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Abstract: lonic liquids have attracted considerable intefiestvarious areas as new, non-volatile and non-
flammable organic solvents, catalysts, reactiontadd, ligands, drugs and other dedicated mateg#t. Their
general use, sometimes in bulky quantities, requidetermination of their potential ecotoxicity on
selected organisms. In the present work, influerafe triphenylmethylphosphonium iodide_)(1and
triphenylhexadecylphosphonium iodide),(Introduced to soil, on germination and earlygetof growth and
development of superior plants was investigatedgugie plant growth test based on the OECD/OCDHE2DUE.

In this test, the seeds of selected speciesane. $uperior plants - spring barléyofdeum vulgare) and common
radish Raphanus sativus L. subvar.radicula Pers.) were planted in pots containing soil tochta test chemical
compound had been added and in pots with contibl B evaluate the phytotoxicity of ionic liquids and 2
germination and weight (dry and fresh) of contrtdnp seedlings were determined and compared wi¢h th
germination and weight (dry and fresh) of the seegdl of plants grown in the soil watered with appiate
amounts of the test chemicals. The visual assedsohemy types of damage to the test species, asarowth
inhibition, chlorosis and necrosis, was also cdreeit and documented by digital photographs. Basedhe
obtained results, magnitudes of the LOE@e lowest concentration causing observable effiectie form of
reduction in growth and germination compared with tontrol and the NOECthe highest concentration not
causing observable, toxic effeeta/ere also determined.

Keywords: ionic liquids, phytotoxicity, land superior plantspring barley, common radish, yield, dry weight,
chlorosis, necrosis

Introduction

lonic liquid are chemical compounds that are salely of ions, an organic cation and
most often inorganic anion, with one of both ioawvihg a large volume. Substances of this
type may contain an imidazolium, pyridinium, pyrdihium, quinolinium, ammonium or
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phosphonium cation, where the positive chargetisatgd on the nitrogen or phosphorus
atom, while the anion can include halides™(@r, I"), nitrates, tetrafluoroborates and
hexafluoroborates. The possibilities of anion armtion combinations are virtually
unlimited, reaching a value of ¥0 The cation of ionic liquids exhibits a low degree
symmetry, which results in a reduction of the tatenergy of such a system, thus lowering
the melting point of that compound. Almost all iodiquids melt at a temperature below
150°C [1-5].

Although intensive scientific research on ionicuids have been under way for only
a dozen or so years, the history of these compodatiss back to the end of the™9
century, when a substance called “red oil” was ioleth The structure of this compound
was understood relatively not long ago and foundéocharacteristic of ionic liquids.
In 1911, ethylammonium, dimethylammonium and tgtnmonium nitrates(lll) were
synthesized. In 1914, Walden obtained the firsfulsgalt of this type - ethylammonium
nitrate. The naméonic liquid, on the other hand, first appeared in speciatistalture in
1974. A greater interest was aroused by ionic diguinly in the 90s with the obtaining of
salts stable in the presence of air and moisturst iBnic liquids went on sale in 1999, and
a dramatic increase in research activity relatetthéosynthesis and practical applicability of
these compounds has been seen from that timedR, 6-

The attractiveness of ionic liquids as a reactioadimm is chiefly due to their
numerous properties that are desirable in chensgathesis, such as very low vapour
pressure, incombustibility, thermal (even up to €)0and electrochemical stability, and
good catalytic properties. lonic liquids are imniide with many organic substances, and
a majority of them exhibits excellent solubility imater; in addition, they are perfect
solvents for many substances. All the aforementidie@tures of ionic liquids make these
compounds to be ranked among very attractive stdwbat can be used in many processes,
both single-phase and multiphase ones. Yet the mgstrtant feature of ionic liquids is
that they provide the possibility of obtaining stavees of optimal properties for a given
process through the modification of the cation cdtite and selection of the appropriate
anion; therefore, the terwfesigner solvents has been invented for these salts. The unique
properties of ionic liquids may bring about a widege of applications of these substances
in all areas of the chemical industry, includingatysis, extraction, synthesis, as well as the
pharmaceutical and food industries and electrocsteyréind biotechnology [2, 9-16].

The all of the above characteristics and the radhtilow production cost may soon
lead to the situation, where huge amounts of tbhsenicals will be brought in to industry,
agriculture and commercial trading. Using ioniculiis on a large scale, especially in
industry, may pose a potential hazard to the neam@ronment, where they can get in the
form of production wastes, waste water dischardesyp effluents, etc. Hence the need
arises for determining the degree of influencehese salts on the natural environment and
the potential for their penetration and accumuratio particular living organisms or entire
trophic chains. With reference to this problemnalavith scientific reports on the synthesis,
physical and chemical properties and the potefdiapractical utilization of ionic liquids,

a large number of studies have come up, which aneerned with the examination of the
potential toxicity of these substances. Studiesritesd in available literature reveal varied
influences of ionic liquids on microorganisms [1, 27-22], plankton [21, 23-26],

invertebrates [27-29], vertebrates [27, 30], algae1, 23, 29, 31-33], fungi [19, 34, 35] or
higher land plants [8, 21, 31, 36-39]. The quotidrdture shows that a likely toxic
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influence of a ionic liquid is determined by a nwenbf factors, of which the primary role is
played the cation type and the length of the stulsit in the cation (as a rule, the longer
alkyl chain, the higher toxicity). The anion typgeriot without significance, either; but the
concentration of the substance used and the hafutatitions, including the presence of
other xenobiotics, and the species features ofotiganism tested are also all-important
[1, 4, 8, 9, 15, 17, 18, 21, 36, 37]. The studiethe potential ecotoxicity of ionic liquids
has not only a learning and ecological aspect, lweiiminates the risk of failure in the
process of issuing permits for industrial use aradie in these substances, but are also
important for economic reasons, as they prevent famgncial expenditures on the
rectification of possible damage in the naturaliemment [29].

The above-mentioned experimental studies beloreztmoxicology in its broad sense.
Contemporary ecotoxicology is an interdisciplinantensively growing branch of science
encompassing chemistry, ecology and toxicology. Bhasic objective of this area of
toxicology is to assess the state of the enviromntecotoxicology is therefore concerned
with the study of the toxic effects caused by eitietural or artificial contaminants in living
organisms (both plant and animal, land or aquaticich make up the biosphere), and also
with the interactions of these substances in thgsipal environment in which those
organisms live. Within ecotoxicological studiesasdic chemical analysis methods are used,
which enable the concentration of chemical compeuiodbe determined in the samples
analyzed. However, bioanalysis and environmentatitoong in ecotoxicological studies
more and more often abandon classic chemical dsalykich justified, on the one hand,
by very high expenditures on apparatus and operatil, on the other hand, by the fact of
introducing additional chemicals to the natural issrvment, which are pollutants
themselves. Moreover, chemical methods are not tabledicate synergic or antagonistic
interactions within a population, or organismsctmnection with the above, bioindication
methods start gaining increasingly high importamcethe examination of the natural
environment. Bioindication is a method that uséiwiag organism as an indicator, whose
reaction provides a basis for assessing the degfewmxicity of the medium under
examination. Test organisms called bioindicatoreukh be particularly sensitive to
chemical compounds harmful to the environment aochdns. The basic features of
bioindication include accuracy, low costs, the dioily of use and the objectivity of
obtained results. Its should be noted, howevet iéndication methods can and should be
regarded as a complement to physical and chemiettiads; only in that case could the
changes occurring in the environment due to a temiestance showing up be captured in
a comprehensive manner [40-46].

Ecotoxicological tests, proven and very fast, centlie base of biomonitoring and
provide a basis for examining the history of a iigmnesubstance in the environment. They
are recommended for testing the toxicity of wateaste water, sewage sludges, bottoms
and soil, and their great popularity resulted im @ipproval by standardization organizations,
such as ISO and OECD. Biotests that are most cofgmosed in contemporary
ecotoxicological studies include Microtox® [1-3,,1P1, 26, 47-49]. Algaltoxkit F and
Marine Algaltoxkit [27, 32, 44, 50], Phytotoxkit 3 50-52], Daphtoxkit F magma and
Daphtoxkit F pulex [1, 25], and Ostracodtoxkit 2[%62-54].

When planning ecotoxicological tests its shouldbmene in mind that the ultimate
"store" of all substance, both nutritive and toxines, is the soil. Due to biological
transformations, and more often as a result of muawivity, soil becomes loaded with
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a number of contaminating agents, including an exof heavy metals, artificial fertilizers,
pesticides, etc. As soon as huge amounts of idgigds are marketed and put into
commercial use, the fact of them getting into thié environment should also be taken into
consideration. All of these chemical substancesmdly affect soil organisms that are
involved in homeostatic processes, but they cao d&termine the level and quality of
cultivated plant crops [55].

The ecotoxicological examinations of soils shoukbadake account of the fact that the
soil environment is, above all, a medium of nutisermvhich is decisive to the volume and
quality of cultivated plant crops. This elementedearch is inseparably connected with the
occurrence of mineral and organic colloids in saihose presence is responsible for the
magnitude of soil sorption. Soil sorption is degsin retaining many chemical substances
in soil colloids, including toxic substances, bessaeg humus, as a negatively charged
colloid, is able to adsorb ionic liquid cationss@imineral colloids contribute to the level of
the toxic influence of many adsorbed xenobiotick, [36, 38]. The potential phytotoxicity
of ionic liquids not only depends on the quantityl ajuality of soil colloids, but it can also
be determined by the amount of a ionic liquid ie Hubstrate and the genetic features of
species or varieties [8, 15, 21, 37, 39]. At présehytotoxicity tests are widely used in the
biomonitoring of the quality of agriculturally utied sewage sludges [46-53], residues of
PAHSs and pesticides [50, 56-59], or the heavy nmegatents of soil [58].

Phosphonium ionic liquids being studied can be wegigments and used in metal
separation [60, 61]. This creates a risk of petietreof these substances into the soil of
municipal and industrial sludge. Phosphonium idigjaids can also hit the soil directly as
potential pesticides [62].

The purpose of the presented study was to evathaténfluence of triphenylmethyl-
phosphonium iodide and triphenylhexadecylphoshoniiodide on the growth and
development of higher land plants.

Materials and methods

Tests of the effect of the triphenylmethylphosphiomi iodide () and
triphenylhexadecylphoshonium iodidé) {@nic liquids:

@PLCHS I. @PLC16H33 l.

1 2

on the germination and growth of superior plantsenearried out in a plant house using
spring barley Kordeum vulgare) - a monocotyledonous plant - and common radish
(Raphanus sativus L. subvar.radicula Pers.) - a dicotyledonous plant. For this purpase,



Comparison of phytotoxicity of selected phosphonionic liquid 28t

four replicates, pots made of nonporous plasticaofliameter of 90 mm were filled,
respectively, with the 250 g control soil and witle soil with the test ionic liquid added at
a specific concentration. The grain size analysie soil used in the experiment showed
that this was light argillaceous sand (las) ofdlé particle contents of 10%, an organic
carbon content of approx. 9 g/kg of soil dry masd pH(KCI) equal to 5.8. The salinity of
the soil was about 70 mg KCI per 1 Hof soil. 20 identical seeds of each of the setbcte
plant species, originating from the same sourcee wéanted to so prepared pots (Fig. 1).
A constant humidity (70% of water hold capacitysoil), light intensity and temperature
(20 + 2°C) were maintained throughout the testsddys).

Fig.1. Digital photographs of pots with planteddsee

The performed phytotoxicity test comprised two itesitycles: a preliminary test and
a final test. The preliminary test was carried toutletermine the range of concentrations of
compounds affecting the soil quality, therefore, atcordance with the PN-ISO
11269-2:2001 standard [63] and OECD/OCDE 208/200@€5[64]. The test &And_2ionic
liquids were introduced to the soil at the follogikconcentrations: 0 mg (control), and
1 mg, 10 mg, 100 mg and 1000 mg/kg of soil dry Weign the final test, concentrations
were arranged in a geometric progression with @&ofaof 2, starting from the lowest
concentration that reduces the germination and thjraf plants. The ionic liquids were
introduced to the soil in the form of water solato

To evaluate the phytotoxicity of the applied concations of the
triphenylmethylphosphonium iodide and triphenyllge@ylphosphonium iodide
compounds, the germination and (dry and fresh) kteaf control plant sprouts were
determined and compared with the germination angddd fresh) weight of the sprouts of
plants grown in the soil with appropriate amourftshe test chemicals added. The visual
assessment of any types of damage to the testespacich as growth inhibition, chlorosis
and necrosis, was also carried out, which is degidty digital photographs of the test
plants taken. Based on the obtained results, thgnitoales of the LOECtlie lowest
observed effect concentration) - the lowest concentration causing observable effiectse
form of a reduction in growth and germination congglawith the controt and the NOEC
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(no observed effect concentration) - the highest concentration not causing observatés t
effects- were also determined.
The evaluation of significance of the obtained ltsswas performed using the analysis

of variance (Fisher-Snedecor’s F-test), while tiladues of NIR s were calculated using
Tukey's test.

Results and discussion

The results related to the effect of triphenylmfghgsphonium iodide and
triphenylhexadecylphoshonium iodide on the emergera growth of spring barley at his

early development stages are presented in Taldes 2 and in Figure 2.

Table |

Changes in basic parameters of the phytotoxic#y/fte spring barley following the introduction of
triphenylmethylphosphonium iodide compound (in [kegbf soil dry mass]) to the soil

Crop fresh weight | Weight of single Dry weight
Sample Number of plants [a/pot] plant [g] [mg/g f.m]
Preliminary test

0 19 2.911 0.151 0.1120

1 20 2.827 0.144 0.1134

10 20 3.044 0.152 0.1184

100 20 1.451 0.073 0.1409
1000 13 0.313 0.024 -

Final test

20 20 2.740 0.137 0.1112

40 20 2.076 0.105 0.1144

80 20 1.585 0.079 0.1268

LSDp.05- 1 LSDy.05- 0.142 LSR.0s- 0.007 LSR.05- 0.0052

Table 2

Changes in basic parameters of the phytotoxic#iy/fte spring barley following the introduction of
triphenylhexadecylphoshonium iodide compound (ig/kg of soil dry mass]) to the sail

Sample Number of plants Crop fresh weight |  Weight of single Dry weight
[9/pot] plant [g] [mg/g f.m.]
Preliminary test
0 20 3.135 0.156 0.0966
1 20 3.029 0.154 0.0999
10 20 3.111 0.155 0.1005
100 19 1.937 0.100 0.0996
1000 20 1.169 0.058 0.1083
Final test
20 20 3.040 0.152 0.0989
40 20 2.789 0.142 0.0957
80 20 2.423 0.123 0.0959
LSDo0s5- 0 LSDg 05- 0.082 LSDg 05- 0.004 LSDg05- 0.0033
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Fig. 2. Comparison of the effects of compoundanti 2on the yield of fresh weight of seedlings of
spring barley

The results obtained from the preliminary testsvalbne to conclude that the iodides
used in the experiment are substances exhibititegively high toxicity with respect to
spring barley, with triphenylmethylphosphonium deliturning out to be the most toxic.
Only the lowest ionic liquid concentrations, beiegual to 1 mg and 10 mg/kg dry soil
mass, did not have a significant effect on sprguéind growth of spring barley seedlings.
This trend applied to both compounds used in theegment. This conclusion is based on
the fact that, as recognized by standard PN-EN 2388], a substance does not exhibit
toxicity if the germination rate of seeds and tlerall fresh mass of plants growing on the
ground with that substance do not differ by morentti10% from those of the control
sample. In the case of the visual assessment dfattey plants, no visible differences in the
plants' appearance were observed for these coatiens either, for both the control and
the test plants; at the same time, no growth itibibiand chlorotic and necrotic changes
were found (Figs. 3 and 4). The toxicity of botiplienylmethylphosphonium iodide and
triphenylhexadecylphosphonium iodide became appattar introducing 100 mg of the
substance to 1 kg of the soil. The decrease imdvadey sprout mass observed in that case
was approx. 50% for iodide 4nd 38% for iodide .2Changes in the appearance of the
barley seedlings were also observed; the plante weraller than the control plants, with
visible chlorotic changes; moreover, an increasalriyn mass content was found. Upon
applying the highest triphenylhexadecylphosphoniodide concentration - 1000 mg/kg
soil, the decrease in fresh barley seedling mass 8&% (Table 2), whereas, after
introducing triphenylmethylphosphonium iodide instltoncentration, the reduction of the
barley seedling crop was as high as 89% (Table 1).

Similar trends can be found by analyzing the ols@dinmesults for the effect of
triphenylmethylphosphonium iodide and triphenyllge@ylphosphonium iodide on the
sprouting and growth of common radish in its ealdywelopment stages (Tables 3 and 4;
Fig. 5).
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Preliminary test

0 mgfkg of soil 1 mg/kg of soil T mgfkg of soil 100 migtke of soil 1000 myfky of soil
Final test

20 myfkg of soil 40 mp/kg of soil B0 mg/kg of soil

Fig. 3. Digital photographs of spring barley on tHe" day after introduction to the soil
triphenylmethylphosphonium iodide (in [mg/kg of sty weight])

Preliminary test

1l |
TNHL

LY

0 myfky of soil I mgfkg of soil 10 mg/ky of soil 100 mg/kg of sail 1000 mg/kg of soil

Final test

40 my/ke of sl 80 mg/kg of soil
Fig. 4. Digital photographs of spring barley on tHe" day after introduction to the soil
triphenylhexadecylphosphonium iodide (in [mg/kgsofl dry weight])
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Table 3

Changes in basic parameters of the phytotoxic#yften common radisfollowing the introduction of
triphenylmethylphosphonium iodide compound (in [kagdf soil dry mass]) to the soil

Crop fresh weight Weight of single Dry weight
Sample Number of plants [g/pot] plant [g] [mg/g f.m]
Preliminary test

0 20 4.324 0.216 0.1295

1 19 3.999 0.207 0.1335

10 20 4.189 0.210 0.1372

100 20 1.537 0.078 0.1459
1000 17 - - -

Final test

20 20 3.892 0.198 0.1240

40 20 3.407 0.174 0.1099

80 19 1.872 0.098 0.1280

LSDg.05- 1 LSDo.05- 0.282 LSDo.05- 0.015 LSDo.05- 0.0095

Table 4

Changes in basic parameters of the phytotoxicgtyftr common radisfollowing the introduction of
triphenylhexadecylphoshonium iodide compound (ig/kg of soil dry mass]) to the soil

Sample Number of plants Crop fresh weight Weight of single Dry weight
[9/pot] plant [g] [mg/g f.m.]
Preliminary test

0 19 3.432 0.178 0.1039
1 19 3.425 0.177 0.1036
10 19 3.319 0.178 0.0969
100 19 2.603 0.140 0.1075

1000 18 - - -

Final test
20 19 3.517 0.188 0.1032
40 20 3.541 0.177 0.1002
80 19 3.080 0.160 0.0962
LSDo.o5- 1 LSDo.05- 0.304 LSDg.05- 0.013 LSDg.05- 0.0061

The iodides used in the experiment are substandebitng relatively high toxicity

also towards common radish, with triphenylmethykgtmnium iodide turning out to be the
most toxic. Only the concentrations of both substarused in the experiment, being equal
to 1 mg and 10 mg/kg dry mass, did not have a fagnit effect on the sprouting and
growth of radish. No visible differences in the apmnce of plants, both the control and the
test ones, were observed either, and not growtibitidn and chlorotic and necrotic
changes were found (Figs. 6 and 7). Upon introducl®0 mg of triphenylmethyl-
phosphonium iodide and triphenylhexadecylphosphuoniodide, respectively, to 1 kg of
soil, a decrease in green radish sprout mass wasl favhich amounted to 64% (Table 3)
for iodide 1and 22% (Table 4) for iodide 2ompared to the controls. In addition, distinct
changes in the appearance of common radish plamésaled themselves; the plants were
dwarf with distinct chlorotic and necrotic changa#ter applying the highest concentration

of both compounds, being equal to 1000 mg/kg, tiraraon radish seeds only germinated
(Figs. 6 and 7).
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Fig. 5. Comparison of the effects of compoundantl 2on the yield of fresh weight of seedlings of
common radish

Preliminary test

0 mgfkp of sail 1 mgfkg of soil 10 myefkg of soil 1000 mydy of soil

Final test

20 mg/kg of soil 40 mg/ke of soil %0 me/kg of soil

Fig. 6. Digital photographs of cammon radish on thd" day after introduction to the soil
triphenylmethylphosphonium iodide (in [mg/kg of lstiy weight])

The final tests carried out showed that increashmg triphenylmethylphosphonium
iodide concentration in soil up to 20 mg of the stabce per 1 kg of dry soil mass did not
result in any significant changes in the springdyagrowth and development parameters
being determined; whereas, subsequent ionic ligoigentrations of 40 and 80 mg reduced
the fresh plant mass crop by 29 and 46%, respégctiBarley, on the other hand, showed
greater tolerance to triphenylhexadecylphosphoniuodide; in this case, only
a concentration of 80 mg of the substance per bfkepil caused a 23% reduction in the
barley crop, compared to the controls (Tables 1 Znd-or those concentrations, distinct
changes in the appearance of spring barley sesdiimgd be observed (Figs. 3 and 4).
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Preliminary test

0 mglky of soil 1 mgikg of soil 10 mgfkg of soil 100 mgdkg of soil 1000 mpkg of soil

Final rest

20 mg/kg of soil 40 mg/ke of soil

80 mg/ke of soil

Fig. 7. Digital photographs of cammon radish on thd" day after introduction to the soil
triphenylhexadecylphosphonium iodide (in [mg/kgsofl dry weight])

For common radish, soil triphenylmethylphosphoniogiide concentrations of 40 and
80 mg/kg dry soil mass led to a consistent decreitiee fresh plant mass crop by 21 and
57%, respectively, compared to the controls. Sintlzanges were observed for the crop
per plant. Distinct inhibition of the growth of yog plants could also be noticed, whose
leaves were covered with spots indicating progngsshlorosis and necrosis. Whereas, the
triphenylhexadecylphosphonium iodide concentratiapglied in the final tests turned out
to be totally nontoxic to common radish (Tablend 4; Figs. 6 and 7).

Triphenylmethylphosphonium iodide adversely infloed the germination capacity of
radish seeds and barley grains only at its higt@stentration (1000 mg/kg soil).

The results obtained from the experiment underudsion find their confirmation in
available literature. A toxic effect of ionic liqls on the growth and development of higher
land plants is reported by Balczewski et al [8f¢Z2ik et al [37] and Matzke et al [36]. The
phytotoxicity of ionic liquids observed in the gadtstudies was dependent chiefly on the
applied concentration of the compound, but theofadetermining the toxicity were the
genetic features of the species and variety oftplased in the experiment. Matzke et al
[31, 38] and Studsska and Buszewki [39] suggest also that the toxmftionic liquids to
plants depends also on the structure of the conp@nd various toxic environmental
factors, as well as the organic and mineral colmdtents of the soil. Cybulski et al [15]
have also found that the phytotoxicity of ionicuids is dependent on the type of cation or
anion, as well as on the length of the alkyl ch&ome authors report that the highest
antimicrobial activity is exhibited by substancebose substituent contains from 10 to
16 carbon atoms [66, 67]. The authors' own stub@as not confirmed this observation,
because the iodide containing the hexadecyl substithas turned out to be less toxic to
plants than the iodide with the methyl group. Whsrave found an increase in the toxicity
of the ionic liquid group under discussion uponrdduicing a substituent containing
5 carbon atoms to the cation (the data preparedet@ublished). These results are in
accordance with those obtained by Matzke et al.[3He phytotoxicity evaluation of
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1-ethyl-, 1-buthyl-, 1-oktyl-3-imidazolium ionicduids on the growth and development of
cress and wheat has revealed that the degree dbxigty increased with lengthening of

side chain but only up to 4 carbon atoms. Theyesthiat this is due to high mobility of

ionic liquids with short side chain when compardlte with alkyl chain consisted of more

than few carbon atoms.

Summary

The results obtained from the experiment discussgable one to claim that both
triphenylmethylphosphonium iodide and triphenyltae@ylphosphonium iodide can be
regarded as a chemical substance exhibiting gigte toxicity towards higher land plants.
The observed toxic action on this ionic liquids vdependent chiefly on the concentration
used. The highest concentration of thenbich did not cause any distinct decrease in the
emergence and growth of the plants (NOEC) was 4gndyy soil mass for spring barley
seedlings and radish plants, while the lowest catnagon causing a reduction of plants
emergence/crops (LOEC) could be estabilished etel bf 80 mg of the substance per 1 kg
of dry soil mass for spring barley and common fadigspectively. The same of parameters
of toxicity for this study for Zepectively: NOEC - 80 and LOEC - 100 mg per kgiof
soil mass, both the barley and radish common.

References

[1] Docherty KM, Kulpa ChF. Toxicity and antimicrobiattivity of imidazolium and pyridinium ionic liqugd
Green Chem. 2005;7:185-189. DOI: 10.1039/b419172b.

[2] Keskin S, Kayrak-Talay D, Akman U, Hortagsu O. Aiiesv of ionic liquids towards supercritical fluid
application. J Supercrit Fluids. 2007;4:150-180./10K0.1016/j.supflu.2007.05.013.

[3] Romero A, Santos A, Tojo J, Rodriquez A. Toxicitydabiodegradability of imidazolium ionic liquids.
J Hazard Mater. 2008;151:268-273. DOI: 10.101&gjhat.2007.10.079.

[4] Stolte S, Arning J, Bottin-Weber U, Matzke M, StdekThiele K, et al. Anion effects on the cytotagicof
ionic liquids. Green Chem. 2006;8,621-629. DOI:1039/c0gc00579g.

[5] Berthod A, Carda-Broch S. Use of the ionic liquidbutyl-3-methylimidazolium hexafluorophosphate in
CCC. Anal Bioanal Chem. 2004;380:168-177. DOI 1074600216-004-2717-8.

[6] Wilkes JS. A short history of ionic liquids - frommolten salts to neoteric solvents. Green Chem.
2002;4:73-80. DOI: 10.1039/b110838g.

[7] Frackowiak E, Lota G, Pernak J. Room-temperature phamsipm ionic liquids for supercapacitor
application. Appl Phys Lett. 2005;86:164104-1-164-B0 DOI: 10.1063/1.1906320.

[8] Batczewski P, Bachowska B, Bialas T, Biczak R, \#@ek WM, Baliska A. Synthesis and phytotoxicity
of new ionic liquids incorporating chiral cationsnddor chiral anions. J Agric Food Chem.
2007;55:1881-1892. DOI: 10.1021/jf062849q.

[9] Salminen J, Papaiconomou N, Kumar RA, Lee J-M, Kelewman J, et al. Physicochemical properties
and toxicities of hydrophobic piperidinium and mfidinium ionic liquids. Fluid Phase Equilib.
2007;261:421-426. DOI: 10.1016/j.fluid.2007.06.031.

[10] Alvarez-Guerra M, Irabien A. Desing of ionic liqsidan ecotoxicity (Vibro fisheri) discrimination
approach. Green Chem. 2011;13:1507-1516. DOI: B®/TDGCO00921K.

[11] Pernak J, Stefaniak F, dylewski J. Phosphonium acesulfamate based ionigdég Eur J Org Chem.
2005:650-652. DOI: 10.1002/ejoc.200400658.

[12] Pernak J, Feder-Kubis J. Synthesis and properfiehical ammonium-based ionic liquids. Chem Eur J.
2005;11:4441-4449. DOI: 10.1002/chem.200500026.

[13] Pernak J, Feder-Kubis J, Cieniecka-RostonkowicEishmeister C, Griffin ST, Rogers RD. Synthesis and
properties of chiral imidazolium ionic liquids witta (1R,2S,5R-f)-menthoxymethyl substituent.
New J Chem. 2007;31:879-892. DOI: 10.1039/b616215k.



Comparison of phytotoxicity of selected phosphonionic liquid 298

[14]

[15]

[16]

[17]

(18]

[19]

[20]
[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

Pernak J, Borucka N, Walkiewicz F, Markiewicz B,cRtman P, Stolte S, et al. Synthesis, toxicity,
biodegradability and physiocochemical propertiesAdienzyl-4-methylmorpholinum-based ionic liquids.
Green Chem. 2001;13:2901-2910. DOI: 10.1039/clg68&4

Cybulski J, Winiewska A, Kulig-Adamiak A, Bbrowski Z, Praczyk T, Michalczyk A, et al. Mandeaind
prolinate ionic liquids: synthesis, characterizaficatalytic and biological activity. Tetrahedroretl
2011;52:1325-1328. DOI: 10.1016/j.tetlet.2011.09.06

Erbeldinger M, Mesiano AJ, Russell AJ. Enzymatitabeis of formation of Z-aspartame in ionic ligsie

an alternative to enzymatic catalysis in organitvesds. Biotechnol Prog. 2000;16:1129-1131. DOI:
10.1021/bp000094g.

Zhang J, Liu S-S, Liu H-L. Effect of ionic liquichahe toxicity of pesticide to Vibrio-ginghaiensis.-Q67.

J Hazard Mater. 2009;170:920-927. DOI: 10.101&gjhat.2009.05.056.

Zhang J, Liu S-S, Dou R-N, Liu H-L, Zhang J. Evaioa on the toxicity of ionic liquid mixture with
antagonism and synergizm to Vibrio-ginghaiensis-@®7. Chemosphere. 2011;82:1024-10Z30I:
10.1016/j.chemosphere.2010.10.063.

Myles L, Gore R, Spuldk M, Gathergood N, Connon Sigihly recyclable, imidazolium derived ionic
liquids of low antimicrobial and antifungal actiyitA new strategy for acid catalysis. Green Chem.
2010;12:1157-1162. DOI: 10.1039/c003301d.

Docherty KM, Joyce MV, Kulacki KJ, Kulpa CF. Micrh biodegradation and metabolite toxicity of three
pyridinium-based cation ionic liquids. Green Ch@®10;12:701-712. DOI: 10.1039/b919154b.

Pham TPT, Cho C-W, Yun Y-S. Environmental fate aoxicity of ionic liquids: A review. Water Res.
2010;44:352-372. DOI: 10.1016/j.watres.2009.09.030.

Matsumoto M, Mochiduki K, Fukunishi K, Kondo K. Eattion of organic acids using imidazolium-based
ionic liquids and their toxicity to Lactobacillubhamnosus. Sep Purif Technol. 2004;40:97-101. DOI:
10.1016/j.seppur.2004.01.009.

Ventura SPM, Gongalves AMM, Gongalves F, CoutinAB.JAssessing the toxicity on [C3mim][Tf2N] to
aquatic organisms of different trophic levels. AguaToxicol. 2010;96:290-297. DOI:
10.1016/j.aquatox.2009.11.008.

Cho Ch-W, Pham TPT, Jeon Y-Ch, Vijayaraghavan Koe&CW-S, Yun Y-S. Toxicity of imidazolium salt
with anion bromide to a phytoplankton Selenastruapricornutum: effect of alkyl-chain length.
Chemosphere. 2007;69:1003-1007. DOI: 10.1016/j.cispimere.2007.06.023.

Couling DJ, Bernot RJ, Docherty KM, Dixon JNK, MadEJ. Assessing the factors responsible for ionic
liquid toxicity to aquatic organisms via quantit&istructure-property relationship modeling. Gr&€rem.
2006;8:82-90. DOI: 10.1039/b511333d.

Samori Ch, Malferrari D, Valbonesi P, Montecavalli Moretti F, Galletti P, et al. Introduction of
oxygenated side chain into imidazolium ionic ligaticEvaluation of the effects at different biologica
organization levels. Ecotoxicol Environ Saf. 20101456-1464. DOI: 10.1016/j.ecoenv.2010.07.020.
Pretti C, Chiappe C, Baldetti I, Brunini S, Monnj Gtorre L. Acute toxicity of ionic liquids for tkee
freshwater organisms: Pseudokirchneriella subdapiaphnia manga and Danio rerio. Ecotoxicol Emvir
Saf. 2009;72:1170-1176. DOI: 10.1016/j.ecoenv.2098.10.

Costello DM, Brown LM, Lamberti GA. Acute toxic effts of ionic liquids on zebra mussel (Dreissena
polymorpha) survival and feeding. Green Chem. 200$48-553. DOI: 10.1039/b822347e.

Matzke M, Stolte S, Thiele K, Juffernholz T, ArnidgRanke J, et al. The influence of anion spemiethe
toxicity of 1-alkyl-3-methylimidazolium ionic liquis observed in an (eco)toxicological test batt@reen
Chem. 2007;9:1198-1207. DOI: 10.1039/b705795d.

Pretti C, Chiappe C, Pieraccini D, Gregori M, Abmf Monni G, et al. Acute toxicity of ionic liqusdto
the zebrafish (Danio rerio). Green Chem. 2006;8:288. DOI: 10.1039/b511554j.

Matzke M, Stolte S, Boschen A, Filser J. Mixturdeefs and predictability of combination effects of
imidazolium based ionic liquids as well as imidé&zol based ionic liquids and cadmium on terrestrial
plants (Triticum aestivum) and limnic green alga8cgnedesmus vacuolatus). Green Chem.
2008;10:784-792. DOI: 10.1039/b802350f.

Latata A, Nedzi M, Stepnowski P. Toxicity of imidazolium andrplidinium based ionic liquids towards
alga. Chlorella vulgaris, Oocystis submarina (gredgae) and Cyclotella meneghiniana, Skeletonema
marinoi (diatoms). Green Chem. 2009;11,580-588.:0011039/b821140;.

Cho Ch-W, Pham PTP, Jeon Y-Ch, Yun Y-S. Influent@ardon on the toxic effects of ionic liquids to
a phytoplankton Selenastrum capricornutum. GreeenCl2008;10:67-72. DOI: 10.1039/b705520;.



294

Robert Biczak, Piotr Balczewski, Barbara Pawtowdkarbara Bachowska and Piotr Rychter

[34]

[35]

[36]

[37]

(38]

[39]
[40]
[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]
[52]
(53]

[54]

[55]

Petkovic M, Ferguson JL, Nimal Gunaratne HQ, FeareR, Leiio MC, Seddon KR, et al.
Novel biocompatible cholinium-based ionic liquids texicity and biodegradability. Green Chem.
2010;12:643-649. DOI: 10.1039/b922247b.

Petkovic M, Ferguson J, Bohn A, Trindade J, MartjrGarvalho MB, et al. Exploring fungal activity the
presence of ionic liquids. Green Chem. 2009;11:882-DOI: 10.1039/b823225c.

Matzke M, Stolte S, Arning J, Uebers U, Filsemdidazolium based ionic liquids in soils: effectsioé side
chain length on wheat (Triticum aestivum) and cigspidium sativum) as affected by different clayda
organic matter. Green Chem. 2008;10:584-591. DQA39/b717811e.

Biczak R, Bachowska B, Batczewski P. Badanie fikey@zndci cieczy jonowej chlorek 1-(metylo-
tiometylo)-3-butyloimidazoliowy. Proc ECOpole. 204(11):105-113.

Matzke M, Stolte S, Arning J, Uebers U, Filserahit liquids in soils: effects of different aniopexies of
imidazolium based ionic liquids on wheat (Triticlamstivum) as affected by different clay mineraksycl
concentration. Ecotoxicology. 2009;18:197-203. DIM:1007/s10646-008-0272-3.

Studzihska S, Buszewski B. Study of toxicity of imidazafiuonic liquids to watercress (Lepidium sativum
L.). Anal Bioanal Chem. 2009;393:983-990. DOI: 1D7/s00216-008-2523-9.

Steliga T, Kapusta P, Jakubowicz P. Ocena efektywimmoceséw bioremediacyjnych na podstawie testow
toksykologicznych. Wiertnictwo Nafta Gaz. 2009; Z5566.

Wolska L, Medrzycka K. Ocena ekotoksyczimp osadéw dennych z portéw morskich w Gsleu i Gdyni.
OchrSrodow. 2009;31:49-52.

Ptaza GA, Najcz-Jawecki G, Pinyakong O, llimer P, Margesin RotBricological and microbiological
characterization of soil from heavy-metal- and logdirbon contaminated sites. Environ Monit Assess.
2010;163:477-488. DOI: 10.1007/s10661-009-0851-7.

Tsakovski S, Kudtak B, Simeonov V, Wolska L, GarGaNamiénik J. Relationship between heavy metal
distribution in sediment samples and their ecoibkiby the use of the Hasse diagram technique. Anal
Chim Acta. 2012;719:16-23. DOI: 10.1016/j.aca.2Q21052.

Mankiewicz-Boczek J, Net¢z-Jawecki G, Drobniewska A, Kaza M, Sumorok B,dmgzyk K, et al.
Application of a microbiotests battery for compléteicity assessment of rivers. Ecotoxicol Envii®af.
2008;71:830-836. DOI: 10.1016/j.ecoenv.2008.02.023.

Wolska L, Sagajdakow A, Kucagka A, Namiénik J. Application of ecotoxicological studies imegrated
environmental monitoring: Possibilities and probdenTrends Anal Chem. 2007;26:332-344. DOI:
10.1016/j.trac.2006.11.012.

Alvarenga P, Palma P, Gongalves, Fernandez RM, &@eda AC, Duarte E, et al. Evaluation of
chemical and ecotoxicological characteristics obdegradable organic residues for application to
agricultural land. Environ Int. 2007;33:505-513. D00.1016/j.envint.2006.11.006.

Luis P, Ortiz |, Aldaco R, Irabien A. A novel grogpntribution metod ine the development of a QSAR f
predicting the toxicity (Vibrio fischeri E€g) of ionic liquids. Ecotoxicol Environ Saf. 2007:23-429.
DOI: 10.1016/j.ecoenv.2006.06.010.

Ranke J, Mollter K, Stock F, Bottin-Weber U, Poazttb], Hoffmann J, et al. Biological effects of
imidazolium ionic liquids with varying chain lengthin acute Vibrio fischeri and WST-1 cell viability
assays. Ecotoxicol Environ Saf. 2004;58:396-4041:20.1016/S0147-6513(03)00105-2.

Pretti C, Renzi M, Focardi SE, Giovani A, Monni Kg¢lai B, et al. Acute toxicity and biodegradabilif
N-alkyl-N-methylmorpholinium and N-alkyl-DABCO badeionic liquids. Ecotoxicol Environ Saf.
2011;74:748-753. DOI: 10.1016/j.ecoenv.2010.10.032.

Manzo S, De Nicola F, De Luca Picione F, MaistoABani A. Assessment of the effects of soil PAH
accumulation by a battery of ecotoxicological testShemosphere. 2008;71:1937-1944. DOI:
10.1016/j.chemosphere.2007.12.026.

Oleszczuk P. Toxicity of light soil fertilized byewage sludge or compost in relation to PAHs content
Water Air Soil Pollut. 2010;210:347-356. DOI: 100[#s11270-009-0257-8.

Plaza G, Najcz-Jawecki G, Ulfig K, Brigmon RL. The applicatiof bioassays as indicators of petroleum-
contaminated soil remediation. Chemosphere. 2008889296. DOI: 10.1016/j.chemosphere.2004.11.049.
Oleszczuk P, Hollert H. Comparison of sewage sludgiity to plants and invertebrates in three efént
soils. Chemosphere. 2011;83:502-509. DOI: 10.10d@&mosphere.2010.12.061.

Kudtak B, Wolska L, Namiaik J. Determination of L6 toxicity data of selected heavy metals toward
Heterocypris incongruens and their comparison toegd-contact” and microbiotests. Environ Monit
Assess. 2011;174:509-516. DOI: 10.1007/s10661-G13-B.

Garczyiska M, Mazur A, Kostecka J. Wybrane aspekty tokkydio dzdzownic w kontekcie
zrownowaonego rozwoju. Zesz Nauk PTGleg. 2009;11:61-66.



Comparison of phytotoxicity of selected phosphonionic liquid 29t

[56] Hamdi H, Manusadzianas L, Aoyama |, Jedidi N. Bfeaf anthracene, pyrene and benzo[a]pyrene spiking
and sewage sludge compost amendment on soil ecibyocturing a bioremediation process. Chemosphere.
2006;65:1153-1162. DOI: 10.1016/j.chemosphere. ZIX665.

[57] Hamdi H, Benzarti S, Aoyama |, Jedidi N. Rehahiiia of degraded soils containing aged PAHs based o
photoremediation with alfalfa (Medicago sativa Lljt Biodeterior Biodegrad. 2012;67:40-47. DOI:
10.1016/j.ibiod.2011.10.009.

[58] Oleszczuk P. Phytotoxicity of municipal sewage glidcomposts related to physio-chemical properties,
PAHs and heavy metals. Ecotoxicol Environ Saf. 2698196-505. DOI: 10.1016/j.ecoenv.2007.04.006.

[59] Cadergreen N, Abbaspoor M, Sgrensen H, Streibig|dGnixture toxicity measured on a biomarker
indicative of what happens on a population level3téddy with Lemma minor. Ecotoxicol Environ Saf.
2007;67:323-332. DOI: 10.1016/j.ecoenv.2006.12.006.

[60] Patent PL 212157 B1, 2008.

[61] Baczyiska M, Regel-Rosocka M, Fosfoniowe ciecze jonowe jarzenéniki jonéw metali. Przem Chem.
2013;92:1574-1576.

[62] Zgtoszenie patentowe P-404642, 2013.

[63] PN-ISO 11269-2:2001, Oznaczanie wptywu zanieczyszcma floe glebows. Wplyw zwigzkéw
chemicznych na wschody i wzrostlin wyzszych.

[64] OECD/OCDE, Guidelines for the Testing of Chemicdlsrrestrial Plant Test: Seedling Emergence and
Seedling Growth Test, 208/2006.

[65] PN-EN 13432: Opakowania - Wymagania dotyez opakowa przydatnych do odzysku przez
kompostowanie i biodegradacj Program badai kryteria oceny do statecznej akceptacji opako#802.

[66] Skrzypczak A, Brycki B, Mirska |, Pernak J. Syntiseend antimicrobial activities of new quats. ElMdd
Chem. 1997;32:661-668.

[67] Luk& M, Garajova M, Mrva M, Bukovsky M, Ondriska F, Nissy E, et al. Relationship between
aggregation properties and antimicrobial activibéslkylphosphocholines with branched alkyl chaims.

J Pharm. 2012;423:247-256. DOI: 10.1016/j.ijpha@t211.047.

POROWNANIE FITOTOKSYCZNO S$ClI
WYBRANYCH FOSFONIOWYCH CIECZY JONOWYCH

! Instytut Chemii, Ochrongrodowiska i Biotechnologii, Akademia im. Jana Diaga, Czstochowa
2 Centrum Bada Molekularnych i Makromolekularnych Polskiej Akadiéiauk, £6d

Abstrakt: Ciecze jonowe wzbudzity de zainteresowanie w #ych dziedzinach jako nowe nielotne i niepalne
rozpuszczalniki organiczne, katalizatory, dodatld deakcji, ligandy, leki itp. Jednoczée powszechne
stosowanie cieczy jonowych, czasem wdin ilosciach, wymaga okigenia ich potencjalnej ekotoksycztd
dla wybranych organizméw. W przedstawionej pracylywpjodku trifenylometylofosfoniowego_{1i jodku
trifenyloheksadecylofosfoniowego )(2wprowadzonych do gleby w ndych st¢zeniach, na wschody i wczesne
stadia wzrostu irozwoju $bin wyzszych, okrédlono w badaniach fitotoksyczéa w oparciu o przewodnik
OECD/OCDE 208/2006. W przeprowadzonym eksperymenemona wybranych gatunkéwdbwych ralin
wyzszych - gczmienia jaregoHordeum vulgare) i rzodkiewki zwyczajnejRaphanus sativus L. subvarradicula
Pers.) wysiano do wazonéw zawie@jch glelk, do ktérej dodano badany zmek chemiczny, i do wazonéw
zawierajicych glele kontrolma. Oceniagc fitotoksyczné¢ zwiazkow (1) i (2), okrelono i poréwnano wschody

i mas; (suchy i zielorg) peddéw raslin kontrolnych ze wschodami i magsuchy i zielong) pedow raslin rosmacych

na glebie, do ktérej wprowadzono odpowiedniéal@wiazkéw. Dokonano ponadto oceny wizualnej wszystkich
uszkodzé badanych gatunkéw §tin, takich jak zahamowanie wzrostu, nekroza i obda, czego
odzwierciedleniem gswykonane zdjcia cyfrowe rélin doswiadczalnych. Na podstawie otrzymanych wynikéw
okreslono wielkasci LOEC (najnisze sgzenie wywolujce zauwaalne skutki w postaci obiki we wzrdcie

i wschodach w poréwnaniu z kontgpl oraz NOEC (najwisze sfzenie niewywotuice zauwaalnych,
toksycznych skutkéw).

Stowa kluczowe:ciecze jonowe, fitotoksycz&é, ladowe rdliny wyzsze, gczmier, rzodkiewka, plon, sucha
masa, chloroza, nekroza



