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ABSTRACT 35 

Ionic liquids (ILs) are described as low-impact green chemicals in which the cation can influence the 36 

properties of the anion through ion pair formation. We decided to see how stable ILs are in the soil 37 

environment. Herbicidal ILs consisting of hydrophilic glyphosate [Glyph] paired with hydrophilic 38 

choline [Chol], hydrophobic C12 alkyl modified choline [C12Chol] and hydrophobic quaternary 39 

ammonium cation [C16TMA] were synthesized. The calculated interaction energies between ions (75.9-40 

88.9 kcal/mol) were typical for ILs. The results showed independent sorption of cations and anions and 41 

no statistical effect of cations on anion sorption. Hydrophobic [C16TMA], [C12Chol] cations followed 42 

99% adsorption, and hydrophilic [Chol] revealed 42-45% adsorption. The Freundlich constants were 43 

[C16TMA] Kf≈4000 > [C12Chol] Kf≈3000 > [Chol] Kf≈3 (mg1-1/n L1/n g-1). The preferential sorption of 44 

hydrophobic cations was also visible during leaching experiments and resembles the behavior of cationic 45 

surfactants. [Glyph] sorption was higher in organic-rich agricultural soil (approx. 45%) compared to 46 

reference OECD soil (30%), and the Kf values were constant, regardless of the presence of cations. The 47 

lack of ionic pair integrity was also visualized by the toxicity and phytotoxicity results. In the soil 48 

environment, ILs are a mixture of independent cations and anions rather than a novel emerging 49 

contaminant.   50 
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1. INTRODUCTION 51 

Ionic liquids (ILs) are, next to graphene, graphene oxide, nanoparticles, etc., among the most addressed 52 

scientific topics of the last 1-2 decades (Randviir et al., 2014; Talapin and Shevchenko, 2016). However, 53 

only recently have issues related to the toxicity and potential environmental impact of ionic liquids 54 

begun to be raised (Docherty and Kulpa, Jr., 2005; Markiewicz et al., 2013; Peric et al., 2013). Despite 55 

the vast amount of research, the behavior of the cation and anion that enter the environment still remains 56 

unknown. By definition, the interaction of the cation with the anion, which is due to the ion size and 57 

resulting low lattice energy, will define the properties of the resulting ionic liquid (Krossing et al., 2006). 58 

Many researchers state that the cation and anion form an ionic pair to explain the specific properties of 59 

ionic liquids (Köddermann et al., 2006; Tubbs and Hoffmann, 2004; Zhang and Maginn, 2015). 60 

Additionally, the advantage of the high designability of ionic liquids is highlighted. This includes the 61 

possibility of modifying, e.g., the hydrophilicity/hydrophobicity of the anion, by an appropriate choice 62 

of cation (Choudhary et al., 2017). Consequently, without proper consideration, ILs are often described 63 

as green chemicals with low environmental impact, which unfortunately is repeated as a mantra by many 64 

researchers. 65 

Even if we reject the obvious cases of scientific blundering, the problem that is apparent at first glance 66 

is that almost all of these studies are conducted for artificial aqueous systems without the presence of 67 

any other compounds or for systems in which the IL is the solvent and other compounds are present in 68 

small amounts, e.g., as substrates. To date, virtually no one has analyzed how stable the cation–anion 69 

interaction is in a real environment. It is true that sorption of ILs in soil has been analyzed, but the 70 

selection concerned mainly ILs in which the organic cation was linked with a simple inorganic anion 71 

(Mrozik et al., 2013, 2012, 2009). Consequently, none of these reports showed a real effect of the 72 

potential interaction between cation and anion on the behavior of the ILs in soil. Currently, toxicity 73 

studies of ILs are also becoming very popular, but they still do not take into account the role and 74 

importance of the postulated cation–anion interactions on the described toxicity. 75 

Therefore, analyzing the current state of knowledge, we observed the need to conduct research 76 

addressing the issue of cation and anion integrity in an IL upon release to environmental conditions by 77 

using a selected herbicidal ionic liquid as an example. Such a choice makes it easy to trace the influence 78 
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of organic cations differing in hydrophobicity on the sorption of the glyphosate anion in the soil 79 

environment. In addition, changes in toxicity can be easily traced. Glyphosate was chosen because it is 80 

the most important herbicide in terms of frequency and amount of use worldwide (Benbrook, 2016; 81 

Myers et al., 2016). As a total herbicide, it is a very popular active ingredient in many nonselective 82 

preparations (Bento et al., 2016; Botero-Coy et al., 2013; Meftaul et al., 2021) used to control both 83 

monocotyledonous and dicotyledonous weeds and primarily to desiccate crops before harvest (e.g., 84 

oilseed rape, lupine) (Fernández-Moreno et al., 2016). Based on literature data, it is known that 85 

glyphosate is characterized by considerable sorption in soil. This property is responsible for a reduced 86 

availability of glyphosate for soil microorganisms and translates to a prolonged degradation time (up to 87 

200 days) compared to 5-7 days when no sorption occurs (Singh et al., 2019). The combination of a 88 

cationic surfactant with glyphosate in the form of an herbicidal ionic liquid is thus an ideal test system 89 

for analyzing the possible increase in anion sorption under the influence of different cations. The 90 

sorption of cationic surfactants is a widely studied topic and has been explained in great detail for the 91 

soil environment. Therefore, we chose a series of cations with increasing hydrophobicity, which is 92 

related to the presence of a long alkyl chain. 93 

It should be emphasized here again that, as previously reported by many researchers, it is possible to 94 

increase the hydrophobicity of the entire IL by appropriate selection of the hydrophobic cation 95 

(Kowalska et al., 2021; Stepnowski et al., 2007). 96 

Such designability of the IL could only be visible if both ions in the IL were forming a tight ionic pair. 97 

In theory, our study provides important verification for postulated changes in anion properties by the 98 

selection of an appropriate cation. In a broader context, such studies will provide an answer to the 99 

question of whether adjuvants affect the sorption of glyphosate in soil. Will glyphosate be more mobile 100 

or, on the contrary, will it be more adsorbed in the soil? Additionally, it will be possible to understand 101 

the effect of surfactant compounds on the observed toxicity of glyphosate. In addition, sorption of 102 

herbicides is important for proper biodegradation processes; otherwise, herbicides, not being sorbed, 103 

will easily leach into groundwater and then drinking water. First, we will investigate how an IL behaves 104 

in soil. Whether as a characteristic ionic pair with specific properties or as an independent collection of 105 

cations and anions with behavior specific to each individual. 106 
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2. MATERIALS AND Methods 107 

2.1. Synthesis of compounds with glyphosate anions 108 

The herbicidal ionic liquids [Chol]2[Glyph]1.8 and [C16TMA]2[Glyph]0.8 used in this study were 109 

synthesized and characterized using previously described patents WO2010123871 A1 (M. Li, H. Tank, 110 

L. Liu, K. Quin, S. Wilson, 2010) and EP124351 A1 (M.P. Prisbylla, n.d.), respectively. The potassium 111 

salt of glyphosate and [C12Chol]2[Glyph]1.3 was synthesized in this study according to the procedure 112 

presented in the abovementioned references. A detailed description of the reagents and synthesis is 113 

presented in the ESI (Section 1.1. Synthesis of herbicidal ionic liquids). 114 

 115 

2.1.1. Spectral analysis 116 

1D and 2D 1H, 13C and 15N NMR spectra were recorded on a Bruker Avance II 400 MHz (Billerica, 117 

Massachusetts, US) spectrometer equipped with a 5 mm broad-band multinuclear (BBI) probe in D2O 118 

at 298 K. Chemical shifts (δ) for 1H and 13C NMR were reported in ppm relative to the tetramethylsilane 119 

(TMS) peak, and for 15N NMR, δ was reported in ppm relative to liquid NH3. 1H, 13C and 15N signals 120 

were assigned by means of 1H−1H COSY, 1H−13C/ 15N HSQC, and 1H −13C/ 15N HMBC experiments. 121 

The 2-D homo or heteronuclear correlation experiments were carried out using a standard set of 122 

parameters. NOESY experiments utilized standard gradient selected sequences with 100 scans per 123 

increments, a spectral width of 10 ppm in both dimensions, and mixing times of 150 and 450 ms. Spectra 124 

were processed and prepared with Top-Spin 3.1 Bruker Software. 125 

 126 

2.2. Properties of the obtained herbicidal ionic liquids  127 

2.2.1. Melting point 128 

The melting point of the obtained compounds was analyzed using an MP 90 Melting Point System 129 

apparatus (Mettler Toledo, Switzerland). The precision of the measurements was ensured by calibrating 130 

the apparatus using certified reference substances. 131 

 132 

2.2.2. Water content 133 
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The water content of all products obtained was measured using a trace TitroLine 7500 KF apparatus (SI 134 

Analytics, Germany) by Karl Fischer titration. First, each compound was dissolved in dehydrated 135 

methanol. After determining the water content of the pure methanol used as well as the resulting 136 

methanol solutions, the water content of the products was calculated. 137 

 138 

2.2.3. Density 139 

Density was determined using a DDM2911 automatic densitometer (Rudolph Research Analytical, 140 

USA) by the mechanical oscillator method. The density of ILs (approximately 1.0 cm-3) was measured 141 

at 25 °C, and the temperature was controlled using a Peltier module. The apparatus was calibrated using 142 

distilled water as a standard. After each series of measurements, the densimeter was washed with water 143 

and organic solvents (methanol and acetone) and dried with a stream of air. 144 

 145 

2.2.4. Refractive index 146 

The refractive index was determined using a J357 automatic refractometer (Rudolph Research 147 

Analytical, USA) with electronic temperature control. Approximately 1 cm3 of IL was analyzed at 25 148 

°C. The uncertainty of measurement was less than 0.00005. 149 

 150 

2.2.5. Solubility 151 

Water and nine commonly used organic solvents, arranged in order of decreasing Snyder's polarity 152 

index, were selected for solubility testing: water, 9.0; methanol, 6.6; DMSO, 6.5; acetonitrile, 6.2; 153 

acetone, 5.1; isopropanol, 4.3; ethyl acetate, 4.3; chloroform, 4.1; toluene, 2.3 and hexane, 0.0. (See 154 

Table S1. in ESI for details). The solubility of the obtained ILs in organic solvents was determined 155 

according to the methodology described in Vogel's Textbook of Practical Organic Chemistry (A.I. 156 

Vogel, A.R. Tatchell, B.S. Furnis, A.J. Hannaford, 1996). A sample of ILs (0.1 ± 0.0001 g) was 157 

introduced into a defined volume of solvent. Measurements were carried out at 25 °C. Depending on the 158 

volume of solvent used, three results were recorded: "good solubility" refers to ILs that dissolved in 1 159 

cm3 of solvent (>10.0% m/v), "medium solubility" refers to compounds that dissolved in 3 cm3 of 160 
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solvent (between 3.33-10.0% m/v), and "low solubility" refers to ILs that did not dissolve in 3 cm3 of 161 

solvent (<3.33% m/v). 162 

 163 

2.3. Soil characteristics 164 

Two soil types were used in this study. The first was the OECD standard soil, which provides a baseline 165 

for comparison by a wide range of researchers. The second was an actual agricultural soil. 166 

 167 

2.3.1. OECD soil 168 

The OECD soil used in this study consisted of 70% air-dried quartz sand, 20% kaolin clay, and 10% 169 

peat. Calcium carbonate was used to obtain an initial pH of 6±0.5 (in KCl) and 6.5 (in water). The water 170 

holding capacity was 40%, the total carbon was 5%, and the cation exchange capacity was 8.76 cmol/kg. 171 

Data represent the mean of triplicate soil analysis (standard error of mean < ±5%, n=3). 172 

 173 

2.3.2. Agricultural soil 174 

The agricultural soil used in this study was collected from the field in Rzgów (Poznan, Poland  175 

N 52.151102, E 18.050041). The soil samples were taken from a depth of 10–20 cm and sieved through 176 

a 2.0 mm sieve. According to the United Soil Classification System, the soil was characterized as fine-177 

grained sandy loam type OL. The detailed composition of the soil was as follows: clay 1.9%, silt 27.0%, 178 

and sand 71.0%. The pH 5.9 (in KCl), 6.9 (in water), bulk density 1.32±0.06 Mg/m3, porosity 0.39±0.03 179 

m3/m3, field water capacity 0.22±0.04 m3/m3, relative field capacity 0,564±0.04, moisture during 180 

sampling 18%±1%, and cation exchange capacity 24.3±0.5 cmol/kg. The symbol ‘±’ represents the 181 

standard deviation from three independent replicates. 182 

 183 

2.4. Sorption of herbicidal ionic liquids in soil  184 

Adsorption experiments were performed according to OECD guidelines, 2000 (OECD/OCDE 106, 185 

2000). The soil used for studies was sterilized in an autoclave for 20 minutes at 121 °C. Sterilization 186 

was carried out for three consecutive days. The soil between sterilizations was dried at 60 °C according 187 

to the procedure described in Shen et al. (Shen et al., 2018). The experiments were conducted for four 188 
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concentrations of [K][Glyph] and herbicidal ionic liquids containing the anion [Glyph], in which the 189 

concentration of the active ingredient (glyphosate) was 1, 10, 20, 50 mg/L. Herbicidal ionic liquid 190 

solution (25 mL) and dried sterile soil (5 g) were added to the PP centrifuge tubes and shaken in an 191 

orbital shaker at 240 rpm at 20±1 °C in the dark (to avoid photodegradation) for 0-24 h. Samples were 192 

analyzed after 1, 6, 12, and 24 h. After reaching equilibrium, the tubes were centrifuged at 10,000 rpm 193 

for 10 min. The obtained supernatant was filtered through a 0.22 µm PTFE syringe filter 194 

(Whatman® Puradisc, Sigma Aldrich). HPLC–MS/MS was used to determine the cation and anion 195 

concentrations. Possible sorption on the surface of PP centrifuge tubes was carried out. Blank tests were 196 

performed by shaking 25 mL of the solution of the analyzed compounds without substrate. Additionally, 197 

a control was performed by shaking 5 g of soil with 25 mL of water (without the analyzed compounds). 198 

All experiments were performed in triplicate. 199 

The adsorption efficiency of herbicides on soil is calculated using the following formula: 200 

 201 

𝑟𝑒𝑚𝑜𝑣𝑎𝑙 % =
𝑐0−𝑐𝑒

𝑐0
∙ 100 % (1) 202 

 203 

where co and ce are the initial and equilibrium concentrations of herbicide in solution, respectively 204 

(mg/L). 205 

 206 

2.5. Adsorption isotherms 207 

Langmuir and Freundlich isotherm models were applied to calculate the adsorption parameters. 208 

The Langmuir model (Meftaul et al., 2020): 209 

𝑐𝑒

𝑞𝑒
=  

𝑐𝑒

𝑞𝑚𝑎𝑥
+  

1

𝑏𝑞𝑚𝑎𝑥
 (2) 210 

 211 

where qe – is the concentration of cations or anions adsorbed on the soil per unit mass calculated from 212 

the following formula: 213 

𝑞𝑒 =
𝑉∙(𝑐0−𝑐𝑒)

𝑚
 (3) 214 

 215 
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where co is the initial concentration of cation or anion (mg/L), ce is the equilibrium concentration of 216 

cation or anion (mg/L) in the solution, V is the volume of the solution (L), m is the mass of the sorbent 217 

(kg), and qmax (mg/kg) and b (L/mg) are the maximum amounts of cation or anion per unit mass of 218 

sorbent to form a complete monolayer on the surface at ce. qmax and b can be determined from the slope 219 

and intercept of the linear plot of ce /𝑞𝑒 versus ce. The Freundlich model describes ce (mg/L) and qe 220 

(mg/kg) as the equilibrium concentration of cations or anions that remain unadsorbed and the 221 

concentration of cations or anions adsorbed on soil per unit mass, respectively. The Freundlich constants 222 

Kf (mg1-1/n L1/n g-1) and n indicate the adsorption capacity of the sorbent and the favorability of the 223 

adsorption process, respectively. The magnitude of the intercept and slope of the plot of 𝑙𝑜𝑔 𝑞𝑒 relative 224 

to 𝑙𝑜𝑔𝑐𝑒. 225 

log 𝑞𝑒 =
1

𝑛
 𝑙𝑜𝑔𝑐𝑒 + 𝑙𝑜𝑔𝐾𝑓 (4) 226 

 227 

2.6. Leaching of herbicidal ionic liquids from OECD and agricultural soils  228 

The tests were adapted from OECD Guideline No. 312 "Leaching in soil columns" (OECD 2004) 229 

(“OECD/OCDE 312 - Leaching in Soil Columns,” n.d.). Briefly, a glass wool plug was packed into 230 

glass chromatography columns (17 cm long, 4.0 cm wide) with an outlet control valve to avoid particle 231 

leaching, followed by 15 cm of appropriate soil (previously described OECD or agricultural soil from 232 

Rzgów). The soil was autoclaved and added using small portions under gentle vibration. The columns 233 

were then saturated from bottom to top with water and allowed to percolate freely for 12 h as described 234 

by Khan et al. (Khan et al., 2017). After this time, 5 mL of 50 mg/L (calculated for active ingredient – 235 

glyphosate) aqueous solution of herbicidal ionic liquid was applied to the top of the column. The surface 236 

of the soil columns was covered with circular filter paper for uniform distribution of artificial rain, which 237 

was prepared from 0.01 M CaCl2 in Milli-Q water. The columns were mounted on a universal laboratory 238 

tripod and connected to a multichannel peristaltic pump with a flow rate of artificial rain set at 0.2 239 

mL/min. The total amount of artificial rain was 250 mL, which corresponds to a rainfall of 200 mm as 240 

recommended by OECD, 2004 (“OECD/OCDE 312 - Leaching in Soil Columns,” n.d.). The columns 241 

were stored at room temperature away from light. At specified intervals, leachate samples were collected 242 
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into Erlenmeyer flasks and stored at 4 °C before analysis. Finally, 5 mL of each sample was passed 243 

through a 0.22 µm syringe filter for HPLC–MS/MS cation and anion analysis. 244 

After leaching, the soil was removed from the columns, homogenized and preserved at 4 °C before 245 

extraction. Subsequently, 2 g of soil in triplicate was taken for the extraction. The anion extraction was 246 

carried out using 5 ml distilled water, while 5 ml of methanol supplemented with 0.5 ml of HCl was 247 

used to extract the cations. The whole sample was placed in an ultrasonic bath, and the sonication 248 

process was carried out for 30 minutes. Then, the samples were centrifuged for 10 minutes at 10,000 249 

rpm. The obtained supernatant was decanted and filtered through a syringe filter (PTFE) and then 250 

analyzed by HPLC–MS/MS. 251 

 252 

2.7. HPLC–MS/MS analysis 253 

HPLC–MS/MS analysis was performed on an UltiMate 3000 RSLC chromatographic system from 254 

Dionex (Sunnyvale, CA) connected to an API 4000 QTRAP triple quadrupole mass spectrometer from 255 

Biosystems, MDS Sciex (Foster City, CA) via an electrospray ionization source operating in positive 256 

ion mode for the determination of cations and in negative ion mode for the determination of anions. Five 257 

microliters of prepared samples with ionic liquids were injected into a Luna C18 column (100 mm × 2.0 258 

mm ID; 3 μm) from Phenomenex (Torrance, CA, USA) with a security guard cartridge (4 mm × 2.0 mm 259 

ID) of the same type thermostated at 35 °C. The mobile phase employed in the analysis consisted of 5 260 

mmol/L ammonium acetate in water (phase A) and methanol (phase B) at a flow rate of 0.2 mL/min. 261 

The analysis was performed using gradient elution (Table S2). The dwell time for each mass transition 262 

detected in the multiple reaction monitoring mode was set to 200 ms. The following mass spectrometer 263 

settings were used for the analysis: curtain gas 10 psi, GS1/GS2 40 psi, temperature 400 °C, and collision 264 

gas medium. The ion spray voltage was 5500 V for cations and −4500 V for anions. The parameters 265 

characteristic for the particular ions are summarized in Table S3. 266 

 267 

2.8. Antimicrobial activity test  268 

Stock solutions of glyphosate-based HILs as well as glyphosate potassium salt were diluted in distilled 269 

water, and 5000, 3750, 2500, 1250, 500, 250, 50, and 5 mg/L concentrations were prepared for the 270 
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assessment of antimicrobial activity. All solutions were stored at 4 °C until use but no longer than 48 h. 271 

The toxicity was tested against the following microorganisms: Gram-negative Escherichia coli (isolated 272 

from the soil sample and identified by the 16S ribosomal RNA gene), Gram-positive Staphylococcus 273 

aureus (ATCC 6538) and fungal species Candida albicans (ATCC 10231). All strains belong to the 274 

microbial collection of the Faculty of Chemical Technology (Poznan University of Technology). Strains 275 

were cultivated in rich media according to their individual species preferences. Microbial cells were 276 

transferred from the agar plates to appropriate rich media – E. coli to 50% TSB (BTL, Poland), S. aureus 277 

and C. albicans to 50% nutrient broth (BTL, Poland). The initial optical density (OD600) was equal to 278 

0.100±0.015. Subsequently, the microbial suspensions (200 µL) were transferred to sterile 96-well 279 

plates and incubated at 30 °C with continuous shaking in a Synergy™ HTX Multi-Mode Microplate 280 

Reader until the cell suspension reached an exponential phase. Then, 50 µL of previously prepared 281 

solutions of HILs was added to each well to obtain final tested concentrations of 1000, 500, 250, 100, 282 

50, 10, 5, and 1 mg/L. The microbial cells were cultivated for 10 h under the above-described conditions. 283 

Inoculated media without tested compounds were used as biotic controls; additionally, media without 284 

toxicants and microorganisms (abiotic controls) as well as media without microorganisms but with 285 

toxicants were also included in the experiment. Three replicates of all samples and controls were 286 

prepared and treated identically. After the strains reached stationary phase, growth curves were plotted, 287 

and the degree of inhibition of microbial growth was calculated. The concentration of the half maximum 288 

effective concentration (EC50) was determined according to the procedure and formulas described in 289 

Syguda et al. (Syguda et al., 2020). 290 

Additionally, growth inhibition caused by glyphosate-based HILs was determined according to the 291 

procedure described by Piotrowska et al. (2016) using Pseudomonas putida KT2440 as a model 292 

microorganism for toxicity and adaptation assessment. The growth experiments were performed in the 293 

Department of Environmental Biotechnology, UFZ (Leipzig, Germany). 294 

 295 

2.9. Determination of the impact of herbicidal ionic liquids on the early 296 

development of plants 297 

The effect of HILs on germination and early development of plants was examined on wheat (Triticum 298 
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L.) and cornflower (Centaurea cyanus) using the phytotoxicity test based on the ISO-11269-2:2003 299 

International Standard (ISO-11269-2, 2003) (“ISO-11269-2:2003 International Standard (ISO-11269-2, 300 

2003),” n.d.). Both model plants belong to different taxonomic units. Experiments were conducted in 301 

Phytotoxkit plastic containers (Phytotoxkit, Tigret, Belgium). The plates were filled with 100 g of soil, 302 

and then 20 ml of a solution of HILs was added at a concentration corresponding to 1, 5, 10, 25, 50, 100 303 

[mg/kg soil dry weight (DM)] of glyphosate as an active ingredient for wheat and 0.1, 0.5, 1, 5, 10, 25 304 

[mg/kg soil dry weight (DM)] of glyphosate as an active ingredient for cornflower. To soil samples 305 

without analyzed HILs, 20 mL of water was added. Potassium salts of glyphosate were used as the 306 

herbicide reference sample. Ten plant seeds were placed in the soil in one plastic container, and three 307 

plastic containers were prepared for each concentration. They were then placed in the dark and kept at 308 

a constant temperature (25±1 °C). At the end of the experiment, the number of germinated seeds was 309 

determined, and root length and shoot height were measured. The germination index (GI) was calculated 310 

according to the equation provided by Parus et al. (Parus et al., 2020). All phytotoxicity tests were carried 311 

out in three replicates. Average values were evaluated with their standard deviations (SD). The data were 312 

compared by Student’s t test, and statistical significance was set as p < 0.05. 313 

 314 

2.10. Structure Modeling 315 

Structural modeling was carried out in HyperChem 8.0.6 software. Individual models were built using 316 

a graphical interface and then optimized by the semiempirical PM3 method using the Fletcher-317 

Reeves algorithm (conjugate gradient) on isolated chemical individuals (i.e., in a vacuum).  318 

Modeling was performed for HILs with a cation and anion molar ratio of 1:1 319 

Calculations were carried out until the total energy gradient was less than or equal to 0.01 320 

kcal·mol−1. The interaction energy between the components of the complex was calculated as a number 321 

opposite to the enthalpy of the complex formation reaction, which is the difference between the heats of 322 

formation of the complex and its components: 323 

𝐸𝑏 = −𝛥𝐻𝑟 = −(𝐻𝑜𝐹𝑐𝑜𝑚𝑝𝑙𝑒𝑥 − ∑ 𝐻𝑜𝐹𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙𝑠) (6) 
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where Eb is the interaction energy [kcal·mol−1], 𝛥𝐻𝑟 is the enthalpy of the complex formation reaction 324 

[kcal·mol−1], 𝐻𝑜𝐹𝑐𝑜𝑚𝑝𝑙𝑒𝑥 is the heat of formation of the complex [kcal·mol−1], and 𝐻𝑜𝐹𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙𝑠 is 325 

the heat of formation of components [kcal·mol−1]. 326 

 327 

2.11. Statistical analysis 328 

One-way ANOVA with p < 0.05 was used for statistical comparisons. This approach was also employed 329 

for statistical analysis of metagenomic data to establish the significance of differences for all systems. 330 

 331 

3. RESULTS AND DISCUSSION 332 

 333 

3.1. Synthesis of herbicidal ionic liquids 334 

To investigate the effect of cations on glyphosate sorption, cations differing in hydrophobicity were 335 

synthesized and combined with the herbicide anion in the form of herbicidal ionic liquids. The resulting 336 

salts meet the definition of ionic liquids and therefore are liquids below 100 °C. The exact 337 

physicochemical parameters are shown in Table 1. From a practical point of view, the most important 338 

feature of these compounds is their very good solubility in water, which enables their wide use in 339 

agriculture. Solubility in other solvents is presented in Table S1 in ESI. 340 

 341 

Table 1. Synthesized HILs containing glyphosate as the anion 342 
 343 

Salt R1 R2 
Water 
content 

[%] 

Appearance  
at 25 °C 

Refractive 
index at 25 

°C 

Density 
at 25 °C  
[g cm-3] 

[Chol]2[Glyph]1.8 CH3 CH2CH2OH 0.89 Liquid 1.5002 1.305 

[C12Chol]2[Glyph]1.3 C12H25 CH2CH2OH 1.36 Wax 1.4793 --- 

[C16TMA]2[Glyph]0.8 C16H33 CH3 0.89 Solid* --- --- 
 344 
*m.p. = 79-84 °C Where: a WO2010123871 A1 [40] ; b EP124351 A1 [41]  345 
 346 

 347 

 348 
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3.2. NMR analysis 349 

1H, 13C, 15N NMR experiments revealed that the hydrophobicity of the cation evidently affects the 350 

structure of the analyzed HILs, which was confirmed by unequivocal assignment of 1H, 13C and 15N 351 

resonances by thorough analysis of 2D spectra (1H−1H COSY, 1H−13C gHSQC/gHMBC, 1H−15N 352 

gHSQC/gHMBC) (for more information, see Figure S3-S50 in ESI). Comparison of the 1H and 13C 353 

resonances for glyphosate as well as the amine part of the analyzed pairs with 1H and 13C resonances for 354 

each individual compound showed no significant differences, which may suggest a lack of any 355 

interaction between the amine and acidic moieties (Table S4 and S5). Based on 1H spectra, it can be 356 

observed that the reduction of the ratio between [Glyph] and [Chol], [C12Chol], [C16TMA] depending 357 

on hydrophobicity associated with the presence of long alkyl chains occurred. The determined ratio is 358 

[Chol]2[Glyph]1.8, [C12Chol]2[Glyph]1.3, and [C16TMA]2[Glyph]0.8. Additionally, NOESY spectra 359 

showed no inter-NOE correlations between the protons of the cation part and glyphosate protons. These 360 

findings indicated that both cation and anion molecules are spatially far from each other; thus, the 361 

formation of ionic pairs should be excluded in D2O. 362 

 363 

3.3. Sorption of herbicidal ionic liquids in soil  364 

The only potential explanation of cation–anion interactions that could support the possibility of 365 

modeling the properties of a cation–anion system is the formation of ionic pairs. Only in the case of a 366 

stable ionic pair can strong interactions between the cation and anion lead to a decrease in the total 367 

charge of the molecule, as well as an increase in the hydrophobicity of the ionic pair. All this should be 368 

observable in sorption experiments. To increase the chances of observing interactions of anions, which 369 

are known to sorb poorly in soil, we selected glyphosate. It is often paired with cations in commercial 370 

formulations, and it also shows sorption in soil. Therefore, we decided to evaluate the behavior of 371 

herbicidal ionic liquids based on choline-based cations and glyphosate as an anion in two soil types. The 372 

first soil was selected as a typical OECD soil with a low organic fraction content. The second soil is a 373 

typical agricultural soil with medium fertility but a higher organic fraction content compared to the 374 

OECD soil. 375 
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Analysis according to the OECD procedure clearly revealed that cation sorption in both soils correlated 376 

with increasing hydrophobicity of the cation. [Chol], as the most hydrophilic cation, underwent the 377 

weakest sorption, while hydrophobic [C12Chol] and [C16TMA] were almost quantitatively sorbed in both 378 

soils. No differences in cation sorption efficiency are observed between OECD soil and agricultural soil. 379 

Differences between soils were observed for the glyphosate anion. This herbicide bound more to the 380 

real soil matrix than to the matrix present in the OECD model soil. The sorption values for cations and 381 

anions are summarized in Table 2. 382 

 383 

Table 2. Sorption of cations and anions of the analyzed herbicidal ionic liquids in OECD and 384 
agricultural soils. Mean values for experiments at a concentration of 50 mg/L of active ingredient 385 
(glyphosate) in HILs. 386 
 387 
Herbicidal ionic 

liquid 
Cation sorption 
OECD soil [%] 

Cation sorption 
Agricultural soil [%] 

Anion sorption 
OECD soil [%] 

Anion sorption 
Agricultural soil [%] 

[K][Glyph] - - 36.1±2.4 49.9±2.5 
[Chol]2[Glyph]1.8 42.1±1.8 44.4±1.2 36.2±0.9 50.4±2.2 

[C12Chol]2[Glyph]1.3 99.6±0.4 99.7±0.3 37.6±1.4 48.4±1.7 
[C16TMA]2[Glyph]0.8 99.7±0.3 99.8±0.2 37.5±0.8 49.7±2.3 

 388 
 389 

The sorption of cations and anions was fit to the Freundlich adsorption isotherm. We applied this model 390 

following the reports of leading researchers of ionic liquid sorption (Kowalska et al., 2021) and OECD 391 

recommendations (Figure S1 and Figure S2 in ESI0. Freundlich demonstrated the essence of the separate 392 

functioning of cations and anions in soils. 393 

 394 

Figure 1. 395 

 396 

The grouping of isotherms for the hydrophilic cation [Chol] and the hydrophobic cations [C12Chol] and 397 

[C16TMA] is clearly visible in Figure 1. As mentioned above, both cations [C12Chol] and [C16TMA] 398 

showed almost quantitative sorption in OECD soil and agricultural soil. This was confirmed by the very 399 

high Freundlich Kf values, which for [C12Chol] and [C16TMA] are approximately 2 000 and above 4 000 400 

mg1-1/n L1/n g-1, respectively (Table 3). The [Chol] cation was also sorbed in both soils, although its 401 
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hydrophilic nature would suggest a lower sorption efficiency. Some reports indicate that since choline 402 

hydroxide is a quaternary ammonium compound, adsorption will depend on the cation exchange 403 

capacity of the sorbent and many other parameters. Not surprisingly, choline is often not included in 404 

software used to estimate physical/chemical properties and environmental fate, such as KOCWIN 405 

developed by EPA and Syracuse Research Corp. (“[https://echa.europa.eu/registration-dossier/-406 

/registered-dossier/5289/5/5/2] [access 18.11.2021],” n.d.). Interestingly, we observed no difference 407 

between the sorption isotherms for cations in either OECD or agricultural soil. 408 

 409 

Table 3. Comparison of Kf (mg1-1/n L1/n g-1) values calculated for [Chol], [C12Chol], [C16TMA] cations 410 
and [Glyph] anions in the appropriate salts 411 
 412 

Herbicidal ionic 
liquid 

Kf (mg1-1/n L1/n g-1) values 
Cation in 

OECD soil 
Cation in 

Agricultural soil 
Anion in 

OECD soil 
Anion in 

Agricultural soil 
[K][Glyph] - - 3.3±0.3 4.4±0.3 

[Chol]2[Glyph]1.8 3.4±0.3 4.1±0.5 2.9±0.2 4.3±0.4 
[C12Chol]2[Glyph]1.3 2208.6±109.3 2516.1±142.7 3.9±0.2 5.2±0.2 
[C16TMA]2[Glyph]0.8 4616.5±67.1 4883.4±130.3 3.3±0.1 5.4±0.5 

 413 

In the case of isotherms for [Glyph] anions, no significant differences are observed between HILs in 414 

OECD or agricultural soil (see Figure 2). However, significant differences are visible between OECD 415 

and agricultural soil. The sorption isotherm for glyphosate is lower than that for agricultural soil. These 416 

differences can be explained very easily. The sorption of glyphosate depends on the following factors: 417 

cation exchange capacity, clay and organic carbon content and pH (Dollinger et al., 2015). In addition, 418 

according to the Freundlich isotherm model, glyphosate undergoes partitioning on heterogeneous 419 

surfaces of soil organic matter (OM) and clay minerals, followed by diffusion into soil micropores 420 

(Meftaul et al., 2021). Comparing the OECD model soil and the real agricultural soil, it is easy to see 421 

that the agricultural soil has twice as much organic carbon and a much higher CEC, so that the analysis 422 

of soil physicochemical parameters alone can easily explain why glyphosate sorbs more strongly in 423 

agricultural soil (see Figure 3). 424 

 425 

Figure 2. 426 
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Figure 3. 427 

 428 

3.4. Leaching of herbicidal ionic liquids from OECD and agricultural soils  429 

The purpose of the OECD "Leaching in soil columns" test is to mimic the leaching of xenobiotics under 430 

precipitation conditions. The hydrophobic cations [C12Chol] and [C16TMA] with surfactant properties 431 

are strongly adsorbed in both soils and are subjected to little leaching (Table 4). However, [Chol], as the 432 

most hydrophilic cation, is highly mobile in soils (75-88%). Interestingly, this quaternary ammonium 433 

compound was partially sorbed, most likely due to the high cation exchange capacity of the agricultural 434 

soil used in this study. However, the sorption trend was also evident in the OECD soil. 435 

 436 

Table 4. Leaching and sorption of herbicidal ionic liquids in OECD and agricultural soils at the initial 437 
concentration corresponding to 50 mg of the active substance – glyphosate. 438 
 439 

HILs Sorbed [%] Leached [%] 
Cation Anion [Glyph] Cation Anion [Glyph] 

OECD soil 
[K][Glyph] nd 59.2 ± 4.1 nd 44.8 ± 3.0 

[Chol]2[Glyph]1.8 23.2 ± 1.5 58.4 ± 2.7 88.4 ± 1.6 46.6 ± 1.9 
[C

12
Chol]2[Glyph]1.3 92.3 ± 5.8 56.1 ± 2.9 10.5 ± 1.3 45.6 ± 3.3 

[C
16

TMA]2[Glyph]0.8 100.2 ± 4.3 59.4 ± 3.4 2.1 ± 0.1 42.9 ± 3.4 
  Agricultural soil   

[K][Glyph] nd 71.8 ± 4.0 nd 30.5 ± 2.7 
[Chol]2[Glyph]1.8 26.7 ± 2.6 70.7 ± 4.5 75.3 ± 1.6 29.7 ± 2.8 

[C
12

Chol]2[Glyph]1.3 92.3 ± 5.8 69.4 ± 3.3 12.0 ± 2.0 32.7 ± 3.1 
[C

16
TMA]2[Glyph]0.8 100.6 ± 4.9 72.5 ± 3.0 1.7 ± 0.1 29.3 ± 2.6 

nd – not determined 440 
 441 

In contrast, the glyphosate content of the column leachates (Table 4) was the same and independent of 442 

the type of herbicidal ionic liquid applied (approximately 40% in OECD soil and 30% in agricultural 443 

soil). These results confirmed the independent action of cations and anions of the herbicidal ionic liquids 444 

in the soil environment, confirming the same trends as described above in the sorption of herbicidal 445 

ionic liquids in the soil section. 446 

The sorption of glyphosate to both soils was found to be relatively high, approximately 60 and 70% for 447 

OECD and agricultural soils, respectively. This is a very typical trend described by many researchers 448 
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who have proven the role of organic matter in glyphosate sorption. The more organic matter there is, the 449 

greater the sorption of glyphosate in the soil (Meftaul et al., 2021). 450 

From an environmental point of view, xenobiotics adsorbed in soil tend to be poorly accessible to 451 

microorganisms and therefore degrade slowly, extending the time the xenobiotic remains in the 452 

environment. In the case of glyphosate, the half-life in soil has been determined to range from several 453 

up to more than one hundred days depending on the soil type (Bento et al., 2016). The cationic 454 

surfactants used to synthesize HILs can undergo virtually quantitative sorption, as was the case for 455 

[C16TMA]. However, under aerobic conditions, sorption might be beneficial because it will reduce the 456 

migration of the xenobiotic, allowing it to be slowly biodegraded before entering drinking water. Deeper 457 

in soil, under anaerobic conditions, all biological processes are much slower, which may increase the 458 

migration of xenobiotics into drinking water. It is worth mentioning that extensive agriculture causes a 459 

decrease in soil carbon content, which results in the rapid release of pesticides into ground and surface 460 

water. The best example of this is the more frequent detection of pesticides in drinking water despite the 461 

same consumption in the Czech Republic. Therefore, if we consider the fact that only a small portion of 462 

the pesticide will reach the target plants and a large portion will end up in the soil after spraying (Haberey 463 

et al., 2021), then it is worth further analyzing the balance of advantages and disadvantages resulting 464 

from the use of cationic surfactants in agricultural applications. 465 

 466 

3.5. Antimicrobial activity test  467 

The data presented in Table 5 clearly indicate the known fact that glyphosate is not toxic to 468 

microorganisms. The toxicity of glyphosate to higher organisms was obviously different, but as far as 469 

bacteria and fungi are concerned, the results obtained were consistent with those presented by others 470 

(Amorós et al., 2007; Busse et al., 2001). According to the classification by Passino and Smith (Passino 471 

and Smith, 1987), if the toxicity is higher than 1000 mg/L, then the compound is defined as harmless. 472 

However, choline is a biomolecule incorporated in some phospholipids, especially lecithin and 473 

sphingolipids (Zeisel and Canty, 1993). The fact that it is nontoxic has attracted much interest in the 474 

chemical community (Gadilohar and Shankarling, 2017; Glier et al., 2014; Zeisel and da Costa, 2009). 475 

Based on this molecule of natural origin, a number of modifications have been proposed that show great 476 
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potential to use this compound as a base for the synthesis of ILs (Weaver et al., 2010) and deep eutectic 477 

solvents (Radošević et al., 2015) or lead to novel compounds with new properties, e.g., advanced 478 

cationic surfactants. Choline itself is a hydrophilic compound, and due to its positive charge on the 479 

nitrogen atom, it can interact with electron-dense molecular fragments present in the environment. 480 

Therefore, an important issue is to increase hydrophobicity by introducing long alkyl chains into the 481 

choline molecule. In this way, compounds with a positively charged center on the nitrogen and 482 

characterized by high hydrophobicity are formed. As expected, the obtained cations [C12Chol] and 483 

[C16TMA] already showed bactericidal properties and thus behave as typical cationic surfactants. 484 

[C12Chol] exhibits toxicity in the range of 5 to 200 mg/L, while [C16TMA] exhibits toxicity in the range 485 

of 1 to 30 mg/L, which, according to the Passino and Smith classification, translates into slightly to 486 

moderately toxic compounds. The [C16TMA] cation is generally more toxic than [C12Chol], which 487 

would confirm the benefits of modifying molecules of natural origin rather than synthesis based on 488 

strictly synthetic compounds. The toxicity data correlated with the values for this group of compounds, 489 

as shown by Costa et al. (Costa et al., 2015). The most interesting conclusion from the analysis of the 490 

results presented in Table 5 is that the toxicity determined for HILs perfectly matches the toxicity of the 491 

cations used. This is even more evident in the figure (Figure 4.) 492 

 493 
Table 5. Antimicrobial activity of glyphosate-based HILs towards model microorganisms. 494 
 495 

Microorganisms 
Antimicrobial activity [mg/L] 

[K] 
[Glyph] 

[Chol] 
[Cl] 

[Chol]2 
[Glyph]1.8 

[C12Chol] 
[Cl] 

[C12Chol]2 
[Glyph]1.3 

[C16TMA] 
[Cl] 

[C16TMA]2 
[Glyph]0.8 

Escherichia 
coli 

>1000 
(H) 

>1000 
(H) 

>1000 
(H) 

70.3±0.8 
(ST) 

72.2±0.7 
(ST) 

25.2±0.6 
(ST) 

28.1±0.7 
(ST) 

Staphylococcus 
aureus 

>1000 
(H) 

>1000 
(H) 

>1000 
(H) 

5.8±0.3 
(MT) 

7.5±0.2 
(MT) 

3.2±0.3 
(MT) 

1.1±0.1 
(MT) 

Candida albicans >1000 
(H) 

>1000 
(H) 

>1000 
(H) 

195.6±8.2 
(PH) 

207.7±9.5 
(PH) 

2.7±0.2 
(MT) 

3.8±0.1 
(MT) 

± standard error of the mean of three independent experiments, Toxicity classification according to 496 
Passino and Smith (1987) [49]; <1 mg/L toxic (T), 1-10 mg/L moderately toxic (MT); 10-100 mg/L 497 
slightly toxic (ST); 100-1000 mg/L practically harmless (PH); >1000 mg/L harmless (H) 498 
 499 

 500 

Figure 4. 501 

 502 
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If HILs formed ionic pairs, then the toxicity of the cation–anion pair would in no case be a simple sum 503 

of the toxicity of the cation and anion. If the anion is nontoxic and only the cation is toxic, then the 504 

interactions between the combined cation and anion should manifest at least in a reduction of formal 505 

charge, and consequently, the ion pair should exhibit lower toxicity. However, we observed that the 506 

toxicity of the obtained HILs was not reduced in comparison with the toxicity of the cations themselves, 507 

which may suggest that only the cation is responsible for the final toxicity. This observation was 508 

consistent with reports of many authors that have suggested that the cation determines the properties of 509 

the resulting ILs (Gathergood et al., 2004). 510 

Cationic surfactants are known for their toxic effects, and the main factors responsible for this are the 511 

presence of a positive charge and a hydrophobic chain. In our opinion, the same toxicity results for 512 

cations and HILs provide indirect evidence that there is no permanent interaction between cations and 513 

anions. Consequently, a solvated cation with toxic properties acts independently of the anion. It can 514 

incorporate into the cell membrane, leading to cell lysis, etc., which is a typical action of cationic 515 

surfactants (Timmer and Droge, 2017). If there is an interaction between the cation and the anion, one 516 

would expect a reduction in the toxic effects of the cations. A question that arises when analyzing 517 

toxicity results concerns the integrity of ionic liquids in an aqueous environment. The analyzed HILs 518 

are just one of many ILs but still provide a good justification for more advanced analysis of the role of 519 

the interaction between cation and anion when researching, e.g., degradation of ILs in the natural 520 

environment. 521 

 522 

3.6. Structure Modeling 523 

Glyphosate is usually referred to as a zwitterion, which is not entirely true, as it exists in different ionic 524 

states depending on pH, and not all of the forms have equal numbers of positive and negative charges. 525 

The amine group can be protonated, but both the phosphonic and carboxylic moieties ensure an overall 526 

negative charge under environmental conditions. Sheals et al. (Borggaard and Gimsing, 2008; Sheals et 527 

al., 2002) presented the following acid dissociation constants: pKa1 = 2.22, pKa2 = 5.44 and pKa3 = 10.13. 528 
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In the first step, the cation–anion interactions in pure ionic liquids were modeled using the HyperChem 529 

8.0.6 program. The interaction energies of cations ([Chol], [C12Chol], [C16TMA]) with glyphosate anion 530 

([Glyph]) were in the range of 75.9-88.9 kcal/mol (Table S6). 531 

Both phosphonic and carboxylic moieties of glyphosate were taken into consideration when setting up 532 

the initial positions of ions (i.e., indicating which moieties are more plausible to interact with cation). 533 

No significant effect was observed. The obtained energy values indicate that the interactions between 534 

cations and anions are possibly enough to support the existence of herbicidal ionic liquids as the energies 535 

for bonds present in ionic liquids. Those have been reported to be 85.8-95.2 kcal/mol and 83.4-91.0 536 

kcal/mol in dimethylpyrrolidinium chloride and methanesulfonate, respectively; 67.7-78.0 kcal/mol in 537 

the combination of dimethylpyrrolidinium cation with bis[(trifluoromethyl)sulfonyl]imide anion 538 

(Izgorodina et al., 2009); 100.7 kcal/mol in trimethylammonium methanesulfonate, or 72.4 kcal/mol in 539 

1-ethyl-3-methylimidazolium methanesulfonate per ion pair (Fumino et al., 2013). Notably, when the 540 

ammonium group of the cation was positioned to the phosphonic moiety of the glyphosate ion, the latter 541 

rotated to embrace the ammonium center with both phosphonic and carboxylic moieties. 542 

To explain why the cations were preferentially sorbed in soils to an extent that exceeded the sorption of 543 

glyphosate, additional modeling was needed. Due to the pH of the analyzed soils, which was in the range 544 

of 5.9-6.8, glyphosate will mainly exist in fully ionized form, i.e., All three acidic moieties will have a 545 

negative charge, and the amine group will be protonated; as a result, the net charge will be minus 2. 546 

Therefore, the second step involved modeling interactions between the cations, anions and 547 

representative moieties present in soil: silanol and aluminol in both neutral and dissociated forms 548 

(Thompson A., 2012), as well as carboxyl, carboxylate and sulfonate. 549 

The glyphosate ion with both OH groups dissociated was found to interact more strongly with 550 

ammonium cations with an energy of 164.6-170.1 kcal/mol. This higher interaction energy between 551 

cations and anions may explain the behavior of the analyzed HILs in OECD soil, where increased cation 552 

sorption translated into increased anion sorption. However, this does not explain why a similar effect 553 

was not observed for the agricultural soil, where cation sorption ([C12Chol], [C16TMA]) was almost 554 

quantitative but in no way translated into increased glyphosate sorption. This was interesting because 555 
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even some publications indicate that the presence of surfactants in soil promotes sorption of herbicides 556 

(Rodríguez-Cruz et al., 2006). 557 

 558 

3.7. Determination of the impact of herbicidal ionic liquids on the early 559 

development of plants 560 

To test the effect of cations on the toxicity of glyphosate to plants, we determined the germination index 561 

[GI], and based on this, we calculated EC50 values expressed as the concentration of the active substance 562 

glyphosate (Table 6), which provides an easier way to see significant trends. Additionally, the effects of 563 

salt concentration on both plant shoot and root growth are presented in Figures S51-S54 in ESI. The 564 

effect of glyphosate alone was identical to the effect observed for the [C12Chol]2[Glyph]1.3 and 565 

[C16TMA]2[Glyph]0.8 salts. The same trend was observed in both monocotyledonous and dicotyledonous 566 

plants. 567 

 568 

Table 6. EC50 values of the tested salts against cornflower and wheat expressed as concentration of 569 
active substance – glyphosate. 570 
 571 

 EC50 [mg/kg d.w.s.] 
 Cornflower Wheat 

[K][Glyph] 19 ± 2 70 ± 7 
[Chol]2[Glyph]1.8 9 ± 1 92 ± 7 

[C12Chol]2[Glyph]1.3 21 ± 2 73 ± 6 
[C16TMA]2[Glyph]0.8 17 ± 2 79 ± 5 

 572 

 573 

No effect of the cation is seen here in any way, which should be explained by its sorption. This is due 574 

to the germination index determination methodology, in which the analyzed compound is introduced 575 

into the soil, to which seeds are then added. Since the cations [C12Chol] and [C16TMA] undergo almost 576 

quantitative sorption, they are not bioavailable and have no effect on plant growth. Therefore, in each 577 

case, the effectiveness of glyphosate is the same, regardless of whether it was introduced as a potassium 578 

salt or accompanied by the abovementioned cations in the form of HILs. 579 

In the case of choline, the [Chol] cation undergoes only partial sorption in soil and therefore, due to its 580 

mobility, may have an effect on germinating plants. Many researchers have described both positive and 581 
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negative effects of this biomolecule on plant growth. In plants, choline and glycine are involved in the 582 

synthesis of glycine betaine (GB), which is a major and effective osmoprotectant. It is widely believed 583 

that GB can protect plants from exposure to harsh environmental conditions such as drought, high 584 

temperature, and salinity without causing cell toxicity (Ashraf and Foolad, 2007). According to Pinheiro 585 

et al., low doses of 2,4-D herbicide containing choline salt can increase the shoots and roots of soybean 586 

(Pinheiro et al., 2021). However, in some cases, choline addition was proven to also have a negative 587 

effect on plant growth (Briggs, 1968). 588 

Our results clearly indicated that the selected salts in the soil environment do not function as ionic 589 

liquids, so there is no interaction between cations and anions, the existence of which would undoubtedly 590 

translate into EC50 values. 591 

 592 

4. CONCLUSION 593 

In our work, the ability of an ionic pair to exist in the soil environment was studied in the course of 594 

sorption, leaching, toxicity, and structure modeling experiments. 595 

Conversion of the choline cation into the hydrophobic derivative [C12Chol] contributed to an increase 596 

in microbial toxicity comparable to that of a typical hydrophobic quaternary ammonium cation such as 597 

[C16TMA]. In fact, the glyphosate anion is not toxic to the test microorganisms, and the toxicity of the 598 

analyzed HILs corresponded to the toxicity of the sole cations. The same trend also occurred during 599 

phytotoxicity testing. The sorption of HILs on OECD and agricultural soils revealed the following trend: 600 

cation [C16TMA] > [C12Chol] > [Chol]. An important aspect is that the calculated values of the 601 

Freundlich constant Kf for anions [Glyph] are almost constant, regardless of the presence of cations. The 602 

differences in Kf results between OECD soils and agricultural soils are because soils differ in factors 603 

such as cation exchange capacity, clay and organic carbon content, and pH. This showed that cations 604 

and anions sorb in soil independently of each other and that cations have no statistical effect on anion 605 

sorption. The leaching results indicated that combining herbicides with hydrophobic cations with 606 

surfactant properties does not make sense because such compounds are preferentially sorbed in soil and 607 

the mobility of the herbicide does not change at all. The interaction energies between cations ([Chol], 608 

[C12Chol], [C16TMA]) and zwitterion [Glyph] were within the range of interactions between ions 609 
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forming ionic liquids reported previously in the literature. If we consider the pH of the analyzed soils, 610 

glyphosate should exist in a fully ionized form and interact strongly with ammonium cations, but 611 

increased sorption of hydrophobic cations was not observed. Nor did this translate into increased 612 

sorption of glyphosate. In our opinion, a much more thorough analysis of the interactions of individual 613 

cations and anions with the soil matrix should be conducted in the future to fully understand the nature 614 

of interactions between cations and anions in the soil matrix. 615 

The results obtained indicate one important fact. The unique interactions between cations and anions, 616 

which are important for ionic liquids, are no longer an important factor in sorption on negatively charged 617 

soil components. This is strong evidence that in soil environments, choline-based ionic liquids and the 618 

herbicide glyphosate do not form any ionic pairs and undergo physicochemical processes as independent 619 

cations and anions. We have demonstrated the need for increasingly sophisticated studies from which 620 

the environmental fate of cations as well as anions can be more accurately analyzed, as it currently 621 

appears that the use of the term ionic liquids to refer to such substances introduced into the soil 622 

environment is highly debatable. 623 

 624 
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 802 

Figure. 1. Freundlich isotherms for [Chol], [C12Chol], [C16TMA] cations (a) and [Glyph] anions in the 803 

appropriate salts (b). 804 
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Figure. 2. Sorption of glyphosate [K][Glyph] versus sorption of glyphosate incorporated into 806 

appropriate ionic liquids ([Chol]2[Glyph]1.8, [C12Chol]2[Glyph]1.3, [C16TMA]2[Glyph]0.8) for both OECD 807 

and agricultural soils. 808 

 809 

Figure 3. Adsorption percentage in OECD and agricultural soils for [Chol], [C12Chol], [C16TMA] 810 

cations (a) and [Glyph] anions in the appropriate salts (b). The [Glyph] anion is listed first, and the cation 811 

is listed second to make the figure easier to read. The graphs shown are for experiments with a 812 

concentration of 50 mg/L of active ingredient (glyphosate) and an experimental time of 24 hours. 813 

 814 

Figure 4. Relationship between toxicity of cations present in chloride salts [Chol][Cl] (□), [C12Chol][Cl] 815 

(○), [C16TMA][Cl] (∆) and toxicity of HILs containing the same cations paired with glyphosate anion 816 

[Chol]2[Glyph]1.8 (■), [C12Chol]2[Glyph]1.3 (●), [C16TMA]2[Glyph]0.8 (▲) during growth of 817 

Pseudomonas putida KT2440. 818 
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