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Abstract 

A growing number of compounds resulting from human activities are 

continuously released into the environment. The majority of these 

compounds possess serious environmental threats, reinforcing the 

need of environmental monitoring both to understand their impact on 

the environment and on human health, and to create strategies to re-

vert these risks. Although with serious impact, these pollutants are 

usually present in trace levels in environmental samples, turning their 

identification and accurate quantification a major challenge. To over-

come this drawback, pretreatment techniques are usually employed, 

both to eliminate interferences and to enrich the sample in the target 

pollutants. Within the significant developments achieved in this field, 

ionic liquids (ILs) and deep eutectic solvents (DES) have shown to 

lead to relevant improvements in the enrichment factor and target pol-

lutants recovery and in the limit of detection of the analytical tech-

nique when used as alternative solvents in pretreatment techniques of 

environmental matrices. These have been applied in the pretreatment 

of wastewaters, industrial effluents, human fluids, wine, milk, honey, 

fish, macroalgae, vegetables and soil. A wide number of pollutants, 

such as polyaromatic hydrocarbons (PAHs), active pharmaceutical in-

gredients (APIs), endocrine disruptors, pesticides, UV filters and 

heavy metals are some of the most commonly analyzed target pollu-

tants. In this work we review and discuss the use of ILs and DES as 
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alternative solvents in pretreatment strategies in the field of environ-

mental monitoring. We also highlight the most recent works on this 

area and provide new insights and directions to follow in this field.  

Keywords 

Environmental monitoring, trace-level pollutants, environmental ma-

trices, green analytical chemistry, pretreatment, ionic liquid, deep eu-

tectic solvent 
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1. Introduction 

As the world's population continues to grow and as technology con-

tinues to develop, a growing number of compounds possessing seri-

ous environmental threats resulting from human activities are released 

into the environment [1]. Given the negative impact on living beings 

(and ultimately on humans) resulting from the exposure to these sub-

stances, it is crucial to evaluate their persistent, bio-accumulating and 

toxic character [2, 3]. These substances, which comprise pharmaceu-

ticals, pesticides, endocrine disruptors, heavy metals and several other 

compounds, and although appearing at trace-levels, can severely af-

fect growth, reproduction and development of organisms. They can 

also compromise the immune system, leading to behavioral changes, 

cancer, diabetes, thyroid problems, among others [2, 4, 5]. The major 

exposure route of living beings to these contaminants is by ingestion, 

which leads to bioaccumulation and biomagnification, particularly to-

wards species at the top level of the food chain [4], as schematized in 

Figure 10.1.  

 

 

Fig. 10.1. Representation of the biomagnification process. 

Contaminant levels
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A relevant factor contributing to the contamination of soils and water 

is the global growth of agricultural production, which has been ac-

complished through the intensive use of pesticides and chemical fer-

tilizers. These compounds can either infiltrate into the soil or directly 

enter into aquatic systems, causing significant contamination of ter-

restrial ecosystems [6]. The presence of heavy metals is due to agri-

cultural activities or to their release in pharmaceutical, industrial and 

domestic effluents [7]. An additional significant source of contamina-

tion derives from the extensive use of pharmaceuticals, both by hu-

mans and in animals. Many drugs are only partially retained, treated 

or removed in wastewater treatment plants, therefore being present in 

relevant levels in the aquatic environment [8]. Based on the exposed, 

there has been an increasing environmental awareness and interest in 

creating improved monitoring techniques to all sorts of pollutants, 

foreseeing to reduce the environmental impact of human activities and 

ultimately the impact over humans themselves. This trend can be fur-

ther confirmed by the increasing number of reports dealing with pol-

lutants monitoring programs according to a literature survey con-

ducted from 2000 to 2018, as shown in Figure 10.2 [9]. 
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Fig. 10.2. Number or articles per year (from 2000 to 25th November 2018) dealing with the moni-

toring of contaminants of environmental concerns. The search was carried out in the ScienceDirect 

database using as keywords “water’’, ‘‘environment’’, ‘‘monitoring’’, ‘‘contaminant’’ and ‘‘pol-

lutant’’. 

 

The increasing awareness of these aspects and also the scientific in-

terest they trigger reinforce the need of establishing new environmen-

tal regulations and goals [9], both to preserve environment and human 

safety. There is thus an expanding need for simple, rapid, and cost-

effective screening methods to ensure that target pollutants are kept 

within acceptable levels. Environmental research is entering in a stage 

where analytical sciences play a vital role, allowing detailed environ-

mental studies and confirming whether environmental goals have 

been met [9, 10]. Nonetheless, it is important to highlight the fact that 

neither analytics nor monitoring can solve any problems regarding 

pollution or environment degradation. They merely represent compel-

ling tools that can provide relevant information required for a sup-

ported evaluation of the environment contamination level, ultimately 
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relevant for decision making [3]. The application areas related to en-

vironmental monitoring are summarized in Figure 10.3. 

 

 

Fig. 10.3. Application areas of environmental monitoring (adapted from [3]). 

 

Significant technological progresses have been accomplished to iden-

tify and quantify several hazardous chemicals, including herbicides 

[11–14], pesticides [15–20], insecticides [21], polycyclic aromatic 
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ruptors [29–31], active pharmaceutic ingredients (APIs) [32–37] and 

other organic pollutants [38–41]. Most of these substances display 

toxicity and disruptive effects, even at trace levels. However, in sam-

ples whose matrices are complex, the presence of interferents plays a 

significant role [2]. There are therefore several sample preparation 
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matrix, while concentrating the target analytes for a more accurate 
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identification and quantification in environmental samples. Examples 

of sample preparation techniques or pretreatment methods include or-

ganic digestion/dissolution, solid-phase extraction, liquid-phase ex-

traction, aqueous biphasic systems and a wide range of microextrac-

tion procedures, which will be further reviewed and discussed. 

Overall, it is highly desirable to develop reproducible pretreatment 

methods that can be applied independently of the sample matrix and 

target pollutant and interferences [4]. 

Along with the environmental awareness, Green Chemistry actively 

seeks for new processes and chemical products aiming at reducing or 

eliminating the use of hazardous substances and waste [42]. One of 

the main goals in the Green Chemistry Analytical field consists on the 

application of sustainable solvents to replace the commonly applied 

volatile organic compounds, either in the extraction, pretreatment or 

quantification steps [43]. In this context, solvents such as ionic liquids 

(ILs) [44] and deep eutectic solvents (DES) [45] have been introduced 

as “greener” alternatives in this field.  

The first description of ILs dates to 1914, when Paul Walden reported 

the physical properties of ethyl ammonium nitrate ([EtNH3][NO3]) 

when testing new explosives for the replacement of nitroglycerin [46]. 

Nowadays, ILs are described as all organic salts with melting temper-

atures below 100°C, being usually composed of a large organic cation 

and an organic or inorganic anion. The large dimensions of their ions 

and the high charge dispersion do not support their organization in an 

organized crystal structure, and as such, ILs are liquid at lower tem-
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peratures than conventional inorganic salts. Due to their ionic charac-

ter, most aprotic ILs present unique characteristics, namely negligible 

flammability and volatility, high ionic conductivity, high thermal sta-

bility and a strong solvation capability for a large variety of com-

pounds [47, 48]. However, one of the most promising features of ILs 

is the ability to design their physico-chemical properties by a fine cus-

tomization of the cation and/or anion chemical structure, being often 

referred to as designer solvents. This way, it is possible to tailor their 

polarity and selectivity in extraction/separation processes, as well as 

their biodegradability and toxicological impact [46, 49, 50]. Resulting 

from the described advantageous characteristics, these solvents have 

been investigated to improve many biological and chemical pro-

cesses, namely in synthesis, (bio)catalysis, extraction/separation pro-

cesses, electrochemistry and analytical applications (Figure 10.4) [51, 

52]. The most widely studied ILs are composed of imidazolium-, pyr-

idinium-, pyrrolidinium-, phosphonium- and tetraalkylammonium-

based cations, combined with anions such as chloride (Cl-), bromide 

(Br-), acetate ([CH3CO2]
-), bis(trifluoromethylsulfonyl)imide ([NTf2]

-

), hexafluorophosphate ([PF6]
-) and tetrafluoroborate ([BF4]

-) [53]. 

Figure 10.4 depicts the chemical structure of common IL cations and 

anions and their main applications. However, it should be remarked 

that the research focused on ILs is moving towards less toxic and more 

biodegradable formulations, mainly derived from natural sources [54, 

55].  
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Fig. 10.4. Common cations and anions that form ILs and possible applications of these solvents. 

In addition to ILs, in more recent years, deep eutectic solvents (DES) 

have emerged as promising alternatives over the typically used vola-

tile organic solvents [56]. DES were first reported in 2001 by Abott 

et al. [57], and since then a growing interest in these solvents has been 

witnessed [58]. DES consist of a mixture of an hydrogen bond accep-

tor (HBA) and an hydrogen bond donor (HBD) species, which present 

a melting point significantly lower than that of the individual compo-

nents. Beyond eutectic mixtures, DES do not follow the behavior of 

an ideal mixture since strong hydrogen-bond interactions are estab-

lished between both compounds, leading to a significant decrease in 

the mixture melting temperature. Figure 10.5 provides several exam-

ples of HBAs and HBDs and an example of the solid-liquid phase 

diagram according to the DES composition [56].  
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Fig. 10.5.  Examples of HBAs and HBDs used in DES preparation and solid-liquid phase diagram 

representation of a DES. 

As ILs, DES are commonly referred to as tunable solvents since a 

wide range of HBDs and HBAs species can be combined. However, 

DES present several advantages over ILs, such as their easy prepara-

tion (no chemical reaction required) and easy availability of the indi-

vidual components, which are usually less expensive and from natural 

sources, such as amino acids, organic acids, sugars and cholinium de-

rivatives. On the other hand, DES are often reported as less chemi-

cally inert than ILs [59]. Similarly to ILs, DES have found applica-

tions in a broad range of domains, spanning from catalysis, organic 

synthesis, biotechnology-related applications, among others [43, 45, 

56, 58]. 
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Based on the potential of ILs and DES as alternative solvents, in this 

chapter, sample pretreatment strategies proposed in recent years mak-

ing use of these solvents are reviewed, namely on their use to allow 

the environmental monitoring of a large variety of pollutants from real 

matrices. The major drawbacks found and future perspectives are also 

given. Figure 10.6 summarizes the present work.  

 

Fig. 10.6. Outline of the information presented in the current chapter, focused on the use of ILs 

and DES in extraction and/or pretreatment/preconcentration steps for trace-level pollutants quan-

tification in real matrices.  
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2. Application of ionic liquids in the pretreatment step 

of real matrices to monitor trace-level pollutants 

The low concentration of pollutants in environmental samples repre-

sents the major challenge associated to their identification and accu-

rate quantification [60]. In this sense, and as previously described, 

several sample pretreatment techniques have been implemented to ex-

tract and preconcentrate these contaminants before subjecting them to 

analytical quantification [41, 60]. Among those techniques, liquid–

liquid extraction (LLE) and solid-phase extraction (SPE) are the most 

explored [61–66]. In recent years, several microextraction methods, 

namely solid-phase microextraction (SPME) and dispersive liquid-

liquid microextraction (DLLME), have also been developed to im-

prove the pretreatment procedure, while reducing the amount of sol-

vents used and generating less residues [58]. Figure 10.7 summarizes 

the microextraction contributions within the Green Analytical Chem-

istry field. 

 
Fig. 10.7. Microextraction contributions to greener pretreatment steps. 

Low sample size

Save energy

Reduced volume of solvents

Possible automatization

Low volume of waste

Possibility of multi-analyte extractions

Use of greener solvents

Microextraction
contributions to 
green analytical

chemistry



14  

In this sub-chapter the most recent trends regarding the use of ILs in 

the pretreatment of environmentally-related samples are reviewed and 

discussed. In particular, it is described and discussed the application 

of ILs to improve the identification and quantification of heavy met-

als, endocrine disruptors, APIs, pesticides, PAHs, aromatic amines, 

UV filters components, and other organic pollutants. Table 1 summa-

rizes the information reviewed in this sub-chapter, namely the target 

pollutant, as well as the yield, type of matrix, IL-based process used, 

preconcentration/enrichment factor, analytical method applied and 

limit of detection (LOD). Table 2 lists the ILs that are considered in 

this sub-chapter, comprising their names and corresponding chemical 

structures and acronyms. The next sub-chapters are grouped accord-

ing to the type of pollutants. 



Table 1 – Summary of the information related to the use of ILs in pretreatment steps of real matrices to monitor environmental pollutants, describing the 

target analyte, pretreatment process, solvent, yield, type of matrix, enrichment factor, analytical equipment and limit of detection.  

Target 

analyte 

Pretreatment 

process 

Pretreatment  

solvent 
Yield (%) Type of matrix 

Enrichment 

factor 

Analytical 

equipment 

LOD 

(µgˑL-1) 
Reference 

Pharmaceuticals and endocrine disruptors 

Ciprofloxacin, en-

rofloxacin and norflox-

acin 

Diclofenac, naproxen 

and ketoprofen 

ABS1 [N4444]Cl ≈ 100 Wastewater 1000 HPLC-DAD NR2 [37] 

Paracetamol, ibuprofen, 

naproxen and diclo-

fenac 

MSPE3 [C4mim][PF6] 85-116 
Tap, dam and 

river water 
29-34 HPLC-UV-FL 3.2-7.2 [36] 

Caffeine, 

carbamazepine 
ABS [N4444]Cl 95-100 

Wastewater and  

surface water 
8259- 28595 HPLC-UV NR [67] 

Amitriptyline IDME4 [C6mim][PF6] NR 
Hospital  

wastewater 
1100 HPLC-UV 4.0 [68] 

Bisphenol A ABS 
[N1112OH]Cl  

[C2mim]Cl 
≈ 100 

Human fluid 

(urine) 
100 HPLC-MS NR [30] 

                                                 
1 Aqueous biphasic systems  

2 Not reported 
3 Magnetic solid phase extraction 
4 Immersed droplet microextraction 



16  

Several drugs, hor-

mones, caffeine 
DLLME5 

[NH2C6mpyr][FAP] 

[C4mim][NTf2] 
91-110 

Tap and  

creek water 
93 HPLC-UV/Vis 0.1-55.1 [34] 

Pesticides  

Triazine DLLME [C8mim][PF6] 85-100 

River and  

underground water; 

wastewater 

NR6 HPLC-UV 0.05-0.06 [69] 

Sulfonylurea VA-DLLME7 [C6mim][PF6] 80-104 Wine NR HPLC-DAD8 

3.2-6.6 

(given in  

µgˑKg-1) 

[12] 

Clothianidin, imidaclo-

prid, dinotefuran, thia-

cloprid 

CIAME9 [C4mim][PF6] 86-100 Honey 200 HPLC-DAD 0.01 [70] 

Disulfoton, famphur, 

parathion, parathion-

methyl, phorate, sul-

fotep, thionazin and 

thiethyl thiophosphate 

DLLME [C4mim][NTf2] 97-113 
River, irrigation  

and marshes water 
NR GC-MS 0.005-0.016 [18] 

                                                 
5 Dispersive liquid-liquid microextraction 
6 Not reported 
7 Vortex-assisted dispersive liquid-liquid microextraction 
8 Photodiode array detection 
9 Cold-induced aggregation microextraction 
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Phoxim, fenitrothion, 

chlorpyrifos, phorate 

and parathion 

DLLME [C6H5mim][NTf2] 82.7-118.3 
Tap, rain and river 

water 
339 HPLC-UV 0.01-1.00 [71] 

PAHs, UV filters and other organic compounds 

Polycyclic  

aromatic hydrocarbons 
DLLME [C8mim][PF6] 90.3-103.8 

Tap, bottled, foun-

tain, well, river wa-

ter, rainwater; 

wastewater 

301-346 HPLC-FL 
0.0001-

0.007 
[24] 

Polycyclic  

aromatic hydrocarbons 
SBDLME10 

[P66614][ 

Ni(II)(hfacac)3] 
84-115 

River, tap and rain 

water 
18-717 GC-MS 

0.0005-

0.0087 
[72] 

2,4-dichloroaniline, 1-

naphthylamine, 6-chlo-

roanline and N,N-dime-

thylaniline 

USA-DLLME11 [C6mim][PF6] 92.2-119.3 

Melted snow water, 

river and brook wa-

ter 

NR12 HPLC-UV 0.17-0.49 [39] 

Organophosphate esters SPME13 [C6mim][FAP] 82.1-123.0 

Tap water, sewage 

treatment plant wa-

ter 

168-2603 GC-MS 
0.0005-

0.024 
[40] 

                                                 
10 Stir bar dispersive liquid microextraction 
11 Ultrasound-assisted dispersive liquid-liquid microextraction 
12 Not reported 

13 Solid-phase microextraction 



18  

Benzophenone-type 

UV filters 

USA- 

DLLME 
[C6mim][FAP] 71-118 

River, swimming 

pool and tap water 
354-464 HPLC-UV 0.2-5.0 [73] 

Benzophenone-type 

UV filters 
HF-LPME14 [C6mim][FAP] 82.6-105.9 River water 216 HPLC-UV 0.3-0.5 [74] 

Heavy metals 

Zinc DLLME [C6py][PF6] 97.1-102.5 

Underground tap 

and spring water; 

milk 

71 FAAS15 0.22 [26] 

                                                 
14 Hollow-fiber liquid-phase microextraction 
15 Flame atomic absorption spectrometry 



Table 2 - ILs investigated in pretreatment strategies of environmental-related samples, comprising 

their names, acronyms and chemical structures. 

Cationic head group Side chain (R) Anion Acronym 

 

Phosphonium 

R1=(CH2)5CH3 

R2=(CH2)13CH3 

 

[P66614][Ni(II)(hfacac)3] 

 

Ammonium 

R=(CH2)3CH3 

Cl- 

[N4444]Cl 

 

Cholinium 

 [N1112OH]Cl 

 

Imidazolium 

R=CH2CH3 [C2mim]Cl 

R=(CH2)3CH3 

 

[C4mim][NTf2] 

R=(CH2)5CH3 [C6mim][NTf2] 

R=CH2C6H5 [C6H5mim][NTf2] 

R=(CH2)3CH3 

 

[C4mim][PF6] 

R=(CH2)5CH3 [C6mim][PF6] 

R=(CH2)7CH3 [C8mim][PF6] 

R=(CH2)5CH3 

 

[C6mim][FAP] 
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 2.1. Pharmaceuticals and endocrine disruptors 

Emerging public health concerns have significantly raised in recent 

years regarding the adverse effects of pharmaceuticals and endocrine 

disruptors. Some of these pollutants have been detected in 

wastewater, rivers, and even in drinking water [37]. In the field of 

environmental monitoring, ILs have been largely investigated. Phar-

maceuticals such as fluoroquinolones (FQs) and other antibiotics, 

nonsteroidal anti-inflammatory drugs (NSAIDs), and endocrine dis-

ruptors, have been investigated. Aiming at improving their environ-

mental monitoring, ILs such as [P4444]Cl, [N4444]Cl, [C4mim][FAP],  

[C4mim][NTf2], [C4mim][PF6] and [C6mim][PF6] (see Table 2 for 

their chemical structures) have been used in pretreatment strategies. 

The pretreatment methods applied in this set of works correspond to 

the use of aqueous biphasic systems (ABS), dispersive liquid-liquid 

microextraction (DLLME), immersed droplet microextraction 

(IDME) and magnetic solid phase extraction (MSPE). 

 

Pyridinium 

R=(CH2)5CH3 

 

[C6py][PF6] 

 

Pyrrolidinium 

R=(CH2)6NH2 

 

[NH2C6mpyr][FAP] 
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Passos et al. [30], Almeida et al. [37] and Dinis et al. [67] proposed 

the application of one of the most promising liquid-liquid extraction 

(LLE) methods involving ILs found in the literature – aqueous bipha-

sic systems (ABS) – to successfully extract and concentrate bisphenol 

A, ciprofloxacin, enrofloxacin, norfloxacin, diclofenac, naproxen, ke-

toprofen, caffeine and carbamazepine (Figure 10.8) from urine matri-

ces, wastewater and surface water, aiming at improving their detec-

tion and quantification foreseeing an accurate environmental 

monitoring.  

ABS are liquid-liquid systems and allow the extraction of target mol-

ecules from one aqueous phase to another. Usually, these systems are 

composed of several pairs of solutes dissolved in water (e.g. polymer–

polymer, polymer–salt, polymer-IL, IL-salt, etc.), where above spe-

cific concentrations there is two-phase formation [48]. Mostly due to 

their large water content and non-volatile nature of the phase-forming 

components, these systems have been considered as sustainable liq-

uid-liquid extraction options. The use of ILs as phase-forming com-

ponents of ABS has been largely investigated in recent years [48]. 

This trend is due to the designer solvents ability of ILs, which is trans-

posed to IL-based ABS, allowing the design of the phases’ polarities 

and affinities, and thus high selectivity and extraction performance to 

be achieved [46, 48]. A schematic representation of the ABS separa-

tion process and their use as pretreatment strategies is summarized in 

Figure 10.9. 
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Fig. 10.8. Chemical structures of the investigated endocrine disruptors and pharmaceuticals. 

 

 
 

bisphenol A ciprofloxacin 

  
enrofloxacin norfloxacin 

 
 

diclofenac naproxen 

  

ketoprofen ibuprofen 

 

 
paracetamol fluriprofen 

 
 

caffeine carbamazepine 

 



23 

 

 

Fig. 10.9. Schematic illustration behind the use of IL-based ABS as pretreatment and concentration 

platforms. 

 

Taking advantage of the ability of ABS to design their phases’ polar-

ities and affinities, Passos et al. [30] applied ABS composed of 

[N1112OH]Cl or [C2mim]Cl and potassium phosphate to extract bi-

sphenol A (Figure 10.8) from human urine, achieving a preconcentra-

tion factor of 100-fold in a single-step. Urine contains significant 

amounts of NaCl and urea, which the authors found as beneficial to 

improve the partitioning of bisphenol A to the IL-rich phase. The au-
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[N4444]Cl and a citrate-based salt (C6H5K3O7). This study described 
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systems allowed to achieve preconcentration factors of 1000-fold of 

both FQs and NSAIDs and extraction efficiencies of these APIs close 

to 100% towards the IL-rich phase, without reaching the saturation of 

the IL-rich phase [35]. This enrichment factor allowed their direct 

identification and quantification by high-performance liquid chroma-

tography (UV-HPLC). Dinis et al. [67] also applied IL-based ABS to 

extract and concentrate caffeine and carbamazepine from wastewater 

effluents and surface water samples. Based on the solubility of each 

pollutant in the IL-rich phase, the authors concluded that the investi-

gated IL-based ABS may allow enrichment factors of 28595 and 

8259-fold, respectively, and extraction efficiencies of both tracers to 

the IL-rich phase ranging between 95 and 100%, in a single step [67]. 

Overall, it is important to stress the ability of these systems to simul-

taneously extract and concentrate several pollutants without saturat-

ing the IL-rich phase at the levels at which they are found in the envi-

ronment, allowing the analytical quantification without major 

interferences of the ABS phase-forming components [67].  

DLLME is a pretreatment strategy of relevant interest for the precon-

centration/enrichment of a wide range of compounds. This technique 

is a simple, sustainable and low-cost procedure. In DLLME, the 

cloudy state is created due to the solvent droplets upon injection of 

the binary solvent mixture, known as extraction and disperser sol-

vents, into an aqueous sample. The large surface area between the fine 

droplets and the aqueous phase promotes the transfer of analytes from 

the sample solution into the extraction phase. Usually, a centrifuga-

tion step is further applied causing the sedimentation of the droplets 
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at the bottom of the tube (typically of conical shape), being this phase 

collected using a syringe and further analysed by the appropriate an-

alytical technique [75]. In this solvent-minimizing technique, only a 

few microliters of a selected solvent are used to extract analytes in 

comparison to the large amount of volatile organic solvents often re-

quired in traditional LLE. Figure 10.10 summarizes the experimental 

steps required in DLLME. The type of extraction and disperser sol-

vents, and their volumes, significantly affects the DLLME extraction 

efficiency and enrichment factors.   

Taking advantage of the benefits of DLLME coupled to ILs, Yao et 

al. [34] proposed the use of functionalized ILs containing the tris(per-

fluoroalkyl)trifluorophosphate anion ([FAP]) in DLLME for the ex-

traction of 14 emerging contaminants (APIs, hormones, caffeine and 

endocrine disruptors, whose chemical structures are shown in [32]) 

from water samples. All ILs investigated are immiscible with water 

and can thus be directly used in DLLME, contrarily to ABS where 

water-miscible ILs are used requiring the addition of a third compo-

nent (usually a salt) to create two phases. Compounds containing 

functionalized tertiary amines are preferentially extracted by 

[NH2C6mpyr][FAP] in comparison to other [FAP]-based ILs. On the 

other hand, polar or acidic compounds without amine groups display 

higher enrichment factors using [C4mim][NTf2]. Real water samples 

including tap water and creek water were analyzed, yielding recover-

ies ranging from 91% to 110%. The LOD varied from 0.1 to 55.1 

µgˑL-1 using the [NH2C6mpyr][FAP] IL as extraction solvent [34]. 
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Fig. 10.10. Schematization of the DLLME process. 

Furthermore, since a single operational step is required, in this tech-

nique there is less contamination and less loss of analytes compared 

to conventional solvents extractions. Although both DLLME and con-

ventional extraction methods exhibit similar recoveries, DLLME al-

lows higher enrichment factors [76]. 

Abujaber et al. [36] and Mosavian et al. [68] proposed different ap-

proaches for the identification and quantification of several pharma-

ceuticals, such as paracetamol, ibuprofen, naproxen and diclofenac 

(Figure 10.8) in natural waters, and amitriptyline (Figure 10.8) in hos-

pital wastewater, respectively. Abujaber et al. [36] used magnetic cel-

lulose nanoparticles (MCNPs) coated with [C4mim][PF6], by electro-

static interactions, as new sorbents for magnetic solid phase 

extractions (MSPE). A schematic representation of the experimental 

procedure proposed is shown in Figure 10.11. The authors studied the 

influence of several parameters that may affect adsorption (type of 
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dispersive solvent, amount of IL, pH and salt content) and desorption 

(type of desorption solvent, energy and time) steps to optimize the 

process. The proposed method provides enrichment factors ranging 

from 29.0 to 34.2, and extraction recoveries ranging between 85 and 

116 %. Using HPLC with UV and fluorescence (FL) detectors as the 

analytical method, LODs of 11–24 μgˑL−1 were reported. Since the 

modification of the magnetic nanoparticles occurs by non-covalent 

interactions, namely by electrostatic interactions, the leaching of the 

IL should be taken into account. Despite the low water-solubility of 

[C4mim][PF6] at room temperature, it is still significant and may con-

taminate water streams [77]. Mosavian et al. [68] proposed the use of 

the same IL for the monitoring of amitriptyline (Figure 10.8) in 

wastewater by IL-based immersed droplet microextraction (IDME) 

prior to HPLC-UV analysis. In IDME, the sample solution is added 

to a glass vial containing a magnetic bar, and then, a fine IL droplet is 

immersed into the stirred aqueous solution using a micro syringe and 

collected from the bottom of the vial. A pre-concentration factor of 

1100 and a LOD of 0.004 mg mL-1 were reported by the authors. The 

authors also performed a comparative analysis between the proposed 

method, conventional liquid-liquid extractions and DLLME, conclud-

ing that the proposed IL-based IDME allows the highest enrichment 

factor while avoiding organic solvents use [68].  
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Fig. 10.11. Schematic representation of the analytical method. 

 2.2. Pesticides 

There are several reports on the use of ILs in microextraction pro-

cesses, namely DLLME and cold-induced aggregation microextrac-

tion (CIAME), to monitor the levels of pesticides [12, 18, 69, 70], 

whose structures are displayed in Figure 10.12. This kind of research 

is mandatory since these pollutants constitute a major anthropogenic 

source. In this vein, Zhou et al. [69] reported a temperature-controlled 

DLLME using [C8mim][PF6] as the extraction solvent in combination 

with HPLC-UV, to enrich extracts in triazine herbicides, namely cy-

anazine, simazine, and atrazine (Figure 10.12) from four real water 

samples. Under the optimal conditions (pH, centrifugation time, tem-

perature and ionic strength), recoveries between 85.1 – 100%  and 

LOD in the range from 0.05 to 0.06 mgL-1 were obtained [69].  
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Fig. 10.12. Chemical structures of the studied pesticides. 

Cacho et al. [18] also focused their studies in DLLME, in which the 

IL extracting phase was placed in a glass micro vial inside the thermal 
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desorption tube. The whole assembly was submitted to a temperature 

program in the thermal desorption unit. As soon as the IL is heated, 

the target analytes are vaporized, and a carrier gas impels them to the 

programmed temperature vaporization injector where they are con-

centrated before entering the chromatographic column. Since ILs pos-

sess negligible vapor pressures, the IL matrix remains in the disposa-

ble glass micro vial after the heating step [18, 29]. This procedure 

allows the direct introduction of the IL extracts into the GC apparatus, 

simplifying the process while increasing sensitivity and accuracy. 

Moreover, under optimal conditions (temperature, time and gas flow 

rate) the authors demonstrated the accurate determination of nine or-

ganophosphorus pesticides (disulfoton, famphur, parathion, para-

thion-methyl, phorate, sulfotep, thionazin and thiethyl thiophosphate 

- Figure 10.12) from environmental waters. In this work, the use of 

[C4mim][NTf2] led to recoveries in the 85–118% range and to a LOD 

ranging from 0.005 to 0.016 µgˑL-1 [18]. Taking into account that the 

proper functionalization of ILs could enhance the extraction effi-

ciency of the target compounds, Wang et al. [71] proposed the use of 

a benzyl functionalized IL ([C6H5mim][NTf2]) as the extraction sol-

vent in DLLME for the analysis of 5 organophosphorus pesticides 

(phoxim, fenitrothion, chlorpyrifos, phorate and parathion - Figure 

10.12) in environmental water samples by HPLC-UV. The introduc-

tion of the benzyl group into the imidazolium cation significantly in-

creases the extraction efficiency, which may be due to πˑˑˑπ interac-

tions occurring between the IL and the target aromatic compounds. 

The extraction was performed using 40 μL of [C6H5mim][NTf2] and 
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1 mL of methanol as dispersive solvent, with a centrifugation time of 

5 min. Under the optimal conditions, an enrichment factor of 339, re-

coveries ranging between 81.4% and 118.3% and LODs ranging from 

0.01 to 1.0 µgˑL–1 were reported [71].  

In addition to the previous works, some authors focused their studies 

on strategies that, along with the miniaturization of the process, im-

prove the dispersion of hydrophobic ILs into the aqueous samples. In 

this context, several DLLME derivative techniques were proposed, 

such as vortex-assisted dispersive liquid-liquid microextraction (VA-

DLLME), air-assisted dispersive liquid-liquid microextraction 

(AALLME) and ultrasound-assisted dispersive liquid-liquid microex-

traction (USA-DLLME). Gure et al. [12] suggested the application of 

VA-DLLME, followed by capillary liquid chromatography for the de-

termination of four sulfonylurea herbicides in wine samples. The IL 

[C6mim][PF6] was used as extraction solvent and was dispersed using 

methanol into the sample solution, assisted by a vortex mixer. Under 

the optimum conditions (type and amount of IL, type and volume of 

disperser solvent, pH, salting-out effect, vortex and centrifugation 

time), recoveries higher than 80% and LODs ranging between 3.2 and 

6.6 µgˑKg-1 were reported [12].  

To eliminate the interface between water and the extractant phases, 

while removing drawbacks from mass transfer effects, cold-induced 

aggregation microextraction (CIAME) techniques have been devel-

oped. The hydrophobic components are preferentially collected by the 

extraction solvent in fine droplets, and the solution is cooled in an ice 

bath, forming a cloudy solution. Subsequently, the resulting emulsion 
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can be completely separated by centrifugation. Usually, CIAME is a 

simple and accurate preconcentration technique applied for the anal-

ysis of samples containing high concentration of salts and water mis-

cible organic solvents. Vichapong et al. [70] proposed a preconcen-

tration approach based on IL-based CIAME before the analysis of the 

samples by HPLC with a photodiode array detector (HPLC-DAD) to 

detect neonicotinoid insecticides (clothianidin, imidacloprid, dinote-

furan, thiacloprid) in honey samples. The chemical structures of these 

insecticides are depicted in Figure 10.12. [C4mim][PF6] was used as 

the extraction solvent and sodium dodecyl sulphate (SDS) as the sur-

factant. Optimum microextraction conditions were attained, leading 

to enrichment factors of 200, recoveries above 86%, and LOD of 0.01 

µgˑL-1 for all analytes.  

 2.3. Polycyclic aromatic hydrocarbons, UV filters and other 

organic compounds  

Along with the pollutants discussed before, there are other classes of 

compounds that deserve equal prominence in environmental monitor-

ing, namely PAHs, aromatic amines, organophosphate esters and UV 

filters (chemical structures given in Figure 10.13). In this section, sev-

eral extraction methods, such as DLLME, stir bar dispersive liquid 

microextraction (SBDLME), USA-DLLME, SPME and hollow-fiber 

DLLME for the accurate quantification of these types of pollutants 

are overviewed and discussed.  
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Fig. 10.13. Schematic representation of some of the studied PAHs, aromatic amines and UV filters. 
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PAHs are ubiquitous environmental pollutants primarily generated 

during the incomplete combustion of organic materials (e.g. coal, oil, 

petrol, and wood), which are associated to toxic and/or carcinogenic 

properties. Aiming an accurate monitoring of PAHs, Pena et al. [24] 

explored the application of IL-based DLLME for the analysis of 18 

PAHs (Figure 10.3) - such as naphthalene, acenaphtylene, acen-

apthene, fluorene, phenanthrene, anthracene, pyrene, benzo[a]anthra-

cene anc crysene - from water samples, namely tap, bottled, fountain, 

well, river, rainwater, treated and raw wastewater [24]. [C8mim][PF6] 

was used to take advantage of the chemical affinity between this IL 

and PAHs, allowing the simultaneous extraction and preconcentration 

from the original samples. Factors affecting the extraction efficiency 

and enrichment factor (type and volume of IL, type and volume of 

disperser solvent, extraction time, centrifugation time and ionic 

strength) were investigated by the authors. High enrichment factors 

(301–346) and extraction yields, ranging from 90.3% to 103.8%, were 

obtained. The authors further evaluated the effect of the nature of the 

water samples, showing that the recovery of PAHs undergoes a pro-

gressive reduction with the increasing complexity of the water sam-

ples. For instance, with treated wastewater and raw wastewater, a de-

crease of 40% and 60% in the recovery efficiency, respectively, was 

found. This trend was attributed to the presence of colloidal organic 

matter in the samples. The authors also demonstrated that IL-based 

DLLME provides similar recoveries for all PAHs compared to con-
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ventional LLE. However, the proposed procedure is more advanta-

geous since it is faster,;simple and smaller volumes of organic sol-

vents are applied [24]. 

Benedé et al. [72] explored an innovative hybrid approach called stir 

bar dispersive liquid microextraction (SBDLME) (Figure 10.14), 

which combines the advantages of stir bar absorptive extraction 

(SBSE) and dispersive liquid-liquid microextraction (DLLME) for 

the determination of 10 PAHs, being the most significant ones de-

scribed in Figure 10.13, from tap, rain and river water samples. The 

extraction was performed using a neodymium stir bar magnetically 

coated with a magnetic ionic liquid (MIL) as extraction device. In this 

technique, the [P66614][Ni(II)(hfacac)3] is dispersed into the solution 

at high stirring rates. Once the stirring is over, the MIL is magnetically 

retrieved and further subjected to thermal desorption, being directly 

applied into GC-MS. This method allows enrichment factors between 

18 and 717, recovery values ranging from 84 to 115% and LOD rang-

ing from 0.0005 to 0.0087 ngL-1. Furthermore, the authors carried out 

a comparative analysis of the proposed SBDLME method with other 

approaches coupled to GC-MS for the same purpose, verifying a sim-

ilar analytical performance. Moreover, it is important to point out that 

the combination of both SBSE and DLLME into the new approach 

offers an improvement in the versatility and selectivity of the method, 

mostly due to the low availability of commercial sorbents and the abil-

ity to design extraction phases depending on the target analytes. Alt-

hough the MIL reuse is limited compared to other sorbent-based 
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phases, the MIL could be recovered by soaking in an appropriate sol-

vent. Alternatively, the MIL could be recovered and purified by elec-

trodialysis [72]. Despite the ability to reuse the extraction phase/MIL, 

it is important to assess the pros and cons of this technique since or-

ganic solvents may be required to allow the MIL reusability. 

 

 

Fig. 10.14. Schematic representation of the SBDLME technique. 
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(Figure 10.13) by HPLC-UV. The IL [C6mim][PF6] was used, being 

dispersed in the aqueous sample solution as fine droplets by ultrason-

ication, while promoting the easy migration of the analytes into the 

IL-rich phase. In order to optimize the extraction of these target pol-

lutants into the IL droplets, several variables were investigated, such 

as the volume of the IL, sample pH, ultrasonication time, extraction 

time and centrifugation time. The proposed method allows recoveries 

in the range of 92.2–119.3% and a LOD in the range of 0.17–0.49 

µgˑL−1 [39].  

The monitorization of organophosphate esters is particularly relevant 

since these compounds are widely used as flame-retardants, plasticiz-

ers, hydraulic fluid, antifoaming agents, lubricants, floor covering, 

and lacquer/paint/glue [40]. Based on this scenario, Shi et al. [40] ap-

plied the IL [C6mim][FAP] as a coating fluid in SPME (Figure 10.15) 

aiming at extracting 11 organophosphate esters, which are described 

in [40], from real environmental water samples. In this work, the fiber 

was assembled by coating a stainless-steel wire with [C6mim][FAP] 

using a dip-coating approach. The analysis was carried out by gas 

chromatography coupled to mass spectrometry (GC–MS). The estab-

lished SPME (Figure 10.15) exhibits an excellent selectivity and sen-

sitivity towards the extraction and analysis of organophosphate esters 

from real aqueous samples, such as tap water, and influent and efflu-

ent of sewage treatment plants. The proposed SPME method allows 

to obtain recoveries between 82.1 and 123%, enrichment factors var-

ying between 168 and 2603, and LODs ranging from 0.50 to 24.0 
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ngˑL−1. The reported [C6mim][FAP]-based SPME coating demon-

strated long-term stability, showing no loss of the IL-coatings or re-

duction of extraction efficiency after at least 65 cycles of use [40]. 

 

 

Fig. 10.15. Schematic representation of the SPME technique (A) Direct immersion and B) Head 

space). 

UV filters are present in a wide range of personal care products and 

cosmetics. As consequence, a significant amount of UV filters enters 

directly into surface water. The nature of these compounds lead to 

significant bioaccumulation and biomagnification along the food 

chain [78]. As such, their monitoring is extremely important. Zhang 

et al. [73] and Ge et al. [74] focused their studies in the detection of 

UV filters components (Figure 10.13) in real environmental waters. 

The two groups of researchers presented two different approaches for 
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Zhang et al. [73] suggested the application of USA-DLLME to extract 

and preconcentrate four benzophenone-type UV filters (benzophe-

none, 2-hydroxy-4-methoxybenzophenone, ethylhexyl salicylate and 

homosalate - Figure 10.13). The reported method is based on a ternary 

solvent system containing small droplets of IL in the aqueous sample 

solution formed by dissolving an appropriate amount of the IL 

([C6mim][FAP]) in methanol (water-miscible dispersive solvent). 

Then, an ultrasound-assisted step is performed to enhance the for-

mation of a cloudy solution, which markedly increases the extraction 

efficiency, while reducing the equilibrium time. Several parameters 

that may affect the extraction efficiency were evaluated, namely type 

and volume of extraction and dispersive solvents, ionic strength, pH 

and extraction time. Under optimal conditions and depending on the 

analytes, enrichment factors in the range from 354 to 464 were ob-

tained, with LODs ranging from 0.2–5.0 µgˑL−1 and recoveries rang-

ing from 71.0% to 118.0% [73]. On the other hand, Ge et al. [74] 

proposed the application of hollow-fiber liquid-phase microextraction 

(HF-LPME) to determine UV filters (benzophenone, 3-(4-methylben-

zylidene)-camphor, 2-hydroxy-4-methoxybenzophenone and 2,4-di-

hydroxybenzophenone - Figure 10.13). In this technique, a hollow fi-

ber containing the extraction solvent is fixed in the tip of a syringe 

needle for the extraction of analytes from an aqueous sample. Then, 

the extraction solvent is withdrawn into the syringe and injected into 

the analytical system (HPLC-UV) (Figure 10.16). Overall, HF-LPME 

utilizes a hollow fiber to stabilize the extraction solvent, and the small 

pore size of the fiber prevents large molecules from entering into the 
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acceptor phase, resulting in the cleanup of the sample during the ex-

traction step. Ge et al. [74] reported that HF-LPME coupled to HPLC-

UV provides recoveries ranging from 82.6% to 105.9% and LODs 

ranging between 0.3 and 0.5 ngˑmL-1. Despite the environmental bur-

den, this method can be automated, presenting a great advantage over 

other DLLME techniques that require intensive hand work.  

 

Fig. 10.16. Schematic representation of the HF-DLLME technique. 

 2.4. Heavy metals  

Heavy metals are priority compounds of public health concern. Their 

domestic, agricultural and technological applications have led to their 

broad distribution in the environment, increasing the awareness over 

their hazardous effects on both human health and the environment. 

Regarding the quantification of metals present both in water and food 

products, Abdolmohammad-Zadeh et al. [26] explored the applica-

tion of DLLME using [C6py][PF6] as an extractant solvent for the pre-

concentration of zinc from water and milk samples, quantified by 

flame atomic absorption spectrometry (FAAS). Zinc was complexed 
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with 8-hydroxyquinoline and extracted into the selected IL, with a 

LOD of 0.22 µg L−1 and an enrichment factor of 71. The authors 

stressed that the sensitivity of the method could be further increased 

by using graphite furnace atomic absorption spectroscopy (GF-AAS) 

as the detection method [26]. Although GF-AAS leads to a more time-

consuming process, the sample volume is lower, which could be ad-

vantageous from a sustainable point of view.  

Overall, ILs have been used in several pretreatment methods to im-

prove the detection and quantification of several classes of trace-level 

pollutants. However, the proposed methods should be tested with sev-

eral types of environmental matrices and in the analysis of a broader 

range of compounds, with the goal of finding an IL-based pretreat-

ment strategy that could be broadly applied. 

3. Application of DES in the pretreatment step of trace-

level pollutants from real matrices 

Green technology is steadily searching for novel solvents able to re-

place organic solvents which display inherent toxicity. The green 

character of ILs is often questioned, mainly due to the poor biodegra-

dability and biocompatibility of the most studied ILs. It should be 

however remarked that “greener” ILs can be indeed used if a proper 

selection of the cation/anion chemical structures is carried out. DES 

have been described as a more sustainable alternative to ILs, mainly 

because they are prepared from natural-derived compounds and be-
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cause there is no need of a synthesis/reaction step. Based on their po-

tential, in this sub-chapter the most recent trends regarding the use of 

DES in environmental monitoring procedures will be discussed. This 

subchapter is particularly focused on the application of several DES, 

mostly cholinium-based ones, for the quantification of trace-level pol-

lutants (PAHs, aromatic amines, active pharmaceuticals, pesticides 

and heavy metals) using several analytical techniques (solvent extrac-

tion, DLLME, AALLME, LPME and SPME). Table 3 compiles the 

information reviewed in this sub-chapter, namely the target pollutant, 

as well as the yield, type of matrix, DES-based process used, precon-

centration/enrichment factor, analytical method applied and limit of 

detection (LOD). Table 4 lists the DES that are considered in this sub-

chapter, comprising their names and corresponding chemical struc-

tures of their components and acronyms. It should be however re-

marked that the use of DES for the pretreatment of environmental 

samples is still in its infancy, and as such, a significant lower number 

of works is discussed in this sub-chapter.  

Since works dealing with solid samples requiring a digestion step 

have been found (e.g. vegetables, fish, etc.), the following discussion 

is divided according to the type of samples (liquid versus solid sam-

ples), as schematized in Figure 10.17.  
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Fig. 10.17. Outline of the studies discussed in the present sub-chapter, focused on the use of DES 

in the extraction and/or digestion/dissolution processes.  
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Table 3 - Summary of the information related to the use of DES in pretreatment steps of real matrices to monitor environmental pollutants, describing the target 

analyte, pretreatment process,  pretreatment solvent, yield, type of matrix, enrichment factor, analytical equipment and limit of detection. 

Target 

Analytes 

Pretreatment 

process 

Pretreatment  

solvent 
Yield (%) Type of matrix 

Enrichment 

factor 

Analytical equip-

ment 

LOD 

(µgL-1) 
Reference 

Active pharmaceutical ingredients (APIs) 

Ketoprofen, flurbi-

profen, diclofenac 

Solid-phase 

microextraction 

Cholinium chloride: 

 itaconic acid  

(3:2) 

84.5-111.2 Lake water 100 HPLC-UV 0.05-0.5 [35] 

PAHs 

 Phenanthrene, an-

thracene, fluoran- 

thene, pyrene, among 

others 

USA-DLLME1 
Thymol:camphor 

(1:1) 
73.5-126.2 

Effluent from  

bitumen  

production 

NR2 GC-MS 0.0039-0.0098 [22] 

Naphthalene, bi-

phenyl, acenaph-

thylene, fluorene, 

fluoranthene, anthra-

cene, among others 

Organic (diges-

tion/dissolution) 

Cholinium chloride:  

oxalic acid  

(1:2) 

71.6-109.6 
Fish,  

macroalgae 
NR HPLC-FL 

0.0005–

0.00308 

 (µg/g) 

[23] 

                                                 
1 Ultrasound-assisted dispersive liquid-liquid microextraction 
2 Not reported 
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Aromatic amines 

Aniline, ƿ-toluidine, 

ƿ-chloroaniline,ƿ-

anisidine, among 

others 

AALLME3 
Cholinium chloride: 

n–butyric acid 
79-94 

Tap, surface and 

river water; 

wastewater 

790-940 GC-MS 0.0018-0.023 [79] 

Pesticides 

Diazinon, metalaxyl, 

bromopropylate, 

oxadiazon, fena-

zaquin 

Liquid-phase mi-

croextraction 

Cholinium chloride: 

p–chlorophenol  

(1:2) 

56-93 
Juice;  

vegetables 
NR GC-FID 0.13-0.31 [17] 

Heavy metals 

Cu, Zn, Fe 
Digestion/ 

dissolution 

Cholinium chloride: 

 oxalic acid  

(1:2) 

>95 Fish NR FAAS4 6-53 [27] 

Hg, Pb, Cd DLLME5 

1-octyl-3-methylimid-

azolium chloride : 1-

undecanol  

(1:2) 

91-110 
Soil and  

vegetables 
114-172 GFAAS6 

0.01-0.03 

(µg/kg) 
[29] 

                                                 
3 Air-assisted dispersive liquid-liquid microextraction 
4 Flame atomic absorption spectrometry 

5 Dispersive liquid-liquid microextraction 
6 Graphite furnace atomic absorption spectrometry 



Table 4 - DES investigated in pretreatment strategies of environmental-related samples, compris-

ing their names, acronyms and chemical structures. 

DES Chemical structure 

Cholinium chloride: 

oxalic acid 
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Regarding the monitoring of environmental pollutants in aqueous 

sample solutions, Wang et al. [35] proposed an innovative in-tube 

SPME of three NSAIDs - ketoprofen, fluriprofen, diclofenac - (Figure 

10.8) from lake water samples. The DES composed of cholinium 

chloride and itaconic acid (3:2) was used as a functional monomer to 

synthesize a polymeric monolith inside polydopamine-functionalized 

poly(ether ether ketone) (PEEK) tube. The modification of the inner 

wall surface of the PEEK tube using dopamine and 3-(triethoxysi-

lyl)propyl methacrylate (γ-MAPS) was firstly carried out, followed by 

the polymerization reaction including the DES previously prepared. 

Under the optimized conditions, an online SPME-HPLC method was 

created by connecting the PEEK tube to the HPLC-UV system. By 

this approach, it was possible to obtain enrichment factors of ca. 100 

and recoveries above 87%. The major advantage of this procedure is 

that by changing the composition of DES, different polymer sorbent 

properties can be explored and applied in the extraction of other com-

pounds. The authors concluded that the developed method gives 

lower LOD for NSAIDs than other methods with similar UV detector 

or diode array detector (DAD), while using lower sample volumes and 

presenting shorter extraction time [35]. 

The monitoring of PAHs and aromatic amines using DLLME tech-

niques assisted by ultrasounds (USA-DLLME) or air (AALLME) by 

applying DES in the pretreatment step was also proposed [22, 79]. 

Makos et al. [22] analysed 16 PAHs, whose description is shown in 

[22], in effluents from the production of bitumen using USA-DLLME 
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coupled to GC-MS. The thymol:camphor (1:1) DES was used, lead-

ing to higher recoveries under optimized conditions and lower LODs 

(0.0039-0.0098 µgˑL-1) [22]. In addition, Torbati et al. [79] reported 

the simultaneous derivatization and AALLME method based on the 

solidification of the DES composed of cholinium chloride and n–bu-

tyric acid coupled with GC-MS to determine aromatic amines (Figure 

10.18) in tap, surface and river water, and wastewater. The DES was 

mixed with ethyl chloroformate, applied as a derivatization agent, and 

injected into an alkaline aqueous solution containing the target ana-

lytes at high temperature. The resulting mixture was drawn into a sy-

ringe, allowing the formation of a cloudy solution consisting of fine 

droplets of the extraction solvent, and which possess the derivatized 

aromatic amines. Then, the solution was subjected to low tempera-

tures and the solidified extraction solvent (DES) was collected and 

analyzed [79]. The obtained results revealed LODs varying from 1.8 

to 23 ngˑL-1, recoveries above 79% and enrichment factors in the in-

terval between 790 and 940. It is important to highlight that the non-

toxic nature of the DES individual components, as well as the simple 

procedures required to prepare DES in both works, bring major ben-

efits compared to the hazardous solvents commonly used. Further-

more, this method requires a small amount of the extraction solvent, 

leading to the reduction of the risk to human health and environment 

[22, 79]. 
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Fig. 10.18. Chemical structures of the studied aromatic amines. 

 

In addition to liquid samples, some researchers applied DES to di-

gest/solubilize solid samples aiming at monitoring trace-level con-

taminants, such as pesticides, PAHs (Figure 10.13 and 10.19) and 

heavy metals [17, 23, 27, 29].  
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Fig. 10.19. Chemical structures of some of the studied PAHs and pesticides. 
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Nezhad et al. [23] and Farajzadeh et al. [17] proposed the use of DES 

to improve the detection of pesticides and PAHs in fish and vegetable 

samples. Nezhad et al. [23] developed an innovative sample prepara-

tion method based on the complete dissolution of marine biological 

samples (fish and macroalgae) in the cholinium chloride:oxalic acid 

(1:2) DES and using minimized volumes of cyclohexane, allowing an 

efficient extraction of PAHs (anthracene, phenanthrene, fluoranthene, 

pyrene, benz[a]anthracene, chrysene, benzo[e] and benzo[a]pyrene, 

with the respective chemical structures depicted in Figure 10.13 and 

10.19). The extracted PAHs were quantified by HPLC-FL with LODs 

ranging from 0.50 to 3.08 ngˑg−1 [23]. The simplicity of the procedure, 

high extraction efficiency, short analysis time, and use of safe and 

inexpensive components are very attractive characteristics; however, 

the use of volatile organic solvents still needs to be avoided.  

Farajzadeh et al. [17] presented a LPME approach for the extraction 

and preconcentration of some pesticides (Figure 10.19) (diazinon, 

metalaxyl, bromopropylate, oxadiazon, and fenazaquin), from differ-

ent samples, including apple, grape and sour cherry juices and fresh 

beet, cucumber, potato and tomato. The solid samples were trans-

formed into juice to be further analyzed, with no application of a di-

gestion step mediated by DES. DES were applied in the extraction 

step only. The DES that displayed better results as extraction solvent 

is cholinium chloride:p–chlorophenol, in a molar ratio of 1:2. The dis-

persion of the extraction solvent into the aqueous phase was per-

formed by changing the temperature, thereby leading to improve-

ments in the extraction efficiency. Under the optimum extraction 
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conditions, enrichment factors and extraction recoveries were ob-

tained in the ranges of 280–465 and 56–93%, respectively. Addition-

ally, the LODs obtained ranged between 0.13–0.31 ngˑmL−1 [17].  

Habibollahi et al. [29] and Habibi et al. [27] quantified heavy metals 

in fish, soil and vegetables samples. The first group of authors [29] 

explored the application of DLLME and the subsequent solidification 

of DES (DLLME−SDES) prior to the metal (Hg, Pb, Cd) analysis by 

graphite furnace atomic absorption spectrometry (GF-AAS). In this 

technique, due to differences in the density between the aqueous 

phase and DES, the fine droplets of DES float at the top of the test 

tube, which are then transferred into an ice bath leading to the solidi-

fication of the DES, which is further melted before the GFAAS anal-

ysis. Since solid samples were investigated, these were subjected to a 

digestion step prior to the extraction step. The authors selected the 1-

octyl-3-methylimidazolium chloride (IL) and 1-undecanol to form a 

DES with a molar ratio of 1:2 as the extraction solvent. Under the 

optimum conditions, the enrichment factors of the target compounds 

are in the range of 114–172 and the LODs are in the range of 0.01–

0.03 µgˑkg−1 [29]. The DLLME−SDES method does not require an 

organic solvent as disperser in comparison with other DLLME tech-

niques, which is a major advantage to move to the requirements of 

green chemistry.  

Habibi et al. [27] reported a novel and efficient digestion method of 

different tissues of fish samples (muscle, liver, and gills) based on the 

cholinium chloride:oxalic acid DES with a molar ratio of 1:2, with the 

goal of quantifying heavy metals (Cu, Zn, and Fe) by flame atomic 
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absorption spectrometry (FAAS) (Figure 10.20). The sample was dis-

solved in the DES and HNO3 was added. After a centrifugation step, 

the supernatant was filtered and analyzed by FAAS. Under optimized 

conditions, the extraction recovery of all elements was above 95.3%. 

The proposed method was successfully applied in the determination 

of heavy metals in different tissues of fish samples. The authors 

pointed out the simplicity of the reported experimental method, and 

the high extraction efficiency, lower analysis time, and use of safe and 

inexpensive components, further suggesting the incorporation of this 

procedure in monitoring routines [27].  

 

 

Fig. 10.20. Schematic representation of the digestion of solid samples using DES. 
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range of DES has been used, emphasizing the need of expanding the 

types of hydrogen bond donors and acceptors that can be combined 

and hence increase the performance of these solvents in a wide variety 

of applications. 

4. Conclusions and future perspectives 

Albeit great advances have been achieved in the monitoring of envi-

ronmental pollutants, the accurate identification and quantification of 

trace-level pollutants in complex matrices still require additional im-

provements. Based on this need, ILs and DES have been studied as 

alternative solvents in pretreatment techniques of environmental ma-

trices in the field of environmental monitoring. These have been ap-

plied in the pretreatment of wastewater, industrial and municipal ef-

fluents, human fluids, wine, milk, honey, fish, macroalgae, vegetables 

and soil. A broad range of pollutants, such as PAHs, APIs, pesticides, 

heavy metals, and UV filters have been the target pollutants analyzed 

after pretreatment techniques involving ILs and DES. As reviewed in 

this work, these alternative solvents lead to improvements in environ-

mental monitoring, allowing more accurate quantifications by pro-

moting the target pollutants enrichment factor and recovery, and the 

LOD. The most relevant property of ILs and DES behind such suc-

cessful results is their “designer solvent” ability, valuable to tailor the 

affinities and polarities of these extraction solvents according to the 

target compound. It should be remarked that ILs and DES can be also 

used in the digestion step of solid samples.  
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Most ILs have been chosen based on their affinity for the target com-

pounds, which may explain the focus on imidazolium-based cations 

combined with fluorinated anions. However, most of these ILs pos-

sess non-negligible toxicity and low biodegradability, reinforcing the 

need of looking for more sustainable ILs mainly derived from natural 

sources if the goal is to fulfill the Green Analytical Chemistry guide-

lines. Although with a different purpose, there are recent studies re-

porting the synthesis of new and non-toxic bio-based ILs that can also 

be used in extraction processes and in pretreatment techniques. Fur-

thermore, the ILs recycling is an additional factor that should be con-

sidered in future studies in this field. 

Although still in its infancy, DES have been investigated with the aim 

of environmental monitoring. In most of the reported works, cholin-

ium chloride is the HBA species of choice, combined with HBDs such 

as oxalic acid, n-butyric acid, itaconic acid and p-chlorophenol. The 

recent research on DES reveals a growing interest of the scientific 

community in the creation of sustainable processes using more envi-

ronmentally-friendly solvents. Still, the use of DES for the monitoring 

of pollutant compounds remains largely unexplored, leaving a vast 

opportunity to expand the knowledge in this field and to explore the 

dual role of DES, both as extraction solvents and digestion agents, 

ultimately resulting in the creation of integrated processes.  

The development of sustainable processes is an undeniable current 

challenge. The research on ILs and DES as alternative solvents of the 

commonly applied hazardous organic solvents certainly contributes 

towards this goal. In this regard, these solvents should be properly 



56  

designed to display high performance, and ideally should be prepared 

from natural sources or raw materials and should be of low cost, thus 

contributing to a decrease on both ecological and economic impacts.  
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