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Abstract— A study of the ecotoxicity of different short aliphatic protic ionic liquids (PILs) on terrestrial organisms was conducted. Tests
performed within the present study include those assessing the effects of PILs on soil microbial functions (carbon and nitrogen
mineralization) and terrestrial plants. The results show that the nominal lowest-observed-adverse-effect concentration (LOAEC) values
were 5,000 mg/kg (dry soil) for the plant test in two species (Lolium perenne, Allium cepa), 1,000 mg/kg (dry soil) for the plant test in one
species (Raphanus sativus), and 10,000 mg/kg (dry soil) for carbon and nitrogen microbial transformation tests (all concentrations are
nominal). Most of the median effective concentration values (EC50) were above 1,000 mg/kg (dry soil). Based on the obtained results,
these compounds can be described as nontoxic for soil microbiota and the analyzed plants, and potentially biodegradable in soils, as can
be deduced from the respirometric experiment. The toxicity rises with the increase of complexity of the PILs molecule (branch and
length of aliphatic chain) among the three PILs analyzed. Environ. Toxicol. Chem. 2011;30:2802-2809. © 2011 SETAC
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INTRODUCTION

Ionic liquids are novel solvents of rising interest as greener
alternatives to traditional volatile organic solvents, aimed to
facilitate so-called sustainable chemistry. As a consequence of
their unusual physical properties, reusability, and apparently
environmentally friendly nature, ionic liquids have attracted the
interest of industry and academia. In the near future, many new
ionic liquids will be developed, but with little data relating to
their hazard potential [1]. These chemicals are liquids com-
posed entirely of ions; they are salts with a melting point lower
than 100°C. The reason for their low melting point lies in the
asymmetry of the ions and the important steric hindrance among
functional groups [2]. They have a very low vapor pressure, and
thus their nonvolatile nature reduces the risk of air pollution and
makes them potential green substitutes for volatile organic
solvents. Their polarity, hydrophilicity/hydrophobicity, and
other properties can be tuned by a suitable combination of
cations and anions; therefore, they have been termed designer
solvents [1,3]. Two main groups of ionic liquids have been
identified: aprotic ionic liquids and protic or Brgnsted ionic
liquids (PILs). The PILs have a proton available for hydrogen
bonding. Common and classical ionic liquids, which belong
mainly to the group of aprotic ionic liquids, are designed with
bulky organic cations, such as imidazolium, pyridinium, pyr-
rolidinium, and quaternary ammonium, with alkyl chain sub-
stituents and different inorganic anions. In the last few years,
numerous reports have revealed different applications of ionic
liquids in terms of separation, catalysis, photochemistry, elec-
trosynthesis, lubricants, electrolytes for batteries and dye-
sensitized solar cells, as cleaning solvents in applications in
which large amounts of solvents are used to clean batch
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processing equipment, and in minimization of CO,/SO, emis-
sions by removal of SO, and CO, from natural gas [4-6].

Regarding the fate and effects of ionic liquids in the environ-
ment, the water solubility of many ionic liquids is not negli-
gible, and the release of ionic liquids into aquatic and terrestrial
environments may lead to water and soil pollution and related
risks. Several properties of ionic liquids and their effects on
aquatic organisms have been investigated [7-12]. However,
more research on the effect of protic ionic liquids on soil and
sediment organisms is required. Many commonly used ionic
liquids are toxic to aquatic and terrestrial organisms, as dem-
onstrated by toxicological research studies concerning ionic
liquids undertaken in the past decade [13].

A new group of PILs, with different cations and anions from
those previously known, has been designed and could have a
lesser environmental impact than the former ones, because the
new PILs are based on polysubstituted amines and organic
anions. Both the cationic and anionic parts of the molecule
are organic and present a relatively low molecular weight
[14,15]. These new PILs are 2-hydroxyethanolamine formate
(2-HEAF), 2-hydroxydiethanolamine propionate (2-HDEAPT),
and 2-hydroxytriethanolamine pentanoate (2-HTEAPe). Con-
sidering the interest in these substances as more environmen-
tally sustainable than volatile organic solvents, one must
examine their potential toxicity. The current chemical legis-
lation for Registration, Evaluation, Authorization, and Restric-
tion of Chemical Substances (REACH) holds suppliers of
chemicals responsible for their products. The REACH criteria
must be fulfilled for ionic liquids as well, taking into account
their possible commercial use [16].

One of the new PILs, 2-HEAF, was found to dissolve many
inorganic salts, hydroxylated compounds, and some insoluble
polymers such as polyaniline and polypyrrole [17]. Also, 2-HEAF
was analyzed as a potential solvent in the preparation of organo-
soluble polyanilines with reasonable molecular weights [18,19],
for some heterogeneous catalytic hydrogenation processes



Terrestrial ecotoxicity of short aliphatic PILs

[20,21]. Application and prospects of a two-phase, tuneable
solvent system composed of ionic liquids and supercritical
fluids with an emphasis on supercritical carbon dioxide have
been reviewed [22]. Also, some works have focused on the
effect of temperature on the thermodynamics of the mixture of
2-HEAF and short hydroxylic solvents (water, methanol, and
ethanol) [23]. Other PILs also derived from 2-hydroxyethylam-
monium and organic acids have been studied to develop a new
process for absorption of CO, [24]. Also, the catalytic activity
in the aldol condensation processes of the PILs derived from
mono-, di-, and triethanolamine and pentanoic acid (e.g.,
2- HTEAPe) has been studied, with successful results [20].

The aim of the present study was to evaluate the toxicity of
the three new PILs (2-HEAF, 2-HDEAPr, and 2-HTEAPe) to
terrestrial organisms by performing different bioassays with
plants (onion, grass, and radish) and soil microorganisms
involved in the most important biogeochemical cycles (carbon
and nitrogen mineralization of organic matter).

MATERIALS AND METHODS

The ecotoxicological analyses included two types of tests to
evaluate acute (short-term exposure) and chronic (prolonged
exposure or long-term toxicity in small, repeated doses) toxicity
and biodegradability. In the assessment of acute toxicity, a test
involving terrestrial plants was conducted, whereas in the
assessment of chronic toxicity the tests performed involved
soil microorganisms responsible for carbon and nitrogen min-
eralization.

Synthesis of protic ionic liquids

The amine compounds (monoethanolamine, diethanol-
amine, and triethanolamine) were purchased from Aldrich with
99% purity by mass, and the corresponding acids (formic,
acetic, n-propionic, and n-pentanoic acid) were purchased from
Sigma with purity greater than 99.5% by mass. These compo-
nents were used without any pretreatment. During the course of
the experiments, the purity of solvents was monitored as
reported by Iglesias et al. [14]. The amine was placed in a
three-necked flask made entirely of glass equipped with a reflux
condenser, a platinum resistance thermometer for temperature
control, and a dropping funnel. The flask was mounted in a
thermostatic bath. The corresponding acid was added dropwise
to the flask under stirring with a magnetic bar. The progress of
the reaction was reflected by a gradual increase in viscosity;
slight warmth and vigorous agitation into the reactor ensured
this progress. A yellowish mass was obtained when the reaction
process and purification (strong agitation and slight heating for
the vaporization of residual nonreacted acid for at least 48 h)
were completed. To decrease the water content as much as
possible, the PIL was dried for 72 h at 50°C and under a vacuum
of 20kPa with stirring before each use, reaching maximum
water contents of 0.02 (2-HEAF), 0.01 (2-HDEAPr), and 0.005
(2-HTEAPe)% [14,23].

To confirm the structures of the products, '"H NMR and
Fourier transform infrared spectroscopy analysis were per-
formed. The Fourier transform infrared spectrum was taken
by a Jasco FT/IR 680 plus model (Jasco) infrared spectrometer,
using an NaCl disk. The broad band in the 3,500 to 2,400/cm
range exhibits a characteristic ammonium structure for
all neutralization products. The OH stretching vibration is
embedded in this band. The broad band centered at 1,600/cm
is a combined band of the carbonyl stretching and N-H plane
bending vibrations. The "HNMR spectrum was measured using
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Varian Mercury-400 spectrometer (Varian Analytical Instru-
ments), with CDClj; as solvent and tetramethylsilane as internal
standard and gave the following signals for 2-HEAF, d:
8.22 ppm (singlet [s], 1H, H-COO™"); 6.0 to 6.3 ppm (broad
signal, 4H, —-NH; + OH); 3.7 ppm (triplet [t], 2H, —-CH,-0);
3.5ppm (t, 2H, —CH,-N); for 2-HDEAPr, &: 5.4 to 6.1 ppm
(broad signal, 4H, -NH, 4+ OH); 3.8 ppm (t, 4H, —CH,-0);
3.1ppm (t, 4H, —CH,-N); 2.4ppm (multiplet [m], 2H,
—CH,-COO); I1.lppm (t, 2H, —CHj); for 2-HTEAPe, 8&:
477 to 5.0ppm (broad signal, 4H, -NH+ OH); 3.7 ppm
(t, 6H, —-CH,-0); 2.8 ppm (t, 6H, -CH,-N); 2.3 ppm (t, 2H,
—CH,—COO0); 1.6 ppm (t, 2H, -CH,—C); 1.3 ppm (m, 2H, -CH,-C);
0.9 ppm (t, 2H, —CH,).

Soil samples

To perform the tests, a soil sample (air dried and 2 mm-
sieved) was obtained from the superficial layer (A horizon) of
natural pine wood forest soil sampled in Premia de Dalt,
Barcelona (41.52° N, 2.33° E). The soil corresponds to a haplic
arenosol [25] of granitic origin and sandy texture (74% of sand).
Its pH value is 6.3, it has 1.2% of oxidizable carbon, and 3.22%
of the oxidizable carbon corresponds to microbial biomass
carbon. This sample has the characteristics required by the
Organisation for Economic Co-operation and Development
(OECD) method to test for carbon mineralization processes
[26].

Terrestrial plants test

The seedling emergence and seedling growth tests were
performed with the seeds of two monocotyledon plants, onion
(Allium cepa) and grass (Lolium perenne), and one dicotyledon,
radish (Raphanus sativus), in 20-ml plastic pots, with four
replicates of five seeds, in 15g of soil for each application
rate. Aqueous solutions of the three protic ionic liquids were
added to the dry soil at nominal concentrations of 1, 10, 100,
1,000, and 5,000 mg/kg, including the control samples in which
no PILs were added to dry soil. The final water content of all
samples and controls was equivalent to 60% of the soil’s water-
holding capacity; water lost during the assay was restored daily.
The plant germination and growth assay lasted until 14 to 21d
after the emergence of 50% of the seedlings in the control
group, and was performed according to OECD guideline 208
[27]. At the end of this assay, shoot length was measured.

Soil microorganisms: Carbon transformation test

In the carbon transformation test, 50 g soil sample was used,
adjusting the water content to 60% of the soil’s water-holding
capacity, as determined by using International Organization for
Standardization (ISO) method 11274 [28]. All experiments
were done at least in triplicate. The soil was treated with the
following nominal concentrations of PILs: 10, 100, 1,000,
5,000, and 10,000 mg/kg, including the control samples, in
which no PILs were added to the soil. These samples were
incubated in manometric respirometers, which allow the deter-
mination of the samples’ oxygen consumption (Oxitop OC 110,
WTW). The samples were kept in the dark at 25°C, in an
incubator equipped with a thermostat for 28 d. Oxygen con-
sumption was periodically registered. Cumulative respiration
(CR) was determined by the cumulative oxygen consumption at
the end of the incubation period. Once incubation was com-
pleted, substrate-induced respiration (SIR) was determined
according to OECD method 217 for testing carbon transforma-
tion [26]. This test was performed by adding an aqueous
solution equivalent to 4,000 mg glucose per kilogram soil to
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the incubated samples and determining the oxygen consumed
during the 12h following glucose addition. Basal respiration
rate (BR) was estimated as the average hourly respiration rate
over the last 5 d of incubation when respiration was stable. The
respiratory activation quotient (Qg) was calculated by dividing
BR by SIR [29]. The carbon transformation test also was
performed with amines or acids separately to evaluate the
behavior of the anionic and cationic moiety. For amines and
acids, the concentration used corresponded to 1000 mg/kg of the
analyzed PIL; these compounds are not quantitatively dissoci-
ated in aqueous solutions because of the hydrogen-bonded
networks that are formed [30]; thus, in the soil solution,
dissociated and undissociated forms can be found. The ammo-
nium moiety was found to be the part of the molecule most
correlated to toxicity (Peric et al., unpublished data). The
anionic parts (organic acids) usually are found in natural media
and are known biodegradable compounds. The incubated sam-
ples in the carbon transformation test were analyzed to deter-
mine possible decreases in their concentrations in soil as a
consequence of eventual degradation processes that were
expected through the respirometric results. After 0, 7, and
28 d of contact with the soil (1,000 mg/kg of the PILs), 1:5
0.1N KCI extracts were obtained and analyzed by ion chroma-
tography in a Dionex DX300 (Sunnyvale), with a Hamilton
PRP-X200 column (Reno, internal diameter 4.1 mm, length
250 mm) and electrical conductivity detector without ion sup-
pression. The eluent used was 2 mM nitric acid at 1 ml/min.

Soil microorganisms: Nitrogen transformation test

The nitrogen transformation test was performed according to
OECD guideline 216 [31]. The soil was treated with the
following nominal concentrations of PILs: 10, 100, 1,000,
10,000, and 20,000 mg/kg, including the control samples, in
which no PILs were added to the soil. The test was performed
with quadruplicates of each concentration and control. The
concentration of the nitrates after the incubation period of
28d was determined by means of the brucine method ([32];
http://water.epa.gov/scitech/methods/cwa/bioindicators/
upload/2007_07_10_methods_method_352_1.pdf).

The ionic liquids were added to the soil as aqueous solutions
in all tests. These compounds are soluble in water. The esti-
mated solubilities, according to the preliminary test of OECD
guideline 105 [33], were greater than 100 g/L for 2-HEAF,
greater than 50 g/L. for 2-HDEAPr, and greater than 10 g/L for
2-HTEAPe.

B. Peric et al.

Statistical analysis

To determine the statistical significance of the differences
between treated soil samples and controls, an analysis of
variance test was done followed by a post hoc Duncan test
(p <0.05). Based on the results obtained by the analysis of
variance test, a lowest-observable-adverse-effect concentration
(LOAEC) of the ionic liquids was established under the exper-
imental test conditions. A dose-response relationship was
assessed, and the effective concentrations 10, 20, and 50
(EC10, EC20, and ECS50, respectively) with their 95% con-
fidence intervals were calculated for each compound from
suitable regression models (linear, Gompertz, hormetic, or
logistic) using Statistica 6.0 (StatSoft). The choice of the model
was based on the best fit to the data [34,35]. Some studies have
concluded that no-observed-effect concentration values have
high variability and that estimated ECx values are more con-
sistent [36]. Other authors indicate that most models agree with
the estimation of ECx between EC10 and EC90 [37]. The
parameter EC50 was selected because it is used in the Spanish
regulations and most of the literature. A 20% level of negative
effect is a significant alteration, considering that this work was
completed in controlled laboratory experimental conditions
[38]. For EC10, the lowest bound of its confidence interval
was found to be close to a no-observed-effect concentration
[39]; therefore, it can be considered a safe concentration.

RESULTS AND DISCUSSION
Terrestrial plants seedling emergence and growth test

The results of the terrestrial plant test are shown in Table 1
and are presented as the values of stem length percentage with
respect to the control for plants tested in the presence of various
concentrations of PILs. After the analysis of variance and
subsequent Duncan test of all data obtained after the plant
germination and growth test, the LOAEC values were higher
than 1,000mg/kg in all cases, except in one instance of
R. sativus in which the inhibitory effect of 2-HTEAPe was
observed at 1,000 mg/kg. After applying an analysis of variance
test on the values of stem length in the presence of 2-HEAF,
significant differences were seen at 5,000 mg/kg for R. sativus
(p <0.05). For L. perenne and A. cepa, the LOAEC value was
higher than 5,000 mg/kg. The LOAEC value for 2-HDEAPr was
5,000 mg/kg for all three plant species. The LOAEC values for
2-HTEAPe were 5,000 mg/kg for A. cepa and L. perenne, and
1,000 mg/kg for R. sativus.

Table 1. Effects of the three protic ionic liquids on stem length expressed as percentage of stem length compared to the control®

Tonic liquid concentration

Plant Control 1 10 100 1000 5000
Allium cepa 100.00AB 112.14B 99.53AB 91.04AB 98.04AB 80.87A
2-HEAF Lolium perenne 100.00A 122.83A 114.74A 108.45A 112.84A 96.29A
Raphanus sativus 100.00B 94.79B 115.81B 97.10B 94.49B 27.90A
A. cepa 100.00B 75.37AB 73.99AB 76.74AB 81.14B 13.28A
2-HDEAPr L. perenne 100.00B 86.82B 91.37B 118.22B 102.14B 0.00A
R. sativus 100.00BC 106.63C 102.83C 72.90BC 84.31B 11.59A
A. cepa 100.00B 102.63B 108.56B 92.71B 99.40B 0.00A
2-HTEAPe L. perenne 100.00B 87.45B 88.66B 93.29B 95.59B 0.00A
R. sativus 100.00C 98.86C 106.45C 97.88C 44.74B 2.27A

2-HEAF = 2-hydroxyethanolamine formate; 2-HDEAPr = 2-hydroxydiethanolamine propionate; 2-HTEAPe = 2-hydroxytriethanolamine pentanoate.
#The nominal concentrations of the ionic liquids are 1, 10, 100, 1,000, and 5,000 mg/kg dry soil. The capital letters A, B, and C indicate the homogeneous groups

within rows, determined by post hoc Duncan test, p < 0.05.
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Table 2. Results of dose-response curves in mg/kg dry soil for the seedling emergence and growth and nitrogen transformation tests, p < 0.05*

EC10 CI 95% EC20 CI 95% EC50 CI 95%
Allium cepa 1,814 740-4,443 2,627 1,564-4,412 6,887 3,805-12,459
2-HEAF Lolium perenne 3,580 810-6,276 4,374 2,662-7,185 7,166 6,878-14,257
Raphanus sativus 1,184 481-2,915 1,544 678-3,516 3,383 2,464-4,645
N min. 3,347 1148-6,456 5,014 1,982-7,361 10,014 4,865-14,157
A. cepa 1,981 1278-3,660 3,483 2,162-5,890 3,891 2,468-6,025
2-HDEAPr L. perenne 1,156 857-3,480 2,820 1,161-4,964 3,163 1,951-5,158
R. sativus 951 709-1,277 1,232 977-1,553 2,128 1,714-2,640
N min. 1,787 1,233-3,459 3,454 1,433-4,045 8,454 3,973-9,704
A. cepa 579 150-2,192 818 240-2,785 1,428 422-3,655
2-HTEAPe L. perenne 1,381 1,082-2,210 1,698 1,235-1,989 2,326 1,930-2,568
R. sativus 155 59-350 285 140-582 826 605-1,128
N min. 1,240 1,050-2,975 2,480 1,285-4,098 6,201 3,763-8,184

2-HEAF = 2-hydroxyethanolamine formate; 2-HDEAPr = 2-hydroxydiethanolamine propionate; 2-HTEAPe = 2-hydroxytriethanolamine pentanoate; N min. =

nitrogen mineralization test.

#Refer to Table 1 for plant abbreviations. EC = effective concentration; CI = confidence interval.

The values of EC10, EC20, and EC50 (mg/kg) and the
confidence interval of dose-response curves for the three PILs
are shown in Table 2. The observed toxicity profile, in descend-
ing order and based on EC50 values, for testing germination of
seeds was that 2-HTEAPe was the most toxic for the three plants
tested, followed by 2-HDEAPr; 2-HEAF was the least toxic.
According to the results, all plants used in this test gave results
of the same order of magnitude, except Raphanus sativus, which
has been shown to be somewhat more sensitive to the presence
of certain ionic liquids. As far as phytotoxicity is concerned,
according to the Globally Harmonized System of Classification
and Labeling of Chemicals [40], these PILs cannot be classified
as toxic for the terrestrial environment (EC50 > 1,000 mg/kg),
except for 2-HTEAPe, which has the most complex molecule
structure. It is the most toxic of the three PILs analyzed and
could be included in the acute 3 category of this classification.
Comparing the results from this test to those obtained by other
authors for aprotic ionic liquids [41-43], the PILs analyzed
were less toxic than aprotic ionic liquids. Even though the plant
species used in the test were not the same as those used by other
authors, EC50 values for aprotic ionic liquids are generally one
order of magnitude higher than EC50s for the PILs tested in the
present study.

Soil microorganisms: Carbon transformation test

The graphs in Figure 1 show the cumulative respiration (CR)
curves corresponding to control and the nominal concentrations
1, 10, 100, 1,000, 5,000, and 10,000 mg/kg of the three PILs. For
2-HEAF, none of the tested concentrations produced a value of
accumulated oxygen below the control. This indicates that this
ionic liquid has no toxicity to soil microbiota, reflected by the
respiratory activity of the soil. The cases of 2-HDEAPr and
2-HTEAPe are very similar. The curves for the lowest concen-
trations (1, 10, and 100mg/kg) showed no difference when
compared with the control, whereas at higher concentrations
(1,000 and 5,000 mg/kg) an initial inhibitory effect on the soil
microbiota managed to recuperate and began to respirate.
However, at the highest concentration (10,000 mg/kg) the
inhibition of the respiratory activity occurred throughout the
whole assay. With regard to temporary inhibition and posterior
recovery of respiratory activity, the levels of accumulated
oxygen were higher than in the control sample, which could
be attributed to the degradation of labile organic matter coming
from the microorganisms affected by the initial toxicity or to the
biodegradation of the substance itself [44].

The amine and acid parts of the ionic liquid molecule were
assayed separately to establish whether they have any effect on
soil microbiota or are easily biodegraded in soil. This respiro-
metric assay was performed at a concentration equivalent
to 1,000 mg/kg of the corresponding protic ionic liquid. In
Figure 2, cumulative respiration curves are shown for treat-
ments with acids, amines, and also control soil samples.
No inhibition of respiratory activity occurred because of these
compounds. Soil respiration increased significantly (p < 0.05)
in all soil samples treated with organic acids and amines, which
may indicate that both anionic and cationic parts of the ionic
liquid molecule were probably nontoxic for soil microorgan-
isms. Thus, the possibility of biodegradation of these com-
pounds by soil microorganisms cannot be discarded. According
to the ion chromatography quantification results, after 7d of
incubation in soil, 2-HEAF could not be detected in the soil
extracts (the cationic moiety), whereas for 2-HDEAPr and
2-HTEAPe the corresponding cationic moiety remained at
available concentrations of 70% (standard deviation of 14)
and 68% (standard deviation of 20), respectively. At 28d of
incubation, none of the compounds was detectable in the
extracts.

Table 3 shows the results for the CR, expressed as the
percentage relative to the control soil, BR, SIR, and Qg for
the three PILs, acids, and amines. The CR shows the overall soil
state (microbiota, nutrient availability), and the results showed
that at the lower concentrations of ionic liquids (1, 10, and
100 mg/kg) no significant difference is seen from the control
samples (p <0.05). A significant increase of CR can be
observed at 1,000 and 5,000mg/kg (p <0.05). Inhibition
of respiration occurred only at the highest concentration of
2-HTEAPe and 2-HDEAPr (10,000mg/kg). For acids and
amines, a significant increase of CR occurred at the concen-
tration equivalent to 1,000mg/kg of the corresponding PIL
(p <0.05). This might indicate again that the cationic and
anionic moieties of the tested ionic liquids are degradable in
soil. Basal respiration rate indicates actual biological activity
remaining after soil respiration is stabilized after the labile
carbon source has been exhausted and the microbiota have
adapted to the conditions of the incubation. This depends on the
microbiota and nutritional state of the soil. According to the
results obtained in the present study, only the highest concen-
tration of 2-HTEAPe (10,000 mg/kg) yielded a substantial
decrease in BR values (p < 0.05). At concentrations of 5,000
and 10,000 mg/kg for 2-HEAF, a significant increase of the
BR was noted, as with concentrations of 5,000 mg/kg for
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Fig. 1. Cumulative respiration (CR) data expressed as the cumulative oxygen consumed during the 28 d of the respirometric assay for the control and different
nominal concentrations (in mg/kg) of the protic ionic liquids treatment groups: 2-hydroxyethanolamine formate (2-HEAF, top panel), 2-hydroxydiethanolamine
propionate (2-HDEAPr, middle panel), 2-hydroxytriethanolamine pentanoate (2-HTEAPe, bottom panel). The values correspond to the averages of at least three
replicates. The standard deviation is between 20 and 186 mg/kg for 2-HEAF, between 29 and 101 mg/kg for 2-HDEAPr, and between 10 and 100 mg/kg for

2-HTEAPe.

2-HDEAPr and 5,000 mg/kg for 2-HTEAPe (p <0.05). For
acids and amines, the level of activity was somewhat higher
than in the control sample. The SIR is proportional to the active
microbial biomass and is often used as an indicator of this
parameter. Only the highest concentration of 2-HDEAPr or
2-HTEAPe (10,000 mg/kg) showed a substantial decrease in
SIR values (p < 0.05). The higher concentrations of 2-HEAF
(5,000 and 10,000 mg/kg) produced an increase in SIR values,
as did concentrations of 1,000 and 5,000 mg/kg for 2-HDEAPr
and 2-HTEAPe.

According to ISO standards for determining abundance and
activity of soil microflora using respiration curves, values of Qg
higher than 0.30 indicate the toxic effect of the contaminants
[29]. This effect could be noted only for the highest concen-
trations of 2-HDEAPr and 2-HTEAPe.

The LOAEC values for the three PILs tested were high
(10,000 mg/kg for 2-HDEAPr and 2-HTEAPe and above
10,000 mg/kg for 2-HEAF), indicating no toxic effect of these
PILs on carbon mineralization processes according to the
Globally Harmonized System of classification and labeling
of chemicals [40].

Soil microorganisms: Nitrogen transformation test

Table 4 shows concentrations of nitrate obtained as percen-
tages of control content at different nominal concentrations of
PILs (10, 100, 1,000, 10,000, and 20,000 mg/kg) at the end of
the test (after 28 d). The values of EC10, EC20, and EC50
(inmg/kg) for dose-response curves are provided in Table 2.
With 2-HEAF, concentrations lower than 1,000 mg/kg had a
slight increase of nitrate presence compared with the control
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Fig. 2. Cumulative respiration (CR) data expressed as the cumulative oxygen consumed during the 28 d of the respirometric assay for the control and nominal
concentrations of formic, propionic, and pentanoic acids and amines monoethanolamine (MEA), diethanolamine (DEA), and triethanolamine (TEA), equivalent to
1,000 mg/kg of the ionic liquid. The standard deviation is between 21 and 99 mg/kg.

sample (p <0.05), whereas at the highest concentrations
(10,000 and 20,000 mg/kg), a clear inhibition of nitrification
could be observed. For 2-HDEAPr, a decrease of the nitrate
concentration (85% of the control) occurred at the concentration
of 1,000 mg/kg. Starting from the concentration of 10,000 mg/
kg, a significant decrease of the nitrate presence (p < 0.05)
occurred, reaching only 5% in the highest concentration
(20,000 mg/kg). The third analyzed compound, 2-HTEAPe,
showed a tendency similar to the other two PILs: a slight
increase of nitrate at lower concentrations (10 and 100 mg/
kg) and a strong inhibition at concentrations of 10,000 and

The LOAEC values were high (10,000 mg/kg for the three
ionic liquids tested), indicating no apparent toxicity of these
PILs to the nitrifying microbiota according to the test used.
Inhibition of the nitrification process can be observed only at
the highest concentrations. A significant increase (p < 0.05) of
nitrogen occurred, possibly because of at least two different
factors, the hormetic effect and the possible degradation and
mineralization of the ionic liquid molecule. The ECx values
were all above 1,000 mg/kg and increased inversely to molecule
size.

Based on all results obtained in different tests, with 2-HEAF,

20,000 mg/kg. soil microorganisms showed greater sensitivity in the nitrogen

Table 3. Average rate of cumulative respiration (CR) during the incubation period expressed as the % relative to the control soil; BR (mg O,/h/kg dry soil),
SIR (mg O/h/kg dry soil), and Qg*

Tonic liquid concentration

Control 1 10 100 1,000 5,000 10,000
%CR 100.00A 93.21A 89.40A 95.38A 120.07B 280.87C 354.62C
2-HEAF BR 1.35A 1.05A 1.24A 1.40A 1.14A 2.78B 6.92C
SIR 11.43A 10.00A 9.11A 11.79A 10.71A 15.00B 28.57C
Or 0.12 0.11 0.14 0.12 0.11 0.19 0.24
%CR 100.00B 90.22B 89.40B 96.74B 110.60B 179.35C 46.47A
2-HDEAPr BR 1.40A 1.32A 1.09A 1.20A 1.63A 3.77B 1.22A
SIR 12.57B 10.84B 11.27B 12.70B 20.29C 25.86C 2.48A
Or 0.11 0.12 0.1 0.09 0.08 0.15 0.49
%CR 100.00B 103.61B 99.74B 103.87B 161.27C 242.06D 18.88A
2-HTEAPe BR 1.71B 1.55B 1.59B 1.48B 1.42B 3.18C 0.36A
SIR 5.89B 5.71B 6.07B 6.07B 13.57C 19.28D 0.63A
Or 0.29 0.27 0.26 0.24 0.11 0.17 0.58
Control Formic acid Propionic acid Pentanoic acid MEA DEA TEA
%CR 100.00A 124.68AB 139.75BC 153.45C 137.15BC 139.94BC 150.84C
BR 1.20A 1.06A 1.42AB 1.94B 1.24AB 1.75AB 1.57AB
SIR 8.57A 8.72A 14.75B 15.74B 9.29A 14.29B 13.49B
Or 0.14 0.12 0.1 0.12 0.13 0.12 0.12

2-HEAF = 2-hydroxyethanolamine formate; 2-HDEAPr=2-hydroxydiethanolamine propionate; 2-HTEAPe = 2-hydroxytriethanolamine pentanoate;
MEA = monoethanolamine; DEA = diethanolamine; TEA = triethanolamine; %CR = percentage of cumulative respiration; BR =basal respiration rate;
SIR = substrate-induced respiration; Qr = respiratory activation quotient.

#The nominal concentrations of the ionic liquids are between 1 and 10,000 mg/kg dry soil. The capital letters indicate different homogeneous groups determined

by Duncan test (p < 0.05) within rows.
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Table 4. The percentage of nitrates formed compared with the control for
the three ionic liquids analyzed®

Ionic liquid concentration

Control 10 100 1,000 10,000 20,000

2-HEAF 100.00B 104.33B 120.64B 111.73B 30.45A 8.87A
2-HDEAPr 100.00B 114.55B 111.10B 84.65A,B 34.74A 4.96A
2-HTEAPe 100.00B 101.83B 99.50B 114.59B 0.77A 0.00A

2-HEAF = 2-hydroxyethanolamine  formate; 2-HDEAPr = 2-hydroxy-

diethanolamine propionate; 2-HTEAPe = 2-hydroxytriethanolamine pen-

tanoate.

#Values followed by the same capital letter are not significantly different
(Duncan test, p < 0.05).

transformation test than in the carbon transformation test. The
group of microorganisms involved in the process of nitrification
is small and is only a part of the soil aerobic population that is
evaluated in the respirometric assay. The effect on the nitrifying
bacteria is of greater relevance because it is a process that only a
few groups of microorganisms can perform, whereas the min-
eralization of organic carbon is a less selective process. In the
nitrogen transformation test, 2-HTEAPe proved to be the most
toxic of the three ionic liquids analyzed, although at very high
concentrations.

Considering the EC50 obtained for different ionic liquids
and including all plants, the toxicity increased with the com-
plexity of the PIL molecule. These results agree with those
obtained by other authors [45], indicating that aprotic ionic
liquids with long alkyl chains have higher toxicity than ionic
liquids with short chains. Other authors have concluded that the
cationic part of the ionic liquid molecule is responsible for the
toxicity of the molecule [46]. These effects have not been
observed in the three tests described here, because the three
compounds that were analyzed have linear hydroxylamines in
the cationic part of the molecule, whereas ionic liquids analyzed
by other authors contained heterocycles. Few references exist
on ecotoxicity of protic ionic liquids, because this group is still
in development [47]. The findings in this work are consistent
with the fact that the three analyzed protic ionic liquids have a
short and lineal molecular structure with few functional groups,
whereas for most classical ionic liquids the structure is more
complex, with heterocycles and long alkyl side chains, which
can produce higher toxicity.

CONCLUSIONS

The PILs analyzed in the present study showed no toxicity,
with EC50s above 1,000 mg/kg in all assays except for the
R. sativus plant test with 2-HTEAPe (EC50= 826 mg/kg).
Within the group of terrestrial organisms, higher plants (that
is, the three plant species tested) were more sensitive to the
presence of PILs than soil microbiota, with R. sativus being the
most sensitive to the presence of PILs. In general, compounds
with more complex molecular structures had a greater tendency
to cause inhibition in the organisms tested than compounds with
smaller molecules and simpler structures. The three analyzed
PILs seemed to be nontoxic in terms of chronic toxicity for
plants and C and N cycles. Also, they could be biodegradable in
the soil matrix as deduced from the respirometric test and the
subsequent quantification of pollutants in the soil matrix. These
compounds could be safer alternatives to other, more toxic
substances. This, together with their low production cost,
simple synthesis, and functional profile in various industrial

B. Peric et al.

applications, suggests great potential for the future. Further
analyses will be conducted on other test organisms and trophic
levels to confirm this hypothesis.
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