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Abstract

Interestinionic liquids for their potential in different chemical processes isincreasing, as they are claimed to be environmentally
benign and are very good non-volatile solvents for a wide range of applications. With regard to their physical and chemical
characteristics, the properties of ionic liquids can be modified over a wide range because the cation’s fine structure and the
anion’s identity can be altered. Since millions of ion combinations are possible it is of the highest importance to outline
rational guidelines to develop technologically suitable but also environmentally harmless ionic liquids. This paper presents the
results of a preliminary assessment of the toxicity of selected imidazolium ionic liquids towards marine algae. The selection of
chemical entities was based on the t-SAR approach (thinking in terms of structure—activity relationships) focusing on the length
(C2<R1<G) or type (aliphatic—aromatic) of the side chain whereas head group (imidazolium) remained the same. The acute
effect of ionic liquids was measured using the green @lgeystis submarinand the diatonCyclotella meneghinianahabiting
the southern Baltic Sea. Standard algal testing procedures revealed significant differences in the responses of the t@0o species.
submarinaappeared to acclimatize to the lower concentrations used: after ca. 5 days their ability to grow recovered, and initial
densities were eventually restored. In the cage.oheneghinianagrowth in batch cultures was effectively inhibited throughout
the experiment regardless of the ionic liquid concentration applied. Additionally, it was found that at higher salinities, the toxicity
of 1-butyl- and 1-hexyl-3-methylimidazolium entities towafdssubmarinavas significantly lower than at low salinities.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Typically consisting of nitrogen-containing organic
cations and inorganic or organic anions, imidazolium
* Corresponding author. Tel.: +48 58 345 0448. ionic liquids have been widely investigated as possible
E-mail addresssox@chem.univ.gda.pl (P. Stepnowski). “green” replacements for organic solvenfuérez et
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Fig. 1. Generic structure and atomic numbering of 1-alkyl-3-
methylimidazolium ionic liquid cations. R1: methyl—-decyl or aro-
matic; R2: methyl—ethyl.

al., 1998; Welton, 1999; Wasserscheid and Keim, 2000;

Dupont et al., 200R With regard to polarity, hydropho-
bicity and solvent miscibility behavior, the properties
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the greater is their toxicity. In addition, structural sim-
ilarities were found between imidazolium-type ionic
liquids and biologically active plant growth regulators
or cationic surfactants of known negative environmen-
tal impact. In a recent study, the antimicrobial activ-
ity of selected 1-alkyl-3-metylimidazolium entities was
evaluated against several bacterial stralPsriak et
al., 2003. It was found that ionic liquids possess good
antimicrobial activity against strains of Gram-positive
and -negative bacteria and fungi.

Once their large-scale implementation has begun, it
will not be long before ionic liquids become a perma-

of ionic liquids are tunable over a wide range because nent component of industrial effluents. In view of their

the cation’s fine structure and the anion’s identity can
be altered; millions of ion combinations are possible.
So far, the most commonly applied ionic liquids have
been 1-alkyl-3-methylimidazolium salts, which remain

great stability, they could move through classical treat-
ment systems to become persistent pollutants of natural
waters. The long-term consequences of their presence
in the environment are still unknown. As the effects

inthe fluid state over a broad range of temperatures. The of pollutants on biological processes in the aquatic en-
generic structures of these compounds are presented irvironment cannot be adequately assessed solely with

Fig. L Nonvolatile, nonflammable, and thermally very

the aid of chemical or physical parameters, several bi-

stable, they are excellent solvents for a wide range ological indicators and methodologies have been de-

of inorganic and organic material€&¢rdon, 2001,
Sheldon, 2001; Rantwijk et al., 20p3The “green”
aspect of ionic liquids derives mainly from their prac-
tically undetectable vapor pressure, but this is obvi-
ously insufficient justification for calling a technology
“cleaner”. Since millions of ion combinations are pos-
sible it is of the highest importance to outline rational
guidelines to develop technologically suitable but also
environmentally harmless ionic liquid.

Even though ionic liquids have a considerable tech-

veloped. A variety of bioassay techniques employing
fish, invertebrates, phytoplankton and bacteria for de-
tecting the toxic effect of chemicals in fresh- and sea-
water are currently being studieléciorowski et al.,
1981). Among these, algal assays have become widely
used as biological tools in environmental impact stud-
ies. The justification for using algae is related to their
ecological role as primary producers in transferring
energy to higher trophic leveld\ong and Couture,
1986. In addition, algal assays are relatively simple,

nical and commercial potential, there are, as yet, only quick and inexpensive in comparison with bioassays

a few preliminary reports on their toxicological prop-
erties, a knowledge which is essential to any com-

with other organisms. Algal assays are intended to
provide information about the availability of chemi-

prehensive risk assessment of these compounds. Itcal compounds to the organism and their inhibitory ef-
has recently been discovered that some of imida- fects. Current assessment procedures are based on the

zolium ionic liquids are relatively resistant to pho-
todegradation§tepnowski and Zaleska, 200&and are
biodegradable only to a very small degr&athergood
and Scammells, 2002Initial predictions and data on
the toxicological and ecotoxicological characteristics
of imidazolium ionic liquids have been based on theo-
retical considerations (structure—activity relationships)
and the experimental evaluation of their biological ac-
tivity (Jastorff et al., 2003; Ranke et al., 2003; Step-
nowski et al., 2004; Stock et al., 2004; Sktadanowski
et al., 200%. In all these test systems it was found that
the longeris the-alkyl chain length of the ionic liquids,

premise that algal tests can be used to predict the ef-
fects of chemical compounds in aquatic environments
(Skulberg, 199% Growth-inhibition tests with fresh-
water algaeEN ISO, 199% and seawater alga&,
1993 are included in the base set of ecotoxicologi-
cal tests recommended by the European Committee
for Standardization (CEN), the International Organi-
zation for Standardization (ISO), and the Organization
for Economic Cooperation and Developme@ECD,
1993. In this study, the first to report on the toxic-
ity of imidazolium ionic liquids in the marine envi-
ronment, we used a growth-inhibition algal test. The
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selection of ionic liquids entities was based on the t-
SAR approach (thinking in terms of structure—activity
relationships) Jastorff et al., 2003focusing on the
length (G <R1<G) or type (aliphatic—aromatic) of
the side chain whereas head group (imidazolium) re-
mained the same. The acute effect of ionic liquids
was measured in two algal species typically inhabiting
brackish waters like those of the southern Baltic Sea:
the green alg®ocystis submarinand the diatonCy-
clotella meneghinianaSince the salinity in the Baltic
Seais subjectto considerable variation—from 2 PSU in
the Bothnian Bay, through 7 PSU in the Gulf of Gd&

up to 18 PSU in the Kattegat—the additional influence
of different salinities on the biological impact of some
ionic liquids on algae was also examined.

2. Material and methods
2.1. Batch cultures

Two taxonomically different algal species were used
in this study: the green alga. submaring BA-0002)
andthe diaton€. meneghinianéBA-0010). They were
isolated from coastal waters of the Baltic Sea and main-
tained as unialgal cultures in the Culture Collection of
Baltic Algae (CCBA) at the Institute of Oceanography
of the University of Gdask (Latata, 2003.

The test algae were batch-cultured in F/2 medium
(Guillard, 1979 prepared from Baltic water (PSU =7).
When required, higher salinities were obtained by
evaporation, lower ones by dilution with distilled
water. Stock cultures of the test organisms were
acclimatized for 10 days at 2€ in the pres-
ence of photosynthetically active radiation (PAR) at
25umol photonsm2s~1 using an L:D photoperiod
of 16:8 h. Irradiance was measured using a quantum-
meter LiCor (LI-189) with a cosine collector. The final

batch cultures used in the experiments were obtained by

mixing a known amount of the stock culture in the log
growth phase with sterile medium. The initial density
of O. submarinavas approximately 50,000 cells i
than that ofC. meneghinian&6,000 cells mtt. 9.9 ml

of algal suspension were transferred into glass Erlen-
meyer flasks (25 ml). To each of these, 0.1 ml of dif-
ferent concentrations of an aqueous ionic liquid so-
lution was added to obtain final concentrations of 5,
50 or 500uM. All the flasks were incubated in cul-
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ture chambers for 3—11 days at ZD. Stock cultures

of the control organisms were acclimatized similarly
to the test organisms, i.e., for 10 days at'@0in the
presence of (PAR) at 36mol photons m?s~1 using

a L:D photoperiod of 16:8 h. The final batch cultures
used as controls were obtained by mixing a known
amount of the stock culture in the log growth phase
with sterile medium. The algal suspension were trans-
ferred into glass Erlenmeyer flasks (25 ml). To each of
these, 0.1 ml of deionized water (instead ionic liquid)
was added. All experiments were run minimally in trip-
licate. The variability of the results did not exceed 5%
on the inhibition scale. The number of cells were deter-
mined microscopically every day in aiBker counting
chamber.

2.2. lonic liquids

Except for 1l-ethyl-3-methylimidazolium tetraflu-
oroborate ([EMIM]|[BFR]), which was purchased
from Fluka (Buchs, Switzerland), all the remain-
ing compounds selected for these studies: 1-
butyl-, 1-benzyl- and 1-hexyl-3-methylimidazolium
tetrafluoroborates ([BMIM][BE], [BzMIM][BF 4] and
[HMIM][BF 4])—were obtained from Merck (Darm-
stadt, Germany). The ionic liquids were used as sup-
plied, without any additional pre-treatment. All com-
pounds were checked for their purities by HPLC analy-
sis following a method o&tepnowski et al. (2003No
nonvolatile impurities were found in this assay. Volatile
contaminants (up to 30@ bp) of ionic liquids were
analyzed by gas chromatography headspace technique
during routine checks of synthesized products in the
Prof. Bernd Jastorff s laboratory at the Centre for Envi-
ronmental Research and Technology, UFT, University
of Bremen. They were at the level of 0.1%.

2.3. Toxicity tests

The ionic liquid toxicity tests were carried out using
modified versions of the methods recommended in the
European Committee for Standardization’s guidelines
(EN ISO, 1995; EN, 1993 The percentage inhibition
of the cell growth , was determined for the each point
in time from the equation:

Ne — N,
I, (%) = CTt x 100 (1)

C
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wherenis the each point of the measurementintime,
Nc the cell number in the control amd the cell number
in the culture incubated with toxicant (an ionic liquid).
lonic liquids were tested in three different concentra-
tions (5, 50 and 500.M) added to the algal media of
both species. A further two compounds ([HMIM][BF
and [BMIM][BF4]) were additionally tested for their
activity with respect t@. submarindn varying salin-
ities of 0, 8, 16, 24 and 32 PSU.

Potential adhesion of the ionic liquid cations to the
walls of flasks used was measured using analytical
methods for determination of ionic liquidStepnowski
et al.,, 2003; Stepnowski and Mrozik, 2005; Step-
nowski, 2009. Within the time period of the experi-
ment solute concentration in the aqueous phase did not
change.

3. Results

Fig. 2A-D illustrates the growth inhibition 00O.
submarinaduring the 11-day exposure to three differ-
ent concentrations—from 5 to 5p—of ionic lig-
uids added to the media. The pattern of algal cell inhi-
bition was similar for all the ionic liquids, regardless
of the compound used. The effects of the 5 angLBD
concentrations were immediate but also reversible: in
these cases, the growth abilities of these cell cultures
were restored, so that their densities eventually reached
the same level as that of the control sample. In contrast,
the highest concentration of ionic liquids (5aM) was
sufficient to inhibit cell growth throughout the exper-
iment. The first 3 days exposure to all concentrations
of 1-butyl-3-methylimidazolium ([BMIM][BR]) de-
creased growth by 20-30%. With theu® concentra-
tion, cell numbers gradually increased during the next 4
days of the experiment, finally reaching the level of the
control sampleKig. 2B). With 50 wM of [BMIM][BF 4]

7 days had to elapse before the initial cell density
was restored. When 5@ of [BMIM][BF 4] were
employed, algal cell numbers fell to 70% of the ini-

Fig. 2. Mean values of the percentage inhibitio®osubmarinaell
number by imidazolium ionic liquids during the experiment. (A) 1-
Butyl-3-methylimidazolium, (B) 1-ethyl-3-methylimidazolium, (C)
1-hexyl-3-methylimidazolium, (D) 1-benzyl-3-methylimidazolium
salts. Concentrations used)(5 uM; ((J) 50 M; (4) 500uM.
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tial value already after the first day, and remained at
the level of 50% for the duration of the experiment.
Growth inhibition of O. submarinacultures with 1-
ethyl-3-methylimidazolium ([EMIM][BR]) was much
stronger than in cultures with [BMIM][BH. After 3
days, 5uM of [EMIM][BF 4] had reduced algal num-
bers by one-third, although during the next few days
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exposure to 3 different concentrations of ionic liquids
(concentrations 5-5Q0M). The response of the algae
to the presence of spiked ionic liquids at all concentra-
tions is clearly visible. Unlike the population @ocys-

tis, the Cyclotellaculture did not acclimatize to even
the lowest ionic liquid concentration tested and growth
was inhibited throughout the experiment. With 5 and

this effect appeared to be reversed, as was the case wittbOuM of [BMIM][BF 4] (Fig. 3B), cell densities de-

[BMIM][BF 4]. As Fig. 2A shows, concentrations of 50
and 50QuM inhibited growth of theOocystisculture
much more significantly, with cell numbers dropping to
25% of the control value after 72 h of exposure. In the
case of the 5Q.M concentrations, algal growth recom-
menced during the following few days. The cell density
of cultures with the ionic liquid reached 75% of the con-
trol cell density by the end of the experiment. The high-
est [EMIM][BF4] concentration (50Q.M) prevented
any growth ofO. submarinal causing at least 80% in-
hibition throughout the experiment. With regard to the
1-hexyl-3-methylimidazolium entity ((HMIM][BHE]),
growth inhibition was very much in evidence after just
3 days exposure: 18, 25 and 71% by 5, 50 and Gd0
of [HMIM][BF 4], respectively Fig. 2C). As was the
case with [BMIM][BF4] and [EMIM][BF 4], the 5uM
concentration lost its inhibitory potency during the ex-
periment, so that th®. submarinaculture recovered
to attain a final density close to the initial value. While
the pattern of inhibition variation was similar for the
50M concentration, exposure to 50M of ionic lig-
uid ((HMIM][BF 4]) brought cell growth to a standstill.
The aromatically substituted imidazolium ionic liquid
([BzMIM][BF 4]) inhibited Oocystiscells in the same
way as [HMIM][BF4], although the highest concentra-
tion used was comparably less effective in allowing the
number of algal cells to remain at 50% of the control
density Fig. 2D).

On the basis of the data obtained, it is not possible
to estimate any effective concentration values. How-

ever it can be observed that after 72 h of the exposure,

the lowest concentration inhibiting the cell growth was
obtained for [EMIM][BF4], the entity with the short-
est alkyl chain length. After the same exposure period,
[BzMIM][BF 4] and [HMIM][BF 4] were about one or-
der of magnitude less effective. The data obtained for
[BMIM][BF 4] were insufficient to make even a very
rough estimate of this value.

Fig. 3A-D illustrates the growth inhibition o€.
meneghinianaluring 10 days of culture as a result of

creased gradually during the first 6 days of the experi-
ment, but during the next 4 days growth inhibition was
much stronger. With 50@M of [BMIM][BF 4], cell
numbers dropped to 70% of the control value after 2
days, after which they continued to decrease gradually
to a level of 35%. The pattern &. meneghinianaell
growth inhibition by 5 and 5Q.M of [EMIM][BF 4]
(Fig. 3A) or [BzMIM][BF 4] (Fig. 3D) salts was sim-
ilar to that of inhibition by [BMIM][BF4], but was
much stronger with the 500M concentration. After

2 days, 50QuM ionic liquids reduced the density of
these cultures to ca. 40% of the control cell density
and prevented all growth during the remaining days
of exposure. Inhibition of the algae by [HMIM][Bff
was already very strong after only 2-day exposure
to 500nm, whereas the 5 and B0n concentrations
caused a retardation in the growth of the culture so
that the cell density was ca 50% of that in control cul-
tures by the end of the experimeritig. 3C). Except
for the [BMIM][BF 4] entity, the effective concentra-
tions within a 48 h time period were at the same level
for [EMIM][BF 4], [HMIM][BF 4] and [BzMIM][BF 4]
ionic liquids. Cultures of green alga submarinavere
additionally exposed to 500M of [BMIM][BF 4] and
[HMIM][BF 4] at salinities ranging from 0 to 32 PSU.
The results demonstrate the moderating influence of
salinity on the biological activity of [HMIM][BR] in

the O. submarinaviability assay Fig. 4). HMIM’s
acute toxicity weakened with increasing ambient salin-
ity. In freshwater cultures the control cell density was
reduced to 50% after 3 days exposure to the ionic liquid
solution. However, at a salinity of 8 PSU, cell growth
inhibition was only 30%, and in the most saline waters
(16, 24 and 32 PSU) it was a mere 10%. In the case of
[BMIM][BF 4], cell growth inhibition was also reduced
with increasing water salinity: the cell density fell by
30% in response to a 3-day exposure to this ionic lig-
uid in fresh water, but dropped by only 10% at 16 PSU,
and was unaffected at the highest salinity applied
(32PSU).
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Fig. 4. Influence of 50QM of 1-hexyl and 1-butyl-3-methyl-
imidazolium tetrafluoroborates on the density of {Be subma-
rina population in different salinities, presented as the percent-
age of growth inhibition on day 3 of the cultureéz) 1-butyl-3-
methylimidazolium tetrafluoroborate#) 1-hexyl-3-methylimidaz-
olium tetrafluoroborate.

4. Discussion

Inspection of the temporal relationships between al-
gal population density and ionic liquid concentrations
in batch cultures of the Baltic speci®ssubmarinand
C. meneghinianahows thationic liquids effectively in-
hibit algal growth. TheDocystiscultures appeared to
acclimatize to the imidazolium ionic liquids in concen-
trations of up to 5uM, because after ca. 10 days they
recovered their growth ability, finally reaching the same
density as control cultures. In contrast, the response of
C. meneghinianavas different: the growth of these cul-
tures was effectively inhibited throughout the 10-day
test period regardless of the ionic liquid concentration
applied.

The 1-ethyl-3-methylimidazolium tetrafluoroborate
([EMIM][BF 4)]), the shortest alkyl-substituted deriva-
tive of the imidazolium ionic liquids used in these ex-
periments, was effective in inhibiting growth of &
submarinabatch culture at the smallest concentrations.
These values for the other compounds and batch cul-
tures of the diaton€. meneghinianaere one order of
magnitude higher. Though preliminary, this informa-

Fig. 3. Mean values of the percentage inhibition @f menegh-
iniana cell number by imidazolium ionic liquids during the
experiment. (A) 1-Ethyl-3-methylimidazolium, (B) 1-butyl-3-
methylimidazolium, (C) 1-hexyl-3-methylimidazolium, (D) 1-
benzyl-3-methylimidazolium salts. Concentrations usad:5uM;
() 50 uM; (¢) 500uM.
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