
RSC Advances

REVIEW

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
Fe

br
ua

ry
 2

02
2.

 D
ow

nl
oa

de
d 

on
 8

/9
/2

02
4 

1:
24

:4
0 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Advances in pret
N
d
a
C
H
2
a
a
D
r
o
p
s

a method for online monitoring of o
as to achieve fast and simple anal

Research Center of Analytical Instrumenta

Natural Functional Molecule Chemistry

Chemistry & Materials Science, Northwest

R.China. E-mail: yduan@nwu.edu.cn

† Electronic supplementary informa
10.1039/d1ra08633b

Cite this: RSC Adv., 2022, 12, 6099

Received 25th November 2021
Accepted 27th January 2022

DOI: 10.1039/d1ra08633b

rsc.li/rsc-advances

© 2022 The Author(s). Published by
reatment and analysis methods of
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Benzene compounds that are prevalent in the soil as organic pollutants mainly include BTEX (benzene,

toluene, ethylbenzene, and three xylene isomers) and PAHs (polycyclic aromatic hydrocarbons). These

pose a severe threat to many aspects of human health. Therefore, the accurate measurement of BTEX

and PAHs concentrations in the soil is of great importance. The samples for analysis of BTEX and PAHs

need to be suitable for the various detection methods after pretreatment, which include Soxhlet

extraction, ultrasonic extraction, solid-phase microextraction, supercritical extraction, and needle trap.

The detection techniques mainly consist of gas chromatography (GC), mass spectrometry (MS), and

online sensors, and provide comprehensive information on contaminants in the soil. Their performance

is evaluated in terms of sensitivity, selectivity, and recovery. Recently, there has been rapid progress in

the pretreatment and analysis methods for the quantitative and qualitative analyses of BTEX and PAHs.

Therefore, it is necessary to produce a timely and in-depth review of the emerging pretreatment and

analysis methods, which is unfortunately absent from the recent literature. In this work, state-of-art

extraction techniques and analytical methods have been summarized for the determination of BTEX and

PAHs in soil, with a particular focus on the potential and limitations of the respective methods for

different aromatic hydrocarbons. Accordingly, the paper will describe the basic methodological

knowledge, as well as the recent advancement of pretreatment and analysis methods for samples

containing BTEX and PAHs.
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1. Introduction

One of the main sources of soil pollution, benzene compounds,
are a set of small molecules that contain one or more benzene
rings. These substances are primarily generated during the
incomplete combustion of organic materials such as coal, oil,
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petrol, and wood; they also are predominant in emissions from
anthropogenic activities, particularly residential heating,
petrochemicals, coal-chemicals, and coke and aluminum
production. Nevertheless, they are also generated by natural
processes, such as volcanic activities, forest res, and seepage of
petroleum or coal. Thus, PAHs and BTEX are commonly
detected in the air, soil, and water. Benzene compounds accu-
mulate through automobile exhaust and coal burning, and then
slowly inltrate into the soil environment.1 Among the many
benzene compounds, PAHs and BTEX are the major persistent
organic pollutants that accumulate in soil; their variety of
structures results in a range of toxicities. The mass transfer of
PAHs and BTEX in horizontal and vertical directions can be
divided into three types of pollution: low (<200 mg kg�1),
medium, and high pollution (>200 mg kg�1) areas.2 At present,
there are insufficient data to show the extent of contamination
of these compounds in soils in different regions of the world.
Manmi et al.3 collected soil samples from the vicinity and
surrounding area of petrol stations and oil renery companies
in the city of Sulaymaniyah in north-eastern Iraq for contami-
nation assessment. The results showed very high-risk intensity
in areas near the petrol and renery stations, whereas in the
area away from the station, the impact of PAHs and BTEX
decreased gradually. Later, Wang et al.4 investigated the rela-
tionship between the level of urbanization and the accumula-
tion of PAHs in soil. Their study demonstrated that the average
level of PAHs in the soil from Nanjing (high urbanization) was
higher than that from Dingshu (low urbanization). Thus, if the
urbanization is higher and the human activities are more
intense, there are more pollution sources to produce soil
pollution of PAHs and BTEX.

The International Agency for Research on Cancer (IARC)
classies some PAHs and BTEX as known (Group 1), possible
(Group 2A), probable (Group 2B), or uncertain (Group 3) carci-
nogenic to humans. Table S1† presents the physicochemical
properties, toxicity, and pollution risk guidance values of
common monocyclic aromatic hydrocarbons, as well as their
derivatives. Moreover, 16 types of PAHs are listed as priority
pollutants by the United States Environmental Protection
Agency (USEPA). These substances are prevalent in the human
environment through the volatilization of organic pollutants
from soil and the exhaust emissions from transportation;5 they
are highly toxic to human health, especially to the blood,6

nerves,7 and reproductive system.8 The assessment of exposure
to BTEX and PAHs in soil is signicant due to their harm and
widespread presence in the environment. Therefore, the
pretreatment and detection technology of organic pollutants in
soil is the key to prevent and control soil pollution. To avoid
adverse toxicity and reduce emissions, the accurate detection of
the existence and relative content of BTEX and PAHs is of great
importance. Notably, owing to their high lipophilicity, hydro-
phobicity and perdurability, PAHs and BTEX are easily adsorbed
by organic matter in soil. Generally, PAHs are enriched in the
topsoil layer, whereas BTEX is distributed more deeply.9 As
such, the properties of these pollutants have a major impact on
the choice of sample pretreatment method and analysis tech-
niques. Although BTEX and PAHs in high-pollution areas can be
6100 | RSC Adv., 2022, 12, 6099–6113
easily detected, it is difficult to directly and sensitively analyze
the organic pollutants in the low- and medium-pollution
areas.10 As it is known that most pollution areas are slightly or
moderately contaminated, therefore the low concentration and
in situ online monitoring of BTEX and PAHs have emerged as
challenges that require the development of pretreatment and
detection techniques.

Classic extraction methods, such as Soxhlet extraction and
liquid–solid extraction, have been applied to the extraction of
BTEX and PAHs from soil.11,12 However, in recent years,
researchers have gravitated to automated extraction techniques
and solvent-free analysis methods, such as a combination of
solid-phase microextraction (SPME) and gas chromatography–
mass spectrometry (GC–MS).13,14 Supercritical uid extraction
(SFE) and ultrasonic extraction are also emerging as techniques
applied for the extraction of volatile organic pollutants in soil
owing to the high-extraction efficiency and short processing
time.15,16 In addition to pretreatment methods, the technologies
for the detection of BTEX and PAHs in the soil include GC,17

GC–MS,18 MS,19 liquid chromatography–mass spectrometry
(LC–MS),20 and online sensors.19,21,22 In GC, a ame ionization
detector (FID) is commonly used for the determination of BTEX
and PAHs. However, with the progress in analytical technology,
the qualitative and quantitative abilities of GC–MS methods
have greatly improved, in addition to enhanced sensitivity.
Therefore, GC–MS has gradually emerged as a commonmethod
for the detection of BTEX and PAHs in soil. LC–MSmethods can
provide more useful information for the analysis of PAHs
because of their high sensitivity, selectivity, and capacity for
identication. In addition, some chemical and biological
sensors have been applied for the online monitoring of pollut-
ants in soil.23,24 When integrated with suitable pretreatment
methods, the detection technologies are promising analytical
tools to monitor the pollution of BTEX and PAHs in soil.

Over the past few years, extraction methods and detection
techniques for BTEX and PAHs in the environment have been
extensively reviewed in the literature. Most of them are periodic
summaries of this eld, such as the analysis of PAHs in sedi-
ment,25 analytical research methods of PAHs,26,27 pollution
status and research progress of PAHs in water,28 or sampling
and pretreatment techniques of PAHs in air, water and soil,29,30

or marine environmental behavior and metabolites of PAHs.31

On the other hand, only a few studies discussed and summa-
rized the pretreatment and detection techniques of BTEX and
PAHs in soil.32 In this review, works published within the past 5
years on the pretreatment and detection technologies for BTEX
and PAHs in soil are systematically summarized. The review
discusses the principles, main functions, process plans,
advantages, and disadvantages of various sample treatments.
The methods are also compared to show the limitations and
potentials of each method. Secondly, it discusses the limita-
tions of detection technology and related analysis methods used
to analyze BTEX and PAHs in soil, and proposes some rapid
detection technologies and analytical methods for BTEX and
PAHs in soil. The common procedures for analysis of BTEX and
PAHs in soil samples are tabulated in Fig. 1. This work aims to
help readers fully understand the pretreatment technologies,
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Common procedures for analysis of BTEX and PAHs in soil samples.
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detection technologies, and analysis methods for BTEX and
PAHs in the soil matrix, and will guide readers in the correct
choice and development of new research methods to improve
sensitivity, specicity, stability, and productivity.
2. Pretreatment methods for BTEX
and PAHs in soil samples

The measurement of BTEX and PAHs in soil samples is inu-
enced by soil matrix, concentrations and volatility of analytes.
Therefore, appropriate pretreatment methods are the prereq-
uisite and basis to determine the specic objects in the envi-
ronmental matrix accurately. The advantages and
disadvantages of common pre-treatment methods for aromatic
compounds in soil are summarized in Table 1.
2.1 Soxhlet extraction

Soxhlet extraction was reported for the rst time in 1879, rep-
resenting a milestone moment in the history of solvent extrac-
tion methods.33 Soxhlet extraction is commonly used for semi-
volatile compounds such as PAHs and PCBs.34,35 Soxhlet
extraction is recommended by the USEPA for extraction of PAHs
from soil samples owing to its high extraction efficiency and
small standard deviation.36–39 However, it has drawbacks, such
as time and solvent consumption (10 g of soil sample requires
150 mL of solvent).40–42 Tackling the shortcomings of traditional
Soxhlet extraction has highlighted the starting areas for further
development of Soxhlet apparatus, particularly automated
Soxhlet extraction and microwave-assisted Soxhlet extraction.43

Improved Soxhlet pretreatment methods provide substantial
savings in time and extractants. In this method, the sample is
extracted with pure solvent during each cycle via the principle of
solvent reux and siphon. Notably, the choice of extraction
© 2022 The Author(s). Published by the Royal Society of Chemistry
solvent depends on whether the sample is dry or not, and
whether the surface is wettable. If it is not dry and there are
traces of water on the sample surface, then extraction with an
apolar solvent is typically unsuccessful owing to miscibility and
wettability issues. In this case, a water-miscible solvent or
solvent mixture (such as acetone/hexane) must be used.44–46

Moreover, the addition of a neutral salt, such as sodium sulfate,
that assists in drying the water in the extraction solvent is
needed. Szolar et al.47 used 1 : 1 (v/v) n-hexane/acetone as the
extraction solvent, and the addition of sodium sulfate led to
a signicant increase in the extraction efficiency of all PAHs in
industrially contaminated soil.

2.2 Ultrasonic extraction

In the early 1950s, ultrasonic waves were used to extract picrin
from peanut oil and grease from sh tissues. Ultrasonic
extraction is currently a promising pretreatment technology for
the detection and analysis of PAHs in soil.38,46,48,49 Compared
with Soxhlet extraction, ultrasonic methods are more econom-
ical, environmentally friendly, effective, and easier to operate.50

The sonication procedure shows that individual PAHs can be
extracted at different rates according to the number of fused
rings in the molecules,51 whereas a loss of volatile PAH
components is observed aer 1–4 h in Soxhlet extraction.
Besides, ultrasonic extraction is suitable for the extraction of
non-heat-resistant target composition, which avoids the prob-
lems of limited material amount and longer operation time for
the Soxhlet method.

In ultrasonic extraction, ultrasonic-assisted solvent is used
to extract PAHs. The sample mixture is disintegrated by sound
energy transmitted through a liquid phase. Common solvents
are acetone, cyclohexane, 2-propanol, methanol, dichloro-
methane, acetonitrile, and tetrahydrofuran.52 The sample in the
solvent can be placed directly into an ultrasonic bath or an
RSC Adv., 2022, 12, 6099–6113 | 6101
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Table 1 Advantages and disadvantages of different extraction techniques for the pre-concentration of aromatic hydrocarbon compounds in soil

Order Technique Advantages Disadvantages

1 Needle-trap device (NTD) Suited for the extraction and
preconcentration of (VOCs), more
reliable, lower-cost, higher capacity
and robust, the exhaustive
extractions by appropriate selection
of the experimental variables

Cumbersome process, low
reproducibility

2 Soxhlet extraction High extraction effectiveness, better
selectivity, simple equipment

Consume time, cumbersome
operation, large volumes of solvent

3 Ultrasonic extraction Short extraction time, wide
adaptability, more economical

Low recoveries particularly for lower
molecular weight PAHs

4 Mechanical agitation Simple, low-cost, smaller volumes
of extraction solvent, minimal
glassware

Lower extraction efficiency, lower
selectivity, not wide adaptability,
unsatisfactory quantitative results

5 Supercritical uid extraction (SFE) Cleaner extracts, better selectivity More difficult to optimize
6 Solid phase extraction (SPE) Complete the sample enrichment

and purication at the same time,
greatly improving the detection
sensitivity, faster than liquid–liquid
extraction, more solvent saving,
automatic batch processing, better
reproducibility

Needs a lot of organic solvents,
which leads to high cost and
environmental pollution, it is
difficult to extract high water
soluble substances from water,
weak purication effect

6 Solid-phase microextraction (SPME) No need for extraction solvent,
suitable for the analysis of volatile
and non-volatile substance,
convenient to carry, lower cost

Limited types of coatings, lower
selectivity

7 Cold-ber solid-phase
microextraction (CF-SPME)

Improve the extraction of
compounds with different
volatilities, the sample can be
heated to a high temperature, the
coating can be simultaneously
cooled, no need for sample
pretreatment

Unable to monitor in real time, its
construction is difficult, its use is
troublesome

8 Vacuum-assisted headspace solid
phase microextraction (Vac-
HSSPME)

Good sensitivities short sampling
times, high extraction efficiencies

The thermogreen septumwas
replaced daily
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ultrasonic sensor can be directly immersed in the sample/
solvent mixture. Ultrasonic waves can induce strong cavitation
and stirring effects, which facilitates the target analytes to be
assimilated into the solvent. The following two features should
be noted when ultrasound extraction is used: (1) the extraction
efficiency is closely related to ultrasonic power and duration; (2)
under the action of ultrasound, samples containing volatile
degradation compounds are not suitable for ultrasonic extrac-
tion. In other words, to achieve the high efficiency of ultrasonic
separation and extraction, the relationship between ultrasound
and the subjects should be gured out in advance. Higher
amplitudes of vibrations lead to an increase in the analyte
extraction from solid samples.53 Moreover, increasing the
sonication time at the beginning of the process will result in the
desorption of the analyte from the solid sample, whereas excess
sonication time will reduce the extraction efficiency. In Hey-
dari's study, ultrasound combined with salt-assisted liquid–
liquid extractors for the effective extraction of PAHs from soil
samples. The factors inuencing the extraction efficiency of
analytes were investigated and optimized, including the
extraction solvent (tetrahydrofuran) and its volume, ultrasonic
time, ultrasonic amplitude, and pulse.54
6102 | RSC Adv., 2022, 12, 6099–6113
With regard to organic substances, ultrasonic extraction
technology has displayed advantages. The extraction rate of
BTEX from soil was increased and the volume of organic solvent
was reduced by using a combined strategy of ultrasonic treat-
ment with further separation techniques (such as solid-phase
extraction, centrifugation, and ltration).37 Shahram et al. dis-
cussed the possibility of coupling ultrasound with other
analytical techniques.55 In addition, ionic liquids or surfactants
were also used as green solvents in ultrasound methods to
improve the scope of its application.56

2.3 Supercritical uid extraction (SFE)

Supercritical uid extraction (SFE) has increased in use for soils
and has been widely accepted as a replacement for classical
extraction methods, especially for the extraction of volatile
organic compounds (VOCs) and persistent organic pollutants
(POPs).57,58 Compared with Soxhlet extraction, SFE has the
advantages of shorter extraction times and smaller amounts of
extraction solvent. SFE is based on the principle that the solu-
bility of a supercritical uid is closely related to its density,
which varies with a change in the pressure or temperature.
Selectivity is another advantage of SFE. Changing the pressure
© 2022 The Author(s). Published by the Royal Society of Chemistry
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or temperature affects the solubilizing potency of the uid. This
makes it possible to extract complex compounds.59 In the
majority of analytical studies using SFE, PAH extraction effi-
ciencies were generally observed to increase with an increase in
temperatures.60–62 Other researchers applied a variety of opera-
tional parameters, such as uid pressure, uid temperature,
extraction time, cosolvent type and amount, and modiers, to
optimize the recovery of PAHs.63 When the temperature and
pressure of supercritical uids are controlled, researchers can
use the penetrating characteristics of gases and the solvating
properties of the liquid to obtain satisfactory experimental
results. Carbon dioxide (31 �C, 74 bar) is widely employed in SFE
as an environmentally friendly solvent because of its low
activity, low price, high purity, and easy preparation.64 More-
over, a trace amount of polar solvent in the supercritical uid
can further expand the application of this technology.65 When
SFE is used, the extract is usually recovered in a liquid solvent or
a solid trap. Direct real-time monitoring of the extracts is con-
ducted by coupling the supercritical uid extractor with the
analytical detector to improve recovery rate and reduce opera-
tion error.66 SFE devices have already been applied owing to
their online connections to different analytical apparatus.67,68

However, as CO2 is the only choice as a green extractant in
SFE, it is only suitable for the extraction of non-polar substances
within a narrow range. If we can nd a substance that can be
used as an extractant instead of CO2, this problem can be
solved. Water is also used as the extracting uid. Subcritical
water extraction (SWE), also known as pressurized hot-water
extraction, is used instead. SWE is more selective for more
polar analytes, therefore providing a higher extraction efficiency
for PAHs.69 Notably, the properties of sub- and supercritical
uids are quite different. In the subcritical state, the tempera-
ture of a given substance is above its boiling point but below the
critical temperature and the pressure is below the critical
pressure.
2.4 Solid-phase extraction (SPE)

As a sample pretreatment method, solid-phase extraction (SPE)
has rapidly evolved in recent years.70 Currently, SPE is an
indispensable pretreatment method for the purication of solid
sample extracts. It is mainly used for the separation, purica-
tion, and concentration of the samples. SPE is a type of physical
extraction process that is based on the separation principle of
liquid chromatography under selective adsorption and
elution.71 This method has the advantages of low sample matrix
interference, high separation efficiency of analyte from inter-
fering components, simple operation procedure, fast pretreat-
ment process, and the range of sorbents available. The sorbents
include reversed-phase hydrophobic–hydrophilic balanced
(HLB) polymeric sorbents, molecularly imprinted sorbents,
alkyl-modied silica (C-18 non-polar phase), and ionic liquid-
coated Fe3O4 magnetic nanoparticles, among others.72,73 The
HLB-based sorbents are the preferred solid-phase materials
owing to the improved recoveries and good extraction efficiency
for pollutants.74 Notably, SPE is not a direct extraction tech-
nique for PAHs from soil; it may only be used with soil extracts.
© 2022 The Author(s). Published by the Royal Society of Chemistry
As such, it may be used as a sample clean-up technique.75 In
2016, Zhang et al.76 used an SPE method to purify soil samples.
The samples were rst extracted by amixed solution of n-hexane
and acetone (4 : 1, v/v), then puried by a SPE column (6 mL
silica gel column). A mixture of n-hexane and dichloromethane
(9 : 1, v/v) was used as the eluent. This method can be used for
a highly accurate quantitative analysis of PAHs in soil samples.
2.5 Solid-phase microextraction (SPME)

Solid-phase microextraction (SPME) has also been employed as
a new preparation method for the extraction of PAHs and BTEX
from soil. SPME is a reliable and effective alternative method to
SPE.77 Specically, SPME is easy to operate, convenient to carry,
and has a lower cost and short operating time. It overcomes the
disadvantages of low recovery and blockage in adsorbent
channels. The method, which has good reproducibility, has
been applied to the analysis of volatile and non-volatile
substances. In addition, the different extraction modes are
available depending on the types of analytes: low-volatile
compounds and liquids are extracted in direct mode, whereas
high-volatile compounds are extracted in headspace mode.78 It
is worth noting that the direct mode is used only for the
extraction of analytes from a suspension of solid samples.
During the extraction of BTEX and PAHs, the headspace
extraction method is favored because it can improve the
extraction rate of different volatile compounds.

The core part of SPME is ber coating.79 Various types of ber
coatings have been used to fabricate SPME, such as carbon
bers (CFs), metal–organic frameworks (MOFs), poly-
dimethylsiloxane (PDMS) and hollow carbon nanobubbles.80–82

Among them, PDMS coatings83 have been widely used in the
extraction of BTEX and PAHs in various environments. When
the ber is placed in the samples, the target analyte can be
adsorbed and concentrated on the coating of the SPME ne
needle; then, they are separated from the ber by thermal
desorption or solvent desorption. Xu et al.84 developed a novel
SPME ber based on hollow carbon nanobubbles for the anal-
ysis of BTEX and PAHs. This architecture enhanced the
enrichment capacity of the target analytes and improved
extraction efficiency. In addition, the lifespan of such ber was
estimated to be over 100 times required for successful analysis
of environmental samples.

To improve the extraction abilities of SPME, a cold ber
solid-phase microextraction (CF-SPME) technique was devel-
oped to extract PAHs from soil samples.78 In CF-SPME, the
samples are heated to high temperatures, while the coating can
be cooled, which causes a signicant improvement in the ana-
lyte distribution coefficient between the coating and the
sample. Ghiasvand et al.85 applied successfully CF-HS-SPME-
GC-FID to PAHs, and achieved reproducible, precise, and
high-throughput extraction, monitoring, and quantication of
PAHs as a result of the temperature gap between the cold-ber
(CF) coating and hot headspace. The temperature gap can
improve the efficiency of the release of analytes from the matrix
and facilitate the mass transfer into the headspace. However,
owing to the complex structure and complicated operation of
RSC Adv., 2022, 12, 6099–6113 | 6103
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the CF-SPME device, research into and application of CF-SPME
are greatly restricted. To address the challenge of the compli-
cated construction of CF-SPME, Xu et al.86 designed a facile
device for cooling-assisted solid-phase microextraction (CA-
SPME). Additionally, Ghiasvand et al. proposed a cooling/
heating-assisted headspace solid-phase microextraction device
(CHA-HS-SPME) coupled with gas chromatography-ame ioni-
zation detector (GC-FID), which was successfully applied for the
extraction and determination of PAHs in soil.87 The proposed
CHA-HS-SPME device is shown in Fig. 2. Good consistency was
observed between the results obtained by the proposed method
and those achieved by a validated method.

The vacuum-assisted headspace solid-phase microextraction
(Vac-HS-SPME) method is another new pretreatment method.88

A schematic diagram of Vac-HS-SPME is shown in Fig. 3. Psil-
lakis's group reported the use of Vac-HS-SPME for the extraction
of PAHs from solidmatrices, where sand was chosen as a simple
matrix for the extraction of low-molecular-weight PAHs. The
effect of different experimental parameters on Vac-HS-SPME
was investigated. Compared with the routine headspace solid-
phase microextraction (HS-SPME), Vac-HS-SPME produced
higher extraction efficiency and better sensitivity with a shorter
time and lower temperature (such as room temperature).89,90
2.6 Needle-trap device (NTD)

A new dynamic needle-trap device (NTD) was recently developed
to actively extract and enrich organic pollutants of BTEX and
PAHs.17,91 NTD is an active sampling method owing to its non-
equilibrium adsorption process and is a promising extraction
method for PAHs in soil, owing to the associated advantages of
rapid, solvent-free, and sample-lossless analysis.92 The NTD tech-
nique consists of sorbents packed inside a stainless-steel needle,
and a gas-tight syringe or a pump through which volatile analytes
are drawn into the needle and introduced actively to the trap.93

Target analytes can be adsorbed in the needle and removed at the
inlet of the analytical instrument for qualitative and quantitative
Fig. 2 The proposed a cooling/heating-assisted headspace solid-
phase microextraction (CHA-HS-SPME) device (adapted from ref. 87).
This figure has been adapted from reference “Cooling/heating-assis-
ted headspace solid-phase microextraction of polycyclic aromatic
hydrocarbons from contaminated soils” with permission from
ELSEVIER, copyright 2015.
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fractionation. A schematic representation of NTD device is shown
in Fig. 4. To achieve quantitative extraction of the analytes in the
shortest time, various parameters that potentially affect the
extraction process should be optimized, such as extraction
temperature, time, and desorption conditions. In general, higher
temperatures can enhance the desorption process with less of
a carryover effect, but attention should be paid to the thermal
stability of the adsorbent and the target analyte. In contrast,
longer times can lead to high response values for analytes, but
may reduce the lifetime of the sorbent. It is important to note that
the extraction conditions should be chosen based on the charac-
teristics of the sorbent and the target analyte. According to Poor-
mohammadi's works,94 an NTD packed with Carbotrap B provides
a highly sensitive procedure for the sampling and analysis of
BTEX in the concentration range of 0.03–25 ng mL�1.
2.7 Comparison of different pretreatment methods for BTEX
and PAHs in soil

Soxhlet extraction, as one of the classic conventional extraction
techniques, has been successfully applied for the extraction of
the 16 types of PAH in soil listed by the EPA.11 Despite the
relatively high extraction duration compared to other newly
developed techniques such as ultrasonic extraction and SFE, its
simple setup and unlimited extraction capacity present an ideal
extraction method for non-targeted soil analysis. Soxhlet
extraction is mainly recommended for analyses of wet soil
samples and sample quantities of less than three grams.95 Semi-
volatile compounds (especially PAHs with ve or six aromatic
rings) are usually extracted by Soxhlet or sonication. However,
SFE has been shown to provide a higher yield in a shorter time,
which translates into a better economic investment. Therefore,
SFE has been widely accepted as an alternative to classical
extraction methods, especially for low solubility compounds.
Generally, the SPE method is used to purify soil extract. NTD is
most appropriate for the extraction of volatile organic
compounds (VOCs) and is mainly applied in the headspace
mode for the trapping of volatile and semi-volatile analytes. At
present, there are two recommended methods for extraction of
PAHs and BTEX in soil: the headspace technique and SPME.
The automation of the extraction method is crucial to achieve
the required repeatability and accuracy for the determination of
PAHs and BTEX in soil.96 The connection of both techniques
proved to be adequate for the analysis of PAHs and BTEX with
good precision, linearity, and no noticeable impact of water
content in soil samples. Essentially, the headspace is applied
for soil samples containing low concentrations of pollutants,
whereas the solvent extraction method is used for more
contaminated soil samples. Nonetheless, further innovations
are still needed to improve the efficiency of the extraction
methods and to address the problems associated with these
analysis techniques for BTEX and PAHs in soil. Therefore,
future research studies should consider the development of
combined extraction techniques to increase their merits,
increasing the “green” nature of the sample pretreatment stage,
shortening the analysis time, using greener media (e.g., super-
critical liquids, ionic liquids, and super-heated water) instead of
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The schematic diagram of vacuum-assisted headspace solid phase microextraction (adapted from ref. 88). This figure has been
reproduced from reference “Vacuum-assisted headspace solid phase microextraction of polycyclic aromatic hydrocarbons in solid samples”
with permission from ELSEVIER, copyright 2015.

Fig. 4 The schematic representation of NTD device. This figure has been adapted from reference “A needle trap device packed with MIL-100(Fe)
metal organic frameworks for efficient headspace sampling and analysis of urinary BTEXs” with permission from John Wiley and Sons, copyright
2020.
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toxic organic solvents, using new sorbents such as nano-
particles and metal organic frameworks in solid phase-based
extraction methods, facilitating automation, and increasing
the selectivity of the pretreatment methods.

3. Analysis techniques for BTEX and
PAHs in soil

Due to the difficulty of analyzing BTEX and PAHs in complex
matrices, it is necessary to develop efficient, inexpensive, rapid
and environmentally friendly assay methods. At present, since
© 2022 The Author(s). Published by the Royal Society of Chemistry
the rapid development of analytical methods, the detection of
BTEX and PAHs is readily realized. The detection technologies
used for BTEX and PAHs in the soil are mainly gas chroma-
tography (GC), gas chromatography-mass spectrometry (GC–
MS), liquid chromatography–mass spectrometry (LC–MS),
sensors and other methods. The detection methods for BTEX
and PAHs in soil are summarized in Table 2.

3.1 Gas chromatography (GC)

GC is a valuable method for the analysis of PAHs and BTEX in
soil. It is of a particular interest for this family of compounds
RSC Adv., 2022, 12, 6099–6113 | 6105
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because of its ability to separate structural isomers according to
their difference in boiling point. In GC, a ame ionization
detector (FID) has the merits of high sensitivity, precision, and
reproducibility for most hydrocarbon compounds.97–99

Remarkably, in complex matrices such as soil or atmospheric
PM, to prevent all organic molecules from giving a response
(such as aliphatic compounds and lipids), a very intensive
clean-up is required before the sample is analyzed. Moreover,
some researchers have attempted to perform BTEX and PAHs
determinations using a barrier ionization discharge detector
(BID) and a photoionization detector (PID). The PID is suitable
for volatile and semi-volatile organic compounds with ioniza-
tion energies lower than the energy of emitted photons (from 8
to 12 eV).100 A method based on headspace sampling, and
Table 2 Sample pretreatment methods and the detection technique fo

Order Analytes Method
Analytical
instrument Matrix

(A) GC
1 PAHs NTD GC-FID Soil(sand

BTEX

2 BTEX Sonication methods UFGC-FID Soil samp
3 PAHs CF-SPME GC-FID Sand or s
4 BTEX PC-HS-SPME GC-FID Soil samp

5 BTEX HS-GC-PID GC-PID Soil samp
6 PAHs CA-HS-HF-LPME GC-FID Soil and p

samples
7 PAHs CA-SPME/MSPD GC-FID Soil samp

(B) LC
8 PAHs MHLLE HPLC-FL Sediment

9 PAHs Ultrasonic probe HPLC Soil samp
10 BPCA Internal standards LC–MS Soil samp

Deuterated phthalic
acid

(C) GC–MS
11 BTEX QuEChERS GC–MS Soil samp

PTV
12 PAHs Vac-HSSPME GC–MS Sand sam

Soil samp

13 BTEX RTILs-HS GC–MS Sand sam
Clay samp
Loam sam

14 BTEX DSPE GC–MS Soil samp
DLLE

15 Naphthalene HS-SPME GC–MS Soil samp
Standard addition
method

a NTD: needle trap device; CF-SPME: cold ber-SPME; PC-HS-SPME: press
assisted headspace solid phasemicroextraction; CA-HS-HF-LPME: cooling-
assisted solid phase microextraction; MSPD: matric solid phase disper
programmable temperature vaporizer; Vac-HSSPME: vacuum-assisted hea
liquid co-solvents; DSPE: dispersive solid phase extraction; DLLE: dispers

6106 | RSC Adv., 2022, 12, 6099–6113
integrated with a portable GC with PID was proposed for the
rapid determination of BTEX in soil by Zhou et al.101 This
method was suitable for the rapid determination of BTEX in soil
on site.102 Pascale et al.103 established a simple, low-cost, and
accurate new method to quantify BTEX based on static head-
space extraction-GC-BID. However, owing to its high sensitivity,
FID has become a common detector for the determination of
BTEX and PAHs by GC.

Ultra-fast gas chromatography (UFGC) has emerged with the
development of the direct resistively heated column.111 In 2001,
Robbat et al. directly extracted PAHs from soil using a heat-
extracting cone penetration instrument (TECP) for UFGC–MS
detection.112 Later, an ultra-fast chromatography-ame ioniza-
tion detector (UFGC-FID) combined with the sonication
r BTEX and PAHs in soila

LOD LDR
RSD
(%)

Recovery
(%) Ref.

) samples 0.001–0.02 ng
g�1

0.01–2000 ng
g�1

8.3–
13.2

— 17

0.02–0.1 ng g�1 0.1–2000 ng g�1 7.3–
10.3

—

les — — <1 70–130 96
oil samples 200–2000 ng g�1 — 4–19 — 78
les 0.001–0.08 ng

g�1
0.1–20 000 ng
g�1

5.7–
12.3

— 104

les 0.1–0.8 mg kg�1 — 5.3–7.8 87.2–105.1 101
lant 0.01–0.1 ng g�1 1–10 000 ng g�1 4.7–

10.1
— 105

les 4.2–8.5 ng g�1 — 8.1–
13.4

— 86

— 0.003–0.04 ng
g�1

— 81–92 106

les 0.07–0.3 ng g�1 0.7–200 ng g�1 <7.5 80–100 38
les — — <5 — 20

les 0.3–15 ng g�1 — 0.7–2.8 65–76 29

ples 0.003–0.233 ng
g�1

1–400 ng g�1 4.3–10 — 107

les 0.003–0.795 ng
g�1

ples Sub-to mid pg
g�1

— 2–18 15–103 108
les
ples
les 0.12–0.75 ng g�1 4–100 ng g�1 0.25–

2.3
— 109

les 0.001 ng g�1 0.01–0.1 ng g�1 — 105–119 110

ure controlled headspace-SPME; HS: head space; VA-HS-SPME: vacuum-
assisted headspace ber liquid phasemicroextraction; CA-SPME: cooling
sion; QuEChERS: quick, easy, cheap, effective, rugged and safe; PTV:
dspace solid phase microextraction; RTILs-HS: room temperature ionic
ive liquid–liquid extraction; HS-SPME: head space-SPME.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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methods was applied to detect BTEX in the soil, where the
issues of the longer analysis time of volatile compounds were
addressed.113 According to Nespeca's study,113 the time of the
UFGC analyses was eight times shorter than that of conven-
tional GC. Combining ultrasonic extraction methods with
UFGC-FID makes the detection process faster and cheaper.
However, this method still requires organic solvents, which
causes secondary pollution to the environment.

In recent years, solvent-free analysis methods in the princi-
ples of green chemistry have been advocated by researchers.114 A
new pressure-controlled headspace solid-phase microextraction
(PC-HS-SPME) device combined with GC-FID enabled the direct
analysis of benzene, toluene, ethylbenzene, and m-xylene
(BTEX) in soil, in which the extraction is completed without
complex sample preparation steps104 because the gradient
pressure allows the analyte to be effectively released from the
sample matrix to vacuum. This simple, low cost, and efficient
method is capable of the efficient extraction of the analyte with
high concentration. In another solid-phase microextraction
study, temperature-controlled HS-SPME and PC-HS-SPME were
intercoupled to extract PAHs from the soil.115 Xu et al. proposed
a new study on a solvent-free analysis for PAHs in soil.86 In his
study of a facile cooling-assisted solid-phase microextraction
(CA-SPME) device for solvent-free sampling of PAHs from soil
based on matrix solid-phase dispersion (MSPD) techniques, the
MSPD promoted the release of PAHs, which lead to the efficient
extraction of PAHs by the CA-SPME device. These examples
demonstrate that satisfactory results can be achieved by the
solvation-free method for PAHs in soil.
3.2 Gas chromatography–mass spectrometry (GC–MS)

The three key factors affecting the determination results of
BTEX and PAHs in soil are complexity, heterogeneity, and the
interaction between analytes and soil components.116 GC-MS in
the determination of organic compounds is highly appreciated
by analysts for its better sensitivity and selectivity. Besides, GC-
MS can be used for the determination of non-uorescent PAHs,
such as such as acenaphthylene (Acy) and alkylated PAHs.

At present, a variety of pretreatment methods, such as static
headspace,117 dynamic headspace, SPME, dispersive solid-
phase and dispersive liquid–liquid extraction,109 have been
used to establish GCMS-based analysis methods for quanti-
cation of BTEX and PAHs in soil. The addition of water as
a modier or preparing a mud mixture can increase the
extraction amount of analyte to solve the problem of low
extraction of PAHs.107 In GC–MS, internal standards or surro-
gates were also used to improve the accuracy and precision of
the analytical method. At a specic stage of the analytical
procedure, internal standards can be used to track and
compensate for analyte losses and make the results more
accurate, as well as further improve the recovery rate of the
target analyte.118 Further, the determination of BTEX in soil
using room-temperature ionic liquid cosolvents (RTILs) can
reduce the matrix dependency of soil and analysis time, as well
as increase the precision and accuracy for the quantication of
BTEX in various soil matrices. This method can improve the low
© 2022 The Author(s). Published by the Royal Society of Chemistry
extraction efficiency of high-molecular-weight volatile organic
compounds in soil systems.108

The growing demand in trace analysis for lower detection
limits has led to the development of innovative ways of intro-
ducing larger sample volumes into GC and GC–MS systems.
According to reports, a programmable temperature vaporizer
(PTV) enables the injection of larger volumes when the expected
levels are very low, and protects thermolabile compounds by
progressively heating and vaporizing them.119,120Compared with
traditional GC method, the recovery of GC–MS with PTV and an
automatic sampler was signicantly improved; this was due to
the reduced analyte loss during the sample preparation step.121
3.3 Liquid chromatography–mass spectrometry (LC/LC–MS)

Liquid chromatography coupled with mass spectrometry (LC–
MS) has emerged as an invaluable technique for tracing pollut-
ants in the environment. MS detection has been widely used for
soil because of its good selectivity and high sensitivity. Electro-
spray ionization (ESI), atmospheric-pressure chemical ionization
source (APCI), and atmospheric pressure photoionization (APPI)
have generally used to ionize PAHs at the LC–MS interface.122,123

These ionization sources can effectively ionize high-molecular-
weight PAHs.124 One study showed that APPI offers at least 3–4
orders of dynamic linear range for PAH analysis under the test
conditions.125 In addition, internal standards are widely used in
LC–MS for the quantitative analysis of PAHs and BTEX, which
can compensate for the loss or change in sample preparation.
Structural analogs and stable isotope labeling (SIL) are recog-
nized as ideal internal standards because they possess similar
physical and chemical properties to the analytes.20,126 For PAHs
analysis, a variety of isotopes have been reported, including
deuterated phthalic acid,20 naphthalene-d8,127 benzo[a]pyrene-
d12,128 and perylene-d12.129 However, some researchers believe
that the prevention and treatment of environmental pollution
are hampered by a lack of adequate eld-testing procedures
rather than sending samples to centralized analytical facilities.
Thus, Stelios et al.130 reported a hand-portable system based on
high-performance liquid chromatography incorporating a wide-
spectrum absorption detector. The system is capable of nger-
printing PAHs based on their characteristic spectral absorption
proles. Its detector system is robust enough to detect and
classify co-eluting and hidden peaks.

In recent years, the emergence of high-performance liquid
chromatography (HPLC) has provided a rapid and sensitive
method to analyze BTEX and PAHs in soil. In HPLC, the
columns used for separation were generally octadecylsilane
(C18: 250 � 4.6 mm, 5 mm), and the detectors used for detection
were ultraviolet (UV) or uorescence detectors.131,132 There are
also some reversed phases based on cross-linked C18 that have
shown a particular specicity for PAHs separation.133 The
characteristic spectra of PAHs can be quantied and identied
using a uorescence detector and UV-DAD. A gradient elution
procedure is usually required for more efficient separation. The
mobile phases for separating PAHs are usually acetonitrile
(ACN) or methanol (MeOH) and water.134 Unlike GC, HPLC is
not limited by sample volatility and thermal stability. However,
RSC Adv., 2022, 12, 6099–6113 | 6107
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the resolution of LC methods is not as good as that of GC
methods for isomer detection.135

3.4 Biological and chemical sensor

Biological and chemical sensors provide rapid response for the
online monitoring of contamination in soil. Online monitoring
methods with biological and chemical sensors are summarized
in Table 3 for in situ and real-time detection of the changes in
the concentration of pollutants in soil.136 The sensor method
possesses the advantages of speed, portability, and low cost. As
early as 2003, a whole-cell microbial sensor on a silicon chip was
constructed to perform efficient and low-cost online monitoring
of environmental pollutants outside the laboratory.137,138 In
2016, Hernandez et al. constructed a sensor based on the bio-
reporter system to monitor BTEX in the soil environment. The
bioreporter system was based on the two-component regulatory
system TodS-TodT of P. putida DOT-T1E, and the Ptodx promoter
fused to the green uorescent protein (GFP) as the reporter
protein.21 However, this method has certain limitations, such as
weak mechanical strength, making it suitable only for low-
concentration pollutants. Therefore, Bae and co-workers23

proposed an optical detection biosensor module for evaluating
toluene-contaminated soil. The sensor used bioluminescent
bacterial bioreporters encapsulated in poly-dopamine (PD)-
coated alginate microbeads to enhance mechanical strength
and stability. Therefore, the biosensor opens up new avenues to
low cost, rapid determination, and higher sensitivity of analyt-
ical methods. Furthermore, the successful implementation of
biosensors may help to monitor pollution conditions for
prevention and regulation.

Apart from the biological sensors, chemical sensors have
also been constructed for BTEX and PAHs in recent years. A
typical example is a metal–organic framework (MOF)-based
sensor. Luminescent MOFs possess various advantages: low
cost, simple techniques, low solvent volumes, and obvious
changes in phenomenon. MOFs have been increasingly used as
a qualitative research method for organic pollutants.139 Myers
et al.140 constructed MOFs with high selectivity for the larger
methylated aromatic compounds. In addition, heterometal–
organic framework (HMOFs) as luminescent sensors started to
attract more research interest.22 Zhang et al. proposed a chem-
ical sensor based on 3d–4f microporous HMOFs that were
constructed with polydentate carboxylate ligands.24 This sensor
(HMOFs) had high selectivity and high acid/base stability, but
also exhibited a signicant luminescence quenching effect on
BTEX, making it a candidate instrument for environmental
monitoring. It is worth noting that the sensor method requires
further improvement in terms of stability, mechanical strength,
and the type of substances to be detected. With optimization,
we believe that sensor technology will become a powerful tool
for monitoring soil organic pollutants and assessing their
toxicity.

3.5 Other methods

In addition to the methods described above, ion mobility
spectrometry (IMS) andmass spectrometry (MS) have been used
6108 | RSC Adv., 2022, 12, 6099–6113
in this eld. IMS is an outstanding analytical method owing to
its ability to detect and monitor trace levels of volatile and even
semi-volatile chemical compounds. It has the advantages of
rapid analysis, high sensitivity, portability, and easy operation,
making it appropriate for in situ detection.141 It has been re-
ported that BTEX in soil can be studied by introducing online
linking between SFE and IMS through a Tenax TA adsorption
trap/sampling tube.58 The adsorption/desorption process for
Tenax TA is shown in Fig. 5. The use of this solid trap not only
collects the target analyte, but also improves the selectivity of
the IMS method. Until now, multiple strategies have been
designed to introduce volatile compounds to IMS.142,143 If
a suitable sampling method144 can be developed, IMS could be
used as a sensor for the onsite detection of volatile organic
compounds in soil.

MS is the preferred detection method aer GC separation
because it is universal and provides a combination of selectivity
and sensitivity that other GC detectors cannot compete with.100

At present, several MS-based analytical methods for detecting
BTEX and PAHs in soil have been reported. Examples include
headspacemass spectrometry (HS-MS) and ultrahigh-resolution
mass spectrometry (UHRMS). The results obtained using HS-MS
for the chemometric analysis of BTEX in soil samples were
similar to those obtained by the HS-GC–MS method.19 Addi-
tionally, Luo and co-workers145 proposed a concept that used
multidimensional ionization for UHRMS. With ultrahigh-
quality resolution and high-quality accuracy, MS ensures the
clear distribution of signals, thus providing a safe and
comprehensive view of pollutants in soil at the molecular level.
Therefore, MS provides valuable composition information and
rapid analysis of PAHs and BTEX in soil, and has great potential
for research. Table 3 summarizes the advantages and disad-
vantages of different pretreatment methods and detection
techniques for BTEX and PAHs in soil.
3.6 Comparison of different analysis techniques for BTEX
and PAHs in soil

Among the analytical techniques for PAHs and BTEX, GC-FID is
the most common technique in laboratories owing to the
sensitivity to hydrocarbons and capacity to cover a large range of
hydrocarbons. GC can effectively separate and detect PAHs in
soil, while MS provides their accurate identication. Therefore,
GC–MS is the standard method for the targeted analysis of the
16 PAHs listed by the EPA. According to the USEPA, both HPLC
and GC–MS methods are considered equally valid methods for
the analysis of PAHs. However, State Environmental Protection
Administration (SEPA) recommends the use of HPLC for the
determination of PAHs in water. In addition, the separation of
non-volatile and trace polar compounds is usually achieved by
LC. On the other hand, the successful implementation of sensor
may help to monitor pollution conditions for prevention and
regulation. In addition, IMS allows high selectivity, high
sensitivity, rapid analysis, and small size, making it a candidate
instrument for on-site monitoring. In conclusion, GC and GC–
MS are the best techniques for the detection of thermally stable
organic matter in soils with a boiling point not exceeding 500 �C
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Advantages and disadvantages of different pretreatment methods and detection techniques for aromatic compounds in soil samplesa

Order Method
Analytical
instrument Advantages Disadvantages

(A) GC
1 NTD BBD GC-FID No sample pretreatment, no obvious matrix effect, wide

range of LDR, lower LOD, smaller RSD
Long analysis time, it can't be
monitored online, taditional NTD
methods have limitations

2 Sonication methods UFGC-FID It avoids the disadvantage of long analysis time, good
linearity and repeatability, fast detection process, lower cost,
environmentally friendly

Less research on aromatic
hydrocarbons in soil

3 CF-SPME GC-FID Improved extraction speed and efficiency, easy to automate Unable to monitor in real time, the use
of organic solvents is not
environmentally friendly

4 Static headspace GC-BID Simple and accurate, low cost; high sensitivity
5 CA-HS-HF-LPME GC-FID Simple, low cost and effective, good linear range Unable to commercialize, poor

experiment reproducibility
6 Static headspace GC-BID Simple, low cost, high sensitivity
7 MHS-SPME GC-FID Avoid matrix effects, it can be extracted continuously many

times
Narrow detection range

8 HS GC-PID Good linearity and repeatability, low detection limit, it can
be monitored online

Long detection period

9 Vac-HS-SPME GC-FID Simpler, lower cost and more reliable method, very sensitive
10 PC-HS-SPME GC-FID No sample preparation steps required, super sensitive

method with good repeatability

(B) GC–MS
11 QuEChERS

programmable
temperature vaporizer
(PTV)

GC–MS High sensitivity, good linear range, good reproducibility and
repeatability, fast

High cost

12 Vac-HSSPME GC–MS Fast extraction of target, low detection limit Long balancing time
13 RTILs GC–MS Reduce the matrix effect of soil, lower detection limit
14 DSPE DLLE GC–MS Easy extraction of trace analytes frommatrix, simple and fast

operation, lower cost, improved separation and enrichment
efficiency

15 Vac-HSSPME GC–MS Lower detection limit Low content of extracted target analyte
16 Standard additionmethod

HS-SPME
GC–MS Improve recovery

17 RTILs static headspace GC–MS Improve sensitivity and measurement accuracy, reduce
matrix effects during analysis

(C) LC
18 Partial least squares (PLS)

chemometrics method
HS-MS Without sample pre-treatment, no chromatographic

separation required, rapid identication and prediction of
samples

19 Miniaturized
homogeneous liquid–
liquid extraction (MHLLE)

HPLC Without sample pre-treatment, fast, simple, and sensitive Complex and expensive equipment

20 APPI UPLC-
APPI-MS/
MS

High sensitivity and high throughput, fast and selective

(D) Sensor method
21 Bioreporter system Efficient, easy-to-use, low-cost Weak mechanical strength, only

suitable for low concentration
pollution

22 Optical detection
biosensor

High mechanical strength, it has stability

23 HMOFs With high selectivity and high acidity and alkalinity, it shows
the luminescence quenching effect on BTEX

a NTD: needle trap device; BBD: box-Behnken design; CF-SPME: cold ber-SPME; CA-HS-HF-LPME: cooling-assisted headspace ber liquid phase
microextraction; MHS-SPME: multiple headspace-SPME; HS: head space; Vac-HS-SPME: vacuum-assisted headspace solid phase microextraction;
QuEChERS: quick, easy, cheap, effective, rugged and safe; RTILs: room temperature ionic liquid co-solvents; DSPE: dispersive solid phase
extraction; DLLE: dispersive liquid–liquid extraction; HS-SPME: head space-SPME; HMOFs: microporous heterometal–organic framework.

© 2022 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2022, 12, 6099–6113 | 6109
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Fig. 5 The adsorption/desorption process of Tenax TA.
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in the laboratory. Nonetheless, further innovations are still
needed to improve the merits of detection techniques, as the
detection of PAHs in soil is developed towards simple, rapid,
and on-site detection methods.
4 Conclusion and outlook

As an important source of pollution in soil environment,
benzene compounds are a complex mixture from a wide range
of sources, including PAHs, PCBs, PCNs, BTEX. Increasing
attention has been paid to develop novel analytical methods for
detecting benzene compounds pollutants. Despite many
advances in the environmental analysis of BTEX and PAHs in
soil, pretreatment methods still have critical limitations. The
traditional Soxhlet extraction is time-consuming, solvent
consuming, non-environmentally friendly and non-economical.
Compared with Soxhlet extraction, ultrasonic treatment146 is
more rapid and practical in extracting hydrocarbons from soil.
In recent years, research attention has been attracted to solvent-
free extraction techniques, such as static headspace,108 purge
and trap, solid-phase microextraction118 for extraction of BTEX
and PAHs from soil. However, the disadvantages of these
methods are expensive instruments and complex sample
preparation. In addition, to overcome drawbacks in SPME, such
as the fragility of bers, high cost of bers, and passive-
sampling, two kinds of new techniques, liquid-phase micro-
extraction (LPME) and needle-trap device (NTD), were devel-
oped accordingly.147 The new trend in analytical chemistry
refers to the development of “green” sample pretreatment
technology that has plenty of merits, including solvent-free or
small amounts of solvents, fast analysis, and high selectivity. In
addition, in order to select the appropriate extraction method,
other factors should be considered, such as time, cost,
compatibility with the analytical method and simplicity. In this
review, some analytical methods and instruments for extraction
and purication of BTEX and PAHs in soil have been described.
Consequently, more efforts should be made in future studies to
develop diversity and automation of extraction techniques and
to increase the advantage of the “green” nature of each pre-
concentration.
6110 | RSC Adv., 2022, 12, 6099–6113
In recent years, various efficient, rapid, and convenient
detection techniques have been developed for the analysis of
PAHs in soil. The most commonly used separation and detec-
tion techniques are GC, MS, GC–MS, HPLC, LC–MS/MS, and
sensor methods. The development of chromatography and
mass spectrometry provides invaluable compositional and
quantication information of aromatic hydrocarbons in soil.
They are extensively employed for the separation and detection
of analytes. These detection technologies have the characteris-
tics of highmeasurement accuracy, good stability, low detection
limit and fast detection speed, but they have the disadvantages
of complex sample pretreatment, long analysis time and harsh
environmental requirements. In addition, disadvantages also
include large volume, complex structure and high maintenance
cost. As a result, these techniques are limited to laboratory and
difficult to be applied for onsite analysis. Furthermore, some
sensor methods can provide toxicity information of pollutants,
which is benecial to soil pollution assessment. Biosensor and
chemical sensor detections of PAHs have opened up new
avenues for low cost, rapid determination, and higher sensi-
tivity. This paper summarizes relevant research work, including
recent studies and current research hotspots in this eld.
Finally, future procedure of pretreatments should provide more
innovations and convenience in analytical methods and detec-
tion technology. With the application of new processes, new
materials, and new technologies, detection of soil organic
pollutants will become simple, rapid, low-cost, predictable, and
online monitoring.
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J.-J. Rodŕıguez, TrAC, Trends Anal. Chem., 2011, 30, 731–748.
RSC Adv., 2022, 12, 6099–6113 | 6113

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra08633b

	Advances in pretreatment and analysis methods of aromatic hydrocarbons in soilElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra08633b
	Advances in pretreatment and analysis methods of aromatic hydrocarbons in soilElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra08633b
	Advances in pretreatment and analysis methods of aromatic hydrocarbons in soilElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra08633b
	Advances in pretreatment and analysis methods of aromatic hydrocarbons in soilElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra08633b
	Advances in pretreatment and analysis methods of aromatic hydrocarbons in soilElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra08633b
	Advances in pretreatment and analysis methods of aromatic hydrocarbons in soilElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra08633b
	Advances in pretreatment and analysis methods of aromatic hydrocarbons in soilElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra08633b
	Advances in pretreatment and analysis methods of aromatic hydrocarbons in soilElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra08633b
	Advances in pretreatment and analysis methods of aromatic hydrocarbons in soilElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra08633b
	Advances in pretreatment and analysis methods of aromatic hydrocarbons in soilElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra08633b

	Advances in pretreatment and analysis methods of aromatic hydrocarbons in soilElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra08633b
	Advances in pretreatment and analysis methods of aromatic hydrocarbons in soilElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra08633b
	Advances in pretreatment and analysis methods of aromatic hydrocarbons in soilElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra08633b
	Advances in pretreatment and analysis methods of aromatic hydrocarbons in soilElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra08633b
	Advances in pretreatment and analysis methods of aromatic hydrocarbons in soilElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra08633b
	Advances in pretreatment and analysis methods of aromatic hydrocarbons in soilElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra08633b
	Advances in pretreatment and analysis methods of aromatic hydrocarbons in soilElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra08633b

	Advances in pretreatment and analysis methods of aromatic hydrocarbons in soilElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra08633b
	Advances in pretreatment and analysis methods of aromatic hydrocarbons in soilElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra08633b
	Advances in pretreatment and analysis methods of aromatic hydrocarbons in soilElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra08633b


