was performed by one author of the
team and later replicated by a non-author collaborator to confirm validity. The term ‘ionic
liquid” was used to eliminate non-ionic liquid compounds from the search. These search
results were then queried for the term ‘toxic’ to target IL literature pertaining to toxicity.
Importantly, SciFinder searches for words containing the search terms, such that, for
example, terms like “ionic liquids,” “toxicity,” or “immunotoxicity” were included in the
search results. We included journal articles focusing on ionic liquid toxicity, with abstracts
published in English, and excluded commentaries, news articles, reviews, letters, opinion
pieces, and studies whose entire data had been reported previously in works already
included in the search results. Studies were excluded if the sole method of data collection
was through qualitative, quantitative, or spectral structure-activity relationship determination
or other mathematical or computer-simulated modeling. Pharmacological and drug delivery
toxicity studies were excluded; specifically, ruthenium compounds were eliminated from the
results to limit unwanted reporting bias resulting from such medical uses. Additionally, we
confirmed the validity of our search criteria by performing equivalent searches in PubMed,
Web of Science, and Scopus. Resultant data are presented online in the supplementary
information.

Toxicity literature for phthalates, polybrominated diphenyl ethers (PBDES), perfluorinated
compounds (PFCs), linear alkyl sulfonates (LASSs), and alkylphenol ethoxylates (AEs) were
searched for and sorted in SciFinder database to provide comparative results to ILs with
other toxic industrial chemical families. First, the chemical family (e.g., “phthalate”) was
searched, duplicates were removed, and the results were restricted to journal articles.
Subsequently, ‘toxic” was searched within this field to target literature pertaining to the
toxicity of the chemical family. The toxicity literature pertaining to ILs also was searched
using these criteria, and head-to-head comparisons were performed utilizing identical search
and exclusion criteria.

Additionally, patent literature from the United Stated Patent and Trademark Office online
US Patent Collection database was collected and examined through October 2015. The

terms ‘“ionic liquid’ and “toxic’ were used in tandem to target patents from 2000 to present
relating to ILs and toxicity consideration. Patents in which the keywords appeared only in
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reference citations or in which the term “non-ionic liquid” appeared were omitted. Patents
for which the toxicity discussion was unrelated to ionic liquids were omitted.

2.2 Data Extraction

Publication literature on ILs meeting the eligibility criteria were extracted from SciFinder
database and compiled into EndNote citation manager (vX7.2, Thomson Reuters, New
York, USA). The final sample (n = 213) were reviewed for the purpose of establishing
relevance to industrial IL usage and for information concerning effects of ILs on living
organisms or relevant biological materials. One team member conducted the initial data
collection. A second team member checked the collected data, and any discrepancies were
resolved by re-referral to the study and consensus decision.

Additional chemicals that share a comparable potential relative to ILs to contaminate water
systems through industrial run-off were selected to establish a baseline ratio of the amount
of toxicity literature generally found for chemicals exhibiting toxicity to aquatic organisms.
Inclusion criteria for these chemicals required that they be manufactured and used in
industry for the purpose of producing or assisting other technologies, and must also be
recognized as water contaminants that cause toxicity to aquatic ecosystems and organisms.

Patent literature on ILs meeting the inclusion criteria were compiled into EndNote citation
manager (vX7.4, Thomas Reuters, New York, USA). The final sample of patents that
addressed IL toxicity (n = 112) was sorted by the context in which the IL toxicity discussion
appeared. For instance, the most frequent context for the discussion of IL toxicity was the
mentioning of the low toxicity profile or the reduced toxic nature of ILs compared to organic
solvents that are commonly used.

3. Results

3.1 History and emergence of ILs

The first publication on ILs appeared in 1888 as a paper written by the German chemists
Gabriel and Weiner, after observing a low melting point for the salt ethanolammonium
nitrate (melting point of 52-55 °C) [25]. In 1914, a publication emerged on the physical
properties of fused salts, wherein Paul Walden characterized five ammonium-based salts
with low melting points, the lowest of which was approximately 12 °C [26]. The term fused
salt has been in use since at least the early 1800s and was used simply to mean a melted and
often re-solidified mass of salt [27] [28]. Fused salts differ from ILs in their melting points.
For more than a century, salts in the liquid state have been referred to by various names:
ionic melts and glasses [29], ionic fluids, molten salts [30], and liquid electrolytes. The term
ionic liquid did not fully appear until the 1940s [31].

In 1929, the first IL toxicity study was conducted when Hunt and Renshaw tested the
physiological effects of multiple pyridinium and piperidinium chemicals on cats and mice
[32]. At least two of the chemicals tested then were consistent with the present definition of
ILs. Then, over seven decades later, the interest in ILs started to soar in the early 2000s and
a corresponding increase in toxicity studies emerged.
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3.2 IL toxicity literature volume relative to total publishing activity

Annual IL publishing activity has steadily risen from the year 2000 to the present day, as
interest in green chemistry continues to grow and ILs are being promoted as low-viscosity,
non-volatile and environmentally-benign chemicals with seemingly limitless potential for
widespread commercial applications. The number of toxicity studies that have been
performed on ILs is just a sliver of the total annual IL publishing activity (Fig. 1). More than
5,000 peer-reviewed IL publications were found in the SciFinder database in 2014 alone;
just 35 of those publications included toxicity studies. The total body of IL literature (n =
39,036) contains only 213 toxicity studies or 0.55% + 0.27 over the span of years from 2000
and 2014.

Chemical families having a comparable number of publications to ILs, such as phthalates,
have a much higher number of toxicity publications. Phthalates are one class of chemicals
that, like ILs, consist of hundreds of compounds and have roughly the same amount of peer-
reviewed literature. Phthalates are being monitored keenly by toxicologists, with a 12%
subset of publications pertaining to research on adverse effects; however, the sheer number
of structural variations precludes regulation. In contrast, the corresponding subset of
literature dealing with IL toxicity represented only 2.9% (Fig. 2), determined using the
SciFinder database and the same methodology employed for identifying toxicity
publications for phthalates. This percentage is still low but larger than the calculated value
of 0.55 £ 0.27% arrived at by applying the exclusion criteria outlined above. Although
phthalates and ILs have the same amount of publishing activity, phthalates have over four
times the amount of toxicity literature relative to ILs (12% vs. 2.9%). Among other
compound classes considered, PBDEs were found to undergo more frequent testing for
toxicity, as evidenced by their higher percentage of 16.7% of search results for toxicity-
related publications. Perfluorinated compounds (PFCs) have a small amount of literature in
comparison to ILs and phthalates, yet still a sizable subset (7.3%) of their literature focuses
on toxicity. Both linear alkyl sulfonates (LASs) and alkylphenol ethoxylates (AEs) have
very small amounts of publishing activity, but have larger relative percentages of toxicity
publications of 23.8% and 17.8%, respectively. In each of the above cases, the chemical
compounds have applications that promote consumer exposure (e.g., phthalates: packaging;
PBDEs: building materials, automobiles and aircraft, electronics, etc.; PFCs: fabric and
cookware coatings; LASs and AEs: detergents).

Values of the median lethal dose (LDspg) in rats for commonly used ILs (1-
ethyl-1methylpyrrolidium bromide, 1-butyl-3-methylimidazolium hexafluorosphosphate
([BMIM][PFg]), benzyltriethylammonium chloride, and 1-butyl-3-methylimidazolium
tetrafluoroborate ([BMIm][BF4])) range from 300 ppm to 980 ppm [36—38]. These values
are quite low, indicating significant toxicity of this group of compounds. By comparison,
problematic industrial compounds of lesser toxicity that are nevertheless under review for
tighter regulations or have already been banned in many countries include phthalates,
PBDEs AEs, and bisphenols (Fig. 3). Indeed, the only group including compounds
significantly more toxic than ILs is that of perfluorinated compounds (PFCs), with the low
LDsq value of PFDA signifying the greatest toxicity among the substances considered here
[52]. For the ILs included in Fig. 3, the ionic liquid [BMIm][PF¢] is the most toxic with an
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LDsgq value in rats as low as 300 ppm [36]. LASs, which have the largest percentage of
toxicity publishing activity compared to their total amount of publications at 23.8%, have
toxicities comparable to those established for the selected ILs examined here.

3.3 IL toxicity data

The exclusion criteria utilized here resulted in a pool of only 213 relevant toxicity studies
examining the effects of IL chemicals in vivo and in vitro, encompassing many groups of
eukaryotic and prokaryotic organisms. Many of the studies evaluated the effects of multiple
ILs and test subjects. The IL literature showed a correlation between the most commonly
studied cations in the overall literature and the frequency of the cation being examined in
toxicity studies. The five most common cations used to synthesize ILs in academia —
imidazolium, ammonium, phosphonium, pyridinium and pyrrolidinium — were the five most
frequently studied in IL toxicology (Fig. 4A). The 213 toxicity publications extracted from
IL literature detail toxicity evaluations of 279 biological test systems (Fig. 4B).

When the relevant toxicology data is reduced to whole animals, the frequency of cations
studied is largely retained with the exception of phosphonium (Fig. 5B). Whole mammal
studies are of particular interest because they are representative of the test chemical’s effects
on a complete organism, which arguably are more indicative of human effects than
information derived from isolated cells of an organism only. Additionally, these studies
enable a more reliable differentiation of the effects caused by chronic and acute exposure to
the test compound. Toxicity data on whole animals comes from many ecosystems, with
much focus having been given to soil-dwelling and aquatic organisms (Fig 5B). Freshwater
lake, stream, and river ecosystems have been studied extensively; in contrast, marine animal
studies are lacking almost completely. The only saltwater animals assessed for toxicity were
the brine shrimp Artemia salina, which lives in saltwater lakes [57] [58].

The number of whole animal studies can be further reduced to focus on whole mammals
only, for which five cation classes of ILs have been studied thus far (Fig. 6A). Notably,
phosphonium-based ILs are absent from this subset. Whole mammals having been tested for
IL toxicity include mice, rats, and cats (Fig. 6B).

The commercial sale of ILs and their implementation into industrial technology (e.g.,
separation processes, etc.) was highlighted earlier. Since recent decades have witnessed a
decline in the number of peer-reviewed publications from industrial research laboratories,
the analysis of IL toxicity was expanded to the patent literature to better understand the
commercialization and implementation of ILs in industrial processes (Fig. 7). The exclusion
criteria applied to the total patent literature pertaining to ILs (n=3358) resulted in 112
patents that addressed the toxicity of ILs. Toxicity was most frequently discussed (n=69) to
highlight the low toxicity or less toxic nature of ILs compared to the organic solvents they
were replacing. Some patents address IL toxicity under multiple contexts, for example
realizing that some forms of ILs are toxic while others are apparently non-toxic, and that
toxicity of other ILs are not yet ascertained [59]. Notably, few (n=17) patents defined ILs as
toxic, representing only 0.51% of the evaluated body of work on intellectual property
claims.
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4. Discussion

IL technology follows a not uncommon pattern of interest and decline therein, as human
ideas and awareness peak and fall [15] After Gabriel and Weiner [25] discovered their low-
melting salt, more than a quarter of a century passed before Walden [26] found his 12 °C
melting salt. It took another fifteen years before IL compounds were first tested for their
physiological effects in mammalian models [32]. Early ILs were not air-stable, which
contributed to their intermittent research and testing. Today, as interest in IL technology
grows, so too does interest in toxicity profiles. However, the question posed here was: Is the
body of knowledge on the adverse effects of ILs sufficient and consistent with that of other
mass produced chemicals?

Studies have demonstrated that ILs are substantially toxic to organisms of many phyla.
Exposure to ILs has been shown to cause DNA damage in seaweed [60], loach [61, 62],
zebrafish [63], and PC12 (rat adrenal medulla) cells; oxidative stress in plants (barley,
duckweed, seaweed [60], wheat), animals (mice, snails, water fleas, and zebrafish [63]), and
embryos (frog [64] and goldfish [65]); organ damage in carp, goldfish, and mice [66]; and in
vitro mitochondrial dysfunction in PC12 and HeLa (human) cells. Toxicity effects in large
mammals and whole humans have not been thoroughly analyzed and can only be projected
based on preliminary protein [67], mammalian organ [66] and cell line studies [68], [69].
Further toxicity testing is needed to establish the chronic and acute exposure profiles of ILs.

The number of IL toxicity publications that populate scientific databases is largely
misleading because much of the literature mentions toxicity as a commendation to its role in
green chemistry [70-80]. Approximately 1,430 results for peer-reviewed publications on 1L
toxicity are listed in SciFinder as of March 2015. Upon closer examination, less than 20% of
these publications contain toxicity studies pertaining to environmental exposure. That the
actual amount of IL toxicity studies, after applying relevant exclusion criteria, is just 0.55%
+ 0.27% of the total literature could be an indication that scientific literature to date is
focused more on applications and new discoveries than on the thorough analysis of toxicity
and environmental impact. Furthermore, this trend is seen in patent literature: while 112 out
of 3,358 patents from 2000-2015 address toxicity of ILs, 61.6% of this subset do so in
regards to how ILs have lower toxicity compared to commonly used organic solvents or
catalysts. Only 15.2% of the 112 toxicity patents explicitly recognize that ILs are in fact
toxic [59, 81-95]. Thus, only 0.51% of the total patent literature specifically addresses the
toxic nature of ILs, which is remarkably consistent with published literature. As described in
the introduction, current production estimates for the many variations of ILs are many
metric tons, and these materials are being used in academic labs and companies around the
world. Therefore, the need to develop a thorough understanding of the potential human
health risks and environmental concerns is crucial.

The “green” label that ILs are given as solvents [96-98], catalysts [99-108], and in products
of chemical syntheses in general [109-117] is likely a result of the non-volatile and
favorable reaction properties of ILs. Non-volatility addresses only a couple of the criteria
manifested in the 12 Principles of Green Chemistry, the seminal framework for recognizing
environmentally safe, sustainable chemicals and chemical practices [118]. Criteria met by
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ILs include (1) using safer solvents compared to traditional, more hazardous alternatives
(e.g., PFCs) [33, 50-52], (2) implementing inherently safer chemistry for accident
prevention by reducing the risk of inhalation exposure and by virtually eliminating fire
hazard from lack of ignitable vapors [1], and (3) highly selective catalysis, another favorable
criteria of the principles of green chemistry [2]. These characteristics make ILs appear at the
outset to be relatively benign in synthesis with little consideration to the remaining criteria.
Importantly, many of the “green” judgments passed on ILs are based on physical properties
rather than biological safety data [119-126]. Though ILs may be good replacements for
some toxic chemicals and processes [3, 127], the need to utilize them with care cannot be
overlooked and their label as a green class of chemicals is being widely oversold.

One of the very best qualities of ILs is that they have seemingly unlimited possibilities for
arrangements of cations, anions, and carbon substituents that can be effectively altered to
produce compounds for many processes (i.e., designer molecules). Avoidance of adverse
effects and environmental contamination must become a central parameter for their design.
A vast body of IL literature focuses on the identification of specific structural properties
responsible for their toxicity. This knowledge ideally should be recognized and considered
every time a new chemical is conceptualized. Unfortunately, many publications are
conflicted on the specific structural arrangements that impart toxicity to ILs. Recent studies
point to elevated toxicity as being primarily affected by cation size or branching [128],
specific cation species [129], increased lengths or branching of cation alkyl chains [130],
cation aromaticity [130, 131], lipophilicity, surfactant behavior [132], or anion species
[131]. Clearly, an improved knowledge of the molecular toxicity characteristics of ILs can
help inform the design of greener, less toxic and more benign IL technologies. In the
meantime, the uncertainty about the safety profiles of ILs needs to be communicated to
industries and personnel, and stringent disposal guidelines for IL chemicals need to be
implemented to prevent current and future contamination of ecosystems. Despite the fact
that ILs offer the potential to make many industrial processes “greener”, the repeated
referral to ILs as ‘green” may lead to careless handling and unnecessary harmful exposures
and effects among occupational users and consumers.

Conclusions

lonic liquids are poised to alter a variety of industrial production processes with direct
impact on and benefit for consumers. Their adaptation to various applications has earned
them the nickname “designer solvents’ and ‘designer chemicals.” However, as noted herein,
the lack of attention to their environmental impact and potential health risks is of concern.
Based on the flexibility in structure and function inherent to ILs, the future discovery of
entirely safe and benign ILs is conceivable. However, today’s ILs do not yet live up to this
aspirational goal. To get there, preliminary toxicity studies that eliminate certain structures
or identify benign functionalities are needed to ensure that the commercialization of ILs
proceeds safely to protect consumers and industrial workers, and to prevent delayed
restrictions or regulations that are unnecessary if the studies are performed in advance. In
this context it is important to note that the literature and knowledge on the toxicity of
industrial compounds generally becomes substantial and robust only after commercialization
of these materials has advanced to a scale sufficiently large for health and safety concerns to
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become apparent. Continuing efforts are needed to fill data gaps and address uncertainties in
the safety profile of chemicals prior to their commercialization and widespread use, with ILs
serving as just one illustrative example for this general requirement of responsible chemical
design, production, consumption and recycling.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

Special thanks to professor Megan Jehn for her invaluable contributions to the methods section. This project was
supported in part by Award Number RO1ES020889 from the National Institute of Environmental Health Sciences
(NIEHS) and by award LTR 05/01/12 of the Virginia G. Piper Charitable Trust. The content is solely the
responsibility of the authors and does not necessarily represent the official views of the sponsors.

References

1.

Tietze AA, et al. lonic liquid applications in peptide chemistry: synthesis, purification and analytical
characterization processes. Molecules. 2012; 17:4158-4185. [PubMed: 22481538]

. Swatloski RP, Holbrey JD, Rogers RD. lonic liquids are not always green: hydrolysis of 1-butyl-3-

methylimidazolium hexafluorophosphate. Green Chem. 2003; 5(4):361-363.

. Mattrey, F.; Mayville, FC, Jr. Synthesis of ionic liquids and their uses in typical organic reactions.

Abstracts of Papers, 221st ACS National Meeting; April 1-5, 2001; San Diego, CA, United States.
2001. p. CHED-162

. Muhammad N, et al. Dissolution and Delignification of Bamboo Biomass Using Amino Acid-Based

lonic Liquid. Applied Biochemistry and Biotechnology. 2011; 165(3-4):998-1009. [PubMed:
21720837]

. Kim YJ, et al. Thermodynamic analysis of an absorption refrigeration system with ionic-liquid/

refrigerant mixture as a working fluid. Energy (Oxford, U.K.). 2012; 44(1):1005-1016.

. Eljack, F., et al. lonic liquid mixtures for CO2 capture. American Chemical Society; 2014.
.YuL, Qin W, Li SFY. lonic liquids as additives for separation of benzoic acid and chlorophenoxy

acid herbicides by capillary electrophoresis. Analytica Chimica Acta. 2005; 547(2):165-171.

. Kim DH, et al. lonic liquid as extractant for the separation of aromatic compounds and aliphatic

hydrocarbons. Abstracts of Papers American Chemical Society. 2010; 240 p. 40-1EC.

. Brennecke, J. Fall 2014 San Francisco ACS. SanFrancisco: 2014. How ionic liquids can contribute

to global stewardship (MPPG6). ACS.org

10. Zhang X, et al. Li/LiFePO4 battery performance with a guanidinium-based ionic liquid as the

electrolyte. Chinese Science Bulletin. 2011; 56(27):2906-2910.

11. Fox EB, et al. Development and selection of ionic liquid electrolytes for hydroxide conducting

polybenzimidazole membranes in alkaline fuel cells. ACS Symp. Ser. 2012; 1117:129-143. (lonic
Liquids).

12. Pak AJ, Paek E, Hwang GS. Relative role of the quantum and double layer capacitance of carbon-

based nanomaterials in ionic liquids for supercapacitors. Abstracts of Papers American Chemical
Society. 2013; 245 p. 704-ENFL.

13. Stenger-Smith, JDal; Jennifer, A. lonic Liquids for Enery Storage Applications. Material Matters.

2009; 4(4)

14. Ferraz R, et al. lonic Liquids as Active Pharmaceutical Ingredients. Chem Med Chem. 2011; 6(6):

975-985. [PubMed: 21557480]

15. Halden RU. Epistemology of Contaminants of Emerging Concern and Literature Meta-analysis. J.

Hazardous Materials. 2015; 282:2-9.

Chemosphere. Author manuscript; available in PMC 2017 May 01.


http://ACS.org

1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Heckenbach et al.

16.

17.

18.

19.

20.

21.

22

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.
34.
35.
36.

37.

38.

39.
40.

Page 10

Venkatesan AK, Halden RU. Effective Strategies for Monitoring and Regulating Chemical
Mixtures and Contaminants Sharing Pathways of Toxicity. Int. J. Environ. Res. Public Health.
2015; 12(9):10549-10557. 2015. [PubMed: 26343697]

Neta G, et al. Distribution and determinants of pesticide mixtures in cord serum using principal
component analysis. Environ. Sci. Technol. 2010; 44(14):5641-5648. [PubMed: 20550184]

Herbstman JB, et al. Birth Delivery Mode Modifies the Associations between Prenatal PCB and
PBDE and Neonatal Thyroid Hormone Levels. Environ. Health Perspect. 2008; 116(10):1376—
1382. [PubMed: 18941581]

Neta GL, et al. Fetal exposure to chlordane and permethrin mixtures in relation to inflammatory
cytokines and birth outcomes. Environmental Science & Technology. 2011; 45(4):1680-1687.
[PubMed: 21235202]

Apelberg BJ, et al. Cord serum concentrations of perfluorooctane sulfonate (PFOS) and
perfluorooctanoate (PFOA) in relation to weight and size at birth. Environ. Health Perspect. 2007;
115(11):1670-1676. [PubMed: 18008002]

Novak PJ, et al. On the Need for a National (US) Research Program to Elucidate the Potential
Risks to Human Health and the Environment Posed by Contaminants of Emerging Concern.
Environmental Science & Technology. 2011; 45(9):3829-3830. [PubMed: 21438522]

. Production scale based on http://www.iolitec-usa.com/.
23.

I.L. Technologies. , editor. loLiTec. lonic Liquids 2015 - Product List for USA, Canada and
Mexico. Tuscaloosa, AL: 2015.

Maase, M. Industrial Applications of lonic Liquids. In: Wasserscheid T, PW., editor. lonic Liquids
in Synthesis. Weinheim, Germany: Wiley-VCH Verlag GmbH & Co. KGaA; 2008.

Gabriel S, Weiner J. Ueber einige Abkdmmlinge des Propylamins. Berichte der deutschen
chemischen Gesellschaft. 1888; 21(2):2669-2679.

Walden P. Molecular weights and electrical conductivity of several fused salts. Bull. Acad. Imp.
Sci. St.-Petersbourg. 1914:405-422.

Lewis, W.; Duncan, A. The Edinburgh new dispensatory: containing |. The elements of
pharmaceutical chemistry. Il. The materia medica ... I1l. The pharmaceutical preparations and
compositions. Including complete and accurate translations of the London pharmacopoeia,
published in 1791; of the Edinburgh pharmacopoeia, in 1805; and of the Dublin pharmacopoeia, in
1807. Edinburgh: Printed for Bell & Bradfute; 1808. xv, [1], 805 p

Henry, W. An epitome of chemistry. London: Johnson; 1801. xv, 221 p

Barrer RM. Viscosity of pure liquids. Il. Polymerized ionic melts. Trans. Faraday Soc. 1943;
39:59-67.

Mehm WJ, Nold JB, Zernzach RC. Topical Effects of Molten Salt on Rat Integument A
Histological and Photometric Assessment. Aviation Space and Environmental Medicine. 1986;
57(4):362-366.

Elton GAH. Electroviscosity. 111. Sedimentation phenomena in ionic liquids. Proc. R. Soc. London,
Ser. A. 1949; 197:568-572.

Hunt R, Renshaw RR. Action of certain heterocyclic compounds on the autonomic nervous system.
J. Pharmacol. 1929; 35:75-98.

Aldrich, S. 562629. St. Louis, MO: Nonafluorobutane-1-sulfonic acid.
America, T. B0819. Portland, OR: 4,4'-Dihydroxydiphenylmethane.
America, T. B0495. Portland, OR: Bis(4-hydroxyphenyl) Sulfone.

Biotechnology, SC. sc-251490. Santa Cruz, CA: 1-Butyl-3-methylimidazolium
hexafluorophosphate.

Jodynis-Liebert JJ. Acute and subacute (28-day) toxicity studies of ionic liquid, didecyldimethyl
ammonium acesulfamate, in rats. Drug and chemical toxicology. 2009; 32(4):395-404. [PubMed:
19793032]

Labs, C. 1-Ethyl-1-methylpyrrolidiniumbromide. Mumbai, IN:
U.S. EPA., editor. LAS, I.C.f.t.S.A.0. Linear Alkylbenzene Sulfonate (LAS). Paris: 2005.

MaterialScience, B. 81056332. Pitssburgh, PA: BAYTEC CONCRETE PRIMER PLUS RESIN A
SIDE.

Chemosphere. Author manuscript; available in PMC 2017 May 01.


http://www.iolitec-usa.com/

1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Heckenbach et al.

41.
42.
43.
44,

45
46

51.

52.
53.
54.
55.
56.
57.

58.

59.
60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Page 11

OECD. OECD Existing Chemicals Database. OECD; 2015. Online
Products, S.L. B1218. Gardena, CA: Bisphenol A.

Qorpak. Q05161. Bridgeville, PA: Linear Alkylbenzene Sulfonate.
ScienceLab. SLD1660. Houston, TX: Dimethyl phthalate.

. ScienceLab. SLD3262. Houston, TX: Diethyl phthalate.
. ScienceLab. SLD1414. Houston, TX: Dibutyl phthalate.
47.
48.
49.
50.

SciencelLab. SLD4198. Houston, TX: Dipentylphthalate.

SciencelLab. SLD3478. Houston, TX: Dioctyl phthalate.

SciencelLab. SLD2632. Houston, TX: Diallyl Phthalate.

Stahl T, Mattern D, Brunn H. Toxicology of perfluorinated compounds. Environmental Sciences
Europe. 2011; 23(38):1-52.

Laboratories, W. PFNA. Guelph, Ontario: PFNA; SOLUTION OF PERFLUORO-N-NONANOIC
ACID.

Aldrich, S. 177741. St. Louis, MO: Perfluorodecanoic acid.

Chemical, D. SURF AC 820. Memphis, TN: SURF AC 820.

Products, S.L. T1288. Gardena, CA: Tergitol TMN-10(90% Aqueous).

Products, S.L. T1261. Gardena, CA: Tergitol 15-S-9 Surfactant.

Research, H. HR2-214. Aliso Viejo, CA: lonic Liquid Screen.

Kalcikova G, et al. Assessment of environmental impact of pyridinium-based ionic liquid.
Fresenius Environ. Bull. 2012; 21(8b):2320-2325.

Gouveia W, et al. Toxicity of ionic liquids prepared from biomaterials. Chemosphere. 2014;
104:51-56. [PubMed: 24268343]

Nicholas G, et al. lonic liquid solvents.

Kumar M, et al. Toxic effects of imidazolium ionic liquids on the green seaweed Ulva lactuca:
oxidative stress and DNA damage. Chem Res Toxicol. 2011; 24(11):1882-1890. [PubMed:
21932789]

Nan P, et al. Oxidative stress and genotoxicity of 1-methyl-3-octylimidazolium chloride on loach
(Misgurnus anguillicaudatus). Toxicological and Environmental Chemistry. 2013; 95(9):1546—
1553.

Yan S, et al. Toxicity of C-16 Mim CI to Loach (Misgurnus anguillicaudatus). Asian Journal of
Ecotoxicology. 2013; 8(1):92-96.

Du Z, et al. Oxidative Stress and Genotoxicity of the lonic Liquid 1-Octyl-3-Methylimidazolium
Bromide in Zebrafish (Danio rerio). Archives of Environmental Contamination and Toxicology.
2014; 67(2):261-269. [PubMed: 24908585]

Li X-Y, et al. Toxic effects of 1-methyl-3-octylimidazolium bromide on the early embryonic
development of the frog Rana nigromaculata. Ecotoxicology and Environmental Safety. 2009;
72(2):552-556. [PubMed: 18082266]

Li X, Huang P, Wang C. Oxidative stress of the ionic liquid 1-octyl-3-methylimidazolium bromide
on the goldfish larva carassius auratus hatching from the IL-treated embryos. Shengtai Duli
Xuebao. 2010; 5(1):100-104.

Dumitrescu G, et al. Acute effects of tetrabutylammonium chloride ionic liquid on the histological
structure of liver and kidney in the mouse. Romanian Biotechnological Letters. 2014; 19(1):8925-
8934.

Torrecilla JS, et al. Estimation of toxicity of ionic liquids in Leukemia Rat Cell Line and
Acetylcholinesterase enzyme by principal component analysis, neural networks and multiple lineal
regressions. Journal of Hazardous Materials. 2009; 164(1):182-194. [PubMed: 18805639]
Hassoun EA, et al. Cytotoxicity of the ionic liquid, 1-N-butyl-3-methyl imidazolium chloride.
Research Communications in Pharmacology and Toxicology. 2002; 7(1-2):23-31.

Frade, RFM., et al. Effect of ionic liquids on human colon carcinoma cell lines. American
Chemical Society; 2008.

Chemosphere. Author manuscript; available in PMC 2017 May 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Heckenbach et al.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.
84.
85.
86.
87.
88.
89.

90.
91

92.

93.

94.

95.
96.

Page 12

Alizadeh A, Khodaei MM, Eshghi A. Ambiphilic Dual Activation Role of a Task-Specific lonic
Liquid: 2-Hydroxyethylammonium Formate as a Recyclable Promoter and Medium for the Green
Synthesis of B-Nitrostyrenes. J. Org. Chem. 2010; 75(23):8295-8298. [PubMed: 21047089]
Dong Y, et al. Green synthesis of 1,2,3-trimethoxybenzene. Huaxue Gongcheng (Xi‘an, China).
2011, 39(8):69-73.

Khazdooz L, et al. A study for the synthesis of dibenzo[a,j]xanthenes and 1-amidoalkyl-2-
naphthols catalyzed by [Hmim][HSO4] as a green, efficient and reusable catalyst under solvent-
free conditions. Iran. J. Catal. 2011; 1(1):1-9. 9.

Yu'Y, Guo H, Li X. An improved procedure for the three-component synthesis of
benzo[g]chromene derivatives using basic ionic liquid. J. Heterocycl. Chem. 2011; 48(6):1264—
1268.

Chen H-L, Guo H-Y. One-pot synthesis of thiazolo[3,2-a]pyridine derivatives catalysed by ionic
liquids. J. Chem. Res. 2012; 36(3):162-165.

Hajipour AR, Rafiee F. Bronsted acidic ionic liquid ([Hmim][HSO4]) as a green, efficient and
reusable catalyst for the tetrahydropyranylation of alcohols. Iran. J. Catal. 2012; 2(1):23-26.

Khazaei A, Zolfigol MA, Faal-Rastegar T. lonic liquid tributyl(carboxymethyl)phosphonium
bromide as an efficient catalyst for the synthesis of bis(indolyl)methanes under solvent-free
conditions. J. Chem. Res. 2013; 37(10):617-619.

Guo H, et al. Green and Efficient Protocol for the Synthesis of N-(2-Hydroxyethyl)anilines by the
Alkylation Reaction in lonic Liquid. Synth. Commun. 2014; 44(23):3368-3374.

Han B, et al. Synthesis of methyl laurate catalyzed by bronsted acid ionic liquids. J. Chem. Pharm.
Res. 2014; 6(3):435-440. 6.

Song H, et al. Novel Functional lonic Liquids as Metal-Free, Efficient and Recyclable Catalysts for
the Carbonylation of Formaldehyde. Catal. Lett. 2014; 144(4):711-716.

Labafzadeh SR, et al. Synthesis of Cellulose Methylcarbonate in lonic Liquids using
Dimethylcarbonate. Chem Sus Chem. 2015; 8(1):77-81.

Benjamin C, S HB, Hongyang M. High flux fluid separation membranes comprising a cellulose or
cellulose derivative layer.

Buchanan, et al. Cellulose solutions comprising tetraalkylammonium alkylphosphate and products
produced therefrom.

Fu, et al. Fluids and techniques for matrix acidizing.

Gorke, et al. Enzymatic processing in deep eutectic solvents.

Gregory B, D KJ. Microbial conversion of plant biomass to advanced biofuels.
Jessop, et al. Switchable solvents and methods of use thereof.

Kalb, Roland. Method for producing ionic liquids, ionic solids or mixtures thereof.
Kamimura, et al. Lubricating oil.

Matthias D, et al. Selective olefin dimerization with supported metal complexes activated by
alkylaluminum compounds or ionic liquids.

Meyyappan, Meyya. Carbon nanotube tower-based supercapacitor.

Michael BC, Lindsey BN, Elizabeth G-M. Regioselectively substituted cellulose esters produced in
a tetraalkylammonium alkylphosphate ionic liquid process and products produced therefrom.
Muen ANI, M AZS. Process for the destruction of sulfur and nitrogen mustards, lewisite, and their
homologous/analogues in deep eutectic solvents.

Tanja E, et al. Organometallic complexes as catalyst precursors for selective olefin dimerization
and processes therefor.

Wilkinson, et al. Impregnation of ion-exchange membranes to improve electrochemical fuel cell
performance.

Wau, et al. lonic liquid temperature sensor.

Cai M, Wang X. Activity of imidazolium-based ionic liquids as catalysts for Friedel-Crafts
acylation of aromatic compounds. Asian J. Chem. 2014; 26(18):5981-5984.

Chemosphere. Author manuscript; available in PMC 2017 May 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Heckenbach et al.

Page 13

97. Jain R, Sharma K, Kumar D. Green synthesis and antimicrobial activity of 1'-benzothiazolo-5'-

phenyl-2',4'-dihydrospiro[indole-3,3'-pyrazol]-2(1H)-ones. J. Indian Chem. Soc. 2014; 91(8):
1517-1523.

98. Narule MN, Nikose VM. Sonochemical synthesis of 2-imino-imidazoles using 1-butyl-3-methyl

imidazolium tetrafluroborate. World J. Pharm. Pharm. Sci. 2014; 3(10):495-513. 19.

99. Abaszadeh M, Seifi M. Crown ether complex cation ionic liquids (CECILS) as environmentally

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

benign catalysts for three-component synthesis of 4,5-dihydropyrano[3,2-c]chromene and 4,5-
dihydropyrano[4,3-b]pyran derivatives. Res. Chem. Intermed. 2015; 41(10):7715-7723.

Du H, et al. Optimization of process variables in esterification of iso-octanol with acetic acid
using acid ionic liquid as catalyst. Asian J. Chem. 2014; 26(20):6704-6710.

Obaiah O, et al. Synthesis of 2-aryl substituted 2,3-dihydroquinazoline-4(1H)-ones under solvent-
free conditions using ionic liquid as a mild and efficient catalyst. Eur. J. Chem. 2014; 5(4) 671?
675/1-671?675/5, 5 pp.

Rostamnia S, Hassankhani A. Covalently Bonded lonic Liquid-Type Sulfamic Acid onto
SBA-15: SBA-15/NHSO3H as a Highly Active, Reusable, and Selective Green Catalyst for
Solvent-Free Synthesis of Polyhydroquinolines and Dihydropyridines. Synlett. 2014; 25(19):
2753-2756.

Shirini F, et al. Preparation, characterization, and application of 1,1'-disulfo-[2,2'-bipyridine]-1,1'-
diium chloride ionic liquid as an efficient catalyst for the synthesis of benzimidazole derivatives.
Res. Chem. Intermed. 2015; 41(10):7683-7693.

Shirini F, et al. Introduction of a new bi-SO3H ionic liquid based on 2,2-bipyridine as a novel
catalyst for the synthesis of various xanthene derivatives. RSC Adv. 2014; 4(108):63526-63532.

Srivastava V, Singh PK, Singh PP. Novel one-pot facile synthesis of thiopyranopyrazole using
[Hmim]HSO4 catalyst. Croat. Chem. Acta. 2014; 87(2):91-95. 5.

Vahdat SM, et al. Sulfonated organic heteropolyacid salts as a highly efficient and green solid
catalysts for the synthesis of 1,8-dioxo-decahydroacridine derivatives in water. Arabian J. Chem.

Wang Y, Lu T. PEG1000-DAIL enhanced catalysis activity: oxidation of ethylbenzene and its
derivatives by N-hydroxyphthalimide and oxime in 1000-based dicationic acidic ionic liquid.

Chiang Mai J. Sci. 2014; 41(1):138-147.

Nobuoka K, et al. Proline based chiral ionic liquids for enantioselective Michael reaction. Org.
Chem. Int. 2014:836126/1-836126/9. 10.

Velpula R, et al. 1-Sulfopyridinium chloride: Green and expeditious ionic liquid for the one-pot
synthesis of fused 3,4-dihydropyrimidin-2(1H)-ones and thiones under solvent-free conditions.
Chin. Chem. Lett. 2015; 26(3):309-312.

Shahi SK, et al. Green synthesis of photoactive nanocrystalline anatase TiO2 in recyclable and
recoverable acidic ionic liquid [Bmim] HSO4. J. Mater. Sci. 2015; 50(6):2443-2450.

Maiti M, Ghosh K, Lahiri S. Green methods for the radiochemical separations of no-carrier-added
61Cu, 62Zn from 7Li irradiated cobalt target. J. Radioanal. Nucl. Chem. 2015; 303(3):2033-
2040.

Li H, et al. Green Method for the Synthesis of Chromeno[2,3-c]pyrazol-4(1H)-ones through lonic
Liquid Promoted Directed Annulation of 5-(Aryloxy)-1H-pyrazole-4-carbaldehydes in Aqueous
Media. Org. Lett. 2015; 17(4):932-935. [PubMed: 25647482]

Kaki VR, et al. Basic lonic Liquid [omIm]OH-Mediated Gewald Reaction as Green Protocol for
the Synthesis of 2-Aminothiophenes. Synth. Commun. 2015; 45(1):119-126.

Cui Y, et al. Room-temperature ionic liquids enhanced green synthesis of 3-glycosyl 1-ester.
Carbohydr. Res. 2015; 407:51-54. [PubMed: 25704198]

Zhao H, Wang L, Wang Y. A novel and green method for the synthesis of 4-thiazolidinones with
2-chloroacetamide and thioureas. Youji Huaxue. 2014; 34(4):761-766.

Indrasena A, et al. [Bmim]OH: task-specific ionic liquid mediated synthesis of
bisindolyloxindoles, bisazaindolyloxindoles & bispyrrolyloxindoles. Heterocycl. Lett. 2014;
4(3):349-354.

Fu R, et al. Microwave-assisted heteropolyanion-based ionic liquids catalyzed transamidation of
non-activated carboxamides with amines under solvent-free conditions. Tetrahedron. 2014;
70(50):9492-9499.

Chemosphere. Author manuscript; available in PMC 2017 May 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Heckenbach et al.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131

132.

Page 14

Anastas P, Eghbali N. Green Chemistry: Principles and Practice. Chemical Society Reviews.
2010; 39(1):301-312. [PubMed: 20023854]

Gadilohar BL, Kumbhar HS, Shankarling GS. Choline Peroxydisulfate: Environmentally Friendly
Biodegradable Oxidizing TSIL for Selective and Rapid Oxidation of Alcohols. Ind. Eng. Chem.
Res. 2014; 53(49):19010-19018.

Song Z, et al. lonic liquids from amino acids: fully green fluid lubricants for various surface
contacts. RSC Adv. 2014; 4(37):19396-19402.

Jadhav AH, Kim H. Short oligo (ethylene glycol) functionalized imidazolium dicationic room
temperature ionic liquids: Synthesis, properties, and catalytic activity in azidation. Chemical
Engineering Journal. 2012; 200:264-274.

Oh S, et al. Physical and thermodynamic properties of imidazolium ionic liquids. Hwahak
Konghak. 2012; 50(4):708-712.

Zhang Q, et al. Hydrophobic 1-allyl-3-alkylimidazolium dicyanamide ionic liquids with low
densities. J. Mater. Chem. 2011; 21(19):6864—6868.

Wu TY, et al. Synthesis and characterization of protic ionic liquids containing cyclic amine
cations and tetrafluoroborate anion. J. Iran. Chem. Soc. 2011; 8(1):149-165.

Wang, X-d, et al. Synthesis and physico-chemical properties of new green electrolyte 1-butyl-3-
methylimidazolium perchlorate. Trans. Nonferrous Met. Soc. China. 2010; 20(10):2032-2036.
Mallakpour S, Sepehri S. Polycondensation of new optically active diacid with diisocyanates in
the presence of tetrabutylammonium bromide as a green media under microwave heating. React.
Funct. Polym. 2008; 68(10):1459-1466.

Vijayaraghavan R, et al. Aqueous ionic liquid solutions as alternatives for sulphide-free leather
processing. Green Chem. 2015; 17(2):1001-1007.

Sosnowska A, et al. Towards designing environmentally safe ionic liquids: the influence of the
cation structure. Green Chem. 2014; 16(11):4749-4757.

Carvalho PJ, et al. Understanding the impact of the central atom on the ionic liquid behavior:
phosphonium vs ammonium cations. J Chem Phys. 2014; 140(6):064505. [PubMed: 24527930]
Kurnia KA, et al. The effect of the cation alkyl chain branching on mutual solubilities with water
and toxicities. Phys. Chem. Chem. Phys. 2014; 16(37):19952-19963. [PubMed: 25119425]
Costa SPF, et al. Toxicity assessment of ionic liquids with Vibrio fischeri: An alternative fully
automated methodology. J. Hazard. Mater. 2015; 284:136-142. [PubMed: 25463227]

Yoo B, et al. Amphiphilic interactions of ionic liquids with lipid biomembranes: a molecular
simulation study. Soft Matter. 2014; 10(43):8641-8651. [PubMed: 25248460]

Chemosphere. Author manuscript; available in PMC 2017 May 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Heckenbach et al.

Page 15

Highlights

A meta-analysis comparing IL literature to IL toxicity established information
gaps

Toxicology publications for ILs represented 0.55% of the total publishing
activity

Most toxicity studies used in vitro models (18%) or marine bacteria (15%)
In vivo toxicity studies on whole mammals comprised only 8% of all tests

Chronic low-level exposure to ILs has not been studied for any model organism

Chemosphere. Author manuscript; available in PMC 2017 May 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Heckenbach et al.

Annual lonic Liquid Publications

Page 16

o ¢
5000 ®
60
. . .
4000 @ Total IL BIL toxicity ®
[ J i
3000 M 44”
[ J
® [ |
O
2000 °
] 20
[ @ O
1000 ®
° ]
o °© m ¥ g
o ff—a—_ai_g 0
2000 2002 2004 2006 2008 2010 2012 2014
Year
Figure 1.

Total annual publishing activity (2000-2014) of ionic liquids. Red circles represent the total
annual publishing activity of ILs in the thousands of papers per year. Blue squares represent
the much more limited annual number of papers studying toxic or adverse effects of ILs.
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Figure 2.

Percentage of toxicity-associated literature found in SciFinder database for seven chemical
groups known to exhibit toxicity in aquatic environments. Chemicals are presented in the
order of descending relative fraction of toxicity studies. Total publications for each chemical
are in light brown bars, with the absolute number of toxicity publications shown as dark
brown bars (left hand axis). The percentage of literature related to toxicity is shown in blue
for each chemical (right hand axis).
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Figure 3.

9 10

Log,, Median Lethal Dose
(ng/kg body weight)

LDsgq values for a variety of chemical families administered to rats [33-56]. The bars
indicate the range of reported values and dots represent only one reported value. Eight LAS
compounds are grouped and their toxicity thresholds expressed as a single range.
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Figure 4.
Classification of 213 IL toxicity publications based on (A) the number of cations (n = 481)

and (B) model organisms (n = 279) studied. Many papers tested multiple ILs and organisms.
The "other" category includes caprolactam, quiniclidium, sulfonium, thiophenium, and
tropinium-based ILs.
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Whole animal toxicity publications based on (A) the number of cations (n = 108) studied

and (B) the number of whole animals (n = 87) studied. The “other” category describes
caprolactam, cholinium, morpholinium, phosphonium, piperidinium, and thiophenium

cations.
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Figure 6.
Classification of 23 whole mammal IL toxicity publications based on (A) the number of

cations (n = 25) studied and (B) model organisms (n = 26) studied. Twelve papers tested
multiple ILs and organisms.
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Figure 7.
Patents from 2000 to 2015 in which ionic liquid toxicity was addressed. The context of

toxicity varies from patent to patent, in which some patents addressed IL toxicity under two
or more considerations.

Chemosphere. Author manuscript; available in PMC 2017 May 01.



