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Abstract:

Ecotoxicological tests, using OECD standard methods on some
ionic liquids, have revealed that several have very high toxicity
towards freshwater algae and the freshwater invertebrate
Daphnia magna(~10*—10° times more ecotoxic than methanol
for the worse cases). In addition these compounds show high
levels of toxicity to the microorganisms responsible for biodeg-
radation in the environment. These materials have a significant
potential to damage the aquatic ecosystem if released into water.
We conclude that considerable care should be exercised in the
choice of ionic liquids to be used in chemical processes at design
stage and that contamination of aqueous effluent streams by
these materials should be avoided wherever practicable.

Introduction
Over the past 10 years or so, a great deal has bee

topic that has received much attention is that of ionic liqdiids.

These neoteric solvents have interesting properties, and
examples of many diverse chemical reactions can be found,

e.g., Friedel Craftd nucleophilic substitutiongPalladium-
catalysed reactions (HeékSuzuki® and carbonylatiof),
metathesig,hydrogenatiord, fluorination? and biocatataly-
sis19 Often ionic liquids will impart unusual characteristics
to a reaction not found with conventional molecular solvents.
This is especially true for metal- or enzyme-catalysed
reactions'! lonic liquids have negligible vapour pressure,

are usually nonflammable, and (based on very limited data)

have low mammalian acute toxicolo&/Thus, these materi-
als are often branded as “environmentally friendly,” and ionic
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liquids have been suggested as ideal replacements for volatile
organic solvents. However, the principles of green chemistry
and engineering teach us that we should consider the whole
process (life cycle analysis) rather than individual compo-
nents of a reaction (“single issue sustainability”), and thus
avoid replacement of materials with those that could turn
out to be more damaging to the environm&rit!

With a number of possible processes under consideration
(mainly bio- and metal-catalysed reactiofsjhe question
arose: “on environmental grounds, which is the best ionic
liquid for scale-up?” Unfortunately, to take a holistic view
on this, certain data, especially ecotoxicity data, could not
be readily located. Indeed, in October 2003 the Royal Society
of Chemistry stated (about ionic liquids) that “The biggest
barrier to implementation is the relative lack of fundamental
physical property data and toxicity information compared
to that available for conventional solvents.”

More data on the biological effects of ionic liquids is
becoming available. Recent published literature include data
on antimicrobial activity’’ cytotoxicity @ toxicity to Cae-
norhabditis elegan® resistance to biodegredatiéhand
effects on acetylcholinesteragé and zebra fish anio
rerio).?? Nevertheless, the lack of readily accessible ecotox-
icity data is a big gap in our knowledge when considering
the employment of ionic liquids on a pilot or manufacturing
scale. Consequently, the AstraZeneca Environmental Science
group set out to answer a number of these fundamental
guestions on the ecotoxicity of ionic liquids, and in this
publication we wish to report our results.
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Table 1. lonic liquids examined

substance MW

number type R1 R2 cation anion trade name

| imidazolium CHg CH;3 139 PR~

1l imidazolium CHo CHs 139 Cr

1 imidazolium GoHos CHs 251 Cr

\Y imidazolium GeHss CH3 307 Cr

\Y imidazolium GgH37 CHs 335 Cr

VI pyridinium CGiHo - 136 Cr

VII phosphonium GHo CoHs 231 (EtOYPO,~ CY169

VI phosphonium 6H13 CiaHog 483 Cr CY101

IX ammonium GH17 CHs 368 N(SQCRs),~

X ammoniund {CH40(C, H,0)sMe},Cy4H29 CHs 696 MeSQ~ EcoEng500
aContains two PEG5 groups plus{hain as R1.

Table 2. Ecotoxicity of ionic liquids to Daphnia and algae
Daphnia magna Selenastrum capricornutum
substance 48 h EGo 95% ClI end-point 48 h EGy 95% ClI end-point
number (mg L™} (mg L™} analysig (mg L™} (mg L™} analysig

| 24 21-27 101 45 42—-49 92
1] 6.5 5.4-7.8 93 38.5 38.1-38.8 96
1] 0.0043 0.0034—0.0056 45—-106 0.0011 0.001—-0.0013 65—87
v 0.0034 0.0027—-0.004 47124 0.0041 0.0034—-0.0052 <10%
\% 0.0017 0.0013-0.002 52 0.0129 0.0129 <10%
Vi 20 17-24 104 63 55—-73 103
VIl 11 8.7-14 102 6.2 5.6—6.8 84
VIl 0.072 0.054—-0.093 L4 0.042 0.037—-0.048 <10
IX 0.2 0.14-0.27 28 0.058 0.052—-0.066 <10
X 1 0.60— 1.6 N/Ad 0.088 0.079-0.097 N/A
XINaPFg >100 — N/A 42 35-51 N/A
XII NaMeSO,4 >100 - 97 >100 - 73
Xl HN(SO ,CF3)» 76 69—-85 94 61 56—66 95

a9 analysis of substrate at termination of experiment compared to initial assay Pe&3eat.text No residual substrate could be detectéN/A = no analysis.

Table 3. Ecotoxicity of some common molecular organic
solvents toDaphnia and algaé

DaphniaECsg algal EGo

solvent type mg L™t mg Lt
toluene hydrocarbon 11.5 >100
dichloromethane chlorohydrocarbon 135 >660
methanol polar protic >10000 >10000
t-butyl methyl ether ether 650 >800
xylenes hydrocarbon 1-10 ~5
acetonitrile dipolar aprotic >100 >500

aData from ref 25.

We chose to look at a range of ionic liquids (identified

Table 4. Biodegradation of ionic liquids

% inhibition of glucose/glutamate

biodegradation at substance

concentration of:

asl to X) to explore molecular weight and size effects on x

their potential fate and ecotoxicological properties. We XI (NaPFg)
investigated ionic liquids that, at the start of this work, we

100 mg 10 mg 1mg measured
substance Lt Lt Lt biodegradatioh
| 9 8 28 0
Il 0 18 15 0
i 97 59 3 not tested
v 100 100 16 not testéd
\Y 100 100 100 not testéd
VI 4 13 21 0
VIl 19 15 16 9
Vil 100 100 78 not testéd
23 37 26 0
100 100 47 not testéd
— - - inorganic
- - - not testeél
(NaMeSQy)
_ _ — Od

considered were regularly used as a basis for organic Xiil (HN-

synthesis (as reported in the literature), were already used (SO:CFs)2)
on a small scale within the Process Chemistry group at
AstraZeneca, and could be obtained in sufficient quantities
for pilot-plant scale work (Table 1). Also examined were
some simple compoundX(K to XlIl, Tables2 and 4) of the

appropriate anions to check for any anion effects.

Results and Discussion

the invertebrateDaphnia magnaand the green alga

209 oxygen uptake (biodegradation) after 28 day80OD/measured COD.
b Inhibitory at test concentratiod.BOD5 result shows material is readily
iodegradabled Note low carbon content of substrate.

Pseudokirchneriella subcapitatormerly known asSel-
enastrum capricornutum) are shown in Table 2. The results
are reported as Egvalues (concentration at which 50% of
the exposed organisms are either immobilized or killed)
The ecotoxicological test data from the experiments using together with the statistical 95% confidence interval (Cl)
values appropriate to these types of test. All of the statistical
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R1 R R1 In general, analytical recovery of test substances during
C> N EJ Ny the algal tests was poorer than for the invertebrate tests,
N’ R2"R4R1 R27 1 R1 O presumably due to the influence of the components (absorp-
R2 tion on- or into the biomass) of the algal medium compared

Imidazolium Ammonium Phosphonium Pyridinium to those in theDaphnia magnamedium. Poor recoveries
Figure 1. Structures of ionic liquids tested. appeared to be linked to increased side-chain length, and

. _ _this may be due to an increase in the surfactant properties
calculations on the data were carried out on nominal ¢ the materials as side-chain length increases.

concentrations. Typically, chemical analysis of the test oOur findings agree well with E& values of 8.03—19.91
solutions was carried out at the beginning and end of the mg L reported by Bernot et &3, 4—90 uM L ! reported
test to ensure that organism exposure was consistent Withby Garcia et at* and—1.15 to—2.19 log mM L% published
that expected from the nominal concentrations used. In casesy Couling et aP> Compared with the data obaphnia

where the measured substance concentrations at the end %agnareported by Couling et & for substances of similar
the test were significantly lower than the nominal concentra- g jecular weight, our results fovl and VIl fall closely

tions (<80%), the E€; values should be viewed with care, yithin the expected range for pyridinium and phosphonium
as the actual E& values could be lower than the values 5pic liquids of these molecular weights.

R1

quoted. . _ _ To place the ecotoxicity results for ionic liquids in context,

The ecotoxicological data for algae and invertebrates he ecotoxicity of a range of common molecular organic
showed some striking comparisons. In general the toxicity gojyents is shown in Table.The least toxic ionic liquids
of a particular substance to algae dbaphniawas Surpris- — spowed comparable ecotoxicity to hydrocarbons such as
!ng!y s!mll_ar, and toxicity values for the most and least toxic {q,ene and xylene. The most toxic ionic liquids are many
ionic liquids were separated by more than 4 orders of gygers of magnitude more acutely ecotoxic than organic
magnitude for both trophic levels. There appeared to be agg|yents such as methantést-butyl methyl ether, acetoni-
strong correlation of toxicity with alkyl side-chain length  yje, and dichloromethane. It should, of course, be recognised
for the alkyl methylimidazolium species with tha §pecies  hat simple acute ecotoxicity measurements do not fully
tested being only moderately toxic, whilst the.(Cie, and  characterize the full impact of a solvent released to the
Cis species were very highly toxic to both organisms tested epyironment but are only part of the environmental impact
(see Table 2). assessment.

This correlation appeared also to hold well for the e ecotoxicology results from the algal and invertebrate
pyrldlnlum,_ phosp.honlum,. and ammonium species tested testing showed good correlation with the possible exception
where G side-chain constituents conferred only moderate e polyethoxylated quaternary ammonium species Ecoeng
toxicity on the ionic liquid in question, whereag &hd longer 500 (compound) which was at least an order of magnitude
side chains conferred significant increases in toxicity (Table |as5 toxic to Daphnia magnathan to the algal species
2) (Figure 1). In no instance did it appear, from the data pgeydokirchneriella subcapitatiiowever, it should be noted
available, that the counteranion contributed significantly to tnat we were unable to develop a suitable analytical technique
the toxicity of the ionic liquid. From the alkyl methylimi-  ¢or this compound. The results for Ecoeng 500 suggest that
dazolium datg, it a}ppear(_ed that increases in ecotoxicity dueneq ecotoxicity of the compound may not be caused by action
to an extension in chain length from;LCto Cig were o particular species-specific receptors but by a more general
insignificant when compared to the increase betweeartd  echanism. This toxicity correlation was also observed in

Ciz. Indeed, the toxicity to algae actually fell slightly as the  {he microbial tests where biochemical oxygen demand tests
chain length increased. However, this observation should be,id not be carried out on the five most ecotoxic ionic

tempered by the low final measured test substance concenyiquids (111, 1V, V, VIII, and X) since they all showed
trations in the algal tests for longer-chain length imidazolium significant bacterial inhibition at concentrations of 10 mg
species, which may well significantly affect the &@alues. L= or below (see Table 4).

It was not possible with the current data to estimate how  Tpe findings are in line with the work of Stock etZal.

the_ toxicity increases as chain length increases fromoC \yhg ysed an acetylcholinesterase enzyme assay to show that
Ciz; however, further testing on homologues between thesegyicity of alkyl methylimidazolium-based ionic liquids

two chain lengths is planned. ranged from 189 to 1@M (40—4.0 mg L-2) as side-chain

The measured concentrations for each of thg test SUb'Iength increased from £10 Cyo. The EG, value reported
stances at the end of each test_ are also shown in Table _2for the G, BF,~ salt was 105M L1 (~24 mg L), which
Generally, measured concentrations compared well to nomi-
nal values, particularly in thBaphnia magndests; however,  (23) Bernot, R. J.; Brueseke, M. A.; Evans-White, M. A.; Lamberti, G. A.

. . P Environ. Toxicol. Chem2005, 24, 87.
the_re were exceptions. The '9”_9er'Cha'” alkyl methy“mlda_ (24) Garcia, T. M.; Gathergood, N.; Scammells, PGdeen Chem2005,7, 9.
zolium compounds proved difficult to detect at the lower (25) Couling, D. J.; Bernot, R. J.; Docherty, K. M.; Dixon, J. K.; Maginn, E. J.

concentrations used. Typically, recoveries of test substance ___Green Chem2006,8, 82. _ . _
. (26) Verschueren, KHandbook of Enironmental Data on Organic Chemicals
at the lowest concentrations tested were below the level of ™ ™ 4 ed.: John Wiley & Sons: New York. 2001. Stratton, G.BAll. Environ.

detection of the analytical methods employed. At higher Contam. Toxicol1987,38, 1012. International Programme on Chemical

: ; : ; Safety (IPCS). Environmental Health Criteria. No. 190: Xylenes, Interna-
Concentratl.ons the mas? balance improved !‘mt” atthe highest tional Programme on Chemical Safety (IPCS). Environmental Health
concentrations recoveries reached approximately 100%. Criteria. No 154: Acetonitrile.
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is similar to the EGp values being reported here for thesPF  using both a closed bottle test (OECD 301D), where no

and CI salts ( andll) to Daphnia magnandPseudokirch- biodegradation was observed, and modified Sturm tests
neriella subcapitatg6.5—45 mg L1): see Table 2. (OECD 301B), where 60% mineralisation to carbon dioxide

was seen. It was suggested that innoculum density was

Biodegradation responsible for the difference in these results, innoculum
The results obtained from biodegradation studies are density being significantly greater in the modified Sturm test
presented in Table 4. than in the closed bottle test. Interestingly, the Hach (OECD
BOD5 2" measurements on the organic compounds studied301F) tests, used in our investigations, had a similar
showed that only one compoun&ll (sodium methyl  innoculum density to that used in the modified Sturm test,

sulfate), showed any detectable BOD over this time scale. put no evidence of biodegradation was observed.

This result was confirmed by the 28-day ready biodegrad-  pernak et al” tested the antimicrobial effects of a range
ability tests (see Table 4), which indicated some oxygen of alkoxymethyl-1-methylimidazolium saltsR(= 3—16,
uptake for this compound during the test and effectively counteranions= CI-, BF,~, PRy") to a range of microorgan-
complete organic carbon removal from the system. Total jsms and presented data that showed folRle 3 andR =
organic carbon measurements of the test solutions after thes zlkoxymethyl homologues the minimum inhibitory con-
28-day biodegradation study showed there was no detectablgentration (MIC) values were-58504M L1 in all cases

removal of organic carbon for any of the other test (»1100 mg L= for theR= 3 CI- salt) but that MIC values

compounds apart frofX (methyltrioctylammonium bistri-  fe| significantly as chain length increased. Further work by
flam|de)_(although there was no measurable oxygen uptake)pernak et al? on the antimicrobial properties of alkyl
and partial removal (ca 17%) for the test substanide(ethyl methylimidazolium analogues again highlighted a significant

tributylphqsphonium diethyl phosphate) where oxygen uptake jncrease in antimicrobial toxicity (by more than 2 orders of
was equivalent to 9% of the measured COD for the mgagnitude) as the alkyl chain length increased. Interestingly
compound. _ the toxicity to bacteria as measured by the MIC, reached a
Where total organic carbon remc_)val was observed, there javimum wherR = 10—11, decreasing again fér= 12.
are a number of possible explanations: , _ This observation mirrors the trend we found when using
1. The test substance may not have fully dissolved (if pgeygokirchneriella subcapitat® test the ecotoxicity of
direct weigh techniques were used) or may have been i methylimidazolium chlorides in that the ecotoxicity had
removeq from solution by adsorption either to the equipment oo hed a peak by at le&Rt= 12 and was declining up to
or the biomass. , R = 18. However, this observation was not noted when using
.2'. The carbon in the_ te_st substa_nce_ may hqve beenDaphnia magnas the test organism where toxicity continued
oxidized _to CQtogether with incorporation into the biomass to increase as chain length increased. Again these trends
due to b|o|og|ca|_ growth. . should be treated with caution due to the low compound mass
. 3 '!'he material may be volatile enough to escape the balances noted by specific compound analyses at the end of
liquid into the enclosed headspace. each test (see Table 2). In conclusion, as well as displaying

In the case of sod|ym methyl sulfate, its low volatility high ecotoxicity, most of the ionic liquids studied here were
together with the evidence of oxygen uptake and the resistant to ready biodegradation

complete removal of organic carbon at the end of the test From the results of these studies it is clear that some ionic

suggests blodegradgtlve breakdovyn. Ir'1 the case of teStquuids are very far away from displaying the green image
substanc#/Il (ethyl tributylphosphonium diethyl phosphate) that is often cited in the literature. Four different classes of

the level of organic carbon removal (17%) corresponds quite. ~. " . .
. . ionic liquid have been examined, and none of them would
closely to the proportion of the organic carbon content of

the material present in the diethyl phosphate counterion be described as having low ecotoxicity (&@alues=> 100

1 . L s
(22%). 1t is therefore possible that the counterion degraded, mg L. .Wh"St some of the_|o_n|c “ql.‘"ds such as t_h(_a shorter
leaving the phosphonium moiety intact. Confirmation of this side-chain 3-alkyl-1-methyl imidazolium and pyridinium salts
was not possible without detailed parent compound analysis,_exhlblt only m_oderate eCOtO.X'C'ty to bacteria, algae, and
which was not carried out in this study. The complete invertebrates, it is clear that, in each case where compounds

absence of organic carbon at the end of the study on test/¢r€ tested containing side chains of &nd longer, the

substancdX (methyltrioctylammonium bistriflamide) to- ecotoxici_ty profile of these .compounds deterio_rated dramati-
gether with the complete absence of detectable oxygen uptaké:a"y' Th'z also hO'P'S fot; h|gZe_r-moI|e_cu_lgr weight phospho-

suggests either that the material did not dissolve (this was"MUM- and ammonium-based onic iquids. .

the only material where direct weigh technique was used) lonic liquids have received much attention in the literature

or that adsorption of the test substance to either equipment2d Wil undoubtedly receive much more. Their unique

or biomass was a strong possibility. properties open up new and exciting chemistries of significant

Biodegradation tests on 3-butyl-methylimidazolium hexaflu- potential benefit. This excitement however sho.uld be tem-
orophosphate have been reported by Gathergood 283l pered by the knowledge that based on the studies presented
here, for some, possibly many, ionic liquids there are also

(27) BODS5 Ref HMSO Methods for Examination of Waters and Associated = significant potential environmental risks associated with their
Materials: 5 Day Biochemical Oxygen Demand (BOD5) 2nd ed., 1988 (with : . . :
Dissolved Oxygen in Waters, Amendment 1988). use |n.manufactur|ng which should not be |.gnored. It should
(28) Gathergood, N.; Scammells P.Alst J. Chem2002,55, 557. be pointed out that the substances studied here could be
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considered as very much the “first-generation” ionic liquids. role that these counterions play in the observed toxicity of
The “second generation” of ionic liquids is currently being the materials. Negative controls, carried out with each test,
developed. The use of natural produtsiodegradable  were all within limits of mortality/growth as specified by
materials such as cholirfétask-specific ionic liquids! and the relevant guidelines. Organism population health was also
consideration for the environment at the design stage will confirmed (carried out on a biannual basis, also as recom-
undoubtedly bring materials with a much more acceptable mended within the relevant guidelines).

environmental profilé? The BODS value of each of the test substances (except
sodium hexafluorophosphate) was measured according to
Experimental Section procedures recommended by the Standing Committee of

The ionic liquids were obtained commercially at the Analysts of the UK Department of the Environment together
highest grade available (=95%). No attempt was made to with the effect of each of the test substances on the degree
ultrapurify any particular ionic liquid since it was deemed of biodegradation of_ two .easny b|0QegradabIe su_bstrates,
highly improbable that any potential user would do this prior 9lucose and glutamic acid, according to the guidetine.
to use in a large-scale manufacturing process. Where the results from the glucose/glutamic acid biodegra-

The ecotoxicity of each of the ionic liquids was tested to dation inhibition tests indicated little or no inhibition at a
the freshwater invertebraaphnia magnaccording to the €St substance concentration of 100 mg'La 28-day
procedures set out in OECD guideline 282Twenty biochemical oxygen demand test was carried out based on
organisms were exposed for 48 h to various concentrationsOQECD Test Method 301 and EC Test Method C.4-B.
of the test material dissolved Daphnia magndest media, Organic carbon analysis was carried out on a Dohrman DC-

and the EG, value (concentration at which 50% of the 190 analyzer according to the guidelines in the Instrumental
exposed organisms are either immobilized or killed) was Determination of Total Organic Carbon and Related Deter-

calculated. The counteranions of the hexafluorophosphate-,minands: I\_/Ietf;ods for Examination of Waters and Associ-
methyl sulfate-, and bistriflamide-based ionic liquids were ated Material$’” Substance specific analytical methods for
also tested (as their sodium salts or free acids) to determing!€St substanci could not be developed, and analysis was
the likely role that these counterions play in the observed Not carried out for the test substanxe (NaPF). Samples
toxicity of the materials. from the exposure vessels were analysed using a Ther-

The ecotoxicity of each of the ionic liquids was also tested MOFinnigan Surveyor liquid chromatograph (LC) coupled
to the freshwater green al@seudokirchneriella subcapitata  © @ Finnigan TSQ Quantum Ultra mass spectrometer (MS)
according to the procedures set out in OECD guideline®201. with eIectrpspray ionization (ESI). Separations for the cations
Algal cultures in exponential growth phase were exposed to Were achieved using a Waters Hypersil HSBDSAL
various concentrations of the test chemicals for 72 h at which €olumn (10 cmx 2.1 mm) with an acetonitrile/water TOb"e .
point the growth of the culture was examined by electronic Phase containing 20 mM ammonium acetate and 1% acetic
particle counting techniques. As in tBaphnia magnaase, acid. The mass spectrometer was .o.perateo! in positive ESI
the counteranions of the hexafluorophosphate-, methyl Mode, and the samples were quantified against standards of
sulfate-, and bistriflamide-based ionic liquids were also tested K"own concentration in 50:50 acetonitrile/water.

as their sodium salts or free acids to determine the likely ~ 1he anions were analysed by direct flow injection+C
MS with no chromatographic separation. The mass spec-

(29) Handy, S. TChem. Eur. J2003,9, 2938 Carter, E. B.; Culver, S. L.,  trometer was operated in negative ESI mode, and the samples

Fox, P. A;; Goode, R. D.; Ntia, |.; Tickell, M. D.; Traylor, R. K.; Hoffman,  were quantified against standards of known concentration
N. W.; Davis, J. H., JrChem. Commur2004, 630. in water
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Chem. Commur2003, 70.
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