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Abstract: This review delves into the diverse applications of ionic liquids (ILs) in modern agriculture,
focusing on their pivotal roles in the extraction of natural products and pesticides, as well as their
substantial significance in sustainable pesticide delivery systems. The reported extraction methods
include ILs and their modified materials as solvents in dispersive liquid-liquid microextraction, solid-
phase dispersion, and solid-phase microextraction. The study categorizes ILs according to their utility
as herbicides, microbicides, food repellents, and plant growth regulators. This review investigates the
use of ILs as plant immunity inducers to elevate the systemic acquired resistance in crops, thereby
augmenting their intrinsic ability to defend against plant pathogens. Furthermore, the review explores
the application of ILs in pesticide delivery systems, emphasizing their ability to enhance efficacy
while promoting environmental sustainability. The biodegradability and toxicity aspects of ILs are
also discussed, shedding light on their potential as eco-friendly alternatives in agricultural practices.
In conclusion, this comprehensive overview underscores the multifaceted contributions of ILs in
agriculture, from efficient extraction methods to the development of innovative and sustainable
pesticide delivery systems. As the agricultural landscape evolves towards environmentally conscious
practices, the integration of ILs presents a promising avenue for enhancing productivity while
minimizing ecological impact. As the agricultural industry seeks innovative and sustainable solutions,
the nuanced exploration of ILs in this review highlights their potential to address multiple challenges
in modern farming practices.

Keywords: ionic liquids; modified materials; chromatographic analysis; isolation; pesticide delivery;
toxicity

1. Introduction

In modern agriculture, the crucial role of pesticides in balancing yield protection and
economic viability cannot be overstated, particularly for cost-sensitive crops [1]. According
to data released by the FAO, global pesticide usage surged to 2.7 million tonnes in 2020,
with the United States alone accounting for 15% of this usage [2], underscoring the pivotal
role of pesticides in sustaining the food industry. While pesticides are vital for averting
crop production declines, their overuse poses significant threats to environmental ecology,
leading to issues related to residue, resistance, and runoff [3]. Conventional methods of
pesticide application contribute to uncontrolled releases, low precision in targeting, and
substantial losses through volatilization, leaching, and runoff, exacerbating the environ-
mental impact. Furthermore, the use of auxiliaries and traditional organic solvents in the
production of pesticide raw materials further compounds the ecological challenges [4].
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Consequently, it is imperative to explore novel alternative solvents that offer improved
environmental sustainability and efficacy.

Ionic liquids (ILs) represent a class of liquid ionic salts characterized by melting points
below 100 °C [5,6], and some can even remain in liquid form near room temperature,
known as room temperature ILs [7,8]. These substances are hailed as an environmentally
friendly alternative to traditional organic solvents, primarily due to their lower toxicity
levels [9]. Common anions found in ILs include inorganic anions (halide, tetrafluoroborate,
hexafluorophosphate, bis(trifluoromethylsulfonyl)imide, etc.) and organic anions (acetate,
amino acid, etc.). Meanwhile, prevalent cations comprise imidazolium, ammonium, pyri-
dinium, phosphonium or sulfonium [10]. The distinctive feature of ILs lies in the diverse
combinations of anions and cations, coupled with the tunability of functional groups [11].
This unique characteristic allows for a wide array of properties that can be customized
and tailored for specific applications, earning them the moniker “designer solvents” [12].
Moreover, these solvents boast several advantageous physicochemical properties, including
low vapor pressure, exceptional solubility in both organic and inorganic chemicals, high
thermal stability, and a benign environmental footprint [6,13,14].

With the growing prevalence of green chemistry over the past decades, ILs have
garnered attention for their exceptional properties in a multitude of fields, including
pharmaceuticals, materials science, electrochemistry, industrial applications, and the food
industry [15]. Currently, the development of IL technology has undergone three major
revolutions [16]. The first generation encompasses ILs with customizable physical proper-
ties. The second generation of ILs primarily focuses on improving the chemical properties
and functionalities of the first generation of ILs. The third generation primarily focuses on
the development and utilization of bioactive ILs, with a particular emphasis on reducing
their toxicity levels. As research into the bioactivity of ILs has intensified, their poten-
tial applications in agriculture have also garnered significant interest. Presently, ILs find
extensive use in agriculture and can be broadly classified into four categories based on
their application scopes: (1) Extraction of natural products, (2) Isolation and extraction of
pesticides, (3) Ionization of pesticide active ingredients to form ILs, and (4) Delivery of
pesticides. Applications of ILs in agriculture have been schematically presented in Figure 1.

Applications of ILs in agriculture
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Figure 1. Applications of ILs in agriculture.

2. Extraction of Natural Products

Certain natural plant extracts possess pest- and microbial-inhibition properties, along
with herbicidal effects, making them potential substitutes for pesticides to some extent.
These extracts, comprising alkaloids, terpenoids, flavonoids, and other compounds, are
recognized for their residue-free nature and environmental benefits, aligning with the
principles of sustainable agriculture. As a result, the market for these extracts as bio-
genic insecticides is rapidly expanding. Moreover, natural plant extracts are witnessing
a surge in consumer demand across various industries, particularly in the field of food
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production. The trend underscores the increasing importance of extracting chemicals from
natural sources. However, conventional extraction methods for these natural compounds
suffer from several drawbacks, including their reliance on significant quantities of non-
environmentally friendly organic solvents, as well as their inefficiency, time consumption,
and technical complexity [17,18]. Hence, ILs, serving as a green, eco-friendly, straightfor-
ward, and cost-effective extraction solvent, have been progressively attracting extensive
attention [19,20].

ILs have been extensively investigated for their role in extracting alkaloids such as
caffeine [21,22], piperine [23,24], vinblastine[25], neferine [26], and others. The exceptional
solubility of most alkaloids in aqueous solutions typically leads to the use of a solvent
mixture comprising water and ILs in these extraction studies [27,28]. One of the widely
employed techniques for alkaloid extraction using ILs is ultrasound-assisted extraction,
which has proven to be particularly effective [25,29,30]. Cao et al. were pioneers in
this field, introducing an innovative approach involving IL-based ultrasound-assisted
extraction for the isolation of piperine from white pepper [24]. As the field continues to
evolve, several new methods have been developed to enhance the extraction of natural
products using ILs [31,32]. For instance, Zhu et al. employed cloud point extraction to
augment the extraction of alkaloids from lotus leaves with ILs, yielding favorable results
for liensinine, isoliensinine, neferine, o-demethyl nuciferine, and nuciferine extraction. The
average recovery rates ranged from 80.4% to 93.7%, with relative standard deviation values
for extraction and retention time falling within the range of 1.11-4.45% and 0.04-0.28%,
respectively [26].

The remarkable effectiveness of ILs in natural product extraction can be attributed to
their ability to efficiently dissolve cellulose, a major component of plant cell walls that often
presents a significant barrier to the extraction of active ingredients [33,34]. ILs facilitate the
extraction of active ingredients from plants by disrupting the molecular or intramolecular
hydrogen bonds within or between cellulose fibers in the plant cell wall. This disruption
leads to the decomposition of cellulose, making the active components more accessible for
extraction [35]. The solubilization mechanism of cellulose by ILs is primarily explained
by two main factors. Firstly, the anion within ILs plays a significant role in cellulose
solubilization. The anion forms hydrogen bonds with the hydroxyl protons of cellulose,
and the strength of these hydrogen bonds in ILs correlates with their capacity to dissolve
cellulose [36-38]. Lu et al. have demonstrated that the presence of an acidic proton on the
cationic heterocycle directly impacts cellulose solubility in ILs. Secondly, the cation can
indirectly influence cellulose solubility by affecting the anion through spatial constraints
and strong interactions [39]. Moreover, research by Zhao et al. suggests that the hydroxyl
group on the cation of some ILs may compete with the anion for binding to cellulose,
forming hydrogen bonds [40,41].

The group of compounds known as flavonoids serves to color various plant parts
and significantly contributes to human health [42]. These compounds are known for their
diverse pharmacological effects, including antioxidant properties, antibacterial activity,
antitumor potential, and cardiovascular protection [43]. Over recent years, there has been a
growing focus on the study of flavonoids in natural products, reflecting their increasing
importance in various fields [44,45]. Research has revealed that both flavonoids and al-
kaloids feature hydroxyl and aromatic groups that form hydrogen bonds with the anions
present in ILs, thereby enhancing their solubility in these solvents. Du et al. demonstrated
that the choice of cation within ILs impacts the extraction efficiency of flavonoid com-
pounds, as evidenced by the differing extraction efficiencies between pyridinium-based
ILs and imidazolium-based ILs [46]. Similarly, the study of Zuo et al. highlighted how
the alkyl lengths and positions of the cations in ILs influence the extraction efficiency of
flavonoid compounds [47]. It is worth noting that ILs significantly enhance the extraction
efficiency of flavonoids. A comparison was made by the extraction efficiency between
IL-based microwave-assisted extraction and conventional microwave-assisted extraction
for flavonoids in Bauhinia championii (Benth.) Benth. The results indicated that IL-based



Agriculture 2023, 13, 2279

4 of 25

microwave-assisted extraction exhibited superior extraction efficiency with a considerably
reduced extraction time (from 1.5 h to 10 min) [48]. Additionally, the IL-based microwave-
assisted extraction method outperformed IL-heating extraction, IL-magnetic extraction,
and IL-ultrasound-assisted extraction due to its capacity to efficiently absorb microwave
energy [49].

Owing to the high toxicity, non-biodegradability, and considerable costs associated
with traditional extraction methods, numerous studies have explored the utilization of
ILs for the extraction of various other natural products, including terpenoids and lignin
lipids [50-53]. For instance, Chen et al. employed 1-butyl-3-methylimidazolium tetrafluo-
roborate in an IL-ultrasound-assisted extraction method to extract lignans from Eucommia
bark, showcasing the potential of ILs in the extraction of lignans [54]. Similarly, Li et al.
utilized the IL 1-butyl-3-methylimidazolium bromide to extract five ginsenosides from
Panax ginseng through ultrasound-assisted extraction with a double aqueous phase [55].
Hence, ILs offer an efficient and potentially environmentally friendly approach compared
to traditional solvent extraction, ensuring the effective extraction of valuable constituents
from plants.

3. Isolation and Extraction of Pesticides

Traditional organic solvents are known for their excellent dissolving and extraction
properties; however, their significant drawbacks, including high toxicity, non-biodegrada-
bility and considerable cost, are not in line with the principles of green chemistry [56].
Consequently, the exploration and development of alternative eco-friendly solvents have
emerged as a key focus for researchers [57]. ILs have gained traction in separation tech-
niques in recent years, primarily due to their customizable physical and chemical properties,
making them a promising candidate for sustainable solvent alternatives [58,59]. In the field
of pesticide testing, the simplicity, efficiency, and time-saving attributes of IL extraction,
compared to conventional organic solvents, have positioned them as viable replacements
for organic solvents in the extraction and enrichment of analytes [60]. Furthermore, apart
from their role as solvents, ILs can enhance the extraction efficiency of various materials by
modifying and functionalizing sorbent materials such as silica and carbon nanotubes. The
strong extraction capability of ILs extends to a broad spectrum of aqueous contaminants,
including heavy metals, dye molecules, and organic compounds. This ability underscores
their potential for efficient wastewater treatment and remediation. Consequently, the
versatile nature of ILs holds great promise for advancing sustainable and environmen-
tally friendly practices in various fields, including extraction processes and wastewater
treatment [61]. As in the previous section, all details of described examples of IL-based
analytical protocols are included in Table 1.

Table 1. Applications of IL-based hybrid materials in various extraction methodologies.

Types of Limits of
Separation Sample Type Analyte(s) Evaluated IL(s) Detection Reference
Technology (ng/kg)

Water; Tea Benzoylurea
DLLME beverage insecticides [Nass1 1[PFs] 0.29-0.59 [62]
DLLME Coarse cereals Organophosphorus [C4MIMI][BE,] 2555 [63]
pesticide
. Sulfonylurea [CeMIM][PF¢],
2-6. 64
DLLME Wine herbicides [C4MIM][PF¢] 32766 [64]
DLLME Honey Benzoylurea [Ny4a4][PFe] 0.21-0.42 [65]

insecticides
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Table 1. Cont.
Types of Limits of
Separation Sample Type Analyte(s) Evaluated IL(s) Detection Reference
Technology (nug/kg)
DLLME River water Organophosphorus [MCOOC,MIM][NTf,] 0.7-2.7 [66]
pesticides
[C4C4MIM][Br],
[C4CsMIM][Br],
DLLME Water Triazole fungicides [C4C¢MIM][Br], 0.74-1.44 [67]
[C4(C4MIM),][Br2],
[C4(MIM),][Br2],
DLLME Oilseeds Triazine herbicides [C4MMIM][FeCly] 1.20-2.72 [68]
. Sulfonylurea
ILFF-SPE Milk horbiido [C4MIMI][BE,] 0.6-1.3 [69]
o Agricultural Organochlorine [1-NA][FeCly] .
SB-p-SPE wastewater pesticides [4-MA][FeCly4] 0.25-3.4 [70]
Organophosphate . . .
D-uSPE Water pesticides Si0,@MIM-PFg4 0.3-0.6 [71]
Volatile [CgsMIM][Br],
SPME Grape juice endocrine-disruptor [C1oMIM][Br], 0.002-0.667 [72]
pesticides [C1gsMIM][Br]
R Organophosphorus .
SPME Wine; Juice pesticides [C1MIM][NTH;] 0.57-4.13 [73]
Epoxiconazole, [VBIMC6][NTf;],
. fluroxypyr, [VIMC;,OH][NTf,],
HS-SPME Soil metribuzin, and [(VBIM),C15]o[NT#,], 0.2-2 [74]
oxyfluorfen [(VB(BIM)),C12]2[NTf,]
[VIMCs][NTf;],
[VIMCy2][NTH,],
DI-SPME Water 20 pesticides [(VIM),C15]2[NTHf, ], 1-200 [75]
[VBIMCg][NTf,],
[(VBIM)>C12]2[NTt;]
Soils, ground and Fe;0,@Si0,-MIM,
SPME river waters, and Zéifﬁlze'i]?o(fite? Fe30,4@5i0,-MMIM, 1x1074-3 x 1072 [76]
bottom sediments Fe;0,@Si0,-C;MIM
Tap, lake and rain Carbamate [C4MIM][PF¢],
ILMB-ME water pesticides [CeMIM][PF¢] 1.4-34 (771
[C4MIM][BF4],
[CeMIM][BF4],
Acetanilide [CsMIM][BFy],
.29-0. 78
MSPD Naked oat herbicides [C,MIMI][PE,], 0.29-0.59 [78]
[CeMIM][PF¢],
[CsMIM][PF¢]
[Pee614l[GA(IMT)(hfacac)s],
Organophosphate, [Pess14][Dy (1) (hfacac)4],
MSPD Vegetables organochloride and [Pggs14][Co(I)(hfacac)s], 0.002-0.009 [79]
triazine pesticides [Pggo14][Mn(Il)(hfacac)s],
[Pess14][Ni(Il)(hfacac)s]
MEPS Brewed coffee Polycyclic aromatic ZIL@T@SIO, 45-67 [80]
hydrocarbons
PT-SPE Egg Fipronil IL@T@GO 476 [81]
ILE-MSPE Water Organophosphorus  Fe304@Na;CO;@[CcMIM][PFq] 0.14-0.22 82]

pesticides

effervescent tablet
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3.1. ILs as Solvent

Pesticide residues pose a significant threat not only to non-target organisms but also
to the overall ecology of soil and water [83—-85]. Therefore, conducting tests for pesticide
residues in soil, water, and food is crucial for mitigating potential health risks [86,87].
However, analyzing trace amounts of polar contaminants accurately in samples, owing to
the complexity of the matrix and the low concentration of the target analytes, has long been
a challenging and critical area in separation techniques. Accordingly, the development
of simple and efficient sample pretreatment techniques has become a top priority. The
application of ILs for sample pre-concentration and extraction is widely considered the
future direction of pesticide residue analysis, and numerous studies have already been
conducted in this area. These studies encompass various techniques, including dispersive
liquid-liquid microextraction (DLLME) [62-68], solid-phase extraction (SPE) [69-71], solid-
phase microextraction (SPME) [72-76], and so on. ILs demonstrate significant potential for
improving the efficiency and accuracy of pesticide residue analysis, presenting a promising
avenue for addressing the challenges associated with trace polar contaminant analysis in
diverse samples.

3.1.1. DLLME

To achieve ecologically sound, environmentally friendly, and cost-effective sample
analysis, the incorporation of sample pre-concentration steps and the miniaturization of
analytical instruments is imperative in the pesticide analysis process [57]. DLLME, a novel
liquid-phase extraction method, utilizes only a small quantity of extraction solvent. The
typical DLLME process comprises three solvent systems: the dispersant, the extraction
solvent, and the aqueous sample [88]. This method involves the rapid injection of the
dispersant and extractant into the aqueous sample, generating turbulence that disperses the
extractant into numerous small droplets, resulting in a large emulsified droplet interface
area, which accelerates the mass transfer process of the analyte. ILs are increasingly utilized
as extraction solvents in the DLLME technique [89].

In IL solutions, the anions are predominantly tetrafluoroborate [BF4]~, hexafluorophos-
phate [PF¢]~, and bis[(trifluoromethyl)sulfonyl]imide [Tf,N]~, imparting hydrophobic
properties to the ionic solution, facilitating the formation of a biphasic system with aque-
ous samples. The hydrophobicity of the anions increases in the order of [Br]™ to [CI]™
to [BF4]~ to [PF¢]™ to [TESI]™ to bis(perfluoroethanesulfonyl)imide ([BETI]™) [90]. For
instance, Wang et al. utilized the hydrophobic IL ([Nggs1][PFs]) as an extraction solvent [62],
developing an innovative in-syringe solidified IL-DLLME method for the rapid screen-
ing and quantification of benzoylurea insecticides in water and tea. Its analytical range
was 2-500 (nug/L) with a minimum density of 0.29-0.59 (ug/L) and extraction recoveries
between 85.9% and 90.52%. The method demonstrated a simple, effective, and environmen-
tally friendly approach, eliminating the need for tedious vertexing, ultrasound, magnetic
stirring, evaporation, or centrifugation, thereby reducing the operating time of the extrac-
tion method.

In the case of some pesticides containing aromatic substituents, such as organophos-
phorus pesticides, the interaction between them and ILs revolves around both hydrophilic
and hydrophobic interactions [91]. Zhang et al. combined DLLME with high-performance
liquid chromatography (HPLC), utilizing [CeMIM][PFs] as the extractant and [CsMIM][BF,4]
as the dispersant for the determination of five organophosphorus pesticide residues
(trichlorfon, chlorpyrifos, phoxim, fenthion, and diazinon) in coarse grains. The method
exhibited high sensitivity and reproducibility, with limits of detection ranging from 2.3 to
8.6 ug/kg and recoveries between 85.3% and 107.3%. This approach proved suitable for
the rapid detection of organophosphorus pesticides in coarse grains [63].

The increase in the chain length of the cationic alkyl substituents enhances the
lipophilicity of the ILs, facilitating the solubilization of organic matter. However, an
increase in the alkyl chain length leads to IL aggregation in aqueous solutions, result-
ing in larger microemulsion droplet sizes, which adversely affect viscosity and the mass
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transfer effect of the extraction process [92,93]. Li et al. compared three ILs with different
cations and ultimately selected [C4MIM]*, with the shortest alkyl chain, for their IL de-
sign. The developed method involved the in situ reaction of K[PF¢] and [C4MIM][Br] in
the sample solution, utilizing the hydrophobic IL [C4MIM][PFg] as the extraction solvent.
Unlike conventional DLLME methods, this technique does not necessitate a dispersive
solvent, showcasing limits of detection and quantification in the range of 0.30-0.62 and
1.20-2.50 pg/L, respectively. The method demonstrated high enrichment factors of 74-115
and recoveries ranging from 81.0% to 103.4% [94].

Furthermore, temperature is a crucial factor influencing IL viscosity. Generally, IL vis-
cosity decreases with rising temperature, allowing for the reduction of IL viscosity through
temperature elevation [95]. Zhang et al. developed a method for the determination of five
pyrethroid residues in herbal tea using IL-DLLME with [C¢MIM][PF¢] as the extraction
solvent and acetonitrile as the dispersant. Typically, the high viscosity of ILs poses chal-
lenges in dispersing them in sample solutions. Therefore, in this experiment, ultrasonically
enhanced temperature control was employed to enhance the dispersion process, improving
the ability of ILs to extract analytes. The method exhibited limits of detection and quan-
tification of 1.25-1.35 pug/L and 5 ng/L, respectively, with mean recoveries ranging from
74.02% to 109.01% and relative standard deviations below 9.04% [96].

3.1.2. Solid-Phase Dispersion (MSPD)

In solid-phase extraction, the stationary phase, typically a sorbent or resin, forms a
strong yet reversible interaction with the target analyte or contaminant, enabling the reliable
and rapid extraction of the desired analyte from complex samples [97]. This method is
renowned for its selectivity and versatility, offering a diverse array of sorbents and elution
conditions suitable for various analytes and matrices. However, traditional solid-phase
extraction methods are often criticized for their slow speed, labor-intensive nature, and
substantial reliance on organic solvents, rendering them environmentally unfriendly. To
address these concerns, the integration of ILs into the solid-phase extraction process has
been deemed a significant improvement [98].

The incorporation of ILs in the solid-phase extraction procedure expedites and stream-
lines the sample preparation process. These ILs are frequently employed as sorbents in
solid-phase extraction and can be immobilized on solid-phase carriers through physical
adsorption or chemical bonding. In the context of solid-phase extraction, ILs serve as
a dissolution system or primary extractant for the sample, enhancing the efficiency and
effectiveness of the extraction process [99].

For instance, Zhang et al. utilized [CsMIM][BF,] as the extraction solvent and foam-
ing agent in the analysis of seven acetanilide herbicides (alachlor, metazachlor, propanil,
acetochlor, pretilachlor, metolachlor, and butachlor) in naked oats. They employed an
IL-based matrix MSPD-foam flotation solid-phase extraction approach in combination with
high-performance liquid chromatography. The method exhibited limits of quantification
ranging from 2.62 to 7.28 pg/kg. The average recoveries of acetanilide herbicides spiked
at 10, 100, and 500 pg/kg ranged from 92.1% to 104.7%. This study serves as an example
of how the utilization of ILs in the SPE process can significantly enhance its efficiency
and environmental compatibility, paving the way for more sustainable and eco-friendly
extraction techniques [78].

3.1.3. Solid-Phase Microextraction (SPME)

Solid-phase microextraction stands out as an advanced, environmentally friendly sam-
ple pre-concentration technique that amalgamates sampling, extraction, concentration, and
sample introduction into a single step, making it particularly attractive to researchers [98].
One of its most appealing features is its solvent-free pre-concentration process, contributing
to the overall eco-friendliness of the solid-phase microextraction procedure [57,100]. This
technique operates on the principle of analyte partitioning between the sample phase and a
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solid extraction phase (sorbent), typically consisting of a coated polymer fiber that extracts
the pesticide from the food matrix [60].

While both solid-phase extraction and solid-phase microextraction procedures fre-
quently incorporate IL-based modifications as a solid phase, some ILs are still used as
solvents or directly applied to the solid phase. Zeger et al. developed a novel method for
the separation of universally regulated pesticides and cannabinoids from water samples,
employing sorbent coatings of imidazolium-based polymeric ILs for direct immersion
solid-phase microextraction. In this study, the selectivity of four PIL sorbent coatings
for 20 pesticides and six cannabinoids was investigated in comparison with commercial
PDMS/DVB fibers. The [VBIMCg][NTf;] adsorbent coating exhibited the most favorable
selectivity for pesticides, achieving a limit of detection as low as 1 pug/L, with relative re-
coveries ranging from 95% to 141%, compared to 50% to 114% obtained using conventional
PDMS/DVB fibers. This method effectively enhances the extraction of pesticides while
minimizing the extraction of cannabinoids [75].

Micro-solid-phase extraction protected by porous membranes represents an extraction
technique that utilizes minimal solid phase, enclosed within a membrane bag formed by
heat-sealing a flat membrane sheet resembling an envelope [70,71]. Hassan et al. syn-
thesized two novel ILs, namely 4-methylbenzenammonium tetrachloroferrate (III) and
1-naphthylammonium tetrachloroferrate (III). These compounds, characterized by their
capacity to exist in the solid phase at temperatures below 65 °C, were utilized as adsor-
bent phases in stir-bar supported micro-solid-phase extraction (SB-u-SPE) for extracting
organochlorine pesticides from environmental water samples. SB-u-SPE exhibited out-
standing performance in terms of analytical quality factors, with the limits of detection
ranging from 0.25 to 3.4 ng/mL [70].

3.2. Magnetic Extraction

Magnetic separation has gained popularity as an extraction method in recent years [101].
It relies on the application of a magnetic field and the rate of magnetization of the extracted
phase to separate analytes from complex mixtures. Magnet-assisted microextraction tech-
niques, including those involving ILs, have emerged as a promising approach. For instance,
pure liquid magnetic ILs have been rapidly extended to magnet-assisted microextraction
operations, providing an alternative to solid magnetic particles that tend to agglomerate.
Magnetic ILs are ILs that contain one or more paramagnetic components in their chemical
makeup, enabling them to exhibit magnetic properties while maintaining some of the
distinctive physicochemical characteristics of ILs [102,103].

Magnetic ILs with iron(Ill)-based anions, such as tetrachloroferrate(Ill) ([FeCls]™)
or bromoferric trichloride(Ill) ([FeCl3Br]™), have been predominantly used in various
applications. For example, Wang et al. developed a novel sample pretreatment technique
called magnetic MSPD-magnetic IL and used it to extract triazine herbicides from oilseeds.
In this method, liquid fat samples were subjected to microextraction via DLLME using
[C4MMIM][FeCly] as the magnetic IL. Magnetic separation was employed to streamline
the separation process, resulting in intra-day and inter-day relative standard deviations
ranging from 2.1% to 6.8%. The recoveries of the analytes ranged from 88.6% to 106.3%.
This approach offers an efficient and effective means of extracting triazine herbicides from
oilseeds [68].

Furthermore, magnetic ILs can be directly incorporated into matrix solid-phase disper-
sion practices. For instance, Chatzimitakos et al. designed an experimental approach for the
identification of various pesticide residues in raw lettuce and vegetables based on matrix
solid-phase dispersion using magnetic ILs. This innovative method eliminated the need for
solid dispersion materials or co-sorbents, which facilitated its combination with the matrix,
and the hydrophobicity of magnetic ILs can simplify the separation and recovery process.
The relative recoveries of pesticide residues in samples of cucumber, potato, and courgette
ranged from 92% to 105%. This approach significantly streamlines the MSPD process by
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eliminating the requirement for co-sorbents or solid dispersion ingredients, making it a
more efficient and environmentally friendly extraction technique [79].

3.3. Material Modification

The use of ILs in microextraction settings is subject to two common limitations [104,105].
On one hand, the viscosity of ILs can impede extraction kinetics and complicate their inte-
gration into liquid chromatography systems. On the other hand, their low volatility poses
a challenge for compatibility with gas chromatography, necessitating the development
of specialized interface solutions. Additionally, the inherent characteristics of ILs render
them theoretically incompatible with certain specialized techniques, such as evaporative
light-scattering detectors.

Material modification is a technique that involves altering the original properties
of a material through physical and chemical means, thereby imparting different charac-
teristics to the material [61,92,99]. Due to their superior physical properties and design
flexibility for structural purposes, ILs are commonly employed in material modification
processes [71-76,80-82,106]. In modes such as solid-phase extraction, solid-phase microex-
traction, and dispersive micro-solid-phase extraction, IL-modified materials are currently
utilized as extraction phases. For example, Galan-Cano et al. developed the dispersive
micro-solid-phase extraction mode for the extraction of organophosphorus pesticides from
water samples using an ionic solution (methylimidazolium hexafluorophosphate)-modified
[SiIO,@MIM-PFg¢] as a sorbent [71]. The average recovery was 94%, and the lowest detec-
tion limit was 0.3 g/L. Fang et al. synthesized an innovative ion-liquid-functionalized
silica by chemically bonding methylimidazolium IL to the silica surface. The ion-liquid-
functionalized silica was utilized as an adsorbent in solid-phase extraction processes for
the separation of 12 sulfonylurea herbicides. The average recoveries of each analyte in
water samples and soil samples ranged from 53.8% to 118.2% and from 60.9% to 121.3%,
respectively [107].

IL-modified materials can also be employed in magnetic extraction procedures [108].
For instance, Gubin et al. developed a magnetic absorbent based on magnetite nanoparticles
modified with an IL [76]. The pollution levels of soil, groundwater, river water, and bottom
sediment due to 2,4-DB and its metabolites were assessed using a combination of magnetic
solid-phase extraction (MSPE) and gas chromatography—mass spectrometry (GC-MS). In
addition to their role in extracting trace pesticide residues from laboratory samples, ion-
liquid-modified materials can also be employed for the recovery and reuse of agricultural
wastewater. Zulfigar et al. synthesized an imidazolium-based IL and cellulose acetate—
supported membrane for the removal of “pyrimethoprim” from agricultural wastewater,
achieving an improved removal rate of 74% [106].

4. Types of ILs Based Pesticides

The diverse combinations of anions and cations in pesticides offer a wide range of
potential qualities, providing ample opportunities for pesticide development. Traditionally,
the isolation of pesticides involved the mono-ionization of the active molecule present in
the original active ingredient, with the other ion in the system typically serving to support
the characteristics. As research progressed, dual-ion system ILs emerged, which can be
categorized as follows: (1) a system with two anions and cations with diverse effects (such
as herbicidal, antibacterial, or repellent properties); and (2) a system with one cation and
multiple anions with synergistic effects. Pesticides with various biological functions (e.g.,
insecticides, fungicides, herbicides) can also be ionized to form an IL system that acts in an
integrated manner [15,109]. This innovative approach has the potential to revolutionize
the pesticide industry and lead to more sustainable and effective agricultural practices.
Figure 2 describes the important journey of ILs in the pesticide sector.
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Figure 2. The developmental history of pesticides based on ILs [15,110-117].
4.1. Herbicidal ILs (HILs)

HILs are developed from various well-known herbicides, including compounds
such as 2,4-dichlorophenoxyacetic acid (2,4-D) [118], 4-chloro-2-methylphenoxyacetic
acid (MCPA) [119,120], 2-(4-chloro-2-methylphenoxy)propanoic acid (MCPP) [121],
glyphosate [120], clopyralid [122], dicamba [123,124], sulfonylurea derivatives [125,126],
and so on. In the initial stages of HIL development, an “anti-crystalline engineering”
approach was employed, where cations were selected to enhance salt mobility and prevent
crystallization [127]. In subsequent stages, the focus shifted to improving herbicidal activity
and modifying the physical properties of the compounds, such as water solubility and
adhesion. The variation of cations significantly affects the overall physical properties of ILs.
Numerous studies have reported that the alkyl chain length of cations influences the adhe-
sive properties of ILs [128], while the hydrophilicity /hydrophobicity of cations affects the
solubility of ILs [129]. A new direction in HIL design involves introducing new biological
functions into HILs by adding cations to create a dual-active HIL system [130]. Addition-
ally, researchers have combined herbicidal anions with different herbicidal activities using
the same cation to form a double-salt HIL (DSHIL) system with synergistic effects [125].
Recent studies have also delved into synthesizing HILs with growth regulators [131],
glyphosate [132], and cinnamic acid [133] as key components.

4.1.1. Single Anion and Cation HILs

The simplest form of herbicidal ionic solutions consists of a single pair of anions
and cations, which are structurally uncomplicated and typically serve a single herbicidal
function. In this type of system, the anion usually possesses herbicidal activity, while the
cation plays a role in modifying the final physical properties of the ionic solution. A unique
subtype of these single anionic HILs is known as a dicationic IL, where the cation has two
positively charged centers and can thus bind with two anions [134]. This characteristic
allows for a more complex interaction between the cation and anion. For instance, Niu et al.
devised a dicationic IL containing 2,4-D with potent herbicidal activity, surpassing that of
2,4-D against two common broadleaf weeds. This innovative IL effectively decreased the
volatility and water solubility of 2,4-D, resulting in a substantial increase in weed fresh
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weight inhibition, ranging from 74.46% to 84.2%. These findings underscore the promising
potential of dicationic ILs in augmenting the herbicidal efficacy of active compounds [135].

4.1.2. Double-Salt HILs

The HIL with double salts is composed of compounds that form a charge-balanced
system, encompassing three or more ions [136]. Since the first report of double-salt HILs
in 2017, researchers have shown increasing interest in exploring this field [125,132]. Var-
ious combinations of double-salt HILs have been developed, including those based on
synthetic herbicidal agents such as 4-chloro-2-methylphenoxyacetic acid [131,137,138] and
dicamba [132]. In-depth studies on dicamba-based double-salt HILs have revealed syner-
gistic effects between the two herbicidal ions in the double-salt HIL, making them more
efficient than single-component systems. Furthermore, it has been observed that herbicides
containing both active ingredients can effectively inhibit the development of resistance in
target plants compared to conventional herbicides [139,140]. Researchers have designed
double-salt HILs with multiple herbicides, each having the same mechanism of action, and
found that their herbicidal activity surpasses that of commercially available formulations
and most tested ILs containing only one bioactive anion. These novel double-salt HILs
have demonstrated enhanced weed control in various species, making them valuable tools
in agriculture and weed management. Rzemieniecki et al. reported combining three herbi-
cides with similar mechanisms of action (4-chloro-2-methylphenoxyacetic acid, dicamba,
and mecoprop-P) to create a dual-salt HIL. Each individual herbicide in this combination
operates with the same mechanism of action. The study found that the weed control activity
of this formulation exceeded that of commercially available formulations and most tested
ILs containing only a single biologically active anion [138].

4.1.3. Dual-Activity HILs

Dual-activity HILs refer to a category of HILs in which both the anions and cations
exhibit distinct biological activities. This classification can be further subdivided into two
types. Firstly, the anions and cations have separate biological activities, typically with the
anions possessing herbicidal activity and the cations having secondary biological activi-
ties [141-144]. Secondly, both the anions and cations individually demonstrate herbicidal
activities. For the first type of dual-activity HILs, Ciarka et al. reported four new types
of HIL composed of the anion (2-chloro-6-(1-methylphenoxy)acetate) and cation (N-alkyl-
N,N-dimethylphenoxyammonium). The coexistence of antimicrobial domifen derivatives
and herbicidal 4-chloro-2-methylphenoxyacetate in the IL results in a synergistic effect
on weed control and antibacterial activity. This synergy leads to an improved herbicidal
efficacy against cornflower (Centaurea cyanus L.) compared to individual compounds [145].

In the case of the second type of HILs, Syguda et al. previously developed dicamba as
a surface-active cation containing an ester substituent. The cation was subsequently paired
with herbicidal anions, including 4-chlorophenoxyacetate, 2, 4-dichlorophenoxyacetate,
4-chloro-2-methylphenoxyacetate, 3-(4-chloro-2-methylphenoxy)propionate and 3,6-dichlo
ropyridine-2-carboxylates. This engineered dual-action HIL facilitates the continuous
release of respective herbicides into the soil, thereby prolonging their effectiveness and
minimizing the environmental impact of compound exposure. Ultimately, this innovative
approach demonstrated superior weed control effects. The design and development of
these dual-activity HILs signify significant progress, offering promising prospects for the
innovation and efficacy of sustainable herbicides in agricultural practices [146].

4.2. Food Repellents (Deterrents)

Controlling pest impacts on crop yields while minimizing the use of highly toxic chem-
icals is essential to maintain ecological balance and reduce the unintended consequences
of pest control. Using low-level pest repellents or deterrents is an important approach to
achieve this [147]. ILs can play a significant role in this context, not only for extracting
plant secondary metabolites with deterrent effects but also by designing cations within
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ILs that possess deterrent properties. ILs containing antifeedants may incorporate natu-
ral anions, such as lactate [148], fatty acids salts [149], or abietic acid sodium salt [150].
Additionally, compounds based on artificial sweeteners have shown effective deterrent
activity. Researchers have found that ILs with didecyl dimethyl ammonium cations can
exhibit deterrent activity that surpasses that of standard azadirachtin. By using sweet
anions (acesulfamate and saccharinate) and naturally occurring anions (lactate and pyrog-
lutamate), and gemini surfactant cations, researchers have synthesized new quaternary
bis(ammonium) salt ILs. The ILs showed good deterrent activity against Trogoderma gra-
narium [116]. These findings highlight the potential of ILs as an environmentally friendly
and efficient approach to pest control through deterrence, thereby contributing to the
promotion of more sustainable agricultural practices.

4.3. Plant Growth Regulators

Plant growth regulators (PGRs), which are natural or synthetic plant hormones, have
the capacity to influence plant development by initiating or altering various life processes,
including flowering and fruit formation. Building on the widespread use of ILs in phar-
maceutical applications, researchers have explored the concept of ionizing plant growth
regulators and designing them as ILs [151,152]. Indole-3-butyric acid (IBA) is a growth
factor used to stimulate rapid rooting and plug growth in numerous trees, shrubs, and
plants. Researchers, inspired by the enhanced biological activity observed when converting
herbicides into ILs, successfully transformed IBA into an IL form. The IL version not
only retained its biological activity but also demonstrated an increase of approximately
10-20% in lettuce biomass upon application. Furthermore, the nutrient content of trace and
macronutrients was found to be higher, resulting in a more sustainable lettuce product for
consumers [152,153].

In terms of plant growth regulator considerations, ensuring extended shelf-life is
paramount, particularly when substances used during cotton growth can be easily washed
away by rain, rendering them ineffective. Tang et al. illustrated sustained activity in con-
trolling the lateral branch length and height of cotton plants through the development of an
IL based on mepiquat chloride [153]. This resulted in a more compact cotton plant structure
compared to cotton treated with a non-IL based on mepiquat chloride. Drawing from the
applications and studies of ILs as growth regulators, researchers, such as Weigt et al., have
begun exploring the possibility of using ILs for in vitro plant culture. Microspore embryo-
genesis (ME) is crucial in agricultural breeding for obtaining pure plants, often necessitating
external growth factors for induction. In their work with wheat anthers, they found that ILs
similar to 2,4-D improved the efficiency of EM induction and plant regeneration. Notably,
Weigt et al. observed plant regeneration in genotypic recalcitrance, previously thought to
be incapable of undergoing such regeneration [154]. Despite the success, the mechanism
behind the role of ILs in inducing ME and promoting plant regeneration remains unclear,
calling for further investigation in this area.

4.4. ILs for Microbial Control

The study conducted by Pernak et al. provided valuable insights into the connection
between the cations found in certain ILs and the antibacterial activity of the resulting salts.
Specifically, the research shed light on how the length of the cationic alkyl chains influences
the biological activity of the tested compounds [155]. This study marked the inception of
investigations into ILs with antimicrobial properties. Since then, the exploration of ILs with
antimicrobial activity has expanded into various domains, encompassing food preservation,
wood processing, medicine and pharmaceuticals, as well as agricultural sterilization and
disinfection. This research has diversified and extended the potential applications of ILs in
combating microbial threats and preserving the integrity of various products and materials.



Agriculture 2023, 13, 2279

13 of 25

4.4.1. Antibacterial Activity

One of the confirmed explanations for the heightened antibacterial efficacy of IL lies
in its ability to augment the permeability of biofilms [156,157]. Recent investigations into
IL bactericides in agriculture have concentrated on two primary avenues: the integration
of ions sourced from natural elements to mitigate the inherent toxicity of IL, and ILs with
dual biological functionalities.

Regarding the first approach, the inclusion of anions such as mandelate or prolinate
typically does not compromise the bactericidal potency of common cations such as dide-
cyldimethylammonium, benzalkonium, and domiphen. Furthermore, this incorporation
renders them more biocompatible, facilitating their absorption by bacteria [158].

In the second direction, ILs that possess combined antibacterial and antifungal at-
tributes have been subject to extensive scrutiny. For instance, long-chain 3-alkyl carbonate-
functionalised 1-methylimidazolium chloride, as well as long-chain 3-alkyl carbamoyl-
substituted 1-methylimidazolium and pyridinium bromide, exhibit both antibacterial and
antifungal activities, alongside their surfactant properties. Similarly, salicylaldehyde-
substituted imidazolium chloride and poly(1-norbornylmethylene-3-methylimidazolium
hexafluorophosphate) have demonstrated substantial efficacy as bactericides and fungi-
cides [159,160].

4.4.2. Antifungal Activity

In the field of agriculture, fungal diseases represent a more significant threat compared
to bacterial ailments, prompting a burgeoning interest in the antifungal capabilities of
ILs [161]. The groundbreaking work of Davis et al. brought forth the notion of amalga-
mating ILs with antifungal ions. Miconazole, a widely employed pharmacologically active
substance for treating fungal infections on the skin or mucous membranes, was utilized
in the synthesis of ILs. This process involved the reaction of miconazole (containing an
imidazolium ring in its structure) with an alkylate, followed by an exchange of the iodide
anion with [PFg]~ anion, resulting in the deliberate creation of the first documented IL
incorporating antifungal ions [110]. Bica’s research delved further into the application of
fungicidal ILs in agriculture, employing thiabendazole docusate and imidazolium docusate
for in vitro evaluations against 10 plant pathogenic fungi. Not only did the ILs retain their
antifungal potency, but they also exhibited enhanced efficacy against various potato tuber
pathogens in comparison to commercially available precursors [114]. In terms of their
deterrent properties, Kaczmarek et al. developed acetylsulphonate ILs with deterrent prop-
erties against Trogoderma granarium (larvae) and Tribolium confusum (beetles), displaying
inhibitory activity against micro-organisms [161]. Lactate serves as an exceptionally effec-
tive antibacterial and antifungal agent against Streptococcus mutans and Candida albicans,
while Cybulski et al. identified a novel long alkyl chain quaternary ammonium lactate-
based IL with repellent properties [162]. Piotrowska et al. discovered a dicamba-based
IL with antibacterial activity against Pseudomonas putida, inducing resistance [163]. The
group of Stolte proposed a fusion of antimicrobial activity and systemic acquired resistance
(SAR) inducers, wherein their antiviral action is not exerted directly on the virus but rather
stimulates resistance in the plant, enabling the plant to independently resist infection after
activation [164].

4.4.3. IL with Inherently Antifungal and Bacterial Properties

The diverse combination of anions and cations present in ILs contributes to their
chemical versatility, leading to the possibility that some non-pesticide ILs may possess
antibacterial, antifungal, or herbicidal properties. The incorporation of ions with herbicidal
attributes in the synthesis of HILs was previously discussed in our earlier section. In terms
of bacterial inhibition, imidazolium, pyridinium, pyrrolidinium, piperidinium, ammonium,
and other ILs have exhibited capabilities in inhibiting both bacteria and fungi. In the
context of food production, certain ILs have been identified to impede the growth of yeast.
For instance, 1-alkoxymethyl-X-dimethylaminopyridinium-base ionic liquids were found



Agriculture 2023, 13, 2279

14 of 25

to hinder the growth and ethanol production of the model yeast Saccharomyces cerevisiae
in the hydrolysis products of pretreated lignocellulosic biomass. Conversely, the addition
of small quantities of 1-ethyl-3-methylimidazolium acetate prompted a metabolic shift
from respiration to fermentation (ethanol production), while higher concentrations of
the ILs inhibited yeast growth. In the field of wood protection, ILs can serve as wood
preservatives against fungi and molds, with their antifungal efficacy being influenced
by the specific cation and anion composition of the salt molecule. Pyridinium-based ILs
examined by Stasiewicz et al. demonstrated activity against Coniophora puteana and Trametes
versicolor, with their effectiveness against the tested fungi being linked to the position of
the substituent in the pyridinium ring [165].

The findings from the research conducted by Zabielska-Matejuk et al. highlighted the
dependence of ammonium and triazolium-based ILs on their cationic and anionic structure
for their antifungal properties, with the ammonium IL featuring a nitrite anion demon-
strating a more potent fungal inhibition compared to ammonium nitrate. Additionally,
imidazolium chloride derivatives (such as 1-alkyl-3- benzyloxymethylimidazolium, 3-
alkoxymethyl-1-benzylimidazolium, and 1-alkyl-3-(3-phenyl-propoxymethyl)imidazolium
chlorides) displayed activity against Coniophora puteana, Trametes versicolor, and Chaetomium
globosum in agar dilution tests, with their antifungal effects contingent upon the chain length
and the hydrophobicity. Conversely, imidazolium compounds containing alkoxymethyl
and cycloalkoxymethyl substituents with various anions (formates, acetates, propionates)
exhibited activity against Coniophora puteana, Trametes versicolor, Chaetomium globosum, As-
pergillus niger, and Penicillum funiculosum, with their antifungal effect being correlated to
the number of alkyl chains and cycloalkyl rings within the IL molecule [166].

4.5. Plant Immunity Inducers (SAR)

Systemic acquired resistance (SAR) serves as the natural defense mechanism employed
by plants against a broad spectrum of pathogens [167]. However, the excessive and
unscientific use of agrochemicals has hastened the development of pathogen resistance,
rendering these chemicals ineffective and exacerbating the misuse of pesticides. The
establishment of plant resistance can curtail the need for pesticides and often offers longer-
lasting protection, presenting a more eco-friendly and safer approach to plant defense.
Among the most effective SAR inducers are derivatives of benzothiadiazole (BTH) [168].
Regrettably, the current commercially available SAR inducer BTH has limited applicability
in agriculture, primarily due to its exceedingly low solubility in water.

Notably, Smiglak et al. have enhanced the physical properties of the neutral BTH by
converting it into its carboxylate form and pairing it with cations. The outcome of this
modification is a substantial increase in the water-solubility of the compounds, rising from
0.007 g/L to over 10 g/L, while maintaining or even surpassing the efficacy of these ILs
in inducing plant resistance [169]. Additionally, some researchers have endeavored to
enhance the biodegradability and mitigate the toxicity of these compounds by designing
IL-based plant systemic acquired resistance (SAR) inducers [163,170].

5. Applications in Pesticide Delivery

By employing various combinations of cations and anions, ILs can undergo structural
modifications and be cross-linked with different chemical groups, thus enabling them to
function as trigger-release carriers. The development of IL-based drugs, renowned for their
exceptional biocompatibility and long-term stability, has shown promise as effective deliv-
ery vehicles [171,172]. This has led to frequent reports on their pharmaceutical applications
and associated studies, suggesting a broad spectrum of prospects for exploring their poten-
tial in pesticide controlled release as well. Yang et al. pioneered the preparation of gelatin
cross-linked core-shell microcapsules by dissolving avermectin as a functional additive
with phosphorus-containing IL. This innovative approach not only endowed the microcap-
sules with slow-release properties but also enhanced the solubility of avermectin, resulting
in exceptional insecticidal activity [173]. Furthermore, Zhang et al. developed a novel
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pre-drug IL-thiabendazole, designed to respond to water and enzymes as triggers for the
release of thiabendazole. This pre-drug was synthesized by coupling IL 1-methyl-4-formyl
pyridinium iodide via hemiacetal with derivatized thiabendazole, using chloroacetyl chlo-
ride and ethanolamine. The results of this study highlighted the pre-drug’s significant
responsiveness to various pH levels, humidity, and enzymatic conditions, in addition to its
lower toxicity to aquatic organisms [174].

6. Biodegradability and Toxicity
6.1. Toxicity

ILs have long been lauded as “green solvents”, implying that they are entirely non-
toxic and benign. However, as research has advanced, it has been suggested that certain
ILs exhibit residual toxicity and biodegradability that do not align with initial expectations,
potentially having adverse implications for the environment [175,176].

Before delving deeper into this issue, it is crucial to clarify that ILs constitute a rather
broad classification. While these solutions share certain characteristics, the diverse array of
anion and cation types, along with the variety of chemical structures, can result in consider-
able variation among different ILs. Consequently, discussions regarding the toxicity and
degradability of ILs are complex, and understanding the toxicity (including ecotoxicity) of
each IL and predicting the broader correlation between the toxic properties and structure
of salts present a fundamental challenge within the field of IL science today.

The toxicity of ILs manifests in two primary ways: firstly, through their capacity to
destroy living cells, and secondly, through their impact on the proliferative activity of
pathogenic micro-organisms [177]. Several studies have identified various factors influ-
encing the toxicity of bioactive ILs, including (i) the “alkyl side-chain effect” in the cation
structure, (ii) the number of functional groups on the cation side chain, (iii) the nature of
the anion, encompassing factors such as hydrophobicity or stability, and (iv) the nature of
the cation, such as lipophilicity [178].

Presently, certain gaps exist in the research concerning the toxicological mechanisms
of ILs in agrochemical products. These gaps include the lack of exploration into the
toxicological effects of ILs on the final agrochemical product as a whole, with excessive focus
directed toward the toxicological effects of ILs on individual pesticide active ingredients.
Additives in pesticide products generally outweigh the pesticide active ingredients, and
despite the potential reduction in additive use due to IL application, complete avoidance of
additives remains unfeasible [179]. Nevertheless, few studies have illuminated the impact
of ILs on the toxicity of additives and whether ILs alter the combined toxicity between
pesticide prodrugs and additives. Addressing this aspect could emerge as a crucial focus
area for the future elucidation of toxicological mechanisms pertaining to ionic solution
pesticides.

6.2. Biodegradation

The biodegradability of imidazolium cations was initially examined by Czerwicka
et al. in 2007, providing insights into its potential environmental impact [180]. Pernak
et al. continued this research in 2014, assessing the biodegradability of raw ionic liquids
in relation to the primary biodegradation efficiency of both cations and anions [181]. To
assess the biodegradability of ILs, researchers commonly employ the OECD 301 D or F
test, which entails measuring dissolved oxygen levels or oxygen consumption in bacterial
media over a 28-day period. However, the lack of uniformity in the bacterial flora of
activated sludge used in these tests poses a challenge, as it may not fully reflect the actual
degradation process. Consequently, the establishment of uniform standards and novel
evaluation methods remains a pressing concern in this field.

Recent studies have provided further insights into this matter. Markiewicz et al.
investigated the degradability of IL-based plant systemic acquired resistance (SAR) induc-
ers [171], finding that the synthesized compounds exhibited low degradability Additionally,
Marta Wozniak-Karczewska et al. examined the transport of ILs in agricultural soils. They
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designed three ILs—[Bet][2,4-D], [C12Bet][2,4-D], and [CAPBet][2,4-D]—to assess the ef-
fects of increasing the length of the cationic alkyl chain on the hydrophobicity of the
ILs. Their study revealed that these ILs did not display a significant increase in toxicity
compared to the original betaine toxicity. Notably, they observed that cations and anions
adsorbed independently of each other, suggesting that IL cations and anions undergo
distinct chemical-physical processes during soil degradation [182].

7. Summary and Outlook

Certainly, the current research on ILs in the agricultural sector encounters several
challenges, which include: (i) Limited understanding of the mechanism of action of IL-
based pesticides, including the uncertainties regarding the differential effects between IL
and the original compound, and potential alterations in the mechanism of action following
ionic liquidization. (ii) Ongoing nascent research on ILs containing natural ingredients,
indicating the need for further exploration to comprehend their potential applications in
agriculture. (iii) Insufficiently defined criteria and understanding of the toxicology and
biodegradability of ILs, emphasizing the necessity for comprehensive research to establish
relevant standards and elucidate the underlying mechanisms. (iv) Overlooking the role
of additives in toxicological studies on IL-based pesticides, suggesting the importance of
considering their impact for a more comprehensive understanding of the overall toxicity.

Despite these challenges, it is important to recognize the vast scope of applications
and the research value of ILs in the agricultural domain. A promising direction for future
IL research in agriculture is to explore the impact of ILs on pesticide delivery. This area
is particularly intriguing due to the existing research on the involvement of ILs in phar-
maceutical delivery and the close relationship between various nanomaterials involved in
pesticide release and ILs. Moreover, the regulation of light and pH in the controlled release
of pesticides holds relevance to the application of ionic solutions in the agricultural context.
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Abbreviations

ILFE-SPE Ionic-liquid-based foamflotation solid-phase extraction

SB-u-SPE Stir-bar supported membrane protected micro-solid-phase extraction

D-uSPE Dispersive micro-solid-phase extraction

HS-SPME Headspace solid-phase microextraction

DI-SPME Direct immersion solid-phase microextraction

ILMB-ME Ionic liquid magnetic bar microextraction

MEPS Microextraction by packed sorbent

PT-SPE Pipette-tip solid-phase extraction

[LE-MSPE Ionic—li'quid—based effervescence-enhanced magnetic solid-phase
extraction

2,4-DB Butyl 2,4-dichlorophenoxyacetate

Bet Betaine
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Methyltrioctylammonium bis(trifluoromethylsulfonyl)imide
1-Hexyl-3-methylimidazolium tetrafluoroborate
1-Hexyl-3-methylimidazolium hexafluorophosphate
1-Butyl-3-methylimidazolium hexafluorophosphate
Tetrabutylammonium hexafluorophosphate
3-Methyl-1-(ethoxycarbonylmethyl) imidazolium
bis(trifluoromethylsulfonyl)-imide

1,3-Dibutylimidazolium bromide

1-Pentyl-3-butylimidazolium bromide
1-Hexyl-3-butylimidazolium bromide
1,1’-(Butane-1,4-diyl)bis(3-butylimidazolium) bromide
1,1’-(Butane-1,4-diyl)bis(3-methylimidazolium) bromide
1-Butyl-3-methylimidazolium tetrachloroferrate
1-Butyl-3-methylimidazolium tetrafluoroborate
4-Methylbenzenaminium tetrachloroferrate (III)
1-Naphthylammonium tetrachloroferrate (III)
Methylimidazolium-hexafluorophosphate functionalized silica
1-Methyl-3-octyl-imidazolium bromide
1-Methyl-3-undecyl-imidazolium bromide
1-Methyl-3-octadecyl-imidazolium bromide
1-Hexadecyl-3-methylimidazolium bis(trifuluoromethylsulfonyl)imide
1-Vinylbenzyl-3-hexadecylimidazolium
bis[(trifluoromethyl)sulfonyl]imide
1-Vinyl-3-(10-hydroxydecyl)imidazolium
bis[(trifluoromethyl)sulfonyl]imide
1,12-Di(3-vinylbenzylimidazolium)dodecane
bis[(trifluoromethyl)sulfonyl]imide
1,12-Di(3-vinylbenzyl(benzimidazolium))dodecane
bis[(trifluoromethyl)sulfonyl]imide
1-Vinyl-4-dodecylimidazolium bis(trifluoromethanesulfonyl)imide
1,12-Di(3-vinylbenzylimidazolium)dodecane
dibis[(trifluoromethyl)sulfonyl]imide
1-Vinylbenzyl-3-octylimidazolium bis[(trifluoromethyl)sulfonyl]imide
Magnetite nanoparticles modified with 1-carboxymethyl-
3-methylimidazolium chloride

Magnetite nanoparticles modified with
1,3-dimethylimidazolium-2-carboxylate

Magnetite nanoparticles modified with
1-butyl-3-methylimidazolium-2-carboxylate
1-Octyl-3-methylimidazolium tetrafluoroborate
1-Octyl-3-methylimidazolium hexafluorophosphate
Trihexyl(tetradecyl)phosphonium
tetrakis(hexafluoroacetylaceto)gadolinate(iii)
Trihexyl(tetradecyl)phosphonium
tetrakis(hexafluoroacetylaceto)dysprosate(iii)
Trihexyl(tetradecyl)phosphonium
tris(hexafluoroacetylaceto)cobaltate(ii)
Trihexyl(tetradecyl)phosphonium
tris(hexafluoroacetylaceto)manganate(ii)
Trihexyl(tetradecyl)phosphonium
tris(hexafluoroacetylaceto)nickelate(ii)
1-Vinyl-3-(butyl-4-sulfonate) imidazolium-thiol-SiO,
1-Allyl-3-(perfluorobenzyl)-imidazolium bromide-thiol-graphene oxide
Ionic-liquid-based magnetic effervescent tablet composed of
magnetic nanoparticles (Fe3O,), sodium carbonate (Nap,CO3) as
an alkaline source, and an ionic liquid ([CsMIM][PFq])
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