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Abstract. Quaternary ammonium salts (QAS) are increasingly commonly used in the chemical industry. The diverse usage of these
compounds results in high possibility of their penetration to the environment. The aim of this study was to compare the effect of three
salts with tetraethylammonium cation with different anions such as chloride [TEA][CI], bromide [TEA][Br], and iodine [TEA][I] on
the activity of phosphatases in loamy sand. Organic carbon and total nitrogen content in the soil were 8.71 and 0.97 g-kg™', respectively.
The salts were applied to soil at doses of 0, 0.05, 0.50, and 5.00 mmol-kg™'. The samples were adjusted to 60% maximum water holding
capacity, and they were incubated at a temperature of 20°C. Activities of acid phosphomonoesterase, alkaline phopshomonoesterase,
phosphotriesterase, and inorganic pyrophosphatase were assayed on day 1, 7, 14, 28, 56, and 112. The obtained results demonstrated
that the presence of [TEA] in the soil at the low dose (0.05 mmol-kg') may stimulate the activity of soil phosphatases. Higher doses
of the soil had mostly inhibitory effect on phosphatases activity. Among the determined enzymes, phosphomonoesterases were the
most sensitive to salts containing [TEA] cation. A considerable contribution of the anion type on the formation of activity of the
determined enzymes of phosphorus compound changes. The strongest effect characterized tetracthylammonium bromide [TEA][Br].

Key words: quaternary ammonium salts, loamy sand, acid phosphomonoesterase, alkaline phosphomonoesterase, phosphotriesterase,
inorganic pyrophosphatase.

1. Introduction
demand continues to increase (Telesinski et al., 2016a).

These substances are typically used at low concentrations;

Due to their numerous useful properties, quaternary ammo-
nium salts (QAS), including ionic liquids, are increasingly
commonly used in the chemical industry (Park & Kim,
2017). Considering the chemical structure, these substan-
ces are included in the ionic compounds containing four
organic groups per molecule, bound with nitrogen atoms
(three covalent and one dipolar bond) (Pernak, 2013).
According to the literature data, the annual QAS pro-
duction exceeds the amount of 1 million tons, and the

thus, the production level proves their immense econom-
ic importance (Grabinska-Sota, 2004). The diverse usage
of quaternary ammonium salts results in high possibility
of their penetration to the environment, directly or indi-
rectly with domestic and industrial sewage or rain water
(Biczak et al., 2016).

Soil is a living, dynamic ecosystem, and the fate
of chemical substances including newly synthesized qua-
ternary ammonium salts must be constantly monitored.
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The literature concerned with the comprehensive assess-
ment of ecotoxicity of ionic liquids on soil is scarce;
therefore, the near future study on relationship between
toxicity of ILs and soil parameters such as acidity, mois-
ture, colloids amount, granulometric composition, or soil
sorption capacity is required (Biczak et al., 2014).

Based on the enzymatic activity, the effect of contam-
inants on the eco-chemical state of soil can be properly
evaluated (Wang et al., 2015; Futa et al., 2016). Soil en-
zymes are often referred to as biochemical and microbial
soil activity indexes (Burns et al., 2013). Phosphatases
are included in a large group of enzymes, catalyzing the
hydrolysis of organic phosphorus bonds, and are used
for the evaluation of the potential rate of mineralization
of these substances in soil (Platkowski & Telesinski,
2016). As provided by Olander and Vitousek (2000), the
activity of phosphatases in soil environment reflects the
activity of enzymes linked to soil colloids and humus
substances. Phosphatases are also considered to be good
indexes of organic phosphorus mineralization potential
and soil biological activity (Banerjee et al., 2012).

The majority of research concerning ecotoxic influ-
ence of ionic liquids focuses on the comparison of the
effect of cation and the length of alkyl substituents on
the selected biochemical, microbial, or physiological pa-
rameters. However, information on the influence of anion
is limited. Matzke et al. (2007) have assessed the acute
toxicity of 1-alkyl-3-methylimidazolium bonded with six
organic and inorganic anions against marine and land or-
ganisms living on various levels of food chain including
marine bacteria, algae, duckweed, wheat, and cress. Bi-
czak et al. (2014) reported that for the common radish,
the anion type was crucial the occurred toxicity of the
compound to this plant, though no regularity of that ef-
fect could be observed. Telesinski et al. (2016b) who
studied two 1-butyl-2,3-dimethylimidiazolium ionic lig-

Table 1. Doses of [TEA] salts added to soil

uids with anions, such as tetrafluoroborate and hexafluo-
rophosphate, observed inhibition of the activity of soil
enzymes, increasing with the increased dose of the ana-
lyzed substances. However, it was difficult to indicate
which of the analyzed salts had stronger effect on the
determined biochemical parameters of soil.

Thus, the conducted study aimed at comparing the ef-
fect of three tetracthylammonium salts with anions: chlo-
ride [TEA][CI], bromide [TEA][Br], and iodine [TEA]
[1] on alkaline phosphomonoesterase [EC 3.1.3.1], acid
phosphomonoesterase [EC 3.1.3.2], phosphotriesterase
[EC 3.1.8.1], and inorganic pyrophosphatase [EC 3.6.1.1]
in sandy soil.

2. Material and methods

The testing was performed on a soil material collected
from the topsoil of Brunic Arenosol in Agricultural Ex-
perimental Station in Lipnik (53°34'N, 14°97'E), located
in the West Pomeranian District, Poland. According to
the classification of the United States Department of Ag-
riculture, it was soil with a granulometric composition
of loamy sand. The content of particular fractions, ex-
pressed in g-kg'!, was as follows: sand (0.05-2 mm) —
748.6; silt (0.002—0.05 mm) — 231.3; and clay (<0.002
mm) — 20.1. The soil contained, expressed in g-kg':
C,, — 871, N — 0.97. Its hydrolytic acidity was 9.9
mmol(+)-kg' and the pH value in 1 M KCI was 6.4.
The soil was air-dried soil and sieved with a mesh size
of 2 mm.

Three tetracthylammonium salts with different
anions such as chloride [TEA][CI], bromide [TEA][Br],
and iodine [TEA][I] at the doses of 0, 0.05, 0.50, and
5.00 mmol-kg', were added to soil (Table 1). The sam-
ples were adjusted to 60% maximum water holding ca-

Dosage of salts Dosage of salts Dosage of anion Dosage (ff [TEAI
(mmol-ke") salt (mg-ke) (mg-ke) cation,
(mg-kg™)
[TEA][CI] 8.29 1.77
0.05 [TEA][Br] 10.51 4.00 6.51
[TEA]T] 12.86 6.35
[TEA][C]] 82.90 17.70
0.50 [TEA][Br] 105.10 40.00 65.10
[TEA]] 128.60 63.50
[TEA][C]] 829.00 177.00
5.00 [TEA][Br] 1051.00 400.00 651.00
[TEA][I] 1286.00 635.00
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pacity, and they were incubated in tightly closed glass
containers at a temperature of 20°C.

Activities of alkaline phosphomonoesterase, acid
phosphomonoesterase, phosphotriesterase, and inorganic
pyrophosphatase were assayed on days 1, 7, 14, 28, 56,
and 112. The acid phosphomonoesterase (Pac) and al-
kaline phosphomonoesterase (Pal) activities were deter-
mined as described by Tabatabai and Bremner (1969).
The phosphotriesterase (PT) activity was determined
according to Eivazi and Tabatabai (1977). Due to p-
nitrophenol, the yellow-band absorbance of the filtrate
was measured at 400 nm. Based on Dick and Tabatabai
(1978) method, the inorganic pyrophosphatase (IPP) ac-
tivity was measured. Released orthophosphate was ex-
tracted with sulfuric acid and determined photometrically
at 700 nm after colorization with ammonium molybdate.
Enzyme activities were calculated using a calibration
curve. Shimadzu UV-VIS 1800 equipment was used in
all measurements.

Phosphatase activity determinations were performed
on three replicates for each treatment, and the signifi-
cance of the observed differences was verified using
a one-way analysis of variance followed by the post-hoc
Tukey’s HSD test. Differences with a p value of <0.05
were considered as significant.

In addition, the mean activity of phosphatases of sam-
ples treated with all doses of [TEA] salts was used to cal-
culate the index of enzymatic resistance (RS) according
to the formula developed by Orwin and Wardle (2004):

2D

RS =1-
c+|D) M

where C is the soil resistance under natural conditions (not
exposed to [TEA] salts) and P the resistance of soil ex-
posed to [TEA] salts

D=C-P )

3. Results and discussion

The Pac activity in soil with addition of [TEA][Br] at the
dose of 0.05 mmol-kg!' during the entire experiment was
significantly higher than in the control soil and the ob-
served stimulation remained at the level between 15.65%
and 32.35%. Application of the remaining salts resulted in
increased Pac activity only in the period between day 14
and 56, which was at its maximum for [TEA][CI] 28.32%
(day 56) and for [TEA][I] 25.23% (day 14). On the con-
trary, application of the dose of 0.50 mmol kg resulted in
a statistically significant decrease of Pac activity for [TEA]
[C1] on day 56 and 112 (14.46% and 10.10%, respectively)
and for [TEA][Br] from day 14 till the end of the experi-
ment (17.88-25.17%). In soil with addition of each of the
[TEA] salts at the dose of 5.00 mmol-kg!, Pac activity
during the entire experiment was lower than in the con-
trol soil and the observed inhibition for [TEA][CI], [TEA]
[Br], and [TEA][I] was 13.33-48.56%, 35.47-65.55%, and
15.35-46.66%, respectively (Table 2).

Table 2. Activity of acid phosphomonoesterase in soil untreated and treated with [TEA] salts [mg p-NP-kg"!' dm.-h"']

Dose of [TEA] salt . Day of experiment
(mmol-kg™) Anion 1 14 28 56 112

Control 120.43¢ 12274 119.32° 121.93* 118.39° 116.02%

[C1] 136.63° 134.47° 145.36° 139.39¢ 151.92¢ 126.15°

0.05 [Br] 152.38¢ 162.32* 146.04° 141.01® 153.26° 139.15°
[1 131.81° 137.90° 149.42¢ 135.89¢ 147.77° 126.04°

[C1] 110.84¢ 109.66¢ 119.83° 111.24¢ 101.27¢ 104.30%

0.50 [Br] 101.81¢ 108.27¢ 89.31¢ 100.13¢ 90.75¢ 87.12f
(1] 108.65¢ 109.15¢ 111.39° 121.13° 112.51° 108.29«¢

[C1] 78.26¢ 77.76¢ 64.36¢ 62.72¢ 66.69° 100.55%

5.00 [Br] 77.71¢ 42.28¢ 50.46¢ 59.44¢ 73.65¢ 64.91¢
[1] 84.11¢ 72.23¢ 63.65¢ 75.88¢ 92.85¢ 98.21°f

Values denoted with the same letter for each day do not differ statistically at p<0.05
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After the application of [TEA][CI] and [TEA[I] at the
dose of 0.05 mmol kg, the Pal activity during the entire
experiment was statistically significantly higher in compar-
ison to the control. The observed stimulation of activity was
at the level from 8.93% to 26.65% and 8.82% to 17.93%,
respectively. On the contrary, the application of [TEA][Br]
at the above dose resulted in a statistically significant in-
hibition of Pal activity only on day 28 and 56 (in rela-
tion to control 12.26% and 9.97%, respectively). Addition
of higher doses of [TEA] salts mostly resulted in a decrease
of Pal activity. For the dose of 0.50 mmol-kg™!, in the case
of [TEA][CI] and [TEA][Br], the effect was observed dur-
ing the entire experiment and the inhibition remained at
the level of 6.97-20.07% and 11.79-25.15%, respectively,
in reference to the control. In the case of [TEA][I], statis-
tically significant decrease of Pal activity occurred from
day 7 to day 56 (14.45-18.89%). But, application of all
[TEA] salts at the dose of 5.00 mmol-kg! resulted in Pal
activity inhibition during the entire experiment, which for
[TEA][CI], [TEA][Br], and [TEA][I] was 30.57-46.67%,
51.47-70.06% and 34.45—-48.88% respectively (Table 3).

The activity of PT in soil containing [TEA][CI] at
the dose of 0.05 mmol-kg' during the experiment was
8.93-20.21% statistically higher than the control. A stimu-
lation of PT activity was also observed from day 7 till
the end of the experiment after application of [TEA][I]
(9.93-16.66%) and on day 56 after addition of [TEA][Br]
(9.35%). Furthermore, inhibition of PT activity occurred
on day 7 in soil with addition of [TEA][Br] (7.79%). An
application of higher doses of [TEA][Br] resulted in a de-
crease of activity of PT in comparison to control during
the entire experimental period, which was 0.50 and 5.00

mmol-kg!, respectively, 9.98-17.06% and 14.48-31.07%
(Table 4). Addition of [TEA][CI] and [TEA][I] only at the
dose of 5.00 mmol-kg! resulted in the inhibition of PT ac-
tivity during the entire experimental period (at the level
of 14.44-27.77% and 11.68—18.96%, respectively). On the
contrary, in the soil containing the dose of 0.50 mmol-kg
of these salts, the activity of PT was statistically signifi-
cantly lower than in the control on day 1, 7, and 112 in the
case of [TEA][CI] (7.77%, 9.97% and 7.68%, respectively)
and on day 28 and 112 [TEA][I] (correspondingly 14.02%
and 8.88%).

The IPP activity was characterized by the lowest chang-
es under the influence of [TEA] salts. Statistically signifi-
cant stimulation of IPP activity was observed solely for the
soil containing [TEA][CI] at the dose of 0.05 mmol-kg™
from day 7 till the end of the experiment (9.43-21.93%
in relation to the control) and in the soil with the addition
of [TEA][I] at the same dose on day 56 (16.66% compared
to the control). Statistically significant reduction of IPP
activity was demonstrated after the application of [TEA]
[Br] at the dose of 0.50 mmol-kg' on day 1, 7, 56 (8.88%,
14.46% and 11.68%, respectively) and at the dose of 5.00
mmol-kg' during the entire experimental period (11.46—
19.35%), while in the case of [TEA][CI1] and [TEA][I], the
statistically significant inhibition of IPP activity was only
found for the dose of 5.00 mmol-kg' on days 1, 7, 56, and
112 (Table 5).

The obtained results demonstrated that the presence
of [TEA] in soil at the low dose (0.05 mmol-kg"') might
stimulate the activity of soil phosphatases. However, the
occurrence of higher salt concentrations mostly resulted
in the reduction of activity of these enzymes. Changes in

Table 3. Activity of alkaline phosphomonoesterase in soil untreated and treated with [TEA] salts [mg p-NP-kg! dm.-h]

Dose of [TEA] salt . Day of experiment
(mmol-kg) Anion 1 14 28 56 112

Control 333.08¢ 329.73¢ 338.92¢ 331.29¢ 320.030 325.55¢

[cn 412.42¢ 359.17° 429.24¢ 407.19° 369.73¢ 390.43¢

0.05 [Br] 340.67% 328.05¢ 312.52% 290.67¢ 288.12¢ 322.59%

1] 377.45b 388.85¢ 388.00° 360.51° 359.36° 354.620

[c1 309.86% 291.22¢ 281.34¢ 264.80¢ 273.75¢ 292.73¢

0.50 [Br] 281.59¢ 290.85¢ 253.68¢ 272.06¢ 245.301 244.46¢

[ 318.19% 282.08¢ 279.07% 268.71¢ 273.72¢ 303.48

[cn 195.35¢ 175.85¢ 235311 207.19' 214.16¢ 193.12°

5.00 [Br] 161.64¢ 135.58" 129.87" 99.19¢ 106.73" 137.41¢

1] 177.66' 168.56¢ 186.71¢ 200.86' 209.78¢ 195.43¢

Values denoted with the same letter for each day do not differ statistically at p<0.05



The role of anion in the impact of tetraethylammonium salts on soil phosphatase activities

51

Table 4. Activity of phosphotriesterase in soil untreated and treated with [TEA] salts [mg p-NP-kg! dm-h"']

Dose of [TEA] salt . Day of experiment
(mmol-kg™) Anion 1 7 14 28 56 112
Control 14.84% 15.32° 14.21% 15.03% 14.44¢ 14.39°
[C1] 16.67° 16.69° 15.91* 17.36* 17.36* 16.04*
0.05 [Br] 14.02¢ 14.13 14.26° 15.69° 15.79° 14.17°
1 15.83% 17.19* 15.62° 17.04° 16.85% 15.822
[C1] 13.69%f 13,79 14.13% 14.36° 13.48 13.28¢
0.50 [Br] 13.12%f 13.10¢f 12.11¢ 12.47%n 12.75% 12.95¢d
1 14.18% 14.64 13.290 12.920%feh 13.48% 13.11¢
[C1] 11.94" 12.231% 10.268 12.01" 11.74f 12.314f
5.00 [Br] 10.23 11.43¢ 11.07% 12.85¢fe 10.10¢ 11.13¢
[ 12.53¢ 13.53%f 11.80°f 12.18 12.35¢ 12.63¢df
Values denoted with the same letter for each day do not differ statistically at p<0.05
Table 5. Activity of inorganic pyrophosphatase in soil untreated and treated with [TEA] salts [mg P-PO,* kg dm.-h"]
Dose of [TEA] salt . Day of experiment
(mmol-kg") Anion 1 7 14 28 56 12
Control 172,94« 183,23% 193,320 188,43¢ 191,32° 199,32¢¢
[C1] 184,41 205,60° 211,55 229,75° 219,67 227,86
0.05 [Br] 161,420t 187,32° 194,58 173,90« 184,930 208,13¢
1] 184,442 187,32° 201,86 203,01° 223,19* 219,17
[C1] 170,92 177,08 184,74 175,88 184,89 199,74
0.50 [Br] 157,58 156,73< 178,26% 166,59 168,974 190,43
[n 167,18 177,04« 175,90« 190,75% 190,23° 183,83«
[C1] 146,00 162,074%f 175,01« 173,75 159,41 188,26%
5.00 [Br] 139,48" 150,63° 170,764 161,18¢ 157,32¢ 176,48"
1 147,93¢ 161,83%f 180,43 166,93 176,03 179,25¢

Values denoted with the same letter for each day do not differ statistically at p<0.05

the activity of soil phosphatases are often used as indexes
of soil fertility, as they play an important role in the pro-
cess of organic phosphorus compounds transformation into
inorganic phosphates (Parelho et al., 2016). The inhibition
of the activity of phosphatases and other soil enzymes un-
der the influence of different ionic liquids, deepened with
the increase of dose, was demonstrated in previous studies
(Telesinski et al., 2016b; Telesinski & Sutkowska, 2016;

Telesinski et al., 2017). Numerous authors further report
the negative effect of quaternary ammonium salts, includ-
ing ionic liquids on the activity of microorganisms, which
constitute the main source of enzymes in soil (Wang et al.,
2011; Yu & Nie, 2011; Guo et al., 2015; Mester et al., 2015;
Saldago et al., 2017). Sun et al. (2017) demonstrated that
the activity of soil phosphatases and dehydrogenases was
not subjected to significant changes under the influence
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of 1-methyl-2-octylimidiazolium tetrafluoroborate. Nanni-
pieri et al. (2011) state that a detailed interpretation of the
influence of ionic liquids, as well as other xenobiotics, on
the activity of soil phosphatases constitutes a problem due
to the direct and indirect influence of other factors. The in-
hibition of enzyme activity by a specific contamination may
be shadowed as a result of an elevated growth of immune
microorganisms, which are characterized by expression
of genes coding the given enzyme. The relative increase
of biomass results from the growing microorganism popu-
lation, capable of withstanding the presence of a xenobiotic,
as well as using the remains of the sensitive microorgan-
isms as a nutrition source (Telesinski et al., 2017).

One of the better indexes of soil ecosystem sensitivity
to different stress factors is the one proposed by Orwin and
Wardle (2004) resistance index (RS). It provides informa-
tion about the status of soil environments contaminated
with organic compounds (Kaczynska et al., 2015).

The calculated mean RS values in the case of all [TEA]
salts decreased with the increase of their dose (Fig. 1). On
their basis, a clear influence of the anion was observed on
the effect of these substances on the activity of soil phos-
phatases. This corroborates the study conducted earlier on
the ecotoxicity of ionic liquids in relation to soil enzymes
(Telesinski et al., 2016b), as well as their phytotoxicity
(Biczak et al., 2014). Zhang et al. (2017), who examined
different ionic liquids, determined that the length of alkyl
substituents in a cation has a greater toxic influence on
the zebrafish (Danio rerio) than the anion type. Based on
the results of the present study, it was determined that in
the case of Pac, the lowest RS values for all concentra-
tions took place after the application of [TEA][Br]. In the
case of the activity of the remaining phosphatases, such

O [TEA][CI]

1.0 1

0.05 0.50 5.00 0.05

0.50

Pac Pal

a relationship was observed only for the doses of 0.50 and
5.00 mmol-kg'. The literature contains information on the
negative impact of bromides on microorganisms and en-
zymes they produce (Klose & Ajwa, 2004; Stromberger
et al., 2005). Based on the RS values, it can be further stat-
ed that the highest sensitivity to [TEA] salts characterized
phosphomonoesterases, which confirms the earlier study
on the toxicity of ionic liquids (Telesinski et al., 2016b,
Telesinski et al., 2017).

4. Conclusions

The following conclusions can be drawn from the results

and discussion presented in this paper:

1. The presence of salts with tetracthylammonium
[TEA] cation at the low dose (0.05 mmol-kg') most-
ly resulted in the stimulation of the activity of soil
phosphatases. Higher doses of the salts had mostly
inhibitory effect on activity of phosphatases.

. Among the determined enzymes, phosphomonoester-
ases turned out to be the most sensitive to salts con-
taining [TEA] cation.

3. The anion type had a considerable influence on the
effect of salts with [TEA] cation on the formation
of activity of the determined enzymes of phospho-
rus compound transformations, and the highest level
of influence characterized tetraethylammonium bro-
mide [TEA][Br].

W [TEA][Br] W [TEA]
500 | 005 | 050 | 500 | 005 | 050 | 500
PT PP

Doses of [TEA] salts (mmol-kg™')

Figure 1. Mean values of resistance index (RS) in activity of phosphatases in loamy sand treated with [TEA] salts
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