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Abstract: Interest in the possible use of EAN in electronic devices has increased in recent years. EAN
can be used directly as an electrolyte, but its application could potentially be optimized by mixing
with a metal salt such as Al(NO3)3. Although ionic liquids (ILs) have been considered to cause
little harm because they are non-volatile, they can have toxic effects on the terrestrial environment.
In this study, the impact on soil basal respiration of EAN alone, a mixture of EAN and Al(NO3)3,
and Al(NO3)3 alone was investigated using two soils with different organic matter contents. The
Al(NO3)3 did not affect soil respiration in either soil, while EAN, either alone or mixed with Al(NO3)3

affected both soils.

Keywords: ethylammonium nitrate (EAN); EAN-aluminium salt mixture; aluminium; electrochem-
istry; electrolyte; soil basal respiration; soil organic matter; soil toxicity

1. Introduction

Among the many applications of ionic liquids (ILs), their possible use as battery
electrolytes is currently one of the most interesting, given the growing demand for the
development of new, more energetically efficient and environmentally friendly batteries.

ILs can be divided in two groups: protic and aprotic ionic liquids. Protic ILs can be
synthesized by the transfer of a proton between a Brønsted acid and a base, and aprotic
ILs are synthesised in two steps, first with the formation of the cation and then by an ion
exchange reaction [1].

Ethylammonium nitrate (EAN) is a protic ionic liquid and was the first IL to be
discovered. Interest in this IL has increased considerably in recent years due to its various
potential applications in the fields of chemistry, electrochemistry, and biology [1]. The
possible use of EAN in electronic devices is of particular interest, owing to its high electrical
conductivity, good electrochemical window (even at room temperature), and high thermal
stability [1]. Although EAN could be used directly as an electrolyte, its application can
be optimized by mixing it with a metal salt [2]. So far, most studies have focused on the
use of lithium, but the scarcity and high toxicity of this metal have led to the search for
alternatives, one of which is aluminium [2,3].
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In addition to the thermophysical properties of ILs that make them suitable for the
use for which they are being investigated, the environmental toxicity of these compounds
must also be investigated. Although ILs have been considered to cause little harm because
they are non-volatile [4], several studies have shown that they can have toxic effects on
aquatic and terrestrial environments, and therefore, this possibility must be investigated
further [4–6]. It should also be noted that the properties of ILs that are of interest in relation
to industrial use, i.e., high chemical and thermal stability and low volatility, may also lead
to persistence of the compounds in ecosystems [7].

Soil is a fundamental resource, but is non-renewable, at least within the human
lifespan [8], and the conservation of soil quality is, therefore, essential [9]. Research must
anticipate any problems and verify the impact of ILs on the soil before they begin to enter
the soil on a massive scale [4–6]. However, of the multitude of studies available on ILs,
only a small percentage deal with the potential toxicity of these compounds, and very
few studies have considered the potential impacts on soil [4–6]. A contaminated soil is
one that has suffered an alteration in its functioning as a consequence of the entry of
external substances [9,10]. However, unlike other resources, such as air and water, for
which quality standards have been established that clearly indicate the timing and intensity
of degradation, there are no such standards for soil, or at least none that are universally
accepted [11,12]. Biological and biochemical soil properties are particularly sensitive, as
they are related to soil metabolism, and react very quickly to any disturbance and are,
therefore, often considered good indicators of soil quality [13,14]. Among the biological and
biochemical properties that are useful as quality indicators, biomass content and activity of
soil microorganisms, measured by means of organic matter mineralisation and soil basal
respiration tests [15,16], are among the most commonly used. On the other hand, it has
been shown that soils with different characteristics, especially regarding organic matter
content, pH, and clay content and type, may react differently to the presence of exogenous
compounds [13], with organic matter being especially important, as it has been shown to
buffer the toxicity of both organic and inorganic pollutants. Therefore, the toxicity of ILs
must be determined in soils with different characteristics, as these may affect the impact of
the ILs can have on soil functioning.

In this study, the impact on soil basal respiration of EAN alone and of EAN combined
with aluminium nitrate salt was investigated in order to assess whether the metal salt
increases the potential toxic effects of EAN in soil. For comparative purposes, the impact
of the aluminium salt on soil basal respiration was also studied. This study is part of a
larger research project conducted by two research groups in the MBG sede Santiago-CSIC
and the University of Santiago in relation to the toxicity to soil microorganisms of several
ILs with various potential applications (electrolytes in batteries, heat pumps, etc.). Two
soils, already used in previous studies, were selected for the study because, although very
similar in most of their general properties, they differ in their organic matter content. One
of the previous studies [17] investigated the effect of EAN mixed with lithium nitrate salt
(EAN-Li) on soil basal respiration. As in this case, the effect of EAN-Li was also compared
with that of EAN alone, and since the same soils were used as in the present study, the
same EAN data were used in both studies.

2. Materials and Methods
2.1. Chemicals

The ethylammonium nitrate (EAN) (97% pure, analytical grade) was purchased from
IOLITEC (Heilbronn, Germany). The aluminium salt (Al(NO3)3) was obtained from Schar-
lau. 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.
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Table 1. Characteristics of ethylammonium nitrate and aluminium nitrate.

Name Abbreviation
[CAS Number] Structure Mw

(g mol−1)
Density

(g mL−1)
Purity (%)

(Brand)

Ethylamonium nitrate EAN
[22113-86-6]
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A saturated solution of Al (EAN-Al) was obtained by mixing both of the above
components at room temperature for 24 to 48 h (in an ultrasound bath, when required) by
increasing molality in 0.5 mol kg−1 intervals until the saturation point was reached [2].

2.2. Soils and Soil Collection Procedure

Two soils were used in the study: a soil under a maize (Zea mays L.) crop, in A Pedra (A
Coruña), and a forest soil under oak (Quercus robur L.) vegetation, in Negreira (A Coruña).
The forest soil was an Umbrisol [18], while the agricultural soil was a Regosol [18]. Both were
developed over granite rock.

The use of fresh soil is recommended for the determination of soil biological properties,
including basal respiration, as drying affects the soil microbiota and its activity. For the
A Pedra soil samples, the incubations were carried out on three different occasions (one
for each compound) separated by long intervals of time. The fresh soil samples were
obtained immediately before each incubation. By contrast, for the Negreira soil samples
the incubations were conducted within a short period of time, and as the same soil was
thus able to be used, the Negreira soil was sampled on a single occasion. Accordingly, the
general properties of the A Pedra soil were measured three times (once for each of the
compounds) while those of the Negreira were measured only once (Table 2). For soil sample
collection, 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 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 ◦C until the beginning of the incubation
experiment. A portion of the air-dried sub-sample was finely ground for determination of
the total C and N contents.

Table 2. The main physico-chemical properties of the soils used in the study. Mean values ± standard
deviations.

Soil pH KCl pH H2O %Ct %Nt C/N pF 2.5 %Silt %Sand Texture

Negreira 3.28 ± 0.01 4.17 ± 0.07 12.13 ± 0.06 0.65 ± 0.02 19 85.0% 16 71 S/L *

A Pedra (EAN) # 3.68 ± 0.02 4.61 ± 0.01 2.04 ± 0.21 0.17 ± 0.01 12 34.3% 23 66 S/L *

A Pedra (EAN-Al) # 3.67 ± 0.02 4.68 ± 0.06 2.17 ± 0.05 0.21 ± 0.02 10 34.3% 23 66 S/L *

A Pedra (Al) # 3.50 ± 0.00 4.59 ± 0.01 2.88 ± 0.02 0.22 ± 0.00 13 34.3% 23 66 S/L *

* S/L: sandy-loam; # the compound in parentheses was added to the soil.

Both soils were acidic (with very similar KCl pH), with a sandy loam texture and very
different organic matter (OM) contents. Thus, the total C content of the forest soil was
12.13 ± 0.06%, while the average content of the cultivated soil was 2.36 ± 0.45%. Total
N content of the forest soil was 0.65% and the average content of the cultivated soil was
0.20 ± 0.03%. The C/N ratios were also very different in the two soils: 19 in the forest soil
and 11.7 ± 1.5 in the arable soil. The field water capacity (water retained at a pF of 2.5) is
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always different in forest and cultivated soils, as it is closely related to OM content, and it
was (as expected) much higher in the Negreira soil (85.0%) than in the A Pedra soil (34.3%)
(Table 2).

2.3. Experimental Set-Up

The EAN-Al solution was produced in the laboratory by diluting the aluminium salt
in a given mass of EAN [2]. Stock solutions (2 M) of EAN and EAN-Al were prepared,
and different dilutions of each were then made by addition of distilled water to final
concentrations of 0, 1, 10, 25, 50, 75 and 100%. The aluminium nitrate (Al(NO3)3) was also
diluted to the same concentrations. The moisture content of sieved soils was pre-adjusted
to the required level of soil moisture, so that after addition of the solutions containing
each of the three compounds, the moisture content was 80% of the soil field water capacity
(Table 2). The soils were then spiked with 0.1 mL of each of the above solutions per gram of
soil (equivalent to doses of 0, 1.75, 17.47, 43.68, 69.90, 104.84, and 122.32 g of compound
kg−1 d.s. soil) and held at 20 ºC for 3 days to maximise the contact between the soil and
each compound. This contact time is based on the results of previous studies [6,17], which
indicate that the main changes in the biological and biochemical properties of soil due
to the presence of a potentially toxic compound occur within 72 h of contact with the
compound. Three days after the compounds were added to the soil, all of the EAN, EAN-
Al, and Al(NO3)3-spiked soil samples were analysed to determine soil basal respiration
and respiration kinetics. The soil samples were also analysed to determine several soil
physico-chemical properties.

2.4. Analytical Methods

Total C and N contents of finely ground samples were determined in a CNH Elemental
Analyser (TruSpec model, LECO); soil pH was determined in suspension, in 1 M KCl (1:2.5
soil:solution ratio) as described by Guitián-Ojea and Carballas-Fernández [19]. Particle
size distribution was determined using a Robinson pipette with Calgon as dispersant,
after removal of OM with H2O2 [19], and the textural class was assigned according to the
USDA soil texture classification [20]. Soil field water capacity was determined as the water
retained by the soil at a potential of −33 kPa (pF 2.5), which was measured in undisturbed
soil samples with a Richards plate and membrane apparatus [19]. The soil moisture content
was determined after oven-drying the soil at 105 ◦C for 24 h.

Soil basal respiration was determined in triplicate by static incubation [19]. Briefly,
moist soil samples equivalent to 25 g of oven-dried soil were incubated in tightly closed
Mason jars at 80% field moisture content and at 25 ◦C (optimal conditions, [21]). The CO2
produced was collected in 10 to 25 mL of a 0.1, 0.5, or 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 control for the amount of CO2
contained in the jars (two jars were incubated for each of the different combinations of
volume and concentration of NaOH used). To estimate the soil respiration kinetics, the
NaOH solution was collected and titrated after 1, 2, 4, 7, 10, and 14 days, and every 7 days
thereafter. On each occasion, the jars were left open for 30 min to allow replacement of
the air before fresh NaOH solution was added. The volume and molarity of the NaOH
was modified each time, depending on the changes in the CO2 emitted by the soils, to
ensure that there was sufficient NaOH to retain the CO2 emitted by the control and the
IL-spiked soils. For the IL-spiked soils, the incubation period had to be increased until
the CO2 emitted by soil respiration in IL-spiked soils stabilised or had reached the same
level as in the unspiked control soil. The incubation time varied depending on the soil, the
solution applied (EAN, EAN-Al, or Al(NO3)3), and the amount of compound applied to
the soil.
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3. Results and Discussion

As all three tested compounds include C (except the aluminium salt) and N atoms in
their structure, different amounts of these elements were added to the soils depending on
the compound being tested (Table 3). EAN contributed the greatest amounts of C and N,
followed by EAN-Al, and finally, Al(NO3)3, which does not contain C, and contributed the
lowest amount of N. As a consequence, the increase in the final content of these elements
in the soil samples was also variable.

Table 3. Total amounts of C and N added to soils with the three compounds (d.s. = air-dried soil).

Dose Carbon (g C kg−1 d.s.) Nitrogen (g N kg−1 d.s.)

g kg−1 EAN EAN-Al Al(NO3)3 EAN EAN-Al Al(NO3)3

1.75 0.39 0.27 0 0.45 0.34 0.20

17.47 3.88 2.72 0 4.53 3.43 1.96

43.68 9.70 6.80 0 11.32 8.56 4.89

69.90 15.52 10.88 0 18.11 13.70 7.83

104.84 23.28 16.32 0 27.17 20.55 11.74

122.32 27.16 19.04 0 31.70 23.98 13.70

The C and N contents of each of the samples added with EAN, EAN-Al, and Al(NO3)3
were not able to be determined. Thus, the theoretical C and N values that would be reached
in each of the soil samples were calculated (data not shown), along with the resulting
C/N ratio for all soil samples with the different amounts of EAN, EAN-Al, and Al(NO3)3
(Table 4). As relatively more N than C was always added, there was an imbalance in the
contents of these elements. This was observed as a sharp decrease in the C/N ratio in the
soils spiked with EAN, EAN-Al, and Al(NO3)3, and the decrease became more marked as
the dose of compound added increased. In addition, the higher organic matter content of
the Negreira soil buffered the reduction of the C/N ratio in this soil, caused by the addition
of the three compounds, in contrast to the A Pedra soil. Therefore, the reduction in the C/N
ratio was greater when higher doses of the compounds were added to the soil and was
much more important in the A Pedra soil than in the forest soil, as the higher proportion
of C in the former than in the latter (C/N 19 and 11.7, respectively) probably buffered the
imbalance produced by the addition of EAN and EAN-Al (in both cases proportionally
more N is added than C) and Al(NO3)3 (which only contributed N to the soil). On the other
hand, although in A Pedra soil there were no differences in the changes in the C/N ratio
caused by the three compounds, in the Negreira soil, EAN seemed to cause the greatest
reduction in the C/N ratio (in the sample spiked with the highest dose of EAN, the C/N
ratio was 4) and Al(NO3)3 the lowest (in the sample with the highest dose of Al(NO3)3 the
C/N ratio was 6). Furthermore, as none of the compounds contain P, spiking the soil with
any of the three compounds caused a strong imbalance in the nutrient content of the soil,
which was particularly severe after addition of high doses of the compounds.

As already observed in a study with EAN-Li conducted in our laboratory [16], basal
respiration was higher in the Negreira than in A Pedra soil, i.e., it was highest in the soil
with the highest organic matter content (Figure 1, Table 5).

In both Negreira and A Pedra soils, the addition of increasing amounts of aluminium
nitrate did not affect soil respiration, which was almost the same for all doses. Likewise,
the kinetics of carbon mineralisation in both soils, and for all of the doses of Al(NO3)3
tested, were similar to those in the unspiked control soil. For this reason, incubation of
this soil was prolonged (relative to the usual incubation time used in such studies in our
laboratory), ending after 17 days (Figure 1, Table 5). The total amounts of CO2-C emitted
by the A Pedra soil varied between 390 and 493 mg CO2-C kg−1 d.s. soil, and none of the
differences between samples were associated with the dose of aluminium nitrate applied to
the soil. The mean value of CO2-C emitted during the 17 days of incubation was 468 mg
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CO2-C kg−1 d.s. soil (Table 5). In the Negreira soil, the total amount of CO2-C emitted was,
as already indicated, higher than in the A Pedra soil, varying between 595 and 708 mg
CO2-C kg−1 d.s. soil (mean value 632 ± 58 mg CO2-C kg−1 d.s. soil). Again, the differences
between samples were not associated with the dose of aluminium nitrate (Table 5).

Table 4. C/N ratios in A Pedra and Negreira soils spiked with different doses of ethylammonium ni-
trate (EAN), ethylammonium nitrate plus aluminium salt (EAN-Al), or aluminium nitrate (Al(NO3)3).

Dose C/N Ratio A Pedra Soil C/N Ratio Negreira Soil

g kg−1 EAN EAN-Al Al(NO3)3 EAN EAN-Al Al(NO3)3

0.0 12 10 10 19 19 19

1.75 9 9 9 17 18 18

17.47 4 4 5 11 13 14

43.68 2 3 3 7 8 11

69.90 2 2 2 6 7 8

104.84 2 2 2 4 5 7

122.32 1 2 1 4 5 6
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Figure 1. Kinetics of basal respiration in the unspiked A Pedra (left) and Negreira (right) soils and in
the same soils spiked with different doses of the saturated mixture of ethylammonium nitrate and
aluminium nitrate (EAN-Al) (upper graphs), ethylammonium nitrate (EAN) (middle), or aluminium
nitrate (Al(NO3)3) (lower graphs). Note that the limits of the Y axis in A Pedra and Negreira soils
spiked with the aluminium salt were lower than in the other cases.
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Table 5. Cumulative CO2-C emitted during the incubation by unspiked A Pedra and Negreira
soils and the same soils spiked with different amounts of ethylammonium nitrate (EAN), EAN
plus aluminium nitrate (EAN-Al) or aluminium nitrate alone (Al(NO3)3). Mean values ± standard
deviations. Note that for some of the samples (*) the duration of the incubation (126 days for EAN-
spiked and 129 days for EAN-Al-spiked samples) was much longer than for the other samples
(42–44 days), while for the Negreira soil spiked with aluminium nitrate alone, the duration of the
incubation was only 17 days.

Dose CO2-C Emitted (A Pedra Soil) CO2-C Emitted (Negreira Soil)

g kg−1 EAN EAN-Al Al(NO3)3 EAN EAN-Al Al(NO3)3

0.0 337 ± 134 343 ± 43 493 ± 14 1790 ± 155 1346 ± 57 602 ± 18
1.75 433 ± 17 429 ± 45 390 ± 12 1856 ± 0 1271 ± 58 542 ± 10

17.47 2024 ± 77 1402 ± 92 519 ± 11 2663 ± 119 2082 ± 139 689 ± 17
43.68 5183 ± 149 2734 ± 277 489 ± 25 5886 ± 318 4021 ± 139 708 ± 16
69.90 11,191 ± 166 375 ± 33 473 ± 25 9096 ± 164 8509 ± 139 * 654 ± 15
104.84 7030 ± 147 216 ± 35 424 ± 27 16,884 ± 866 * 11,424 ± 550 * 637 ± 21
122.32 273 ± 70 186 ± 38 490 ± 20 21,874 ± 688 * 1326 ± 737 * 595 ± 11

As also observed in a previous study with EAN-Li [16], in both the Negreira soil
and the A Pedra soil, the addition of EAN (at doses above 17.47 g kg−1) caused a very
large increase in the total amount of CO2-C emitted during the incubation period, and the
amount emitted increased with the amount of EAN added to the soil (Figure 1, Table 5).
Furthermore, in addition to the changes in the total amount of CO2-C emitted by both soils,
the kinetics of the CO2 emission were also modified by the application of EAN to the soils
(Figure 1). In all cases, there was a peak in CO2-C emission, as usually occurs when soils are
incubated under optimal conditions of temperature and moisture [19]. However, although
this peak occurred shortly after the beginning of the incubation period (first 4 days) in the
unspiked soils and in the soils spiked with the lowest amount of EAN (1.75 g kg−1 soil), in
both the Negreira and the A Pedra soils there was a lag period, and the peak appeared later,
as the dose of EAN increased (Figure 1, Table 5), consistent with previous findings [16]. This
lag period, which was longer in A Pedra than in Negreira soil (Figure 1), is consistent with
the observed delay in heat emission detected by microcalorimetry in the same soils spiked
with EAN and EAN-Al [22], in which a dose-dependent lag in the increase in microbial
activity was observed after addition of glucose to the IL-spiked soils. A similar pattern was
also observed for soils spiked with diverse ILs [23]. This lag was explained as reflecting
the time needed by microbial communities to adapt to the new conditions, as very large
amounts of new substrates were added to the soil with EAN (high amounts of C and N),
and the soil microorganisms may not have been immediately able to take advantage of the
new substrates available [16]. As indicated above, although there was a large increase in
both total C and N contents (Table 3), there was also a large decrease in the C/N ratio in the
EAN-spiked soils due to the much higher amount of N than of C added to the soils (Table 4).
Together with the fact that no P was added to the soil, this caused an imbalance in the
amounts of these elements in the soils. In a previous study [16], it was hypothesized that
the lag may be due to a shift in the microbial populations to a fungi-dominated community,
because shortly after the start of the incubation period (10–26 days), fungal colonies were
clearly visible on the surface of the soils spiked with the highest concentrations of EAN
(69.90 g kg−1 and above). Moreover, the surface area covered by fungi increased gradually
over time and the fungi also gradually appeared in the soils spiked with the lowest amounts
of EAN in A Pedra soil, while this did not occur in the Negreira soil. This, together with
the fact that the fungi were more abundant and appeared more quickly after the start of
the incubation in the A Pedra than in the Negreira soil [16], was considered to reflect a
relatively stronger impact of the addition of new substrates to the soil with the lowest OM
content (A Pedra soil). There was a greater imbalance between C and N contents in this soil
than in the OM-rich Negreira soil, as indicated by the C/N ratio in both soils (Table 4). The
different impact was clearly reflected in the very different proportions of total C added to
the soil and by the fact that the C was mineralised in both soils. In the A Pedra soil, only up
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to 70% of the C added with EAN was mineralised and only for doses of up to 69.90 g kg−1

of EAN. As with higher doses, there was a decrease in the amount of CO2-C emitted with
the lower dose (this occurred for the dose of 104.84 g kg−1) or there was even no increase
in the CO2-C emission relative to the unspiked soil (122.32 g kg−1 dose). However, in the
OM-rich Negreira soil, up to 74% of the C added was mineralised and there was an increase
in the proportion of C added that was mineralised at higher doses (Table 5).

In both soils, the amount of total CO2-C emitted and the mineralisation kinetics
were strongly modified in the soil spiked with EAN-Al, relative to the soil spiked with
EAN (Figure 1, Table 5). The Al-saturated EAN caused a large decrease in both the total
amount of CO2-C emitted and the proportion of C added that was mineralised during the
incubation relative to soil to which EAN alone was added. The effect was more pronounced
in the OM-poor soil than in the OM-rich soil (Table 5). Likewise, the kinetics of carbon
mineralisation were also modified, so that in the Negreira soil (OM rich) the lag period was
longer in the soil spiked with EAN-Al than in the soil spiked with EAN (Figure 1).

In the A Pedra soil, in addition to an increase in the lag period for doses of EAN-Al
above 69.90 g kg−1, the C added with the EAN-Al was not mineralised, and the amounts
of CO2-C emitted and, therefore, of C mineralised were lower than in the unspiked soil. In
other words, and contrary to observations for the EAN -Li solution [16], the addition of Al
to EAN aggravated the negative effect on microbial activity caused by the addition of EAN
alone. This negative impact of Al was stronger in the A Pedra soil than in the Negreira soil
(Figure 1, Table 5), confirming the protective role of the organic matter content previously
observed in a study with EAN and EAN-Li [16].

There are several possible explanations for the increased negative impact of EAN on
soil microbial activity when this IL is mixed with Al(NO3)3. For example, it is possible
that Al is toxic to soil microorganisms. However, as the addition of Al(NO3)3 alone had no
effect on soil basal respiration, and therefore on soil microbial activity (Figure 1, Table 5),
the negative effect of EAN-Al cannot be due to the Al-toxicity per se. Another possible
cause is a large difference in pH; however, although the pH of the EAN-Al mixture was
extraordinarily low, the same is also true for EAN and Al(NO3)3 solutions. Moreover, as
the pH in KCl does not change significantly after the addition of EAN-Al [24], the negative
effect of this compound on microbial activity cannot be attributed to its influence on soil
pH. It is also possible that the presence of aluminium may block the mineralisation of EAN
by some unknown mechanism. With the available data, it is difficult to determine the
mechanism that produces this blockage, or why it is more intense in the soil with a low
organic matter content than in the soil with a high organic matter content, or why this effect
increases with the amount of EAN-Al added to the soil, even inhibiting the mineralisation
of organic C at the highest doses in the OM-poor A Pedra soil. It is possible that the
presence of aluminium somehow affects the action of some of the enzymes involved in
the mineralisation of EAN-Al. However, the studies carried out so far by our research
group do not allow confirmation of this hypothesis. Thus, although the activities of various
hydrolases and oxidoreductases were determined in the same soils after the addition of
EAN-Al, these studies focused on the immediate effects of the application of EAN-Al and
therefore, there are no long-term data available. Clarification of the mechanisms responsible
for the increased toxicity of EAN when mixed with aluminium salt would require such
long-term data [24].

4. Conclusions

Adding Al(NO3)3 to EAN aggravates the toxic effects of the IL on soil microorganisms
and the negative effects on the microbial activity. The negative effects of EAN are probably
mainly due to the nutritional imbalance caused by the addition of large amounts of C, and
particularly of N, to the soil. This nutrient imbalance was aggravated by the fact that P
was not added to the soil with any of the compounds, which probably exacerbated the
already existing P limitation in the soils in the region [25]. The C/N ratio decreased as the
amount of EAN added to the soil increased and was greater in the OM-poor soil than in
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the OM-rich soil. This greater imbalance in the OM-poor soil also indicates that the impact
of the addition of EAN and EAN-Al was greater in this soil than in the OM-rich soil. The
addition of different amounts of Al(NO3)3to the soil did not affect microbial activity, as
shown by the similar mineralisation kinetics and similar amounts of total CO2-C emitted
by the unspiked soil and the soils spiked with different amounts of Al(NO3)3.

Author Contributions: Conceptualization, methodology, formal analysis, writing—original draft
preparation, and writing—review and editing, T.S., M.E.P., J.J.P. and C.T.-C.; funding acquisition,
C.T.-C. All authors have read and agreed to the published version of the manuscript.

Funding: This research was financially supported by the Spanish MICINN through project CGL2015-
66857-C2-1-R co-financed by the ERDF, and by the Xunta de Galicia through the RCG project IN607A
2017/06, the Contrato-Programa IIAG-Xunta 2021-2022, and the Galician Network project ED431D
2017/06. J. J. Parajó wishes to thank the I2C postdoctoral program of the Xunta de Galicia for support
in funding the study. E. Priano is grateful for funding support from the Enhancing Mobility Between
Latin-American and Caribbean Countries and Europe Program (Argentina-España, 2018).

Acknowledgments: The authors acknowledge technical assistance from A. Iglesias Tojo and D. Portela.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Greaves, T.; Drummond, C. Protic ionic liquids: Properties and applications. Chem. Rev. 2008, 108, 206–237. [CrossRef] [PubMed]
2. Salgado, J.; Parajó, J.J.; Villanueva, M.; Rodríguez, J.R.; Cabeza, O.; Varela, L.M. Liquid range of ionic liquid—Metal salt mixtures

for electrochemical applications. J. Chem. Thermodyn. 2019, 134, 164–174. [CrossRef]
3. Biemolt, J.; Jungbacker, P.; van Teijlingen, T.; Yan, N.; Rothenberg, G. Beyond Lithium-Based Batteries. Materials 2020, 13, 425.

[CrossRef] [PubMed]
4. Bello, D.; Muiño, F.; García-Carballal, S.; Salgado, J.; Trasar-Cepeda, C. Modification of the method to determine dehydrogenase

activity in soils spiked with 1-butyl-3-methylimidazolium tetrafluoroborate [BMIM][BF4]. In Proceedings of the 20th International
Electronic Conference Synthetic Organic Chemistry, Sciforum Electronic Conference Series, online, 1–31 November 2016; Seijas,
J.A., Vázquez Tato, M.P., Eds.; MDPI: Basel, Switzerland, 2016; Volume 20, p. f001.

5. Salgado, J.; Parajó, J.J.; Teijeira, T.; Cruz, O.; Proupín, J.; Villanueva, M.; Rodríguez-Añón, J.A.; Verdes, P.V.; Reyes, O. New
insight into the environmental impact of two imidazolium ionic liquids. Effects on seed germination and soil microbial activity.
Chemosphere 2007, 185, 665–672. [CrossRef] [PubMed]

6. Parajó, J.J.; Macário, I.P.E.; De Gaetano, Y.; Dupont, L.; Salgado, J.; Pereira, J.L.; Gonçalves, F.J.M.; Mohamadou, A.; Ventura, S.P.M.
Glycine-betaine-derived ionic liquids: Synthesis, characterization and ecotoxicological evaluation. Ecotoxicol. Environ. Saf. 2019,
184, 109580. [CrossRef] [PubMed]

7. Pham, T.P.T.; Cho, C.W.; Yun, Y.S. Environmental fate and toxicity of ionic liquids: A review. Water Res. 2010, 44, 352–372.
[CrossRef]

8. Fitzpatrick, E.A. Soils: Their Formation, Classification and Distribution; Longman: London, UK, 1980; 353p.
9. Cihacek, L.J.; Anderson, W.L.; Barak, P.W. Methods for Assessing Soil Quality. In Methods for Assessing Soil Quality; Doran, J.W.,

Jones, A.J., Eds.; Soil Science Society of America—American Society of Agronomy: Madison, WI, USA, 1996; pp. 9–24.
10. Gil-Sotres, F.; Trasar-Cepeda, C.; Leirós, M.C.; Seoane, S. Different approaches to evaluating soil quality using biochemical

properties. Soil Biol. Biochem. 2005, 37, 877–887. [CrossRef]
11. Doran, J.; Sarrantonio, M.; Liebig, M.A. Soil health and sustainability. Adv. Agron. 1996, 56, 1–54.
12. Moscoso, F.; Bouzas, S.; Gil-Sotres, F.; Leirós, M.C.; Trasar-Cepeda, C. Suitability of the OECD tests to estimate contamination

with 2,4-dichlorophenol of soils from Galicia (NW Spain). Sci. Total Environ. 2007, 378, 58–62. [CrossRef] [PubMed]
13. Doran, J.W.; Zeiss, M.R. Soil health and sustainability: Managing the biotic component of soil quality. Appl. Soil Ecol. 2000, 15,

3–11. [CrossRef]
14. Trasar-Cepeda, C.; Leirós, M.C.; Seoane, S.; Gil-Sotres, F. Biochemical properties of soils under crop rotation. Appl. Soil Ecol. 2008,

39, 133–143. [CrossRef]
15. Schloter, M.; Dilly, O.; Munch, J.C. Indicators for evaluating soil quality. Agric. Ecosyst. Environ. 2003, 98, 255–262. [CrossRef]
16. Bello, D.; Trasar-Cepeda, C.; Leirós, M.C.; Gil-Sotres, F. Evaluation of various tests for the diagnosis of soil contamination by

2,4,5-trichlorophenol (2,4,5-TCP). Environ. Pollut. 2008, 156, 611–617. [CrossRef]
17. Sixto, T.; Priano, M.E.; Reyes, O.; Parajó, J.J.; Salgado, J.; Trasar-Cepeda, C. Does soil organic matter affect the impact of the ionic

liquid ethylammonium nitrate in the pure state and as mixture with lithium salt on basal soil respiration. Chem. Proc. 2021, 3, 93.
[CrossRef]

18. ISSS Working Group R.B. World Reference Base for Soil Resource. Introduction, 1st ed.; Acco: Leuven, Belgium, 1998.
19. Guitián Ojea, F.; Carballas Fernández, T. Técnicas de Análisis de Suelos; Pico Sacro Editorial: Santiago de Compostela, Spain, 1976.

http://doi.org/10.1021/cr068040u
http://www.ncbi.nlm.nih.gov/pubmed/18095716
http://doi.org/10.1016/j.jct.2019.03.012
http://doi.org/10.3390/ma13020425
http://www.ncbi.nlm.nih.gov/pubmed/31963257
http://doi.org/10.1016/j.chemosphere.2017.07.065
http://www.ncbi.nlm.nih.gov/pubmed/28734209
http://doi.org/10.1016/j.ecoenv.2019.109580
http://www.ncbi.nlm.nih.gov/pubmed/31493585
http://doi.org/10.1016/j.watres.2009.09.030
http://doi.org/10.1016/j.soilbio.2004.10.003
http://doi.org/10.1016/j.scitotenv.2007.01.014
http://www.ncbi.nlm.nih.gov/pubmed/17306860
http://doi.org/10.1016/S0929-1393(00)00067-6
http://doi.org/10.1016/j.apsoil.2007.12.003
http://doi.org/10.1016/S0167-8809(03)00085-9
http://doi.org/10.1016/j.envpol.2008.06.024
http://doi.org/10.3390/ecsoc-24-08376


Chem. Proc. 2022, 8, 98 10 of 10

20. USDA (United States Department of Agriculture). Soil Survey Manual. Agriculture Handbook 18; USDA: Washington, DC,
USA, 1951.

21. Leirós, M.C.; Trasar-Cepeda, C.; Seoane, S.; Gil-Sotres, F. Dependence of mineralization of soil organic matter on temperature and
moisture. Soil Biol. Biochem. 1999, 31, 327–335. [CrossRef]

22. Ucha, C.; Reyes, O.; Trasar-Cepeda, C.; Salgado, J.; Parajó, J.J. Ecotoxicological evaluation of ethylammonium nitrate and
aluminium salt mixture. Chem. Proc. 2021, 3, 85.

23. Sixto, T.; Ucha, C.; Trasar-Cepeda, C.; Reyes, O.; Salgado, J. Effects of three ionic liquids on microbial activity of an organic soil.
Microcalorimetric study. Proceedings 2018, 9, 8.

24. Sixto, T. Impacto Sobre a Actividade Encimática do solo do Líquido Iónico Nitrato de Etilamonio e a súa Mestura coa sal de
Aluminio, Ambos con Posibles usos Electroquímicos. Master’s Thesis, Universidad de Santiago de Compostela, Santiago, Spain,
2021; 68p.

25. Gil-Sotres, F.; Zech, W.; Alt, H.G. Characterization of phosphorus fractions in surface horizons of soils from Galicia (NW Spain)
bv 31P NMR spectroscopv. Soil Biol. Biochem. 1990, 22, 75–79. [CrossRef]

http://doi.org/10.1016/S0038-0717(98)00129-1
http://doi.org/10.1016/0038-0717(90)90063-6

	Introduction 
	Materials and Methods 
	Chemicals 
	Soils and Soil Collection Procedure 
	Experimental Set-Up 
	Analytical Methods 

	Results and Discussion 
	Conclusions 
	References

