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Organic compounds, especially in low concentra-
tions and in the analysis of complex samples, are most
often determined by chromatography–mass spec-
trometry. The current level of the development of
these methods makes it possible to achieve sensitivity
and selectivity that would have been difficult to imag-
ine just a few decades ago [1–3]. However, despite
this, determination in most cases is still impossible
without sample preparation [4–6]. During sample
preparation, the target analytes are extracted from the
samples being analyzed; the components interfering
with the determination are removed; matrix effects are
eliminated; analytes are preconcentrated, sometimes
derivatized, and converted into a matrix compatible
with the subsequent determination method [6]. This
stage of analysis is one of the most complex and time-
consuming. In particular, sample preparation, accord-
ing to some estimates, takes up to approximately 60%
of the time spent for laboratory analysis and is the
source of about 30% of experimental errors [7].

Over the past twenty-five years, various miniatur-
ized and sometimes simplified sample preparation
procedures, consistent with the principles of green
analytical chemistry, have been developed and suc-
cessfully applied to the extraction of organic com-
pounds from liquid samples [7, 8]. During this time,
many new methods for the microextraction isolation
and preconcentration of organic compounds from
aqueous solutions have appeared, such as single-drop
microextraction [9, 10], hollow fiber liquid-phase

microextraction [10, 11], dispersive liquid–liquid
microextraction [12, 13], homogeneous liquid–liquid
microextraction [14, 15], pipette-tip solid-phase
microextraction [16, 17], solid-phase microextraction
[18, 19], stir-bar sorptive extraction [20, 21], microex-
traction by packed sorbent [22, 23], magnetic solid-
phase extraction [24, 25], and dispersive solid-phase
extraction [25, 26].

An analysis of a number of recent reviews devoted
to the sample preparation of soils and other solid envi-
ronmental samples [27–40], food products [41–47],
plants [48–54], and cosmetic and personal care prod-
ucts [55–58], indicates that shaking extraction, Sox-
hlet extraction, ultrasound-assisted extraction, micro-
wave-assisted extraction, pressurized liquid
extraction, subcritical water extraction, supercritical
f luid extraction, matrix solid-phase dispersion, and
QuEChERS are used to separate organic compounds
from solid samples. The non-selective nature of this
primary processing necessitates the subsequent purifi-
cation of the resulting extract, first by removing insol-
uble portions of the sample and then, if necessary, by
purifying and/or preconcentrating the analytes in the
resulting extracts using the previously mentioned var-
ious liquid–liquid or solid-phase extraction/microex-
traction versions.

The first part of this review summarizes review arti-
cles describing traditional methods for the extraction
of organic compounds from solid samples, such as
shaking extraction, Soxhlet extraction, ultrasound-
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assisted extraction, and microwave-assisted
extraction. The general description of the methods is
given, methods of implementation are considered,
experimental parameters affecting the efficiency of the
extraction of organic compounds are listed, and exam-
ples of the application of methods to the process of the
sample preparation of various species are given.

SOLID–LIQUID EXTRACTION
Solvent extraction from solid matrices (solid–liq-

uid extraction, SLE) is based on the distribution of a
substance in a solid–liquid system (usually an organic
solvent, less often water). The classic option for per-
forming liquid–liquid extraction from solid matrices is
to mechanically shake an analyzed solid sample with a
selected solvent for a certain time [59, 60]. To do this,
a weighed portion of a carefully ground solid sample is
placed in a shaking vessel (the optimal particle size
depends on the sample being analyzed and varies from
0.5 to 8 mm), the selected solvent is added, and the
contents are stirred for a certain time (usually from
15–30 min to several hours). The phases are separated
by filtration. The extraction process occurs in several
stages. First, the extractant wets the solid substance
and penetrates into the internal voids—micro- and mac-
rocracks of solid phase particles. Next, the extracted sub-
stance is dissolved and released into the extractant
located inside the solid phase, then into the near-sur-
face layer of the extractant—the diffusion boundary
layer, and then into the bulk of the extractant. The
boundary diffusion layer formed on the surface of
solid particles possesses high resistance to the further
transfer of the extracted substances into the extractant.
The thickness of this layer depends on the rate of stir-
ring the extractant. The higher the stirring rate, the
smaller the thickness of the boundary layer [59].

Extraction is a complex physicochemical process
affected by a number of factors, the main of which is
the nature of the solvent, the correct selection of
which determines not only the completeness of the
extraction of the desired component, but also the
selectivity of extraction [48, 59]. It is desirable that the
selected solvent is selective and dissolves the desired
analytes to a maximum extent and other substances
present in the solid sample to a minimum extent. In
addition, in choosing a solvent, parameters such as
volatility, purity, toxicity, availability, and cost are
taken into account. It is important to select a proper
solvent-to-solid sample ratio; recovery of compounds
increases with increasing solvent volume. To reduce
the volume of the extract, it is better to carry out sev-
eral successive extractions in small portions of the
extractant than one extraction in a large portion. In
addition, the amount of the extracted substance
depends on the degree of sample grinding, the inten-
sity of stirring, and the time of phase contact [59].

Acetonitrile, methanol, ethanol, acetone, ethyl
acetate, and their mixtures with water are most often
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used as solvents for extracting hydrophilic organic
compounds from soils, plants, food, and other solid
materials [38, 45, 48, 49, 59]. To extract hydrophobic
organic compounds, diethyl ether, pentane, hexane,
mixtures of hexane with acetone, toluene, methylene
chloride, and a number of other solvents are used [31,
46, 59]. In recent years, supramolecular solvents,
ionic liquids, and deep eutectic solvents have begun to
be used as alternative solvents that have found applica-
tion to the extraction of organic compounds from solid
matrices [48, 49, 61–64].

In addition to the reviews cited above, separate sec-
tions in other reviews [27, 32, 41, 45, 46, 50, 51, 53–
55, 58] were devoted to the use of solvent extraction for
the isolation of organic compounds from solid sam-
ples. In these reviews, informative tables
provide information on the conditions for the
extraction of 4-alkylphenols and bisphenol A from
river and marine sediments [32]; pesticides from soils
[40]; pesticides [41] and neonicotinoids [45] from var-
ious foods; phthalates, benzothiazoles, and benzotri-
azoles from marine products [46]; pesticides from
spices and plants [50]; quercetin and its glycosides
[51], polyphenols, and other biologically active sub-
stances from plants [49, 51, 53, 54] and agricultural
residues [49]; and various organic compounds from
sewage sludge [27] and cosmetic and personal care
products [55, 58].

The main disadvantage of this oldest and simplest
method of sample preparation for solid samples is the
slow establishment of an equilibrium and, as a conse-
quence, significant time spent for sample preparation.
In addition, the disadvantages of the method include
the incomplete extraction of the target analytes. To
increase the efficiency of the extraction, heat and
ultrasonic and microwave radiation are used. A dis-
tinction is made between extraction in a Soxhlet appa-
ratus, ultrasound-assisted extraction, and microwave-
assisted extraction. Below we present a more detailed
description of these options for the solvent extraction
from solid matrices.

OPTIONS FOR SOLVENT EXTRACTION 
FROM SOLID MATRICES

Soxhlet extraction. Detailed information about the
features of Soxhlet extraction can be found in the
reviews [65–69]. Soxhlet extraction is one of the old-
est methods of solid–liquid extraction, which was pro-
posed in 1879 by the German chemist Franz von Sox-
hlet for separating fat from milk. Classical Soxhlet
extraction is carried out in a Soxhlet apparatus, which
consists of a solvent f lask, an extractor, and a ball
cooler. The operating principle of the extractor is as
follows: 30–100 mL of a selected solvent is poured into
a 0.5–1 L round-bottom flask, and a crushed solid
material (1–10 g), packed in extraction sleeves made
of high-purity cellulose (filter paper) or in a gauze bag,
is placed in the extractor. When the f lask is heated,
F ANALYTICAL CHEMISTRY  Vol. 79  No. 8  2024
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solvent vapors rise and condense in the refrigerator.
The resulting condensate enters the extractor. As the
level of the solvent rises, increasing amounts of
extracted components pass into it. Once the solvent
level reaches the top level of the siphon, the solvent is
drained into the f lask and the process continues. In
the end of the extraction, the solvent with the sepa-
rated components is transferred from the f lask to a
suitable container and evaporated to the required vol-
ume. Thus, the device allows for multiple extractions
in a continuous mode because of the reuse of a rela-
tively small volume of the solvent, while the extracted
substance accumulates in the main f lask. Another
advantage of the method is that, after extraction, there
is no need in separating the remaining solid sample by
filtration [65, 67, 69].

Soxhlet extraction has typically two major prob-
lems to be solved: within almost the entire extraction
period, the extract is at the boiling point of the solvent,
which can lead to the decomposition of thermally
unstable extracts, and the resulting extract is usually
highly diluted with the solvent. The disadvantages of
the method also include the duration of the process:
usually extraction in a Soxhlet apparatus is carried out
for 12–24 h, and sometimes extraction time can be
increased to several days [65, 69].

Over time, the disadvantages inherent in the classi-
cal version of Soxhlet extraction were partially elimi-
nated due to the advent of commercially available
automated systems, which were commercially named
Soxtec (1975) [65, 68, 69]. Manufacturers of fully
automated and semi-automated extraction systems
have focused on the simplicity and safety of the tradi-
tional Soxhlet procedure, as well as on speeding up the
extraction process. Modern automated Soxhlet units
are mainly 2-, 4-, 6-place systems that provide
increased sample throughput. Automated extraction
systems operate 5–6 times faster than conventional
Soxhlet systems [69]. In addition, modified versions of
the Soxhlet extractor have been developed, such as
focused microwave-assisted extractors [66, 68, 69],
high-pressure extractors [68, 69], ultrasonic-assisted
extractors [68, 69], and a number of others [69].

Currently, Soxhlet extraction is used to isolate
polycyclic aromatic hydrocarbons (PAHs) [33, 35–
37], polybrominated biphenyls [31], alkylphenols and
bisphenol A [30, 32], and many other moderately and
poorly volatile organic compounds [27–30, 34] from
soils and bottom sediments; carotenoids [42] and fats
[43] from food products. In the reviews listed above,
the tables present the conditions for the Soxhlet
extraction of organic compounds: the solvents, sample
weights and volumes of solvents are listed; and extraction
time and the recovery of the analytes are indicated.

Methods based on Soxhlet extraction are still used
as reference and standard methods in many laborato-
ries to compare the performance of other methods for
the separation of organic compounds from solid sam-
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ples [68]. For example, Soxhlet extraction is recom-
mended by the US Environmental Protection Agency
(EPA) and the National Oceanic and Atmospheric
Administration (NOAA) for the extraction of PAHs
from sediment samples [35]. In 1994, automated Sox-
hlet extraction was approved by the EPA as a standard
method [27]. Many official procedures use Soxhlet
extraction as the main method for isolating fats from
various foods [44].

Ultrasound-assisted extraction, UAE. A list of
reviews on the use of ultrasound for intensifying sol-
vent extraction of organic compounds from various
solid matrices is given in the chronological order in
Table 1 [70–86]. Historical information about the
development of the method is given in the review [79].
All reviews dealing with this method note that ultra-
sound-assisted extraction is an effective and an envi-
ronmentally friendly method for extracting organic
analytes from various types of solid samples because of
the reduced solvent volume and extraction time com-
pared to the classical solid–liquid extraction procedures.

To carry out UAE, one must have an ultrasonic
bath or an ultrasonic probe. Unlike an ultrasonic bath,
the irradiation power of which is low and ranges from
1–5 W/cm2, the direct immersion of ultrasonic
probes provides 100 times higher ultrasonic power.
Extraction using ultrasonic probes was named focused
UAE [80, 85]. The choice of the type of an ultrasonic
device depends on the solution of a specific analytical
problem. Ultrasonic probes generally provide higher
recoveries of analytes within significantly less time (5–
10 min) compared to ultrasonic water baths (10–
60 min), but they are not very convenient in working
with large numbers of samples, because only one sam-
ple is sonicated in one run. In addition, in working
with probes, it is necessary to take into account the
high probability of the loss and destruction of organic
compounds as a result of the enhanced effect of the
degassing and heating of the medium [80]. In contrast,
an ultrasonic bath is more economical and easier to
use, but is characterized by low reproducibility [82].
Examples of various commercial ultrasonic devices
that have found application to UAE can be found in
the reviews [70, 71, 75, 76, 78, 79]. A scheme of ultra-
sound-assisted extraction from solid samples using an
ultrasonic probe or an ultrasonic bath is shown in
Fig. 1 [80].

Ultrasonic vibrations have a variety of effects on a
solid–liquid system; they can be reduced to the fol-
lowing effects: thermal effects as a result of the absorp-
tion of ultrasonic energy; increased mass transfer in
the pores of the solid phase due to abnormally deep
penetration of the liquid into the capillaries and nar-
row cracks of the solid matrix; acceleration of diffu-
sion processes. The main mechanisms of the effect of
ultrasound on solids include acoustic f lows and cavi-
tation. Acoustic f lows are vortex in nature and always
arise when ultrasonic energy is absorbed by a liquid,
o. 8  2024
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Table 1. Chronology of reviews on the ultrasonic and microwave extraction of organic compounds from solid matrices

Year Topic of the review Reference

Ultrasound-assisted extraction (UAE)
2003 First review on the use of ultrasound for the extraction of compounds from solid samples [70]
2007 Information is provided on various types of ultrasonic devices and the features of their use in UAE [71]
2010 Application of UAE for the determination of PAHs, pesticides, medicinal substances and other 

organic compounds in food and soils
[72]

2012 Various options for sample preparation of solid samples are considered from the standpoint of green 
analytical chemistry, including UAE

[73]

The mechanism of the effect of ultrasound on the solid–liquid extraction system is briefly described. 
Examples of the use of UAE in the analysis of soils and food products are given

[74]

2013 Review of works on the use of UAE in sample preparation of environmental samples and food prod-
ucts for the period 2010–2012

[75]

2015 UAE principle and factors influencing UAE [76]
Application of UAE in sample preparation of soils, sediments and sludge for the period 2010–2014 [77]

2017 UAE in sample preparation of food and natural products. Principle of the method, factors, and meth-
ods of implementation

[78]

Application of UAE and MAE for the extraction of compounds from plants. Historical background of 
the development of UAE

[79]

2019 Review of works on the use of UAE in sample preparation of environmental samples and food prod-
ucts for the period 2013–2018

[80]

UAE of biologically active compounds from plant, animal, and marine sources [81]
2020 UAE of biologically active compounds from by-products of fruit and vegetable processing [82]
2021 UAE in sample preparation of fish and seafood. Examples of releases of PAHs, pesticides, persistent 

organic pollutants, flame retardants, dyes, pharmaceuticals and personal care products from these samples
[83]

2022 UAE of food colorants: principle, mechanism, extraction technique and application [84]
2023 Review of works on the use of UAE in the sample preparation of environmental samples, food prod-

ucts and biological samples for the period 2018–2022
[85]

UAE of biologically active compounds: principle, advantages, equipment [86]
Microwave-assisted extraction (MAE)

1999 First review on MAE of organic compounds [89]
2000 MAE in the analysis of environmental samples [90]

Theoretical foundations of MAE. Parameters influencing MAE. Application examples for the 
extraction of persistent organic pollutants, pesticides, and phenols

[91]

2001 Advantages and disadvantages of MAE compared to pressurized liquid extraction and supercritical 
f luid extraction

[92]

2002 Microwave radiation in analytical chemistry: possibilities and prospects for use [93]

2003 Review of various open and closed type microwave extractors [94]

2006 Application of MAE in sample preparation of environmental samples [95]

Review of works on the use of MAE in sample preparation of environmental samples, food products, 
and biological samples for the period 2000–2006

[96]

2008 Online combination of MAE with subsequent determination methods [97]

2009 MAE of drugs and other biologically active compounds [98]

2010 MAE of flame retardants, surfactants, pharmaceuticals and personal care products from environmental 
solids

[99]

2011 Various procedures for implementing MAE are considered in relation to the extraction of organic 
compounds from plants

[100]

MAE of plant phytocomponents: principle, methods of implementation, and parameters [101]
JOURNAL OF ANALYTICAL CHEMISTRY  Vol. 79  No. 8  2024
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causing its regular movement and, as a consequence,
the intensification of the mass transfer processes.
Ultrasonic cavitation consists of the formation of a
large number of pulsating bubbles filled with steam,
gas, or a mixture of them, in the liquid under ultra-
sonic treatment (Fig. 2). Cavitation bubbles in a cer-
tain region of the liquid arise whenever the rarefaction
phase of an ultrasonic wave reaches this region. As a
rule, cavitation bubbles do not live long: the compres-
sion phase, which follows the rarefaction, leads to the
JOURNAL OF ANALYTICAL CHEMISTRY  Vol. 79  N

Fig. 1. Scheme of ultrasonic extraction from solid samples 
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collapse of most of them, the so-called cavitation col-
lapse. There are many thousands of such bubbles in a
liquid, at the moment of the collapse of which the
pressure and temperature increase (according to some
data, up to 1000 atm (100 MPa) and 1000°C). The
changes in temperature and pressure resulting from
the collapse generate shock waves (at a speed of
100 m/s), which in turn lead to the enhanced mass
transfer of the target compounds to the solvent. High
local temperatures within the collapsing cavitation
2015 Review of works on the use of MAE in sample preparation of environmental and biological samples 
for the period 2000–2015

[102]

2016 Review of works on the use of MAE for the extraction of organic compounds from environmental 
samples, food products, and biological samples for the period 2008–2015

 [103]

A critical analysis of publication trends 2005–2015 about MAE of plants: how far have we come and 
what is the road ahead?

 [104]

Review of works on the use of MAE for the extraction of phenolic compounds: trends and problems  [105]
2019 MAE for the extraction of medicinal substances, personal care products and industrial pollutants 

from environmental samples
 [106]

2021 MAE of biologically active compounds from herbs  [107]
2023 MAE of biologically active compounds from plants  [108]

MAE in closed vessels in food analysis  [109]

Year Topic of the review Reference

Table 1.  (Contd.)
o. 8  2024
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Fig. 2. The cavitation phenomenon. (a) Development and collapse of cavitation bubbles. (b) Cavitation collapse at the solid–liq-
uid interface. The sequence (1)−(3) shows the scheme of the fragmentation or destruction of solid particles, which leads to a
decrease in their size (increase in surface area) [73].
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bubbles can cause an increase in the analyte solubility
and solvent diffusion within the solid particles. The
high pressure generated during the microbubble
explosion improves permeability and solvent transfer.
The surface renewal caused by particle fragmentation
allows more analyte to come into contact with the sol-
vent. In biological samples, cell destruction occurs,
followed by the release of encapsulated analytes. The
oxidation of organic matrices should also be facilitated
by the formation of oxidative radicals in the bulk of the
liquid. More details on the mechanism of the effect of
ultrasound on a solid–liquid extraction system can be
found in the reviews [73, 74, 76, 78, 79].

The experimental parameters affecting the UAE
are systematized in the reviews [76, 78, 80, 82, 86].
The completeness of the extraction of organic com-
pounds primarily depends on the frequency and power
of the ultrasound, the nature of the solvent, and tem-
perature. The frequency and power of ultrasonic radi-
ation are regulated by the type of the equipment used,
and these parameters cannot always be varied, because
most ultrasonic systems used in analytical laboratories
operate at a certain frequency. Most often, UAE is car-
ried out at frequencies from 20 to 100 kHz and
powers from 20 to 700 W, with higher extraction effi-
ciency observed in the low-frequency range (20–
40 kHz) [78, 82]. The choice of a solvent is determined
by the solubility of the target analytes, as well as sol-
vent properties, such as viscosity, surface tension, and
vapor pressure, which influence cavitation and, in
particular, the cavitation threshold [76]. The sample
temperature has an ambiguous effect on the complete-
JOURNAL O
ness of the extraction of organic compounds. As the
temperature increases, the solubility of the analytes in
the selected solvent increases and the rate of diffusion
of the compounds increases, which contributes to
their more complete extraction. On the other hand, an
increase in temperature leads to a decrease in viscosity
and surface tension, and also causes an increase in
vapor pressure, which can reduce extraction efficiency
by weakening the cavitation effect [78, 80, 82]. Other
factors that influence extraction efficiency are sonica-
tion time, sample particle size, and solid-to-solvent
ratio [76, 78, 82].

Information on the applications of UAE to the
extraction of organic compounds before their chro-
matographic determination can be found not only in
the reviews listed in Table 1 [72, 74, 77, 81–86], but
also in reviews devoted to the extraction of certain
classes of organic compounds from solid matrices [27,
34–37, 39, 42, 46–51, 53–58]. This method of sample
preparation is often used in the analysis of solid envi-
ronmental samples [27, 35–37, 39, 40, 74, 75, 77,
80, 85], food products [42, 46, 47, 72, 74, 75, 78, 80,
83–85], plants and fruits [48–51, 53, 54, 79, 81, 82,
86], and cosmetics and personal care products [34,
55–58]. In these reviews, the tables show the condi-
tions for ultrasonic sample preparation, which were
used for the extraction of pesticides [40, 47, 72,
83, 85], PAHs [35–37, 72, 77, 83, 85], medicinal sub-
stances [34, 72, 77, 83, 85], biologically active com-
pounds [49–51, 53, 54, 81, 82, 86], dyes [83, 84],
phthalates [39, 46], carotenoids [42], and many other
organic compounds. A review published in 2023 [85]
F ANALYTICAL CHEMISTRY  Vol. 79  No. 8  2024
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provides information on the conditions for carrying
out UAE for the multicomponent (from 11 to
180 compounds) extraction of organic compounds of
different classes from sediments, soils, and food prod-
ucts. The methods that were used for the additional
purification of the obtained extracts are also indicated.
Currently, UAE is undoubtedly one of the most widely
used methods for the extraction of organic compounds
from solid samples due to the simplicity of the
method, the availability and low cost of ultrasonic
baths and probes, the ability of using a wide range of
solvents with different polarities and applicability in
the analysis of a wide variety of organic analytes and
samples.

Microwave-assisted extraction, MAE. In sample
preparation processes, microwave energy has been
used since the early 1970s: first for the mineralization
of various solid matrices before determining elements
in them [87], and after 1986, for the extraction of
organic compounds from solid samples [88]. The
remarkable property of microwave radiation to accel-
erate the extraction of organic compounds from solid
matrices and make it more efficient contributed to the
rapid development of the method, as indirectly evi-
denced by the list of reviews in the chronological order
presented in Table 1 [89–109]. From the viewpoint of
“green” analytical chemistry, MAE has a number of
advantages, the main of which are the use of a small
amount of solvents, a significant reduction of
extraction time, the partial or complete automation of
the analytical process, and a possibility of its online
combination with subsequent determination methods
[94, 97, 103]. Historical information about the devel-
opment of the MAE method is given in the reviews
[89, 91, 96]. The development of the MAE method
was largely facilitated by the emergence of commer-
cially available analytical equipment – closed or open
type MW systems [92]. In the last 10 years, MAE has
been increasingly used in technological processes for
the extraction of biologically active substances from
plant materials [104, 105, 107, 108].

The theoretical foundations of microwave heating
and the basic principles of using microwave energy for
extraction are briefly outlined in the reviews [79, 90–
93, 98, 99, 102]. In MAE, microwave energy is used to
heat solvents in contact with a solid sample. Micro-
wave heating is based on the direct effect of micro-
waves on solvent molecules through ionic conduction
and dipole rotation. Ionic conductivity refers to the
induced electrophoretic migration of ions under the
influence of an electromagnetic field. The solution’s
resistance to this f low of ions results in the friction and
thus heating of the solution. Dipole rotation occurs
when bipolar molecules try to navigate the electric
field created by microwaves. At the 2450 MHz fre-
quency used in commercial microwave systems,
dipoles reorient 4.9 × 109 times per second, and this
forced molecular motion also results in heating.
Unlike traditional thermal heating, microwave heating
JOURNAL OF ANALYTICAL CHEMISTRY  Vol. 79  N
is carried out uniformly throughout the entire volume,
as a result of which the temperature of the solution is
higher than that of the surrounding objects (vessel
walls, gas phase above the solution, etc.), and the solu-
tion can be heated to a temperature exceeding the boil-
ing point under atmospheric pressure, which signifi-
cantly reduces extraction time.

Microwave-assisted extraction is carried out using
special equipment produced by a number of compa-
nies (Fig. 3). There are open- and closed-type micro-
wave extractors. In open-type extractors, the
extraction process takes place in a f lask, which is con-
nected to the atmosphere through a reflux condenser.
Microwave radiation is focused on the bottom of the
flask where the sample is located. Only one sample
can be extracted using this method in one run. Most
often, closed-type microwave systems are used in ana-
lytical laboratories, in which samples are exposed to
microwave energy at controlled pressure and tempera-
ture [90, 91, 94]. A closed microwave system consists
of a magnetron (magnetron tube) and temperature
and pressure control devices. Using a waveguide, the
magnetron generates microwave radiation into the
working volume of the furnace, in which sealed
extraction vessels capable of withstanding significant
pressure (about 100 atm and above) are located on a
rotating rotor. Modern systems for MAE allow the
simultaneous sample preparation of up to 40 samples
in just 10–15 min [106]. Fast heating, stirring systems,
and rapid cooling in the end of the reaction make it
possible to control heating time, which leads to more
reproducible results. The equipment for MAE is con-
stantly being improved, and, in addition to closed-
type microwave systems, systems have been developed
that allow vacuum MAE, microwave extraction with
nitrogen protection, as well as ultrasonic and dynamic
MAE [94, 100]. The design features of different types
of microwave systems can be found in the reviews [90,
91, 94, 97, 105, 106, 108, 109].

The experimental parameters influencing the
MAE are discussed in detail in the reviews [89–91, 99,
100, 107–109]. The main parameters affecting the
completeness of the extraction of organic compounds
by the MAE method are the following: the nature of
the extractant solvent and its volume, temperature,
power, and time of exposure to microwave radiation,
and the nature of the matrix.

In choosing a solvent, it is necessary to take into
account not only the solubility of the target analytes in
it, but also its dielectric characteristics, which deter-
mine the ability of the solvent to absorb microwave
energy and convert it into heat. Solvents such as meth-
anol, ethanol, acetonitrile, ethyl acetate, acetone, as
well as their mixtures with water (additives to the
extractant at a level of 10–15%) are heated quickly and
strongly. Hydrocarbon solvents with low dielectric
constants (hexane, toluene, etc.) are used in a mixture
with more polar solvents, e.g., acetone. Interest in the
o. 8  2024
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Fig. 3. (a) Principle of microwave extraction in closed vessels. (b) Commercial microwave extraction device for 40 samples [106].
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use of surfactants and ionic liquids as an alternative to
classical solvents in MAE has increased in recent years
[100, 103]. The choice of the volume of a solvent
depends on the type and size of the sample: the vol-
ume of the solvent should be such that the entire sam-
ple is immersed in it. On average, the volume of sol-
vent in MAE varies from 5 to 20 mL, which is signifi-
cantly less than in other methods of solid–liquid
extraction.

An important parameter to consider in choosing
MAE conditions is the water content of the sample,
which must be controlled to obtain reproducible
results. The choice of power, temperature, and appro-
priate irradiation time depends on the type of the sam-
ple and solvent used, as well as the number of samples
processed per extraction cycle in closed microwave
systems. In most cases, with increasing temperature
(up to a certain value), the recovery of analytes
increases due to the increased diffusion of the solvent
into the internal parts of the matrix and the increased
desorption of the components from the active centers
of the matrix. However, too high temperature may
cause the loss of volatile compounds and the decom-
JOURNAL O
position of some compounds. As mentioned above,
microwave-assisted extraction allows the achievement
of high extraction rates within short time (15–30 min),
while the consumption of solvents is significantly
reduced. The gain in time is achieved by increasing the
boiling point of the solvent, high pressure, and the
specific effect of microwave radiation on the solution,
as well as constant stirring. More precise control over
reaction parameters (temperature, time) allows for
more reproducible results.

Microwave-assisted extraction has established
itself as one of environmentally friendly methods of
the sample preparation of solid samples, including the
online version of a combination of sample preparation
methods and the subsequent determination (Fig. 4).
Reviews [89–91, 96] provide references to early works
on the use of MAE for the extraction of PAHs, poly-
chlorinated biphenyls, and phenols from soils and bot-
tom sediments. In 1997, the US Environmental Pro-
tection Agency approved and validated Standard
Method 3546, “Microwave Extraction,” for MAE
from soils, clays, sediments, silts, and other particulate
samples of moderately volatile organic compounds,
F ANALYTICAL CHEMISTRY  Vol. 79  No. 8  2024
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Fig. 4. Installation for online microwave extraction followed by determination [103].
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such as organophosphorus and organochlorine pesti-
cides, chlorinated and phenoxy acid herbicides, and
substituted phenols [96]. Method 3546 is a relatively
simple and a versatile method for the preparation of
various solid samples, providing the simultaneous
extraction of more than 100 target analytes belonging
to different classes. Validation of the method con-
firmed that the recovery of the compounds coincided
with the recovery in the Soxhlet apparatus, while less
solvents were consumed (50–75 mL instead of 500–
600 mL), and the sample preparation itself took much
less time (minutes rather than hours or days) [96].

In the last 20 years, MAE is increasingly used for
the extraction of organic compounds from environ-
mental samples [27, 35, 36, 40, 99, 102, 103, 106],
food products [41, 42, 45, 47, 101–103, 109], plants
[100, 101, 104, 105, 108], and biological samples [98].
The range of separated compounds has also expanded.
In the informative tables given in the reviews listed
above, one can find information about the MAE con-
ditions (solvent and its volume, temperature, power,
extraction duration) for various organic compounds:
antibiotics, veterinary drugs and other pharmaceuti-
cals [98, 99, 101–103, 106, 109], hormones [101, 103,
106], carotenoids [42], pesticides [40, 41, 102, 103,
109], phthalates [39, 102], f lame retardants [99, 102],
surfactants [99, 102], personal care products [55, 99,
102, 106], and biologically active compounds [48, 49,
53, 54, 100, 101, 104, 105, 108].
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