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compounds at low concentration levels in complex matrices requires a preliminary step of analytes 
ction technique characterized by high sensitivity at low LOQ. Sample preparation is considered as crucial 
rameter of “greenness” is as important as selectivity in order to avoid using harmful organic solvents in 
ts can generate hazardous, toxic waste while consuming large resources volume. Developing new green 
mistry in order to reduce the intensity of anthropogenic activities related to analytical laboratories. A lot of 
ployed as extractant phases. These media, besides of being more eco-friendly, provide shorter extraction 
me cases. The most promising, most widely used green extraction solvents are described in this review.
1. Introduction

There is no doubt that preparation of samples for analysis is vital
especially if trace and ultratrace constituents are object of interest.
Isolation of analytes from samples characterized by complex non-
homogenous composition of the matrix could be treated as one of
the biggest analytical task. Very often this step of analytical pro-
tocols is simply named extraction. There is a large variety of
extraction techniques and approaches. Different parameters can be
used for classification of extraction techniques. As the most popular
one can mention:

- number of phases in contact,
- time,
- level of automation,
- mode of connection with analytical instrument,
- type of extraction medium,
- field of application,
- impact on the environment.

Field of the application of different types of the extraction
techniques is increasing constantly. Authors should mention such
areas as liquideliquid extraction, Soxhlet extraction, accelerated
solvent extraction as well as solid phase extraction that are
widely used in a variety of applications such as separations in
analytical chemistry, industrial processes in hydrometallurgy,
food engineering, pharmaceutical and waste treatment [1]. In
these techniques, volatile organic compounds (VOCs) including
halogenated hydrocarbons, aliphatic and aromatic hydrocarbons,
some esters, alcohols, ethers, aldehydes and ketones are mainly
used as an organic phase solvents. It is well known that many of
these VOCs are toxic, highly flammable and detrimental to the
environment. Therefore, the attention should be paid to solvents
applied for the extraction due to the aforementioned reasons and
thus, a new, more eco-friendly solvents should be found and
introduced. Developing sustainable solvents is perhaps the most
active area of green chemistry and green analytical chemistry
(GAC). In fact, several principles of green chemistry and GAC
directly or indirectly refer to this problematic issue [2]. Looking
at these principles, already at first glance can be seen that the 5th
principle of green chemistry refers to the avoidance of solvents
separation agents, or other auxiliary chemicals from chemical
laboratories whenever possible or their replacement by innoc-
uous alternatives. In addition, other green chemistry principles
are also connected directly or indirectly with minimize of sol-
vents application, for instance principle 1st (waste prevention),
3rd (use and generation of substances that possess little or no
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toxicity), 4th and 10th (design of safer, non-persistent and
biodegradable chemicals), 5th and 7th (use of innocuous auxil-
iary substances and renewable feedstocks), and the last 12th
(inherently safer chemistry for accident prevention) [2]. There-
fore, the performance of solvent-free processes would be ideal.
However, considering crucial role of solvents in dissolving solids,
mass and heat transfer, influencing viscosity and in separation
and purification steps, their application is almost unavoidable.
Introduced in the early 1990s solid-phase microextraction rep-
resents a paradigmatic example of the solventless enrichment
technique, especially when combined with thermal desorption.
Some other sample preparation approaches such as open tubular
traps, inside needle capillary adsorption trap, needle trap device,
solid phase dynamic extraction, and single- and multi-bed
adsorption systems can be operated likewise without making
use of solvents. In addition, several liquid-phase microextraction
approaches that minimized solvent consumption exist [2].
However, as was mentioned above the full phase-out of solvents
is not always feasible and solvent reduction and replacement
represents the ‘least bad’ approach in these cases. Furthermore,
organic solvents are often required as modifiers to improve the
efficiency of extraction (even with essentially solvent-free tech-
niques) and to carry out derivatisation and/or liquid desorption.
Taking all this into account it is no wonder that developing green
solvents is a high priority.

What the green solvent is? The idea of ‘‘green’’ solvents ex-
presses the goal to minimize the environmental impact resulting
from the use of solvents in chemical production [3]. Moreover, few
other aspects are assessed to consider a solvent as green, such as
health and safety issues, the indirect impacts derived from their
production, use and disposal including, for instance, depletion of
non-renewable sources, and potential solvent recycling and en-
ergy consumption in their synthesis, recycling and waste treat-
ment [2].

Taking this into account, several solvents that can be used in
extraction process may be named “green solvents”. Undoubtedly,
water and carbon dioxide: two innocuous and renewable solvents
which are well known in analytical laboratories may be included to
this group. Themost popular solvent applied in analytical process is
water. Moreover, due to the possibility of changing the physico-
chemical properties of water with temperature and pressure the
applications of water in analytical chemistry are even more
expanded, for instance in subcritical extraction processes of less
polar compounds [4]. Carbon dioxide is commonly applied under
supercritical conditions in extraction processes.Wide application of
carbon dioxide as a supercritical fluid results mainly from its ad-
vantageous supercritical temperature and pressure conditions
(31�C and 73.8 bar), its economy and environmental friendliness. In
literature, several comprehensive reviews regarding the use of
water [5,6] and carbon dioxide [6,7] in analytical methodologies
exist.

Surface active agents also should be included in green solvents
group. Surfactants are used for the extraction for many years and a
broad spectrum of sample preparation techniques has been
developed. These techniques have such advantages as low cost,
nontoxic extractant, simplicity and high capacity to concentrate a
wide range of analytes.

Another class of green solvents is ionic liquids (ILs) which
attracted growing interest due to their unique physicochemical
properties. It may be seen in the increase of application of ILs as
analytical solvents, especially in many sample preparation tech-
niques as a “green” alternative for volatile organic solvents. An
alternative to ILs are deep eutectic solvents (DESs) which have
comparable characteristics to ILs but are cheaper to produce due to
lower cost of the raw materials, less toxic, and often biodegradable
[8]. However, the high viscosity and solid state of most DES at room
temperature restrict their application as extraction solvents.
Recently, new type of extraction solvents, natural deep eutectic
solvents (NADES) were introduced to the analytical practice. Be-
sides all the advantages of DES, NADES are even more environ-
mentally friendly due to their natural origin [9]. This paper reviews
the most promising and most widely used green extraction
solvents.
2. The environmentally sustainable solvents applied in
extraction process

For many years organic solvents and their aqueous solutions
have been the main extractant phases used in analytical labora-
tories. However, because of the increasing consciousness regarding
environmental cases, the scientists were encouraged to search and
introduce new, more benign, clean and safe extractants. The most
promising and most widely used green extraction solvents are
described in the next part of this chapter.
2.1. Surface active agents

Surface active agents, also called surfactants, are amphiphilic
molecules composed of polar “head” group connected to hydro-
phobic “tail” group. These compounds may be classified as:

� anionic surfactants, containing anionic functional groups at the
head,

� cationic surfactants, containing cationic functional groups at the
head,

� zwitterionic surfactants, that have both anionic and cationic
moieties at the same molecule, and

� non-ionic surfactants.

Surfactants, in low concentrations in the aqueous solution,
usually occur in dissolved form. After exceeding the character-
istic concentration, called critical micelle concentration (CMC),
surfactants molecules start accumulate to form clusters e mi-
celles and cloudy solution is formed. Micelles shapes (depictured
in Fig. 1A) depend on the specific solution conditions and sur-
factant type [10].

Regardless their shape, micelles are colloidal system, where
aggregate sizes are smaller than visible light wavelength, so the
solution is transparent. In aqueous and other polar media, surfac-
tant molecules aggregate with their hydrophobic tail oriented to-
wards the centre. In the result non-polar areas are created within
the polar solvent. If the medium is non-polar, reversed micelles are
formed with their heads inside the structure.

The process of absorbing compounds by micellar phase is
called solubilization. From the analytical chemistry point of view,
the main advantage of these structures is their capacity of solu-
bilize species of different nature. Thus, the solubility of many
chemicals that are poorly soluble in water is significantly higher
in the presence of micellar phase dispersed in the aqueous me-
dium. In the organic phase, the reversed micelles perform the
same role in case of hydrophilic compounds. After extraction
process, surfactant-rich phase is separated usually by centrifu-
gation or properly altered conditions like temperature and
pressure [10,11].

Surfactants are used for the extraction for many years and a
broad spectrum of sample preparation techniques has been
developed. These techniques have such advantages as low cost,
nontoxic extractant, simplicity and high capacity to concentrate a
wide range of analytes.
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Fig. 1. Schematically shown micellar shapes (A) and procedure steps and scheme of the basics of micellar extraction (B).
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The first coacervate-based extraction method was cloud-point
extraction (CPE) or micellar extraction, first introduced in the
1970s. This type of extraction, regarding abovementioned advan-
tages, is very popular until now and is a convenient alternative to
liquideliquid extraction [11]. The process of extraction of the target
compounds with surfactants consists of [12]:

� solubilization of analytes for micellar aggregates e compounds
present in the original matrix bound to the micelles, clouding of
the solution by adjusting the temperature and pressure. It ef-
fects that solution becomes turbid,

� separation of phases (surfactant rich phase with target analytes,
and the matrix).

Coacervative extraction (CAE) is a technique that is very similar
to CPE. The difference between these methods lies in the processes
involved in the forming of the micellar phase. In CAE factors other
than temperature and pressure are used, like addition of the salt or
adjusting the pH.

In every case, the extraction conditions should be optimized,
which can be gained by:

� adjusting the solution pH,
� selection of the proper surfactant and adjusting its
concentration,

� duration of the process,
� optimisation of the temperature.

The use of auxiliary energy, like ultrasound and microwaves is
also an important factor that may significantly increase the effi-
ciency of the micellar extraction, decrease the amounts of organic
solvents necessary for the extraction and reduces the extraction
time. The coacervative extraction process scheme is given in Fig. 1B.

Application of micellar extraction is very broad (Table 1). This
method can be applied in extraction of persistent organic pollut-
ants like PAHs or PCBs, heavy metals or pesticides from environ-
mental samples [11e14]. In the recent years micellar extraction is
also involved in the case of analytes of biological interest like an-
tibiotics, or in food analysis [15].

An interesting topic that is connected with coacervative
extraction is extraction using supramolecular solvents. These
nano-structured solvents are obtained with surfactants by the
self-assembly processes occurring in nano and molecular scale.
Supramolecular solvents have a wide spectrum of unique
physicochemical properties that are useful from analytical point
of view like:

- tunability (by manipulating the polar and hydrophobic group of
the amphiphile)

- very good solvation properties for a great number of chemical
compounds

- non-volatility and non-flammability [16].

2.2. Supercritical fluids

A substance goes into supercritical state when its forced to a
pressure and temperature above the critical point. Physicochemical
properties of supercritical fluid are placed between the liquid and
the gas, so this state has been defined as a statewhen liquid and gas
cannot be distinguished. A substance that became supercritical
fluid has density similar to liquid, viscosity of a gas diffusivity in-
between of these two states [17].

Compared with conventional extraction techniques such as
solideliquid extraction, Soxhlet extraction or classic solvent
extraction, besides decreased consumption of toxic solvents and
better selectivity, SFE is characterized also by some additional
advantages:

� better mass transport resulting from low viscosity and high
diffusivity is desired especially in case of extraction of target
compounds from solid samples; because supercritical fluid can
easily diffuse through a solid sample matrix, faster extraction is
achieved;

� better efficiency by increasing extraction yields and use of
smaller amounts of solvents;

� possibility of direct coupling of SFE with analytical instrumental
techniques like GC [17];

� possibility of modifying physical conditions (like density) to
extract the target compounds [18];

� SFE produces no toxic residues [19].

Because of mentioned advantages, supercritical fluid extraction
is an important process in such fields as food, pharmaceutical and
cosmetic industries. This method is a powerful tool in the case of
the extraction of natural compounds from food products. It has
been applied in essential oils and drug extraction from natural
matrices, extraction of lipids and bioactive compounds, enantio-
meric separation and enzymatic reactions, extraction of persistent
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Table 1
Information on application of different type of solvents used in the extraction process.

Analyte type Matrix type Solvent used Final detection technique Recovery [%] Ref

Ionic liquids
Sulfonylurea herbicides Wine ([C6MIM][PF6])/IL-DLLME Capillary-HPLC 79e106 [35]
Methamphetamine Human urine ([C8MIM][PF6])/IL-DLLME HPLC 81.6 [36]
Pb and Ni Biological samples ([C6MIM][PF6])/HF-LPME ETAAS 95e105 [37]
Fungicides Environmental water samples ([HMIM][PF6])/IL-SDME HPLC 74.9e96.1 [72]
Superheated water (SW)
PAHs Soil, sediments SW: 300�C LCeGC e [25]
Pesticides Environmental solids SW: 110�C GCeMS, HPLCeMS e [46]
Polychlorinated benzofurans Industrial soils and sands SW: 300e350�C GCeMS e [27]
Berberine Berberis vulgaris SW: 110e170�C HPLC e [40]
Glycyrrhizic acid Licorice root SW: 200�C RP-HPLCeUV e [23]
Surface active agents
Aristolochic acids Biological samples Genapol X-080 HPLCeUV 94.5e105.4 [73]
Sulfonamides Soil, sediment, sludge Triton X-114 HPLCeUV 69.7e102.7 [74]
Pharmaceutical compounds (caffeine,

ornidazole, carbamazepine,
ketoprofen, naproxene)

Wastewater taken from WWTP Polidocanol UHPLC-DAD 72e133 [75]

Acetoin Butter Triton X-100 HPLC 96.2e107.8 [15]
Supercritical fluids
Anthocyanin Jamun fruits CO2 SCF e [76]
Phenolic compounds

(proanthocyanidins)
Grape marc CO2 þ EtOH/H2O SCF e [77]

Oils and fatty acids Microalgae (Scenedesmus obliquus, Chlorella
protothecoides and Nannochloropsis salina)

CO2 þ EtOH SCF e [78]

Deep eutectic solvent
Flavonoids Plant sample e Equisetum palustre L. Choline chlorideebetaine

hydrochlorideeethylene glycol
HPLC 7.14e89.25%. [79]

Co(II) Pharmaceutical supplement, tea samples Choline chlorideephenol MS-FAAS 97e105% [52]
As, Cr, Mo, Sb, Se, V Soil samples Choline chlorideeoxalic acid ICP OES 98e103% [80]
NADES
Gluten Raw, processed food (spaghetti labelled

as ‘gluten-free’), biscuits with and without
gluten, and ham (labelled as ‘gluten-free’)

Glucoseecitric acid, glucoseetartaric acid,
fructoseecitric acid, sucroseecitric acid,
betaineecitric acid, cholineecitric acid

Spectrofluorometry 79e106% [81]

Polyphenolic compounds Plants samples: dittany, fennel, marjoram,
mint, sage

Lactic acidecholine chloride,
lactic acidesodium acetate,
lactic acideammonium acetate,
lactic acideglycineewater

Diode-array
spectrophotometer (GAE)

e [82]

Flavonoids: rutin, quercetin,
kaempferol, daidzein

Botanical matrices Glucoseecholine chlorideewater UHPLC, NMR/quantitative NMR 95e97% [83]

Bio-derived solvents
Triglycerides, diglycerides,

monoglycerides
Microalgal cells BD40 containing 40% of

biodiesel in ethanol
GCeMS 116% [84]

La(III), Pr(III), Nd(III), Eu(III), Gd(III),
Er(III), Yb(III), Lu(III), Y(III)

Rare earth CA-12-SBME MS e [85]

Lipids Marine microorganisms (spirulina,
Phormidium, Anabaena, Stigeoclonium)

Limonene; limonene:ethanol GCeMS 70e73% [86]

HPLCeHigh Performance Liquid Chromatography, GCeGas Chromatography, MSeMass Spectrometry, LCe Liquid Chromatography, ETAASe Electrothermal Atomic Absorption Spectrometry, DADeDiode Array Detector, ICP
OES e Inductively Coupled Plasma-Optical Emission Spectrometry, FAAS e Flame Atomic-Absorption Spectrometry, RP e Reversed Phase, TOF-MS e Time of Flight Mass Spectrometry, UHPLC e Ultra High Performance Liquid
Chromatography, NMR e Nuclear Magnetic Resonance.
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Fig. 2. The diagram of the set-up for carrying out of extraction of solid materials
sample with the stream of hot water.
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organic pollutants (PAHs, PCBs) from environmental samples
(Table 1).

SFE consists of two main stages [18]:

� Extraction of the soluble compounds from the matrix, when
solid sample absorbs the supercritical solvent. In the result,
analytes are dissolved from matrix by the solvent;

� Separation of the analytes from the supercritical solvent, when
analytes are transported and then removed.

The step of appropriate solvent selection is crucial. In fact, any
solvent may be brought to the supercritical state, but some factors
must be taken under consideration. These factors are toxicity of the
solvent, its physicochemical properties that affect the conditions of
supercritical state, technical viability and cost. Although carbon
dioxide, because of its moderate critical temperature and pressure,
is most widely used for this purpose, other solvent have also been
studied.

Ethane was used for extraction of caffeine, theobromine and
cocoa butter from cocoa beans [20]. Critical properties of ethane are
similar to these of CO2, but the pressure necessary to gain super-
critical state is lower, which makes the extraction process less
energy-consuming. Comparing to the supercritical carbon dioxide,
higher extraction yields were obtained. The main drawback of the
ethane as SC solvent is its high cost, however taking into account
that less energy is needed, the choice of this solvent should be
taken under consideration.

Alternative for ‘conventional’ choice of CO2 are propane and
dimethyl ether. It was studied in the case of extraction of oleoresin
and gingero is from ginger [21]. Both solvents provided better
extraction efficiency than CO2. Probably it was effect of co-
extraction of water, due to mutual solubility of water and
dimethyl ether [18,21].

One of the drawbacks of the SFE using CO2 as a solvent is
need to use an organic modifier (co-solvent). The extraction ef-
ficiency is significantly improved by the modifier by increasing
the solubility of the target compounds in CO2 (interactions be-
tween solute and co-solvent), especially in the case of highly
polar species. Generally, the amount of the modifier added varies
from 1% up to 15%, but this factor is determined by type of the
matrix, type of co-solvent, extraction conditions and type of the
solute. Methanol and ethanol are frequently used as the co-
solvents, but the choice of the appropriate substance is not al-
ways easy and a number of factors (e.g. type of the target
compounds, affinity of the analytes to modifier) have to be taken
under consideration [17].

The application of the organic modifier is obviously decreasing
the “greenness”: of the SFE method, but the volumes of co-solvents
are usually relatively low. Moreover, some attempts to use non-
toxic substances of natural origin like vegetable oils in the role of
co-solvent have been made. Canola oil was employed as modifier
for the SCeCO2 extraction of the carotenoids from carrots,
increasing the yield up to 7e10% [22].

Preparative supercritical fluid chromatography (SFC) was
compared with preparative HPLC system in terms of material and
energetic demands. Depending on the factors used for compar-
ison, that were quantified in terms of resources and expressed as
exergy, the assessment results differ to great extend. It was
calculated that on the separation process and plant levels SFC
performs better than HPLC. However, if high energetic demand
to produce CO2 in supercritical state is considered, the perfor-
mance of HPLC is better than SFC. These results do not refer to
extraction process but show that supercritical fluid technology
does not have to be always preferential over classical solvents
systems.
2.3. Superheated water (subcritical water)

Water is probably best-known and most widely used solvent.
Water is at the same time very unique substance, due to its
hydrogen-bonded structure, high boiling point temperature and
polarity. Heating water to the temperatures range between 100�C
and 374�C (over boiling point and below critical point) and
increasing the pressure over atmospheric values, to maintain liquid
state, causes change in the physicochemical properties. Super-
heated (subcritical) water becomes less polar, its permittivity,
surface tension and viscosity decrease when diffusion rate in-
creases [23]. Dielectric constant, which decreases in the high
temperature is very important factor. In the room temperature it is
80, but at 250�C it decreases to 27, which is near dielectric constant
of ethanol at room temperature. These properties make the wider
group of polar and non-polar analytes soluble in water.

Extraction using superheated water as a solvent brings a
number of benefits. It may be an effective alternative for con-
ventional organic solvents. Water is non-toxic, easily available and
cheap. Hence, superheated water extraction provides selective,
fast and environmentally friendly method for extraction of polar
and moderately polar analytes from solid samples [14,24]. How-
ever it must be noticed that extraction power of water is limited,
and separation of analytes from aqueous phase is sometimes
problematic. The diagram of the set-up for carrying out of
extraction of solid materials sample with the stream of hot water
is presented in Fig. 2.

For most extraction methodologies distilled, deionized,
degassed or flushed with nitrogen (to remove oxygen) water is
used. Sometimes also pH control is employed to enhance selectivity
towards target compounds. In some cases an addition of small
amounts of organic solvent is necessary, e.g. for separation of ana-
lytes from aqueous phase or because sometimes the extraction
power of superheated water is limited. In Table 1 information on
different use of SuperheatedWater Extraction (SHWE)e knows also
as Hot Water Extraction (HWE), Pressurized Hot Water Extraction
(PHWE) or Subcritical Hot Water Extraction (SWE) e is given.

The first use of SWEwas in 1994 for extraction of polar and non-
polar compounds from soils. Since that time, SHWE is used mainly
as an extractant of compounds such as PAHs, PCBs, pesticides and
polychlorinated benzofurans from environmental solid samples
[25e27]. It is also an efficient method for extraction of natural,
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essential oils and bioactive compounds from foodstuffs and plants
and for environmental remediation. Moreover it was shown, that
SWE is more efficient in extracting natural phenols from plants
than Soxhlet extraction, ultrasound and microwave assisted
extraction. Extracts obtained by SHWE were also more biologically
active.

Superheated water extraction in most cases provides extraction
yields similar to such techniques as Soxhlet extraction or SFE. In
case of PAHs extraction with SWE is slightly faster. On the other
hand, alkanes are poorly extracted by SWE. It is worth notice, that
with similar extraction efficiency, water is still the cheapest and
least toxic solvent.
2.4. Ionic liquids as solvents for extraction

In recent years ionic liquids have attracted growing interest,
because of their unique physicochemical properties. It may be seen
in the increase of application of ILs as analytical solvents, especially
in many sample preparation techniques as a “green” alternative for
volatile organic solvents.

Ionic liquids are a group of non-molecular compounds, with
melting point below 100�C, unlike common molten salts. Typically
they consist of big, asymmetric organic cation (e.g., imidazolium,
pyrrolidinium, pyridinium, tetraalkyl ammonium or tetraalkyl
phosphonium) and smaller organic or inorganic anion (e.g., tetra-
fluoroborate, hexafluorophosphate, bromide). Various common
cations and anions described in literature from which functional
variations of room-temperature ILs (RTILs) can be created are
presented on Fig. 3 [28].

Most important characteristics of ILs in terms of analytical
chemistry is their low vapour pressure, high thermal stability, high
Fig. 3. Most popular cations and anion
degree of solubility for a wide range of organic and inorganic
substance and miscibility in different solvents. Mentioned proper-
ties are a result of electrostatic interactions between cations and
anions and unique intermolecular interactions [29]. What is very
important, there is a possibility to design their physicochemical
properties by proper selection of cations and anions, to create an IL
that exhibit exceptional selectivity toward a groups of target
compounds, becoming task specific solvents.

Due to their properties, ionic liquids have been successfully
applied in many analytical chemistry fields like chromatography,
capillary electrophoresis, mass spectrometry and of course sample
preparation and extraction techniques as an alternative to tradi-
tional organic solvents. Considering the specification of each
extraction method, the utilization of ILs may be divided in use in
solvent-based extraction and sorption-based extraction [29].

Solvent-based extraction methods consist of four main tech-
niques, namely:

� Single Drop Microextraction (SDME)
� Dispersive LiquideLiquid Microextraction (DLLME)
� Hollow Fibre Liquid Phase Microextraction (HF-LPME)
� Liquideliquid Extraction (LLE) e Ionic liquids were also utilized
as an alternative to the traditional organic solvents in this type
of extraction, but in this review only IL-based solvent extraction
in the microscale will be discussed.
2.4.1. Ionic liquid based single drop microextraction
SDME is the extraction technique that was first introduced in

1996. The principle of this method is based on the distribution of
the target compounds between the sample and a microdrop of the
extractant solvent suspended on the tip of themicrosyringe. For the
s of functional variations of RTILs.
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first time it was applied to extract 4-methylacetophenone with the
drop of n-octane [30]. Nowadays SDME technique is widely applied
for determination of target analytes in both biological and envi-
ronmental matrices, using two different modes.

Direct Immersione SDME is two phasemode, where the drop of
the solvent is immersed in the sample solution. Head Space e

SDME is a three-phase mode, where the drop of the solvent, sus-
pended on the tip of the needle is immersed in the sample head-
space. After appropriate time of equilibration, the drop containing
the analytes is withdrawn to the microsyringe and then may be
directly analyzed [29,30]. The scheme of each aforementioned
SDME systems is shown in Fig. 4.

Single Drop Microextraction is relatively cheap, fast, the vol-
umes of the solvents are very small (few mL), is rapid and easy to
operate. Anyhow the use of ionic liquids as an alternative to
organic solvents provides more advantages. The bigger the
extractant droplet is, the better extraction capability and precision
may be gained. Low vapour pressure and high viscosity of ILs
result in possibility to obtain big and stable microdroplets [29].
For the first time, ILs were used to perform SDME in 2003 for the
extraction of PAHs and since then the IL based SDME has become
popular technique. The development of this method may be
observed as an increase of the number of scientific papers con-
cerning IL-SDME topic. Recently IL-SDME was also coupled with
new detection techniques like tungsten coil electrothermal
atomic absorption spectrometry, used in food analysis [31] or for
the extraction of target analytes from biological matrices [32]. So
far, the type of ionic liquids that are most frequently applied in
SDME is PF6-based. More detailed information on application of
IL-SDME is given in Table 1.

2.4.2. Dispersive liquideliquid microextraction
Another widely used sample preparation microextraction

technique is DLLME, first reported in 2006. DLLME is simple, rapid
and cost-efficient method for the extraction of analytes from
aqueous matrices, using water immiscible solvent (extraction sol-
vent) and organic modifier (dispersive solvent), that is miscible
both with water and extraction solvent.

Appropriate mixture of both solvents is injected rapidly to the
aqueous solution with microsyringe, and the cloudy solution ap-
pears. Dispersive solvent aids in formation of very fine droplets of
Fig. 4. Schematic representation of two modes of ionic liquid based single drop microex
the extractant in the sample solution. The large surface area be-
tween extraction solvent and the aqueous phase result in fast mass
transfer, so the analytes are migrating to the extractant droplets in
the very short time. After that the extraction solvent is separated,
usually by centrifugation [30]. The scheme of the procedure is given
in Fig. 5.

Preconcentration factors and method efficiency are high, thus
DLLME became popular sample preparation technique that is
drawing a lot of attention during the last decade. The main draw-
back of this technique is that there is only a few efficient dispersing
and extracting solvents that meet the requirements (insolubility in
water, density higher than water, mutual miscibility). Usually as
disperser solvents methanol, ethanol, acetonitrile and acetone are
used. Halogenated hydrocarbons are frequently applied as extrac-
tants, because of their high density, enabling easy separation of
analyte-enriched phase [30,33].

The utilization of ionic liquids in DLLME in temperature
controlled mode was first introduced in 2008, to determine
organophosphorous pesticides in environmental samples [34].
Employing ILs as extraction solvent result in increasing sensitivity
and selectivity of the method. Moreover, the amount of toxic
organic solvents is minimized, and high density of IL facilitates its
separation from the aqueous sample solution [29]. Recently, IL-
DLLME was used in such analytical chemistry fields as food anal-
ysis (determination of herbicides in wine [35]), forensic analysis
(determination of methamphetamine in urine [36]). This technique
is also widely applied for trace-element analysis, like metals in
environmental samples [30,33]. More detailed information about
aforementioned technique applications is given in Table 1.
2.4.3. Hollow fibre liquid phase microextraction (HF-LPME) and
liquid phase microextraction (LPME)

In order to eliminate problems connected to SDME (e.g.
instability of the microdrop, droplet loss) in 1999 new extraction
method e HF-LPME was introduced to stabilize the extracting
phase. This technique is based on the extraction of the analytes
from the aqueous sample (donor phase) to the organic solvent
(acceptor phase) immobilized inside the lumen of the hollow fibre
immersed in the sample. There are two different modes of HF-
LPME [37,38]:
traction e direct immersion mode (on the left) and headspace mode (on the right).
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Fig. 5. Schematic representation of the IL-DLLME extraction procedure steps.
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� Two phase mode, where the lumen of the hollow fibre is filled
with acceptor solvent, the same as the solvent that impregnates
porous fibre walls (the same as the membrane phase)

� Three phase mode, where additional solvent, immiscible with
acceptor phase is immobilized on the fibre walls.

Sample solution is vigorously stirred during the extraction, and
after that the acceptor phase is withdrawn to the microsyringe. The
extraction process scheme and setup is depictured in Fig. 6. More
detailed description of the method is given in the one of the pre-
vious reviews [39]. In both two and three-phase modes the selec-
tion of the acceptor phase is crucial for the extraction efficiency. The
Fig. 6. Scheme of the set-up f
requirements that organic solvent must meet are low volatility,
immiscibility with sample solution, good mass transfer properties
for the analytes. 1-octanol, toluene and n-dodecane are frequently
applied as solvents in HF-LPME. The low number of suitable sol-
vents is the one of the limitations of this technique [38].

IL was first applied in HF-LPME in 2007. It was used in three-
phase mode for the extraction of chlorophenols from water to
impregnate hollow fibre walls. Since then IL-HF-LPME was suc-
cessfully applied as the extraction and preconcentrationmethod for
the analysis of organic compounds, e.g. analysis of phthalate esters
in tea beverages [40], sulfonamides in environmental water sam-
ples [41]. For the inorganic analysis IL-HF-LPME was for the first
or IL-HF-LPME technique.
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time used in 2010 to determine lead and nickel in the water sam-
ples [37]. At present this technique is also used for preconcentra-
tion of metals from both environmental and biological samples
[37,38]. Detailed information about IL-HF-LPME application is
given in Table 1.

Ionic liquids in the sample preparation field are also success-
fully applied in the case of sorbent-based extraction techniques
like solid phase microextraction. Solid phase microextraction
(SPME) is based on the partitioning of the analytes between the
sample and the stationary phase, followed by desorption of the
analytes. Most of the SPME variants are based on the fused silica or
metallic fibre, coated with suitable stationary polymeric phase.
The coating is the one of most important parameters of SPME, so
to enhance selectivity ionic liquids were employed. At the
beginning they were used as disposable fibre coatings, but until
now the technique development lead to ionic liquid fibres that
may be reused many times [42].

Besides many advantages and great perspectives of using ILs in
analytical chemistry, the main drawback of these substances as
solvent compounds is their high cost and the fact, that the infor-
mation about their toxicity is still scarce [8].
2.5. Deep eutectic solvents

Deep eutectic solvents (DESs) are environmental friendly, low
cost alternative to conventional ionic liquids (ILs) and they are very
popular in the scientific and technological sector [43]. DESs are a
mixture prepared by complexing an ammonium halide with a
hydrogen-bond donor (HBD) such as carboxylic acids, alcohols,
range of amides and many more.

The evolution of DESs has a short history. First reports on the
creation of DESs dates back to 2001. A few years later first research
on the use of liquid solutions with unusual solvent properties in the
practice was carried out. Also general formula R1R2R3R4NþX�Y� to
defined DESs was created. According to the used complexing
agents, DESs can be classified into three groups [44]:

Type I Y/MClx;M ¼ Zn; Sn; Fe;Al;Ga;
Type II Y/MClx$yH2O;M ¼ Cr;Co;Cu;Ni; Fe;Ca;Mg; La;
Type III Y/HBDsðRZÞ with Z ¼ �CONH2;�COOH;�OH:

DESs are liquids at temperatures of 100�C or below and exhibit
similar solvent properties to the conventional ILs. The main
physicochemical properties of DESs which are responsible for
their use as green solvents at room temperature are: freezing
points, density, viscosity, polarity, ionic conductivity and acidity/
alkalinity.

DESs are characterized by their lower freezing points than the
freezing points any of its components. Most of DESs are denser than
water and are highly viscous at room temperature also the bulk of
Table 2
The main DESs advantages.

Advantages Description

Good biocompatibility Using quaternary amm
Non-toxic There was no toxic effe

confirming their benign
Environmental friendly, benign Solvents classified as m
Biodegradable Capable of being decom
Simple preparation procedures The components (HBD,

easily mixed to obtain
Nonreactive with water Adding water to the so
Low production cost, easily available components Low cost of raw materi
Ionic nature and relatively high polarity High solubility of many
Large number of combinations can be produced Greater designability w

HBDs, and salt/HBD mo
DESs exhibit poor ionic conductivities. Whereas extensive
hydrogen bonding makes DESs polar in nature [45].

DESs possessmany benefits compared to ILs. In Table 2 literature
information on main DESs advantages are listed.

Applications of DESs are growing fast as alternatives in research,
industry and new process developments because of their potential
as environmentally benign solvents and advantages over traditional
ionic liquids. DESs as “green” solvents are one of the most impor-
tant subjects of the so-called “Green Chemistry” and they play a key
role in environmentally friendly analytical techniques especially in
sample preparation step. More than 80% of analysis time is spent on
sample collection and sample preparation, so sample preparation is
a critical part of the analytical process. Very often the sample
preparation step is based on the extraction process. For effective
extraction in accordance with the principles of Green Chemistry,
the right selection of environment friendly green solvent is always a
challenging task [52]. Nowadays DESs have attracted a great deal of
attention as promising green extraction media. Therefore, DESs are
widely used in analytical chemistry and thus the process of
extraction or separation. DESs are characterized by high viscosity
and they can exist in the solid state at room temperature that is why
DESs can be successfully used in extraction process of active com-
pounds from natural products. For example DESs are already used
as extraction media for glycerine from biodiesel product mixtures
aromatics from naphtha. Information on another application of
DESs in extraction process are summarized in Table 1.

Recently, various other applications of DESs have been reported.
DESs indicate high solubilities for a wide range of solutes including
metal oxides. The dissolution of metal oxides in a eutectic mixture
of urea/choline chloride is quantified and plays a key role in few
processes such as metal winning, corrosion remediation, and
catalyst preparation. Due to solvent properties of DESs which
enable them to dissolve metal oxides electro polishing of stainless
steel also have been proposed [51]. In addition, DESs have traits that
make them perfect choices for use in the preparation of materials of
different kinds such as new: zeolitic material [53] and organo-
phosphate material [50]. There were also investigated possible uses
of DESs for increasing bioavailability in early drug development
such as toxicology [54]. DESs can be also used in biocatalysis [55],
pharmaceuticals [56], CO2 absorption [57] and in many others
various chemical and industrial applications.

DESs have a green profile and a good prospect for a wider use in
the field of green technologies because of their physical and
chemical properties. Therefore still growing number of scientific
publications in the literature related to DESs and they obtain much
attention by the scientific community.

Natural products are a plentiful and perfect source of DESs
components due to their enormous chemical variety, biode-
gradability, sustainability, and low toxicity profile. Therefore the
term natural deep eutectic solvents for these liquids, which
References

onium salts such as choline chloride (ChCl) [43]
ct for the tested DESs on all of the studied bacteria
effects on these bacteria.

[43]

inimal or no harm upon ecosystems or the environment. [46]
posed by bacteria or other living organisms. [46,47]
neutral compounds such as sugars and salts) can be
target eutectic mixture.

[48]

lvent does not result in chemical reactions. [47]
als [49]
ionic species, such as metal salts. [50]
ith a broad selection of cations, anions,
lar ratios

[51]
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Table 3
Most common methods used for preparing natural deep eutectic solvents in analytical chemistry.

Method Preparation References

Heating and stirring Stir two-component mixture and water and heat in a water bath below 50�C until a clear liquid is formed (30e90 min). [60e63]
Heat the two-component mixture to 80�C with constant stirring until a homogeneous liquid is formed. [51,64]

Vacuum evaporating Dissolve components in water and evaporate at 50�C with a rotatory evaporator. The obtained liquid put in a
desiccator with silica gel until constant weight is reached.

[60]

Freeze drying Mix components.
Freeze the obtained aqueous solution and subsequently freeze-dried for the achievement of clear viscous liquids.

[65]
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extends the composition of DESs to natural products, such as
sugars, alcohols, amino acids, organic acids, and choline de-
rivatives was proposed [58].

2.5.1. Natural deep eutectic solvents (NADES)
Natural deep eutectic solvents (NADES) fully represent green

chemistry principles. The NADES are non-toxic, renewable and
exceptionally efficient solvents for extraction and separation,
especially in analytical chemistry.

The main advantage of NADES is the facility to prepare large
number of variants of these solvents (about 106) [59]. Table 3 lists
literature information on most commonly methods used for pre-
paring NADES. These preparationmethods are used in the literature
with various modifications about e.g. time of heating or tempera-
ture, depending on the nature of the substances which are in-
gredients for preparing NADES.

NADES could be found in nature, therefore these mixture based
on natural compounds, particularly primary metabolites which are
naturally present in all types of cells and organisms [60]. The
general ingredient of NADES is sugars (glucose, saccharose, fruc-
tose, etc.); organic acids (lactic, malic, citric acids, etc.); urea and
choline chloride. The interactions nature that take place in the
eutectic behaviour depends on the ingredients type where
hydrogen bonds or Van der Waals forces are involved. Many pub-
lications about different techniques applied for the exploring of the
NADES structure occurred. These techniques are: Crystallographic
data, Nuclear Magnetic Resonance (NMR) spectroscopy, Fourier
Transform Infrared Spectroscopy (FT-IR) and Fast Atom
Bombardment-Mass Spectrometry (FAB)-MS [60,61].

NADES can be applied at many stages of the entire chemical
process and they can be used in many research fields including
analytical chemistry. Due to its specific physicochemical properties
(negligible volatility, liquid state below 0�C, adjustable viscosity,
sustainability, biodegradability, non toxicity profiles, and high sol-
ubilization power of polar and non-polar compounds [59,62])
NADES offer interesting perspectives for sample preparation,
including synthesis, dilution, preconcentration and in many cases
also extraction. Because NADES are greener and safer alternatives to
widely used toxic organic solvents it is not surprising that they have
been employed in extraction of many compounds from various
matrices. NADES could be used in extraction of valuable secondary
metabolites of plants for their direct application in pharmaceutical,
cosmetics and food industries [9,66]. Themost studiedapplicationof
NADES is extractionof phenolic compounds. Informationonanother
application of NADES in extraction process is summarized in Table 1.

Another potential applications of NADES are enhancers of su-
percritical fluid technology [63], in the biomedical field to prepare
drug delivery systems, biocatalysis, gas separations, materials sci-
ence and electrochemistry [59].

2.6. Bio-derived solvents

Bio-derived solvents are a group of solvents that are produced
from biomass in a biorefinery [1] and after being used, they can be
biodegraded as presented in Fig. 7A. Biomass includes a wide range
of sources such as forest products (e.g. wood), aquatic biomass (e.g.
microalgae), energy crops (e.g. corn) and waste materials (e.g. ur-
ban wastes). A range of possible solvents that can be derived from
bio-resources are presented in Fig. 7B.

Bio-derived solvents are characterized by many advantages for
instance low toxicity, environmental beningness and biodegrad-
ability. Due to these reasons and because renewable feedstocks are
used for production what is among the “Twelve Principles of Green
Chemistry”, bio-derived solvents are classified as green solvents [1].

Although, searching for new bio-derived solvents is of great
interest in recent years and many of new solvents have been
discovered, not all of them can be used in solvent extraction due to
some specific requirements for solvents to be used for this appli-
cation [1].

There are several requirements to use solvents in extraction
process carried out in “green” way. Ideally, the solvent needs to
have low toxicity, non-flammability, good solute selectivity, inert-
ness to equipment materials, high capacity for desired solute, suf-
ficiently high interfacial tension, reasonable cost and minimal
viscosity [1]. In addition, the solvent solubility in water should be
sufficiently low in order to minimize solvent losses during extrac-
tion. Although, several studies of physicochemical properties of
newly derived solvents [67,68] were carried out, they are still some
shortcomings in this area. Taking this into account, solvent solu-
bility inwater can be used as a prerequisite to evaluate suitability of
solvents for solvent extraction applications [1]. Considering these
information, the potential to be applied in solvent extraction pro-
cesses due to insolubility in water have biodiesels, terpenes and
2,5-dimethylfuran (DMF).

The potential bio-derived solvents for solvent extraction are a-
Pinene, D-Limonene, SBME, DMF and p-Cymene. This is due to
appropriate reasons: i) viscosities of these bio-derived solvents are
quite low, making them easy to handle in solvent extraction ap-
plications; ii) the densities of these bio-derived solvent are lower
than 0.9 g ml�1 and higher than 0.8 g ml�1 (the density of solvents
used in solvent extraction is recommended to be about 0.8 g ml�1

to aid phase separations [69]); they all have very low vapour
pressure at room temperature, preventing solvent loss by evapo-
ration (except for DMF). It needs to be mentioned that in terms of
the risk of fire SBME is the safest solvent due to its high flash point.
Despite the fact that all of these bio-derived solvents are good
candidates for extraction solvents, however, biodiesels and ter-
penes have been investigated for suitability in solvent extraction.

It is well known that a wide variety of feedstocks that contain
triacylglycerol can be used to produce biodiesel by trans-
esterification. Generally, four categories of feedstocks are applied
for biodiesel production namely algae, animal fats, oil seeds and
various low-value materials such as used cooking oils [70].
Depending on feedstocks used for biodiesel production, it is char-
acterized by clear differences in carbon chain length and the degree
of unsaturation, which are the two influential factors determining
physicochemical properties of biodiesels [71]. Biodiesel (Soybean
Oil Methyl Esters, SBME) has been tested for suitability as a solvent
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Fig. 7. Life cycle of bio-derived solvents (A) and examples of bio-derived solvents (B).
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in extraction of neutral, ionizable and metal solutes fromwater and
its overall performance was similar to traditional VOCs, making it a
promising alternative solvent in solvent extraction processes
(Table 1).

Terpenes are a class of unsaturated hydrocarbons composed of
isoprene C5 units and exist naturally in essential oils and oleo-
resins of plants such as conifers [1]. The most popular terpenes
used as solvents are a-pinene and D-limonene. Because some of
physicochemical properties of a-pinene, D-limonene and p-
cymene are similar to that of hexane, several studies have been
performed to explore the possibility of replacing hexane with
these renewable solvents. D-Limonene, a-pinene and p-cymene
have been used in natural products extraction from a variety of
feedstocks and were comparable or provided even better results
compared with traditional solvents (Table 1).

2.7. Solvents environmental impact assessment

Molecular organic solvents are relativelywell described in terms
of their impact on environment, compared to ILs, DES or NADES and
supercritical fluids. There are several solvent selection guides
(SSGs) developed, most of them originating from pharmaceutical
industry sector. The assessment criteria in SSGs are related to
environmental aspects of solvent application, human health as-
pects, chemical safety and sometimes solvent potential to be
preferentially disposed. As a result each solvent is given a colour
label e green, yellow or red accompanied with descriptions, like
“recommended”, “to be confirmed”, “problematic” or “hazardous”.
Another SSG [87], was developed in academia was aimed at
assessment of 151 solvents, many of them used in analytical labo-
ratories. After grouping these solvents according to their physico-
chemical parameters with cluster analysis to three groups e polar
ones, nonpolar and volatile, nonpolar and rather non-volatile e

solvents within each groupwere ranked withmulticriteria decision
analysis tool. It should be emphasized that there is a certain degree
of disagreement between the results of different SSGs. Generally,
solvents applied in extraction, such as methanol, ethanol or water
are concerned as green. Less polar solvents, used for analytical
extractions, such as dichloromethane, hexane or toluene are
assessed to cause problems and finding alternatives is advisable.

Another approach was applied to rank solvents according to
their risks related with emissions to the environment [88]. In this
case the importance of assessment criteria were proportional to
distribution of solvent in the environment after emission. What is
interesting, terpenes that are commonly considered as green sol-
vents were critically assessed, mainly due to their high photo-
chemical ozone creation potential.

There is a solvents scoring system that is suitable to compare
analytical procedures in terms of solvents consumption and their
environmental nuisance [89]. Each solvent is described with nu-
merical score that reflects its total hazards towards the environ-
ment. The scores are calculated by summing the hazards reflecting
solvent toxicity and multiplying by the sum of hazards referring to
exposure data. Calculated scores are easily implemented in
assessment of the entire analytical procedures, including extrac-
tion and liquid chromatographic separation. The score for each
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solvent applied in procedure is multiplied by its volume. In this
way, many of the analytical procedures, like those based on gas
chromatography and SPME or headspace extraction are getting
score equal to zero.

Analytical chemistry requires solvents “greenness” assessment
systems to be comprehensive, taking variety of factors into
consideration. On the other hand the assessment results should be
intuitive, easy to be understood and easily handled [90]. These two
Table 4
Information on advantages and drawbacks of selected green extraction solvents.

Advantages

Ionic liquids
Physicochemical characteristics (low vapour pressure, thermal stability etc.) that are

connected with low environmental nuisance;
Almost unlimited capability in designing properties like polarity, miscibility with wate

organic phase by proper cation/anion selection providing high extraction selectivity
sensitivity towards target analytes

A huge number of possible cation/anion configurations
A possibility to overcome limitations of some extraction techniques:
� SDME e using ILs provides better stability of the drop and allows increasing the dro

volume
� DLLME e high density of ILs facilitates phase separation
� HF-LPME e application of ILs overcomes the problem of limited number of suit

solvents
� SPME e using ILs as fibre coating in SPME techniques significantly increases

selectivity towards selected groups of analytes
Surface active agents
Capacity of micellar phase to solubilize species of different nature
Low cost
Techniques based on using surfactants are usually simple, easy to handle and relativel

time-saving
Low toxicity
Surfactants use in extraction techniques provides good preconcentration factors, high

recoveries and selectivity
Easy phase separation step by using the temperature or centrifugation
Relatively wide range of polar and nonpolar compounds that may be extracted by mic

extraction
Superheated water
Water is probably the cheapest and least-harmful solvent
Unique physicochemical properties in subcritical state (lower polarity, decreased

permittivity, surface tension and dielectric constant)
SHWE is fast, environmentally friendly and selective alternative to traditional solvent

extraction for polar and medium polar analytes
Supercritical fluids
Unique physicochemical properties placed between the liquid and gas
Better mass transport resulting from lower viscosity
Fast extraction
No toxic residues and possibility to recycle the supercritical solvent
Good extraction efficiency
Possibility to direct coupling SFE with instrumental techniques (GC, LC)
DES
Good bio-compatibility.
Non-toxic.
Environmental friendly, benign.
Biodegradable.
Simple preparation procedures.
Nonreactive with water.
Low production cost, easily available components.
Ionic nature and relatively high polarity.
Large number of combinations can be produced.
NADES
Tuneability.
The selectivity of NADES for a target compound can be tailored by changing its compon
Unique physicochemical properties, with the possibility for their design for particular

purposes.
Non-flammability.
The facility to prepare large number of variants of these solvents.
Non-toxic.
Biodegradable.
High solubilization power of polar and non-polar compound.
Bio-derived solvents
Low toxicity.
Environmentally benign.
Biodegradable.
Renewable resource.
requirements are rather contradictory and analytical chemistry
awaits for new, improved assessment procedures. Another aspect
that should be addressed is performing full life-cycle assessment
of analytical extractions. In this manner extraction media that are
different in their nature can be compared i.e. ILs, supercritical
fluids or NADES with organic solvents. Another issue, is that for
many solvents, especially neoteric, ecotoxicological data are very
scarce.
Drawbacks

r/
and

plet

able

the

Relatively high cost
Synthesis of most ionic liquids requires a big amount of energy, organic
solvents and salts, so they cannot be considered as completely “green”
Limited information about toxicity of ionic liquids e some types of ILs
(e.g. imidazolium-based) are proven to be hazardous for aquatic
environment
Low biodegradability
In most cases high viscosity and nonvolatility is the limitation in direct
coupling the IL-based extract to GC system

y

ellar

The extracts containing surfactant-rich phase need further treatment
before introducing to the final determination system like GC or LC
Optimisation of the extraction procedure is very important step
Commercially available non-ionic surfactants have very complex
formulas that may cause detection problems
In the case of extraction of thermally labile compounds the extraction
efficiency may be insufficient
Difficult to automate

Separation of the analytes form the aqueous phase may be problematic
A lot of energy is needed to carry out water to subcritical state
In practice SHW is usually used for obtaining extracts from natural
matrices (plants, fruits) and some environmental pollutants from solid
samples

Usually the use of organic co-solvent is needed
Relatively high cost technique
Modelling is inaccurate
High energetic demands to obtain critical point

The inherent high viscosity, which results in a slow mass transfer and
hampers the efficiency.

ents.
High viscosities that not only hinders the mass transport from matrices
to solution but also leads to handling difficulties (e.g. in filtration,
decantation, and dissolution).

Research is still necessary.
Small group of bio-derived solvents that meet the requirements to be
used in extraction process.
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3. Conclusions

Due to the low levels of the content of analytes in samples, it is
necessary to use the separation and enrichment stage before the
analysis of appropriately prepared samples. On the other hand, in
accordance with current trends, the analytical procedures should
aim at the miniaturisation and simplification of the sample prepa-
ration step and use environmental friendly solvents. To reduce the
intensity of anthropogenic activities related to analytical labora-
tories, more emphasis is placed on compliance with Green Chem-
istry principles. Without any doubt, replacement of VOCs by more
environmentally sustainable solvents is becoming increasingly
important due to the increasing health and environmental concerns
as well as economic pressures associated with VOCs. Developing
new, eco-friendly and benign solvents which would meet techno-
logical and economic demands is perhaps the most popular aspects
of Green Chemistry. In this sense, several solvents have been
developed and introduced in analytical practice, also in sample
preparation process. These solvents were found to be greener and
cleaner alternatives to conventional molecular solvents. Such sol-
vents as ionic liquids, superheated water, supercritical fluids, sur-
factants, bio-derived solvents and deep eutectic solvents are more
or less applied in extraction process. This is due to their physico-
chemical properties which bring advantages in extraction process.
These advantages as well as drawback are described in Table 4.
Some of these solvents including ILs, supercritical fluids or super-
heated water are well understood, however, they are still some as-
pects that need further studies. In the case of bio-derived solvents,
DES and NADES, studies are still limited and many unknowns exist.
That is why there is a continuous need for research in this area.
Moreover, searching for more potential solvents with diversity in
physicochemical properties that are required by selectivity of sol-
vent extraction needs to continue while also examining existing
solvents. However, the huge potential of described here solvents
mainly NADES, and bio-derived solvents, opens interesting per-
spectives for further research and industrial applications.
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