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Abstract: Although ionic liquids (ILs) do not contaminate the atmosphere (because of their low
vapour pressure), they may have toxic effects in aquatic and terrestrial environments. Therefore,
before ILs can be widely used for different applications, their toxicity must be tested in different
environments. The IL ethylammonium nitrate (EAN) is of interest in electrochemical applications,
and research is currently underway to investigate the electrochemical activity of mixtures of this
compound with inorganic salts. In this study, we investigated the impacts of different amounts of
pure EAN and of mixtures of EAN and lithium salt on basal soil respiration in two soils differing in
organic matter content.
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1. Introduction

Ionic liquids (ILs) have exceptional thermophysical properties that make them very attractive as
solvents for different applications, e.g. as electrolytes in high-voltage batteries, advanced
supercapacitors and next-generation fuel cells (because of the wide electrochemical window and high
levels of ionic conductivity and chemical and thermal stability). In addition, the negligible vapour
pressure of ILs prevents them from contaminating the atmosphere and constitutes a further
advantage for their use as an alternative to conventional volatile organic solvents [1]. Nevertheless,
this does not imply that ILs are not toxic to aquatic or terrestrial environments, and this possibility
must be investigated in depth [2] [3] [4]. Some ILs are soluble in water, and could therefore easily
reach aquatic or terrestrial ecosystems in the case of an accidental spill or leakage from storage sites.
One water-soluble IL, ethylammonium nitrate, has recently been assessed for use in diverse
applications (as an electrolyte, additive, detergent and precipitating agent [5] [6] [7]). Particular
interest has been shown in relation to the electrochemical activity of mixtures of this IL and different
inorganic salts (such as Li, Mg, Ca and Al salts) and the use of the mixtures as electrolytes in high-
voltage batteries [7].

As soil is a non-renewable resource, at least within the human lifespan [8], preservation of soil
quality is fundamental for environmental conservation [9]. Among the various different soil
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properties, those determining edaphic metabolism and especially the soil biochemical properties (e.g.
basal soil respiration, nitrogen mineralisation, soil microbial biomass and enzyme activities) are
highly sensitive to disturbance by external agents [10] [11] [12]. Moreover, soils with different
characteristics, especially in relation to organic matter content and pH, may react differently to the
presence of exogenous compounds [13]. Therefore, the toxicity of ILs in soils with different
characteristics must be established, as this can affect the impact that different ILs may have on soil
functioning.

This study aimed to assess the toxicity of the IL ethylammonium nitrate (EAN) and of mixtures
of EAN and lithium nitrate salt (EAN-Li) by evaluating the impact of different amounts of these
materials on basal soil respiration and respiration kinetics, in two soils of similar texture and pH, but
differing in organic matter content.

2. Materials and Methods
3.1. Chemicals

The IL ethylammonium nitrate (EAN) (97% pure, analytical grade) was purchased from
IOLITEC (Heilbronn, Germany). The lithium nitrate (LiNO3) salt was obtained from Sigma-Aldrich.

The main chemical and structural characteristics of these compounds are summarized in Table 1.
The IL was further purified in a high vacuum device until the water content fell below 100 ppm.

Table 1. Main characteristics of the ionic liquid ethylammonium nitrate and of lithium nitrate

Abbreviation Purity (%)
1
Name [CAS Number] Structure Mw (g/mol) (Provenance)
o
. . EAN N | >97.00
Ethylammonium nitrate [22113-86-6] ~_N N 108.097 (Tolitec)
Li*
. . LiNO:s 0 99.99
/ .
Lithium nitrate [7790-69-4] o=+ 68.946 (Sigma-Aldrich)

A saturated solution of EAN and LiNOs (EAN-Li) was obtained by mixing both components at
room temperature for 24 to 48 h, in an ultrasound bath when needed, by increasing molality in 0.5
mol kg intervals until saturation point was reached [7].

3.2. Soils and soil collection procedure

Table 2. Main characteristics of the soils used in the study. Mean values + standard deviations.

Soil pHKCI Ct Nt C/N  Sand Silt Clay Texture  Field water
-------- Y% -------- % capacity (%)

Negreira 3.29+0.01 12.43+0.06 0.65+0.00 19 71 16 13 Sandy loam 85.0

APedra 3.62+0.06 2.17+0.05 0.21+0.00 11 65 23 11 Sandy loam 34.2

A forest soil developed under oakwood vegetation (Negreira soil) and an agricultural soil under
maize cultivation (A Pedra soil) were selected for the study. The forest soil was an Umbrisol, while
the agricultural soil was a Regosol [14]. Both were developed over granite rock. Between 10 and 15
subsamples of the A horizon (0-10 cm) of each soil were obtained, after removing the litter layer
(forest soil) and the plant remains (agricultural soil). The subsamples were pooled in the field to
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produce a composite sample for each site. The soil samples were transported in isothermal bags to
the laboratory where they were sieved (< 4 mm). A sub-sample of each soil was air-dried for
determination of general soil properties, and the remainder was stored at 4 € until the beginning of
the experiment.

The soils were acid, with a sandy-loam texture and with very different organic matter contents.
Thus, the agricultural soil was characterised by a total C content of 2.17% and a total N content of 0.21%,
while the forest soil was characterised by a total C content of 12.43% and a total N content of 0.65%
(Table 2). (See below for methods used to determine the soil properties).

3.1. Experimental set-up

Different solutions of EAN and EAN-Li were prepared by diluting each in distilled water, to
yield final concentrations of 0, 1, 10, 25, 50, 75 and 100%. The moisture content of sieved soils was
pre-adjusted to the required level of soil moisture, so that after addition of the IL solution, the
moisture content was 80% of the soil field water capacity (Table 2). The soils were then spiked with
0.1 ml of the EAN or EAN-Li solution per gram of soil (equivalent to doses of 0, 1.75, 17.47, 43.68,
69.90, 104.84 and 123.48 g of EAN or EAN-Li kg air-dried soil) and maintained at 20 € for three
days to maximize contact between the soil and the IL. This contact time was selected on the basis of
the results of prior experiments that indicated that the major modifications in soil properties occur
within 72 hours of contamination [4] [15] [16]. Three days after the IL was added to the soil, all of the
EAN and EAN-Li spiked soil samples were incubated at 25 € and 80% field water retention capacity
and basal soil respiration and respiration kinetics were measured.

3.1. Analytical methods

Basal soil respiration was determined in triplicate by static incubation [17]. Briefly, equivalent
amounts to 25 g of moist soil samples were incubated in tightly closed Mason jars at 80% field
moisture content and at 25 € (optimal conditions) for 10 days. The CO:z produced was collected in
10 ml of a 1 M NaOH solution, which was then titrated against HCl with an automatic titrator. Two
Mason jars with NaOH solution but no soil were also incubated under the same conditions to take
into account the CO: in the jars. To estimate the kinetics of soil respiration, the NaOH solution was
collected and titrated after 1,2, 4, 7 and 10 days. On each occasion, the jars were left open for 30 min
to allow replacement of the air before fresh NaOH solution was added. However, for the IL-
contaminated soils, the 10-day incubation period proved too short and had to be increased until the
CO:2 emitted by soil respiration in IL-spiked soils stabilised or had reached the same level as in the
control, un-spiked soil. The incubation time varied depending on the soil, the solution applied (EAN
or EAN-Li) and the amount of IL applied to the soil. The NaOH was replaced after 1, 2, 4, 7, 10 and
14 days and every week thereafter. The volume and molarity of the NaOH was modified each time,
depending on the evolution of the CO2 emitted by the soils, to ensure that there was sufficient NaOH
to retain the CO: emitted by the control and the IL-spiked soils.

The main physical and chemical properties of the soils were determined in air-dried sub-
samples. Total C and N contents of finely ground samples were determined in a C, N, H Elemental
Analyser (LECO Instruments S.L.); soil pH was determined in a suspension in 1 M KCI (1:2.5
soil:solution ratio) as described by Guitian-Ojea and Carballas-Fernandez [17]. Particle size
distribution was determined using a Robinson pipette with Calgon as dispersant [17], and the textural
class was assigned according to the USDA soil texture classification [18]. Field water capacity was
determined as the water retained by the soil at a potential of -30,3 kPa, which was measured in
undisturbed soil samples with a Richards plate-and-membrane apparatus [17]. The soil moisture
content was determined after oven-drying the soil at 105 € for 24 h.

3. Results and Discussion
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As previously indicated, the duration of the incubation period was different for the two soils
and the ILs, except in the A Pedra soil spiked with EAN-Li (for which the incubation time was 21
days in all spiked and un-spiked samples); it also differed between IL doses (although in the case of
the A Pedra soil spiked with EAN only, the soil spiked with 104.84 g EAN kg-1 soil had to be
incubated longer than the other samples, both spiked and un-spiked) (Figures 1 and 2).

As expected, basal soil respiration was highest in the soil with the highest organic matter content
(Negreira soil). In both soils, the lowest dose of EAN and EAN-Li did not affect soil respiration, and
the total amounts of CO:-C emitted by the soils spiked with 1.75 g EAN or EAN-Li kg soil were
almost the same as those emitted by the corresponding control (un-spiked) soil (Figures 1 and 2).
However, all the other doses of IL strongly affected soil respiration, and the effect differed depending
on the soil and the IL considered.

In the Negreira soil, the application of both EAN and EAN-Li caused a very large increase in the
total amount of CO2-C emitted during the incubation period, and the increase in the amount of CO:
emitted increased with the amount of IL added to the soil. Similarly, in the A Pedra soil spiked with
EAN, the total amount of CO2 emitted during the incubation increased relative to that of the un-
spiked soil, and in this case the amount of CO: emitted also increased with the amount of EAN added
to the soil. The very high total amount of CO: emitted by the A Pedra soil spiked with 104.84 g EAN
kg1 soil was remarkable; unlike in all the other IL-spiked and non-spiked soils, the level did not reach
a plateau, but continued to increase even after 197 days of incubation (Figure 2). The behaviour of
the A Pedra soil spiked with EAN-Li differed from that of the other IL-spiked soils (Negreira+EAN,
Negreira+tEAN-Li and A Pedra+ EAN). Thus, the total CO: emitted only increased in the soil spiked
with 17.47 and 43.68 g EAN-Li kg soil (Figure 1), while in the soil spiked with higher amounts of
EAN-Li the total amount of CO: emitted during the incubation decreased relative to that emitted
bythe control soil, and the decrease increased gradually with the amount of IL applied to the soil (98,
70 and 45 mg CO»2-C emitted by the soil spiked with 69.90, 104.84 and 122.32 g EAN-Li kg soil,
respectively).
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Figure 1. Cumulative CO2-C emitted by un-spiked Negreira (left) and A Pedra (right) soils and the same soils
spiked with different amounts of ethylammonium nitrate (EAN) alone (above) or mixed with lithium nitrate salt
(EAN-Li) (below). Note that the limits in Y and X axes in A Pedra soil spiked with EAN-Li are lower than in the
other cases.

In addition to changes in the amount of CO, the kinetics of the CO2 emission were also modified
by the application of EAN and EAN-Li to the soils. In all cases, and as usually observed when soil is
incubated at optimal conditions of temperature and moisture, a peak in CO2 emission occurred.
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However, while this peak occurred shortly after the beginning of the incubation (1 to 7 days) in un-
spiked soils and in the soils spiked with the lowest amount of EAN and EAN-Li (1.75 g kg soil), the
timing of the peak was gradually delayed as the dose of IL increased in both types of soil. Thus, in
the Negreira soil this occurred both in EAN and in EAN-Li-spiked soils and for all the doses of IL,
while in the A Pedra soil it only occurred in the EAN-spiked soil, as in the A Pedra soil spiked with
EAN-Li, and as already indicated, only the 17.47 and 43.68 doses of EAN-Li caused an increase in the
amount of CO2 emitted. Moreover, in the A Pedra soil spiked with 17.47 g EAN-Li kg the peak was
almost unappreciable. The kinetics of COzemission in the A Pedra soil spiked with EAN were also
remarkable. The peak was very clear only for EAN-Li doses up to 69.90 g EAN-Li kg-1 soil while for
the two highest doses of this IL the increased emission of CO2 was maintained for a long period of
time, from 21 to 91 days of incubation in the soil spiked with 104.84 g kg of EAN and from day 21
until the end of the incubation (197 days) in the soil spiked with the highest amount of EAN.
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Figure 2. Kinetics of basal respiration in the un-spiked Negreira (left) and A Pedra (right) soils and
in the same soils spiked with different amounts of ethylammonium nitrate (EAN) alone (above) or
mixed with lithium nitrate salt (EAN-Li) (below). Note that the limits of Y and X axes in A Pedra soil
spiked with EAN-Li are lower than in the other cases.

The delay in the peak of CO2 emission observed in this study in Negreira and A Pedra soils
spiked with EAN and EAN-Li is consistent with the delay observed in heat emission detected by
microcalorimetry in the same soils spiked with EAN and EAN-AI [19], with a lag in the increase in
microbial activity after glucose addition to these IL-spiked soils. A similar lag period has also been
observed in soils spiked with other ILs, such as 1,3 dimethylimidazolium dimethylphosphate [20].
The lag probably reflects the time that the soil microbial communities need to adapt to the new
conditions due to the larger amounts of new substrates added with the EAN and the EAN-Li, and
therefore the time that these microorganisms need before they start to take advantage of the new
substrates available. One possible explanation for this lag is that a shift occurred in the microbial
populations as a consequence of addition of large amounts of C and N with EAN and EAN-Li (Table
3), which caused a large increase in the total C and N contents of both soils; however, given the much
higher amount of N than of C added to the soils, there was a large decrease in the C/N ratio in the
EAN and EAN-Li spiked soils (Table 3) reflecting an imbalance in the amounts of these elements in
the soils. It is possible that the unequal C and N contents of the soils spiked with EAN and with EAN-
Li caused a shift in soil microbial populations to a fungi-dominated community. Unfortunately, the
high amounts of C and N present in in the EAN and EAN-Li-spiked soils prevented determination
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of microbial biomass, which relies on measurement of the C and N released after killing the
microorganisms present in the soil [21], and therefore we were unable to test this hypothesis.
However, shortly after the start of the incubation period (10-26 days), spots of fungi were visible on
the surface of the A Pedra soil spiked with EAN (at concentrations of 69.90 g kg and above). The
surface area covered by fungi increased gradually over time and the fungi also gradually appeared
in the soils spiked with lower amounts of EAN (43.68 g kg). The short incubation time for the A
Pedra soil spiked with EAN-Li prevented the appearance of fungi, but fungi were also visible on the
surface of the Negreira soil spiked with the highest amounts of both EAN and EAN-Li. The fungi
were first observed in the A Pedra soil, and were apparently more abundant than in the Negreira
soil, which may reflect the relatively stronger impact of the addition of new substrates to the soil with
the lower organic matter content. Fungi were only observed on the surface of the soils spiked with
the highest amounts of EAN or EAN-Li, probably because fungal growth was not sufficient to be
appreciable by the naked eye in the soils spiked with the lowest amounts of the compounds. Future
studies will focus on testing this hypothesis by analysing the composition and structure of microbial
populations in IL-spiked soils and using molecular methods to quantify the fungal and bacterial
populations.

Table 3. Amounts of C and N added with the EAN and EAN-Li to the soils and the resulting total C and N
contents of the spiked soils, as estimated by the sum of the initial C and N contents of the soils plus the amount
added with the ILs and pH of un-spiked and spiked soils at the end of the incubation period.

Soil IL applied Cadded N added est. tC estimated tN est. C/N pH
————————————— g kg1 soil--------—-—--—-- % Kdl

Negreira 0 0 0 12.43 0.65 19 3.14
1.75 0.387 0.453 12.47 0.70 18 3.15

17.47 3.880 4.528 12.82 1.08 12 3.15

43.68 9.699 11.321 13.40 1.78 8 3.16

69.90 15.519 18.114 13.98 2.46 6 3.15

104.84 23.278 27.170 14.76 3.37 4 3.13

122.32 27.157 31.699 15.15 3.87 4 3.11

A Pedra 0 0 0 2.17 0.21 10 3.74
1.75 0.387 0.453 221 0.26 9 3.73

17.47 3.880 4.528 2.56 0.64 4 3.60

43.68 9.699 11.321 3.14 1.34 2 3.62

69.90 15.519 18.114 3.72 2.02 2 3.68

104.84 23.278 27.170 4.50 2.93 2 3.56

122.32 27.157 31.699 4.89 3.38 1 3.62

122.32 27.157 31.699 4.89 3.38 1 3.62

The lower organic matter content of the A Pedra soil lead to a greater imbalance in the of C and
N contents than in the Negreira soil (Table 3). This may explain why different amounts of the C added
were consumed by both soils during microbial respiration (Table 4). Thus, in the Negreira soil the
percentage of CO2 emitted during the incubation (after subtracting the CO:2 emitted by the control
soil) relative to the amount of C added with EAN and EAN-Li increased gradually with the amount
of IL and was similar in EAN and in EAN-Li spiked soils. Thus, the percentage of C added that was
mineralised (emitted as CO2) ranged from 21 and 23% in the soil spiked with 17.47 g kg of EAN and
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EAN-L], respectively, to 73 and 76% in the soil spiked with the highest amount of EAN and EAN-Li,
respectively. However, in the A Pedra soil these amounts were much lower (Table 4), especially in

Table 4. Percentage of C added that was emitted by the soils as CO2-C during the incubation, rate of CO2-C
emission and rate of CO2-C emission per unit of C for the un-spiked soils and the soils spiked with different
amounts of EAN or EAN-Li.

Soil IL applied Days CO2-C emitted/C added Rate CO:-C emission Rate CO2-C/Ct
% mg CO2-Ckgt1d! CO:-Cg'Cd!
Negreira 0 49 - 40.3 0.324
EAN 1.75 49 8 41.0 0.322
17.47 49 21 56.7 0.442
43.68 49 42 123.3 0.920
69.90 49 47 189.9 1.358
104.84 126 65 134.0 0.908
122.32 126 73 173.6 1.146
Negreira 0 43 - 39.2 0.315
EAN-Li 1.75 43 0 37.3 0.299
17.47 43 23 60.3 0.470
43.68 43 40 122.6 0.915
69.90 43 55 233.2 1.668
104.84 120 63 138.6 0.939
122.32 197 76 113.6 0.750
A Pedra 0 140 --- 6.4 0.294
EAN 1.75 140 0 6.2 0.280
17.47 140 39 17.2 0.672
43.68 140 53 43.2 1.376
69.90 140 67 80.8 2172
104.84 140 55 70.2 1.56
122.32 140 2 10.4 0.213
A Pedra 0 21 --- 12.2 0.562
EAN-Li 1.75 21 3 12.8 0.579
17.47 21 37 81.0 3.164
43.68 21 2 21.3 0.678
69.90 21 0 4.6 0.124
104.84 21 0 3.3 0.073
122.32 21 0 2.1 0.041

the soil spiked with EAN-Li, while in the soil spiked with 17.47 g kg of IL a large amount of the C
added was mineralised. However, despite the increasingly higher proportion of C added that was
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mineralised in the Negreira soil with increasing doses of EAN and EAN-Li, the rates of
mineralisation, calculated both by weight of soil and by amount of total C, were remarkably different
(Table 4).

In all cases, the mineralisation rate tended to increase with the amount of IL added, up to 69.90
g kg-1, and thereafter tended to decrease, although it always remained much higher than in the
control soil. The mineralisation rate followed similar behaviour in the A Pedra soil spiked with EAN,
although in this case there was a very large decrease in the mineralisation rate after addition of the
largest amounts of EAN (Table 4). Both in the A Pedra and Negreira soils spiked with either EAN or
EAN-Li, the rate of mineralisation in the soil spiked with the lowest amount of IL was the same as in
the control soil, irrespective of whether the rate per weight of soil or per total C was considered. The
difference between the rate of mineralisation and the proportion of C added to the soil that is
mineralised must be explored further, as currently we do not have an explanation for this finding,
although it may be related to the unequal amounts of C and N and the decrease in C/N ratio with the
amount of IL added.

Finally, it is also remarkable that lithium did not affect soil respiration in the Negreira soil, as
the basal soil respiration in the Negreira soil spiked with EAN-Li was similar to that in the Negreira
soil spiked with the pure EAN. However, in the A Pedra soil spiked with EAN-Li, all of the
parameters investigated (soil respiration, kinetics of CO:z emission, rate of CO2 emission per weight
of soil and per total amount of C) were strongly affected by lithium, which greatly reduced the soil
respiration and modified the related parameters. The difference in the effect of lithium on soil
respiration in the Negreira soil (no effect) and the A Pedra soil (strong effect) suggests that lithium is
fixed by soil organic matter [21], thus mitigating any possible impact on soil respiration in the
Negreira soil. Although clays can also fix lithium [22], the clay content was the same in both soils
(Table 2) and the clay was probably of the same type, as both soils were developed over granite rock.
The lithium-fixing capacity of both soils should therefore be similar, thus indicating that the different
impact of lithium on the soils can probably be explained by the organic matter content.

4. Conclusions

The application of pure ethylammonium nitrate (EAN) or EAN mixed with lithium nitrate salt
(EAN-Li) to soils strongly affected soil respiration, which generally increased and was accompanied
by a delay in the appearance of the peak of CO: emission characteristic of soils incubated under
optimal temperature and moisture conditions. The soil organic matter content strongly affected the
impact of EAN and EAN-Li on soil respiration, mitigating the changes in the C and N contents
brought about by the addition of these new substrates to the soils and thus the negative effect of
lithium. The findings suggest that the differences in the amounts of C and N added to the soil with
the two compounds cause a shift to fungi-dominated microbial communities, although this
hypothesis remains to be tested.
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