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In the last decade, the development and adoption of greener and sustainable microextraction techniques have been
proved to be an effective alternative to classical sample preparation procedures. In this review, 10 commercially
available solid-phase microextraction systems are presented, with special attention to the appraisal of their analyti-
cal, bioanalytical, and environmental engineering. This review provides an overview of the challenges and achieve-
ments in the application of fully automated miniaturized sample preparation methods in analytical laboratories.
Both theoretical and practical aspects of these environment-friendly preparation approaches are discussed. The
application of chemometrics in method development is also discussed. We are convinced that green analytical
chemistry will be really useful in the years ahead. The application of cheap, fast, automated, “clever”, and
environmentally safe procedures to environmental, clinical, and food analysis will improve significantly the quality
of the analytical data.

Keywords: solid-phase microextraction, gas chromatography, robotic autosampler, large volume injection,
chemometrics
1. Introduction

Gas chromatography (GC) and liquid chromatography (LC)
are the standard instrumentation for testing most of the analytes
in all application fields of analytical chemistry. Together, these
two techniques account for the larger proportion of the world's
sales in analytical instrumentation, and their forecast market
trends are substantially steady for the next years. The global
GC market is expected to reach USD 3.67 billion by 2022, up
from 2.64 billion in 2016, at a Compound Annual Growth Rate
(CAGR) of 6.2% [1]. Similarly, the LC market is expected to
reach USD 4.13 billion by 2021, up from 3.23 billion in 2016,
growing slightly more slowly at a CAGR of 5.1% [2]. North
America, which held over 39% of the GC market in 2016 [3],
will retain its dominance, with sales predicted to soar through
2022; at the same time, Europe will continue to be the second
largest GC market [4].

This substantial growth in the chromatographic instrumen-
tation manufacturing industry has resulted in a booming
demand for technicians with expertise. However, chromato-
graphic instruments are complex, and despite the technologi-
cal innovations in devices, the availability of skilled labor is
still an issue. Moreover, these instruments also require timely
standardization protocols and maintenance procedures that
need personnel trained and updated continuously. Above all,
sample preparation is a critical node, especially for GC: it is
time-consuming, labor-intensive and error prone. More than
80% of analysis time is spent collecting and preparing sam-
ples. Consequently, in GC, innovative sample prep and intro-
duction techniques are expected to improve dramatically the
technique.
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Miniaturization is a technological trend that has been imple-
mented every year more in all kinds of analytical instrumenta-
tion. Traditionally, large bench-top instruments such as Raman
spectrophotometers and GC–MS systems with thermal desorp-
tion sample injection are nowadays made available as portable
instruments [5–8], something unimaginable only a few years
ago. Miniaturization has been increasingly applied to GC for
the last 10 years, resulting in savings in both time and costs
throughout the sampling process.

The Solid Phase Microextraction (SPME) technique was
invented by Pawliszyn in 1989 [9]. Solid-phase extraction
sampling is performed using a fiber, housed in a stainless-steel
needle, coated with a sorbent phase that can be liquid or solid.
This powerful miniaturized sampling technique can be used
for sampling a wide variety of analytes, capturing them from
matrices that can be either gases or liquids [10–14]. SPME is
considered one of the major breakthroughs in the 20th-century
analytical chemistry [15]. SPME was initially distributed by
Supelco (Bellefonte, USA). Since 2009, other devices have
been introduced onto the market that were designed to tackle
two major issues, namely, the fragility of the fiber, which
could be easily damaged during use, and full automation of
SPME-based injectors in GC. In fact, in that year, a new gen-
eration of SPME fibers, the SPME Fast Fit Fiber Assemblies
(FFA-SPME), was developed by Chromline (Prato, Italy) in
cooperation with Supelco, which expanded the applicability of
SPME [16]; this new set-up allowed automatic exchange of
SPME fibers by using a dedicated autosampler (e.g., the Multi
Fiber Exchange, MFX developed by GERSTEL together with
Supelco).

At the same time, other companies were also working on
SPME technologies using the same concept: the PAL SPME
Arrows (Restek Corporation, Bellefonte, USA) were designed
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First published online: 11 January 2019

e Commons Attribution-NonCommercial 4.0 International License
use, distribution, and reproduction in any medium for non-commercial
CC License is provided, and changes - if any - are indicated.

Unauthenticated | Downloaded 07/04/23 08:37 AM UTC



Solid Phase Microextraction Techniques Used for GC
to contain greater phase volume as compared with normal
SPME fibers, which allowed more target analytes to be
extracted. The SPME Arrows also had sorbent fibers built in-
side a stainless-steel cylinder equipped with an inner rod and
outer sheath to protect the sorbent phase from mechanical
damage and ensure minimal analyte loss during sample trans-
fer [17].

A completely different concept was used in the design of the
Microextraction by Packed Sorbent (MEPS) system developed
by SGE Analytical Science (Trajan Scientific and Medical,
Ringwood Victoria, Australia) in collaboration with Mohamed
Abdel-Rehim from AstraZeneca. The MEPS is a miniaturized
embodiment of SPE. The MEPS sampling device uses the
same sorbents as conventional SPE columns. However, in
MEPS, the sorbent (1–4 mg) is either incorporated as a plug
into the barrel of a microsyringe for liquids (100–250 μL) or
inserted between the needle and the barrel as a cartridge. The
MEPS allows small volume sample manipulations manually
and in combination with GC and LC autosamplers [18–20].

Another microdevice developed for sampling is the Stir Bar
Sorptive Extraction (SBSE) or TwisterW (GERSTEL GmbH &
Co.KG, Mülheim an der Ruhr, Germany). This is a magnetic
stir bar coated with a partitioning sorbent phase. The stir bar
can be used to extract analytes from liquid samples or from
the headspace (HS) of a solution before (e.g., thermal) desorp-
tion and injection into the GC system for analysis [21, 22].

The so-called in-tube or in-needle extraction techniques
have also been developed in the meantime. These tech-
niques for microextraction can be classified broadly in two
groups according to Jochmann et al. [23]: methods that use
a needle which is coated on the inner surface with the
sorbent phase and needles or tubes packed with a sorbent
material.

The Solid Phase Dynamic Extraction also called The Magic
Needle (SPDE™ – The Magic Needle) by Chromtech Analyti-
cal Instruments (Bad Camberg, Germany) belongs to the first
group of methods. It is a development of the SPME concept
similar to the FFA-SPME and SPME Arrows. A stainless-steel
needle in which the sorbent is coated on the inside is used in
combination with a gas-tight 2.5-mL syringe. Liquid or HS
samples are drawn up into the syringe, thereby forcing the
analytes through the stationary phase. After adsorption, the
sample is processed using an autosampler for thermal desorp-
tion and GC analysis [24].

The in-tube extraction (ITEX) proposed by CTC Analytics
AG (Zwingen, Switzerland) is instead an example of the sec-
ond group of methods, i.e. those that exploit the properties of
a packing inside a tube. Specifically, the ITEX system was
designed for dynamic HS, followed by thermal desorption
prior to GC analysis [23]. Analogously, the extraction needle
(NeedlEx), introduced by Shinwa Chemical Industries Ltd
(Kyoto, Japan), is made by inserting a sorbent plug inside the
needle used for both sampling and injecting in the GC after
thermal desorption directly in the GC inlet [25].

A slightly different concept was adopted in the design of
HiSorbTM Sorptive Extraction probes (Markes International
Inc., Sacramento, USA). The probes are made by wrapping
around a thin rod of inert material, a short sleeve of polydi-
methylsiloxane rubber which serves as a sorbent phase. The
probes were used to isolate analytes from gaseous and aque-
ous samples before analysis by GC [26, 27].

A design similar to the SBSE/TwisterW concept led to the
development of Monolithic Material Sorptive Extraction
(MonoTrapTM) based on Merck DGaA monolithic technology
(GL Science Inc., Tokyo, Japan). The monolithic-coated bars
can be used for sampling liquids and volatile compounds by
HS, prior to solvent desorption and GC analysis [28, 29].
2

Finally, the SniffProbe (Aviv Analytical LTD, Hod
Hasharon, Israel) developed by Gordin and Amirav exploits
15-mm long standard 0.53-mm I.D. sections of conventional
capillary columns connected to a small pump for sampling
gases and vapors. After sampling, the trapping column is
placed inside a micro-vial and inserted into the GC injector
for thermal desorption and analysis [30].

Other solid-phase microextraction devices have been de-
scribed in the literature, such as micro-solid-phase extraction
(μSPE) [31], adsorptive microextraction (AμE) [32], stir-cake
sorptive extraction (SCSE) [33], rotating-disc sorbent extrac-
tion (RDSE) [34], and stir-rod sorptive extraction (SRSE)
[35]. However, none of the mentioned techniques reached a
level of reliability enough to be trusted as a promising product
to be presented on the market.

The miniaturization of traditional sample preparation de-
vices for GC led to the development of new analytical instru-
ments and methods that have become more and more also
environmentally friendly. Specifically, new instruments in-
clude sections that are able to perform simultaneously the op-
erations of sampling, extraction, concentration, and sample
introduction in the apparatus. The replacement of conventional
analytical systems by miniaturized alternatives in the recent
years is remarkable and is perfectly compatible with the grow-
ing need of Green Analytical Chemistry (GAC) procedures
[36]. The term GAC has been proposed by J. Namiesnik in
2000 [37] and it refers to the role of analytical chemists in
making clever combination of environment-friendly and cheap
methodologies [38]. Interest in GAC led to the development
of eco-scale [39], which evaluates analytical methods' “green-
ness”. An example is the Green Analytical Procedure Index,
which qualitatively and quantitatively evaluates the environ-
mental impact of each step of an analytical procedure [40].
Following the “4R” concept (reduce, redesign, recovery/recy-
cle, and reuse) for sustainable human activities [41], there are
several different ways to make sample preparation “greener”.

First, it is necessary to reduce, the amounts of solvents and
reagents used in the analysis by redesigning the analytical pro-
cedures, and in this respect, the use of miniaturized techniques
is undoubtedly a great improvement. Solvent recovery, recy-
cle, and reuse can be implemented in new instruments and
are highly recommended. Furthermore, green solvents and
reagents, such as agro-solvents, ionic liquids, supercritical
fluids, or superheated water, are preferable, rather than petro-
leum-based solvents. Integration of operations and automation
of sample preparation are also important. Moreover, applica-
tion of factors enhancing the effectiveness of sample prepara-
tion as high temperature and/or pressure, microwave and UV
radiation, and ultrasound energy has also an impact on the
“green” character of the whole procedure [42]. These recom-
mendations are largely met by using chromatographic technol-
ogies coupled with devices which operate microextraction and
sample injection. Although, generally, the solid-phase micro-
extraction techniques require no polluting solvents in three of
these miniaturized techniques, namely, MEPS, SBSE/TwisterW

solvent Back Extraction (TBE), and MonoTrapTM, microvo-
lumes of solvents improve sample analysis. In these cases,
however, the minute sample volume requires only an equiva-
lently minute volume of extraction solvent, which is then in-
troduced almost entirely into the GC system by large volume
injection (LVI). Among the various options available for pre-
concentration, LVI is the most popular and convenient for GC
analyses since it can be automated and carried out on line.

The product lines of commercially available, fully-auto-
mated miniaturized techniques center around three-axis auto-
sampler systems. In the last 10 years, xyz autosamplers,
especially coupled to GC, have proliferated, thus contributing
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to the increase in the usage of hyphenated techniques in ana-
lytical chemistry. This has brought about savings on solvents,
reduced costs per analysis, faster sample preparation, im-
proved traceability, and full instrument automation. Although
most chromatography laboratories already use autosamplers as
their standard form of sample injection, this modern instru-
mentation permits automation beyond just injecting. Modular-
ity and flexibility of these systems can easily be configured to
handle both liquid and headspace sampling techniques. Vari-
ous accessories are available, including barcode reader, robot-
ics change liners and syringe, decapper, heating and stirring
modules, and LAN connections to expand overall usability
and productivity.

The aim of this review is to report on the state-of-the-art
microextraction techniques used for GC, with an emphasis on
the description of the 10 systems currently available on the
market, given the recent upswing in availability and range of
automation techniques.

2. Literature Search Criteria and Overview of the Results

Since solid-phase microextraction's birth date in 1989,
much literature studies have been produced about microextrac-
tion techniques coupled to GC. For reviewing the reports on
the subject, we selected the Scopus database (Elsevier, Am-
sterdam, Netherlands), which is has been the largest collection
of peer-reviewed literature published in the fields of science,
technology, health, social sciences, and the humanities since
2004. We used structured search strategies based on two con-
cepts: (1) different solid-phase microextraction techniques
(both full name and acronym) and (2) gas chromatography.
We used Boolean characters “AND” and “OR” (where the ac-
ronym or the technique name has a unique meaning) to obtain
correct and comprehensive results for each technique. For time
frame for our research, we have chosen the period from 1989
to October 7, 2018. No document-type restrictions were applied.

SPME associated with GC was found to be the technique
on which more peer-reviewed publications were produced
with about 7000 results. SBSE resulted to be the second most
popular technique of solid-phase micro-extraction according to
the number of publications, with 358 results. For the other
techniques coupled to GC, they attest around the dozens of
Figure 1. The 10 commercially available solid-phase microextraction techni
results (70 for MEPS, 26 for SPDETM, 21 for MonoTrapTM,
14 for ITEX, 6 for NeedlEx, 4 for SPME Arrow, and 2 for
SniffProbe). Interestingly, concerning the HisorbTM technique,
no peer-reviewed publications could be found, but only appli-
cation notes released by the producers exist at present. In
Figure 1, we show the ten commercially available solid-phase
microextraction techniques, and in Figure 2, their trends of
publications by year.

The articles for each technique were also divided by subject
area. The research areas for each technique listed in decreas-
ing order of number of publications are chemistry and bio-
chemistry, agricultural and biological sciences, environmental,
pharmacology and toxicology, and chemical engineering, re-
spectively (Figure 3).

This literature study has allowed evidencing the major fea-
tures in terms of use and customization of each technique.
These characteristics are summarized in Table 1.

3. Theory

The in-depth discussion of the physics that describes the
phenomena which cause the trapping of one analyte into the
coating of a fiber is beyond the scope of this review. How-
ever, we provide here a short summary of the current knowl-
edge regarding the factors which influence the adsorption and
the absorption of analytes from an aqueous and a gaseous
phase onto a fiber bearing a solid or a liquid coating as
sorbent.

Molecules from liquid phase will be adsorbed in a physical
way on a solid surface (active carbon or silica). The activity
level of adsorption is based on the concentration of substance,
the temperature, and the polarity of the substance. Every kind
of solid adsorpting material have its own adsorption isotherm
in the water; and this isotherm is definite by the function of
Freundlich [43, 44].

x

m
¼ Kf C

1=n
e ð1Þ

where x/m is the adsorbed substance per gram of the adsorb-
ing material, Ce is the concentration difference (between be-
fore and after), and Kf and n are the specific constants.
ques
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Figure 2. Solid-phase microextraction techniques' trends of publications by year

Figure 3. Graphic representation of the solid-phase microextraction techniques' publications by subject area

Solid Phase Microextraction Techniques Used for GC
Instead, the extraction of analytes from air into a solid ad-
sorptive SPME coating fiber has been discussed and mod-
eled by Koziel eighteen years ago by analogy with the
process of heat transfer in a cylinder with an axial constant
supply of heat [45]. In Koziel's study, the adsorptive sorbent
was assumed to be like a cylinder having radius b and
length l, surrounded by a layer of air having thickness δ at
the boundary with the solid-phase. This model allows the
evaluation of the peculiar use of SPME technology as a pas-
sive air sampler.

To calculate the theoretical sampling rate (SR) of a porous
phase, the theory of heat transfer can be applied [45, 46],
expressed as a function of the quantity of heat, which passes
through the walls of the tube during a given time (t):
Table 1. Use and customization of the ten solid-phase microextraction techniques

HS DI Chemical
desorption

Thermal
desorption

Absorption Adsorption Automation

Two
axes

Thre
axes

SPME ✓ ✓ ✓ ✓ ✓ ✓ ✓
MEPS ✓ ✓ ✓ ✓ ✓
SPME Arrow ✓ ✓ ✓ ✓ ✓ ✓ ✓
SBSE ✓ ✓ ✓ ✓ ✓ ✓ ✓
SPDE ✓ ✓ ✓ ✓ ✓ ✓
Monotrap ✓ ✓ ✓ ✓ ✓ ✓
HiSorb ✓ ✓ ✓ ✓ ✓
ITEX ✓ ✓ ✓ ✓
NeedlEx ✓ ✓ ✓
Snifprobe ✓ ✓ ✓ ✓

4

Q ¼ 2π � 1� Ktc � Θ1 �Θ2ð Þ= ln r2=r1ð Þ½ � � t ð2Þ

where 2π × l is the surface area of the tube, ln(r2/r1) is the
thickness of the tube, integrated between the limits r1 and r2
in the infinitesimal progression of the heat, Q is the quantity
of heat, Ktc is the coefficient of thermal conductivity, and ΔΘ
is the temperature difference at the sides of the matrix.

Equation (2) can be used to calculate the mass of the ana-
lyte adsorbed in the porous phase; for this purpose, it is neces-
sary to substitute heat Q for the mass n of extracted analyte,
the coefficient of heat transfer Ktc for diffusion coefficient
(Dg), the temperature difference ΔΘ for the concentration
Different
phases'
availability

Multiple
sampling
session
capability

Passive
sampling

Active
sampling

Dedicate
injection
system

Bar-code
reader

GC LC

e

✓ ✓ ✓ ✓ ✓ ✓
✓ ✓ ✓ ✓
✓ ✓ ✓ ✓
✓ ✓ ✓ ✓ ✓ ✓
✓ ✓ ✓ ✓
✓ ✓ ✓ ✓ ✓

✓ ✓ ✓ ✓
✓ ✓ ✓
✓ ✓ ✓
✓ ✓ ✓ ✓
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difference ΔC, and the thickness of the tube for the thickness
of the phase, expressed by b and δ.

n ¼ 2π � 1� Dg � Cg � C0

� �� �
= ln bþ δf g=b½ �� �� t ð3Þ

This complies with Fick's law, where n is the mass of the
analyte adsorbed in a sampling time (t), b the radius of the
phase, l the length of the phase, δ the thickness of the bound-
ary layer surrounding the phase, Cg the concentration of the
analyte in the bulk air, and C0 the concentration of the analyte
on the surface of the porous phase. Cg can be regarded as a
constant when short sampling time is used, because adsorption
binding is instantaneous and the C0 is far from saturation.

Under the conditions that the fiber sorbent exposed surface
area was equal to A, the concentration of the analyte was Cg,
and the analyte had a gas-phase molecular Dg, Koziel esti-
mated the mass of the analyte adsorbed on the porous phase
of the SPME fiber over time, n(t), using the equation:

n tð Þ ¼ Dg � A
� �

=δ
� � � Cgt ð4Þ

According to this model, the amount of extracted analyte
mass n, at a given time t, being equal the factors A and Cg,
will be greater for an analyte with a higher Dg.

The gas-phase molecular Dg, for each analyte, is also an im-
portant parameter controlling δ, as illustrated in eq. (5) [45]:

δ ¼ 9:52 Re0:62 � Sc0:38� � ð5Þ

where the Reynolds number is defined as Re = 2 u·b/v (where
u is the linear air speed, b is the radius of the fiber, and v is
the air viscosity, 0.014607 cm2/s), and the Schmidt's number
is Sc = v/Dg [45]. Equation (5) is important because it brings
a fundamental result that the effective thickness of the bound-
ary layer δ will be reduced for analytes with lower Dg, owing
to the inverse proportionality of δ and the Schmidt's number,
Sc.

Considering that the Dg values have been found to be gen-
erally directly proportional to temperature and inversely pro-
portional to air pressure [45], the reduction of the boundary
layer δ and the consequent increase of the mass-transfer in a
given time for an analyte can thus be achieved in two ways:
by increasing the air velocity (which will reduce the Re) or by
increasing the air temperature which will cause an increase in
Dg. Thus, since the temperature increase in turn reduces the
sorbent efficiency, no solid coating can be an ideal trapping
system for all analytes, and trade-offs are to be considered
when sampling.

The absorption of an analyte passing from air into the liquid
phase coating of a fiber such as polydimethylsiloxane (PDMS)
is described by eq. (6) derived in ref. 47:

logK1 ¼ a=T þ b ð6Þ

where K1 is the liquid phase coating/air partition constant
(at equilibrium, K1 = CPDMS/Cair [concentration of the analyte
in the fiber coating PDMS phase/concentration of the analyte
in air]), a = ΔHv/2.303R and b =[log (RT/γPvap) − ΔHv/
2.303RT*], ΔHv (J/mol) is the analyte heat of vaporization, R
is the gas constant (8.314 J/mol K), T (K) is the sampling tem-
perature, γ is the solute activity coefficient, Pvap (Pa) is the va-
por pressure, and T* is the known temperature coefficient. As
can be seen from eq. (6), the amount of analyte trapped into
the liquid coating of the fiber is not dependent on the air flow.

The K absorptive coating values could be determined by lin-
ear temperature programmed retention indices (LTPRI). LTPRI
is a system which indexes compounds' retention times relative
to the retention times of n-alkanes. This system is applicable to
retention times for temperature-programmed gas-liquid chroma-
tography. The logarithm of the coating-to-air distribution con-
stants of n-alkanes can be expressed as a linear function of their
LTPRI numbers. If LTPRI numbers are available in the litera-
ture, we can estimate K values accurately, without experimen-
tal, while if the LTPRI number for a compound is not available,
it can be calculated from a GC run, with this equation.

LTPRI ¼ 100Nð Þ 100� tr að Þ � tr nð Þ
� �

= tr nþ1ð Þ � tr nð Þ
� �� � ð7Þ

where N is the number of carbon atoms for tr(n), tr(a) is the ana-
lyte retention time, tr(n) is the n-alkanes retention time less than
tr(a), and tr(n+1) is the n-alkanes retention time higher than tr(a).
Note that to determine the LTPRI, the GC column should be
coated with the same material as the sorptive coating.

Where diffusion chamber is available, the SR of a microex-
traction sampler, can be expressed as [48]:

SR ¼ Dg � A=Zð Þ ð8Þ

where Z is the distance from the sampling surface, A is the
surface of the extractive phase, and Dg is the analyte diffusion
coefficient.

Two extraction modes can be used to isolate analytes from
a complex matrix: direct immersion (DI) extraction and HS.
In DI extraction, the extractive phase is directly immersed in
liquid samples. In HS, the extractive material is exposed in
the vapour phase above a gaseous, liquid, or solid sample. In
the case of DI extraction from an aqueous solution, we have
only two phases involved, and the mass of analyte adsorbed
by the coating is described by equation [47]:

n ¼ C0 � V1 � V2 � Kð Þ= K � V1 þ V2ð Þ ð9Þ

where C0 is the initial concentration of the analyte in the aque-
ous solution, V1 and V2 are the volumes of the coating and of
the aqueous solution, and K is the partition coefficient of the
analyte between the sorptive coating and the aqueous solution
[47]. This equation is useful to illustrate the important rule of
thumb applied when using microextraction techniques for DI
sampling, in which the partition coefficients of the analyte be-
tween the phases involved in the sampling process can antici-
pate the trend in solid-phase microextraction efficiency.

As regards HS, according to Zhang and Pawliszyn [49] for
extractive materials coated with either a solid or a liquid film,
the mass (n) of analytes adsorbed at the equilibrium in 3
phases system, in which the coating is exposed to a HS and
an underlying aqueous solution, is related to the overall equi-
librium of partition of the analytes between the three phases,
consisting of the sorptive coating (liquid or solid), the HS,
and the aqueous solution:

n ¼ C0 � V1 � V2 � K1 � K2ð Þ= K1 � K2 � V1 þ K2 � V3 þ V2ð Þ
ð10Þ

where C0 is the initial concentration of the analyte in the aque-
ous solution, V1, V2 and V3 are the volumes of the coating, the
5
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aqueous solution, and the HS, respectively, K1 is the phase
coating/HS partition coefficient (K1 = C1/C3), and K2 is the
HS/aqueous matrix partition coefficient (K2 = C3/C2).

From the above discussion, it appears that microextraction
techniques can be seen as methods relying on partition equi-
libria between two or three phases (coating, HS, and aqueous
solution), depending on the type of sampling that is con-
cerned. The extraction efficiency will be dependent on the
completion of the equilibrium, i.e., the reaching of homoge-
neous concentration of the analyte within each of the phases
and the concentration differences between each two phases in
contact, satisfying the values of their partition coefficient [49].

When sampling volatile organic analytes and most organic
compounds by HS using a PDMS absorptive liquid coating,
for instance, it must be kept in mind that these compounds
have small phase coating/HS partition coefficient K1 and gen-
erally K1 >> K2, thus making K an overall small number [49].
Therefore, the amount of analyte extracted by the coating will
be negligible compared to the amount of analyte initially pres-
ent in the HS. This in turn means that the concentration of the
analyte in the aqueous solution will be unmodified during and
after the extraction. Thus, the extraction time will be deter-
mined exclusively by the diffusion of the analyte from the
aqueous to the HS vapour phase. On the other hand, non-vola-
tile analytes have a small K2 value, i.e., a small HS/aqueous
matrix partition coefficient value. Therefore, Henry's constant,
KH = K2·RT, will be small, and the concentration of the ana-
lyte in the HS will be low. In this case, the HS extraction will
change the concentration of the analyte in the aqueous phase,
and the sampling process will take longer times to reach the
equilibrium.

Partition coefficients between the phases are often reported
on databases of physical-chemical data [50–53] or can be
hypothesised starting from the octanol–water partition coeffi-
cient (Kow) and Henry's constant (KH) values for a given
analyte.

All microextraction technologies listed in the previous sec-
tion can be used for HS and DI, except for ITEX, Needlex,
and Snifprobe which can only be used for HS extraction. In
general, DI is more effective than HS for compounds present
in a liquid medium. DI is suitable for the extraction of semi-
or non-volatile analytes in liquid samples. Performing extrac-
tion in the HS is ideal, instead, for those analytes which have
a partition coefficient sufficiently high into the headspace of
the sample: volatile compounds are enriched in the HS and
extracted, while the majority of the matrix components remain
in the aqueous phase. In order to obtain good results with HS,
control of the extraction conditions such as the sample mix-
ing/stirring and sampling temperature and time are of para-
mount relevance [54]. The extraction performance of these
different techniques depends on the properties of the analytes
and the sample matrix.

Ad/absorption is modulated by the concentration of the ana-
lyte in the matrix, the thickness of the sorbent phase coating,
the temperature, and the difference in chemical nature (e.g.,
polarity, hydrophobicity, and volatility) between the analyte,
the matrix, and the sorbent material. Thus, for instance, a po-
lar analyte will poorly be captured by active charcoal, whereas
a non-polar analyte can be recovered almost quantitatively by
active charcoal. The adsorptive or retentive properties of
bonded silica are instead due not only to the functional groups
bonded to the silica substrate, but also to the polar character
of the silica itself and to free underivatized silanols remaining
on the surface after the production of the sorbent.

These observations suggest that depending on the type of
analyte and of sampling (be it HS or DI), all the mentioned
factors (i.e., analytes volatility, hydrophobicity, partition
6

coefficients in the different phases, and so on) should be con-
sidered in order to select the more efficient sampling system
[49]. Molecules from a gaseous or liquid matrix will be ad/
absorbed onto the surface of the sorbent used for sampling
(e.g., made of active carbon/charcoal, silica, or PDMS) as a
consequence of a complex multifactorial mechanism. This ob-
servation is crucial when undertaking method development be-
cause it points clearly to the need of using multifactorial statistical
approaches for this task such as Design of Experiments.

4. Microextraction Method Development and Design of
Experiments

The theory of sampling reported in the previous section evi-
dences that a number of factors are relevant for the success of
microextraction experiments. The factors involved of course
depend also on the type of device used for sampling and on
the goal of the analysis, and this adds complexity to the study
of method development. For these reasons, the set-up of a
method for microextraction by heuristic trial-and-error or one-
variable-at-a-time (OVAT) approaches can be very frustrating
and expensive in terms of time and resources. Therefore, sev-
eral authors chose, in the last years, to use the multivariate sta-
tistical approach known as design of experiments (DoE) in
order to be guaranteed that method development would at
least provide a robust procedure for sampling while saving
time, labor, and money [55, 56]. The number of the papers
reporting on microextraction methods and DoE published
since the first review on the subject by Stalikas in 2009 [57]
is quite high and would require a dedicated review to illustrate
fairly the subject. We report here only on a few selected re-
views published starting from the year 2009 and would like to
address the interested reader to these publications for more in-
formation on microextraction method development and DoE.

Stalikas and coworkers [57] reported on the chemometric
approaches available to optimize and assess the validity and
the robustness of microextraction procedures. Their compre-
hensive review discusses the results of about 40 applications
of microextraction studied using DoE, illustrating the choice
of the experimental design, together with a critical appraisal
of the data presented.

Hibbert in 2012 published a comprehensive review on the
use of DoE in chromatography in the form of a tutorial article.
In this review, all aspects of the application of DoE to chro-
matographic method development are thoroughly examined
including terminology of DoE, aims of DoE, and problems in-
formed by DoE (screening of factor, response surface design,
and robustness testing), and common types of designs applica-
ble to microextraction prior to chromatographic analysis [58].

In 2016, Hecht and coworkers published a review on the use
of DoE in mass spectrometry practices [59]. Several examples
of microextraction methods studied with DoE are reported, to-
gether with an interesting overview on GC–mass spectrometry
(MS) applications using microextraction techniques.

5. Robotics Automation

Automated, unattended sample preparation can increase lab-
oratory throughput and provide results of precision superior to
manual-operated instruments. Robotic autosamplers and work-
stations perform automated sample preparation procedures that
range from simple dilution to complicated derivatization. CTC
Analytics AG (Zwingen, Switzerland) was the first company
to offer commercial xyz autosamplers for GC; the A200S, the
first GC liquid autosampler, was released on the market in
1986 [60]. Subsequently, CTC Analytics produced the PAL
system platform in 1998 [61], expanded it into the HTX PAL
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Table 2. Commercially available autosamplers and related usable solid-phase microextraction techniques

Solid-phase microextraction technique

SPME FFA-SPME SPME Arrows MEPS SBSE SPDE ITEX HiSorb MonoTrap NeedlEx SniffProbe

Autosampler CTC Analytics AG ✓ ✓ ✓ ✓ ✓ ✓a

Leap Technology Inc. ✓ ✓ ✓ ✓ ✓ ✓a

Chromtech Analytical Instruments ✓ ✓ ✓ ✓ ✓ ✓a

Markes International ✓ ✓
GERSTEL ✓ ✓ ✓ ✓
KONIK Group ✓
EST Analytical ✓ ✓
Moduvision Technologies
DANI Instruments ✓ ✓
PAS Technology ✓ ✓ ✓
HTA ✓ ✓

aCTC Analytics AG, Leap technology Inc., and Chromtech Instruments, upgraded with an Optica 4-Multimode inlet with a thermal desorption unit, can
managed capped desorption tube with LINEX-Liner Exchanger (GL Science B.V., Eindhoven, Netherlands) in complete automation.

S. Dugheri et al.
offering an extended x-range in 2003, and brought out its PAL
RTC, RSI, and LSI systems between 2012–2014 [62]. Basically,
this Swiss company made history with its xyz autosamplers.

Other front-end automation solutions, all of which are based
on CTC Analytics' instruments, are nowadays produced by
Leap Technology Inc. (Trajan Scientific and Medical, Ring-
wood Victoria, Australia) [63], Chromtech Analytical Instru-
ments (Bad Camberg, Germany), Markes International Inc.
(Sacramento, USA), and GERSTEL GmbH & Co. KG (Mül-
heim an der Ruhr, Germany) [64].

Some companies proposed new autosamplers recently on
the market: specifically, ROBOKROM (KONIK Group, Bar-
celona, Spain), FLEX (EST Analytical, Fairfield, USA), Pri-
mariz (Moduvision Technologies, Vlissingen, Netherlands),
Master (DANI Instruments, Cologno Monzese, Italy), and
CONCEPT MIS (PAS Technology, Magdala, Germany).
Interestingly, HTA (Brescia, Italy) has also produced the
HT2800T, a next-generation two-axis autosampler. All these
systems can be customized to meet the requirements of several
different analytical methods and are designed to increase the
work-flow productivity (Table 2).

Nowadays simplifying method development and enhancing
the productivity of routine analysis by allowing samples to be
run without interruption 24/7 while delivering accurate results
are the main forces that drive the work of analytical instru-
mentation engineers. SPME, TwisterW, and MonoTrapTM have
proven to be among the most performing and versatile devices
for environmental sampling, in particular for air sampling
[65–69]. To face the needed of high-throughput analytical ses-
sions, special systems for these microextraction techniques,
Multi Fiber eXchange (MFX, EST, Fairfield, USA) for SPME
fibers and Thermal Desorption Unit tray (Gerstel, Mülheim an
der Ruhr, Germany) for TwisterW and MonoTrapTM, were de-
veloped; they allow not only on-line sampling and injecting
but also the upload of multiple samplers, which once sampled
off-line and can then processed in complete automation,
thanks to the dedicated autosampler systems [70].

6. Sensitive and High Throughput GC Analysis: Large
Volume Injection and Fast GC

The first LVI in GC was proposed by Abel [71] and devel-
oped by Vogt et al. in 1979 [72]; this technique has been
readapted in recent years to include the growing use of minia-
turized sample preparation and increasingly-efficient three-axis
autosamplers. The advantages of LVI over other techniques
consist in decreased analyte discrimination, better recoveries
of thermolabile compounds, and less pronounced adverse ef-
fects of non-volatiles present in the sample on the injection
process [73]. The most important feature of LVI is that it in-
troduces large volumes of samples (up to hundreds μL) into
GC system and thus increase the method's sensitivity [74].
Currently, available LVI methods involve various injection
modes, namely: programmed-temperature vaporizing (PTV)
solvent split, on-column injection (OCI), direct sample intro-
duction (DSI)/difficult matrix injection (DMI), splitless over-
flow/concurrent solvent recondensation (CSR), AT-column,
through-oven transfer adsorption desorption (TOTAD), and a
stomach-shaped insert liner. New injectors for LVI have re-
cently been marketed, while the availability of inert packing
materials has optimized procedures and extended the applica-
tion range towards more labile and adsorptive analytes. This
injection system is applicable to both conventional GC and
fast GC, in order to develop high productivity methods [75–79].

Fast GC has received renewed attention in the past two
years. New GC instruments and accessories in 2015–2018 in-
clude more capabilities for fast GC than their predecessors,
such as rapid oven heating and cooling, extended inlet pres-
sures, support for hydrogen carrier gas, and faster detector re-
sponse times [80]. Beyond these basics, workflow features
such as ease of changing columns, energy efficiency, reduced
maintenance, and improved user interfaces also have garnered
significant attention. Fast GC has the potential to be a power-
ful tool in routine analytical laboratories by increasing sample
throughput and improving laboratory efficiency. The advan-
tages of using fast GC are various: first of all, the increased
laboratory throughput resulting in the reduced cost per analy-
sis and the required time to get results. Furthermore, one of
the most important application of this system is when it is
coupled with field-portable GC instruments, in situations
where the results of the analysis are needed close to where the
answer is needed (e.g., on-site environmental and industrial
hygiene applications) [81]. Several options can be considered
to enhance the speed of fast GC: columns, GC's pressure, and
temperature programming [82]. Analysis times are also de-
creased by using high carrier gas linear velocities. The loss in
resolution caused by the manipulation of these options is off-
set by using: narrow internal diameter columns, hydrogen car-
rier gas, low film thickness. Many of these parameters are
related to each other; therefore, all parameters must be evalu-
ated to make sure they are set correctly. The Pro EZGC
Chromatogram Modeler software [83], a new chromatogram
modelling software developed by Restek Corporation (State
College, USA), makes scenarios for optimizing and speeding
up complex mixture separations easy to be tested out. Nowa-
days fast GC can be performed on commercial GCs, which
are normally equipped with high-speed injection systems,
electronic gas pressure control, rapid oven heating/cooling,
and fast detection [84]. The recent commercial innovations are
related to the following: Trace 1300 by ThermoFisher Scien-
tific (Waltham, USA) [85], Nexis GC 2030 by Shimadzu
(Kyoto, Japan) [86], Master GC by DANI Instruments
7
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Solid Phase Microextraction Techniques Used for GC
(Cologno Monzese, Italy), and Clarus SQ 8 by PerkinElmer
(Waltham, USA) [87]. Agilent technologies (Santa Clara,
USA) has developed a peculiar GC system, Intuvo 9000,
which allows ultra-fast GC by eliminating column mainte-
nance and by enabling rapid change columns with click-and-
run connections [88]. Thanks to its versatility, fast GC has dif-
ferent fields of application: environmental [89], petroleum/
chemical [90, 91], food and beverage [92], occupational medi-
cine [93], flavor and fragrance [94], and clinical [95]. Solid-
phase microextraction techniques perfectly match the fast GC.
Narrow internal diameter columns have lower sample capacity
compared to conventional GC column dimensions, and to pre-
vent peak shapes from being distorted, a smaller amount of
sample and solvent must be introduced: criteria perfectly
respected by the cited techniques, both during sampling and
thermal or chemical desorption.
7. Conclusions

The aim of this review was to give an overview of the role
of miniaturized techniques of extraction that can be used prior
to GC analysis. Our study suggests that automated solid-phase
microextraction techniques coupled with GC are a viable solu-
tion for many different analytical needs. Miniaturized systems
offer several advantages, such as short analysis time, the need
of small sample volumes, easy hyphenation with GC–MS, and
minimal waste production. To date, customized, highly auto-
mated GC apparatuses for high-throughput screening not only
are user-friendly but also reduce costs. The application of au-
tomated solid-phase microextraction techniques in the analy-
sis' preliminary steps allows the reduction of time-consuming
manual sample preparation, as well as limits the impact of
chemicals on the environment, thus providing greener analyti-
cal tools. These new sample handling techniques are currently
increasingly explored because of the considerable need for in-
formation management and the integration of data manage-
ment into the analytical process.
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